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Seismic retrofit has always been a very important subject in recent years. How-
ever, typical retrofit techniques such as load-resisting systems, damper devices,
and seismic isolation systems will cause considerable disturbances to the struc-
tural system, such as increased force demand, and the building’s occupants will
need to be temporarily relocated during the construction. A design of the low-
disturbance retrofit method for steel column bases that uses the advantages of
the curved member has been proposed in the study to improve seismic perfor-
mance and reduce the mentioned demerits above. The basic mechanism of the
curved member retrofit system was first analytically evaluated by preliminary
modeling, followed by a parametric study to verify the effective shape. Four
curved member specimens were tested with variations in fabrication processes
and boundary conditions. Several aspects, including overall behavior, strength
backbones, and deformation shapes of the specimens, were examined upon mea-
sured responses. The hysteretic performance of the curved member retrofit sys-
tem is verified to achieve a stable cyclic behavior with limited strength
degradation. A set of physical equations for estimating the lateral loads were
established and verified by developing numerical models with a good agreement
that enabled them to accurately represent the measured responses in the test.
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residents. The force demand of the structural system increases

1. Introduction due to the increased strength and stiffness of retrofitted compo-

In Japan, many industrial buildings have been constructed from
the late 60s to the early 90s, before the collapse of the bubble
economy. These rich industrial building stocks are mostly steel
structures and facing close to their life span, legally 34 years.
Besides, construction material and labor prices have increased
due to the international situation of the pandemic and labor
shortage. Therefore, extending the lifespan of existing indus-
trial buildings using retrofit techniques becomes increasingly
important. With earthquakes such as the Great Hanshin-Awaji
earthquake, the Great East Japan earthquake, and the Kuma-
moto earthquake, attention to the seismic resistance design for
new buildings and retrofitting for existing structures is also
increasing. However, seismic retrofitting techniques such as
load-resisting  systems, dampers, and seismic isolation
systems will cause disturbances to the structure and the

nents. The installation and construction of seismic retrofit tech-
niques change architectural planning and cause the temporary
relocation of residents during the construction period. A study
has shown a building occupancy rate of 60% during the con-
struction period of common retrofit strategies.1 Some recent
studies focused on seismic-resilient structures that minimize
both seismic damage and repair time, as well as the low distur-
bance to the structure were developed.z’3

One of the unique features of Japanese steel design is an
economical design option for yielding exposed-type column
bases before first-story columns, namely weak-base/strong-
column design.4 This clearly distinguishes the Japanese design
from the rest of the world. The most common is pinned col-
umn bases, and column yielding is avoided by capacity design.
The common approach for weak column bases is to adopt the
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exposed type,”° consisting of a base plate welded to the col-
umn and anchor rods embedded in a concrete foundation,
which is mainly used in low-rise buildings. Previous studies
proposed some retrofit techniques for exposed column bases,
such as using shear plates welded under the base plate to pro-
vide shear resistance,” and a method to eliminate the gap
between the nut and the base plate by driving a wedge into the
gap to convert a slip-type column base to a non-slip-type col-
umn base.® A commonly used retrofit method for damaged col-
umn bases by encasing reinforced concrete has been
examined.’ To retrofit damaged column bases, additional steel
bars are welded to the vertical chord reinforcing steel bars
embedded around the anchor rods, and reinforced concrete
having such bars is formed around the steel column base.
However, the behavior of the column base differs significantly
by retrofit. Especially in low-rise buildings, such retrofit
methods are assumed to affect the seismic demand of the
frame system and existing components through changes in nat-
ural period and internal force distribution. Another study pro-
posed a retrofit method for damaged pin-type column bases in
which a constraint is used to only enhance the shear capacity
of the column base.'”

In structural design, the main reason for using curved mem-
bers in building structures is often for aesthetic purposes.
However, the structural efficiency, flexibility, and functionality
provided by curved members such as arches and horizontally
curved members also serve as attractive options for both archi-
tects and structural engineers. One of the features of curved
members is the eccentricity provided by the member itself.
Many studies described below have verified the benefits of the
intended eccentricity provided by the component itself. For
example, intended eccentricity can provide a characteristic of
lateral stiffness loosely coupled with the yield strength and the
ability to fulfill multiple seismic design objectives effectively
in terms of stiffness, strength, and ductility.'" An application
of eccentricity in braces named crescent-shaped braces was
proposed to provide enhanced seismic behavior by their geo-
metrical configuration.'>'? Another study proposed an A-brace
design that combined pre-deformed brace segments, a steel
curved damper, and a lever mechanism to amplify steel curved
damper deformation for effective energy dissipation.'* The
intended initial eccentricity also controls the buckling direc-
tion, avoids the severe loss of strength due to buckling, and
places the member into post-buckling behavior.'”” A novel
brace that is curved and partially strengthened by induction
heating was proposed, and the initial curved deformation along
the brace length was proven to stabilize the compressive
behavior of the brace.'®

This study aims to propose a new retrofit method for steel
column bases that combines the advantages of curved members
to achieve the behavior of moderate-enhanced strength and
stiffness, improved ductility, and to overcome the typical col-
umn retrofit method’s weaknesses. The design and basic mech-
anism of the curved member retrofit system were first
analytically evaluated. Four curved member specimens were
tested with variations in fabrication processes and boundary
conditions and applied cyclic loadings. Several aspects, includ-
ing overall behavior, strength backbones, and deformation
shapes of the specimens, were examined upon measured
responses and test observation. The estimation equations for
the strengths of the curved member retrofit system at various
story drift levels were developed and compared with the mea-
sured results. A numerical model was then revised to accu-
rately simulate experimental responses for future studies.

wileyonlinelibrary.com/journal/jar3

2. Design and Basic Mechanism

This section first proposed a retrofit technique for column
bases using curved members. Numerical simulations were per-
formed to examine the basic behavior and the design targets.
Finally, the relationship between geometry and behavior such
as strength, stiffness, and effective shape with a wide range of
dimensions of the curved member for specimen design was
verified by a parametric study.

