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ABSTRACT

To mitigate the challenges in managing the damage level of reinforced concrete (RC) pier columns subjected to
cyclic reverse loading, this study conducted a series of cyclic reverse tests on RC pier columns. By analyzing the
outcomes of destructive testing on various specimens and fine-tuning the results with the aid of the IMK (Ibarra
Medina Krawinkler) recovery model, the energy dissipation capacity coefficient of the pier columns were able to
be determined. Furthermore, utilizing the calibrated damage model parameters, the damage index for each speci-
men were calculated. Based on the obtained damage levels, three distinct pre-damage conditions were designed
for the pier columns: minor damage, moderate damage, and severe damage. The study then predicted the varia-
tions in hysteresis curves and damage indices under cyclic loading conditions. The experimental findings reveal
that the displacement at the top of the pier columns can serve as a reliable indicator for controlling the damage
level of pier columns post-loading. Moreover, the calibrated damage index model exhibits proficiency in accu-
rately predicting the damage level of RC pier columns under cyclic loading.
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1 Introduction

Concrete piers constitute the primary seismic elements of the bridge, tasked with dissipating significant
amounts of energy to safeguard the superstructure. Different seismic impact grades can inflict varying
degrees of damage on the bridge piers. Following the pier damage, the seismic resilience of the bridge
structure diminishes, and reinforcing the piers becomes a viable means of restoring or enhancing its
seismic performance. Without an accurate assessment of the extent of damage, repairing piers may result
in over- or under-reinforcement. Over-reinforcement can lead to damage spreading from the pier to the
foundation during strong earthquakes, while insufficient reinforcement renders the pier incapable of
resisting subsequent seismic events. Consequently, a rational assessment of pier damage is essential
before repair efforts [1,2].

The determination of the degree of injury to concrete piers is often empirically assessed based on the
visible state of damage [3–6] or through quantitative injury assessment [7,8]. The empirical approach can
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be highly subjective, whereas quantitative injury assessment methods offer the advantage of reducing human
bias and are thus of significant value in developing accurate evaluation models. However, due to the
complexity of earthquake forces and structural response mechanisms, there is no unified approach to
damage quantification [9–11]. Building upon previous research, this paper collects methods for damage
quantification and validates them through experiments. Ultimately, a damage control method is proposed.

Damage quantification assessment methods have developed damage models that utilize displacement
amplitude and energy consumption accumulation as parameters. These include single-parameter damage
models based on displacement-induced damage or energy [12,13], as well as two-parameter models that
incorporate both displacement and energy [14–16]. However, variations in understanding of concrete pier
column damage among researchers worldwide have led to unclear damage intervals in some models,
making it difficult to apply quantitative damage assessment in reinforcement decision-making. Therefore,
this paper combines previous ocular studies, references their damage classification methods, and verifies
the rationality of their quantitative damage models and classification techniques through experimental
methods.

To improve the quantitative analysis of concrete pier column damage, this paper conducts the pre-
damage testing of concrete pier columns under low-cycle repeated loading. Based on the test results, the
two-parameter damage model incorporating displacement and energy is calibrated, and a displacement-
based damage control method is proposed. This approach aims to provide a more objective and accurate
framework for assessing concrete pier column damage and informing reinforcement strategies.

2 Damage Model

IMK (Ibarra Medina Krawinkler) model was initially introduced by Ibarra et al. [17], serving as a
restoring force model that simulates the nonlinear behavior of beam-column members using plastic
hinges. Compared to other models, IMK model can better simulate the stress characteristics of
components, with strong versatility and simplified calculations, making it more applicable in engineering.
The relevant curve is shown in Fig. 1. In the figure, F represents load, and d represents displacement. Fy

and Fu respectively represent the yield load and the maximum load. dy represents the displacement of
yield, du presents the displacement of maximum load and dc represents the displacement of failure. E
presents the energy under load, which can be depicted as the area enclosed by a curve.

