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The structural performance concept of the bridge in Japan considers two levels of seismic perfor-
mance which realizes elastic behavior under common earthquake then prevents the structure collapse
and limits the structure damage under severe earthquake. Also, the behavior and the parameter of rein-
forced concrete (RC) column accompanied with friction device were determined successfully based on
the experiment and numerical analysis. On the other hand, the problem of medium span bridge bearing
support in the regions where to have extreme temperatures fluctuation is deterioration. It is triggered by
the superstructure suppression which sustains thermal expansion, creeps, and shrinkages phenomena.
This study proposes the structural system of integrated bridge pier with triple RC column accompanied
by friction damper plus gap which substitutes the conventional bridge pier structural system. Numerical
analysis is performed for this system with fiber element model. It shows that the proposed structure has
an excellent performance not only under small deformation to allocate thermal expansion of the super-
structure but also under seismic load. The structural simulations with different limit state of column
location and the different yield strength of reinforcing steel configuration are conducted to get better
structural cost-performance option.
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INTRODUCTION

large cantilever panel structure connected with lim-

The seismic design concept of the bridge in Japan
is that the structure must be secure in seismic per-
formance. The structure is intended to localize the
damage limit and prevent collapse at large earth-
quake loads. During the service period, small earth-
quakes are likely to occur so that the structure must
be able to behave elastically. At the lifetime design,
large earthquakes are unusually to occur, structures
are permitted to have plastic behavior, but structural
damage is limited®.

The previous researcher below proposed some
kinds of passive energy dissipated for seismic con-
trol of structure which implement friction device. A

ited slip bolt joints for seismic control of building
was developed by Pall'®. Also, the concept of the
friction damped braced frame of steel structure was
proposed by Pall and Marsh'®. Mualla and Belev®
Mualla and Belev [11] developed rotated friction
damping device (FDD) with a V-bracing shape for
seismic control of steel structure.

The experiments of high seismic performance
column under cyclic loading have been performed
by Nakamura et al. ). This structure consists of
three parts of thin concrete columns linked to fric-
tion devices with prestressed bolts shown in Fig. 1]
Based on the experimental results, this structure has
a considerable deformation capacity elasticity with
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high energy dissipation. The elastic deformation ca-
pacity of the structure is about 2.0% of drift ratio.
Also, it has a fairly constant resistance up to a 10%
of drift ratio®, According to FEMA 356'21), in the
performance of Immediate Occupancy, the limita-
tion of the main reinforced concrete column struc-
ture is small hairline cracks, the possibility of lim-
ited plasticization in some locations and no damage
to the 1.0% drift ratio under temporary conditions
and no permanent drift . This structure type is ex-
pected to correspond to important or dangerous fa-
cility categories that achieve Immediate Occupancy
performance under severe earthquakes with small
probability of occurrence.

The reinforced concrete column accompanied by
this friction damper has high potential to be imple-
mented on the bridge pier structure. With elastic
deformation capacity and sufficient energy dissipa-
tion, this structure is capable of behaving elastically
at Level 2 of seismic design based on JRA stan-
dard®.

On the other hand, there is a problem with the sup-
port of bridge structures with short to medium spans
in Japan i.e. deterioration occurs before the seis-
mic load design works on the structure, as shown
in Fig. 2a] This is triggered by the longitudinal
displacement load caused by the expansion of the
upper structure bridge due to the phenomenon of
thermal expansion, crawl, and shrinkage.

The objective of this research is to develop modi-
fied reinforced concrete columns accompanied by
frictional damper. This structural system is ex-
pected to replace conventional bridge pier consist-
ing of column and bearing support. The expectation

is that this structure can be implemented for future
generation of the short-medium span bridges by re-
moving bearing support, as shown in Fig. The
friction damper plus gap (FDG) is expected to re-
alize high flexibility in small deformations. When
the seismic load design occurs, the friction damper
works to absorb the vibrational energy under the
condition of the structure still below its limit state
of performance target. The application of reinforc-
ing steel materials and the location of different limit
states is expected to consider regarding cost and
structural performance relationship. The expected
performance target is the structure behaving elasti-
cally (called Performance I) under sever earthquake
excitation (called Level 2). Numerical analysis with
nonlinear static and dynamic is performed to sim-
ulate this proposed structure by implementing the
fiber-frame elements model.

