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Abstract

A set of benchmark, medium scale, shaking table tests on corroded reinforced concrete
(RC) columns is conducted with the aim of investigating the effects of corrosion damage
on the nonlinear dynamic behaviour of RC bridge piers. The experimental programme con-
sists of an uncorroded control specimen and two corroded RC column specimens, with
identical structural details. An accelerated corrosion procedure is used to corrode the RC
columns. The uncorroded and corroded specimens are subjected to far-field long duration
ground motion excitations. The two corroded columns had 51% and 65% average mass loss
ratios. The testing sequence includes slight, extensive, and complete damage levels, fol-
lowed by an aftershock to examine the cascade effect on the nonlinear dynamic response of
the proposed RC columns. The experimental results show that corrosion changes the fail-
ure mode of the RC columns, and has a significant negative impact on the residual strength
(about 50% mass loss results in about 80% strength reduction) and drift capacity of RC
columns.

Keywords Shaking table test - Corrosion - Reinforced concrete column - Accelerated
corrosion - Nonlinear dynamic response

1 Introduction

Material deterioration, induced by corrosion, is a significant hazard to the durability of rein-
forced concrete (RC) structures and increases their vulnerability to seismic events (ASCE
2013). This is especially the case for those either in the marine environment or transport
structures expose to de-icing salt (Chiu et al. 2015). Every year, trillions of dollars are
spent worldwide on repair and maintenance of corroded RC structure (Schmitt 2009). The
structural performance of RC structures could be affected by corrosion through (1) degra-
dation of the mechanical properties of the corroded reinforcing bars, (2) debonding due to
the reduced bond strength between the bar and the concrete, (3) damage in concrete caused
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by volumetric expansion of the corrosion products, and (4) a loss of concrete confinement
due to corrosion of the confining reinforcement. As a result, the structural performance of
RC structures is significantly affected by corrosion.

At material level, several researchers (Almusallam 2001; Du et al. 2005a, b; Kashani
et al. 2013a, b, 2014; Zhu and Francois 2014; Fernandez et al. 2015; Kashani et al. 2015a,
b; Zhang et al. 2015a; Balestra et al. 2016; Fernandez et al. 2016; Ou et al. 2016; Taha and
Morsy 2016; Kashani 2017; Lim et al. 2017; Zhu et al. 2017) concluded that corrosion
has a significant negative impact on the mechanical properties of reinforcing bars. Experi-
mental material testing indicates that a significant decrease in both the yield and ultimate
strengths of corroded rebars can be observed when the corrosion level is over 10% mass
loss. As corrosion level increases, the ratio of the ultimate strength to yield strength of
corroded bars ascends (Zhang et al. 2015a; Balestra et al. 2016; Ou et al. 2016). It is also
observed by some researchers (Ou et al. 2016, Taha and Morsy 2016) that the yield plateau
of the corroded bars is shortened or it even disappears when bars are heavily corroded (i.e.
a reduction in total elongation of rebars). The nonuniform residual cross-section is more
vulnerable to tensile loading compared with the symmetrical residual cross-section (Zhu
and Francois 2014). Non-uniform pitting along the bar is reported as the key factor influ-
encing the stress—strain behaviour of corroded reinforcing bars under both monotonic and
cyclic loading (Almusallam 2001; Kashani et al. 2013a, b; Fernandez et al. 2015; Balestra
et al. 2016; Fernandez et al. 2016; Zhu et al. 2017). Distribution of pitting also affects the
inelastic buckling mechanism of the bars in compression (Kashani 2017). The tensile frac-
ture of corroded bars observed by Kashani et al. (2013a, b) at the maximum pitted section
of the corroded bar under cyclic loading, which is due to the combined impact of prema-
ture yielding in tension, inelastic buckling, and low-cycle fatigue degradation.

At the structural component level, some studies have been conducted on the structural
performance of corroded RC components under static cyclic loading (Mangat and Elgarf
1999; Castel et al. 2000a, b; Webster and Clark 2000; Lee et al. 2003; El Maaddawy et al.
2005; Kallias and Rafig 2010; Ma et al. 2012; Ou et al. 2012; Meda et al. 2014; Guo et al.
2015a, b; Li et al. 2015; Zhang et al. 2015b; Vu et al. 2016; Yang et al. 2016; Liu et al.
2017; Kashani et al. 2017a; Zhang et al. 2017; Dizaj et al. 2018a, b; Li et al. 2018; Rajput
and Sharma 2018). They reported that corroded RC columns demonstrated a significant
reduction in the ultimate load capacity and ductility. This degradation is attributed to the
combined effect of corrosion-induced damage to both reinforcing bars and concrete. In
some studies (Lee et al. 2003; Guo et al. 2015a), the reinforcing bars failed due to severe
nonuniform distribution of pitting corrosion. In terms of energy dissipation capacity, Ma
et al. (2012) reported that RC columns with mass loss ratios less than 14% have approxi-
mately the same cumulative energy dissipation capacity as uncorroded columns. However,
Guo et al. (2015a) and Li et al. (2018) reported that RC columns with mass loss ratios
around 5-15% have less energy dissipation capacity than uncorroded columns. Mangat and
Elgarf (1999) pointed out that the flexural capacity of corroded RC beams is mainly gov-
erned by the degradation of the steel-concrete bond strength, while Castel et al. (2000a)
found the mass loss of the tensile reinforcement is the primary reason accounting for the
bar’s capacity degradation. Several researchers reported that the transverse reinforcement
is more vulnerable to corrosion damage than the longitudinal reinforcement since they
have less cover than the longitudinal reinforcement. This results in premature buckling of
the longitudinal reinforcement and crushing of concrete core under lateral cyclic and/or
axial loadings (Ma et al. 2012; Meda et al. 2014; Kashani et al. 2017a).

