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Coastal bridges exposed to the marine environment always suffer from non-uniform corrosion along the pier
height. As the non-uniform corrosion increase, the material properties of the pier in the splash and tidal zone
deteriorates significantly, affecting the seismic performance of the pier. In this study, four scaled bridge pier
specimens were designed and fabricated. These specimens were subjected to different level of electrical accel-
erated corrosion in the proposed splash and tidal zone. Then, the cyclic load tests were conducted on the four

bridge pier specimens. The hysteretic behavior, loading capacity, ductility, energy dissipation capacity and mean
curvature of each specimen were analyzed. It was found that with increasing corrosion level, the load capacity,
ductility and cumulative energy consumption of the specimens decreased. When the corrosion was severe
enough, the location of the plastic hinge will transfer from the pier bottom to the corroded zone.

1. Introduction

In recent years, China has made a developmental leap in coastal
bridge construction. However, the coastal bridges are usually exposed to
harsh environments for significant periods of time. The problem of steel
reinforcement corrosion caused by chloride penetration has become
more prominent. The continuous chloride penetration will reduce
reinforcement areall], material strength [2,3], and bond between
reinforcement and concrete[4] . Moreover, Due to most areas of China
are at risk of earthquakes, coastal bridges may face a dual threat of harsh
environmental conditions and earthquakes. Piers are the primary load-
bearing members for bridge structures, and the severe deterioration of
piers will reduce the seismic performance of coastal bridges [5]. To
ensure the safety of coastal bridges, it is necessary to investigate the
seismic performance of corroded piers and provide appropriate sug-
gestions for the design and retrofit of coastal bridges [6] .

At present, researchers have carried out a series of studies on the
seismic performance of coastal bridges considering corrosion effects. For
hysteretic behavior of corroded reinforced concrete (RC) columns, Ma
et al.(2012) [7] conducted a cyclic loading tests on thirteen RC piers
considering different corrosion degrees and axial load ratios. Meda et al.
(2014)[8] evaluated the corrosion effect on strength and ductility
reduction through cyclic loading tests of two full-scale column speci-
mens. Guo et al. (2015)[9] investigated the corrosion effects on the
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seismic performance of a coastal bridge during the long-term service
period by cyclic experiment of four cantilever pier. Yang et al.(2016)
[10] designed five groups of corroded RC columns with different
maximum amounts of corrosion of rebar for testing the hysteretic be-
haviors. Goksu et al. (2016)[11] studied the seismic behavior of six RC
columns which subjected different levels of accelerated corrosion pro-
cess. Yuan and Fang et al. (2017) [12]carried a study on eight column
specimens with different corrosion levels and repeated axial loadings
under cyclic lateral loads. Di Carlo et al. (2017)[13] studied the
behavior of corroded columns under cyclic loads with a three-
dimensional finite element analysis considering interface decay and
buckling effects. Rajput et al. (2018)[14] casted six real size specimens
to examine the effects of corrosion on RC columns. Li et al. (2018)[15]
carried out a pseudo-dynamic test on six corroded square RC columns
with different axial compression ratios and corrosion levels to study
influence of non-uniform corrosion of steel bars on the seismic behavior
of RC columns. Yalciner et al. (2020)[16] tested a total of 30 full-scale
RC columns to develop models for the prediction of the structural
behavior of corroded RC columns. Dai et al. (2020)[17] experimentally
studied the seismic behavior of corroded RC columns with a focus on the
comparison between two different accelerated corrosion techniques by
using artificial climate environment (ACE) and electrochemical chloride
extraction (ECE). These research results show that the seismic perfor-
mance of bridge piers is strongly affected by the corrosion, and as the
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Table 1
Similitude relation in this study.
Type Physical quantity Similitude
parameter
Geometric and material Length 1/8
properties Area 1/64
Linear displacement 1/8
Angular displacement 1
Strain 1
Stress 1
Elastic modulus 1
Reinforcement ratio Longitudinal 1
reinforcement
Stirrup 1

corrosion degree increases, loading capacity, stiffness, energy dissipa-
tion and ductility decrease.

