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Recently, various controlled rocking systems have been proposed in seismic design to prevent damage concen-
tration and to achieve self-centering against a wide range of input ground motion intensities. However, several
obstacles must be overcome before these systems can be applied to actual buildings; for example, the require-
ment for large, self-centering post-tensioned strands and special treatment at uplift column bases must be ad-
dressed. This paper proposes a non-uplifting spine frame system with energy-dissipating members without
post-tensioned strands, its self-centering function is achieved by envelope elastic-moment frames. The system
is applied to an actual building constructed in Japan. Conventional shear damper and uplifting rocking systems
with post-tensioned strands developed in prior studies are also applied to the same building structures, and
the performances of the three systems, including damage distribution, energy dissipation, self-centering, robust-
ness against severe earthquakes, and irregular stiffness, are compared and discussed through numerical simula-
tions based on practical design criteria.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Steel moment-resisting frames are susceptible to large lateral dis-
placements during severe earthquake groundmotions and require spe-
cial attention to limit damage to nonstructural elements. In the last few
decades, buckling-restrained braced frames (BRBFs) have become in-
creasingly popular, particularly in Japan and the USA, because of their
superior seismic performance in limiting damage, maintaining func-
tionality, and facilitating repair. Well-balanced buckling-restrained
braces (BRBs) are required for ensuring the high seismic performance
of BRBFs. This means that the yielding forces of the BRBs in each story
are proportional to the story stiffness thus the BRBs yield at the same
time in a first-mode response pattern. However, after the yield of the
main frame under large seismic intensity, the low post-yield tangent
stiffness of the bracesmay concentrate damage and residual drift in lim-
ited levels, even though brace capacities are relatively well balanced
over the height of the structure [1].

Self-centering seismic resilient structural systems possessing the
ability to limit residual drifts to negligible magnitudes have also been
proposed. There are roughly three types of self-centering systems:
(1) moment-resisting frames with post-tensioned (PT) beam-to-
column connections and flexible floor systems that allow gaps to open
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between the beam-to-column connections [2]; (2) braced frames with
self-centering braces or buckling-restrained braces (BRBs) that can re-
turn after loading to their initial length because of super-elastic
pretensioned elements [3,4]; and (3) rocking systems that can self-
center, relying on the restoring force of gravity, and PT elements [5–8].

Rocking motions may reduce damage to structures during groundmo-
tions. This behavior was observed as early as 1963, by Housner [9]. Clough
and Huckelbridge [10] conducted some of the earliest rocking frame tests
and compared them with a conventional pin-base frame. They found
that themember force of the rocking framewas lower than that of the con-
ventional frame. Priestley et al. [11] developed a simplemethod to evaluate
the rocking response of structures via the displacement response spectra
using the equivalent damping of the rocking system.

In the last decade, the rocking system has been used frequently in
both retrofitting and new building design. Wada et al. [12] employed a
pivoting spine concept in the seismic retrofitting of a concrete building
in Japan and Janhunen et al. [13] employed a similar spine concept in
the seismic retrofitting of a steel building in the USA. A concrete wall
acts as the core of the rocking to redistribute the lateral forces and dis-
placements without adding significant strength. Günay et al. [14] inves-
tigated the seismic performance of a brittle reinforced concrete frame,
which was retrofitted with rocking infill walls, and proved its efficacy
in reducing soft-story failure risks.

Eatherton et al. [15–18] studied an uplifting rocking frame system
with PT strands that provide self-centering resistance. Steel butterfly-
shaped fuses and BRBs were employed as replaceable energy-
dissipation members. Midorikawa et al. [5,19] conducted shaking-
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Concept of element configuration and hysteretic curves of the three structural systems.
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table tests of a half-scale three-story rocking frame after installing yield-
ing plates at the bases of columns to dissipate energy. Wada et al. [7]
used a similar concept at the connections of columns in the middle
story of a slender, tall frame. Tremblay et al. [8] proposed a braced
steel frame with viscous dampers vertically equipped between the
column bases and the foundations.

Ikenaga et al. [20] developed a columnbase consisting of PT bars and
steel plate dampers. Takamatsu et al. [21] proposed a column base with
anchor bolts that dissipate energy by elongation. Takeuchi and Suzuki
[22] used buckling-restrained columns (BRCs) at the bases of truss
frames to concentrate major damage into the BRCs and prevent
collapses caused by the buckling of members in the main structure.

