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Experimental Investigation of Nonlinear Cyclic Behavior
of Circular Concrete Bridge Piers with Pitting Corrosion

Mohammad M. Kashani'; Hamish Moodley?; Hammed O. Aminulai®; Sheida Afshan*; and Duncan Crump®

Abstract: In this study, three reinforced concrete (RC) columns with and without corrosion and different reinforcement details are tested
under lateral cyclic loading. One of these columns is well-confined to represent modern RC bridge piers that are designed according to
the current seismic design codes, and the second column has the same detail with corrosion damage. The third column is a lightly confined
corroded column to represent aging RC bridge piers that are not designed to the current seismic design codes. The experimental results
showed that corrosion significantly impacts the ductility loss more than the strength loss of the tested corroded columns. In addition, although
the uncorroded column was designed according to the current seismic design code, severe inelastic buckling in the vertical bars was observed
during the cyclic tests. DOI: 10.1061/JBENF2.BEENG-6482. © 2024 American Society of Civil Engineers.
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Introduction

Many transport infrastructures worldwide are subject to material
aging. The deterioration of concrete bridges, the most critical
nodes in any transport infrastructure network, is recognized as
one of the major challenges faced by the bridge engineering com-
munity. Reinforced concrete (RC) structures are vulnerable to dete-
rioration effects that are caused by chloride-induced corrosion
(from deicing salts and seawater) and, to a lesser extent, by carbon-
ation (GCM, Gaal 2004). Chloride-induced corrosion of reinforc-
ing steel is the most significant environmental threat that affects
the performance of aging RC bridges and structures in the UK
and worldwide (Broomfield 2023). Severe corrosion and insuffi-
cient reinforcement detail have resulted in several catastrophic fail-
ures worldwide (e.g., the Monardi Bridge collapse in Italy, the De
la Concorde Bridge collapse in Canada, and the Ynys-y-Gwas
Bridge collapse in the UK), or severe disruption in traffic flow
due to the bridge closure (e.g., Hammersmith Flyover in London,
which carried 100,000 vehicles per day). England’s strategic and
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local road networks have a net worth of £344 billion (Barker
et al. 2014). Corrosion damage to RC bridges is estimated to cost
approximately £1 billion/year in England and Wales (Barker
et al. 2014), which represents approximately 10% of the total UK
bridge inventory. The estimated direct cost to repair aging infra-
structure in the US is over $200 billion (Angst 2018; ASCE 2021).

A large portion of aging corroded RC bridges are in high seis-
micity regions. Therefore, several researchers (Biondini et al.
2015; Camnasio 2013; Dizaj et al. 2018a, b 2023; Ghosh and Padg-
ett 2010; Li et al. 2015; Rao et al. 2017) have investigated the im-
pact of corrosion on the seismic fragility and life cycle cost of RC
structures using simplified models. The focus of these studies was
on numerical modeling and probabilistic studies on the effect of
corrosion on the seismic fragility of aging bridges. They concluded
that the deterioration in bridges due to reinforcement corrosion has
a significant negative influence on the structural vulnerability of RC
bridges and significantly increases the life cycle cost of these brid-
ges. Other researchers (Du et al. 2005a; Di Carlo et al. 2023; Du
et al. 2005b; Imperatore et al. 2017; Lee and Cho 2009; Kashani
2017; Kashani et al. 2015a, b; Kashani et al. 2013) investigated
the impact of corrosion on the residual capacity of reinforcing
bars that were subject to monotonic tension and compression and
cyclic loading that included the effects of inelastic buckling and
low-cycle fatigue. The outcomes of these studies provided a mod-
eling approach to simulate the uniaxial material behavior of
corroded bars under different loading scenarios. Limited experi-
mental studies have been conducted to investigate the impact of
corrosion on the nonlinear behavior of RC components (Ge et al.
2020; Lee et al. 2003; Liu et al. 2017; Meda et al. 2014; Rajput
and Sharma 2018; Rinaldi et al. 2022; Yuan et al. 2017; Yang
et al. 2016). The focus of these studies was on corroded RC
beams or rectangular or square RC columns. The outcomes of pre-
vious experimental observations confirmed that corrosion has a sig-
nificant negative impact on residual strength, multiple failure
modes (e.g., flexure or shear—flexure failure), and the overall duc-
tility of RC components (Ge et al. 2020; Lee et al. 2003; Liu et al.
2017; Meda et al. 2014; Rajput and Sharma 2018; Rinaldi et al.
2022; Yuan et al. 2017; Yang et al. 2016).

Kashani et al. (2019) report the results of a literature survey on
the available experimental data of corroded RC components. Their
results revealed that most of the previous research on the
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experimental testing of corroded RC structural components had
been focused on beams under monotonic and cyclic loading (flex-
ure and shear) and rectangular or square columns that were subject
to lateral cyclic loading. Limited reliable experimental data is cur-
rently available in the literature to investigate the nonlinear cyclic
behavior of circular corroded RC columns (Aquino and Hawkins
2007; Ma et al. 2012; Yuan et al. 2017). Circular columns are
very common in bridge pier construction, and their failure mecha-
nism is very different from that of rectangular or square columns
due to the difference in their geometry. Therefore, experimental in-
vestigations of the nonlinear behavior of corroded circular columns
subject to cyclic loading are required.