2. RC COLUMN ACCOMPANIED BY
FRICTION DAMPER PLUS GAP

(1) Friction damper

Pall et al., Mualla and Belev® and Moralez
et al. 1D implement the elastoplastic idealization of
friction damper in the numerical analysis based on
experimental results. The friction device follows
the Coulomb rule of with dry friction law, the fric-
tional force in both conditions of sticky and slip is
assumed to be constant. The friction coefficient (u)
is the friction force ratio (F),,,) with normal force
(N) which can be determined as:
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Fig. 1 The experiment of RC column accompanied by friction damper™®
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Mualla and Belev® have conducted experiments
and numerical analysis of steel portal structures
with friction damper devices (FDD) containing fric-
tion material (free friction asbestos material plus
high-performance steel materials). The cyclic load
test is 400 cycles; the result is almost no damage to
FDD.
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Fig. 3 (a) The conventional bridge pier and (b) the proposed bridge pier accompanied by FDG.

Nakamura et al.’® conducted a friction device
testing experiment consisting of SS400 steel type
friction material paired with SUS304 steel type ma-
terial. The experiment results show that along with
the increase in the slip the coefficient value of fric-
tion increases close to linear, starting from about 0.2
at the beginning of slip occurs reaching about 0.5 at



Table 1 The variable of structural parameters.

Str. Name Scenario  Gap (mm) gigl;;)rcmg steel yield stregth igid lim.
Middle Column Side Column
(MC) (86

Strl 1 0.00 345 345 MC
Str2 1 10.00 345 345 MC
Str3 1 20.00 345 345 MC
Str4 1 30.00 345 345 MC
Str5 1 w/oFD |345 345 MC
Str6 1 Rigid FD | 345 345 MC
Str7 2 0.00 685 345 MC
Str8 2 10.00 685 345 MC
Str9 2 20.00 685 345 MC
Str10 2 30.00 685 345 MC
Strll 2 w/oFD | 685 345 MC
Str12 2 Rigid FD | 685 345 MC
Strl3 3 0.00 685 685 MC
Str14 3 10.00 685 685 MC
Strl5 3 20.00 685 685 MC
Str16 3 30.00 685 685 MC
Strl7 3 w/oFD | 685 685 MC
Str18 3 Rigid FD | 685 685 MC
Str19 4 0.00 685 685 SC
Str20 4 10.00 685 685 SC
Str21 4 20.00 685 685 SC
Str22 4 30.00 685 685 SC
Str23 4 w/oFD | 685 685 SC
Str24 4 Rigid FD | 685 685 SC
Str25 - Conv. RC | 345 - -
Str26 - Conv. RC | 685 - -

Table 2 The variable of the FDG confinement force.

Variable Maximum con-

no. finement  force
(KN)

1 0

2to4l 4200-12000 incr.
200

42 very large

Table 3 The reinforcing steel parameter input.

f,(MPa) E(MPa) b

Ry cri CR2

345 200000 0.02 19.5 0.925 0.5
685 200000 0.02 19.5 0.925 0.5

the end of loading.

(2) The structural concept of RC pier accom-
panied by FDG

The principle of the column accompanied by the

FDG is that the structure still behaves elastically in

small deformation conditions due to an expansion

of the bridge structure as well as to large deforma-
tions due to seismic loads with sufficient energy dis-
sipation. To achieve a large elastic deformation ca-
pacity, the column structure is composed of three
thin columns. The friction device unifies each com-
ponent of the column through the bolts prestressed
in the lateral direction. The energy of dissipation
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Fig. 4 The mechanism of RC columns accompanied by friction damper; (a) without gap and (b) with gap.
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Fig. 5 The component of proposed FDG; (a) side view and (b) top view.

is produced by the slip deformation of the friction
device due to the lateral deformation of the struc-
turell®,

