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Abstract

Existing spillway piers constructed more than 60 years ago in Japan are usually reinforced
with round rebars and have very low rebar ratios; consequently, their seismic response
may be strongly influenced by post-cracking bond-slip. However, the applicability of
nonlinear analytical models to such piers has not yet been systematically clarified. In
this study, practical modeling strategies for existing spillway piers were investigated by
performing Incremental Dynamic Analysis (IDA) using both a beam model based on
nonlinear moment—curvature (M-@) relationships and a 3D finite element analysis that
explicitly accounts for bond-slip between concrete and rebar. An actual spillway pier was
analyzed at multiple seismic intensity levels, and the effects of bar diameter, rebar ratio,
and bond condition were examined via 3D finite element analysis. The results showed
that the beam model is useful for global screening but may misclassify the damage mode
because it cannot explicitly represent bond-slip. By contrast, the 3D finite element analysis
reproduced flexure-dominant damage patterns and quantified the influence of bond-slip on
maximum displacement, residual displacement, rebar strain, tensile damage distribution,
and compression damage distribution. These differences became more pronounced under
stronger ground motions and for larger bar diameters and lower rebar ratios. The findings
support a staged strategy for seismic performance evaluation that combines beam models
for global screening with 3D finite element analysis for detailed member-level assessment.

Keywords: spillway pier; round rebars; low rebar ratio; bond-slip; 3D finite element
analysis; incremental dynamic analysis; seismic performance

1. Introduction

Dams are critical infrastructure facilities that serve multiple functions, including flood
control, water use, and power generation. Ensuring that reservoir water levels can be
properly controlled even after severe earthquakes is therefore essential for dam safety. The
International Commission on Large Dams (ICOLD) classifies water-level control facilities,
including spillway gates, as safety-critical elements and emphasizes that the reservoir-level
control function should be maintained during and after the Safety Evaluation Earthquake
(SEE) [1].
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Spillway piers supporting spillway gates are reinforced concrete (RC) structures with
relatively thin thicknesses in the dam-axis direction and therefore have structural character-
istics that make deformation in this direction likely to predominate during earthquakes
(Figure 1). In Japan, there are many dams that were constructed more than 60 years ago, and
their spillway piers usually use round rebars as longitudinal reinforcement with relatively
low tensile rebar ratios of approximately 0.04-0.20% (Figure 2). In addition, because these
spillway piers have an overflow geometry integrated with the dam body, they differ from
ordinary RC columns in terms of geometry and boundary conditions. In RC members
with low rebar ratios, stiffness degradation after the onset of flexural cracking becomes
pronounced, and rebar stress tends to increase rapidly immediately after cracking. Further-
more, unlike deformed bars, round rebars do not possess rib-induced mechanical interlock,
and the transfer of bond stress depends primarily on bond strength. As a result, bond-slip
tends to become pronounced after cracking. Consequently, in RC members with round
rebars and low rebar ratios, bond-slip behavior may develop before reinforcement yielding
and strongly influence the deformation response. Therefore, detailed evaluation of the
seismic behavior of RC spillway piers with round rebars and low rebar ratios requires
nonlinear analysis that explicitly accounts for bond-slip behavior.

Figure 1. Overall view of the spillway pier.

0.25%
e ~1926(Round rebar)
1927~1934 (Round rebar)
0.20% ® 1935~1944 (Round rebar) o
© 1945~1954 (Round rebar)
® 1955~1964 (Round rebar) 1S

0.15% ® 1965~ (Round rebar)

N o
S o0 ~1965(Deformed bar) ry
2 0 1965~ (Deformed bars) 0
£ 0.10% .
[ ]
E: s !
&-’ ° [} 8 o
0.05% * Q
$ o °
L ]
0.00%
0 5 10 15 20 25 30 35

Rebar diameter (mm)
Figure 2. The survey results for 32 actual spillway piers in Japan.
In Japan, seismic performance evaluations of existing spillway piers tend to employ
beam-element models with nonlinear moment-curvature (M—¢) characteristics to efficiently

evaluate the overall structural behavior, including contact with spillway gates. Conversely,
some studies have reported the use of 3D finite element dynamic analyses to evaluate the
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seismic behavior of spillway gates and piers. Limoges and Léger [2] evaluated the loss of
functionality associated with increasing earthquake intensity through Incremental Dynamic
Analysis (IDA), focusing on post-earthquake gate operability. Song et al. [3] investigated
the spillway piers of an arch dam using an integrated model that included the dam body
and found that damage concentrated at locations such as the interface between the dam
body and the piers. Kanthakasikam et al. [4] evaluated the displacement and damage
of the operating bridge located on the top of the spillway pier, as well as the stress and
deformation of the spillway gate members. However, these studies did not consider the
bond-slip behavior of spillway piers with round rebars and low rebar ratios. Regarding
existing RC structures with round rebars other than spillway piers, Fernandes et al. [5]
conducted reversed cyclic loading tests and analytical studies on full-scale RC columns.
They demonstrated that the experimental behavior could be reproduced by modeling
bond-slip using rotational springs. Furthermore, Xue et al. [6] conducted nonlinear finite
element analyses of RC beam—column joints and showed that local geometric differences
affect the internal load-transfer mechanism of the members. In addition, Han et al. [7]
conducted experiments on RC columns with closed FRP ties and showed that the tie ratio
affects the deformation capacity and axial-flexural behavior of the members. These studies
provide useful insights into the effects of bond-slip modeling, local geometric differences,
and transverse reinforcement ratio on the nonlinear behavior of RC members. However, the
structures investigated in these studies differ from spillway piers with round rebars and low
rebar ratios in terms of geometry, boundary conditions, and reinforcement configurations.
Therefore, studies evaluating the seismic behavior of spillway piers with round rebars and
low rebar ratios, while accounting for bond-slip behavior, remain limited.

To address this issue, the authors previously conducted reverse-cyclic incremental
loading tests on RC specimens to develop an analytical model capable of appropriately
evaluating the seismic behavior of spillway piers with round rebars and low rebar ratios.
These tests clarified the hysteretic response and failure modes, including the bond-slip
behavior of round rebars. Simulations using a 3D finite element analysis also verified the
applicability of a bond stress—slip relationship suitable for round rebars and low rebar
ratios [8]. In addition, the beam model, widely used as a practical tool for simplified
evaluation of contact behavior between spillway piers and spillway gates, was improved
through simulations based on recorded earthquake motions [9]. Together, these studies
suggested that, in engineering practice, it is rational to employ different analytical mod-
els depending on the evaluation objective, namely member-level assessment or overall
structural response evaluation.

However, no previous study has systematically evaluated the seismic response of
existing spillway piers with round rebars and low rebar ratios using a 3D finite element
analysis that incorporates bond stress—slip behavior, or compared the results with beam
models. From the standpoint of practical application, the effects of bar diameter and rebar
ratio on the bond-slip behavior of round rebars and the resulting damage modes, as well
as the rationale for considering bond-slip and the applicable range of the model, have not
been sufficiently examined.