2.1 Curved members

Although curved members are often used in buildings, their
usages for the lateral load-resisting system are very few. Fur-
thermore, the structural behavior of curved members can be
much different from that of straight members. Vertically
curved members in structures are subjected to combined axial
compression and in-plane flexural loads, while horizontally
curved members need to resist both flexural and torsional
moments.'”'® Frame systems adopting not only vertically but
also horizontally curved members need to consider additional
force and moment in out-of-plane directions. For vertically
curved members, also known as arches, are efficient structural
forms that resist loads primarily by axial compression. In prac-
tice, pure axial compression without moment cannot exist due
to imperfections, eccentricities, support spreading, and unsym-
metrical loading. Therefore, vertically curved members in
building structures are designed for combined axial compres-
sion and in-plane flexural loads. On the other hand, horizon-
tally curved members must resist both flexural and torsional
moments. The deformed shape of a horizontally curved mem-
ber is characterized by vertical and horizontal translation and
torsional rotation of the cross-section. Thus, the second-order
effects and the span angle of curved members are required
to be considered in evaluating their strength and basic
behavior.'”?° However, previous studies and specifications
mainly focused on the elastic behavior of curved members,
while the research on plastic behavior is limited. In addition,
curved members can be formed by many bending processes,
such as cold bending and hot bending, which have different
effects on their behavior and need to be investigated.

Curved channel steel has the behavior that the initial yield-
ing region can be limited in the middle of the member under
combined compression and minor axis bending, which will be
described in the next section. A parametric analytical study
was performed to verify the relationship between geometry
and behavior, such as strength and stiffness, with a wide range
of dimensions of the curved member for specimen design. A
total of 11 cases of curved channel steel were considered,
among which not only the height and width (H, L) but also the
radius, eccentricity, and central angle (R, e, 8) of curved mem-
bers were varied, as shown in Table 1 and Figure 1A. The
independent parameter is the ratio of height and width, H/L,
varying from 1.0 to 9.9. It should be noted that the height of
the curved member is fixed at 1000 mm in the analysis. To
perform the parametric analysis, a numerical model of curved
members was developed using the OpenSees framework (Open
System for Earthquake Engineering Simulation),”’ an open-
source software framework for creating finite element applica-
tions to simulate the performance of structural and geotechni-
cal systems subjected to earthquakes. The curved members
were simulated with fiber-type force-based nonlinear beam-
column elements. Ten elements were used for simulating
curved segments according to the sensitivity test, which deter-
mined the robustness of the model’s outcome and the
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recommended number of elements per AISC specification,'”-**

as shown in Figure 2. A monotonic loading was applied for all
cases in the analyses to a drift ratio of 0.05 radians.

Figure 1B shows an example of the resulting analytical
responses in the study. A strength backbone curve of the
curved member that provides a behavior with two plastic
strength capacities was first obtained for each case, as illus-
trated in the figure. The analytical strengths and stiffness were
then obtained based on the tri-linear curve formed by the tan-
gents of the strength backbone, as shown in Figure 1B. Based
on the analytical results, the tangents of the strength backbones
would gradually change after the first plastic strength since the
yielding of the cross-section was gradually grown from
the outer surface toward the center. Figure 3 shows the result-
ing analytical responses of initial stiffness and yielding
strength from the parametric study. Both initial stiffness and
yielding strength gradually increase in the range of the ratio of
H/L from 1.0 to 2.5 due to the reduction in eccentricity and
decrease significantly with the ratio of H/L >3.0 due to the
change of the moment distribution. The ratio of H/L in
the range from 1.0 to 3.0 has expected behavior and moment
distribution and is therefore set as the design target range,
while the moment distribution with the ratio of H/L >3.0 grad-
ually changes to double-curvature-liked behavior.

2.2 Strength estimation of curved members

For the strength estimation, the curved member provides a
behavior with two plastic strength capacities. The overall
strengths varied with the bending processes and boundary con-
ditions. The strengths under different drift angles were evalu-
ated through the stress distribution over the middle and end

TABLE1 The major parameters of samples in the parametric study

Cases H (mm) L (mm) R (mm) e (mm) 4 (°)
Case 1 1000 1000.0 1000 285.7 90.0
Case 2 1000 729.8 1050 196.9 72.2
Case 3 1000 641.7 1100 170.5 65.4
Case 4 1000 536.7 1200 1395 56.4
Case 5 1000 469.3 1300 120.9 50.3
Case 6 1000 420.2 1400 107.5 45.6
Case 7 1000 381.9 1500 98.7 42.8
Case 8 1000 325.2 1700 82.0 360
Case 9 1000 267.9 2000 67.3 30.3
Case 10 1000 171.5 3000 43.0 19.5
Case 11 1000 101.2 5000 25.0 11.5
A
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sections of the curved member, as illustrated in Figure 4. The
various axial strengths (Fy;, and F,) of the curved members
were related to the developed axial stress and bending stress of
the cross-section following Equations (1) and (2).