Research Novelty and Contribution

As discussed in the previous section of this study, there is a signifi-
cant lack of reliable experimental data in the literature on nonlinear
cyclic behavior and seismic performance of circular corroded RC
bridge piers. Most aging circular corroded bridge piers were de-
signed and constructed before the modern seismic design codes
(pre-1990s). The recently constructed circular RC bridges, which
are designed and built according to modern seismic codes, are
vulnerable to corrosion. Therefore, the nonlinear behavior of the
new and old generations of corroded circular bridge piers that are
subject to lateral cyclic loading must be investigated. Currently,
no experimental data exists in the literature to investigate and com-
pare the impact of corrosion on code-conforming and non-code-
conforming circular RC columns to the best of the authors’ knowl-
edge. Therefore, this experimental study aims to address this gap by
conducting benchmark experimental tests on circular corroded RC
columns with different reinforcement details. The test specimens
consist of corroded and uncorroded columns, which are designed
according to Eurocode 2 (CEN 2004) and are seismically detailed
according to Eurocode 8 (EC8; CEN 2005) to represent a new
bridge design. A further corroded column is designed to have the
same flexural capacity as the other two columns but without seis-
mic reinforcement, with details to represent old or non-code-con-
forming bridge piers (premodern seismic design codes). The only
difference between the two groups of columns is the volumetric
ratio of the confinement reinforcement, which is the most important
parameter in the nonlinear seismic behavior of RC bridge piers. The
experimental results showed that pitting corrosion significantly im-
pacts the ductility and hysteretic energy dissipation capacity of RC
columns and, to a lesser extent, their residual strengths.

Experimental Program

Specimen Design and Properties

Three circular RC columns 400 mm diameter cross section and
1,600 mm high (height above the foundation) were designed accord-
ing to Eurocode 2 (CEN 2004). The column section contained nine
16 mm diameter vertical bars. Two columns were detailed for seis-
mic loading according to EC8 (CEN 2005), with the tie reinforce-
ment spaced at 80 mm. The third column was designed according
to Eurocode 2 (CEN 2004) with the same flexural capacity as the
other two columns, but it was not detailed for seismic loading,
with the tie reinforcement spaced at 200 mm. This column repre-
sented the non-code-conforming old bridge design with light confin-
ing reinforcement. The cover concrete was 30 mm, and the
maximum aggregate size of the concrete was 10 mm. Fig. 1 shows
the details of the column specimens, and Table 1 lists the experimen-
tal test matrix and associated concrete strength. Tables 2 and 3
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summarize the mechanical properties of the steel and concrete mix
that was used in test specimens, and Fig. 2 shows the nonlinear
stress—strain behavior of the 8 and 16 mm diameter bars.

Accelerated Corrosion Procedure

The natural corrosion in RC structures on-site is a gradual process
that takes several years. Researchers have employed various corro-
sion simulation methods in laboratory settings to accelerate the de-
terioration in RC test specimens. Previous studies have utilized
techniques such as the external current method (El Maaddawy
and Soudki 2003), preadmixed chlorides (EI Maaddawy and
Soudki 2003), and cyclic wetting and drying (Otieno et al. 2019)
to expedite corrosion. In this study, an accelerated corrosion proce-
dure was adopted that has been successfully employed in previous
research that was conducted by the authors (Aminulai et al. 2023a, b;
Ge et al. 2020).

The detailed methodology for this accelerated corrosion proce-
dure, which uses external current methods and the corresponding
experimental setup, can be found in the literature (Aminulai et al.
2023a, b; Ge et al. 2020). In brief, the approach involved establish-
ing an electrochemical circuit that used an external power source.
Within this setup, the reinforcing bars function as the anode, and
an external material serves as the cathode. Common cathode mate-
rials include copper, stainless steel, and regular carbon steel. An
electrolyte, typically a saline solution, facilitates the flow of ionic
current from the embedded reinforcement to the external cathode.
This experiment used stainless steel plates as the external cathode,
paired with a 5% sodium chloride (NaCl) saline solution.

The accelerated corrosion procedure took 8 and 6 weeks for
Columns Al and B, respectively. During this period, the average
current applied was 5 A. Fig. 3 shows the corroded columns after
the accelerated corrosion procedure, where some surface horizontal
and vertical cracks were observed. The vertical cracks were due to
the corrosion of the longitudinal or vertical reinforcing bars, and the
horizontal cracks were due to the corrosion of horizontal hoop or
tie reinforcements.

Reaction Frame Test Setup, Instrumentation, and Loading
Protocol

A specially designed test rig for performing lateral cyclic loading on
large-scale structural components was utilized for the column tests in
the Large Structures Testing Laboratory (LSTL) at the University of
Southampton, UK. Fig. 4 shows the adopted test setup, which in-
volved a 250 kN capacity MTS Systems Corporation (Eden Prairie,
MA) actuator with a 250 mm stroke to apply the lateral cyclic load-
ing. The columns were not subjected to axial loads. The reaction
frame and the foundation block were fixed to the laboratory’s strong
floor using pretensioned steel rods to prevent movement during test-
ing. Lateral displacement was applied at 1.8 m at the top of the col-
umn using a displacement-controlled loading scheme, as shown in
Fig. 5. The lateral displacements were from 1.6 to 96 mm, with
two repeated cycles for each lateral deformation level, as recom-
mended by ACI 374.2R-13 (ACI 2013). Lateral displacement in
the direction away from and toward the reaction frame was assigned
as positive and negative, respectively.