Based on IMK model, a double-parameter damage index model for reinforced concrete (RC) pier
columns under seismic loading conditions is proposed as follows:

Di ¼ di
du

þ 1� di
du

� � Pi
j¼1 Ej

CFydy �
Pi

j¼1 Ej

(1)

where, Di is the index of RC pier columns under seismic loading, when Di � 1, the RC pier column is in a
damaged state and when Di>1, the RC pier column is failure; di is the maximum displacement experienced
during the i complete loading and unloading; du is the ultimate displacement under monotonic horizontal

load; i is the number of loading and unloading;
Pi
j¼1

Ej is the cumulative energy consumption when the

number of loading and unloading cycles is i. Fy is yield load; dy is yield displacement; C is the correction
coefficient, C ¼ zg; z is the equivalent energy dissipation capacity coefficient, and z ranges from 1.8 to
1.94. g is the coefficient of hysteretic energy dissipation capacity.

When utilizing Eq. (1), it is crucial to ascertain the yield load Fy, yield displacement dy, cumulative energy

dissipation
Pi
j¼1

Ej, and ultimate displacement du. The methodology for determining the hysteretic energy
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dissipation capacity coefficient aligns with that used in the IMK degradation model, allowing for calibration
based on experimental data. For a comprehensive understanding, please refer to Section 4.3 of this paper.

In Eq. (1),
di
du

represents the ratio of the maximum historical deformation of reinforced concrete pier

columns under horizontal cyclic loading to their ultimate deformation under monotonic loading conditions,

serving as an indicator to reflect the deformation damage of the columns.

Pi
j¼1 Ej

CFydy �
Pi

j¼1 Ej

is constructed

based on the collapse conditions proposed by Ibarra, representing the energy dissipation damage process
of pier columns. The normalized processing yields Di

According to Eq. (1), numerically, when Di exceeds 1, it indicates that the RC pier column has failed.
Conversely, when Di is less than 1, the higher the value of Di, the more apparent the damage to the RC pier
column, although it has not yet failed. Specific injury categorization is mentioned in Section 2.2.

2.1 Yield Load and Yield Displacement
It is evident from Eq. (1) that the yield load and yield displacement of a concrete pier column under

horizontal loading are critical parameters for quantifying the extent of damage to the concrete pier
column. However, there exists no uniform standard for determining these values. Conventionally, the
yield point of a pier column is defined as the point where a significant change in stiffness occurs.
Nevertheless, in numerous instances, the stiffness of concrete pier columns undergoes gradual changes,
rendering the identification of the precise yield point a challenging task.

In this paper, the yield load and yield displacement are determined using a method illustrated in Fig. 2
[18]: a tangent drawn from the origin intersects a horizontal tangent from the peak point at point A. Avertical
line from point A intersects the skeleton curve under monotone horizontal loading at point B. The line
connecting the origin and point B intersects line AC at point C. The intersection of the vertical line
through point C and the skeleton curve determines the yield point. The corresponding load at this point is
the yield load Fy, and the corresponding displacement dy is the yield displacement.

During this process, the initial stiffness has a significant impact on the determination of yield points.
Therefore, this paper selects the load and displacement values from 10 to 50 points after the formal

Figure 1: Skeleton curve of IMK model
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loading of the pier column to fit and determine the initial stiffness of the pier column. For instance, in the
ModelN2 testing column completed by the National Institute of Standards and Technology (NIST) [19],
as depicted in Fig. 3, the initial tangential stiffness Ki of the pier column is represented in the figure.

2.2 Cumulative Energy Consumption
The energy dissipation of a RC pier column during an earthquake refers to the amount of energy

absorbed by the pier column. In this paper, the cumulative energy consumption of the RC pier column is
calculated using the simplified trapezoidal method. Specifically, the hysteresis curve is divided into equal
intervals, and the trapezoidal formula is applied to each interval. Subsequently, the energy dissipation of
the pier column is determined by summing the contributions from each interval. Notably, the calculated
area is positive when the pier column is loaded and negative when unloaded.

To illustrate this method, we consider the ModelN2 test column completed by the National Institute of
Standards and Technology (NIST) of the US National Institute of Standards and Technology [19]. Fig. 4a
depicts the hysteretic test data of the ModelN2 test column under conventional loading conditions. The
shaded area in Fig. 4b represents the energy dissipation of the pier during a single loading and unloading
cycle. Fig. 4c presents the total energy consumption of the ModelN2 test column throughout the
hysteretic loading process.