0,A

B =1 (eass) M
6,A

=T easz) @

where i denotes the two yielding stages of the curved member,
for example, first yielding (Fy;), second yield (F,,). The o,
and o, are the yield strength and the ultimate strength of the
steel material, respectively. A is the cross-sectional area, S; is
the section modulus of the cross-section, which can be calcu-
lated by the moment of inertia divided by different distances
away from the neutral axis, Z is the plastic section modulus
of the cross-section, and e is the eccentricity of the curved
member.

Two stages of yielding strengths and one stage of ultimate
strength were considered, as shown in Figure 4. (1) The F,
denotes the axial force of the curved member as the flanges at
the middle of the curved channel steel reach their yield strength
(6,). (2) The F,, denotes the axial force of the curved member as
the end section of the channel steel reaches its yield strength
(6y). (3) The F, denotes the axial force as the middle and end
sections are fully yielded. The lateral strengths (Q,,; and Q,) at
the loading point were related to the geometry of the curved
member and can be calculated by Equations (3) and (4).

0,; = F; x cos(tan™'H/L) 3)
0, = F, x cos(tan”'H/L) 4)

where H and L are the height and the width of the curved
member, respectively. It should be noted that the story drift of
the strength O, is two times greater than the story drift of the
strength Q,;, according to the analytical results by ABAQUS.
Figure SA presents the accuracy of the calculated results of
the lateral strength with respect to the analytical results. It is
shown that Equations (3) and (4) provide a good agreement
between the analytical and calculated results with errors within
+15%. The error between the analytical and calculated result
gradually increases with the ratio H/L >3.0 due to the changes
in the moment distribution on the curved member, as shown in
Figure 5B.

B
4 Lateral Force, Q
Qu “““““““““““““““
Qaf
(1 — cos '

Qa1 !
—— Analytical
— Theoretical

Ay By, Story Drift, A

(A) Geometric parameters of the curved member and (B) illustration of the method of obtaining stiffness and plastic strength capaci-
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2.3 Proposed retrofit technique

As shown in Figure 6, the proposed curved member retrofit sys-
tem consists of two channels curved by an induction-heating pro-
cess and lean against an existing column. Two curved members
are connected by high-strength bolts and steel plates. The end
plates welded to the channels are tied with anchor rods on the
foundation and covered by a new concrete slab. The gap between
the bottom ends of curved members and the concrete slab is
filled with the debonding material to ensure that the performance
of curved members is not affected.

The design concept is to benefit from the characteristic of
curved members to achieve the behavior with a controllable
yielding region. Moreover, the eccentricity provided by the
curved member has the feature that lateral stiffness is loosely
coupled to the yield strength. This feature enables the strength-
stiffness relationship of the retrofit system to be controlled by
geometric parameters and to avoid severe loss of strength
by buckling. Design targets for the retrofitted column base are
(a) moderate-enhanced strength, stiffness, and improved ductil-
ity; (b) enlarged plastic rotation capacity to reduce the seismic
demand for the column base; and (c) minimal disturbance to
the structure during and after adopting this retrofit method, as
illustrated in Figure 7.

2.4 Preliminary modeling
To first examine the mechanism, performance, and design tar-
gets of the proposed curved member retrofit method, a series of
pre-analyses were conducted. Numerical models of original col-
umn bases, pin-supported column bases with curved members to
verify the contribution and behavior of curved members only,
and retrofitted column bases representing the actual construction
were developed using the OpenSees framework and ABAQUS,
a software application used for modeling and analyzing mechan-
ical components and visualizing the results.>

The model of the exposed column base in OpenSees was
composed of a base plate and anchor rods,* as illustrated in
Figure 8A. The base plate was modeled with a fiber section
assigned to nonlinear elements outside the column depth and
elastic elements with 10 times the elastic modulus inside the
column depth. The anchor rod was modeled with a circular
fiber section assigned to a force-based nonlinear element. The
material property of anchor rods was hysteretic material in
series with the rigid elastic no-compression material to simu-
late the slip behavior of column bases. The concrete founda-
tion was simulated using truss elements with the material

Axial  Bending
stress ' stress ay o
( B A . -
+ 4 =
2 yielding
F =
a, 0,
1 yielding 7 *

2nd yielding

Stress distribution

FIGURE4 The stress distributions over the middle and end sections at various stages
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property of ConcreteO1, so-called Winkler springs. These truss
elements were equally spaced along the base plate length.
The curved channel steels were simulated with fiber-type
force-based nonlinear beam-column elements as mentioned in
Section 2.1.
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The column base model in ABAQUS was composed of a
base plate that was tied to a column. The tie constraint was
used to simulate the complete joint penetration (CJP) welding
at the curved member-to-end plate connection and column-to-
base plate connection, as illustrated in Figure 8B. Anchor rods
and mortar used surface-to-surface contact to model contact
interactions between surfaces in the model. Eight-node solid
elements with reduced integration are used for meshing all
assemblies. To define the tangential interactions of the surface-
to-surface contacts, the penalty method is used. The friction
coefficients of 0.2 and 0.7 are used for steel-to-steel and steel-
to-concrete interactions. Hard contact is assumed for the nor-
mal behavior of the contact surface.