In this study, nonlinear IDA is performed on existing spillway piers with round rebars
and low rebar ratios using both a beam model based on nonlinear moment-curvature
(M-¢) relationships and a 3D finite element analysis that accounts for bond-slip behavior.
By comparing the seismic response and performance evaluation results obtained from
the two models, the influence of incorporating the bond characteristics of round rebars
into the assessment is clarified. In addition, parametric analyses are performed using 3D
finite element analysis, with bond condition, bar diameter, and rebar ratio as the principal
parameters. Based on their relationship with earthquake intensity, the seismic behavior of
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spillway piers with round rebars and low rebar ratios is quantified, and a framework for
selecting analytical models in engineering practice is discussed.

2. Materials and Methods

In this study, the nonlinear Incremental Dynamic Analysis (IDA) was performed on
an actual spillway pier constructed with round rebars and a low rebar ratio to clarify how
differences in modeling approach and the inclusion of the bond characteristics of round
rebars influence the evaluation results. Two analytical models were employed: a beam
model incorporating nonlinear moment-curvature (M-¢) characteristics as a simplified
approach, and a nonlinear 3D finite element analysis capable of accounting for bond-slip
behavior between rebars and concrete.

In the 3D finite element analysis, bar diameter, rebar ratio, and bond condition between
rebars and concrete were selected as the principal parameters, and their effects on the
seismic behavior of the spillway pier were quantitatively evaluated. The analysis cases
were defined with reference to Figure 2, taking representative ranges of bar diameter and
rebar ratio into account.

2.1. Target Spillway Pier and Modeling Assumptions

The spillway pier analyzed in this study is an actual structure constructed in Japan in
1930. Round rebars 16 mm in diameter were used as longitudinal reinforcement, with a
rebar ratio of 0.04%. This value corresponds to the minimum rebar ratio observed among
the 32 actual spillway piers surveyed in Japan, as shown in Figure 2.

The analysis cases are summarized in Table 1. As shown in Figure 2, among the
32 surveyed spillway piers, the piers reinforced with round rebars had rebar ratios ranging
from 0.04% to 0.20% and rebar diameters ranging from 16 to 28 mm. In this study, the
analysis cases were defined to examine the effects of bond condition, rebar ratio, and bar
diameter while maintaining the structural geometry of the target spillway pier. In addition
to the 0.04% rebar ratio used in the target spillway pier, rebar ratios of 0.14% and 0.20%
were selected to cover the lower, intermediate, and upper levels among the 32 surveyed
cases. In addition to the 16 mm bar diameter used for the target spillway pier, a 28 mm
bar diameter, the maximum among the 32 surveyed cases, was selected. In the 3D finite
element analyses, Cases 1 and 2 correspond to the target spillway pier and differ only
in the bond condition between the rebars and concrete. Cases 3 and 4 were defined by
taking Case 2 as the reference case, keeping the bar diameter unchanged, and changing the
rebar ratio to 0.14% and 0.20%, respectively. Cases 5, 7, and 8 were defined by changing
the bar diameter of Cases 2—4 to 28 mm, respectively, while maintaining the same rebar
ratios and bond-slip condition. Case 6 was defined as the full-adhesion counterpart of
Case 7 at a rebar ratio of 0.14%. Accordingly, the effect of bond condition was evaluated
separately by comparing Cases 1 and 2 at a rebar ratio of 0.04% for ¢16 and Cases 6 and 7
at a rebar ratio of 0.14% for ¢28. In addition, the geometry of the spillway pier was kept
identical to that in Cases 1 and 2 so that the influence of structural geometry was excluded
from the parametric comparisons. At the anchorage zone of the longitudinal rebars, cases
assuming full adhesion between rebars and concrete were modeled as fixed, whereas cases
considering bond-slip were modeled as free. It is noted that the analysis cases in this
study do not fully cover all parameter combinations for bar diameter, rebar ratio, and bond
condition. Therefore, the effects of bar diameter and rebar ratio are discussed primarily
based on cases that consider bond-slip. In contrast, the effect of bond condition is discussed
within the specific comparison pairs described above.
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Table 1. Analysis cases.

Case Rebar Diameter =~ Rebar Ratio (%) Bond Condition Anchorage

1 @16 0.04 Full adhesion Fixed
2 @l6 0.04 Bond-slip considered Free
3 @l6 0.14 Bond-slip considered Free
4 @l6 0.20 Bond-slip considered Free
5 @28 0.04 Bond-slip considered Free
6 ©28 0.14 Full adhesion Fixed
7 ©28 0.14 Bond-slip considered Free
8 ®28 0.20 Bond-slip considered Free

2.2. Modeling of Spillway Piers Using the Beam Model

The three-dimensional nonlinear finite element analysis program (TDAP III ver 3.2.7)
was used for the beam model analysis. As shown in Figure 3, the portion of the spillway pier
above the crest of the overflow section was modeled using beam elements with nonlinear
M- characteristics. The number of nodes was set to 24 to account for variation in the
cross-sectional geometry of the spillway pier. In the beam model, the portion above the
crest of the overflow section was modeled as the spillway pier. Therefore, the restraint
conditions at the base of the modeled region should account for the restraint provided by
the dam body and the influence of the overflow geometry. Accordingly, the foundation-
spring modeling method previously examined by the authors was adopted as a practical
modeling approach [9]. For the M- relationship shown in Figure 3, a provisional M-¢
curve that does not account for the cracking moment, M., was employed [10]. This choice
was made because the model experiments conducted by the authors [8] confirmed that, in
RC structures with a low rebar ratio, the yield moment, M,;, can be smaller than the cracking
moment, M., and force equilibrium may become numerically difficult to achieve when
the flexural capacity decreases abruptly after cracking. In addition, the Takeda model [11],
widely used in nonlinear analyses of RC structures, was adopted for the hysteretic restoring
force characteristics.

Nonlinear M-¢ beam elements 15,000
“rafking moment M, +++ Original M—p curve
10,000 (99¢p, 0.000114) — Provisional M—¢ curve
Yielfl moment A, "‘ Ultimate nf¢ment
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Figure 3. Beam model diagram used in the analysis.