Wang’s previous studies have provided us with valuable insights regarding the classification of damage
index [10]. RC pier columns were classified into five distinct damage states. Based on the test results of

Figure 2: Determination of the yield load

Figure 3: Determination of the initial stiffness and the yield displacement
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72 RC pier columns, Eq. (1) was utilized to calculate the damage index, and the resulting distribution
intervals were statistically determined as shown in Table 1.

To further validate the proposed interval distribution of the damage index from literature [10], this paper
conducts a damage test on a reinforced concrete pier column under low cyclic loading. The purpose of this
test is to experimentally determine the damage index values and compare them with the intervals predicted by

(a) Test hysteresis curve 

(b) Single energy consumption 

(c) Cumulative energy consumption 
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the statistical analysis in the literature [10]. Such a validation study can provide insights into the accuracy and
reliability of the damage index formula and its applicability to real-world structures.

3 Experimental Study

3.1 Specimen Design and Material Properties
Five specimens of RC pier columns were carefully designed and constructed to study their performance

under various loading conditions. As detailed in Table 2, the specimens vary in terms of their damage
susceptibility under the applied forces. Specifically, CN0 is a control specimen designed to undergo
failure under direct nappe due to simultaneous vertical and horizontal forces. CN1, on the other hand, is
designed to experience damage resulting from a combination of vertical loading and horizontal cyclic
loading, simulating the effects of repeated pushing and pulling.

The damage degree of CN2 was intentionally designed to be minor, allowing for the study of initial
crack formation and minor deformations. CN3 was designed to sustain moderate damage, providing
insights into the behavior of the pier column under more significant stress levels. Finally, CN4 is intended
to undergo severe damage, simulating extreme loading conditions to assess the ultimate failure mode of
the pier column.

Table 1: Damage state and damage index interval [10]

Damage state Description Damage
index interval

Almost no damage Crack development, no concrete crushing phenomenon [0, 0.1]

Minor damage The concrete protective layer is slightly crushed; Longitudinal bar is
not exposed, no buckling

(0.1, 0.3]

Moderate damage Significant spalling of concrete; Mild buckling (0.3, 0.6]

Severe damage Longitudinal tendon buckling exposed; Extensive spalling of
concrete

(0.6, 0.94]

Destroy Severe buckling of longitudinal tendons; Stirrup fracture;
Longitudinal bar failure; Concrete bearing capacity decreased by
15%; Take the first occurrence as the failure condition

>0:94

Table 2: Design of test columns

Specimen
name

Strength
grade of
concrete

Geometric dimension Reinforcement Design damage
degree

Test purpose

CN0 C40 250 mm × 250 mm
rectangular section,
1060 mm high

f14 mm longitudinal
reinforcement +
f8 mm stirrup

– Static nappe
failure

CN1 – Pseudo-static
failure

CN2 Minor damage Damage state
assessmentCN3 Moderate injury

CN4 Severe injury
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Table 2 provides a comprehensive overview of the specimen design parameters, including their damage
levels, which will facilitate a detailed analysis and comparison of their performance during testing.

As indicated in Fig. 5, the specimens are comprised of a base and an upper pier column, both integral
components. The cross-section of these specimens is a rectangular shape, measuring precisely 250 mm ×
250 mm, with a total height of 1060 mm. The pier column is designed to withstand an axial pressure
ratio of 0.1. The concrete used in the specimens is of grade C40, ensuring its strength and durability.

For reinforcement, longitudinal bars are made of grade HRB400 steel with a diameter of 14 mm, while
rebar of grade HPB300 with a diameter of 8 mm is also utilized. Additionally, threaded reinforcement is
employed, and a concrete protective layer of 25 mm thickness is provided to safeguard the integrity of
the structure. The stirrups are densified at the anchorage point of the loading position to prevent localized
compression damage to the concrete.