The structure friction damper without the gap has
four stages of stiffness. When small lateral loads
(P) work to the top of the column, minor lateral
deformations occur, slippage has not occurred in
the friction damper. At this stage, the stiffness of
the column is the stiffness of the monolith (K,).
On the other hand, the larger lateral force (P) in-
duces greater deformation of the column; the slip
occurs in some portion of the friction damper, the
column stiffness decreases to the transition stiffness
(K;). Increased column lateral deformation will in-
duce all friction damper to slip so that separate stiff-
ness (Kj;) is formed. Separate stiffness is expected
to occur in elastic fixed structural conditions before
longitudinal steel reinforcements are yielding. Af-
ter the yielding of the longitudinal steel reinforce-
ment, the stiffness continues to experience plastic
stiffness (K,). The illustration of the stiffness stage
of the structure is shown in Fig. [#a] When compar-
ing the four different structural systems as shown in

Fig. [6b] the column structure behaves in a mono-
lithic manner having greater stiffness and strength
than the separate parts, whereas the part that the
group structure of the columns behaves separately
has a greater elastic deformation capacity.

The columns accompanied by FDG have the same
initial stiffness as the group of columns behaving
separately, while the ultimate strength approaches
the monolithic group of columns behaving. The
elastic deformation capacity looks like a structure
that has separate stiffness as shown in Fig. [@b]and
Fig. [6b]

(3) The characteristic of friction damper plus
gap

To accommodate slipping and bearing action at
the gap margin, FDG is composed of a slip surface
connected to a base plate with a slit retaining and
steel plate with PFTE surface. To produce friction
of the friction surface connected by a top plate with
a SUS304 steel type paired with a steel plate with
SS400, the illustration can be seen in Fig. 5] In the
numerical model, the FDG is expected to have me-
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Fig. 6 (a) The material idealization of FDG in the numerical model and (b) the comparison of structural behavior in the global
response.
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chanical behavior with a combination of series of
Elastic Perfect Plastic Gap (EPPGap) and bilinear
(Steel01) material models as shown in Fig. [6a]

(4) The proposed bridge pier structure with
FDG

A gap in the FDG causes the group of columns to
deform in a separate behavior over the length of the
gap so that the initial stiffness is equal to the stiff-
ness of the separate-section columns. When the de-
formation of the structure has exceeded the length
of the gap, the structure will behave as a monolith
part, the illustration of the mechanism can be seen
in Fig. 4b]

The seismic performance target of this structure
is the seismic response of the structure still below
its limit state at Level 2 of earthquake. The limit
state on this proposed structure is to embody struc-
tures that behave closely to the elastic state char-
acterized by a sufficiently large post-yield stiffness.
This determination is aimed at preventing residual
deformation and structural damage during and after
the earthquake as an effort to reduce consumption
of recovery and restoration times.

There are four limiting scenarios as shown in Ta-

Period (s)

(b)
Fig. 7 The response spectra of Level 2 Type II seismic design'®; (a) Type I and (b) Type IL

ble [ which the reinforcing steel grade in the mid-
dle and side columns is made in different structural
configurations. Strict state limits (full elastic condi-
tions) are proposed by the elastic restriction on the
edge column. While the loser (semi-elastic) limit
state is proposed by elastic limits in the middle of
the column section, which means that reinforcing
steel in the side part of column occur yield, but the
middle column has not yielded. The purpose of
using structural configurations with different rein-
forced steel material grades (SD345 and USD685)
is to provide a choice of structural material require-
ments that are consequently cost-effective to the
seismic performance of the structure.

3. METHODOLOGY

In this study, there are four scenarios of the pro-
posed numerical model structure with each of the
six variations to determine the behavior and perfor-
mance of the structure. This scenario is a combina-
tion of the application of steel material quality and
the location of the state limit review of the structure
as shown in Table[dl
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Fig. 8 The structural idealization in the numerical model and (b) the confinement force distribution and the dissipated energy
calculation method of the structure.
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Fig. 10 The dissipated energy influenced by the gap length.

(1) The structural
methods

The structural behavior that needs to be observed
and investigated is the structural rigidity at the small
deformation (accommodating the deformation of
upper structural expansion), the deformation limit
capacity, and also the quantity of energy dissipation
of the structure. Static pushover analysis in each
gap length variation (10 mm, 20 mm, and 30 mm)
was performed including structural stiffness obser-
vation and comparison without the use of a gap (0

behavior investigation

mm of gap).The effectiveness of gaps implementa-
tion in reducing the initial stiffness of the structure
can be evaluated.