2.3. Modeling of Spillway Piers Using a 3D Finite Element Analysis

DIANA ver. 10.5 was used for the 3D finite element analysis. The analytical model is
shown in Figure 4. Concrete was modeled using first-order solid elements with an element
size of 200 mm, which was selected with reference to the authors’ previous studies [8,9]
on RC specimens with round rebars and low rebar ratios. In contrast, the rebars were
modeled as embedded BAR elements. In the previous studies, the 3D finite element model
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reproduced the dominant crack location and the localization of rebar strain. Therefore,
no additional mesh sensitivity analysis was performed in the present study. Instead,
the same mesh discretization was used for all analytical cases, allowing the effects of
bond condition, bar diameter, and rebar ratio to be compared under identical analytical
conditions. In addition, the dependence of the local compressive damage indicator on mesh
size was reduced by applying the weighted averaging procedure described in Section 3.2.5.
To account for the influence of the dam body, the modeling range was extended to the
anchorage location of the longitudinal rebars, and the overflow geometry was explicitly
represented. Based on the previous loading tests and validation analyses [8], which showed
that tensile damage and rebar strain were concentrated at the base, the three elements
adjacent to the base of the spillway pier on both sides were treated as nonlinear elements.
At the same time, the remaining region was modeled as linear. For the boundary conditions,
the bottom nodes were restrained in all translational degrees of freedom, and the nodes
on the dam body’s side surface were restrained in the Y-direction (dam-axis direction) to
represent continuity with the massive dam body and the foundation below the modeled
region. Unlike the beam model, foundation springs were not introduced in the 3D finite
element model because the stiffness of part of the dam body was already included in the
modeled domain.

Spillway pier
(Nonlinear elements)

Main rebar

Gate anchorage
(Linear elements)

9.1m

Dam body
(Linear elements )

11.6m

Nonlinear elements
(Three elements on both sides of the base)

(a) Concrete (b) Rebar

Figure 4. Solid model diagram used in the analysis.

For the bond-slip behavior between rebars and concrete, the bond stress—slip relation-
ship shown in Figure 5 was adopted. This model was formulated by Matsuoka et al. [12]
(Equation (1)). In the previous validation study, the 3D finite element model incorporating
this relationship reproduced the experimentally observed load—displacement response, the
concentration of cracking near the member base, and the localization of rebar strain in RC
specimens with round rebars and low rebar ratios up to a drift angle of approximately 1/50,
thereby confirming its applicability [8].

0.17-0.9.(7C2k/3{1 —exp(—40(s/D)0‘5>} 0<s<S5
T= (—0.70Tmux/51 - Sz)(s — Sl) + Tax 51 <s<8S,

0.30Tyax 5 <s

Tnax= 0.17-0.9-0%/3{1 — exp (_40(51/13)0.5) }

)
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where 7 is the bond stress (N/mm?), s is the slip (mm), D is the rebar diameter (mm), S; is
0.02 mm, S, is 1.5 mm, and ¢ is the compressive strength of concrete (N/mm?).

Bond stress 7
4
Tma.\‘

A
NG
0

v

Figure 5. Bond-slip behavior between rebar and concrete.

The stress—strain relationships for concrete and rebars are shown in Figure 6. For
concrete, the Maekawa-Fukuura smeared-crack model was adopted as the nonlinear
material model [13]. The compressive behavior was represented using the elastoplastic
fracture model proposed by Maekawa et al. [14]. In contrast, the tensile behavior and
post-cracking characteristics were defined in accordance with the Standard Specifications
for Concrete Structures of the Japanese Society of Civil Engineers (JSCE) [15]. For shear
transfer across crack surfaces, a model that accounts for stiffness degradation associated
with crack opening was employed. For the rebars, the proposed equation for the backbone
curve, derived from tensile tests and given in the Standard Specifications for Concrete
Structures [15], was adopted as the nonlinear material model.

Stress o’ Stress o
A A
ock -------
Oy [--m=mmmmmmmmmm- K """"""
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/ .
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o — 3 >
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g~ €ec—0,/E,

(a) Concrete (b) Rebar

Figure 6. Stress—strain relationships.

The material properties of the concrete and rebars are listed in Tables 2 and 3, re-
spectively. For the concrete, the compressive strength o, tensile strength o, Young’s
modulus E, and unit mass density v were taken from test results obtained from specimens
sampled from the actual spillway pier. The tensile fracture energy, Gy, was calculated using
the equation proposed by Horii et al., which applies to large-sized coarse aggregate [16]
(Equation (2)).

Gy = (0.79 dpax + 80) x (0/10)%7 )

where Gy is the tensile fracture energy (N/mm), dyax is the maximum aggregate size, taken
as 63.5 mm, and o is the compressive strength of concrete (N/mm?).
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Table 2. Material properties of concrete.
Property Nonlinear Region Linear Region
Compressive strength, ¢4 (N/mm?) 37.167 37.167
Tensile strength, oy (N/ mm?) 3.727 3.727
Young’s modulus, E (N/mm?) 3.22 x 10* 3.22 x 10
Poisson’s ratio 0.206 0.206
Tensile fracture energy, G (N/mm) 0.326 —
Unit mass density, v (t/ mm?3) 243 x 107° —

Table 3. Material properties of rebars.

Property »16 ©28
Yield strength, oy (N/ mm?) 235 235
Tensile strength, o, (N/ mm?) 380 380
Young’s modulus, Es (N/mm?) 2.00 x 10° 2.00 x 10°
Strain at onset of strain hardening 0.028 0.028

For the rebars, the material properties were based on the specified values for reinforced
concrete rebars (JIS G3112). The strain at the onset of strain hardening was set to twice the
value specified for deformed bars in the Standard Specifications for Concrete Structures [15],
based on the trends observed in the material test results obtained by the authors [9] for
SR235 round rebars R13 and SR345 deformed bar D13.

2.4. Dynamic Analysis Conditions and Damping Ratio

In the analyses, the self-weight of the spillway pier and the static loads due to hy-
drostatic pressure acting on the spillway pier and spillway gate were first applied. The
resulting stress state was then carried over, and the ground motion was input at the base of
the model.

Because earthquake records show that spillway piers tend to vibrate predominantly
in the dam-axis direction during earthquakes [9,17], only ground motion in the dam-axis
direction was considered in this study. Hydrodynamic pressure during earthquakes was
represented as an added mass due to water in contact with the spillway pier’s side surface
in the dam-axis direction. The time increment used in the analyses was 0.005 s, and the
Newmark-f method (3 = 1/4) was adopted for numerical integration. Damping was
modeled using Rayleigh damping, as shown in Figure 7, and the coefficients of the mass-
and stiffness-proportional terms were determined from the natural frequencies obtained
from the eigenvalue analysis. For the 3D finite element analysis, eigenvalue analysis was
carried out by assigning a damping ratio of 2% to RC structures in the nonlinear analysis, in
accordance with the Specifications for Highway Bridges, and Rayleigh damping was then
defined based on the resulting natural frequencies and modal damping ratios. The modal
damping ratios of the first mode (7.867 Hz) and the fifth mode (29.879 Hz) were both set to
2%. For the beam model, eigenvalue analysis was conducted by assigning a damping ratio
of 2% to the M-¢ beam elements, following the Specifications for Highway Bridges, and a
damping ratio of 10% to the foundation springs, corresponding to the lower-bound value
for foundation damping. The proportional coefficients were then determined to match
the modal damping ratios of the dominant modes to those obtained from the eigenvalue
analysis. This setting was adopted to account for foundation damping in the base restraint
conditions represented by the foundation springs in the beam model. As a result, the modal
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damping ratios of the first mode (7.539 Hz) and the third mode (46.474 Hz) of the beam
model were 5.3% and 4.2%, respectively.