The measurement instrumentation utilized in the tests was com-
posed of five 5 linear variable differential transformer to measure
the displacement in the column at different heights and digital
image correlation (DIC) to capture the full-field strain in the plastic
hinge region of the columns. DIC is a noncontact imaging technique
that measures displacements and strains in structures as they deform.
The process involves taking a reference image of the region of
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Table 1. Experimental test matrix

28 days cube mean Estimated
Column ID Design strength mass loss
Column A Well-confined 75.4 MPa 0
Column Al Well-confined 73.7 MPa 20%
Column B1 Lightly confined 62.6 MPa 20%

Table 2. Mechanical properties of uncorroded steel reinforcement

Reinforcement type 8 mm (BS8) 16 mm (B16)
Yield strength [£, (MPa)] 520 530
Modulus of elasticity [E; (MPa)] 200,426 193,913
Yield strain (&) 0.00261 0.00273
Ultimate tensile strength [f,, (MPa)] 645 640
Strain at ultimate tensile strength (&,) 0.057 0.165
Fracture strain (&) 0.152 0.227
Unit mass [m (kg/m)] 0.396 1.579
Table 3. Concrete mix in 1 m® (water/cement ratio = 0.39)
Mix constituent Quantity
Cement (52R) 420 kg
4-10 mm stone (flint) 901 kg
0—4 mm sand 823 kg
Superplasticizer 1.8L
Total water 160 kg
700
600 1
500 1
o
S 400 1
8300 1
7]
200 .
100 .
—Vertical Reinfrocement, 16mm Diameter
0 ) k—'Transverse TielReinfmcement, I8mm Diameter
0 0.05 0.1 0.15 0.2 0.25

Strain

Fig. 2. Stress—strain behavior of vertical and horizontal tie
reinforcement.

interest on the column specimen before deformation occurs, fol-
lowed by continuously capturing images during deformation (the
deformed images). Then, the deformed images are compared with
the reference image to compute displacements and strains in the re-
gion of interest. A random speckle pattern is applied to the specimen
to enable image comparison. These speckles are grouped in DIC into
subsets of at least three speckles. The deformation in each subset is
used to correlate the displacements and strains in the plastic hinge
region of the column. Because the column was circular with a curved
surface, stereo DIC with multiple cameras was employed. For these
tests, four Manta G504-B cameras, Stadtroda, Germany with two
Nikon, Tokyo, Japan AF 50 mm f/1.8D Ienses and two Nikon
28 mm £/2.8D lenses were used to film at a frame rate of 1 Hz during
testing. The DIC images were processed using MatchID Stereo
software, Gent, Belgium. Fig. 6 shows an example of a DIC speckle
pattern. In addition, the cameras, settings and parameters that were
used in the DIC are presented in Table 4.
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Corrosion Measurement

After structural tests, the corroded columns were carefully demol-
ished, and the mass loss of each vertical bar and hoop reinforce-
ment was measured. The demolished columns were divided into
three segments along their height. For each segment, the corrosion
in all individual bars and hoop reinforcement was measured. The
detailed mass loss calculation data are available in an Excel spread-
sheet, which is attached to this paper. Table 5 lists the average mea-
sured corrosion for each segment, where the length of each segment
was measured from the base. The corroded reinforcement for cor-
roded Columns A1 and B1 is shown in Figs. 7 and 8. The bar labels
relate to the detailed corrosion calculations in the attached data file.

Transfer Function Estimate of the Corroded Columns

One of the most popular methods to describe the frequency content
of a time series is power spectral density (PSD) (Chan and Cryer
2008). The PSD estimates could be used in system identification
for structural health monitoring. The periodic pattern (if there is
one) of a time series could be quantified by PSD by calculating
the peaks in frequency which correspond to these periodicities. If
the excitation and response of a linear system are known, a system
identification could be performed by estimating the transfer func-
tion (Chan and Cryer 2008). This system identification method
could be used in corroded columns before and after corrosion to
identify the impact of corrosion on the effective stiffness and dy-
namic properties of column specimens.

In this study, the impact hammer tests (Liu et al., 2022) is used
to estimate the transfer function. Each column was instrumented
with two accelerometers in the longitudinal and transverse direc-
tions. Five impact tests in each direction were performed and the
average transfer function was estimated (Verboven et al. 2005)
for each direction. Fig. 8 shows the transfer function estimates
for Columns A1l and B1 before and after corrosion.

The frequency that is associated with the first peak in the transfer
function is the frequency of the first mode of vibration (i.e., the nat-
ural frequency of the system). Fig. 9 shows that corrosion increased
the natural frequency of both columns. Fig. 9(a) shows that the nat-
ural frequency of Column Al was 8.5 Hz before corrosion and
9.5 Hz after corrosion. Fig. 9(b) shows that the natural frequency
of Column B1 was 12 Hz before corrosion and 14.5 Hz after corro-
sion. This showed that although corrosion resulted in damage to con-
crete, the internal volumetric pressure due to the expansion of rust
products could increase the stiffness of the column. This is important
when estimating the initial effective stiffness of columns for seismic
assessments and evaluating corroded columns. The impact of corro-
sion on the stiffness degradation during the cyclic loading experi-
ments is discussed in the relevant section “Impact of Corrosion on
Effective Stiffness Degradation of RC Columns.”