Lifting rings are installed at the four corners of the pier column’s base for ease of handling and lifting. To
securely fix the base to the channel, corresponding anchor screw positions are cut through, allowing for the
anchoring of the base to the channel. Furthermore, a 2 mm thick steel plate is installed in the base groove to
mitigate excessive local concrete crushing during pier column anchorage. Fig. 5 illustrates the detailed design
of the pier column, showcasing its intricate composition and reinforcement setup.

The concrete used in the specimens is C40 commercial concrete supplied by Nanjing Hailuo Cement
Co., Ltd. (Nanjing, China). During the pier column pouring process, concrete standard cube test blocks
with a side length of 150 mm are reserved. These test blocks undergo a compressive strength test after
curing in the same external environment for 28 days.

In the fabrication of the steel skeleton for the specimens, tensile specimens are also reserved to assess the
mechanical properties of the steel bars following the relevant provisions outlined in Steel for Reinforced
Concrete Part 2: Hot-Rolled Ribbed Steel Bars (GB1499.2-2007) [20]. Table 3 provides a comprehensive
overview of the material properties utilized in this process.

Figure 5: Specimen design (unit in mm)

SDHM, 2025, vol.19, no.2 333



3.2 Test Device
The test device comprises a vertical loading gantry, a horizontal actuator, and a transverse gantry, as

depicted in Fig. 6. The vertical loading thrust frame incorporates a crossbeam, a pulley, a vertical loading
jack, and a ball hinge. The pulley, positioned beneath the beam, enables the top of the pier column to
move horizontally in a repetitive manner under the influence of horizontal force. The ball hinge, situated
between the jack and the pier column’s top surface, ensures that the vertical force remains perpendicular
to the pier column’s top surface at all times.

The transverse gantry serves to support the horizontal actuator, which is positioned at the top to maintain
a consistent horizontal force. Additionally, to prevent the base from sliding due to repeated push-pull loading,
a horizontal jack and a horizontal pull rod are installed between the horizontal thrust frame and the base,
limiting the base’s displacement.

Three horizontal sections are selected on each specimen, and displacement meters are positioned on both
the left and right sides of the pier column to gauge the curvature of these sections. The horizontal screws for
the displacement meters are installed at 70, 230, 390, and 550 mm intervals, as indicated in Fig. 6.

The 25-ton range actuator was utilized to exert a horizontal load onto the pier column. The data
acquisition system captured the displacement and load values at the loading point of the pier column.

Table 3: Material properties

Material Elastic
modulus (GPa)

Compressive
strength (MPa)

Yield
strength (MPa)

Ultimate
strength (MPa)

C40 concrete 32.5 45.5 – –

Rebar 14 mm – – 558.3 645.1

8 mm – – 467.4 530.4

Figure 6: Test device
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Once the pier column was installed, the following steps were taken: the height of the actuator’s telescopic
arm end was adjusted, and its horizontal position was marked and secured. Then, the operating system’s
elongation actuator force arm was extended to the surface of the pier column, where it was securely
anchored with a fixture, along with the pier column itself. Subsequently, the loading mode depicted in
Fig. 7a was employed for debugging purposes. After the successful commissioning of the pier column,
each connection point was inspected and re-anchored to ensure a tight and robust connection.

After the successful commissioning, proceed with the calibration and installation of the corner
displacement meter. Ensure that the displacement meter is mounted onto the anchor rod, maintaining a
perpendicular alignment with the pier column base. Utilize the magnetic table seat fittings to securely
connect the connecting rod singlet with the screw rod. Once the installation is complete, integrate the
strain gauge and displacement meter by connecting, numbering, and marking them with the
corresponding data acquisition box. Finalize the setup by debugging and initializing the data acquisition
system.

The axial load is administered by a 30-ton range electric hydraulic jack. Given that the pier column is
prone to significant displacement under the influence of horizontal loads, prompt adjustment of the axial load
is essential to ensure stability. Therefore, the electric hydraulic jack remains in a continuous working state to
apply the axial load. Before testing, a pressure sensor is utilized to calibrate the relationship between the load
of the electric hydraulic jack and the oil pressure for each completed test cycle, ensuring accurate load
measurements.