0.20
............. Beam model
Solid model
0.15 H
<
g 7.539, 0.053
2010
8
o
)
=
a,
% 0.05
Q ...................................
7.867,0.02 29.879,0.02
0.00 ' : : ‘
0 10 20 30 40 50
Frequency(Hz)

Figure 7. Rayleigh damping used in the analysis.

Accordingly, analyses were conducted using damping settings commonly adopted in
practical applications for each model. The effective damping ratios of the dominant modes,
therefore, differ between the beam model and the 3D finite element analysis. It is noted
that this difference may affect the response amplitudes.

2.5. Ground Motions Used in the IDA

The acceleration time histories used as input ground motions for the IDA were gener-
ated with reference to the Guidelines for Seismic Performance Evaluation of Dams against
Large Earthquakes [18]. These guidelines present the concept of seismic performance
evaluation for dams in Japan subjected to large earthquakes and recommend that dams
be evaluated via dynamic analysis using the maximum level of ground motion expected
at the dam site in the future. In addition, the guidelines provide a lower-limit accelera-
tion response spectrum that should be considered even when no active fault exists in the
vicinity of the dam site. The lower-limit acceleration response spectrum is defined as a
target spectrum with a spectral acceleration of 700 cm/s? over the period range from 0.1 s
to 0.6 s. In this study, the entire lower-limit acceleration response spectrum was uniformly
scaled by constant factors to define six target spectra with maximum spectral accelerations
of 500, 700, 1000, 1500, 2000, and 3000 cm/s?, respectively. For the phase characteristics, the
observed record obtained at Hitokura Dam during the 1995 Kobe Earthquake in Japan was
used. The 1995 Kobe Earthquake significantly influenced seismic design concepts in Japan,
and the observed record at Hitokura Dam is regarded as a representative strong-motion
record obtained under conditions close to the dam foundation rock. Accordingly, the phase
characteristics of this record were adopted, and input ground motions were generated to
be compatible with the six target spectra. Figure 8 shows the acceleration response spectra
of the six generated input ground motions.

The corresponding peak ground accelerations at the base of the spillway pier were 247,
346, 494, 742,989, and 1483 cm/s?, respectively; hereafter, the input motions are referred
to by these peak ground acceleration values. For the 3D finite element analysis, since
preliminary analyses confirmed that the response remained nearly linear at 346 cm/s?, only
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cases at 346 cm/s? and above were analyzed. Among the generated ground motions, the
motion with a peak ground acceleration of 247 cm/s? is shown in Figure 9 as an example.

——500cm/s? 700cm/s? 1000cm/s?2 ——1500cm/s? ——2000cm/s? ——3000cm/s?

10,000

100 \

AN

s

Acceleration response spectrum (cm/s2)

10

0.01 0.1 1 10
Period (s)

Figure 8. Acceleration response spectrum of the six generated input ground motions.
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Figure 9. Acceleration time history of the input ground motion (corresponding peak ground accelera-
tion: 247 cm/s2).

3. Results of IDA
3.1. Comparison Between the Beam Model and the 3D Finite Element Analysis

Figure 10 shows the curvature distribution along the height of the spillway pier
obtained from the beam model, with the curvature plotted on a logarithmic scale. In
contrast, Figure 11 shows the corresponding distribution of response shear force along the
height of the spillway pier. The response curvature and response shear force are defined as
the maximum values of the time-history response of each element. The allowable curvature
and shear capacity used to verify gate piers and weir piers under SEE are calculated
based on the Specifications for Highway Bridges [8]. These values were calculated using
Equation (3) and Equations (4)—-(6), respectively.

Pu— Py

Pa =Py +—— 3)

where ¢, is the allowable curvature (1/m), ¢y is the yield curvature (1/m), ¢, is the
ultimate curvature (1/m), and a is the safety factor (1.5 for near-field inland earthquakes).
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PS == SC + Ss (4)

Se=CcCeCprcbd (5)
Ay 05y d (sinf + cost)

5s = 1.154 ©)

where P; is the shear capacity (N), S is the shear capacity carried by concrete (N), S
is the shear capacity carried by transverse reinforcement (N), C, is the correction factor
accounting for the effects of cyclic loading under load reversal (0.8 for near-field inland
earthquakes), C, is the correction factor related to the effective depth of the cross section
(0.7 for the target spillway pier), Cp is the correction factor related to the longitudinal
tensile rebar ratio (0.9 for the target spillway pier), 7. is the average shear stress carried by
concrete (0.41 N/mm? for the target spillway pier), b is the width of the pier cross section
perpendicular to the direction used for calculating shear capacity (mm), d is the effective
depth of the pier cross section parallel to the direction used for calculating shear capacity
(mm), Ay, is the cross-sectional area of transverse reinforcement arranged at spacing a and
angle (mm?), 0y, is the yield strength of transverse reinforcement (N/mm?), a is the spacing
of transverse reinforcement (mm), and 6 is the angle between the transverse reinforcement
and the vertical axis (°).

Figure 12 shows the maximum principal strain distribution and rebar strain distribution
obtained from the 3D finite element analysis under the input ground motion with a peak
ground acceleration of 1483 cm/s?. The results are presented at t = 25.000 s, when the crack
strain reached its maximum, and at t = 13.785 s, when the rebar strain reached its maximum.

As shown in Figure 10, the response curvature at the base of the spillway pier in
the beam model exceeded the cracking curvature under the input ground motion with
a peak ground acceleration of 247 cm/s?, and it also exceeded the yield curvature at
346 cm/s%. However, even under the input ground motion with a peak ground acceleration
of 1483 cm/s?, the response curvature remained below the allowable curvature, indicating
that flexural failure did not occur. Figure 11 shows that, under the input ground motion
with a peak ground acceleration of 1483 cm/s?, the response shear force at the base of
the spillway pier was approximately 2567 kN. In contrast, the shear capacity calculated
using Equations (4)—(6) was 2419 kN. Thus, the response shear force exceeded the shear
capacity by approximately 148 kN, corresponding to about 6%, leading to a post-processing
classification as shear failure based on the beam model response.