Experimental Test Results and Discussion

Nonlinear Cyclic Response of Well-Confined Uncorroded
Column A

Fig. 10 shows the nonlinear cyclic response of the uncorroded Col-
umn A with the failure points that correspond to the first and second
fractures in the vertical reinforcement bars marked. The key dam-
age states are shown in Fig. 11. The flexural cracks due to rein-
forcement yielding started appearing at approximately 5% drift.
At approximately 2% drift, the column base to foundation
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connection started splitting, which was a sign of reinforcement slip
and strain penetration at the column base [Fig. 11(a)]. As the load-
ing amplitude increased, at approximately 3% drift, the concrete
cover started to crush at the front face of the column [Fig. 11(b)].
At 4% drift, significant visible buckling in the vertical reinforcing
bars at the front face of the column was observed [Fig. 11(c)]. Be-
cause the concrete cover crushing started at 3% from the face, this
confirmed that bar buckling started at a lower drift, which resulted
in concrete cover spalling. Following the severe bar buckling, the
first buckled bar fractured in the next cycle at 4.5% drift
[Fig. 11(d)]. Finally, in the final cyclic amplitude targeted at
5.5% drift, the second buckled bar fractured at 4.5% during reload-
ing from compression to tension [Fig. 11(e)]. The failure mecha-
nism in the buckled bars confirmed that both bars fractured
during the unloading phase when they were still in compression.
This was due to the combination of significant inelastic buckling
and low-cycle fatigue in the vertical bars, which agreed well with

04024048-5 J. Bridge Eng.

J. Bridge Eng., 2024, 29(8): 04024048



Downloaded from ascelibrary.org by University of Southampton on 05/17/24. Copyright ASCE. For personal use only; all rights reserved.

|

it i,
eVl i

'.?_‘-.;'-5%7?.‘2."’

e
4P
a2

%’!’Af{;

3 e i AR
A o5

; %-i,;ii R

IR A L &t

2
g

Fig. 6. Speckle pattern for DIC.

Table 4. Cameras, settings, and parameters used in stereo DIC

the findings reported by other researchers (Meda et al. 2014; Ge
et al. 2020). In EC8 (CEN 2005), hoop spacing (S, < 6) times the
longitudinal bar diameter (d)) is suggested. In this study, the S;/
d, ratio was five, but buckling of the vertical bars and yielding of
hoop reinforcement were observed. The experimental results
show that the interaction between the stiffness of the hoop rein-
forcement and the flexural rigidity of the vertical bars is an impor-
tant factor in the seismic detailing of RC columns, which supports
the findings reported by other researchers (Dhakal and Maekawa
2002). This is not explicitly captured in the current code, which
is an area for further research.

Nonlinear Cyclic Response of Well-Confined Corroded
Column A1

Fig. 12 shows the nonlinear cyclic response of corroded Column
Al. The identified failure points are shown in Fig. 12, and the cor-
responding damage is shown in Fig. 13. The corrosion was local-
ized at the bottom of the column; therefore, the column
foundation interface’s vertical bar slippage and delamination oc-
curred at approximately 2% drift [Fig. 13(a)] similar to Column
A [Fig. 11(a)]. However, in Column A1, Most of the column defor-
mation was concentrated at the base of the column, and therefore,
limited flexural cracks were observed during the cyclic tests. As the
drift ratio increased, the concrete cover spalled at approximately
3% drift [Fig. 13(b)], followed by a fracture in the first and the sec-
ond vertical bars at 3.5% drift [Fig. 13(c)]). Finally, the third ver-
tical bar fractured at approximately 4% drift [Fig. 13(d)], which
resulted in a complete failure of the column. This failure mode dif-
fered completely from the failure mode in the same column without
corrosion. This was due to the localized corrosion of a few vertical
reinforcement bars at the base of the column. Table 3 indicates that

Cameras, settings, and parameters

Negative loading direction side

Positive loading direction side

Sensor and digitization

Exposure time and recording rate

Mean camera noise (% of dynamic range)

Lens and imaging distance

Number of images averaged for resolution calculation
Pixel size

Region of interest and field of view

Subset, step

Matching criterion Interpolation, shape function
Presmoothing

Mean displacement resolution

Smoothing technique

Virtual strain gauge

Mean strain resolution

CCD 2,456 x 2,058 pixels, 8-bit
190,00 ps, 1 Hz
0.0037%; 0.0034%
Nikkor 50 mm, 2.69 m

100 x 200 mm, 442 x 370 mm
59, 16 pixels
ZNSSD, Local Bicubic Spline, Quadratic

CCD 2,456 x 2,058 pixels, 8-bit
19,000 us, 1 Hz
0.0033%; 0.0034%
Nikkor 28 mm, 1.55 m
2 2

3.45 um 3.45 uym

100 x 200 mm, 537 x 450 mm

59, 16 pixels

ZNSSD, Local Bicubic Spline, Quadratic

None None
0.0470 mm (1.45 pixels) 0.0586 mm (1.22 pixels)
None None
7 pixels (24.15 um) 7 pixels (24.15 um)
471 pe 366 ue

Note: CCD = Charge-coupled device.