For seismic evaluation methodology of corroded RC columns, Ou
et al. (2013)[18] presented a new seismic evaluation methodology for
corroded reinforced concrete bridge on the basis of nonlinear static
pushover analysis. Biondini et al. (2014)[19] proposed a probabilistic
approach to predict the lifetime seismic performance of concrete bridges
exposed to corrosion based on nonlinear static pushover analysis.
Akiyama et al. (2014)[20] presented a novel computational procedure
to integrate the probabilistic hazard associated with airborne chlorides
into life-cycle seismic reliability of bridge piers. Guo et al. (2015)[21]
developed a new deterministic corrosion rate model to assess the time-
variant seismic performance of corroding RC bridge columns. Asgh-
shahr et al. (2018)[22] presented a study of the time-dependent seismic
performance of RC bridges and proposed a new framework for pushover
analysis. Cui et al. (2018)[23] presented an improved reinforced con-
crete steel bar deterioration model that incorporates pitting corrosion
and considers the change in after-cracking corrosion rate to assess the
time-dependent seismic fragility of RC bridge substructures in marine
environments. Li et al. (2020)[24] proposed an alternative time-
dependent seismic fragility assessment framework considering the var-
iable correlation of structural random parameters for aging highway
bridges subject to non-uniform chloride-induced corrosion attacks.

For seismic retrofitting of corroded RC columns, Rajput et al. (2019)
[25] carried out a comprehensive study to develop retrofitting scheme
for restoring the structural performance of corroded confined concrete
hinge regions of RC columns by using advanced composite materials. Yu
et al. (2020)[26] presented a life cycle embodied energy assessment
(LCEEA) framework for a typical RC structures in seismic regions. Jia
et al. (2020)[27] tested three 1/4-scaled RC column with and without
retrofit by carbon fiber reinforced polymer (CFRP) fabric in order to
investigate seismic performance of low-level corroded columns and the
efficiency of CFRP as a retrofit measure.

The previously mentioned studies on the seismic performance of
corroded bridge structures have made meaningful advancements in this
field of research. Besides, it is widely recognized that steel re-
inforcements of the bridge piers in the splash and tidal zone were more
severely corroded than in atmospheric and submerged zone owing to
higher surface chloride concentration, oxygen abundance and wet-dying
cyclic. Yuan and Guo (2018, 2020)[28-31] investigated the seismic
performance of non-uniform corroded bridge piers by cyclic load and
shake table test considering the effect of biaxial earthquake excitation,
bond-slip. The results indicated that the seismic-resistance capacity of
the splash and tidal zone is significantly lower than the pier bottom
when corrosion was severe. This phenomenon will cause the location of
the plastic hinge of the bridge pier to change when subjected earth-
quake. Comparing with inland bridges which plastic hinges usually
appear at the bottom of piers, the location of plastic hinges of the coastal
bridges may be found at the corrosion zone of the piers. Due to rarely
previous studies regarding this issue before, it is necessary to conduct a
more in-depth research on the seismic performance of bridge piers with
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Fig. 1. Specimen geometry and reinforcement details.

non-uniform corrosion. Therefore, in order to clarify the effect of non-
uniform corrosion on coastal bridge piers, cyclic loading test of four
scaled bridge piers was conducted in this study.

2. Experimental program
2.1. Specimen details

Four scaled models of RC piers with different corrosion degrees (0%,
10%, 20% and 30%) were constructed. The similitude relation of this
study is given in Table 1. The dimensions, materials, reinforcement
arrangement and vertical load of the four bridge pier models are same,
and the details are shown in Fig. 1. The specimens were all made with
C30 concrete. The longitudinal reinforcements and stirrups were
HRB400 steel with a diameter of 12 mm and HRB335 steel with a
diameter of 8 mm, respectively. The longitudinal reinforcement ratio
was 1.38%, and the stirrup form is the same as the prototype structure.
The spacing of the stirrups in the encrypted region and the non-
encrypted region was 80 mm and 100 mm, respectively. According to
Chinese test standard[32,33], the mechanical property tests for concrete
and reinforcements were carried out. The compressive strength of the
concrete at an age of 28 days was tested to be 31.6 MPa. The yield and
ultimate strength of the longitudinal reinforcements was tested to be
432.65 MPa and 667.43 MPa, respectively. The corresponding values for
the stirrups was 367.28 MPa and 546.52Mpa, respectively.

2.2. Electrical accelerated corrosion

Due to the large size of the test models and the requirement of
localized corrosion, the electrical accelerated corrosion method was
selected to corrode the test models to varying degrees. The proposed
corrosion zone was selected to be 400 to 700 mm from the pier bottom,
which represents the splash and tidal zone in the actual marine envi-
ronment. The test cycles, swell cracks, and corrosion products generated
by the electrical accelerated corrosion were chosen to be similar to the
rusted bridge specimens under natural conditions. Maaddawy and
Soudki [34] suggested to control the corrosion current density of the test
specimens in the range of 100 ~ 550 pA/cm?. Therefore, the corrosion
current density of the electrical accelerated corrosion test for this study
was selected as 300 pA/cm?, and the target corrosion rates of the three
test specimens was 10%, 20%, and 30%, respectively. According to
Faraday’s electrolysis law, the energization time of each test specimens
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Table 2
Energization time of each test specimen.