As mentioned above, effective and economical structural systems
eliminating damage concentration and residual drift after large earth-
quakes are needed and have been frequently investigated; however,
applications to actual buildings are not yet popular. This is mainly
because several obstacles must be overcome, such as the need for
large, self-centering PT strands and special treatment at uplift column
bases. To eliminate these difficulties, in this paper, we investigate a
non-uplifting spine frame system without PT strands whose self-
centering function is achieved by envelope elastic-moment frames.
The proposed system was tested by applying it to an actual building
structure under construction, and its performance is compared with a
conventional BRBF and controlled rocking frame with PT strands.
Fig. 2. Materials Research Center for Element Strategy (MCES), Tokyo Tech.
2. Design and modeling of structural systems

2.1. Concepts of non-uplifting spine frame systems

Fig. 1 shows the three structural systems examined in this paper and
the relationship between the overturning moment (MOT) and roof drift
ratio (RDR) of the proposed system compared with the two existing
systems. A conventional frame with shear dampers as BRBs (hereafter
referred to as the SD system; Fig. 1(a)) generally shows excellent
performance as long as the main structure is well balanced in terms of
stiffness and remains elastic. However, for unbalanced and elasto-
plastic ranges of themain frames, damage concentration at weak stories
and residual deformations are expected after an earthquake. To de-
crease such risks, a controlled uplifting rocking frame system (hereafter
referred to as the LU system; Fig. 1(b)) was proposed [24], in which a
rocking spine frame was introduced to distribute damage uniformly
throughout the stories and PT strands were introduced to achieve
self-centering functions. However, the prestressed forces required for
PT strands are higher than the expected residual forces of energy-
dissipation fuses (BRCs), which often reach to several thousand kN in
actual projects, and the details of uplifting systems tend to be compli-
cated. To overcome these problems, a non-uplifting spine frame system
Fig. 3. Plan of the building.



Table 1
Dimensions, gravity load, and mass distribution of the models.

Story height
(m)

Span of beam
(m)

Gravity load
(kN/m2)

Mass
(ton)

Roof – 4.5 11.3 788
Second–fifth stories 4.0 4.5 7.65 495
First story 4.2 4.5 – –
Total 20.2 27 30,500 27,000

Table 3
Cross-sectional areas and yielding forces of BRBs in SD model.

Story Cross-sectional area, ABRBi (mm2) Yielding force, Fy_BRBi (kN)

5 4300 970
4 5900 1330
3 7100 1600
2 8000 1800
1 8700 1960
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(hereafter referred to as the NL system; Fig. 1(c)) is proposed in this
paper. The proposed system comprises steel braced frames and replace-
able energy-dissipating fuses (BRCs) without PT strands; its self-
centering functions are achieved by envelope elastic-moment frames.
Unlike those in the LU system, the columns in the NL system are
replaced by BRCs and are fixed to the foundation. Under earthquakes
exceeding specific levels, plastic hinges activate at the bottom, and the
braced spine frame rocks around the center. During rocking, the rocking
frames remain elasticwhile the energy is dissipated by the plastic defor-
mation of replaceable fuses. After the shaking, the restoring forces from
the envelope moment-resisting frames play a role in self-centering the
system. The rocking braced frame acts as the spine element of the entire
structure to prevent damage concentration, even when the envelope
frame includes weak stories. With proper design, the self-centering ca-
pacity can be ensured to achieve immediate occupancy of the building.

2.2. Building models

The proposed structural system was applied to an actual building
under construction in the Tokyo Institute of Technology Suzukakedai
campus. Figs. 2 and 3 illustrate the perspective view and plan of the
building, respectively. Although we intended placing spine frames in a
crucifix-shaped configuration in the core of the plan; because of the
architectural requirements, only a groove-shaped space at the core
was available. As a result, we employ the NL frames and SD frames in
each direction other than employing both NL frames. In the following,
the performance in the spine frame direction is mainly discussed,
followed by hybrid actions under angled seismic inputs.

The story height of the building is typically 4 m at regular stories;
the first story is 4.2 m high. The plan dimensions are 27 m × 27 m:
4.5 m × 4.5 m bays for the external frames, and 9.0 m × 9.0 m bays
for the internal frames. The braced bay is located in the middle of the
building. To evaluate the performance of the proposed structural sys-
tem, a model of the same envelope steel moment-resisting frame
(SMRF) with the SD system, a model of the LU system, and a model
of the proposed NL system were designed with the same configura-
tion and earthquake input. Although the structure was designed
with a rocking (BRB) frame in the X-direction and shear BRBs in the
Y-direction, the effects of these shear BRBs in the Y-direction are not
considered in this paper, so that the performances of the three systems
can be compared in the X-direction.

The seismic performance of the building was evaluated at two limit
states: (1) damage initiation state and (2) life-safety limit state. These
states correspond to a hazard of 63.6% and 10% probability of exceedance
in a 50-year period. The standard shear force coefficients, C0, were set to
0.2 and 1.0 for the two seismic levels, and themaximum story drift ratios
were controlled at less than 0.5% and 1%, respectively. The second limit
Table 2
Sizes and materials of typical members.