Table 5. Measured mass loss in corroded columns

Percentage mass loss in the reinforcement (%)

Longitudinal bars

Transverse ties

Test specimen Segment A? Segment B* Segment C* Segment A? Segment B* Segment C*
Column Al 10.40% 5.32% 4.04% 21.78% 19.75% 17.18%
Column Bl 12.98% 16.31% 12.68% 28.30% 39.63% 26.27%
aSegment A (0-200 mm); Segment B (200-400 mm); and Segment C (400-600 mm).
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Fig. 7. Measured corrosion in Column A1 after cyclic test: (a) vertical bars in each segment; (b) mass loss of individual vertical bars; (c) and (d) hoop
reinforcement in Segment A; (e) and (f) hoop reinforcement in Segment B; and (g) and (h) hoop reinforcement in Segment C.

the average corrosion of vertical bars within 200 mm above the
foundation was 10.40%. However, the corrosion in Bars Al, A2,
and A3 (these references are defined in the attached Excel file
with detailed mass loss calculations) was 17.77%, 19.11%, and
12.03%, respectively, which was localized at the base of the col-
umn. This resulted in premature fracture in these bars at the base
of the column.

Nonlinear Cyclic Response of Lightly Confined Corroded
Column B1

Fig. 14 shows the nonlinear cyclic response of the corroded Col-
umn B1. The failure points are shown in Fig. 14, and the corre-
sponding damage is in Fig. 15. The first visible flexural cracks
started to appear at approximately 0.5% drift with a vertical
crack along a corroded bar. The vertical crack was due to the cor-
rosion crack that existed in the column, and its width increased dur-
ing the test. At approximately 0.8% drift, premature spalling of the
concrete cover on the back face of the column was observed
[Fig. 15(a)]. This was approximately 400 mm above the founda-
tion, where the concrete cover was partially spalled due to corro-
sion before the cyclic test. At approximately 2% drift, the first
vertical bar fractured due to severe pitting corrosion followed by
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concrete cover spalling [Fig. 15(b)] during the load reversal from
tension to compression. Visible bar buckling was observed at 3%
drift [Fig. 15(c)], which was followed by core concrete crushing
in the following cycle at 3.5% drift. At 4% drift, a corroded hoop
fractured, which resulted in core concrete crushing. The significant
localized or pitting corrosion 400 mm above the foundation was
where the first vertical bar fractured. Here, corrosion resulted in a
complete loss of the hoop reinforcement, which resulted in prema-
ture concrete cover spalling.

Digital Image Correlation

DIC could be employed to measure the crack damage and strain
field on the surface of RC columns. Currently, a limited number
of studies have utilized the method on curved surfaces (Al-Kamaki
2021; Sun et al. 2023). The processed DIC images show von Mises
equivalent strain contour plots at the cracking moment, 1% drift,
and drift at the ultimate strength of Columns A, Al, and B1 are
shown in Fig. 16. For Column A, the DIC data show that flexural
cracks occurred after the first lateral drift cycles (0.1% drift)
[Fig. 16(a)], beyond which the number and strain in the flexural
cracks increased at 1% drift [Fig. 16(b)] and at drift at ultimate
strength [Fig. 16(c)]. The corroded Column Al demonstrated a
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100+ , similar crack development pattern as Column A. In addition to flex-
ural cracks, Column Al presented a vertical crack, which propa-
3r i gated downward as the lateral drift increased [Figs. 16(d-f)].
50t . Column B1 demonstrated a lower number of flexural cracks dur-
_ ing testing [Figs. 16(g—i)], due to the reduced confinement of this
Z = | column and similar to Column Al, a singular vertical crack.
3 or 1 These vertical cracks were above the corroded longitudinal rein-
S 25t , forcement and occurred from the corrosion process. From the
DIC strain plots [Figs. 16(a, d, and g)], the cracking in the con-
=500 i crete cover occurred at much lower drift values than the first vis-
5L g ibly observed cracks.

— Cyclic Response of Uncorroded Column AL The DIC images were utilized to obtain the strain in the vertical

-100 | O Fracture of 1st Vertical Reinfrocement . . . . .
o Fracture of 2nd Vertical Reinfrocement | plane of the plastic hinge region from both loading sides of the
0,06 10.05 -0.04-0.03 0.02.001_ 0 _0.01 0.02 0.03 0.0 0.05 0.06 columns. Then, the vertical strains from the extreme fibers in the
Drift columns in both loading directions were computed together.

Euler—Bernoulli beam theory was assumed to obtain the position

Fig. 10. Nonlinear cyclic response of uncorroded Column A. of the neutral axis, the strains on the longitudinal reinforcement,
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Fig. 11. Observed damage during the cyclic test of Column A: (a) bar slip at 2% drift; (b) cover concrete spalling at 3% drift; (c) visible bar buckling
at 4% drift; (d) first bar fracture at 4.5% drift; and (e) second bar fracture during the last cycle at 4.5% drift.

and the curvature of the columns. The curvature [k, (1/mm)] was
evaluated using the following equation (Kashani et al. 2017):

_(e2—e1)
ke=—"— 1)

where &, and &, = vertical strains in the extreme tensile and com-
pressive fibers of the column, respectively; and d = depth of the col-
umn (mm).