Specimen  Target Corrosion current Current Energization
corroded density(pA/cmz) intensity(A) time(h)
rates

D1 10% 300 0.46 562.6

D2 20% 300 0.46 1125.84

D3 30% 300 0.46 1687.68

Fig. 2. Diagram of the electrical accelerated corrosion circuit.

Fig. 3. Actual corrosion of the test specimens.

was calculated as list in Table 2. The test specimens that corroded to the
degree of 0%, 10%, 20%, and 30% was named DO, D1, D2, and D3,
respectively.

The schematic diagram of the electrical accelerated corrosion circuit
is shown as Fig. 2. In electrical accelerated corrosion test, a 5% NaCl
solution was used as the electrolyte solution, and a stainless-steel plate
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was used as the cathode. A DC steady current power supply provided a
constant current of 0.46A. The actual corrosion of the specimens is
shown as Fig. 3.

2.3. Experimental setup and loading protocol

Fig. 4 shows the experimental setup of loading test. As shown in
Fig. 4, the foundation of the test model was anchored to the rigid floor by
four threaded rods. During the experiment, all the test models were
loaded under a constant axial compression and a cyclic lateral
displacement with increasing amplitude. The constant vertical axial load
applied by the hydraulic jack was 310 kN and the corresponding axial
compression ratio was 0.2. The unilateral cyclic displacement loads
were applied by a horizontal MTS actuator and increased by 4 mm at
each loading level as shown in Fig. 5. The experiment was stopped when
the lateral resistance force dropped to less than 85% of the peak load.

As shown in Fig. 4(a), two LVDTs were used to directly capture the
lateral displacement at the top and bottom of the pier models. Mean-
while, the two LVDTs can be also used to check the actual displacement
output by the actuator and the slip between the pier foundation and the
rigid floor. Moreover, to observe the transfer of plastic hinge, the cur-
vature of the section of the pier bottom and the end sections of the
corrosion zone were measured by installing three pairs of LVDTs at the
heights of 100 mm, 400 mm and 700 mm above the pier bottom.

Fig. 5. Unilateral loading history.

Fig. 4. Experimental setup.
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Fig. 6. Surface condition of concrete after corrosion.

Fig. 7. Images of the concrete reinforcement after varying degrees of corrosion.

Fig. 8. Mass loss percentage of each reinforcement.
3. Experimental results
3.1. Experimental observation

Fig. 6 shows the corrosion state of the concrete surface for specimen
D1, D2 and D3, respectively. It can be observed that with the increase of
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Table 3
Average mass loss percentage.
D1 D2 D3
Average mass loss percentage (%) 6.93 15.78 25.02
Difference from target corrosion rate (%) 3.07 4.22 4.98

corrosion degree, the surface rust on the specimens increased signifi-
cantly. The specimen D3 had the worst corrosion, and the gradual
accumulation of rust products causes the rust layer to expand around the
longitudinal reinforcements. For some pier models, the concrete cover in
corrosion zone formed vertical swell cracks (Fig. 6 (c)). In addition,
yellow—brown rust marks were visible around the cracks.

In order to assess the actual degree of reinforcement corrosion,
longitudinal reinforcements in the corrosion zones were stripped from
the concrete after the test as shown in Fig. 7. After a series of cleaning
procedures, the mass loss percentage of each reinforcement was calcu-
lated and presented in Fig. 8. In this figure, the longitudinal re-
inforcements were assigned a unique number as shown in Fig. 1(b). The
average mass loss percentage of the specimens were tabulated in
Table 3. It can be seen that although the actual corrosion rate of the
specimens did not reach the target corrosion rate, the relatively ideal
corrosion specimens were also obtained.