Several researchers (Alipour et al. 2010; Ghosh and Padgett 2010; Guo et al. 2015a,
b; Ghosh and Sood 2016; Kashani et al. 2016a, b; Ni Choine et al. 2016; D1 Carlo et al.

@ Springer



Bulletin of Earthquake Engineering (2020) 18:1417-1443 1419

2017; Kashani et al. 2017a) have investigated the nonlinear static and dynamic responses
of corroded RC bridges numerically. However, to date, there is no experimental data on the
testing of corroded RC components under real dynamic earthquake loading. This is crucial
to investigate the nonlinear dynamic response of corroded RC columns, and to validate the
aforementioned numerical models.

1.1 Research significance and contribution

Although there have been numerous static experimental testing on corroded columns,
there is a significant paucity of experimental data for the nonlinear dynamic behaviour
of corroded RC columns in the literature. Accordingly, the aim of this study, and hence
the main novelty of this work, is to bridge the gap between previously observed results in
static experimental testing, and numerical models, by the experimental investigation of the
impact of corrosion on the nonlinear dynamic response of corroded RC columns subject
to real-time dynamic earthquake loading. The experimental results of static tests revealed
that corrosion affects the ductility and lateral drift capacity of corroded columns. However,
there is no experimental data on how this will affect the nonlinear dynamic response and
dynamic characteristics of corroded columns. For example, nonuniform corrosion at cross-
section levels might result in eccentricities in stiffness and damping that produce complex
structural responses that are coupled in/out-of-plane even when subjected to in-plane seis-
mic excitation. The resulting nonlinear stiffness and strength degradation, in this case of
dynamic excitation, is impossible to capture using traditional quasi-static experiments.

The experimental programme consists of three lightly confined RC column specimens
that represent columns of non-code conforming structures. One of the three columns is
used as a control specimen (it is not corroded and is termed: UnCorr) and two columns
are corroded with different mass loss ratios. A far-field (FF) long-duration ground motion
record (Manjil earthquake) (see Kashani et al. 2017b for details of the ground motion
selection procedure), is selected from FEMA (2009) and is used as input ground motion
excitation to the shake table. The specimens are tested with ground motion intensity factors
of 25%, 300%, and 500% to investigate the dynamic responses of specimens under slight,
extensive and complete damage level, respectively. The experimental results show that cor-
rosion changes the failure mode and significantly reduces the strength and drift capacity
(plastic deformation capacity) of the corroded RC columns (about 50% mass loss results in
about 80% strength reduction).

2 Experimental programme
2.1 Specimen preparation

Three lightly confined RC columns representing non-code conforming [i.e. Euroc-
ode 8 (CEN.EN 2010)], bridge piers are constructed. The specimens are cast in a
1500 mm X700 mm X300 mm foundation. The columns have a square cross-section of
250 mmx250 mm and 2300 mm height. It is worth mentioning that the aspect ratio is
relatively large compared with typical bridge piers. This is because (1) the focus of these
tests is on flexural dominant RC columns, and hence, large aspect ratio can guarantee the
specimens will fail in flexure, and (2) due to the capacity limit of the shaking table, the
axial load applied in this work cannot generate sufficient damage to RC columns with low
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aspect ratios. Eight reinforcing bars with a diameter of 16 mm are used in the vertical rein-
forcement. The transverse reinforcements are made of 8 mm diameter bars with 200 mm
spacing along with the column height (as shown in Fig. 1). The ratio of the transverse
bar/tie reinforcement spacing (confining reinforcement) and the diameter of the vertical
reinforcement is 12.5, which are more spaced than recommended value of 6 in Eurocode 8
(CEN.EN 2010). The insufficient spacing of tie reinforcement makes the three specimens
represent non-code conforming RC columns. The average concrete strength of 40 MPa is
derived by compressive tests conducted on three concrete cylinders. All steel reinforcement
used in these tests is manufactured under the requirement of the British standard B500
(2005). Three tensile, compressive and cyclic tests are conducted on sample longitudinal
bars to characterise their mechanical properties including their stress—strain relationships.
The mechanical properties of the longitudinal bars are summarised in Table 1. The identifi-
cation of the three specimens is given in Table 2.