The moment—curvature relationships up to 1.33% drift (drift at
ultimate strength of Column B1) for Columns A, Al, and BI1 are
compared and shown in Fig. 17. Column A demonstrated a lower
cracking moment than the corroded columns in the negative

w ~ 5
S o 8
: : :

|

Force (kN)
b

— Cyclic Response of Corroded Column A1
© Fracture of Ist Vertical Reinfrocement
-100 O Fracture of 2nd Vertical Reinfrocement ‘*
$ Fracture of Hoop and 3rd Vertical Reinfrocement|
i I I i I T i

-0.06-0.05-0.04-0.03 -0.02-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06
Drift

Fig. 12. Nonlinear cyclic response of corroded Column Al.

(d)

Fig. 13. Observed damage during the cyclic test of Column A1: (a) bar
slip at 2% drift; (b) cover concrete spalling at 3% drift; (c) first and sec-
ond bar fracture and significant concrete crushing at 3.5% drift; and
(d) hoop fracture at 4% drift.
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Fig. 14. Nonlinear cyclic response of corroded Column BI.

loading directions. This was partially due to the greater initial stiff-
ness of the corroded columns and to construction tolerance. During
the construction of Column A, some of the vertical bars were
slightly displaced; therefore, the vertical bars were not equally
spaced around the perimeter. This changed the cracking moment
in Column A and different moment—curvature behavior in the pos-
itive—negative direction. The corroded columns demonstrated sim-
ilar moment—curvature behavior in the positive loading direction up

© (d

to 0.7 x 107> 1/mm, beyond which the moment of Column B1 al-
most plateaued. In addition, the moment of Column A surpassed
that of the corroded columns at 0.7 x 107> 1/mm curvature in the
positive loading direction. All columns reached similar curvature
in the positive loading direction. In the negative loading direction,
Column A reached a greater curvature than the corroded columns at
1% and 1.33% drifts. However, the moment of Column A was less
than that of the corroded columns at the same curvature; Column
Al had a greater moment resistance than Column B1.

The neutral axis and axial strain on the longitudinal reinforce-
ment were interpolated between the strain values in the extreme fi-
bers of the columns. The neutral axis of Columns Al and Bl
initially advanced away from the center of the column and moved
outward in the same direction as the loading direction. In contrast,
Column A1’s neutral axis at small drifts (<0.3%) had a bias to the
positive loading side; beyond these small drifts, the neutral axis
then started to move outward in the same direction as the loading di-
rection. Columns A, Al, and B1 demonstrated uneven neutral axis
values when subjected to positive and negative loading, with a per-
centage difference in the neutral axis values in the positive and neg-
ative loading directions at 1% drift of 25.31%, 59.12%, and
104.56%, respectively. However, the percentage difference between
neutral axis values in the positive and negative loading directions de-
creased in Columns A, Al, and B1 as the drift increased toward the
ultimate load to 8.05%, 17.76, and 30.15%, respectively. The inter-
polated axial strain on the reinforcing bars showed that the first yield
in the reinforcing bars occurred at 0.75%, 1%, and 0.6% drift for Col-
umns A, Al, and B1, respectively.

©

Fig. 15. Observed damage during the cyclic test of Column B1: (a) concrete cover crushing/spalling at 0.8% drift; (b) fracture of vertical bar and
severe cover spalling at 2% drift; (c) visible buckling at 3% drift; (d) severe core concrete crushing at 3.5% drift; and (e) hoop fracture at 4% drift.

© ASCE

04024048-10

J. Bridge Eng.

J. Bridge Eng., 2024, 29(8): 04024048



Downloaded from ascelibrary.org by University of Southampton on 05/17/24. Copyright ASCE. For personal use only; all rights reserved.

Von Mises Equivalent Strain [ ]

Von Mises Equivalent Strain [ ]

Von Mises Equivalent Strain [ ]

uivalent Strain Vari s Equivalent Strain

Von Mises Equivalent Strain [

Von Mises Equivalent Strain [ ]

Von Mises Equivalent Strain [ ]

Von Mises Equivalent Strain [ 1

Fig. 16. DIC strain images at cracking moment, 1% drift and drift at ultimate strength of Columns: (a—c) A; (d—f) Al; and (g—i) B1.
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1.33% drift.
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For each cyclic loop, the mean flexural stiffness of the RC col-
umn was calculated from the moment—curvature relationships
using

Mt |+ M
b, W+ M o
Ikzma\x.i| + |kzmax,z‘|

where EI =flexural stiffness of the column; My, ;=peak
moment in the positive and negative loading direction (kN.mm);
and k..« ;=peak curvature in the positive and negative direction
for each loop (1/mm).

To compare the mean flexural stiffness from the moment—curva-
ture to the secant stiffness, which represents the total stiffness (flex-
ural, shear, and slip) from the force—displacement, the flexural and
total stiffnesses for each column were normalized to their initial
values. For Column A [Fig. 18(a)], the flexural stiffness degrada-
tion was greater than the total stiffness degradation, which might
primarily be attributed to slipping in the reinforcing bar, because

J. Bridge Eng.

J. Bridge Eng., 2024, 29(8): 04024048



Downloaded from ascelibrary.org by University of Southampton on 05/17/24. Copyright ASCE. For personal use only; all rights reserved.