After thorough preparation, initiate the axial loading system, data acquisition system, and hydraulic
servo control system in succession. Subsequently, conduct a low-intensity weekly repeated load test.
During this test, halt the loading process once the desired target is observed and ensure to document all
relevant pier test data. For the formal loading phase of the pier column, adopt the mixed loading mode as
depicted in Fig. 7b. Initially, apply a loading displacement amplitude of 10 mm, followed by 20 mm in
the second stage, repeating both stages three times each. Then, increase to 30 mm for the third stage and
50 mm for the fourth, repeating both stages three times. Upon completion of the fourth stage, continue
adding 20 mm increments until the pier column reaches the target damage state or incurs damage.

4 Analysis of Test Results

4.1 Specimen CN0
Specimen CN0 is designed to undergo a monotone loading failure test. The loading mode is

displacement-controlled, with a loading speed of 1 mm/s. As the displacement increases, distinct stages of

Figure 7: Specimen loading mode
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crack development and failure are observed. When the displacement reaches 3 mm, fine transverse bending
cracks emerge on the concrete surface of the pier column. As the load intensifies, reaching a displacement of
8 mm, the bending cracks propagate rapidly, and oblique cracks begin to form. At 10 mm displacement,
prominent vertical cracks appear on the compression side of the concrete. As the displacement increases
to 20 mm, the vertical cracks on the compression side significantly expand, leading to concrete spalling.

When the displacement reaches 30 mm, the concrete protective layer on the compression side is stripped
off. Further displacement, up to 40 mm, reveals distinct shear cracks on the tension side, accompanied by
extensive crushing of the concrete under compression. As the displacement advances to 50 mm, the
longitudinal tendons on the compression side buckle, resulting in a decrease in bearing capacity. After
this point, the load plateaus until the displacement reaches 70 mm, where the bearing capacity has
diminished by approximately 30%, indicating that the pier column has reached a state of failure.

The progression of concrete cracks and ultimate failure of specimen CN0 are depicted in Fig. 8a, while
the load-displacement curve is presented in Fig. 8b. Additionally, Fig. 8b includes the outer envelope or
skeleton curve of the hysteresis curve for specimen CN1, providing a comparative reference.

4.2 Specimen CN2
The hysteretic loading failure test on Specimen CN2 employed a displacement loading mode as depicted

in Fig. 7b, with a loading speed of 1 mm/s. During the initial loading cycle, with a displacement amplitude of
10 mm, bending cracks began to emerge in the concrete once the displacement reached 2.8 mm. As the
displacement increased to 8 mm, the flexural fractures propagated, and oblique fractures started to form.
Upon attaining a displacement of 10 mm, vertical cracks became visible at specific corners of the
pier column.

During the subsequent loading cycle with a displacement amplitude of 20 mm, the vertical cracks on one
side of the pier column, adjacent to the horizontal actuator, became notably more prominent and displayed a
penetrating phenomenon when the displacement reached 20 mm. Once the displacement amplitude
surpassed 20 mm, concrete spalling occurred in the corner regions, and the load-displacement curve
began to decline. Despite repeated loading cycles with a 20 mm displacement amplitude, the vertical
cracks continued to develop, albeit with insignificant changes in their width.

Figure 8: Failure mode and load-displacement curve of specimen CN0
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For the 30 mm displacement amplitude cycle, concrete peeling was observed at the beginning of the first
column. During the third cycle of loading, the pier column concrete experienced significant falling. During
the 50 mm displacement amplitude cycle, vertical cracks in the concrete continued to expand, and the
crushing area expanded further, resulting in concrete peeling off in sheets. Upon completion of the first
loading cycle with a 70 mm displacement amplitude, the longitudinal tendon became exposed and
showed significant bending, while the stirrups contracted. During the cyclic loading, the fracture of the
longitudinal tendon could be heard, and the final height of the vertical crack reached approximately
650 mm. Fig. 9a illustrates the crack development process and failure pattern of the CN1 pier column,
while Fig. 9b depicts the corresponding load-displacement curve.