In general, RC structures with low rebar ratios are expected to exhibit flexure-dominant
behavior because their flexural capacity is relatively smaller than their shear capacity.
However, the beam model used in this study indicated shear-dominant failure, which is
inconsistent with the general mechanical tendency. It is noted that this result was obtained
from a post-processing comparison of the response demand and the calculated capacity
and does not reflect the numerical simulation of shear failure progression in the analysis.
By contrast, Figure 12 shows that, in the 3D finite element analysis, horizontal cracks and
rebar strain were predominant at the base of the spillway pier. In contrast, no diagonal
cracks attributable to shear were observed. In addition, under the input ground motion
with a peak ground acceleration of 1483 cm/s?, the yielded region extended approximately
3.0 m above the base in the beam model. In contrast, the 3D finite element analysis was
limited to approximately 1.0 m above the base, indicating a clear difference between the
two models. Therefore, the damage-mode classification obtained from the beam model
may not be consistent with the damage characteristics indicated by the 3D finite element
analysis. The possible causes of these differences are discussed in Section 4.
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Figure 10. The curvature distribution along the height of the spillway pier.
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Figure 11. The shear force distribution along the height of the spillway pier.
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Figure 12. 3D finite element analysis response at a peak ground acceleration of 1483 cm/s.
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3.2. Seismic Response of the Spillway Pier Obtained from the 3D Finite Element Analysis
3.2.1. Maximum Displacement

The maximum displacement of the spillway pier is an important indicator in seismic
performance evaluation because it affects potential contact with the spillway gate and the
safety of the operating bridge at the top of the pier. In this study, maximum displacement is
defined as the maximum response displacement at the top of the spillway pier. Based on the
survey of 32 actual spillway piers in Japan, the one-sided clearance between the spillway
pier and the gate ranged from 3 to 15 mm, with an average of approximately 7.4 mm. In
addition, the bearing seat length of the operating bridge ranged from 350 to 1000 mm, with
an average of approximately 650 mm. Therefore, in this study, 7.4 mm and 650 mm were
used as representative reference values for discussing maximum displacement. It should
be noted that these values are averages from the 32 surveyed cases and are not universal
acceptance criteria.

Figure 13 shows the time histories of the response displacement at the top of the
spillway pier for Cases 1 and 6, in which full adhesion was assumed for the rebars, and for
Cases 2 and 7, in which bond-slip was considered. Because Cases 1 and 2, and Cases 6 and
7, have the same amount of reinforcement within each pair, the effect of bond condition can
be directly compared for each pair. When the peak ground acceleration was 346 cm/s?, no
significant differences were observed among the cases in either maximum displacement or
the time at which maximum displacement was reached. However, when the peak ground
acceleration reached 494 cm/s? or higher, differences in maximum displacement became
apparent depending on the bond condition.

Figure 14 shows the relationship between peak ground acceleration and maximum
displacement. Because Cases 1 and 2 and Cases 6 and 7 have the same amount of reinforce-
ment within each pair, the effect of bond condition can be directly compared for each pair.
In all cases, the response remained approximately linear up to a peak ground acceleration of
about 494 cm/s?, whereas above 742 cm/s? the maximum displacement increased rapidly,
indicating pronounced nonlinear behavior. At a peak ground acceleration of 1483 cm/s?,
the difference attributable to bond condition was small for Cases 1 and 2 with a bar diameter
of 16 mm, amounting to approximately 2 mm. By contrast, for Cases 6 and 7 with a bar
diameter of 28 mm, the effect of bond condition was substantial, and the difference in maxi-
mum displacement reached approximately 36 mm. The maximum ratio of displacement in
the bond-slip case to that in the full adhesion case was 1.20 at a peak ground acceleration
of 742 cm /s? for Cases 1 and 2, and 1.42 at a peak ground acceleration of 989 cm/s? for
Cases 6 and 7.

Figure 15 shows the relationship between peak ground acceleration and maximum
displacement for all cases in which bond-slip was considered. At the same rebar ratio, the
maximum displacement increased with bar diameter. The maximum displacement was
1.16, 1.43, and 1.43 times larger for a bar diameter of 28 mm than for 16 mm at rebar ratios
of 0.04%, 0.14%, and 0.20%, respectively. The strain difference Aey at the upper end of a
rebar segment of unit length I, when the bond stress T reaches the bond strength 7, can be
expressed using Equation (7).

ASCk o 4]
Tek a E(P

where Ag is the difference in reinforcement strain over a rebar segment of unit length [

(7)

when the bond stress T reaches the bond strength 7, T is the bond strength (N/ mm?), |
is the unit length of rebar (mm), E is the elastic modulus of the rebar (N/ mm?), and ¢ is
the rebar diameter (mm).

This suggests that as the bar diameter increases, the strain difference Aeck decreases,
so slip between rebars and concrete may initiate at a lower strain level. Under the same
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bar-diameter condition, maximum displacement increased as the rebar ratio decreased.

This trend is attributed to the lower flexural capacity and stiffness at lower rebar ratios,

which make the response more susceptible to concrete nonlinearity at an earlier stage.
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Figure 13. Time histories of the response displacement.
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Figure 14. Effect of bond condition on the relationship between the peak ground acceleration and the
maximum displacement.
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Figure 15. Effect of bar diameter and rebar ratio on the relationship between the peak ground
acceleration and the maximum displacement.

Finally, comparison with representative reference values for actual spillway piers—
namely, a gate clearance of 7.4 mm and an operating-bridge bearing seat length of 650 mm—
indicates that, under the conditions considered in this study, maximum displacement
generally remained within the gate clearance up to a peak ground acceleration of approxi-
mately 494 cm/s?. Although maximum displacement increased under larger input motions,
it did not reach the bearing seat length even at a peak ground acceleration of 1483 cm/s.
It should also be noted that the maximum drift angle obtained in this study was approxi-
mately 1/50, which lies within the applicability range of the bond stress—slip relationship
adopted in the analytical model.
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3.2.2. Residual Displacement

Residual displacement of the spillway pier is an indicator of the post-earthquake
operability of the spillway gate and of the serviceability of the spillway pier. In this study,
residual displacement is defined as the absolute value of the relative displacement, at the
end of the input ground motion (t = 25.0 s), between the base of the spillway pier at the
elevation of the crest of the overflow section and the top of the spillway pier.

According to the survey results for 32 actual spillway piers in Japan, the average one-
sided clearance between the spillway pier and the gate was approximately 7.4 mm from
the viewpoint of spillway-gate operability. In addition, from the viewpoint of spillway-
pier serviceability, and with reference to the Guidelines and Commentary for Seismic
Performance Verification of River Structures [19] and the Manual for Seismic Performance
Verification of Hydropower Facilities [20], one-hundredth of the spillway-pier height was
calculated for the 32 cases. The resulting values ranged from approximately 88 to 340 mm,
with an average of approximately 135 mm. In this study, 135 mm was adopted as a
representative reference value for discussing residual displacement. It should be noted that
this value is an average value obtained from the 32 surveyed cases and is not a universal
acceptance criterion.