2.5 Prototype design process
In this study, an exposed column base, EJ250-4-30, was
adopted in the pre-analysis. The adopted column base con-
sisted of a HSS 250 x 250 X 16 column (BCR295) welded to a
410x 410 x40 base plate (SN490B), and the base plate was
tied with four rods (30 mm nominal diameter) on a grout layer.
Both the OpenSees and ABAQUS models of column base
EJ250-4-30 were validated with the column base component
test and presented good agreement with test results in terms of
strength and stiffness, as shown in Figure 9.7

For the adopted column base, a prototype system was
designed by following steps: (1) design the curved member
depth close to the adopted column depth; (2) determine the
height H and width L of the curved member within the range
of ratio H/L as shown in Figure 3 and architectural require-
ments for minimizing the disturbance to structures.; (3) deter-
mine the material and section properties of o,, A, and S of the
curved member by Equation (3) to estimate the stiffness and
strength of the retrofitted column base by the superposition
principle; (4) design connections, including connection plates
and end plates, of the curved member according to the capac-
ity design philosophy; (5) check the design targets of required
stiffness and strength and the moment reduction of 30% for
the retrofitted column base; (6) adjust the design parameters of
the curved member in steps 2 and 3 to meet the design targets.
It should be noted that the numerical simulation is needed to
check the behavior of curved members in step 5. In this paper,
curved channel steel with section 200 x 80x7.5x 11 with a
height of 1000 mm and a width of 470 mm was adopted for
the prototype retrofit system and examined in Section 2.6.
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2.6 Basic behavior and check of design targets

The design target for the retrofitted column base mentioned
above includes having the behavior of moderate-enhanced
strength, stiffness, improved ductility, and enlarged plastic
rotation capacity to reduce the seismic demand for the existing
column base. Moderate-enhanced strength and stiffness can be
achieved by controlling the geometric parameters of curved
members, such as eccentricity and height. Improved ductility
is achieved by the enlarged plastic region, with plastic strength
corresponding to the early yielding of the curved member and
the delayed yielding of the anchor rods at the original column
base. Figure 10 shows the analytical results, including the
behavior of the original column base, the curved member ret-
rofit system with a mechanic pin at the bottom of the column,
and the retrofitted column base from ABAQUS. The analytical
results of the retrofitted column base show that the first yield-
ing started at the middle of the curved member at the drift
angle of 0.01 radian, followed by the yielding at the ends of
the curved member at the drift angle of 0.016 radian, indicat-
ing the early yielding mechanism can be achieved and con-
trolled at the middle of the curved member. The anchor rods
started yielding at the drift angle of 0.014 radian for the

original column base, while the yielding was delayed to the
drift angle of 0.019 for the retrofitted column base by the
curved members with reduced moment demand. The drift
angle of anchor rods yielding at the retrofitted column base
has been increased by 36% compared with the original column
base. It indicates that the proposed retrofit system enables to
enlarge the plastic rotation capacity of the original column
base and reduces its seismic demand.

For comparison, the analysis that only focused on the behav-
ior of curved and straight members adopted in the proposed
retrofit system was performed, indicating a significant differ-
ence. The design concept of the proposed retrofit method is to
use the advantages of curved members. However, we need to
verify the reasons for adopting the curved member instead of
its straight counterpart. The behavior of the retrofit system
adopting straight members had larger initial stiffness and yield
strength with the early occurrence of local buckling, which
resulted in strength degradation, while the one adopting curved
members had controllable initial stiffness and yielding strength
with great ductility, as shown in Figure 11.

The proposed retrofit method aims to moderately increase
the initial stiffness, strength, and ductility capacity of the
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original column base to meet the required capacity but doesn’t
significantly change the natural period of the structure, which
results in increased seismic demand. Therefore, the design tar-
get of minimal disturbance to the structure during and after
adopting this retrofit method, such as (a) weld-free on the col-
umn and easy construction; (b) small amount of space occu-
pancy; and (c) minimizing the increased seismic demand of
the frame system, was analytically verified by adopting this
retrofit method on a four-story SMRF that was designed for a
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FIGURE 10 Comparison of analytical responses of curved members,
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hospital facility. The structural design followed the building
law of Japan, with a reserved strength of 1.5 times to the code
minimum. The general floor plans and elevations of the four-
story building were designed as 2 by 1 bays of 5.0 and 7.0 m,
respectively, with a story height of 3.6 m for the first story and
3.4 m for the rest of the stories, as shown in Figure 12A. The
member sizes of beams and columns in the SMRF building are
given in Table 2, and the exposed column bases adopted were
EJ250-4-30. The frame system was developed using the Open-
Sees framework and validated with data from the E-defense
shaking table test’® by dynamic analysis. All beams and col-
umns were simulated using force-based nonlinear beam-
column elements combined with fiber-type sections with five
integration points for each element. The effect of the panel
zone was considered in the model using the method as a rect-
angle composed of eight very stiff elastic beam-column ele-
ments with one zero-length element that serves as a rotational
spring to represent shear distortions. The P-delta effect of the
frame was included, and the floor weights were distributed on
the beams at each floor level of the models. The nodes at each
floor level were mastered by the very middle node of the floor
in the degree of freedom of horizontal displacement to simu-
late the rigidity of the slabs. The uniaxial material model of
Steel02 was calculated using the yield strength and the kine-
matic strain hardening ratio determined by the material tests
for each fiber.