By comparing the test results of specimens CN0 and CN1, it is evident that the bearing capacity of
specimen CN1 experiences a significant decrease once the displacement load reaches 50 mm. Therefore,
for specimen CN0, the point at which the bearing capacity drops by 15% is adopted as the limit point
[20–22], marking the turning point where the stiffness of the pier column undergoes a significant change
at the yield point. Table 4 summarizes the performance characteristics of the CN0 piers. The analogous
performance characteristic points of the CN1 pier column, derived using the same methodology, are also
presented in Table 4.

Figure 9: Failure mode and hysteresis curve of specimen CN1

Table 4: Test results statistics

Specimen number Load (kN) Displacement (mm)

Peak Fc Yield Fy Limit Fu Residual Fr Peak dc Yield dy Limit du
CN0 98.0 90.0 83.3 64.9 20.0 11.8 50.1

CN1 89.8 88.6 76.3 – 17.3 10.9 81.0

CN2 – 80.9 – – – 10.1 –

CN3 – 80.0 – – – 12.0 –

CN4 – 86.1 – – – 10.8 –
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4.3 Damage Model Calibration
As delineated above, the proposed hysteretic energy dissipation capacity coefficient for the damage

model in this paper is grounded in the IMK model [17]. This coefficient necessitates calibration and
determination based on the empirical test results. Furthermore, the ultimate displacement value under the
monotone loading mode must be ascertained through a static loading test.

The IMK model, comprising two-line models, pinch models, and peak-pointing models, has garnered
significant attention and widespread application in the research of reinforced concrete pier columns in
recent years. This model considers the degradation of both strength and stiffness, with the degradation
commencing from the load-displacement curve of the pier column under monotonic loading conditions.
The determination of the load-displacement curves under monotonic loading relies on five key
parameters: initial stiffness Ke, yield strength Fy, reinforcement stiffness Ks, peak strength Fc, softening
stiffness Kc, and residual strength Fr. Following each loading and unloading cycle, the degradation
of strength and stiffness can be quantitatively described using the cycle degradation rate, as outlined
in Eq. (2).

bi ¼
Ei

gFydy �
Pi
j¼1

Ej

0
BBB@

1
CCCA

c

(2)

where, bi is the degradation coefficient when the number of loading and unloading cycles is i; Ei is the energy
consumption when the number of loading and unloading cycles is i; c is the exponential coefficient of
degradation rate, c = 1.0~2.0.

By utilizing the IMK restoring force model to fit and optimize the test results of specimen CN1, the
energy dissipation capacity coefficient of the pier can be derived. Once the energy dissipation capacity is
established, the equivalent energy dissipation capacity coefficient can be calibrated under the condition
that the limit point damage index equals 1. Prior to calibration, it is imperative to establish the load-
displacement curve parameters (known as the skeleton curve) of specimen CN0 under static loading
conditions, as outlined in Reference [17]. The yield strength, peak strength, and residual strength of
specimen CN0 are presented in Table 3. Figs. 10 and 11 illustrate the fitting results, and the
corresponding parameters of the restoring force model are detailed in Table 4.

Figure 10: Fitting of the skeleton curve
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After the parameters of the damage model were determined, the damage indices of the CN0 and
CN1 piers were calculated separately, and the results are presented in Fig. 12a,b. In the figure, the test
value refers to the value obtained directly from the experimental data, while the calculated value is
derived using the relevant parameters specified in Eq. (1) and Table 5. Notably, the calculated value for
specimen CN0 is 1.

As evident from the figure, the damage index of the CN0 specimen, which bears a static load, increases
linearly until failure. This trend aligns with the characteristics of static loading. In contrast, for the
CN1 specimen that undergoes repeated push-pull loading, the damage index gradually increases with the
increasing number of loading cycles, ultimately reaching a threshold of 1 at failure.

The close alignment between the calculated and experimental values suggests that the two-parameter
damage model effectively predicts the damage condition of pier columns under both monotonic and
cyclic loading conditions.

Figure 11: Trial CN1 retardation curve fitting

Figure 12: Damage index test value and calculated value
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Fig. 13a,b illustrates a comparative analysis of the damage index composition for specimens CN0 and
CN1, specifically highlighting the damage index reflected by displacement and that reflected by energy
consumption. As evident from the figures, the development process of damage differs significantly
between monotonic loading and cyclic loading modes.