Structural members Size (mm)

Beams in SMRF H-500 × 300 × 12 × 1
Columns in SMRF Box-500 × 500 × 19
Columns in SD/rocking/spine frame Box-550 × 550 × 25
Diagonals in rocking/spine frame H-600 × 550 × 25 × 2
state is close to the design-basis earthquake level (DBE level) in California.
The envelope structural framework was designed to remain elastic,
and most of the input seismic energy was absorbed by the energy-
dissipation members. The detailed design procedure is shown in
Appendix A. Table 1 lists the dimensions of the building, the gravity
load, and the mass distribution. Table 2 lists the sizes and the materials
of typical members.

The SD model was designed with the initial stiffness and yielding
force of BRBs in each story in proportion to the Ai distribution, which
is the suggested lateral force distribution related with the fundamental
period in Japan seismic code. A detailed calculationmethod is described
in Appendix A. The cross sections and yielding forces of BRBs in each
story are listed in Table 3.

The LU model with BRCs and PT strands was designed by replacing
BRBs in the SD model with a rocking spine with a stiff H-shaped steel
truss, which remainsmostly elastic in the second limit state. The yielding
force of the BRC and the prestress force of the PT strandswere selected by
determining an initial yielding overturning resistance of the rocking
frame that was equal to the yielding overturning moment of the SD
model. The overturning moment of the SD model was 46,000 kNm.
Eq. (5) expresses the initial yielding overturning moment of the LU
rocking frame.

MOT ¼ Gr f þ FPT þ FBRCy

� �
� br f
2

ð5Þ

where MOT is the overturning moment; Grf is the dead load of the
rocking frame; FPT is the axial force of the PT strands when the BRC
yields; FyBRC is the yielding force of the BRC; and brf is the width of the
rocking frame. The dead load, Grf, was 3390 kN. The total cross-
sectional area of the PT strands was 8300 mm2, and the initial tension
forcewas 1860 kN, which is 11.3% of the yielding force of the PT strands.
The cross-sectional area and the yielding force of the BRC were
13,900 mm2 and 4970 kN, respectively. The sum of the dead load and
the initial tension force, at 5250 kN, was larger than the yielding force
of the BRC, thus ensuring the self-centering systemof the rocking frame.

The proposed NL model employs the same rocking spine frame as
that in the LUmodel, and energy-dissipation fuses (BRCs) are distributed
at the bases of side columns of the spine frame. The braces and central
column are rigidly connected to the foundation, and plastic hinges acti-
vate at large rocking drift. The BRCs are located along the lines of the
side columns to maximize their energy-dissipation performance. The
yielding force of the BRCswas selected by determining an initial yielding
overturning resistance of the spine frame thatwas equal to that of the LU
model. Eq. (6) expresses the initial yielding overturning moment of the
spine frame of the NL model.
Material Mp (kNm)

9 SN400B 870
SN490B 2360
SN490B 3700

5 SN490B 3374



Fig. 4. Fiber discretization of a typical beam and a typical column.

Fig. 6. Acceleration spectra of normalized input ground motions (h0 = 0.02).
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MOT ¼ FBRCy br f ð6Þ

where MOT is the overturning moment of the spine frame; FyBRC is the
yielding axial force of the BRC on one side; and brf is the width of the
spine frame. The cross-sectional area and the yielding force of the
BRCs were 13,900 mm2 and 4500 kN, respectively.

The spine frame is connected to the outer moment frames through
pin-ended beams. These beams are designed with sufficient stiffness
to transmit horizontal force without extensive axial deformation, but
they do not restrain the vertical displacement of the rocking frames.

2.3. Numerical model

Detailed three-dimensional numerical models of the building were
developed in the OpenSEES computational environment [23]. Centerline
dimension models, which ignore the effects of panel zones and gusset
plates, were employed for all models. A model with centerline dimen-
sions normally overestimates the maximum force of the elements;
however, it has no influence on our comparison of the three structural
systems [24].

