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Abstract: To enhance the seismic performance of reinforced concrete (RC) elements, it is essential to
consider both strength and ductility post-yielding. This study proposed a novel method to improve
the ductility of RC piers by using preformed inward-bending longitudinal reinforcements at the plastic
hinges. Two full-scale model tests of standard and ductility-enhanced (DE) RC piers and numerical
simulations were conducted. The lateral reversed cyclic loading experiments were conducted to
assess the effectiveness of this new approach. The performance was evaluated regarding failure
mode, plastic hinge distribution, hysteretic properties, normalized stiffness degradation, normalized
energy dissipation capacity, bearing capacity, and ductility. Non-linear finite element method (FEM)
analyses were also carried out to investigate the usefulness of the proposed method by DIANA, and
simulation was validated against the experiment results by hysteretic curves, skeleton curves, failure
mode crack pattern, ductility coefficient, and bearing capacity. The results indicated that the proposed
method enhanced bearing capacity, resistance to stiffness degradation, energy dissipation capacity,
and ductility. Additionally, it was observed that the preformed positions and curvature of the main
steel bars influenced the plastic hinge location and the buckling of longitudinal reinforcements. FEM
analysis revealed that it might be reasonable to deduce the other factors that influenced the ductility
of the specimens by using the same material parameters and models.

Keywords: seismic performance; ductility; cyclic loading test; pre-deformed steel bars; RC pier

1. Introduction

Seismic events inevitably exert a significant impact on reinforced concrete (RC) struc-
tures, particularly in the context of potential increases in earthquake frequency and intensity
in the future. The deterioration of RC structures—mainly due to fatigue, corrosion, and
environmental factors—has significantly influenced their seismic performance. Moreover,
climate change is expected to exacerbate these issues, as the frequency of extreme weather
events, increased humidity, and prolonged rainfall periods will accelerate rebar corrosion
and concrete carbonation, further diminishing the seismic resilience of RC structures [1].
Given the increasing frequency and severity of such events, there is a growing demand for
effective seismic strengthening measures.

RC piers play a crucial role in the seismic performance of viaduct structures. The
collapse of viaduct structures during earthquakes is often a result of pier failure. While the
damage to the pier is generally caused by various factors, the lack of ductility of piers is
considered one of the most critical factors [2]. Ductility refers to the capacity of structures
to withstand multiple cycles of loading without significant strength degradation. This
characteristic is essential for RC piers to prevent sudden and catastrophic failure and
provide early warning of potential collapse [3-8]. The stable ability of the column required
to resist severe earthquake mainly depends on large inelastic deformations in the plastic
hinge. However, as shown in Figure 1, the failure of column in the plastic hinge zone often
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occurs caused by the brittleness and cracking of concrete, the yielding and buckling of the
main reinforcing bars, and the crushing of concrete. Therefore, it is crucial to enhance the
ductile deformation capacity of piers to ensure piers can withstand severe ground motion.
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Figure 1. Failure of plastic hinge in RC pier or column.

Attributed to extensive experimental and analytical research over the past several
decades, numerous techniques for enhancing the ductility of RC pier have been established.
The ductility of RC piers indirectly depends on the amount and configuration of transverse,
which confines the core concrete and provides resistance against buckling of longitudinal
reinforcements. It is widely accepted that confinement in the form of transverse closed
hoops or ties and axial compression are most used to enhance the ductility of piers [9,10].
However, under major earthquakes and high axial compression, the critical location of
the piers, such as plastic hinges, may be needed to increase the amount of transverse
reinforcement to enhance ductility. Consequently, the regions can be heavily congested,
and it is difficult to arrange the required amount of transverse reinforcement [11].

In response to this challenge, researchers have explored alternative materials and
techniques to improve ductility. For instance, Kim et al. [12]. introduces a velcro seismic
reinforcement system (VSRS) that enhances ductility by utilizing a combination of velcro
and urethane filler, which effectively dissipates energy under seismic loading. Another
widely method is the use of steel jackets, which encase the RC pier in a steel shell, providing
additional confinement and improving structural ductility under seismic loads [13-17].
Zhang et al. [13] conducted experimental investigations into the use of steel jackets com-
bined with prestressed steel hoops to reinforce RC piers. Their study demonstrated that
the method effectively increased axial load-bearing capacity while providing enhanced
confinement to the core concrete. Choi et al. [15] and Islam and Hoque [16] explored various
configurations of steel jacketing, including the use of both continuous and segmental steel
jackets. Continuous jackets provide uniform confinement along the pier’s length, which
is advantageous for structures subject to significant axial loads. In contrast, segmental
jackets, which are applied only at specific sections, offer targeted reinforcement and can
be more cost-effective while still enhancing ductility. However, the installation of steel
jackets requires precise alignment and welding, as any gaps or misalignments can com-
promise the effectiveness of the confinement. Additionally, while steel jacketing is highly
effective, it can add considerable weight to the structure, which may impact the overall
design considerations.