The adopted retrofit system used curved channel steels
(200 x 80 x 7.5 11) and was determined to have a height and
width of 1300 and 800 mm, respectively, to match the dimen-
sion of the columns, and was covered by a 200 mm thickness
of concrete. The resulting space occupancy rate for the build-
ing that adopted the retrofit system is 16% in a single span on
the first floor compared to the original building. To verify the
influence on the frame system, the static pushover analysis that
used the equivalent lateral force (ELF) recommended by
FEMA 273 was performed for the four-story SMRF and the
same building adopting the curved member retrofit system
(SMRF-CM). The analytical results show that the natural

700
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= 300
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Comparison of analytical responses for the retrofit system using straight and curved members
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TABLE2 Designed member sizes of the four-story buildings

Prototype buildings Stories Beams (mm) Columns (mm)

SMRF4F 1 H-400 x 200 x 8 x 13
2 BH-400 x 150 x 6 x 19
3-4 H-400 x 200 x 8 x 13

[1-250x 250 x 16
[1-250 x 250 x 16
[1-250 x 250 x 16

period of the four-story SMRF with curved member retrofit
has a 6% reduction, and the stiffness and strength are
increased by about 19% compared to the original structure, as
shown in Figure 12B. It implies that the proposed retrofit sys-
tem won’t increase much seismic demand on the overall frame
system.

Figure 13 shows the moment distributions on the first-floor
column of the four-story frame systems (SMRF-CM and
SMRF) for comparing the difference between the retrofitted
and the original column bases under various lateral force
levels. The analytical results show that the moments at the col-
umn base and the beam connection of the retrofitted column
base are smaller than those in the frame without the retrofit. It
is indicated that this retrofit method is not only effective in the
frame subjected to horizontal forces but also reduces
the demand on the original column base.

3. Test Program and Test Setup

An experimental program has been conducted to examine the
proposed curved member retrofit system, focusing on
the behavior of curved members and evaluating their influence
on different boundary conditions and fabrication processes.
Four cases of a curved member retrofit system have been
tested by applying lateral cyclic loadings.

3.1 Overview loading setup

The lateral cyclic loadings were applied by two 1500kN actu-
ators through a relatively stiff apparatus at the top. The appara-
tus was connected to the column (HSS 250 x 250 X 12) at the
top, while the lower end was connected to a mechanic pin,
representing a simple column base. Two identical specimens
lean against the column and are connected by high-strength

Roof Drift (rad.)

(A) Plans and elevations and (B) pushover curve of the adopted four-story SMRF with curved member retrofit system

bolts and steel plates. The end plates welded to the specimens
were tied with high-strength bolts to the fixture in the test. It
should be noted that by adjusting the axial force of two actua-
tors, no axial force was applied to the column in tests. Fig-
ure 14 shows the adopted test setup in the study with a photo
of an installed specimen.

3.2 Specimens

All curved member specimens in the study had the same
dimensions (Channel 200 x 80x 7.5 % 11), including 936 and
350 mm in height of the curved segment and connection seg-
ment, respectively, and 1200 mm in radius. At the intersection
between the channel steel and the end plate, the complete joint
penetration (CJP) welds were used. The detailed dimensions of
the specimen are shown in Figure 15. A steel grade of JIS-
SS400 was adopted for each specimen in the study. Table 3
presents the measured material properties of the adopted chan-
nel steel based on the tensile tests per the ASTM E8/E8M-13a
(2013) standard. Four types of coupon specimens, including
standard specimens, heat-treated specimens, induction-heating
bending specimens, and cold-form bending specimens, were
tested to examine the effects of different fabrication processes.
The coupon specimens were made from the flange and web of
channel steels; therefore, the coupon specimen made from the
web has the same curvature as the channel steels, as shown in
Figure 16A. It should be noted that the stress—strain curve out-
put from strain gauges for coupon specimens with initial cur-
vature has a straightening process at the beginning of the test,
as shown in Figure 16B.

The differences between specimens were the fabrication pro-
cess and the boundary conditions. Fabrication processes for
curved members can be divided into cold bending and hot
bending. Cold bending is a method of processing mainly at
room temperature to 720°C with the feature of densifying the
metallographic structure of steel, which is usually more eco-
nomical than hot bending or induction-heating bending. In
addition, the metal is not subjected to excessive temperature
by cold bending, while the residual stress is generated inside
and the yielding stress increases due to strain hardening. The
effect of residual stress on structural performance has been
proven to not affect the plastic strength of the member,
while both the local and global buckling strength of

Jpn Archit Rev | 2024 | 8

85U801 SUOWWOD SAIIERID 3(dedl|dde au Aq peusenob aJe sooiLe VO ‘88N JO S9|NJ 10) ARIqIT 8UIUO AS]IA UO (SUOTPUOD-PUE-SWLS)/LI0O" A8 1M ATeIq julJUO//SANY) SUORIPUOD Pue SIS 1 841 88S *[7202/TT/0T] Uo Ariqisuluo A8|im ‘Ueder aur1yo0D Aq 6212T 9/88-G/1Z/200T OT/I0p/W0d" A3 1M AeJqpuljuo//:sdny Woly pepeojumod ‘T ‘vZ0Z ‘9/885.72



wileyonlinelibrary.com/journal/jar3

compression members can be affected depending on external
circumstances.'”**?” The cold bending process also needs to
apply a large force, and processing accuracy needs to consider
the material springback. The common cold bending process is
known as roll bending, in which members are bent using rol-
lers, and was adopted for the cold-form bending specimens in
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the test. Induction-heating (IH) bending is an advanced hot
bending process that utilizes an electric induction coil to heat
a narrow band around the member circumference before it is
bent by force, offering great precision and consistency. IH
bending is suitable for a wide range of applications and over-
comes the potential limitations of cold bending, such as
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FIGURE 13 Moment distribution of the column in the frame system with (A) original column bases and (B) retrofitted column bases
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FIGURE 14 Elevations and a photo of adopted test setup in the experimental program
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FIGURE 15 Detailed dimensions of specimens in the study
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distortion, wall thinning, and residual stress. The IH bending
for the specimens in the test is processed by applying heat at
750°C and then air cooling to room temperature.