Structures that have large deformation limit ca-
pacities are expected structures because in addition
to the resulting energy dissipation capacity will be
larger; such structures will have behavior that is
closer to the elastic conditions in large earthquake
excitations. The dissipated energy is also an im-
portant parameter of structural behavior because it
involves the significance of structures in dampen-



ing seismic excitation. The existence of the gap
will certainly reduce the energy dissipation, then the
determination of the length should pay attention to
the impact of energy dissipation reduction. In this
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study, the ratio of the gap length effect to the dissi-
pated energy generated by the structure is also car-
ried out.
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(2) The structural performance investigation
methods

To examine structural performance, the structure
is simulated by full-scale numerical analysis. This
study refers to the reference design of Iemura, Taka-
hashi, and Sagobe® i.e. conventional reinforced
concrete structures designed under JRA code® ap-
plied as a benchmark of the proposed structure. The
bridge pier has a height of 9.6 m, supporting 507
tons of structural mass over the bridge with a duc-
tility value of 5. The column has a 2.4x2,4 m2
section with longitudinal reinforcement of 1.20%
of the concrete cross section (72D35, 345 MPa)
and it is assumed that the concrete has a compres-
sive strength of 37 MPa. The transversal reinforc-
ing steel consist of 4D19 with a distance of 150
mm. The conventional RC pier is simulated to make
structural performance comparisons. There are two
types of conventional structures, developing refer-
ence” structures varied again with different steel re-
inforcing classes, namely SD345 and USD68S5.

The performance of the proposed structure was
compared with conventional reinforced concrete
pillars which were modified to 10.0 m in height
by 1.40%, 1.51%, and 1.62% of the reinforcement
range with 0 mm, 10 mm, 20 mm, and 30 mm in
42 variations of friction damper confinement force
are shown in Table [Tl The reinforced concrete col-
umn section with FDG is designed with a total area
of 116% of the conventional pillar with a 33%-
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50%-33% configuration as shown in Fig. 3] The
structural configuration is determined with an area
greater than 100% of the structure in reference”
because in theory, its strength is smaller than the
monolith column structure illustrated as in Fig. [6b]

In this study, structural parameters that are esti-
mated to have significant influence include the force
of restriction on the friction device, the area needs
longitudinal steel reinforcement and the length of
the gap. The structure is assumed to be capable of
accommodating deformation due to thermal expan-
sion up to 20 mm (bridge span 40 m, Ar = 40 ° C,
o =1.2e-5m/m° C). In this case, the confinement
distribution pattern is implemented along the height
of the pier as shown in Fig. 8b] The behavior of
the largest energy dissipation structure and capacity
in the FDG confinement force variable was selected
and verified its seismic performance.

Nonlinear analysis includes static pushover and
dynamic time history performed to observe the
structural behavior in each deformation limit and
maximum large structural response (called Level 2).
Verification of seismic performance of the structure
is conducted by applying a Level 2 earthquake ex-
citation with Type I and Type II, each of which con-
sists of three different excitation types of ground.
Response spectra of the earthquake excitation in-
puts are respectively presented in Fig. [7] Also,
the residual deformations of the structure after the
earthquake excitation are examined to confirm the
recentering capability.
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Fig. 12 The SPD hysteresis curves of; (a) Str19 and (b) Str21.
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Fig. 13 The skeleton curve under static pushover analysis; (a) Scenariol, (b) Scenario2, (c) Scenario3, (d) Scenario4, (e) structure
without gap, and (f) structure with 20 mm gap.

4. NUMERICAL ANALYSIS

(1) Structural idealizations

The reinforced concrete columns coupled with
FDG to be idealized as frame elements in a two-
dimensional model with three degrees of freedom.
The right type of element needs to be considered

10

based on the specimen mounting conditions. The
upper end of the center column is idealized as an
elastic element to simulate the support of the load-
ing point which should have elastic behavior with
the provision of a steel jacket structure system. For
dynamic analysis, centralized one-point mass ideal-
ization is expected to achieve the ease of numerical



convergence. The upper structure masses of bridges
and piers are placed at 10.0 m height.