Fig. 9 shows the crack morphology and failure mode of the four
specimens after the cyclic loading test. All specimens behaved linearly
within the lateral displacement of 8 mm, and as the loading progressed,
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Fig. 9. Specimen appearance after the cyclic test.

the cracks first occurred at the pier bottom. The damage at corrosion
specimens was more extensive than that at the un-corrosion specimens.
For the specimen without corrosion (Specimen DO0), the cracks gradually
extended upward from the pier bottom with the loading increase. The
cracks were mainly distributed in the range of 800 mm above the pier
bottom after the final displacement was reached at 68 mm, as shown in
Fig. 9(a). For the specimens with corrosion (Specimen D1, D2 and D3),
when the lateral displacement was close to 44 mm, the concrete cover
had already been spalled off as shown in Fig. 9(b)~(d). Duo to the slight
corrosion lever of Specimen D1, the failure mode and the location of
cracks and concrete cover spalling were both similar with Specimen DO.
However, with the increase of corrosion, concrete cover started to spall
off in the corrosion zone, especially for the case of Specimen D3. As for
Specimen D3, large area of concrete cover in the corrosion zone had
already been spalled off and some longitudinal reinforcements were
exposed. Due to the effect of corrosion, the loading capacity of the
corrosion zone was reduced, which lead to the location of the plastic
hinge transfer from the pier bottom to the splash and tidal zone. This
phenomenon indicating that the corrosion in the splash and tidal zone
began to affect the failure mode of the pier.

3.2. Hysteretic curves

Fig. 10 shows load-displacement hysteretic loop of the four speci-
mens, which representing the relationship between the lateral force and
relative displacement of the pier model during the cyclic test. Specimen
DO was loaded up to the displacement of 68 mm, while the corroded
specimens were loaded up to the lateral displacement of 47 mm, 44 mm,
40 mm, respectively for Specimen D1 to D3. As the corrosion level of the
specimen increased, the area enclosed by hysteretic loop decreased and
the pinching effect became more obvious. It means that the energy
dissipation capacity of the pier was degraded. Compared with the
uncorroded specimen, the final displacements applied to each specimen
decreased by 23.5%, 35.3%, and 41.2%, respectively. It is indicated that
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the seismic performance of the specimen decreases as the corrosion
becomes serious.

3.3. Lateral resistance capacity and ductility

Skeleton curves are the curves linking the peak loads at each load
level in positive and negative directions, demonstrating that the differ-
ences in load capacity and ductility. Fig. 11 shows the skeleton curves of
the four specimens. Compared with specimen DO, the peak lateral forces
of Specimen D1, D2, and D3 were significantly reduced. Table 4 sum-
marizes key parameters at the skeleton curves of all specimens. The key
parameters are yielding load (Fy), yielding displacement (Dy), peak load
(Fmax), peak displacement (Dpay), ultimate load (F,), ultimate
displacement (D) and ductility factor (u) respectively. The yielding load
and displacement are obtained based on the principle of equivalent
energy. The ultimate load and displacement respectively represents the
load and corresponding displacement when the lateral resistance force
drop to 85% of the peak load.

As list in Table 4, compared with specimen DO, the peak loads of
Specimen D1, D2, and D3 decreased by 8%, 17.1%, and 23.3% respec-
tively, from 25.7kN of Specimen DO to 19.7kN of Specimen D3. More-
over, as the corrosion increases, the ductility factor of the specimen
continued to decrease from 4 of Specimen DO to 2.2 of Specimen D3,
with the decrease of 45%. It is obvious that both the lateral resistance
capacity and the ductility of corroded bridge piers were reduced
significantly compared to uncorroded bridge piers. it is indicated that
when the bridge pier experience corrosion during the service life, their
seismic performance will decline gradually.

3.4. Energy dissipation
The cumulative energy consumption is obtained by calculating the

area of the hysteresis loop as shown in Fig. 12. When the displacement
applied to each specimen was less than 20 mm, the corrosion effect on
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Fig. 10. Test hysteresis curves.

Fig. 11. Skeleton curves.
Fig. 12. Cumulative energy consumption.

Table 4
Key parameters in skeleton curves.
Load direction specimen Yielding point Peak point Ultimate point Ductilityfactor
Disp. (mm) Load (kN) Disp. (mm) Load (kN) Disp. (mm) Load (kN)
Positive direction DO 16.7 19.3 19.0 26.4 67.6 22.4 4.0
D1 16.0 21.9 20.8 22.5 48.6 19.1 3.0
D2 17.9 22.3 22.0 21.7 44.5 18,4 2.5
D3 16.7 18.5 19.4 17.8 37.4 15.1 2.2
Negative direction DO 16.1 21.7 27.2 25.0 63.8 21.3 4.0
D1 17.2 21.3 19.8 24.7 47.8 21.0 2.8
D2 16.7 20.9 23.2 20.9 43.3 17.8 2.6
D3 16.2 17.1 19.2 21.6 36.2 18.4 2.2

1004



J. Zhao et al.

Fig. 13. Average curvature distribution.