Four specimens for the curved member retrofit system have
been tested. IHB presented a baseline specimen bent using
induction heating, while IHB-R presented a case having the
identical bending process as IHB, but with a 12-mm-thickness
rib at the middle of the curved member to prevent local buck-
ling. CFB presented a counterpart specimen bent using the
cold-form process to clarify the effect of different bending pro-
cesses on the behavior compared to the IH bending specimen.
IHB-M presented a specimen having the identical bending pro-
cess as IHB, but with a 50 mm thickness mortar below the end
plate to simulate the actual construction. It should be noted
that there was no pre-tension applied to the bolts connecting
the end plate and the fixture to simulate the anchor rods, and
the shear force was resisted by the friction between the end
plate and the mortar. The connecting rods, which connect two
end plates, were used to transmit the force resisted by friction
in cyclic loading.

3.3 Loading protocol

A cyclic loading protocol with increasing amplitudes from a
lateral drift angle of 0.375%-5.0% radians was adopted, as
shown in Figure 17A. In addition, one extreme cycle of 10.0%
drift angle was performed following the standard loading pro-
tocol to examine the failure mode of the specimens.

Figure 17B shows the measuring instruments used in the
test, including strain gauges to output the moment on
the curved member specimen and a load cell in the mechanic
pin to measure the lateral and vertical force on the column.
Two LVDT sensors were used to measure the relative

TABLE 3 Material properties upon coupon test

wileyonlinelibrary.com/journal/jar3

displacement of the end plates and the fixture. The camera sys-
tem was adopted to measure the overall and out-of-plane
deformation of the specimen.

4. Measured Responses and Test Observation

Four specimens were tested with variations in the fabrication
process and boundary conditions and applied cyclic loadings.
Several aspects, including overall behavior, strength back-
bones, and deformation shapes of the specimens, were exam-
ined upon measured responses and test observation. In
addition, the developed numerical model was validated with
test results.

4.1 Overall behavior

The measured hysteretic responses of all cases are shown in
Figure 18. All cases provided stable cyclic behavior with very
limited strength degradation by the end of the applied cyclic
loading. Various lateral load capacities were shown among
cases due to the differences in the bending processes and the
boundary conditions.

Upon the test observations, the curved member specimens
started yielding on the flange at the middle of the curved
member at the drift angle of 1.0% radians, and the end section
of the curved member started yielding at the drift angle of
2.0% radians. Several behaviors were observed in the tests,
including local buckling (LB), slipping at the bolt connection
at the top of the specimen, and the end-plate slipping, as
shown in Figure 19. It should be noted that the fixture below
the specimen was observed to move during the tests of IHB
and THB-R and resulted in an asymmetric initial elastic stiff-
ness of the specimens. Figure 18A shows the measured hyster-
etic responses of the specimen IHB. The IHB developed the
yielding in the cycles of 1.0% drift angles. It should be noted
that due to the movement of the fixture observed in the test,

Nominal ~ Nominal Measured Measured  the local buckling of THB actually occurred in the cycles of
plate elastic yield tensile 4.0% drift angles instead of 5.0% drift angles, as shown in
Fabrication  Steel thickness modulus strength  strength Figure 18A. Slipping of the bolted connection at the top of the
process grade (mm) E(GPa)  F,(MPa)  F, (MPa) specimen was observed in the cycles of 3.0% drift angles and
Standard $5400 75 200 312.0 4290 resulted in some pinching behavior under large deformation.
Induction- 323.0 437.2 The measured responses of the specimen with ribs (IHB-R) at
heating w/o the middle of the curved member are shown in Figure 18B.
bending After eliminating the effect of fixture movement, the local
Induction- 318.9 437.0 buckling of IHB-R occurred earlier in the cycles of 3.0% drift
heating angles compared to the IHB. Upon the test observations, it
bending was shown that the specimen IHB had more distributed yield-
Cold-form 358.4 489.9 ing on the flange around the middle of the curved member
bending compared to IHB-R, where the yielding area was only concen-
trated on the flange above the ribs before the cycles of 4.0%
A B
500
400 e =
300 -
= /
i| Strain I Strain % |
gauge2 M gauge 1 5200 I )
: -- Stra%n gauge 1
J w || S s
Coupon o L Straightening
specimen 20.01 0 001 002 0.03 0.04 0.05
Strain
FIGURE 16 (A) locations of the coupon specimen from channel steel and (B) the stress-strain curve of the specimen with curvature
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FIGURE 18 Measured hysteretic responses. (A) IHB. (B) IHB-R. (C) CFB. (D) IHB-M

drift angles, as shown in Figure 18. It is shown that IHB-R
developed slightly higher strength than the THB. The effect
was considered to be related to the level of strain concentra-
tion, which increased the strain demand at the middle of the
curve member specimen and thereby developed more strain