Another approach involves the application of fiber-reinforced polymer (FRP) com-
posites on the surface of RC piers [18-24]. FRP composites are applied externally to the
surface of RC structures, where they act as a confining layer that improves both strength
and ductility. Parvin and Brighton [18] demonstrated that FRP wraps provide excellent
confinement, which helps to restrict lateral expansion of the concrete. Studies by Parvin and
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Wang [23] and De et al. [24] have shown that FRP composites can effectively prevent pre-
mature buckling of longitudinal reinforcements by applying confinement pressure. Despite
its many advantages, FRP does have some limitations. It can be sensitive to UV exposure
and environmental degradation over time, which may affect its long-term durability if not
properly protected. Furthermore, the initial material cost of FRP, especially for CFRP, can
be high, which may limit its use in cost-sensitive projects.

With the development of technologies for improving the seismic performance of RC
pier, the RC structural design for easy-to-use and cost-effective reinforcement technologies
has attracted increasing attention from academics and industry in recent years. To resolve
the aforementioned defects, this paper proposes an innovative design methodology for RC
bridge pier aiming at enhancing ductility. The proposed ductility-enhancing (DE) pier pre-
vents the buckling of main rebars in the loading plane by embedding some pre-deforming
longitudinal reinforcements. To the best of our knowledge, this method is novel and being
introduced for the first time. In this paper, lateral reversed cyclic loading experiments
are conducted to better understand the global behavior, i.e., failure mode, plastic hinge
distribution, hysteretic properties, normalized stiffness degradation, normalized energy
dissipation capacity, bearing capacity, and ductility, and to verify the effectiveness of the
proposed design methodology.

2. Proposed DE Pier
2.1. Ductility

In this paper, ductility refers to the characteristic behavior of a pier from yielding to
failure. Ductility is typically quantified using the ductility factor. The ductility factor u
is calculated using Equations (1) and (2) based on the skeleton curves and the maximum
lateral load.

4
= 1)
5}’

where Jy is the corresponding displacement when first yielding occurs, and J; is the
corresponding average ductility displacement when force has undergone a 20% reduction,
as shown in Figure 2 and Equation (2).
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Figure 2. Diagram of parameters.
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2.2. Design Concept

A DE pier is characterized by adopting some pre-deformed longitudinal reinforcement,
which can effectively mitigate the buckling risk of longitudinal reinforcement. This design
concept draws inspiration from high-ductility RC beams [25]. As illustrated in Figure 3a,
in a standard RC beam, concrete failure under compression leads to an outward buckling
of the compressive steel bars (with a cross-sectional area of about 1/2 to 1/3 that of the
tensile steel bars). Consequently, an imbalance of forces between the compression and
tension zones arises, often resulting in the collapse of the RC beam. In contrast, as depicted
in Figure 3¢, in a high-ductility beam, the compressive steel bars are embedded below
the zone susceptible to compressive damage [25]. This arrangement ensures that the steel
rebar remains resilient to buckling due to the confinement of concrete. Additionally, the
forces in both the compression and tension zones of the RC beam are balanced, owing to
bars under tension and compression having identical cross-sectional areas, as illustrated in
Figure 3e. In essence, this approach maintains force equilibrium before and after the failure
of concrete. Experimental results reveal that the design method can enhance the ductility
of beams with a ductility rate of 38.

0.850
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_______ D ZS e
S N N
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Figure 3. Schematic diagram of force balance for standard and high-ductility beams: (a) cross
section of the standard beam; (b) schematic diagram of the balance of forces of the standard beam;
(c) cross-section of high-ductility beam; (d) schematic diagram of the balance of forces of high-ductility
beam before the failure of concrete; (e) schematic diagram of the balance of forces of high-ductility
beam after the failure of concrete.

Based on the methodology described above, improving the ductility of RC structures
requires balancing the compressive and tensile forces, even after compressive failure of
the concrete. To achieve this balanced condition, two requirements must be met: (1) the
buckling of the main rebar should be delayed or even prevented, and (2) the quantity of
tensile and compressive rebar must be the same. In a standard pier, as Figure 4a shown,
the rebars tend to buckle outwards in the load plane. As Figure 4b shown, a DE pier is
designed by partly bending longitudinal reinforcements. The proposed design causes some
longitudinal reinforcements to bend inward, which means the pre-deformed direction
opposes the typical buckling direction of a standard pier. Additionally, this bending
curvature is similar to that caused by the rotating of the plastic hinge of the standard
member. This approach prevents the pre-deformed rebars from buckling, as with the
dotted line shown in Figure 4, when the targeted displacement is reached.
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Figure 4. The comparison of the design philosophy between the standard pier and the proposed

ductility improvement pier: (a) Standard pier and (b) DE pier.

2.3. Detail of Design Process

As discussed in the aforementioned section, the proposed pier can develop buckling
resistance and maintain the force balance based on the key design criterion, which involves
the pre-deformed curvature of the DE pier approximating the bending degree of the plastic
hinge in a standard pier under load. The design procedures are organized into seven
steps, as illustrated in the flowchart in Figure 5. The detailed parameters contained in the

flowchart are further explained in Figure 6.

Setting of target displacement

[

Calculation the effective height
DO *]

Calculation of plastic hinge
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Figure 5. The flowchart of design.
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Figure 6. Geometric illustration in flowchart.