The implementation of Force-based Beam-
column element with a fiber cross section applied to
the main column element®21201318) = The number
of sufficient integration points of the frame element
and the number of fibers in the column cross section
should be determined to obtain a convergent and
accurate result. The concrete materials and steel
materials used for the reinforced concrete column
columns are respectively Concrete02 and Steel02
with the properties as shown in Table [3] The ide-
alization of the structure model is illustrated as in
Fig. [8a

The friction device is idealized as a Two-node link
element that is coupled in series with Steel01 and
EPPGap material in a high alignment direction of
the piers and the elastic material is applied in the di-
rection of the column perpendicular high as the em-
bodiment of the PC bar behavior. The FDG mate-
rial parameters will be discussed in the sub-section
of the FDG material parameters below.

(2) Steel and concrete material parameters

The reinforcing steel materials modeling ap-
plies Steel02 based on Giuffre-Menegotto-Pinto
theory®. The reinforcing steel material input pa-
rameters include; fy is the power of melting, E is
the modulus of elasticity, b is the hardening ratio
and the parameters for controlling the transition be-
tween the elastic branches to the plastic branches
are Ry, cg; and cgy. The reinforced steel material
parameters are selected following the recommenda-
tions of reference as shown in Table[2l While the
column elemental concrete material is modeled as
a Concrete02 material based on the reference” to a
material constituted by reference®. In this study,
concrete quality is assumed to be C30 (fc ’= 30
MPa).

(3) Friction damper plus gap parameters

The friction material is idealized as a bilinear ma-
terial model, the elastic condition describing the
sticky state, whereas the post-yielding state indi-
cates that the slip state has occurred. Friction
damper materials are idealized as SteelO1 material
that can behave isotropic and kinematic hardening
based on Fedeas!. In this study, the behavior of
cyclic hardening of FDG materials was idealized as
kinematic hardening.

The value of the friction coefficient is assumed to
be 0.5 with the hardening ratio close to zero and the
slip deformation is 0.025 mm. Friction device pa-
rameters were achieved as a result of some numer-

11

ical analysis experiments from previous studies!.
Based on several pilot analyzes, the friction coef-
ficient and slip deformation are the most important
parameters that play an important role in the for-
mation of hysteretic curves and the distribution of
curvatures along the column heights1®.

The frictional component of FDG resulting from
a combination of Elastic Perfect Plastic Gap (EPP-
Gap) material series and Steel01 material as in Fig.
[6al EPPGap material works to simulate slip ac-
tion across the gap. At the end position of the gap
length, the stiffness and the strength of the EPP-
Gap material are defined sharply greater than the
steel material parameters (Steel01) on the friction
device to reflect the slip deformation determined by
the dominant friction surface.

(4) Numerical analysis scenarios

The numerical analysis consists of three stages:
static cyclic analysis, static pushover analysis and
dynamic analysis with earthquake excitation. The
static cyclic analysis is implemented to investigate
structural behavior including force and deforma-
tion relationships as well as the energy capacity of
dissipation on structural deformation limit. Static
pushover analysis to determine the shape of the
skeleton curve to the ultimate structural deforma-
tion condition. While the dynamic analysis to find
out the structure response and to verify the perfor-
mance of the structure under Level 2 of the seismic
design.

In the cyclic loading analysis, there are two stages
of the loading pattern, the first is the equivalent
gravitational load in the form of a constant nodal
load pattern and the second is a cyclic load in the
form of a linearly displaced load on the node. A
cyclic load investigating the boundary of the elastic
state and calculating the energy of dissipation is as-
sumed to be a moving load of 3 steps to the center
of the mass of the structure at a height of 10.0 m
as shown in Fig. [8b] Equivalent gravity loads ap-
ply load control integrators to Newton’s algorithm,
whereas cyclic load implements integrator displace-
ment control with the Newton algorithm”. Equiv-
alent gravity loads to be applied directly without
increment, otherwise, the dynamic excitation load
implements a time interval of 0.001 s.

To examine the recentering capability of the struc-
ture, the residual deformations after earthquake are
recorded in the state before and after the confine-
ment force of FDG to be released. The deforma-
tion of the structure after the earthquake loading
time history is also recorded for 5 seconds. During



Table 4 The stiffness comparison at the small deformation.