Figure 16 shows the relationship between maximum displacement and residual dis-
placement at the top of the spillway pier for Cases 1 and 6, in which full adhesion was
assumed, and for Cases 2 and 7, in which bond-slip was considered. Because Cases 1 and 2,
and Cases 6 and 7, have the same amount of reinforcement within each pair, the effect
of bond condition can be directly compared for each pair. Comparison of Cases 1 and 2
indicates that, for the same maximum displacement, residual displacement was larger in
Case 2, where bond-slip was considered. In contrast, comparison of Cases 6 and 7 shows
that, for the same maximum displacement, residual displacement was smaller in Case 7,
where bond-slip was considered.
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Figure 16. Relationship between maximum displacement and residual displacement (comparison
between full adhesion and bond-slip).

https://doi.org/10.3390/infrastructures11070237


https://doi.org/10.3390/infrastructures11070237

Infrastructures 2026, 11, 237 17 of 27

Figure 17 shows the relationship between maximum displacement and residual dis-
placement for all cases in which bond—slip was considered. At the same rebar ratio, residual
displacement tended to increase with increasing bar diameter. Under the same bar-diameter
condition, residual displacement tended to increase as the rebar ratio decreased.
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Figure 17. Relationship between maximum displacement and residual displacement (comparison
among cases considering bond-slip).

These results indicate that residual displacement is correlated with maximum displace-
ment and that, when bond-slip is accounted for, residual displacement tends to increase
due to the apparent reduction in stiffness. On the other hand, under some conditions,
such as Cases 6 and 7, the response after bond degradation between rebars and concrete
exhibited larger displacement amplitudes under cyclic loading while maintaining relatively
high self-centering capability, resulting in smaller residual displacement.

Finally, comparison with the representative reference values derived from the 32
actual spillway piers indicates that, under the conditions considered in this study, residual
displacement generally remained within 7.4 mm up to a peak ground acceleration of
approximately 742 cm/s?. Although residual displacement increased under larger input
motions, it did not reach one-hundredth of spillway pier height (135 mm) even at a peak
ground acceleration of 1483 cm/s?.

3.2.3. Reinforcement Strain

In evaluating damage to the spillway pier, it is important to identify both the strain
distribution and the maximum strain of the longitudinal rebars associated with flexural
deformation. In the reversed cyclic incremental loading tests conducted by the authors [8]
on RC specimens simulating actual spillway piers, cracks were found to concentrate within
the plastic hinge region at the base of the low-rebar-ratio spillway pier, and the ultimate
state was reached through the fracture of the reinforcement. On this basis, the strain of the
longitudinal rebars is treated in this study as a damage indicator for the spillway pier. In
the previous cyclic loading tests conducted by the authors on RC specimens simulating
spillway piers with round rebars and low rebar ratios, no rebar fracture occurred within
the concrete, even when the rebar strain reached approximately 30,000 u [8]. In addition,
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the simulation of the same experiment conducted by Sugimoto et al. [21] showed that
the experimental behavior could be reproduced in the range where the rebar strain was
approximately 30,000 p or higher. Therefore, in this study, a rebar strain of 30,000 p, based
on experimental and simulation results, was used as a reference value for discussion. It
should be noted that this value was adopted only as an experimental reference value and
should not be interpreted as a universal strain limit.

Figure 18 shows the rebar strain distributions for Cases 1 and 6, in which full adhesion
was assumed, and for Cases 2 and 7, in which bond-slip was considered. Because Cases
1 and 2, and Cases 6 and 7, have the same amount of reinforcement within each pair, the
effect of bond condition can be directly compared for each pair.
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Figure 18. Rebar strain (comparison between full adhesion and bond-slip).

Rebar strain was extracted from the longitudinal rebars at the elevation of the crest of
the overflow section using the values at the end of the analyses (t = 25.0 s) for peak ground
accelerations of 494, 989, and 1483 cm/s2. Focusing on the effect of bond condition, rebar
strain concentrated at the base of the spillway pier in the full adhesion cases for all input
motions, whereas in the bond-slip cases, the maximum strain still occurred at the base, but
the strain distribution extended over a wider range in the longitudinal direction.

Figure 19 shows the rebar strain distributions for all cases in which bond-slip was
considered. Under the same rebar ratio condition, a larger bar diameter produced a
smaller maximum strain at the base and a wider strain distribution in the longitudinal
direction. This tendency is attributed to the fact that, for larger bar diameters, bond
degradation between the rebars and concrete occurs at a relatively low strain level, reducing
the likelihood of strain localization. It should be noted that, in all cases, even at a peak
ground acceleration of 1483 cm/s?, the strain at the anchorage end of the longitudinal
rebars (Z = 4000 mm) did not exceed the yield strain of 1180 y, indicating that no rebar
pullout occurred as a result of bond failure. The yield strain was calculated from the yield
strength ¢, and Young’s modulus E;.

Finally, with reference to the representative values for actual spillway piers, the rebar
strain at the base exceeded 30,000 i under a peak ground acceleration of 1483 cm/s? in
Cases 1 and 2, both with a rebar ratio of 0.04%. By contrast, in Case 5, which had the
same rebar ratio but a larger bar diameter, the rebar strain did not reach 30,000 p.. These
results indicate that both bar diameter and bond condition significantly influence the spatial
distribution and the maximum value of rebar strain.
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Figure 19. Rebar strain (comparison among cases considering bond-slip).

3.2.4. Tensile Damage Distribution

In seismic damage assessment of spillway piers, identifying tensile damage is impor-
tant. In particular, it is necessary to confirm whether diagonal cracks attributable to shear
develop. In this study, crack characteristics were evaluated to determine whether tensile
damage attributable to shear deformation had occurred.

Figure 20 shows the maximum principal strain distributions at the end of the input
motion (t = 25.0 s) for the peak ground acceleration of 494 cm/s? for Cases 1 and 6, in which
full adhesion was assumed, and for Cases 2 and 7, in which bond-slip was considered.
Because Cases 1 and 2, and Cases 6 and 7, have the same amount of reinforcement within
each pair, the effect of bond condition can be directly compared for each pair. Figure 21
shows the maximum principal strain distributions at the end of the input motion (t = 25.0 s)
for the peak ground acceleration of 989 cm/s? for all analysis cases. The figures provide an
easy way to understand the crack location and tensile damage level from the distribution
of the maximum principal strain.
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(a) (b) (c) (d)

Figure 20. Maximum principal strain distributions at a peak ground acceleration of 494 cm/s?
(t=25.00s). (a) Casel. (b) Case2. (c) Caseb. (d) Case?.
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Figure 21. Maximum principal strain distributions at a peak ground acceleration of 989 cm/s?
(t=25.00s). (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4. (e) Case 5. (f) Case 6. (g) Case 7. (h) Case 8.

With respect to the bond condition, no significant differences in tensile damage were
observed among the cases at a peak ground acceleration of 494 cm/s?. By contrast, at a
peak ground acceleration of 989 cm/s?, tensile damage near the base of the spillway pier
was slightly more extensive in Cases 2 and 7, in which bond-slip was considered, than in
Cases 1 and 6, in which full adhesion was assumed. Under the same rebar ratio, cases with
larger bar diameters exhibited more severe tensile damage near the base. In addition, under
the same bar-diameter condition, propagation of tensile damage tended to be suppressed
as the rebar ratio increased.