2.3.1. Step 1: Setting Targeted Displacement and Determining the Displacement Due to
Plastic Hinge Rotation

The target pre-deformed displacement J,,4 is set to 40dy. According to the Ref. [26],
the displacement J,9,, due to plastic hinge rotation can be calculated by the Equation (3).

5p6u = Opd — éy @3)
where Jy is the yield displacement of the pier. It is referred to the knowledge of material
mechanic to derive dy [27]. The maximum large displacement dy (yield displacement) in
the elastic phase of a cantilevered column subjected to a concentrated force at its free end
can be derived from Equation (4), where Py is a force, L is the pier length. E is the elastic
model of structure, Iy is the inertia moment of the section. Py is derived from the relations
between the yield moment My and the length from loading point to bottom of column (L7)
(Equation (5)), as Figure 6 shows. At the Ely is bending stiffness, which is calculated by
the relationship between yield curvature ¢y and bending stiffness EIy (Equation (6)). It is
worth mentioning that My and ¢y can be obtained from the software ‘RC cross-sectional
calculations Ver 8’ after ensuring the geometric dimension of RC pier.

5y = Lyp 4
y — 3E1y ( )
M
p, = -2
Y = L 5)
M
El, = -2 (6)
Py

2.3.2. Step 2: Determining Plastic Hinge Length, Bending Reinforcement Intervals,
and Curvature

The equivalent plastic hinge length L, and average curvature ¢y of the plastic hinge
zone at ultimate displacement can be derived from Ref. [28].

L, =52L7%D )

L
Spa = @poulp (L - ;’) (8)
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It is difficult to manufacture bending length H (218 mm), which was determined by
Equation (7). The length of pre-deformed interval Hy, is adopted as the bending length, as
Figure 6 shown.

2.3.3. Step 3: Determine the Sectional Height Dy, of the DE Pier

According to the geometric relationship, the sectional height Dy, was determined by
Equations (10)—(12).

rlsin91 = Hb (10)
r1(1 — cos1) = 6Dyn (11)
Dun = DO +26Dyn (12)

where 6; was the angle of the pre-deformed interval. 6Dy, was enlarged sectional width of
pre-deformation interval compared with standard pier. Dy, was the cross-sectional height
at the end of the DE pier.

2.3.4. Step 4: Check Whether the Pre-Deformed Rebars Are in the Strain Hardening or Not
When the strain is over 0.015, the pre-deformed rebar is considered in the strain-
hardening in this study. The arc length after bending L, is calculated by Equation (13).

- 27‘[1’91
47 360

(13)

The length before bending is H. Therefore, the strain ¢ is calculated by Equation (14)

L.—H
e = (14)

2.3.5. Step 5: Determine the Effective Height and Iterative Calculations for DE Piers

The effective height D" is the sectional height of half plastic hinge section. The
calculation of D" is based on the configuration of the standard pier. The introduction of
pre-deformation alters the sectional heights, which, in turn, affects parameters such as yield
moment, yield curvature, and yield displacement. Consequently, the ultimate curvature of
the pre-deformed structure is also impacted. This variation in ultimate curvature influences
the geometry of the pre-deformed interval. Therefore, an iterative process is necessary
to calculate the ultimate curvature of the pier in terms of previous steps. The iteration is
terminated when the ratio of D™ to D™*! falls within the range of 0.97 to 1.03.

3. Test Specimen and Procedure
3.1. Detail of Test Specimens

Two different RC pier specimens were fabricated for this study. The standard RC pier
(Type 1) served as the reference specimen, while the DE pier was designated as Type 2.
Figure 7 illustrates the details of the dimensions and reinforcement layout of test piers. The
cross-section was 350 x 300 mm? with a height of 1600 mm for Type 1. The dimensions of
Type 1 were determined due to the installation constraints of the loading test equipment,
but the slenderness ratio and reinforcement ratio were determined in accordance with the
design guidelines for RC piers commonly used for actual bridges, such as the Specifica-
tions for Highway Bridges. The pre-deformed radius of Type 2 is 1955 mm. Both piers
were connected to footings and top blocks with dimensions of 900 x 400 x 800 mm and
1130 x 480 x 800 mm, respectively. Steel bars with a diameter of 16 mm were used as
longitudinal reinforcement. Transverse reinforcements with a diameter of 13 mm and a
main spacing of 150 mm were employed for both piers.
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Figure 7. Schematic diagram of reinforcements (unit: mm): (a) Type 1 and (b) Type 2.

3.2. Material Mechanical Properties

The compressive and tensile strengths of the concrete used for the piers were measured
in accordance with the Compressive Strength Test Method for Concrete (JIS A 1108-2018)
and the Tensile Strength Test Method for Concrete (JIS A 1113-2018)3-2). Table 1 presents
the measurement results. The average concrete compressive strength was 40 N/mm? and
39.4 N/mm? for Type 1 and Type 2, respectively. The tensile strength was 3.24 N/mm? and
2.82 N/mm? for Type 1 and Type 2, respectively.

Table 1. Material mechanical parameters of concrete.