Disp. (mm) The structural stiffness with the gap length | The structural stiffness ratio with
(K.r, KN/m) the gap length (ratio K. f)
0 mm 10 mm 20 mm 30 mm Omm 10mm 20mm 30 mm
0.10 434083.47 45254.56 45254.56 45254.56 |1.00 0.10 0.10 0.10
10.00 147214.38 38426.31 35829.41 35829.41 |1.00 0.26 0.24 0.24
20.00 110595.51 69624.47 28570.04 28387.38 |1.00 0.63 0.26 0.26
30.00 90735.87 76979.29 51619.02 25611.03 |1.00 0.85 0.57 0.28
Table S The seismic performance of the structures.
Str. | Max. | Total Percentage dis- Equal |Deformation response of | Residual deformation
Name | conf. |dissipated sipated energy damp- |earthquake
force |energy of FDG ing
(KN)
Max. Ratio Eq. no. |Before After Eq. no.
realeased realeased
Strl | 7400 |332.73 0.96 0.21 107.87 148 1I-I-1 10.68 9.21 II-1-1
Str2 [ 6000 |232.79 0.98 0.17 156.49 2.15 II-1II-1 | 19.50 15.75 II-1I1-1
Str3 6000 |171.11 0.97 0.12 172.69 237 1I-1I-1 | 27.65 24.23 1I-11I-1
Str4 5600 |117.30 0.96 0.09 208.52 2.87 II-I-1 18.90 18.92 II-I-1
S5 |0 2.27 0.00 0.00 260.59 393 [I-I-1 2224 22.21 I-1I-1
Stré6 |~ 9.13 0.00 0.01 6453 1.89 II-II-1 |6.13 6.99 II-I-1
Str7 10400 875.33 0.65 0.22 99.46 0.76 1I-I-1 8.49 6.16 II-I-1
Str8 [ 10200 760.85 0.65 0.19 12898 098 II-I-1 7.74 5.09 I-1I-1
Str9 | 8800 |709.36 0.83 0.18 141.59 1.05 1I-1II-1 |7.00 3.18 I-1I-1
Str10 | 8600 |626.11 0.84 0.16 162.05 1.20 I-II-1 7.58 7.09 I-1I-1
Strll |0 16.79 0.00 0.01 15194 123 [I-I-1 1.20 1.26 I-I-1
Strl2 |~ 7.29 0.00 0.01 68.78  2.10 II-I-1 2.49 5.33 II-1-1
Str13 | 13800 1220.04 0.97 0.22 8552 0.61 II-I-1 6.33 4.02 II-1-1
Str14 | 13000|1048.47  0.97 0.20 12097 0.85 1I-I-1 5.22 541 II-1I-1
Str15 | 12000 918.56 0.97 0.18 123.44 0.86 II-1II-1 |4.23 3.04 II-1I1-1
Str16 | 11800 809.41 0.97 0.16 148.65 1.03 [I-II-1 4.73 3.22 I-1I-1
Str17 |0 10.65 0.00 0.01 285.68 2.18 [I-III-1 |30.67 30.97 II-I-1
Str18 |~ 13.69 0.00 0.01 71.74 133 1II-I-1 1.13 1.65 II-I-1
Str19 | 10200| 1086.84  0.98 0.23 98.31 0.69 II-I-1 4.62 2.69 II-I-1
Str20 | 10200 955.50 0.98 0.20 126.76  0.89 1I-I-1 5.58 4.44 II-11-1
Str21 | 10200 | 849.94 0.98 0.18 131.12 092 1II-III-1 |5.56 4.12 I-1I-1
Str22 | 10200 755.77 0.97 0.16 153.82 1.08 I-I-1 6.57 4.16 I-1I-1
Str23 |0 10.65 0.00 0.01 285.68 2.18 [I-II-1 |30.67 30.97 II-I-1
Str24 | ~ 13.69 0.00 0.01 71.74 133 1I-I-1 1.13 1.65 II-1-1
Str25 |- - - - 129.13 3.85 1II-I-1 15.01 - II-111-1
Str26 |- - - - 128.36 2.14 1I-I-1 11.41 - I-1I-1

the recording of that time, the average deformation
of the structure is calculated. There are two types
of post-earthquake structural deformation records
namely; the FDG condition still merges with struc-
ture, and the FDG state has been removed from the
structure (confinement force released after earth-
quake event). The recording of the two deformation

records is performed respectively at (T, to Tey+5)
and (T,,+15 to T,4+20) when at the time (T,,+15),
the FDG is released under free vibration. The ob-
jective of deformation observation with two differ-
ent scenarios is to know the residual deformation
and the ability of recentering the structure after the
earthquake.
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Fig. 14 The maximum displacement response of the structure under seismic load level 2; (a) Str3, (b) Str9, (c) Strl5, (d) Str21,
(e) Str25, and (f) Str26.