2.2 Accelerated corrosion procedure (ACP)

Developing naturally corroded RC structures is a time-consuming process. It usually takes
several years to achieve significant corrosion of the metal components of RC structures. To
accelerate the corrosion process in the laboratory environment, some artificial techniques
have been used by other researchers, including the external current method (El Maaddawy
and Soudki 2003), pre-admixed chlorides (El Maaddawy and Soudki 2003) and cyclic
wetting and drying (Otieno et al. 2016). In this study, an accelerated corrosion procedure
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Fig. 1 Reinforcement details of experimental test specimens
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Table 1 Mechanical properties

of the specimens before being Bar diameter (D) § mm 16 mm

corroded Yield strain e, 0.00261 0.002733
Yield stress (MPa) o, 520 530
Elastic modulus (MPa) E, 200,426 193,913
Hardening strain [ N/A 0.02547
Strain at maximum stress €, 0.05660 0.164800
Maximum stress (MPa) o, 645 640
Fracture strain € 0.151800 0.227350

Table 2 The identification of the specimens

Column ID UnCorr Corrl Corr2

Corrosion variation No corrosion Lower corrosion Higher corrosion

(ACP) using the external current method is employed to corrode the reinforcement inside
RC columns. The external current method makes use of electrochemical theory to form an
electrolytic cell where a redox reaction can occur when external electrical energy is sup-
plied. Specifically, the reinforcing bars act as an anode, the external metal electrode act as a
cathode, and the sodium chloride solution act as an electrolyte.

A polyethene pipe with 500 mm diameter and 1000 mm height was mounted
on the top of the foundation to create a bath for the sodium chloride solution. Four
250 mm X 1000 mm stainless plates are connected around the column as the cathode. Rein-
forcing bars and stainless plates are connected to the power supply by cables respectively.
The sodium chloride solution contained 10% sodium chloride (i.e. salt). It is worth clarify-
ing that no additional load (other than its own weight) is applied on the specimens during
the procedure. The ACP setup is shown in Fig. 2.

The corrosion process was monitored by measuring the current in the circuit. Faraday’s
2nd Law of Electrolysis illustrates the relation between mass loss and electric charge by
Eq. (1). According to Eq. (2), the electric charge is determined by integrating the current
over time. This method has been successfully used in other studies (Kashani et al. 2017a;

Kashani 2017).
M
an=(3)(}) o

T
Q=1 @)

where Q refers to total electric charge, M refers to the molar mass of the anode (55.847 g
for Fe), z is the ionic charge (2 electrons per Fe?* in this case),  is the measured current
of the circuit and T is the duration of corroding process. The ACP took 3 and 6 months for
the Corrl and the Corr2 specimens, respectively. During this period, the average measured
currents are 1.39A (Corrl) and 1.37A (Corr2). Figure 3 shows the corrosion-induced dam-
age to the RC columns after ACP. The horizontal and vertical cracks can be observed. This
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Fig.2 Accelerated corrosion procedure setup

is because of the volumetric expansion of corrosion product resulting in internal pressure,
which subsequently causes the concrete cover to crack along the reinforcement.

2.3 Shaking table test

The test programme is conducted on the shaking table facility at the University of Bris-
tol. The table is 3 m X 3 m and equipped with eight hydraulic actuators to provide a full
six degrees of freedom. In this study, ground motions are applied in one direction, uni-
axially. The specimen is fully fixed on the centre of the table with four angles and two
channels to prevent the footing from horizontal and vertical movement. In consideration
of the capacity limit of the shaking table, three metal mass blocks (1 tonne each) are
attached rigidly on top of the column to generate the inertia force as well as axial load
due to the mass of the deck on the column. It was expected that the corroded speci-
mens may collapse during the tests. Therefore, a supporting frame was constructed and
deployed around the column. To reduce the seismically induced overturning moments
of the elevated mass on the table, four metal mass (1 tonne) blocks were attached to
the corners of the table surface. Thus, uncontrolled and unwanted rocking motion of
the shaking table under uniaxial excitation was avoided. The setup of the experimental
rig is shown in Fig. 4. Accelerometers and cable extension position transducers were
deployed on the specimen and the shaking table to track the movement during the test.
The layout of the instrumentation is shown in Fig. 5. Six accelerometers are attached
to the shaking table to track the movement in all 6 degrees of freedom. An accelerom-
eter (ACC1) is mounted on the foundation of the specimen to record the acceleration
of input ground motion. Two accelerometers (ACC2&3) are attached at the top of the
column to monitor the acceleration response in x and y directions. Two accelerometers
(ACC6&7) are fixed on the mass block in positive and negative y-axis respectively to
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Fig.3 Corrosion-induced cracks in Corrl and Corr2 specimens: a, b front and back of Corrl, and ¢, d front
and back of Corr2

record the acceleration response on x-direction. The difference between the two acceler-
ation time-histories can indicate the rotational movement of the specimen. Another two
accelerometers (ACC4&5) are set on the mass block to track the out-of-plane movement
of the specimen. An accelerometer is fixed on the supporting frame to validate that the
frame is rigid relative to the columns.