Type 1 Type 2
Compressive Split Tensile Compressive Split Tensile
Sample Strength Strength Strength Strength
(N/mm?) (N/mm?) (N/mm?) (N/mm?)
#1 39.6 3.24 39.2 2.82
#2 40.4 39.6

Average 40.0 3.24 394 2.82
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The yield stress, tensile strength, and static modulus of elasticity of the reinforcing bars
used in the specimens were determined through uniaxial tensile testing. The parameters
are summarized in Table 2. For Type 1, the main steel rebar yielded 404 N/mm?, a
tensile strength of 549 N/mm?, and an elongation of 21%. However, for the pre-deformed
longitudinal reinforcement in Type 2, these values were 400 N/ mm?, 567 N/mm?2, and
20%, respectively.

Table 2. Material mechanical parameters of reinforcing bars.

Specimens Yield Strength Tensile Strength Elongation
P (N/mm?) (N/mm?) (%)
Type 1 404 549 21
Type 2 400 567 20

3.3. Test Procedure

Both piers underwent reversed cyclic displacement-controlled loading with a constant
axial load at Kyushu University, Fukuoka, Japan, as illustrated in Figure 8. Displace-
ment sensors and strain gauges were strategically installed along the height of the pier.
Cracks were identified, marked, and photographed at each cyclic lateral displacement level.
Figure 9 depicts the lateral loading history, with three cycles applied at each level. The
initial yield displacement of the main rebar (Jy) was set as the first level. Subsequent
displacements were 24y, 35y, 4dy, and so forth. When the lateral load resistance dropped to
80% of the peak value (Fmax), the cycle was applied only once. The tests were concluded
once the load dropped to 50% of Fmax.

East
Reaction Reaction
steel frame steel frame
| |
+ Actuator \LLH +
Top block Footing

I Push + | l

: =
Axial | ||mI¥ N T 1 =
load } ﬁ 'E
Pull- P<—  Anchor |
| :
T . PC bar
Load pont
Two-directional slewing bearing
Actuator

Figure 8. Installation of specimen on the loading device: (a) Schematic diagram of setup and (b) test
setup photo.
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Figure 9. Lateral cyclic loading: (a) Type 1 and (b) Type 2.

4. Summary of Experimental Results
4.1. Experimental Observation

In both specimens, initial cracks appeared perpendicular to the pier axis near the
footing before the longitudinal reinforcement yielded. As lateral displacement increased,
the number and width of cracks continued to develop perpendicular to the pier axis. The
crack spacing remained within 200 mm. In Type 1, no new primary cracks were observed
after 25y, while in Type 2, this occurred at 3Jy. Concrete spalling initially occurred from first
—36y to second 34y for Type 1 and from first —56; to second 56y for Type 2. Subsequently,
buckling of the main rebars occurred at 96y and —86y, for Type 1 and Type 2, respectively.
Notably, the buckling in Type 1 occurred in the horizontal loading plane, whereas in Type
2, it occurred out of the plane, a phenomenon not considered during the design phase.
The occurrence of the out-of-plane bucking before the maximum expected ductility led to
earlier instability in RC pier and significantly affects the overall performance and reduces
the ductility. The longitudinal reinforcements failed at 10y in both piers due to bending.
Figures 10 and 11 illustrate the failure patterns of the piers.
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Figure 10. Failure pattern of Type 1: (a) crack pattern of top face at 2dy; (b) west face at final state
near bottom; and (c) east face at final state near bottom.

Figure 11. Failure pattern of Type 2: (a) crack pattern of top face at 2dy; (b) west face at final state
near bottom; and (c) east face at final state near bottom.



Infrastructures 2024, 9, 197

12 of 25

4.2. Horizontal Displacement and Plastic Hinge of Piers

Figure 12 shows the displacements measured at distances of 100, 200, 300, 400, and
800 mm from the footing of Type 1 and Type 2 when each lateral displacement level was
reached. The results only included data up to a lateral loading displacement of 56y due
to spalling of concrete. As shown in Figure 12a, for Type 1, the displacements measured
within 100 mm from the footing were greater than zero, indicating the plastic hinge zone
initiated near the footing. However, as depicted in Figure 12b, for Type 2, the horizontal
displacements measured within 200 mm from the footing were almost zero. Beyond this
range, horizontal displacement became apparent, suggesting that the plastic hinges for
Type 2 were located farther from the footing. Additionally, as the red arrows illustrated
in Figure 13, the severe damage zone for Type 1 was near the footing, whereas, for Type
2, it occurred at a distance from the footing. This suggested that the pre-deformation
and curvature of the main bars could influence the position of the plastic hinge of the
pier. For Type 1, the difference caused by the bending moment increases linearly with
depth, resulting in maximum stress at the bottom where a plastic hinge forms due to the
constant cross-section. In contrast, for Type 2, the cross-sectional area increases near the
base, which enhances stiffness and shifts the location of maximum stress upward, away
from the footing.

800 800

700 700
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3
L
o N
=3 3
3 3
! 1

o
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3
!

400 4

300

Dsiplacement from footing (mm)
©
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8 8
L L

=)
3
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—— 58y~
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40 =30 -20 -10 0 10 20 30 40 =30 =20 -10 0 10 20 30
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Figure 12. Displacement of the pier at the arrival of each lateral loading displacement: (a) Type 1 and
(b) Type 2.