S. RESULTS

(1) Structural behavior

The stiffness ratio of the proposed structure with
no gaps is shown in Table[d] The proposed structure
has small initial stiffness and large elastic deforma-
tion limit capacity, thus having the ability to accom-
modate thermal deformation. The structure that im-
plements a 20 mm gap has a stiffness of 0.26 times
than in a gapless of FDG. The hysteritical curve of
the friction damper without a gap compared to the
others applying the 20 mm of gap is shown in each
of Fig. [12]

At the deformation limit, structures with FDG are
capable of generating significant dissipation energy.
While the column group structure with no friction
device and with rigid friction device equally pro-
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duce the dissipated energy close to zero as in Fig.
[M1] The dissipated energy quantity of each struc-
tural variation is presented in Table [5| The maxi-
mum of dissipated energy occurs in each steel re-
inforcement ratio and the same gap length group
at certain fractional values of the friction damper.
Appropriate FDG confinement force values must be
determined to achieve optimal dissipated energy ca-
pacity. The dissipated energy optimization in the
variation of FDG confinement force and the number
of cross-section bars shown in Fig. [0] the greater
the proportion of reinforced steel cross-section the
greater the energy dissipation produced. While the
relation of the gap length to the dissipated energy
is shown in Fig. [I0] Based on Fig. [10] the longer
the gap is applied, the smaller the dissipation en-
ergy will be achieved. The structural variation num-
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Fig. 15 The maximum residual displacement response of the structure under seismic load level 2; (a) Str3, (b) Str9, (c) Str15, (d)
Str21, (e) Str25, and (f) Str26.

ber 19 configured with 1.62% reinforcing steel and
10200 KN strength force that has the largest dissi-
pated energy capacity in the scenario is chosen for
the structural performance examination. The ratio
of the equivalent damping ratio (eq) of it is 23%,
as shown in Table[5] The proposed structure which
implements the 20 mm gap target achieves a damp-
ing ratio of 18%.

Structure with scenario 1 has a deformation limit
capacity (in drift ratio) of 0.7%, structure with sce-
nario 2 of 1.3%, and structures with scenarios 3 and
4 have a deformation capacity limit of 1.4% of drift
ratio. The use of high-grade material (USD685)
of reinforcement in the middle column can sig-
nificantly increase the deformation limit capacity.
While the use of this in the middle and edge of the
column is almost the same as its use in the mid-
dle column only. The use of high-grade steel mate-
rials also significantly increases structural strength
both in the occurrence of FDG post-slip and at de-
formation limit. This reason will be explain in the
next paragraph below. The structural behavior in
the entity of deformation limit capacity and struc-
tural strength can be observed in Fig. [T1]

The use of reinforcement with high-strength steel
(USD685) material will increase the dissipated en-
ergy. This is due to increased deformation limit
capacity is as well as increased structural strength.
The implementation of high-grade reinforcing steel
in the middle column and ordinary-grade rein-
forcing steel in the side column with is signif-
icant enough to achieve large dissipated energy.
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Although the dissipated energy of this structure
(Scnr2) is slightly smaller than that implements all
reinforcing bars using high-grade steel (Scnr3 and
Scnr4), it makes prosper in terms of the construc-
tion cost. While the damping ratio of the structures
with Scnr2, Scntr3, dan Scnr4 are similar; this state-
ment is supported by the data in Table [5| and Fig.
i