Stiffness (force-displacement) - Column A | |
\ — — — Stiffness (moment-curvature) - Column A

0 0.5 1 1.5 2 25

Curvature (1/mm) %107
(a)
1
09 - Stiffness (force-displacement) - Column B1| |
) — — — Stiffness (moment-curvature) - Column B1
208
=
= 07
k7
= 0.6
<
L
205
=}
S04
S
E03
=)
Z 02
0.1
0 . . . . . .
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Curvature (1/mm) x107

(©

1 T
09t \ Stiffness (force-displacement) - Column Al | |
: \ — — — Stiffness (moment-curvature) - Column Al
2 0.8
]
= 0.7
Z
= 0.6
<
£0.5
=
204
s
£03
)
Z 02
0.1
0 : :
0 0.5 1 15
Curvature (1/mm) %107
(b)
1.2
1.1F Stiffness (moment-curvature) - Column A | -
1 Stiffness (moment-curvature) - Column Al | |
@« Stiffness (moment-curvature) - Column B1
= L
Z 0.
S07
s
£ 0.6
B o<
= L
g 0.
2
© 03
Z
0

0 0.5 1 1.5 2 2.5
Curvature (1/mm) %107

(d)

Fig. 18. Comparison of normalized mean stiffness from moment—curvature (DIC) and (a—c) force—displacement responses, and comparison of stiff-
ness from moment—curvature between uncorroded; and (d) corroded columns.

shear is negligible in columns of moderate slenderness. However,
beyond 5.0 x 107° 1/mm curvature, the flexural and total stiffness
of Column A merged closer. In contrast to Column A, Column
Al showed that flexural stiffness and total stiffness were approxi-
mately identical up to 1.5x107> 1/mm curvature [Fig. 18(b)],
which indicated that stiffness from the reinforcing bar slip was neg-
ligible in Column Al. Column B1 [Fig. 18(c)] initially demon-
strated similar behavior to Column A up to 6x107° 1/mm
curvature, after which flexural stiffness and total stiffness become
approximately the same. In addition, the flexural stiffness degrada-
tion in all columns were compared and shown in Fig.18(d), the flex-
ural stiffness values of all columns were normalized to the initial
flexural stiffness value of uncorroded Column A. The initial flex-
ural stiffness was greater, and initial stiffness degradation was
lesser in the corroded columns than in uncorroded Column
A. However, beyond 4.0 x 107° 1/mm curvature, the stiffness deg-
radation of the corroded columns became greater than uncorroded
Column A, with Columns B1 and A1 stiffness intersecting Column
A’s stiffness at curvatures of 1.0x 107> and 1.4x107> 1/mm,
respectively.

Impact of Corrosion on Effective Stiffness Degradation
of RC Columns

The effective secant stiffness of the columns for each cyclic loop
could be calculated using

Fntax,i' + |Fr;ax,i| (3)
| + 105,

ax,i|

sec — T of
| 5max N

where K. =effective secant stiffness of the column (kN/m);
Frax;=peak force in positive and negative direction (kN); and
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Omax,; =15 the peak displacement in positive and negative direc-
tion for each loop (m).

To compare the stiffness degradation of all the columns, the K.
calculated for each loop in each column was normalized to the ini-
tial effective stiffness (Ks) of uncorroded Column A. The normal-
ized K. (Fig. 19) showed that the initial stiffness of the corroded
columns was higher than the uncorroded columns until Cycle 11,
which was less than a 0.5% drift ratio. However, as the drift
ratio of the cyclic test increased, the stiffness degradation in
the corroded columns became more significant than that of the cor-
roded column. This was due to the more significant concrete dam-
age in the corroded specimens under cyclic loading. In addition, the
stiffness calculations confirmed that corrosion resulted in an in-
crease in the initial stiffness of the columns, which was in good
agreement with the impact hammer test results, which are shown
in Fig. 9.

Impact of Corrosion Energy Dissipation Capacity

The hysteretic energy dissipation capacity is important when RC
bridges are subjected to earthquake loading. Corrosion could sig-
nificantly impact the energy dissipation capacity of aging bridges
and, therefore, increase the seismic vulnerability of these bridges.
The cumulative hysteretic energy dissipation of each column was
calculated and normalized to the corresponding total dissipated en-
ergy during the cyclic tests, as shown in Figs. 20(a—c). The energy
dissipation graphs for all columns show that there was almost no
energy dissipation until Cycle 11, which was in good agreement
with the stiffness degradation results shown in Fig. 19. To compare
the energy dissipation capacity of the corroded and uncorroded col-
umns, Fig. 20(d) shows the cumulative energy dissipation of all
columns normalized to the total dissipated energy of the uncor-
roded column. Fig. 20(d) shows that corroded Column BI1 has
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Fig. 19. Normalized effective stiffness of all columns.

the lowest energy dissipation capacity. This was due to higher av-
erage corrosion (compared with Column A1) and poor seismic de-
tailing. Although Column A1 experienced fracture in three vertical
bars due to localized corrosion at the base, the average corrosion in
the same column was lower than corroded Column B1, where only
one bar fractured in tension. However, corroded Column B1 expe-
rienced much more severe damage in the concrete, followed by
buckling in the vertical bars due to the lack of confinement. This
could be explained by comparing the nonlinear cyclic response
and backbone curves for all three columns, as shown in Fig. 21.
Fig. 21 shows that corrosion had a more significant impact on

the ductility and energy dissipation capacity of RC columns than
residual strength.