Beams, columns in the main frame, and braces in the rocking frame
were divided into four elements. Each element consisted of an iterative
force-based beam element with three Gauss–Lobatto integration points
and fiber discretization of the cross-section. The dimension of each fiber
is approximately 35 mm × 20 mm. Fig. 4 shows the fiber discretization
of a typical beam and a typical column.With this approach, the element
responses were derived by integrating the uniaxial stress–strain rela-
tionship of each fiber, which also accounted for the coupling effect
Fig. 5. Pushover analysis resu
between axial force and bending moment. Additionally, the plasticity
developing along the depth of the sections and length of the elements
was encompassed for these structural members. Shear deformation and
global or local buckling of members were not taken into account. The
BRB (BRC) and PT strands were modeled as pin-ended truss members.
All beam-to-column connections in the SMRF were modeled as rigid
connections. P-Delta effects were included in the transformation of the
column and brace elements. A rigid floor was assumed, to ensure that
the rocking frame worked together with the outer frame. All uniaxial
materials were assumed to have bilinear stress–strain relations with a
kinematic hardening rule. The yielding strength and strain-hardening
ratio assigned to BRBs are set as 275.5 MPa and 0.4% respectively.
The yielding strength of other structural members is 357.5 MPa or
258.5MPa. Their strain-hardening ratio is set as 1.0%. Rayleigh damping
with 0.02 critical damping ratio matching at the third and sixth modes
was implemented in the model.

In themodeling of BRBs/BRCs, we adopted equivalent elasticmodulus
and equivalent strain hardening ratio in order to consider that contribu-
tion of the higher axial stiffness of the elastic portions of the same mem-
ber. Detailed equations are listed in Appendix B.
3. Seismic performance of the three structural systems

3.1. Static analysis

Pushover analyseswere carried out under the external lateral force on
each floor proportional to the equivalent elastic lateral force obtained by
thefirst vibrationmode response (Aidistribution) for eachmodel. The re-
sults are shown in Fig. 5. The yielding overturning moments of the three
models were calibrated at approximately 46,000 kNm. The LU rocking
frame featured a larger hardening ratio than the other two models be-
cause the PT strands remained elastic during loading, but the difference
was smaller in the responses of the entire structures.
lts of the three models.



Table 4
Elastic natural periods (unit: s).

Mode Third Sixth

NL model 0.630 0.152
LU model 0.516 0.149
SD model 0.646 0.198

Fig. 8. SDR time-history response of second story (Hachinohe NS).
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3.2. Selection of ground motions

The groundmotions used herein included one artificial wave (BCJ-L2)
and four observed waves: El Centro NS (1940), JMA Kobe NS (1995),
TAFT EW (1925), and Hachinohe NS (1968). The duration of BCJ-L2 was
120 s and the duration of the four observed waves was 30 s for each
wave. The response acceleration spectra of the four recorded groundmo-
tions were scaled to follow the design spectra averaged for the life-safety
limit state (BRI-L2) in Japan, as shown in Fig. 6.

For all three models, we examined the response of the first and
fourth modes to translational deformation in the Y-direction in Fig. 3,
the response of the second and fifth modes to rotation in the plan, and
the response of the third and sixth modes to translational deformation
in the X-direction. The elastic natural periods of the third and sixth
modes of each model are shown in Table 4. The third mode period of
the LU model is larger than the other two models because the period
is calculated before the spine frame bottom uplifting in the LU model.
In this stage, the stiffness of the LU model is larger than the other two
models because of thehigh-stiffness PT strands. However, once uplifting
occurred, the stiffness of the LUmodel reduces to be slightly lower than
the other two models. The overall stiffness of the LU model after
uplifting is similar with the other two models, which can be seen in
Fig. 5. The uncoupled torsional-to lateral frequency ratios of the Model
SD, LU, and NL are 0.79, 0.65, and 0.81, respectively.
3.3. Time-history analysis

3.3.1. Interstory drift
Fig. 7 shows the overturning moment and RDR loops of the three

models, determined from time-history analysis. The self-centering
flag-shaped behavior of the LU model was confirmed in the response
during numerical simulation. Fig. 8 shows the story drift ratio (SDR)
time-history response of the second story under Hachinohe ground
motion input, including the peak responses. The maximum values of
the three models occurred at approximately the same point in time.
The maximum SDRs of each story in the three models are shown in
Fig. 9. Among all 15 results, only the SDR of the second-story drift in
the SD model under Hachinohe ground motion input exceeded 1%.

The SD model had a strong tendency to concentrate deformation in
the second story. In contrast, the LU and NL models distributed a more
uniform SDR owing to their spine mechanisms. To better understand
Fig. 7. Overturning moment and roof drift
the effectiveness of spine frames in reducing deformation concentra-
tion, the ratio of maximum SDR to RDR is used to express the story
drift concentration factor (DCF) [12]. As shown in Fig. 10, under all
five ground motions, the proposed NL model exhibited the smallest
DCF, the DCF of the LU model was higher, and the SD model displayed
the highest DCF. Among all three models, the NL model exhibited the
smallest peak story drift and the smallest DCF.