In the UnCorr column, a set of Linear Voltage Displacement Transducers (LVDT)
were attached to the external face of the column to estimate flexural strains. However,
the LVDTs were eliminated in the corroded columns as the extensive corrosion-induced
damage to the concrete cover made these results unreliable as strain proxies.
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Fig.4 Experimental test setup

2.4 Excitation ground motion

The ground motion used in this study is selected from a set of ground motions taken from
FEMA P695 (2009), which were previously used in a numerical exploration study (Kashani
et al. 2017b). The spectrally matched Manjil earthquake (1990) is displayed in Fig. 6a [the
ground motion is spectrally matched to mean response spectrum of all FF ground motions
listed in FEMA P695 (2009)]. Figure 6b shows the response spectrum of the excitation ground
motion together with the fundamental period of the UnCorr test specimen. Since the period of
the tests specimen is within the maximum response spectrum of the proposed ground motion,
there is no need to time-scale the ground motion (i.e. reducing the ground motion duration).

The aim is to explore the progressive damage of the corroded RC columns in the case of
a cascade of increasing intensity events. This philosophy is also aligned with the pragmatism
of extracting the maximum information from each specimen. Therefore, this cascade of earth-
quakes is represented with a series of increasing amplitude ground motion with scale factors
of 25%, 300%, and 500%. These increasing amplitudes excitation time-series qualitatively rep-
resenting slight, extensive and complete damage limit states respectively. System identifica-
tion using very low-amplitude white-noise tests was performed on the specimen before the test
and after each intensity level experiment.
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Fig.5 Instrumentation layout

3 Experimental results and discussion
3.1 Mass loss measurement and spatial variability of corrosion

As mentioned above, the time-dependent corrosion induced mass loss is estimated by Fara-
day’s second law of electrolysis [see Eq. (1)]. It has been reported that Faraday’s law can
give reliable values in lightly corroded specimens (E1 Maaddawy and Soudki 2003). How-
ever, the mass loss derived by Faraday’s law, in this context, estimates the average mass
loss of all the steel in the electrical circuit; i.e. both vertical and tie reinforcement. Equa-
tion (1) estimates the expected mass loss (i.e. the mean) but does not estimate the spatial
variability of corrosion along the height of the columns. Therefore, further investigation of
the spatial variability of corrosion is needed. After the shaking table tests were completed,
the tested columns were demolished, and corroded bars were carefully taken out from the
column. The cleaning procedure adapted by Kashani et al. (2013a, b) was used to remove
the corrosion products (rust) and concrete from the corroded bars. The actual mass loss is
estimated by calculating the ratio of the mass per unit length of corroded bars to their cor-
responding original mass per unit length before corrosion. The average mass loss ratios of
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Fig.6 Spectrally matched Manjil earthquake ground motion record: a acceleration time-series, and b elas-
tic total acceleration response spectrum

the vertical bars in Corrl and Corr2 specimens are 51% and 65% respectively. To quantify
the spatial variability of corrosion along with the height of the columns, the vertical bars
are cut in 200 mm segments (tie spacing) as shown in Fig. 7. The mass loss ratio of each
segment is calculated separately (shown in the “Appendix”). In each segment, the mass
loss ratios of the four vertical corner bars (No. 1, No. 3, No. 5 and No. 7) and mid-face bars
were calculated separately as shown in Fig. 8. It should be noted that this method cannot
reflect the influence of bar necking and elongation during the test. Regarding this point, a
novel real-time spatial investigation method on steel bars is needed to improve the shaking
table test on corroded RC structures in the future.

Figure 8 indicates clearly that the mass loss in the corner bars (bars 1, 3, 5 and 7 in
Fig. 7) is larger than mid-face bars (bars 2, 4, 6 and 8 in Fig. 7). This is because the corner
bars are exposed to bi-directional chloride diffusion, while the mid-face bars are exposed to
unidirectional chloride diffusion. The synergistic effect of two-sided chloride ingress accel-
erates the corroding process, which leads to more deterioration and even earlier failure of
the corner bars. This phenomenon is reported by other researchers (Lee et al. 2003; Khan
et al. 2017). Zhang et al. (2011) conducted an experiment on fly ash concrete with two and
three-dimensional chloride ingress. This finding is consistent with those summarised by
Zhang et al. (2011).