Figure 13. Plastic hinge of pier: (a) Type 1 and (b) Type 2.
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4.3. Hysteresis Curves

Figure 14 showed a detailed comparison of hysteresis curves between Type 1 and
Type 2. Both types exhibited stable hysteretic behaviors, characterized by S-shaped hys-
teresis loops with pinching responses as lateral displacement increased. Additionally, the
hysteresis curves of both piers were nearly centrosymmetric overall, indicating similar me-
chanical properties under reverse cyclic lateral displacement. However, due to the rupture
of longitudinal reinforcement in Type 2, a sharp decline in curve was observed at 10dy. The
terminal displacements for Type 1 and Type 2 were 10d, and 11y, respectively, suggesting
that pre-deformation could influence the terminal displacement. Furthermore, Type 2
exhibited slightly higher initial stiffness and load-bearing capacity, which can be attributed
to the enlarged cross-section near the footing This increased stiffness is advantageous
in resisting early-stage deformations. The energy dissipation capacity of the structure,
a key parameter for assessing the pier’s resilience, could be quantitatively represented
by the envelope area of the hysteresis curves. As depicted in Figure 14, under the same
displacement load, the areas enclosed by the hysteresis curves for Type 2 were marginally
larger than those for Type 1, particularly in the positive direction. This indicates that
the use of pre-deformed steel bars in Type 2 enhanced the structure’s ability to dissipate
energy, a noteworthy advantage for designing structures that require improved resilience
and durability.

80

{1— Type 1
60 41— Type 2

40

N
(=
1

Force (KN)

|
83
S o
||

—40 -

—60 -

—80 T T T T T T T T T T T
-300 —200 —100 0 100 200 300

Displacement (mm)
Figure 14. Comparison of hysteresis curves between Type 1 and Type 2.

4.4. Skeleton Curve

The skeleton curves were derived from the enveloping of the hysteretic curves by
tracing the path of successive peak loading points at each loading displacement level. These
curves provide insight into the bearing capacity, ductility, stiffness, and energy absorption
characteristics [29,30]. Figure 15 compares the skeleton curves for Type 1 and Type 2. These
curves exhibited four distinct stages: elastic, elastic-plastic, plastic, and failure. The ultimate
point marked the stage when the pier lost half of its peak lateral load resistance. During
the elastic stage, as depicted in the skeleton curves, the crack points for Type 1 and Type
2 were nearly identical, with the elastic lines of the two specimens almost overlapping.
This suggested minimal differences in elasticity between Type 1 and Type 2 during this
stage. As the specimens transitioned into the elastic-plastic stage, crack width and numbers
increased with lateral displacement, while the initial stiffness of Type 2 surpassed that of
Type 1. The plastic stage commenced upon reaching the yield point, where Type 2 exhibited
higher bearing capacity than Type 1 in both positive and negative directions, with Type
2 showing a 14% higher average peak lateral load resistance. This difference persisted
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in the positive direction from the peak to the ultimate point. However, beyond a lateral
displacement of —64y, the disparities between Type 1 and Type 2 in the negative direction
became negligible. Ultimately, the ultimate displacement of Type 1 exceeded that of Type 2.

80
] ——Type 1
604 |— Type 2
] |4 yield point
40 - crack point
] *— peak point
__ 204 | ® ultimate point|
Z
g
g 77
*5 4
P~ 20 4
_40 —
—60 -
-80 T T . T . ! ; I . I :
-300 —200 -100 0 100 200 300

Displacement (mm)

Figure 15. Skeleton curves.

4.5. Stiffness Degradation

To quantify the response of piers, it is imperative to establish response indices that pro-
vide a quantitative description of the behaviors of piers. Stiffness degradation is attributed
to the inelastic behaviors of the pier, such as steel bar yielding and flexural cracking [31].
As Figure 2 shows, stiffness refers to the cut-line stiffness for each displacement amplitude,
i.e., the slope of the line from the origin to the maximal lateral loads under the relative
displacement amplitude. In this study, the stiffness was defined as

_ |+F|+|-F]

K= i Tl
46+ |4

(15)
where +F; and —F; were the positive and negative maximal lateral loads under relative
loading level; +4; and —J; were the corresponding displacements. The stiffness of both
piers is listed in Table 3.