3.3.2. Residual story drift
The residual story drift is calculated after adding 60 s of analysis with

zero ground accelerations. At the end of the analysis the model almost
stopped moving. The residual story drift is taken as the drift when the
velocity reaches zero for the last time. Fig. 11 shows the residual story
drift ratio (ReSDR) of each story in all three models. All ReSDR values
were less than 0.12%, and less than 0.05% in the LU and NL models.
Fig. 12 shows the maximum base shear force of each model. The base
shear forceswere close to the yielding strength obtained from the push-
over analysis, which means that the main frames were almost elastic.

Themaximum shear force of the LUmodel tended to be greater than
that of the SDmodel; however, the ReSDR of the LUmodel was smaller
than or similar to that of the SDmodel. Unlike the case of the LUmodel,
themaximum shear force of theNL spine systemwas identical to that of
the SDmodel,whereas the ReSDR of theNLmodelwas smaller than that
of the SDmodel in all cases. This suggests that the elastic reaction forces
from the envelope frame of the NL spine system were sufficiently large
to overcome the residual axial force of the BRCs. This indicates that the
proposed NL spine system possesses excellent resilience capacity when
the envelope SMRF is elastic or yields slightly.

3.3.3. Energy dissipation
The input energy is dissipated by the system damping mechanism

and the cumulative plastic deformation. The kinetic energy and elastic
strain energy were negligible at the end of the analysis compared with
the damping and cumulative plastic strain energy (CPE). The CPEs of
the five ground motion inputs for the SD, LU, and NL models were
ratio hysteresis loops (Hachinohe NS).



Fig. 9.Maximum story drift ratio of each story in SD, LU, and NL models.

Fig. 10. Drift concentration factors of SD, LU, and NL models (ground motion IDs: 1. El
Centro; 2. Hachinohe; 3. JMA Kobe; 4. TAFT; 5. BCJ-L2; these are the same in the following
figures).
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25 MN·m, 14 MN·m, and 25 MN·m, respectively; the damping energy
values were 14 MN·m, 24 MN·m, and 15 MN·m, respectively; and the
total input energy values were 39 MN·m, 38 MN·m, and 40 MN·m,
respectively. The input energy values of the three models were close
to each other. Conversely, the damping energy of the LU model was
larger than that of the SD and NL models. A larger velocity response
was also observed in the LU model than that in the SD and NL models.
This indicates that the flag-shaped hysteretic response of the LU
Fig. 11. Residual story drift ratio of eac
model had a lower capacity for energy dissipation. As a result, the
amount of input energy that was converted into kinetic energy and
absorbed by the damping mechanism in the LU model was larger than
that in the SD and NL models.

In Fig. 13, the non-hatched areas in the bar chart represent the CPE of
the BRBs or BRCs, and the hatched areas represent the envelope frames.
The numbers above each bar denote the percentage of CPE of the BRBs
or BRCs in the total CPE of the structures. In the proposed NL spine sys-
tem, the earthquake input energy was greatly dissipated by the two
BRCs at the bottom of the spine frame. The percentages of CPE of the
BRCs in the total CPE of the structure ranged from 90.74% to 99.91%.
Similar to the NL spine system, the BRBs in the SD system dissipated
more than 85% of the CPE. For the LU rocking system, the main frame
dissipated up to 60% of the total CPE, whichwas greater than the energy
dissipated by the BRC.

Because the duration of the BCJ-L2 ground motion was longer than
that of the four observed ground motions, the CPE of the main frame
was compared among only the four observed waves. The proposed NL
model had the best distribution of energy dissipation and the lowest
CPE of the envelope frame, as illustrated in Fig. 14. Thismodel dissipated
energy through the beams from the first floor to the fourth floor; how-
ever, all the members in the spine frame and columns remained elastic.
The largest amount of CPE in one story of the envelope frame in the NL
model was 125.12 kNm. The envelope frame in the SDmodel dissipated
the most energy in the second and third floors, as shown in Fig. 14,
which indicates that damage was concentrated at those locations. The
largest amount of CPE in one story of the SD model was 246.46 kNm.
Themain frame in the LUmodel dissipated the largest amount of energy
h story in SD, LU, and NL models.



Fig. 12.Maximum shear force of each story in SD, LU, and NL models.
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compared with the other two systems. The peak value of CPE in one
story of the LUmodel was 677.90 kNm. Themain frame of the proposed
NL model suffered the least damage among all three models.

3.4. Incremental dynamic analysis

The LU rocking frame is expected to avoid damage concentration and
eliminate permanent story drifts of the structures. However, its robust-
ness remains unclear under unexpectedly strong earthquakes, which
may lead to yielding of the PT strands. Incremental dynamic analysis
(IDA) [25] was conducted to compare the seismic safety of the three
structural systems, focusing particularly on the ultimate state of the LU
rocking system after yielding of the PT strands and the performance of
the NL spine system subjected to the same earthquake level.