As mentioned before, the designated part of the column to be corroded is 1 m above
the foundation. It can be observed that the corrosion level reduces with increasing height
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Fig. 7 Physical segments to investigate the spatial variability of corrosion

up the column in both specimens. In some part, such as segment 1 & 2 in Corrl and seg-
ment 2 in Corr2, the bars have even disconnected after the corroding procedure. The same
trend can be found on corroded tie reinforcement in both specimens. The outer face ties/
transverse bars (see Fig. 7) appears to have failed during the corroding process. Some of
the interface ties/transverse bars remained functional during the corroding process, namely
the one in the higher part of the column. Figure 9 displays the ties extracted from the two
columns. It is clear from these results that there has been a substantial loss of confinement
and a reduction in the lateral restraint against buckling of the main vertical reinforcement.
Therefore, the drift capacity and strength of the columns was substantially reduced by the
corrosion.

3.2 Influence of corrosion on nonlinear hysteretic force-displacement response

Using the recorded total acceleration and relative displacement (deformation) response
time-histories of the tested specimen, the hysteretic cycles of force versus displacement
are plotted and shown in Figs. 10, 11 and 12. The base shear is obtained by top block’s
mass (3 tonnes) plus the modal mass of the column itself, multiplied by the total accelera-
tion response and normalised by the gravity load on the column. The lateral displacement
is normalised to the column height (drift). Figure 10 shows the 25% (slight damage limit
state) ground motion amplitude case. The UnCorr column shows almost linear response
(Fig. 10a), while both corroded specimens (Fig. 10b, c) exhibited nonlinear responses at
the same excitation level. The hysteretic loops in the corroded specimen at this level of
excitation are mainly due to the corrosion-induced damage in concrete cover. The peak
displacement response of Corrl and Corr2 columns are 580% and 460% of the peak dis-
placement of the reference column. Figure 10c shows that the force—displacement response
of Corr2 column is unsymmetrical. The investigation of the spatial variability of corro-
sion showed that the vertical bars (bars 1, 2 and 3 in Fig. 7) had more corrosion (see the
table in “Appendix”), which resulted in an unsymmetrical hysteretic response. This non-
uniform corrosion also resulted in some undesirable out of plane excitation of the corroded
columns.
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Fig. 8 Spatial variability of cor-
rosion damage at the lowestlm
of corroded columns: a vertical
bars in Corrl, b vertical bars in
Corr2, and ¢ transverse ties in
both columns
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This is because the additional corrosion in the corner bars results in further corrosion-
induced concrete cover cracking (as shown in Fig. 3), and hence, a significant reduction
in concrete strength. Therefore, concrete cover crushes earlier on one side of the column,
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Fig.9 Corrosion damaged trans-
verse ties: a Corrl, and b Corr2
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damage the reinforcing bars earlier, and hence, produces larger cyclic force—deformation
loops. The corrosion-induced material (concrete cover and reinforcement) degradation also
leads to the reduction of stiffness, which accounts for the larger displacement response
observed in the two corroded specimens.

Figure 11 shows the force—displacement response of all three columns together with
observed visual damage on tests specimen at this 300% excitation level. Figure 1la
shows that the Corrl column collapses completely at the time of 10 s. About 90% of lat-
eral strength reduction is observed compared with the UnCorr control specimen. The
Corr2 column (Fig. 11b), despite a slightly higher corrosion level (in terms of mass loss),
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experiences severe damage without a complete collapse. Note that the mass loss measure-
ments are averaged over 200 mm length of rebar. Therefore, it does not directly reflect
the highly localised weakest point of the corroded RC columns. The spatial variability of
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pitting corrosion in vertical bars and tie reinforcement can greatly influence the failure
mechanism of severely corroded RC columns.

The force—displacement response of the Corr2 column at 300% does not show the typi-
cal hysteretic response of RC components such as Lehman et al. (2004) and Kashani et al.
(2019). During the test, at 300% excitation, some of the vertical bars fractured (due to a
combination of pitting corrosion, tensile strain level, and low-cycle fatigue). Therefore, the
response of Corr2 does not show the hysteretic response of a typical RC column. It was
observed that the column was pivoting between the edges similar to a rocking column, and
hence, resulting in concrete crushing in compression. In the hysteretic rocking response
(Fig. 11c), force increases without an increase in displacement until it rocks, and as soon as
the joint opens force significantly drops; i.e. negative stiffness (Makris and Vassiliou 2014).
A rocking column system is typically characterised by a linear negative slope (negative
tangent stiffness) of the force—deflection response (during the rocking phase). This nega-
tive tangent stiffness is observed in Fig. 11c in the high amplitude loops (for positive dis-
placements). Furthermore, Fig. 11c shows that the hysteretic response is not symmetrical,
which is due to a single-sided opening rocking which contains both in-plane and out-of-
plane components. Figure 11d shows the observed damage in the UnCorr column, which is
mainly due to inelastic buckling of vertical bars and premature crushing of core concrete.
Figure 11e, f shows the observed damage in Corrl and Corr2 columns. Figure 11e shows
that the complete collapse of Corrl column is due to a severe loss of vertical reinforcement
due to corrosion as well as corrosion-induced damage to the surrounding concrete. Fig-
ure 11f shows that the damage in Corr2 column is mainly at one side of the column, which
justifies the unsymmetrical hysteretic response in Fig. 11c.