For comparison, both calculated stiffness and displacement were normalized with
respect to the stiffness and displacements of the first loading level, respectively. The
relationship between normalized displacement and normalized stiffness (77) is illustrated in
Figure 16. From this figure, it can be found that all specimens exhibited a similar trend of
stiffness degradation. During the whole loading process, the normalized stiffness of Type 1
decreased from 1 to 0.18, with a reduction of 82%. But for Type 2, the corresponding values
were 84%. Figure 16 also depicts that the normalized stiffness of Type 1 is not larger than
that of type 2. This is because the lateral resistance of Type 2 is better than that of Type
1 when the displacements are same, which is evidence by Figures 14 and 15. The above
observation indicates that the overall stiffness of normal pier will be enhanced by using
pre-deformed longitudinal reinforcements in potential plastic hinge areas.
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Table 3. Summary of test results.
Force Displacement
Load (KN) (mm) K Esum 1 A
Phase F F "y _5 (KN/mm) (KN % mm) ¢
1 43.77 —44.80 22.44 —22.49 1.97 419.68 1.00 1.00
2 54.63 —54.11 44.823 —45.073 1.21 2466.02 0.61 2.94
Tvpe 1 3 52.56 —53.08 67.31 —67.6094 0.78 6864.41 0.40 5.45
yp 4 52.04 —53.60 89.65 —90.046 0.59 13,989.00 0.30 8.33
5 49.98 —51.53 112.08 —112.582 0.45 24,286.85 0.23 11.57
6 46.87 —49.46 134.82 —134.819 0.36 37,816.60 0.18 15.02
1 44.32 —44.84 18.79 —18.79 2.37 193.43 1.00 1.00
2 59.33 —60.88 37.68 —37.98 1.59 1960.42 0.67 5.07
3 61.91 —62.43 56.67 —56.77 1.10 5922.43 0.46 10.21
Type 2 4 60.87 —61.39 75.36 —75.75 0.81 12,046.00 0.34 15.57
5 56.74 —55.19 94.34 —94.79 0.60 20,091.07 0.25 20.77
6 53.63 —52.08 113.23 —113.73 0.47 30,355.18 0.20 26.15
7 50.53 —50.01 132.32 —-132.77 0.38 43,199.59 0.16 31.90

Note: Egum is cumulative energy dissipation; K is stiffness; 7 is normalized stiffness; and A. is normalized
dissipated energy.

1.2

—a— Type 1
—eo— Type 2
1.0 A

0.8 1

0.6

Normalized stiffness

0.2 +

0.0 T T T T T T T T T T T T T
1 2 3 4 5 6 7 8

Normalized displacement

Figure 16. Normalized stiffness degradation curve.

4.6. Energy Dissipation

Evaluating elastic-plastic deformation typically involves assessing energy dissipation
capacity and ductility parameters. The cumulative energy dissipation could be determined
as follows:

N
Esum = Z E; (16)
i=1

where N represented the number of loading levels until the lateral load resistance dropped
below 80% of peak lateral load; E; denoted the energy dissipation corresponding to ith
loading level and was calculated by the area enclosed by the hysteresis hoop, as Figure 2
shows. The accumulated energy dissipation of both specimens is presented in Table 3.
The accumulated energy dissipation reflected the structure’s energy absorption capabil-
ity, which was related to plastic deformation and cumulative damage [29]. For comparative
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analysis, the accumulated dissipated energy was normalized with respect to that of the first
loading level.

Mg = Doum (i=123....) (17)

ZEl

where A represented the normalized dissipated energy. The maximal value of i was
determined by the loading level when the lateral load resistance dropped below 80% of
peak lateral load resistance. As shown in Figure 17, the normalized accumulated energy
dissipation of Type 2 exhibited an advantage.

35

_‘+ Type 1
304 Type 2

25

20

Normalized accumulated energy dissipation
G
1

=5 L B R E A B L |

0 1 2 3 4 5 6 7 8

Normalized displacement
Figure 17. Normalized accumulated energy curve.

4.7. Ductility Analysis

The ductility factor can assess the ability of a pier to withstand significant deformations
during an earthquake. As described by Equation (1), the ductility factor equaled the ratio
of the average displacement J4 at 80% of the peak lateral load resistance to the yield
displacement ;. As presented in Table 4, the ductility factors y were approximately 6.47
and 7.19 for Type 1 and Type 2, respectively. The ductility of Type 2 was enhanced.

Table 4. Characteristic points and the ductility coefficient.

Specimen Ductility Displacement (mm) Yield Displacement (mm) Ductility
positive negative Average
Type 1 145.34 —145.61 145.48 22.5 6.47
Type 2 137.61 —132.90 135.26 18.8 7.19

5. Finite Element Analysis
5.1. Overview of the Finite Element Model and Loading History

The numerical model was developed by DIANA 10.5. Three-dimensional (3D) non-
linear FEM model of piers were developed, as Figure 18 shows. The loading device, top
block, and footing were modeled using a 20-node structural solid. Out of simplicity, the
mechanical part of the loading device was modeled by an elastic rigid body. The main
rebars and transverse were modeled by a truss bond-slip bar. The models were subjected
to two stages of applied forces. Firstly, the constant axial compressive loads were added on
the face of the loading device in the X direction. Then, the cyclic lateral load controlled by
displacements was applied in the Y direction on one edge of the loading device. To simplify
the loading history in simulation, the number of cycles in each lateral displacement phase
was conducted only once, as Figure 19 shown. The Newton-Raphson method was adopted
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to calculate the nonlinear equations with a maximum of 100 iterations, and displacement
and force norm (convergence tolerance = 0.01) were taken as convergence criteria.
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Figure 18. FEM model of specimens (a) Type 1 (b) Type 2.
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Figure 19. The loading history of simulation: (a) Type 1 and (b) Type 2.