Jpn Archit Rev | 2024 | 11

hardening as well as the lateral strengths. It also implied that
the rib would, however, advance the deformation concentration
around the rib of the specimen and have limited improvement
in preventing local buckling. The rib arrangement was not
effective here. For evaluating the effect of the cold-formed
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FIGURE 19 Photos of the observed behaviors of the specimens

bending process on the behavior, specimen CFB, which had
identical dimensions to the IHB, was tested. Figure 18C shows
the measured responses of CFB. The local buckling occurred
in the cycles of 3.0% drift angle, and strength degradation was
observed in the second cycle of 5.0% drift angle. CFB devel-
oped 1.15 times the lateral strength of IHB, corresponding to
the coupon test, due to the strain hardening effect caused by
the cold-formed bending process, corresponding to the results
of the material test. In addition, the initial distortion and poor
precision of the specimen CFB caused by the cold-form bend-
ing resulted in difficult installation in the test. It should be
noted that the locations and shapes of local buckling of CFB
were observed corresponding to the initial distortion of the
specimen. The measured responses of the specimen with mor-
tar (IHB-M) below the end plate are shown in Figure 18D. It
is shown that IHB-M had higher strength than the IHB due to
the thickness of the mortar and that the specimen is relatively
close to the loading point. The end-plate slipping of IHB-M
occurred in the cycles of 0.5% story drift but had no influence
on the behavior such as severe strength degradation and pinch-
ing. The local buckling occurred in the cycles of 4.0% drift
angle, as shown; no strength degradation was observed
throughout the loading protocol, implying its feasibility in
practical applications.

The lateral strengths at the loading point (Q,;, and Q,,;,) of
the retrofit system were related to the dimensions of the exist-
ing column and the geometry of the curved member speci-
mens. Equations (3) and (4) established in Section 2 could be
used to develop the estimation equations for the actual strength
backbones at the loading point of the retrofit system following
Equations (5) and (6).

H H
Qi = [ZFy,-cos (tan_1 z) H), + F,;sin <tan_1 z) d.+ 2Fy,<e} /H.

®)

H H
Ouip = [ZF,,cos (tan_1 z) H, + F,sin (tan_1 Z) d. + 2Fue] /H.
(6)

where H and L are the height and the width of the curved
member, respectively; H, is the distance between the mechanic

wileyonlinelibrary.com/journal/jar3
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pin and the top connection of the specimen; and d. and H, are
the depth and height of the existing column, respectively.

The resulting values of those calculated plastic strengths at
the loading point of the retrofit system are marked in Figure 18
to compare with the measured responses, and it is shown that
the calculated results enable them to represent the measured
lateral plastic strengths of the test responses. Equations (5) and
(6) were therefore verified to accurately estimate the first
and second yielding and the ultimate strength of the curved
member retrofit system.

4.2 Modeling validation with test results

To extend the test results to further analysis, a numerical
model was developed in the OpenSees (Open System for
Earthquake Engineering Simulation) framework to simulate the
cyclic behavior of the curved member retrofit system. Figure 20
illustrates the proposed numerical model adopted for the
curved member specimens and the fixtures in the test.

The simulation approach of the curved member mentioned
in Section 2.1 was adopted in the model. The uniaxial material
model of Steel02 using the yielding strength upon material test
presented in Table 3 was applied to each fiber. In addition,
two fiber-type force-based nonlinear beam-column elements
with the section of connection plates were used to simulate
the connection. The slave nodes at the side of the connection
were mastered by the middle node of the column in the degree
of freedom of horizontal displacement and in-plane rotation.
The nodes at the end of the specimen were mastered by the
nodes at the top of the fixtures to the same degree of freedom.
For the fixtures below the specimens, elastic beam-column ele-
ments were adopted with exact cross-sectional dimensions
used in the test to simulate the contribution to the lateral stiff-
ness of the fixture compared to the ideal situation with fixed
ends. Fiber-type displacement-based elements with the hyster-
etic material were adopted for channel steel, which connects
the fixtures to simulate the asymmetric behavior in the first
few cycles observed in the test. The mechanic pin was simu-
lated by zero-length elements with extremely low in-plane
rotational stiffness and fixed in the rest of the degrees of
freedom.

The resulting analytical responses of the IHB and CFB are
shown in Figure 21 compared to the measured responses. The
developed numerical model generally presented high accuracy
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FIGURE 21 Comparisons of simulated and measured hysteretic results. (A) IHB. (B) CBF

and good agreement with the test results in terms of strength
and stiffness. It should be noted that the model of fiber sec-
tions was based on the assumption of plane section remain
plane and was unable to simulate the strength degradation
caused by local buckling in CFB. In addition, the pinching
behavior caused by the slipping at the bolt connection was not
simulated in the model. The developed numerical model of the
curved member retrofit system could generally be adopted for
analytical study at structural system levels.