The loading mode of the pier column significantly impacts the evolution of damage, particularly evident
in the step-wise growth pattern of energy consumption under cyclic loading. Throughout the entire process
from no damage to complete failure, both displacement damage and energy consumption damage increase,
but displacement damage tends to dominate.

Based on this observation, in the damage control of pier columns, displacement control can be
designated as the primary method to determine the extent of damage. Monitoring and limiting
displacement can provide a more effective means of assessing and managing the structural integrity and
safety of pier columns, especially under cyclic loading conditions.

4.4 Pre-Damage Control
In this paper, the displacement loading mode was employed to achieve a quantitative control over the

extent of damage inflicted on pier columns. Through this method, pre-damaged pier columns exhibiting
minor, moderate, and severe damage levels were successfully obtained. The corresponding displacement
load intervals associated with these three distinct levels of damage, within the same loading mode, are

Table 5: Restoring force model and damage model parameters

Parameter name Value Parameter name Value

Yield stiffness Ke (kN/mm) 7.627 Softening stiffness coefficient ac 0.064

Hardening stiffness Ks (kN/mm) 0.976 Degradation velocity parameter c 0.95

Softening stiffness Kc (kN/mm) 0.488 Energy consumption capacity coefficient g 100

Hardening stiffness coefficient as 0.128 Equivalent energy consumption capacity coefficient z 1.80

Figure 13: Composition of damage index
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outlined in Table 6, which is further supported by the calculated damage index results. The categorization of
damage severity is derived by quantifying the damage indices of multiple reinforced concrete columns.
Based on the Reference [10], 72 RC pier columns were utilized to analyze the damage condition.
According to statistics and observed phenomena, when the Damage index interval is within [0, 0.1]
cracks develop without concrete crushing. When the Damage index interval falls between (0.1, 0.3], the
concrete cover experiences slight crushing, and the steel reinforcement does not yield. When the Damage
index interval is in the range of (0.3, 0.6], longitudinal steel bars show slight buckling, and concrete
cracks and spalls. When the Damage index interval is within (0.6, 0.94], longitudinal steel bars buckle,
and the concrete cover extensively spalls. When the Damage index interval exceeds 0.94, longitudinal
steel bars severely buckle, stirrups break, and the concrete’s load-bearing capacity significantly decreases.

The maximum loading displacement amplitude for the minor damage design of the pier column is set at
13 mm. For the moderate damage design, the maximum loading displacement amplitude is increased to
22 mm, while for the severe damage design, it reaches 34 mm. The loading process concludes once the
target loading displacement amplitude is fully achieved. The column loading patterns corresponding to
the minor, moderate, and severe damage levels are illustrated in Fig. 14a–c.

Using the basic parameters of the CN1 pier column, a resilience model was formulated to predict the
behavior of the pier column under the three displacement amplitudes: minor, moderate, and severe. As
depicted in Fig. 15, under the application of the target displacement amplitudes corresponding to these
three damage levels, the damage to the pier column progressively intensifies. Both the loading and

Table 6: Relationship between damage interval and displacement interval of CN1 pier column

Damage degree Minor damage Moderate injury Severe injury

Damage index interval (0.1, 0.3] (0.3, 0.6] (0.6, 0.94]

Displacement interval (mm) (5.01, 14.84] (14.84, 29.20] (29.20, 46.70]

Specimen number CN2 CN3 CN4

Damage prediction value 0.265 0.464 0.719

Damage test value 0.263 0.457 0.718

Error (%) 0.75 1.52 0.14

(a) Minor damage (b) Moderate damage (c) Severe damage
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Figure 14: Predamage control test loading mode
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unloading stiffness of the pier column exhibit significant reductions, while its hysteresis capacity gradually
increases.

Fig. 16 illustrates the predicted damage index evolution with the number of loads. It is evident from the
figure that the pre-designed displacement load values effectively control the damage degree of the pier
column within the intended damage intervals. Specifically, the predicted damage index under minor
damage is 0.26, indicating a relatively minor impact on the pier’s integrity. The moderate damage index
is predicted to be 0.46, indicating a more significant degradation in the pier’s performance. Finally, under
severe damage conditions, the predicted damage index reaches 0.72, suggesting a severe impairment of
the pier’s structural capabilities.