The intensitymeasure (IM)was the peakground acceleration (PGA).
The damage measure (DM) was the maximum story drift ratio. The se-
lected groundmotions were scaled up until the maximum SDR reached
10% or until the PGA reached 6 g (60 m/s2). The IDA curves of the three
models are compared in Fig. 15.

Generally, for the SD model, the softening of the IDA curves was
more significant than that of the NL and LU models, although the
strength deterioration was not considered in the models. Yielding of
the PT strands occurred when the maximum SDR was approximately
5%. Only under the Hachinohe groundmotion input, after the PT strands
yielded, the maximum SDR in the LU frame grew significantly faster
than the NL frame with increased earthquake input intensity. Under
other earthquake inputs, the differences were not significant between
the IDA curves of the LU andNLmodels immediately after the PT strands
Fig. 13. Energy absorbed by energy-dissip
yielded; generally, the maximum SDR of the SD model exceeded those
of the NL and LU models with the same ground motion intensities.

4. Seismic performance with single-story irregular configuration

Building structureswith vertically unbalanced strength distributions
are commonly seen in modern urban areas, primarily because of archi-
tectural constraints. According to previous studies, the strength, stiff-
ness, and mass irregularity significantly degrade the seismic behavior
of these structures [26,27]. Special attention is necessary in the design
of such irregular buildings. The proposed NL spine frame system is
expected to distribute damage throughout the structure under a certain
level, even for irregular building configurations. To evaluate the structural
response of the three systems with vertical irregularities, the models in
previous sections were modified by degrading both the stiffness and
strength of all columns in a certain story of the moment-resisting
frame. Two groups of irregular models were created, first-story irregular
model and second-story irregular models, corresponding to irregularity
in the first and second stories. Fig. 16 shows the shear force and SDR re-
lationship of each story in the irregular models compared with regular
models. The curves were determined through pushover analysis with
equivalent horizontal force following Ai distribution. For all the SD, LU,
andNLmodels, the degradation of thefirst-story columns caused obvious
degradation in the strength of every story, particularly for thefirst story of
the SDmodel. The degradation of the second-story columns significantly
decreased the stiffness and strength of the second story in the SDmodel;
however, it had a negligible influence on the stiffness and strength of
every story in the LU and NL models.
ating devices and envelope frames.



Fig. 14. Distribution of cumulative plastic strain energy (CPE) in each story of the envelope frame.
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4.1. Interstory drift

The maximum SDR of each story in the irregular models is shown in
Fig. 17. Among thefirst-story irregularmodels, themaximumfirst-story
SDR of the SDmodel was approximately 1.2%, and themaximum SDRs of
the LU and NL models were approximately 1%. Among the second-story
irregular models, the maximum second-story SDR of the SD model was
approximately 1.5%, that of the LU model was again approximately 1%,
Fig. 15. Incremental dynamic analysis cu
and that of the proposed NL model was the smallest among the three
models.

The DCFs of the irregular models are shown in Fig. 18. It is clear that
even for the irregular models, the LU and NL models controlled a more
uniform story drift distribution over the height of the building than
the SD model did. Similar to the results of the regular models, the pro-
posed NL model had the smallest SDR among the three models, and
its DCF was close to that of the LU model.
rves of the SD, LU, and NL models.



Fig. 16. Relationship between shear force and story drift ratio (SDR) in regular and irregular models.
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4.2. Residual story drift

Fig. 19 shows the ReSDR of each story in all irregular models. Among
the first-story irregular models, the maximum ReSDR of the SD model
was approximately 0.25%; conversely, the maximum ReSDRs of the LU
andNLmodelswere approximately 0.05%. For the second-story irregular
models, the maximum ReSDR of the SD model was also approximately
0.25%, and those of the LU and NL models were even smaller than
those of the first-story irregular models.

4.3. Incremental dynamic analysis

IDA using the same IM (PGA) and DM (maximum SDR) was also
conducted for the irregular models. The IDA curves of the first-story
irregular models are shown in Fig. 20, and those of the second-story
irregular models are shown in Fig. 21.

Among the first-story irregular models, the bottom diagonal member
in the rocking frame of the LU model yielded when the PGA of input
ground motions was 0.6–1.0 g (6–10 m/s2 PGA). After the diagonals
yielded, the maximum SDR of the LU model increased rapidly as the
earthquake input intensity increased; this value was much weaker than
that in the NL model, but was similar to that of the SD model. This is be-
cause the yielded diagonals could not maintain the rocking mechanism,
so the upper stories deformed by sliding from the first floor. Because of
this phenomenon, the PT strands did not yield when the maximum
SDR was approximately 5%, but yielded when the maximum SDR was
larger than 9%. The degradation of the bottom diagonal is another factor
that influences the robustness of the LUmodel. For the first-story irregu-
lar NL model, in comparison, the maximum SDR at the same input
intensity increased compared with the regular models, but the slope of
its IDA curves decreased much more slowly than those of the LU and
SD models, which indicates a more stable seismic behavior.