Figure 12 shows the force—displacement response of UnCorr and Corr2 columns (the
Corrl column collapsed at 300% excitation) together with observed visual damage on tests
specimen at 500% excitation level. Figure 12a shows the force—displacement response
of the UnCorr level at the 500% excitation level. The hysteretic response shows severe
cyclic degradation, which is due to the inelastic buckling and low-cycle fatigue of vertical
reinforcement. Figure 12b shows that at the 500%, the Corr2 column exhibits an erratic
force—displacement response, which includes an increasing residual tilting until the com-
plete collapse at a time of 13 s. 80% lateral strength reduction is observed compared with
the UnCorr control specimen. This is before it is subjected to the largest-amplitude pulse
of the ground motion. Figure 12¢ shows the observed damage in UnCorr column after the
500% excitation. The visual inspection of damage indicates that severe buckling of vertical
bars in lightly confined columns which resulted in the premature crushing of core concrete
previously at 300% excitation level results in severe buckling and large residual drift in the
UnCorr column after the experiment. This consequently results in severe degradation in the
hysteretic response of the column. Figure 12d shows the completely collapsed Corr2 col-
umn at 500% excitation, which shows the unsymmetrical failure of the column. This is due
to the unsymmetrical corrosion of vertical bars.

A further comparison of the results is provided in Fig. 13. It shows the hysteretic curves
of all three columns at 25% excitation amplitude for the strong motion part of the response.
It is evident from Fig. 13 that severe corrosion can result in a significant reduction in effec-
tive stiffness of RC columns. The severe reduction in stiffness results in an increase in drift,
which subsequently results in the premature yielding of the longitudinal reinforcement and
crushing of the cover concrete (as shown in Figs. 11, 12). The effective stiffness of the col-
umn greatly influences the dynamic properties of the structure as well as the strength and
plastic deformation capacity, which all have a significant influence on the energy dissipa-
tion capacity of RC columns under earthquake loading. In the following sections of this
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Fig. 11 Force-displacement hysteretic response and observed damage of all three columns at 300% exci- »
tation (extensive damage): a hysteretic response of UnCorr, b hysteretic response of Corrl, ¢ hysteretic
response of Corr2, d observed damage in UnCorr, e observed damage in Corrl, and f observed damage in
Corr2

paper, we will quantitatively investigate the impact of corrosion on the effective stiffness
and cumulative damage (energy dispassion) of the test specimens.

3.3 Impact of corrosion and seismic damage on stiffness degradation and modal
frequencies

A transfer function estimate (based on both system input and output) is used to identify the
current state of the system before and after every test. From this system identification, it
is possible to estimate the combined influence of corrosion and structural damage on the
system’s natural frequencies and damping ratios. Therefore, a long duration (150 s) low-
amplitude white-noise tests are conducted prior to the first experiment and after each exci-
tation level experiment. The amplitude of 0.0043 g of the white-noise signal was chosen to
avoid causing any significant concrete crack opening. This amplitude represents approxi-
mately 1% of PGA of the Manjil record (in Fig. 6). Therefore, the aim of these white noise
tests was to produce a non-destructive system identification.

Power Spectral Density (PSD) of structural time-history records can extract struc-
tural characteristics in the frequency-domain (Cryer and Chan 2008). The transfer func-
tion (based on input and structural response accelerations time-series) are estimated using
a MATLAB (1994-2018) toolbox (Vold et al. 1984), which employs Welch’s algorithm
(1967). Large peaks of the transfer function estimate modal frequencies. In this study, only
the first and second modes are considered as shown in Fig. 14. Since the Corrl specimen
collapsed at 300% excitation, the white-noise tests data are not available at and beyond
300% excitation for this column.

Table 3 summarises the natural frequencies (mode 1&2) variation of the three speci-
mens. The natural frequency (mode 1) of the UnCorr column is about 10% higher than
the natural frequency of the corroded columns before the shaking table experiment. This
shows that corrosion damage has some influence on the natural frequency of the cor-
roded RC columns. After slight damage excitation level (25% of PGA), all specimens
exhibit further degradation in the frequency of their vibration modes. The natural fre-
quency of the corroded columns reduces more rapidly than the UnCorr column. This
is due to severe corrosion-induced damage. In contrast, the UnCorr column remains
notionally elastic (see Fig. 10a). As expected, Fig. 14a, b shows a reduction in frequen-
cies of columns after the earthquake excitation. Figure 14c shows the UnCorr column
has higher natural frequencies than that of the Corrl and Corr2 columns. However,
Fig. 14d, unexpectedly, shows that after the 300% of PGA excitation test, column Corr2
has a higher frequency than the UnCorr column, which would appear to be counter-
intuitive. It is worth noting two points here (1) the force—displacement plots shown in
Fig. 11 and post-experimental forensic examination indicate rebar fracture and a change
system typology from flexural to a rocking column and (2) the amplitude of the white
noise excitation may not have been sufficient to elicit rocking due to additional friction-
interlock between aggregate and corrosion products. This resulted in increased stiffness
in the case of low amplitude excitations. The non-destructive (low-amplitude) white
noise system identification tests characterise the system well for the case of systems
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Fig. 12 Force-displacement hysteretic response and observed damage of UnCorr and Corr2 columns at
500% excitation (complete damage): a hysteretic response of UnCorr, b hysteretic response of Corr2, ¢
observed damage in UnCorr, and d observed damage in Corr2