5.2. Material Model
5.2.1. Concrete

A total strain rotating crack model with parabolic behaviors for compression defined
by Feenstra and exponential softening for tensile [31] was employed to simulate concrete
behaviors. The total strain rotating crack model was based on the modified strain field
theory, which was originally proposed by Vecchio and Collins [32], and further extended
for 3D application by Selby and Vecchio [33].

The total strain rotating crack model is modeled in two different ways. The rotating
crack model, as one of the total strain crack model categories, has been widely adopted
and is well suited for RC structure. The approach is independent of the direction of
the previous crack. It is a more accurate representation of the crack pattern compared
with other categories of the total crack model, the fixed crack approach. Therefore, the
rotating approach was applied to concrete in this study. In this study, the compression
behaviors were considered as recommended by the predefined parabolic function, as
Figure 20 shows. The curve was described by three characteristic strains corresponding
to the maximum compressive strength f.. The first was the strain («./3), at which, one
third of the maximum compressive strength was reached. The second one was &, when
the maximum compressive strength was reached. The last one was ultimate strain ocu in
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compression, which meant the material was completely softened. The three values could
be obtained from Equations (18)—(20).

1
Ke/3 = — 5% (18)
5
e = —5% = 5ac/3 (19)
3G
Ny = min (0((3 — Zh'fc.:,z.SDCC) (20)
c
A O
fi -
tensile region
O Ac Oc/3 Grh
\ >c
Gc/h
[ fos
compression side
A—— fc

Figure 20. Behaviors of concrete in tensile and compression.

Table 5 summarizes the material parameters for concrete. The tensile fracture energy
was calculated from FIB Model code 2010 [34], as shown in Equation (21). Gy was the tensile
fracture energy. As for compressive fracture energy, G. was characterized by Equations (22)
and (23), where f is the characteristic cylinder compressive strength and fom means the
compressive strength. It was assumed that the compressive strength f. was equal to the
characteristic cylinder compressive strength f.

Gt = 0.073 fo 18 (21)
Ge = 250 X 0.073 fern 18 (22)
fcm = fck + 8MPa (23)
Table 5. Parameters for concrete.
Parameters Type 1 Type 2
Young’s modulus (N/mm?) 34,100 34,100
Poisson’s ratio 0.167 0.167
Tensile curve Exponential Exponential
Tensile behavior Tensile strength (N/ mm?) 3.24 2.82
Fracture energy (N/mm) 0.147 0.146
Compressive curve Parabolic Parabolic
Compressive behavior Compressive behavior (N/ mm?) 40 394
Compressive energy (N/mm) 36.75 36.5

Compressive behavior Residual compressive strength (N/mm?) 5 10
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5.2.2. Rebars

The stress—strain relationship for steel bars is characterized by the Dodd—Restrepo
model based on isotropic plasticity [35], as Figure 21 shows. The model was a macroscopic
model that predicted the cyclic stress—strain behaviors of reinforcement steel and could
consider the Bauschinger effect and the fracture behaviors by reducing the stress when the
fracture strain was reached. The curve was defined using elastic modulus E, yield strength
fy, strain at the end of yield plateau ¢, peak stress fu, and ultimate strain e,. In DIANA
10.5, assuming the power P in the strain hardening region was 3.5, the Bauschinger curve
constant was 0.75. The relevant material parameters used in the simulation for the steel bar
are summarized in Table 6. Due to pre-deformed bars having a residual strain, the strain at
the end of the plateau (0.35%) was different from that (1.25%) in straight rebar.

fu ___________________________
fofrs

Yo

Esh Esu

Figure 21. Stress—strain of rebar.

Table 6. Parameters for rebars.

Parameters Longitudinal Reinforcement Stirrup
Type1l Type 2 Type 1 Type 2
Young’s modulus 200,000 200,000 200,000 200,000
(N/mm~)

Yield stress (N/mm?) 404 400 388 388

Strain at the end of yield 1.25% 1.25% (0.35 /o-pre- 1.25% 1.25%
plateau deformation)
Ultimate strain 0.17 0.17 0.23 0.23
Peak stress (N/mm?) 549 567 542 542

The bonding behaviors between concrete and longitudinal reinforcement, as well as
the stirrup, were considered in this investigation. The nonlinear bond-slip interface failure
model employed under cyclic loading was characterized by the CEB-FIB 2010 model [34]
since the model adequately considered the variation of bond stress under cyclic loading.
In the initial phase, the power function of the bond-slip stress T was developed from 0
to the maximum bond-slip stress Tmax at the relative slip displacement s;. Subsequently,
in the second phase, the bond-slip stress T remained constant at Tmax until the relative
slip displacement s,. In the third phase, the bond-slip stress T was decreased linearly to
the ultimate bond-slip stress T at the relative slip displacement s3. Post the relative slip
displacement s3, the bond-slip stress T maintained a constant value at ;. The pertinent
material parameters for concrete are presented in Table 7 and Figure 22.
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Table 7. Parameters for bond-slip constitutive theory.

Parameters Steel Bar
Bond-slip interface failure model CEB-FIB 2010 bond-slip function
Normal stiffness modulus (N/mm?) 1000
Shear stiffness modulus (N/mm?) 100
Maximum shear stress Tmax (N/ mmz) 15
Ultimate shear stress (N/mm?) 6
Relative slip section s; (mm) 1
Relative slip section s, (mm) 2
Relative slip section s3 (mm) 10
Exponent alpha 0.4
A T (N/mm?)
15
10
6
5
0

Figure 22. The relationship of bond-slip.