For the second-story irregular models, the SD model exhibited sim-
ilar IDA curves to the first-story irregular SDmodel; whereas the LU and
NL models both exhibited similar IDA curves to their regular models.
The PT strands yielded when the maximum SDR was approximately
5%, and the bottom braces yielded after the PT strands yielded. Before
the yielding of the bottom diagonals, the IDA curves of the LU model
were entirely coincident with the curves of the NL model. However,
after the bottom diagonals yielded, the slope of the IDA curves in the
LU model decreased more than that of the NL model, although this re-
sult is not shown here. Thus, the proposed NL spine system showed
the best damage distribution performance and self-centering perfor-
mance among all cases even without PT strands.

5. Seismic performance of structures with hybrid systems

The previous sections investigated single-directional seismic perfor-
mance of three structures employing the SD, LU, and NL frames respec-
tively. In actual structural design, two directional seismic performance
need to be considered. Employing NL frames and SD frames in each
direction is more practical than employing both NL frames in terms of
architectural requirements. The NL model studied in previous sections
was modified by adding two perpendicular SD frames connected to
the side columns of its NL frame, as shown in Fig. 22. Timehistory analysis
with design level earthquake input in different directionswas conducted.
Cumulative strain energy dissipated byBRBs in the SD frames andBRCs in
the NL frame was compared in Fig. 23.



Fig. 17. Maximum story drift ratio (SDR) of each story in irregular models.
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When the seismic input was in X direction, not only BRCs in X direc-
tion but also BRBs in Y direction dissipated energy. That's because the
vertical displacement of the NL frame caused axial deformation of
BRBs, which were directly connected with the NL frame. When the seis-
mic input was in Y direction, only BRBs in Y direction dissipated energy,
without any interaction with the NL frame. When the seismic input was
in XY direction, the BRCs and BRBs both dissipated energy. However,
the amount of energy was not the average of the amount obtained
from X direction input and Y direction input, which indicated that the
structural behavior in XY direction was not a simple superposition of its
behavior in X direction and Y direction.
Fig. 18. Drift concentration factor
6. Conclusions

A non-uplifting spine systemwithout PT strands andwith elastic en-
velope frames was proposed. Its seismic performance was compared
with a conventional shear damper system and a controlled uplifting
rocking system through application to an actual building prototype
under construction. The following conclusions were drawn from this
study.

(1) For the regular models with balanced vertical strength distribu-
tions subjected to a design-level earthquake, the proposed NL
s (DCFs) of irregular models.



Fig. 19. Residual story drift ratio (ReSDR) of each story in irregular models.

Fig. 20. Incremental dynamic analysis curves of first-story irregular models.
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Fig. 21. Incremental dynamic analysis curves of second-story irregular models.
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model achieved the smallest SDR and DCF compared with the SD
and LU models. Additionally, the ReSDR of the NL model was as
small as that of the LU model, even without PT strands. In
terms of energy dissipation, the LUmodel resulted in more dam-
age in the envelope frames, whereas in the proposed NL model,
the envelope frames remained almost undamaged.
Fig. 22. Modified model which employed hybrid systems.
(2) In the IDA analysis of regular models, both the LUmodel and the
NL model showed stable seismic performance with increased
input ground motion intensity, regardless of the yielding of the
PT strands in the LU model.

(3) For the irregularmodelswith unbalanced vertical strength distri-
butions subjected to a design-level earthquake, the SDR, DCF, and
ReSDR of the LU andNLmodels were consistentwith those of the
regular models. In contrast, severe damage concentration in the
irregular story was observed in the SD model.

(4) Thefirst-story irregular LUmodel exhibited degradation after the
bottom diagonal members in the rocking frame yielded during
IDA analysis, similar to the degradation of the SD model. In con-
trast, the proposed NL model showed stable performance with
increased input ground motion intensity even with the irregular
first story.

(5) For the structureswith theNL system in one plan direction and the
SD system in the other direction, its behavior against bi-directional
ground motions cannot be simply evaluated by superposing the
behaviors in each direction, as the interaction between the BRBs
and the spine frame is significant. The participation of BRBs
(SD-dir.) in dissipating earthquake energy increases with the
input angle from NL-dir. increasing.