with low levels of damage. However, in this case (Corr2 after 300% of PGA) we have a
critically damaged column whose system characteristics are very sensitive to response
amplitude levels. Therefore, if the aim is to characterise the extent of damage of a
highly corroded/damaged system, then in situ ambient (low amplitude) system identifi-
cation tests can produce ambiguous results that are suggestive of smaller damage then is
actually present.

Stiffness degradation is an important indicator of structural damage under seismic
excitation. During earthquakes, RC structures lose their strength and stiffness due to
concrete cover spalling, core concrete crushing, reinforcement yielding/fracture in ten-
sion (due to large strain and/or low-cycle fatigue degradation), and inelastic buckling in
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Fig. 13 Comparative force—
displacement responses of all
columns at 25% excitation level
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Fig. 14 Transfer function estimate of test specimens using the low-amplitude white noise excitation:
a Corrl, b Corr2, ¢ all three columns, and d UnCorr and Corr2 after 300% excitation

compression. As it is qualitatively shown in Fig. 13, corrosion has a significant negative
impact on effective the stiffness of RC columns. Here, we will quantitatively show the
stiffness degradation of test specimens during the earthquake excitation.
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Table 3 Natural frequencies of the specimens obtained by white-noise tests

Pristine After 25% After 300% After 500%

Mode 1 Mode 2 Mode 1 Mode 2 Mode 1 Mode 2 Mode 1 Mode 2

UnCorr 3.66 29.77 341 29.67 1.53 19.91 1.28 16.93
Corrl 3.21 27.56 2.71 26.36 0 0 - -
Corr2 3.21 31.71 2.71 30.39 2.20 27.31 0 0

Unit: Hz

Given the base shear force and displacement response of column time-histories, a least-
square linear fit over a moving window can be used to estimate the time-stiffness and
time—frequency relationship during a test. A smoothing low-pass filter is also employed.
This is, in effect, an autoregressive moving average (ARMA) type approach, which results
in an instantaneous stiffness time-series. As the window length in the ARMA process
increases the underline trend becomes smoother. However, this increased noise attenuation
comes at a cost of a loss of the resolution in time. A reasonable compromise is obtained
for these specimens with a window length between 3 and 9 s. Figure 15 shows the esti-
mated time-varying stiffness and frequency responses for the two corroded columns and
the uncorroded control column at 25% excitation amplitude (corresponds to Fig. 13). The
ARMA method requires force and deflection response time-histories to obtain predominant
time—frequency trendline during the earthquake. The results for the uncorroded column
exhibit more noise in the time-series. This is mainly due to epistemic noise in the displace-
ment measurements during the low amplitude vibration parts of the experiment. Note that
the uncorroded column displacements (at 25% of PGA) are smaller than those of the cor-
roded columns.

3.4 Time-cumulative damage analysis

The cumulative energy dissipation is an important quantitative indicator of cyclic deg-
radation of a structure subjected to seismic excitation. Cumulative energy dissipation is
defined as the integration of the area inside hysteretic force—displacement loops (Chopra
2007). In this study, the cumulative energy dissipation of two corroded RC columns and
the UnCorr control column at slight (25%) and extensive (300%) damage excitation lev-
els are estimated. The results are normalised by the total dissipated energy of the UnCorr
control specimen in each round of the test (shown in Figs. 10, 11, 12). Corroded columns
Corrl and Corr2 exhibit 1.53 and 1.75 times the energy dissipation of the UnCorr column
at (25% of PGA). At the 300% of PGA level, both corroded columns are highly damaged
and appear to dissipate much smaller energy than the UnCorr column. Column Corrl tech-
nically fails at 10 s and would completely collapse if not for the support frame. Column
Corr2 as previously discussed has transited from a flexural to a rocking typology and is
also very near to collapse. This shows, that corrosion results in premature plastic deforma-
tion in the corroded columns and hence higher energy dissipation at low-amplitude excita-
tion (Fig. 16a). However, owing to the corrosion-induced reduction in strength and plastic
deformation capacity, there is a severe reduction in energy dissipation capacity at large
amplitude excitation (Fig. 16b).
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Fig. 15 Time-varying frequency and stiffness responses of all columns: a timefrequency response, and b
time-stiffness response