The determination of deformation limit based on
yielding stress of reinforcing steel in different col-
umn positions will result in nearly equal deforma-
tion capacity but different strength. The limit state
of scenario 4 (Scnr4) is more stringent than scenario
3 (Scnr3). In the scenario 4 the structure is expected
to behave fully elastic. Envisaged in scenario 3,
the structure still occurring plastic deformation on
the side column. The result of the dissipated en-
ergy scenario three will require a larger FDG con-
finement force than the scenario four. The larger
the FDG confinement force, the larger the structural
strength, but the elastic limit of the deformation ca-
pacity of the center column is almost identical, il-
lustrated in Fig. [I3] Comparison the energy dissi-
pation scenario 3 and scenario 4 of the structure are
shown in Table 5l

(2) Structural performance

The structural performance target that is remains
elastic under Level 2 of earthquake excitation can
be achieved in several structural variations. All
structures with scenario 1 (Scnrl) are not capable
of achieving performance target, the structure with
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Fig. 16 The force and displacement seismic response of; (a) Str3, (b) Str9, (c) Strl5, (d) Str21, (e) Str25, and (f) Str26.

scenario 2 (Scnr2) is deformed below the deforma-
tion limit in the application of a 10 mm gap, and
the structures with scenario 3 and 4 are capable
of achieving the performance target with 20 mm
gaps, as in Table[d] On earthquake excitation, the
proposed structure’s hysteretic curve corresponds to
the structural hysteretic curve at the static loading,

as in Fig. 14
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The proposed structure (with 20 mm gap) of Str15
and Str21 is capable of behaving elastically under
Level 2 of earthquake excitation with a maximum
displacement near to the conventional structure of
Fig. 14 While the column reinforcement that im-
plement combination with ordinary-grade and high-
grade (Str9) in the scenario 2 exceeded from its de-
formation limit with a deformation ratio of 1.05.



The maximum response and the limit state of the
structure are described in Fig. [I3f|and Table[5] The
application of high strength steel reinforcement is
required to achieve sufficient dissipated energy and
deformation limit of the structure with elastic be-
havior (Performance 1). The force and deforma-
tion relation of the maximum response under seis-
mic excitation of the structure are shown on Fig.
16

The proposed structures in scenes 2, 3, and 4
produce smaller residual deformations than conven-
tional pier structures as shown on Fig. [I5] This
happens because, in scenario 2 and 3, the middle
structure is remains elastic behavior, while in sce-
nario four all structure columns still experience the
elastic behavior. Structure approaching elastic be-
havior will have a good recentering ability.

6. CONCLUSIONS

The integrated bridge pier with triple RC col-
umn accompanied by friction damper plus gap is
successfully proposed to accommodate a 20 mm
length of thermal expansion slot. This structure can
behave elastic or near elastic conditions under se-
vere earthquake excitation. The elastic behavior of
the structure also manifests small residual deforma-
tions. Based on the analysis, the structure has the
following behaviors and performance:

(a) The gap length, the proportional cross-sectional
area of the reinforcing steel, and friction
damper strength shall be determined propor-
tionately to achieve the high seismic perfor-
mance structure. The longer of the gap, the
smaller of the dissipated energy produced. The
greater the reinforcing steel proportion, the
greater the strength and the dissipated energy.
While the friction force value need to be deter-
mined at the optimum dissipated energy.

In the optimum dissipated energy, the imple-
mentation of different location limits will af-
fect the strength and the dissipated energy of
the structure significantly. While deformation
limit capacity is not affected significant.

The use of high strength steel reinforcement in
the central column will increase the deforma-
tion limit capacity, strength, and dissipated en-
ergy. While the application of high strength
steel reinforcement for all columns is slightly
better in improving the performance of the
structure than the application that is only in the
middle of the column.

(d) The application of the 20 mm gap in the FDG

(b)

(©)
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resulted in the stiffness of the structure 0.26
times smaller than without the gap.

The structure without and with gap can achieve
an equivalent damping ratio 22%-23% and 18%
respectively.

Str15 and Str21 are still below the elastic limit
under Level 2 of seismic excitation, while all
conventional columns have undergone plastic
conditions.

The maximum response of the Str9 slightly ex-
ceed the limit state. It has potential to be im-
proved and to be implemented for the real struc-
ture because it is more economical than the
Strl5 and Str21.

The residual deformation of Str9, Strl5, and
Str21 are significantly smaller than that of the
conventional column structures.
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