In summary, NL spine frame was verified as showing excellent per-
formance in preventing damage concentration in weak stories as well
as sufficient self-centering capacity and robustness under large earth-
quakes even without PT strands. The proposed system is currently
being employed in the design of an actual building, the construction of
which started in March 2014. The detail at the base of the spine frame
is shown in Fig. 24. The building is completed in 2015. The construction



Fig. 23. Cumulative strain energy dissipated by BRCs and BRBs.
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process and studies of the simple design method of this structural
system will be reported in the near future.

Abbreviations and notations
SD conventional frame with shear dampers as BRBs
LU uplifting rocking frame
NL non-uplifting spine frame
SMRF steel moment-resisting frame
BRC buckling-restrained column member
BRB buckling-restrained brace
BRBF buckling-restrained braced frame
RDR roof drift ratio
SDR story drift ratio
Fig. 24. Detail of the base o
PT post-tensioned
DCF story drift concentration factor (maximum SDR:RDR ratio)
ReSDR residual story drift ratio
CPE cumulative plastic strain energy
Z seismic zones coefficient
Ai distribution factor of seismic load along the structure height
Rt seismic response reducing factor
C0 standard shear coefficient
Dsi structure characteristic coefficient
Fesi shape factor
Fs eccentricity factor
Fe stiffness factor
MOT overturning moment
f the NL spine frame.



64 T. Takeuchi et al. / Journal of Constructional Steel Research 114 (2015) 51–65
Grf gravity load on the rocking frame
FPT axial force of PT wire
Fy
BRC yielding force of BRC
brf width of rocking frame

Appendix A

A.1. Design procedure for the prototype building based on Japanese
seismic code

Based on Japanese seismic code, the seismic performance of a
seismic resisting building should be verified at two limit states:
(1) damage initiation state and (2) life-safety limit state. These states
correspond to a hazard of 63.6% and 10% probability of exceedance in
a 50-year period (DBE level). The prototype building was designed by
static analysis with equivalent static horizontal load for each seismic
level. For level 1 seismic design, the equivalent loads are calculated by
Eqs. (A-1) to (A-3). All of the structure members remain elastic and
the maximum story drift ratio is less than 0.5%.

Qi ¼ C0 � Z � Rt � Ai �
XN
j¼1

wj ðA� 1Þ

Ai ¼ 1þ 1ffiffiffiffiffi
αi

p −αi

� �
2T

1þ 3T
αi ¼

ΣWi

W
ðA� 2Þ

Rt ¼ 1−0:2
T
Tc

−1
� �2

¼ 0:724 ðA� 3Þ

where, Z is the coefficient representing different seismic zones. Ai is the
distribution factor of seismic load along the structure height related
with the fundamental period. Rt is the reducing factor considering the
vibration characteristics of foundation and buildings. C0 is the standard
shear coefficient (Lv.1 design C0 = 0.2, Lv.2 design C0 = 1.0). wi is the
weight of each story.

For the level 2 seismic design, the necessary equivalent loads are
calculated by Eq. (A-4). It is less than the load bearing capacity. The
load bearing capacity is the horizontal load when the maximum story
drift ratio reached 1.0% in pushover analysis, where the story horizontal
loads are in proportion with Ai distribution.

Quni ¼ Dsi FesiZRtAiC0

Xn
i¼1

wi ðA� 4Þ

where, Dsi takes account of structural damping ratio and ductility, which
is 0.25 for this structure. Fesi is the shape factor, which is the product of
the eccentricity factor Fs and the stiffness factor Fe, all of the three param-
eters are 1.0 here.

The seismic performance of the envelope steel frame in the proto-
type building has been verified by the above design method. In level
2 seismic design, the maximum story drift ratio of the envelop frame
is 0.43%, less than 1.0%. Besides, the ratio of the shear force capacity
and necessary story shear force is 2.342, exhibiting high safety.
Therefore even for the level 2 seismic input, we can expect that
the envelope structural framework remains elastic and most of
the input seismic energy is absorbed by the energy-dissipation
members.

Appendix B

B.1. Analytical modeling of BRBs/BRCs

In themodeling of BRBs/BRCs,we adopted equivalent elasticmodulus
and equivalent strain hardening ratio in order to consider that contribu-
tion of the higher axial stiffness of the elastic portions of the same
member. The two equivalent parameters are calculated by Eqs. (B-1)
and (B-2).

Eeq ¼ E
lc þ le

lc þ le
Ac

Ae

when BRBs BRCsð Þare elasticð Þ ðB� 1Þ

Eheq
Eeq

¼ Eh
E

lc þ le
Ac

Ae

lc þ le
Ac

Ae

Eh
E

after BRBs BRCsð Þyieldð Þ ðB� 2Þ

where, lc and Ac is the length and area of the core portion. le and Ae is the
length and area of the elastic portions. Eh is the tangent modulus of core
steel after yielding.
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