4 Conclusion

This paper presents a set of shaking table tests on an UnCorr and two corroded RC columns
to investigate the impact of corrosion on the nonlinear seismic performance of RC bridge
piers. The two specimens are corroded using an accelerated corrosion procedure. They are
tested under a far-field ground motion with increasing intensity scale factors until com-
plete collapse. Spatial variability of corrosion, nonlinear hysteretic response, and structural
stiffness and strength degradation are evaluated using the test results. Furthermore, time-
varying stiffness analysis is conducted on the corroded and UnCorr columns and compared
with each other. The experimental results showed a large scatter of data, which is due to the
limitation in the number of experuimental test specimens, which requires further experi-
mental testing in the future research. Nevertheless, this study provides a useful benchmarch
experimental data that can be used in futur research by other researchers. The main find-
ings of this research can be summarised as follows:

1. The pitting corrosion is spatially nonuniform along with the height and cross-section
of the RC columns. In this study, it is observed that the pitting corrosion in the vertical
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Fig. 16 Normalised cumulative
energy dissipation of the uncor-
roded and corroded columns: a
slight damage excitation (25%),
and b extensive damage excita-
tion (300%)
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bars varies along with the column height. Furthermore, corner bars have more corrosion
due to the two-dimensional diffusion of chloride ions. Some of the vertical rebars have
corroded completely resulting in a broken (disconnected) segments of rebar imbedded
in the concrete. The exterior tie reinforcement (with some failing) is more significantly
corroded than the internal tie reinforcement as they are closer to the concrete surface.

2. The heavily corroded RC columns show significantly larger displacement responses
than the UnCorr control column under the same seismic excitation, which is due to the
corrosion-induced stiffness degradation. Premature nonlinear response and stiffness
degradation can be detected when the seismic intensity is low, while the UnCorr control
column with the same design remains elastic. The ultimate strength of the RC columns
also significantly reduces by the corrosion damage (about 50% mass loss results in about
85% average reduction in this work).

3. Corrosion has a significant impact on the energy dissipation capacity and cumulative
damage of RC columns in an earthquake with moderate intensity. It can be demonstrated
that severely corroded RC columns exhibit far less energy dissipation capacity com-
pared with UnCorr RC columns at high-amplitude excitation. This is primarily because
at these excitation levels the presence of fractured corroded reinforcement permitted
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these columns to evolve their structural typology from a flexural inelastic column into
a rocking column.

4. At small amplitude excitation levels, the UnCorr columns exhibit linear elastic responses
while the corroded columns exhibit inelastic behaviour with unsymmetrical hysteretic
force—displacement loops. Consequentially, at these small amplitude levels, the corroded
columns exhibit large energy dissipation (a 50% increase in energy dissipation) than the
UnCorr column. This shows that even small magnitude earthquakes, which normally
do not result in any significant damage in RC bridges, can result in severe damage in
corroded RC bridges.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if changes were made.

Appendix
The following tables list the average mass loss in various segments of the columns as defined
in mass loss measurement and spatial variability of corrosion section. Note that the (F) against

a percentage indicates that there was a fracture, (a complete loss of continuity) of the bars.
See Tables 4, 5 and 6.

Table 4 The mass loss levels of the vertical bars of Corrl

Rebar 1  Rebar 2 Rebar 3  Rebar 4 Rebar 5 Rebar 6 Rebar 7  Rebar 8

Segment5 37.42%  7.46% 3778%  15.33% 49.61%  10.25% 38.24%  11.75%
Segment4 59.68%  16.96% 60.06%  16.41% 50.02%  18.02% 63.87%  18.48%
Segment3 85.88%  20.74% 84.48%  16.32% 58.82%  22.80% 80.34%  19.15%
Segment2 100% (F) 43.34% 100% (F) 34.33% (F) 82.13%  56.81% (F) 100% (F) 29.5%

Segment 1 81.57%  83.79% (F) 100% (F) 41.66% 100% (F) 52.48% 100% (F) 44.82%

Table 5 The mass loss levels of the vertical bars of Corr2

Rebar I  Rebar 2 Rebar 3 Rebar 4 Rebar 5 Rebar 6 Rebar 7 Rebar 8

Segment  80.83%  22.80% 81.33% 17.05% 28.26% 15.22% 65.24% 14.31%
5 (F)

Segment  100% (F) 87.19% 81.33% 46.83% 75.41% 45.34% 87.56% 51.92%
4 (F) (F)

Segment  77.81%  100% (F) 81.29% 39.70% 77.05% 38.38% 71.71% 50.05%
3 (F)

Segment  100% (F) 100% (F) 81.29% 77.16% 100% (F)  59.19% 88.32% 47.56%

2 (F) ()
Segment  46.34%  80.46% 81.29%  52.87%  86.83%  43.89%  93.94%  67.43% (F)
1 (F) (F) (F) (F) ) (F)
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Table 6 The mass loss levels

of transverse bars in Corrl and Corrl (%) Cort2 (%)
Corr2 Transverse bar 4 35.37 63.33
Transverse bar 3 33.78 70.29
Transverse bar 2 56.04 65.49
Transverse bar 1 57.78 69.54
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