After the target displacement loads are determined, the damage degree of the pier columns can be
quantified and a pre-damage test can be conducted. The pre-damage test involves piers CN2, CN3, and
CN4, which correspond to minor, moderate, and severe damage levels, respectively. The test preparation

Figure 15: Predicted and test values of hysteresis curves with different degrees of damage
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process for these piers follows the same protocol as for pier CN1, with loading applied according to the
predetermined loading mode. This ensures consistency in the experimental conditions and allows for a
comparison of the response of piers with varying degrees of pre-existing damage.

Fig. 17 provides a clear visualization of the different damage states observed in the test pier columns. As
described, minor damage (specimen CN2) is characterized by the formation of transverse penetration cracks
at the pier base, fully developed inclined cracks, and the initial appearance of vertical cracks. Moderate
damage (specimen CN3) shows fully developed vertical cracks at the pier base, along with concrete
peeling. Finally, severe damage (specimen CN4) its fully penetrated cracks at the loading side of the pier
base, with the concrete protective layer having lost its effectiveness and fallen off in large areas.

The consistency between the observed test results and the corresponding damage intervals outlined in
Table 6 validates the accuracy of the experimental procedures and analysis. This confirms that the

Figure 16: Predicted values and test values of damage index with different damage degree
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predetermined displacement loads and loading modes were effective in inducing the desired damage levels in
the pier columns. The ability to quantitatively assess and control damage levels in this manner is crucial for
evaluating the performance of pier columns under different loading conditions and for developing
appropriate design and retrofit strategies.

Before validating the damage index corresponding to various damage states, the pier column’s load-
displacement curve was predicted utilizing the IMK resilience model, as depicted in Fig. 15. It is evident
from the figure that the IMK model accurately predicts the load-displacement curve of the pier column
across various damage scenarios, with the predicted load and displacement values at critical points
closely aligning with the experimental data. Leveraging Eq. (1), the damage index of the tested pier
column was analyzed. A comparison of the predicted and experimental values is presented in Fig. 16, and
the corresponding calculation results are summarized in Table 6. According to the findings in Fig. 16 and
Table 6, it is apparent that the pre-damage condition of the pier column remains within the predetermined
damage threshold, with a relative error of less than 2%. The consistency between the predicted damage
index and the experimental value underscores the efficacy of the pre-damage control method proposed in
this study.

5 Conclusion

Given the challenge of accurately assessing the damage degree during the reinforcement process of
damaged reinforced concrete pier columns, this paper addresses this issue by initially selecting two
contrasting pier columns for static push and low-cycle repeated load tests to determine the relevant
parameter values. Subsequently, it employs the IMK resilience model and a damage model to predict and
control the damage, ultimately achieving a pre-damaged reinforced concrete pier column that closely
aligns with the target damage degree. Based on the comprehensive analysis of these studies, the paper
draws the following key conclusions:

1. Compared with the specimens subjected to static load tests, the bearing capacity and deformation
capacity of specimens subjected to low-cycle repeated loads are reduced significantly. In contrast,
the specimen CN0, tested under monotonic loading conditions, demonstrated a higher bearing
capacity and deformation resistance. However, the specimen CN1, which underwent lagging
loading, exhibited varying degrees of reduction in both its bearing capacity and deformation capacity.

(a) Minor damage    (b) Moderate damage        (c) Severe damage

Figure 17: Observed damage state
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2. The loading mode exerts a profound influence on the damage evolution process of the pier column,
and the displacement damage significantly affects the overall damage progression. Utilizing
displacement control emerges as an effective damage management strategy, allowing for the
damage index to be precisely controlled through repeated loading cycles and adjustments to the
displacement amplitude.

3. By adopting the displacement damage control method, the loading process of the pier column was
quantitatively managed, resulting in the successful creation of pier columns with minor, moderate,
and severe pre-damage levels. The stagnation curve of the pier column under the respective
loading modes closely followed the predetermined displacement load design values. The damage
control approach outlined in this paper effectively constrained the damage degree of the pier
column within the desired target range.
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