4.3 Deformed shape and deformation concentration

To evaluate the lateral displacement and the deformed shapes
of the specimens, a camera system was adopted in the instru-
mentation of the study. The markers of the camera system
were attached to the flange of each specimen, as shown in
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Figure 22A. The eccentricity of the specimen is one of the
important parameters for estimating the strength capacity, and
it will change with the deformation of the specimen. Upon the
measured results, the in-plane displacements of IHB along
the height of the right specimen at various drift angles are
shown in Figure 22B. The results show that the in-plane dis-
placement had an apparent change after a 4.0% drift angle. It
is noted that all specimens have a similar deformed shape in
the test. The ratio of eccentricity (e) to initial eccentricity
(€initia) of THB, THB-R, CFB, and IHB-M at various drift
angles can be calculated from the measured responses of
markers, as shown in Figure 23A-D, respectively. It should be
noted that the markers on CFB fell off at the drift angle of
5.0% in the test. The results show that the eccentricities of all
specimens will not exceed 1.1 times the initial value before
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the 4.0% drift angle. It implied that the impact of eccentricity
changes on strength capacity estimation was limited before
large deformation. The initial eccentricities of both the right
and left sides of IHB, IHB-R, and IHB-M were 128, 131, and
134 mm, respectively. However, the initial eccentricities of the
right and left sides of CFB are 129 and 137 mm, respectively.
It is considered that this effect is due to the initial distortion

and poor precision of specimen CFB caused by the cold-form
bending process.

The out-of-plane deformation of the specimens IHB, ITHB-R,
CFB, and IHB-M at various drift angles is shown in
Figure 24A-D, respectively. The shadow areas in Figure 24B
present the location of the rib. In Figure 24A,D, the results of
IHB and IHB-M show that the flexural deformations along the
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member were controlled and limited around the middle of
the curved member at the member height of 420 mm.
Figure 24B shows the results of IHB-R that the rib at the mid-
dle of the curved member led to greater deformation concen-
tration at the member height of 450 mm, which would result in
early local buckling in the cycles of 4.0% drift angles.

Figure 25A shows a photograph of the deformed shape of
the specimen IHB under a 5.0% drift angle. It was shown that
the yielding region was distributed uniformly at the middle of
the curved member. The cold-formed bending specimen CFB
presented a relatively uniformed out-of-plane displacement
along the member height, as shown in Figure 24C. However,
the test observation has shown that the local buckling occurred
early in the cycles of 3.0% drift angle compared to IHB and
had severe deformation concentrations under 5.0% drift angle,
as shown in Figure 25B. It should be noted that the out-of-
plane deformed shapes of CFB were observed, corresponding
to the initial distortion of the specimen caused by the cold-
formed bending process.

5. Summary and Conclusions

A design of the curved member retrofit system has been pro-
posed in the study that combines the advantages of curved
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members to provide the behavior of moderate-enhanced
strength, stiffness, and improved ductility compared with the
common retrofit method for column base. The basic behavior,
performance, and design targets of the proposed retrofit system
were analytically examined by pre-analysis. Four curved-
member specimens have been tested, focusing on the behavior
of the specimens. The effects of different fabrication processes
and boundary conditions on the behavior of the specimens
were investigated. Moreover, a numerical model of the curved
member retrofit system was developed and validated by the
experimental results. Based on the analytical and experimental
work in the study, several remarks can be drawn, as follows:

1 The proposed curved member retrofit system has been ana-
Iytically verified to achieve design targets including (a)
moderate-enhanced strength, stiffness, and improved ductil-
ity; (b) enlarged plastic rotation capacity to reduce the seis-
mic demand for the column base; and (c) minimal
disturbance to the structure during and after adopting this
retrofit method.

2 According to numerical simulations, the behavior of the
proposed curved member retrofit system was verified as fol-
lows: Improved ductility of the retrofitted column base was
achieved by the enlarged plastic region, with plastic strength
corresponding to the early yielding of the curved member
and the delayed yielding of the anchor rods at the original
column base. The moments at the column base and the
beam connection of the retrofitted column base are smaller
than those in the frame without the retrofit. The drift angle
of anchor rods yielding at the retrofitted column base has
been increased by 36% compared with the original column
base. It indicates that the proposed retrofit system enables to
enlarge the plastic rotation capacity of the original column
base and reduces its seismic demand.

3 The basic mechanism and behavior of the curved members,
considering various geometric parameters and different
boundary conditions, were verified. The ratio of H/L in the
range from 1.0 to 3.0 has expected behavior and moment
distribution and is therefore suggested as the design target
range.

4 A set of theoretical equations for estimating the lateral load
capacities were proposed and verified by developing numer-
ical models with a good agreement that enabled them to
accurately represent the measured responses in the test.

5 A prototype design process for the proposed curved member
retrofit system based on the numerical simulation in the
study was provided to achieve the design targets. Further
analysis is required, and a more detailed and comprehensive
design process will be developed in future research.

6 The mechanics of induction-heating and cold-formed bent
curved channel steel have been experimentally verified. It
is shown that induction-heating bent specimens provided a
stable cyclic behavior with limited strength degradation
and controllable yielding region distributed around the
middle of the curved member. However, the initial distor-
tion and poor precision of the cold-formed bending speci-
men in this test likely resulted in early local buckling,
strength degradation, and difficult installation. It should be
noted that the fabrication accuracy depends on the fabrica-
tor, and the cold-formed bending member can also be
adopted in the proposed retrofit system if fabrication accu-
racy is met.

7 The end-plate slipping of IHB-M occurred in the cycles of
0.5% story drift but had no influence on the behavior such

wileyonlinelibrary.com/journal/jar3

as severe strength degradation and pinching. The local
buckling occurred in the cycles of 4.0% drift angle; no
strength degradation was observed throughout the loading
protocol, implying its feasibility in practical applications.
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