Impact of Corrosion on Equivalent Viscous Damping
Ratio

The equivalent viscous damping ratio (£) represents the combined
effects of elastic and hysteretic damping (Blandon and Priestley
2005). The modeling and calculation of the equivalent viscous
damping ratio is available in Zhang et al. (2017) and is used
here. Fig. 22 shows the calculated values of £ for all three columns.

1 e e e e e . r—r—T1 T T T T T T T 1 T T T
INormalised Hysteretic Energy for Each Cycle| Normalised Hysteretic Energy for Each Cycle

0.9 H~*-Normalised Cumulative Hysteretic Energ; 0.9 He? ised Cumulati ic Energy 1

%50.8 r Eﬁnﬂﬂ r 1
5]

507+ S0t 1
2 2
506 5 0.6 4
2 2
2051 2051 1
ja=) ==}
E 04F Zoaf |
s =

03
g § 0.3
Z02F Z0.2r 1

01f ‘ ‘ | 0.1F " ‘ ‘ 1

sl d il - | w IEEEE R - .
01 2 3 45 6 7 8 9 10111213 141516 17 18 19 20 21 22 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22
Cycle Number Cycle Number
(2 (b)

Normalised Hysteretic Energy for Each Cycle]
~e-Normalised Cumulative Hysteretic Energy

e e 2°
& 9 »
T

Normalised Hysteretic Energy
=
' &

041

031

02

01r \ ‘

|

{nan —~—~=mANNANN

01 2 3 4 5 6 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22
(C) Cycle Number

~e=Uncorroded Column A
0.9 H-¢-Corroded Column A1
—&-Corroded Column Bl
0.8 -

Normalised Cumulative Energy
S S ® S 9
L = & & 4
T —

o
o
T

o
T

bt * n S S N S
0 2 3 45 6 7 8 9 10111213 1415 16 17 18 19 20 21 22
(d) Cycle Number

=)
—9

Fig. 20. Hysteretic energy dissipation: (a) uncorroded Column A; (b) corroded Column Al; (c) corroded Column B1; and (d) all columns.
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Similar to the energy dissipation capacity, & started increasing after
Cyclel1 and gradually decreased after severe damage. This showed
that as the hysteretic energy increased, £ increased, and after severe
cyclic degradation, & decreased. Fig. 22 shows that & in corroded
Column B1 was initially higher than in Columns A and Al, but
the maximum ¢ in corroded Column B1 was lower than the other
two columns. This was due to the corrosion-induced severe damage
in the concrete; therefore, the damage in the concrete resulted in
more initial damping. However, as the drift ratio increased, the cy-
clic degradation resulted in a reduced damping ratio compared with
Columns A and Al.

Conclusion

Three RC bridge piers with different reinforcement details and cor-
rosion were tested under lateral cyclic loading. Column A was a
well-confined uncorroded column, and Column A1l had the same
RC detail with corrosion damage. Columns A and A1 were seismi-
cally detailed according to EC8. Column B1 was a lightly confined
corroded column that represented aging bridge piers with
non-code-conforming RC details. The main conclusions of this
study can be summarized as follows.
1. The free vibration tests on the test specimens showed that the
natural frequency of the columns increased after corrosion.
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This might be due to the increased internal pressure at the rein-
forcement and concrete interface, which increased the friction
and bond.

Based on the previous conclusion, the cyclic tests showed that
the initial effective stiffness of the corroded columns was
more than that of the uncorroded specimen. However, when
the drift ratio increased, the stiffness degradation in the corroded
specimens was more significant than that of the uncorroded
specimen.

The uncorroded column was seismically detailed according to
EC8 criteria. However, significant inelastic buckling followed
by low-cycle fatigue fracture of vertical bars was observed.
This was due to the interaction between the hoop reinforce-
ment and vertical bars, which is not explicitly captured in
the current seismic design codes. This is an area for further
research.

Nonuniform corrosion significantly impacted the failure mech-
anism of the corroded specimens. Corrosion in well-confined
Column Al was concentrated at the base of the column and,
therefore, column failure was governed by localized fracture
in the bars at the base of the column. Corrosion was more evenly
distributed in Column B1, with some localized corrosion ap-
proximately 200 mm above the foundation. This resulted in sig-
nificant damage to the concrete, followed by inelastic buckling
and fracture in the vertical bars.
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5. Corrosion had a more significant impact on the ductility and en-
ergy dissipation capacity loss than the strength loss in corroded
columns. The test results showed that corrosion resulted in an
approximate 5% loss of strength in Column A1 and a 20% loss
of strength in Column B1. However, it resulted in an approximate
30% reduction in energy dissipation capacity in Column Al
and a 60% loss of energy dissipation capacity in Column B1.

6. The results showed that DIC data could be used to measure
strain field and surface concrete damage at small drift ratios.
However, the use of DIC could be challenging on curved sur-
faces. Therefore, multiple cameras are required for reliable
data measurement.
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