Fig. 14. Relation of Average curvature and corrosion degree.

energy consumption was not vary obviously, which was due to the small
nonlinear deformation of the structure. When the applied displacement
exceeded 20 mm, the difference of the cumulative energy consumption
of each specimen gradually increased. The energy consumption of each
specimen increased with the nonlinear deformation. At the same
displacement, the cumulative energy consumption value of the spec-
imen decreased with the increasing corrosion level.

3.5. Curvature

Due to the limit load displacement of the Specimen D3, the curvature
of each specimen was obtained at the displacement of + 36.8 mm, as
shown in Fig. 13. For the uncorroded (0%) Specimen DO, the slight
corroded (6.93%) Specimen D1 and the medium corroded (15.78%)
Specimen D2, the maximum average curvature appeared in the region of
0 ~ 100 mm above the pier bottom which was the normal position of the
plastic hinge of the bridge piers. For the sever corroded (25.02%)
Specimen D3, the maximum average curvature was found at the corro-
sion zone which was 400 ~ 700 mm above the pier bottom. It means that
the position of plastic hinge had changed to the corrosion zone. The
similar phenomenon was also obtained by Yuan (2017)[28] and further
verified by this study. Moreover, although the steel strength of the test
models in this study was different from that in previous study of Yuan
(2017)[28], the transfer of plastic hinge still be observed when the
corrosion was severe (25.02% for this study and 17.59% for Yuan (2017)
[28]).

To further verify the relation between the curvature distribution and
the corrosion degree, the average curvature of pier bottom and corrosion
zone were analyzed and shown in Fig. 14. As seen from the figure, the
average curvature of the pier bottom decreased with the corrosion de-
gree increased, but the average curvature of corrosion zone exhibited a
opposite trend. For Specimen DO ~ D2 (corrosion degree 0%, 6.93% and
15.78%, respectively), the average curvatures of pier bottom were
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0.039, 0.038 and 0.036 1/m respectively while the average curvatures
of corrosion zone were 0.011, 0.014 and 0.015 1/m respectively. The
average curvatures of corrosion zone were obviously smaller than the
ones of pier bottom. Therefore, it can be concluded that the plastic
hinges only occurred at the pier bottom, which consisted with the
experimental observation as show in Fig. 9(a)~(c). For Specimen D3
(corrosion degree 25.02%), the average curvature of pier bottom was
0.023 1/m while the average curvature of corrosion zone was 0.043 1/
m. The average curvature of corrosion zone was obviously larger than
the one of pier bottom, so it can be concluded that the plastic hinge
transferred to the corrosion zone, which also consisted with the exper-
imental observation as show in Fig. 9(d).

These observations demonstrate that (1) even if the moment in the
corrosion region was less than the one at the pier bottom, the load ca-
pacity of corrosion region was significantly reduced by the material
performance degradation, (2) the position of plastic hinge will be
changed to the corrosion zone when the corrosion was severe, and (3)
the transfer of plastic hinge will not be affected by material strength. As
a result, more attention should be paid to the change of the failure mode
of the pier and the position of plastic hinge when the corrosion is severe.

4. Conclusions

This study considers the non-uniform corrosion of coastal bridge
piers. Four pier specimens with different corrosion levels in the pro-
posed corrosion zone were designed and cyclic load test was performed.
Based on the test results, the main conclusions are as follows:

(1) Three bridge pier specimens were corroded using the electrical
accelerated corrosion test. Comparing the actual average mass
loss percentage of the reinforcements of each specimen with the
target corrosion rate, the electric accelerated corrosion test can
obtain relatively ideal test corrosion rate.

Comparing with the uncorroded specimen, the corroded speci-
mens showed a poor hysteresis performance, of which the peak
load decreased by up to 23.3% while the ductility down to 45%
and the accumulated energy consumption decreased from
16.9kN-m to 1.8kN-m.

The seismic failure mode of the coastal bridges will be changed
caused by the material performance degradation in corrosion
zone. The position of plastic hinge will transfer from the pier
bottom to the corrosion zone when the corrosion was severe, and
the transfer of plastic hinge will not be affected by material
strength.

(2

—

3

-

It should be noted, Due to the constitutive model of corroded re-
inforcements and the interaction between corroded reinforcements and
concrete cannot be verified in this study, numerical analysis on the
corroded bridge piers was not carried out, but it will be presented in a
future work.
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