It should also be noted that, in all cases, no diagonal tensile damage attributable to
shear deformation was observed, and shear failure is therefore not considered to have
occurred. Furthermore, in the reversed cyclic incremental loading tests conducted by the
authors [8] on RC specimens simulating actual spillway piers, a single crack initiated
and penetrated through the base of the spillway pier, and the maximum strain of the
longitudinal rebars was concentrated at the base. The maximum principal strain distri-
butions and the locations of rebar strain obtained in this study are consistent with these
experimental observations.

3.2.5. Compression Damage Distribution

In the seismic damage assessment of the spillway pier, it is important to identify
not only tensile damage but also compressive damage in the base concrete. Previous
studies [22,23] have reported that compressive damage may develop at the base of RC
bridge piers with round rebars and of RC wall piers with low rebar ratios due to rocking
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during earthquakes. In this study, compressive damage was evaluated using the normalized
accumulated strain energy, W, (Equation (8)), proposed by Saito et al. [24]. In the equation,
Y0 ;j-de;; represents the sum of the products of the stress and strain increment components
and corresponds to the incremental work per unit volume. Therefore, its time-history
integration corresponds to the accumulated strain energy in the concrete during the seismic
response. W, is a normalized index of this accumulated strain energy with respect to the
compressive strength of concrete, and was used not as the compressive strain itself but as
an indicator of the accumulation of compressive damage under cyclic compression.
1 n

W= 23 (eydes) ®)
k=1

where W,, is the normalized accumulated strain energy, f is a reference quantity corre-
sponding to the maximum compressive stress, 71 is the number of calculation steps, 0;; is
the concrete stress tensor, and de;; is the strain increment tensor.

The threshold value of W,, was set at 1500 p in accordance with the Standard Specifica-
tions for Concrete Structures of JSCE [15]. This value was adopted as the threshold for the
normalized cumulative strain-energy index, W;,, and its numerical magnitude is compara-
ble to the strain corresponding to the peak compressive stress of concrete. However, W,
was not treated as a direct compressive strain limit but rather as an indicator of cumulative
concrete damage under cyclic compression.

D, - Jy Da-w(s)dV

[y w(s)dv ®)

where Dy is the averaged damage index, D is the localized damage index, s is the distance
from the element integration point, w (s) is the weight function, and V is the volume of the
averaging region.

Figure 22 shows the time histories of the compressive damage indicator W, and the
response displacement at the top of the spillway pier for Cases 1 and 6, in which full
adhesion was assumed, and for Cases 2 and 7, in which bond-slip was considered. Because
Cases 1 and 2, and Cases 6 and 7, have the same amount of reinforcement within each
pair, the effect of bond condition can be directly compared for each pair. In all cases,
W, accumulated as the earthquake progressed, even though it repeatedly increased and
decreased. This behavior is considered to result from the repeated opening and closing of
cracks at the base of the spillway pier under cyclic shaking in the dam-axis direction, which
alternately induced compressive strain increments in the positive and negative directions.
The time at which W, reached its maximum varied across cases and did not necessarily
coincide with the time of maximum displacement. This is considered to reflect differences
in energy-absorption capacity among the cases, leading to differences in the timing of the
rapid increase in compressive stress and strain increments in the nonlinear range after
maximum displacement had been reached.

Figure 23 shows the compressive damage distribution evaluated using the normalized
accumulated strain energy W, at the end of the input motion (t = 25.0 s) for the peak ground
acceleration of 989 cm/s? for all analysis cases. With respect to bond condition, Case 7, in
which bond-slip was considered, showed a wider compressive damage near the base of
the spillway pier than Case 6, in which full adhesion was assumed. Under the same rebar
ratio condition, the compressive damage tended to spread more widely around the base as
bar diameter increased. In addition, under the same bar-diameter condition, the extent of
the region in which compressive damage developed tended to decrease as the rebar ratio
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increased. These distribution characteristics are consistent with the results for maximum
displacement and tensile damage distribution presented in the preceding sections.
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Figure 22. Time histories of the normalized accumulated strain energy and the response displacement
at a peak ground acceleration of 989 cm /s2.
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Figure 23. Compressive damage distribution of W, at a peak ground acceleration of 989 cm/s?
(t=25.00s). (a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4. (e) Case 5. (f) Case 6. (g) Case 7. (h) Case 8.

4. Discussion
4.1. Applicability of the Beam Model Using Nonlinear M-¢ Relationship

Because of its relatively low computational cost and ease of model construction, the
beam model is a practical analytical approach for evaluating contact behavior between
spillway piers and spillway gates, as well as the response of the overall structural system,
including multiple spillway piers.

However, for spillway piers with round rebars and a low rebar ratio, the present results
confirmed that the damage-mode classification obtained from the beam model may differ
from that obtained from the 3D finite element analysis incorporating bond-slip behavior.
Unlike deformed bars, round rebars do not possess rib-induced mechanical interlock, and
bond stress tends to degrade after cracking. As a result, member behavior is likely to be
influenced not only by rebars yielding but also by bond-slip. In contrast, such effects
cannot be explicitly represented in the beam model. This limitation may have contributed
to the discrepancy in the predicted damage mode. In addition, the assumptions underlying
the design shear-strength equation and the allowable curvature may not necessarily be
consistent with the structural characteristics of spillway piers with round rebars and low
rebar ratios.

More specifically, the seismic loading acting on a spillway pier is mainly governed by
distributed inertial forces associated with the self-weight of the pier, and the contribution of
higher modes cannot be neglected in addition to the first vibration mode, in which the pier
crest vibrates significantly. The shear-strength equation for RC members is considered to
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have been developed primarily for beam and column members subjected to concentrated
loading; therefore, appropriate evaluation of shear span is required when it is applied
to members subjected to distributed loading. Moreover, this equation is formulated to
promote flexural failure as the primary mode of failure and, in practical applications to RC
members with a small shear span-to-depth ratio, such as spillway piers, corrections based
on experimental evidence are sometimes introduced. In this study, the same shear-strength
equation was used for both the beam model and the 3D finite element analysis to ensure
consistent evaluation conditions for comparison; however, this assumption may have
affected the resulting damage-mode classification. Furthermore, allowable curvature is
generally calculated based on the force equilibrium between concrete compression and
tension in the longitudinal rebars, whereas, for existing structures, it is often governed
by the concrete’s ultimate strain. In RC structures with a low rebar ratio, the tensile
resistance provided by the rebars is limited, and the allowable curvature, therefore, tends
to be estimated as relatively large. In the case of round rebars, bond-slip also alters the
stress distribution within the rebars, potentially leading to discrepancies from the actual
nonlinear behavior.