5.3. Validation of the Numerical Model

To verify the accuracy of the finite model, the simulation results were compared with
the experimental results in terms of the force-displacement hysteretic curves, skeleton
curves, damage pattern, ductility coefficient, and bearing capacity.

Figures 23 and 24 compare hysteretic curves and skeleton curves between the simu-
lation and experiment. The results of the hysteretic curves for the simulation agree with
those in the experiment, as Figure 23 shows. At the same time, the trend that curves of
Type 2 enclosed those of Type 1 also appeared in the simulation, as Figure 24 shows.

80
Type 1

Force (KN)
<

—-20 -

—40 -

Simulation

—60 - —— Experiment

_80 T T T T T
-300 -200 -100 0 100 200 300

Displacement (mm)
(@)

Figure 23. Cont.
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Figure 23. Comparison between simulation and experiment: (a) Type 1 and (b) Type 2.
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Figure 24. Comparison between simulation and experiment for skeleton curves: (a) Type 1 and
(b) Type 2.
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For Type 1, damages were concentrated 0-300 mm from the footing. However,
for Type 2, the damage main extends from about 77-460 mm from the foundation, as
Figures 25 and 26 show. That was very close to the experimental results (0-300 mm for
Type 1, 100400 mm for Type 2).

83
(N/mm?)
0.00
I —5.00
—10.00
—15.00
I —20.00
—25.00
—30.00
I —35.00
—40.00

E3

0.00

I —7.91 x 107
-1.58 %107
-237x 107

I -3.17% 107
—3.96 x 107
—4.75 % 107}

I —5.54 % 107
-6.33 x 107

(b)

Figure 25. The possible crushing area for Type 1: (a) minimal principal stress and (b) minimal
principal strain.

S3
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I —4.92
—9.85
—14.77

—19.70
—24.63

—29.55
I734.48
—39.40
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(b)

Figure 26. The possible crushing area for Type 2: (a) minimal principal stress and (b) minimal

a)

E3

4425107
-1.57 < 107*
—7.56 % 107*
-136x 107"
-1.95x 10°°
-2.55x10°°
-3.15x 10~

I -3.75 x 107
-435x 107

principal strain.

For both samples, although the number of cracks in the simulation was a little bigger
than that in the experiment, the distributions of cracks in the simulation were close to those
in the experiment, as Figure 27 shows.
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(G)) (b)

Figure 27. The distribution of crack: (a) Type 1 and (b) Type 2.

Table 8 shows that the trend that the ductility coefficient and bearing capacity (Fmax) of
Type 2 were better than those of Type 1 in the experiment also appeared in the simulation.
Fmnax was the average of the absolute values of the maximum force in both directions.

Table 8. Comparison of parameters between simulation and experiment.

Type 1 Type 2
Parameters : ; N ; ; ;
Simulation Experiment Simulation Experiment
dq (mm) 120.23 145.47 132.60 135.26
dy (mm) 24 22.5 24.32 18.8
Fmax (KN) 61.97 54.37 67.19 62.17
U 5.01 6.47 5.45 7.19

It deserves to be mentioned that the rupture and buckling of reinforcements did not
explicitly appear in the model. However, considering the hysteretic curves, skeleton curves,
damage pattern, ductility coefficients, and bearing capacity, it may be reasonable to deduce
the other factors that influenced the ductility of the specimens by using the same material
parameters.

6. Conclusions

This study introduced a novel ductility-enhancement technique for RC piers involving
pre-deformed longitudinal reinforcements at the plastic hinges. Additionally, full-scale
experiments were conducted on RC pier models subjected to cyclic lateral loading and
constant axial load to assess the efficacy of the proposed technique. The performance of the
piers was evaluated based on failure mode, plastic hinge distribution, hysteretic properties,
normalized stiffness degradation, normalized energy dissipation capacity, bearing capacity,
and ductility. The following key conclusions were drawn:

(1) As anovel approach to enhance ductility, this paper proposes a method utilizing
inwardly bent longitudinal reinforcement to mitigate in-plane buckling. The method
offers a simple and cost-effective construction solution while improving seismic
performance.

(2) It was clarified that the RC pier with the proposed method had a plastic hinge part at
a distance from the footing. It was indicated that the pre-deformed positions and cur-
vature of the longitudinal reinforcements influenced the position of the plastic hinge.

(3) The outcomes of the reversed cyclic load tests demonstrated that the proposed method
enhanced energy dissipation capacity and stiffness. Furthermore, the load-carrying
capacity increased by 14% and ductility improved by 11%. However, achieving greater
ductility beyond this 11% improvement may require additional design adjustments.
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Additionally, although the technique successfully mitigated in-plane buckling, out-of-
plane buckling of the longitudinal reinforcement was observed, indicating the need
for further refinement to address this issue and enhance overall ductility.

(4) FEM analysis revealed that it may be reasonable to deduce the other factors that
influenced the ductility of the specimens by using the same material parameters
mentioned above.
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