Accordingly, although the beam model is effective for understanding global structural
behavior and for initial screening, it has limitations when applied to detailed evaluation of
local damage modes and nonlinear behavior for each member in spillway piers with round
rebars and low rebar ratios.

4.2. Applicability of the 3D Finite Element Analysis Incorporating Bond—Slip Behavior

The 3D finite element analysis incorporating the bond-slip characteristics of round re-
bars is an analytical approach that can directly represent bond deterioration and bond-stress
softening specific to round rebars. Compared with deformed bars, round rebars do not
exhibit mechanical interlock, and stress transfer between rebars and concrete changes after
cracking. As a result, member behavior is more susceptible to bond-slip effects. For spill-
way piers constructed with round rebars and low rebar ratios, as considered in this study,
these nonlinear characteristics may have a non-negligible influence on seismic response.
The use of a 3D finite element analysis, therefore, enables a more realistic assessment of
damage by explicitly accounting for the bond behavior specific to round rebars.

The results of the IDA demonstrated that the 3D finite element analysis incorporating
the bond-slip behavior of round rebars can capture the seismic behavior of spillway piers
with round rebars and low rebar ratios through multiple response indicators, including
maximum displacement, residual displacement, rebar strain, tensile damage distribution,
and compression damage distribution. In particular, a major advantage of the 3D finite
element analysis is that it allows the effects of bar diameter and rebar ratio on deformation
response and damage distribution to be quantified systematically. It is noted that the
previous experimental study [8] was based on static cyclic loading tests; therefore, direct
quantitative comparison with the dynamic IDA results obtained in the present study is
limited. Further validation of the 3D finite element model using dynamic cyclic loading
tests or field observation records of actual spillway piers during earthquakes is desirable.

At the same time, the 3D finite element analysis requires substantial modeling effort
and computational cost, and its routine application to all seismic performance evaluations
is not necessarily practical. The present results indicate that, for relatively small input
ground motions, differences in the maximum and residual displacements between analyses
with bond-slip and full adhesion are not always large. This suggests that 3D finite element
analysis should be applied selectively in practice, particularly when beam model results
raise uncertainty about damage-mode classification or when the influence of bond-slip
behavior in round rebars is expected to become significant. In addition, the analysis cases
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in this study do not fully cover all combinations of bar diameter, rebar ratio, and bond
condition; the observed trends should be interpreted within the scope of the selected
case matrix.

4.3. Practical Use of Different Analytical Models in the Seismic Assessment of Existing
Spillway Piers

Based on the results and discussion above, it is practical in the seismic assessment of
existing spillway piers with round rebars and low rebar ratios to select analytical models
not only according to the evaluation objective but also to consider whether bond-slip
behavior specific to round rebars may affect the response.

When evaluating contact behavior between the spillway pier and the spillway gate,
as well as the global response of the system, the beam model is advantageous because
of its high computational efficiency and its ability to capture overall response trends
and sensitivity to earthquake intensity. By contrast, when the beam model results leave
uncertainty in damage-mode classification, or when the bond-slip characteristics of round
rebars are expected to influence the response, it is effective to employ a 3D finite element
analysis that can appropriately represent both the structural geometry and the bond-slip
behavior of round rebars. Such a model enables a more detailed assessment of the damage
mode of the spillway pier, its deformation capacity, and its post-earthquake serviceability.

In other words, a staged analytical strategy in which the beam model is used to un-
derstand global system behavior and for initial assessment, while the 3D finite element
analysis is used for local damage evaluation and detailed investigation of bond-slip be-
havior in spillway piers with round rebars and low rebar ratios, can be regarded as a
practical and effective approach to the seismic assessment of existing spillway piers. The
findings of this study provide a basis for selecting nonlinear analytical models that account
for the nonlinear behavior specific to existing spillway piers with round rebars, and they
offer useful implications for the safety assessment of infrastructure structures in which
post-earthquake functional retention is of primary importance. Regarding future work,
this study has several limitations. The IDA was performed using a single recorded ground
motion scaled to multiple intensity levels. Therefore, record-to-record variability in ground
motions was not considered. In addition, hydrodynamic pressure during earthquakes was
simplified as an added mass acting in the dam-axis direction. Furthermore, the analyses
were conducted for a single prototype spillway pier with a specific geometry, boundary
conditions, and reinforcement layout. Although the analysis cases were selected based on
survey results for existing spillway piers in Japan, the applicability of the observed trends
to other spillway piers with different reinforcement layouts, dam geometries, boundary
conditions, reservoir conditions, and seismic environments should be further examined.

5. Conclusions

In this study, nonlinear IDA was performed on an actual spillway pier with round
rebars and a low rebar ratio, using both a beam model and a 3D finite element analysis
that accounted for bond-slip behavior. The effects of differences in modeling approach,
as well as of explicitly considering the bond characteristics of round rebars, on seismic
response and damage-mode evaluation were investigated. In addition, parametric analyses
using 3D finite element analysis, with bar diameter, rebar ratio, and bond condition as
variables, were conducted to quantitatively characterize the seismic behavior of existing
spillway piers with round rebars and low rebar ratios. The principal findings of this study
are summarized as follows:

1. For spillway piers with round rebars and low rebar ratios, the damage-mode classifi-
cation obtained from the beam model may differ from that obtained from the 3D finite
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element analysis. This indicates that the beam model has limitations when used to
evaluate the flexural and shear behavior of the spillway pier.

2. By employing a 3D finite element analysis capable of representing the bond-slip
behavior of round rebars, the effects of bar diameter, rebar ratio, and earthquake
intensity on maximum displacement, residual displacement, rebar strain, tensile
damage distribution, and compression damage distribution could be quantitatively
evaluated while reflecting the nonlinear characteristics specific to round rebars.

3. Consideration of the bond-slip characteristics of round rebars led to differences in
seismic response and damage indicators compared with the case of full adhesion,
with these effects becoming more pronounced for larger bar diameters and lower
rebar ratios. In other words, under conditions involving round rebars and low rebar
ratios, bond-slip may significantly influence seismic response. At the same time, it
was also confirmed that, depending on the level of input ground motion and the
combination of structural parameters, there are ranges in which the influence of
bond-slip remains limited.

4. Based on these findings, it is practical in the seismic assessment of existing spillway
piers with round rebars and low rebar ratios to select analytical models not only
according to the evaluation objective but also with consideration of whether bond—
slip behavior specific to round rebars may affect the response and damage mode. A
3D finite element analysis capable of representing the bond-slip characteristics of
round rebars is desirable for detailed evaluation of the damage mode and deformation
capacity of the spillway pier. Moreover, to better understand the overall system
behavior and for initial-stage screening, a staged analytical strategy in which a beam
model and more detailed models are used at different stages is likely to be effective in
engineering practice. It should be noted that further validation is needed to assess the
applicability of the proposed approach to spillway piers with reinforcement layouts,
dam geometries, and boundary conditions other than those considered in the analysis
cases of this study.
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