Seismic Performance and Evaluation of
Controlled Spine Frames Applied in
High-rise Buildings

Xingchen Chen,”” Toru Takeuchi,” and Ryota Matsui®

A controlled spine frame system consists of moment frames and spine frames
with concentrated energy-dissipating members. This system guarantees the con-
tinuous usability of buildings against Japanese Level-2 earthquake events (similar
to DBE events in California), and the authors have confirmed its excellent per-
formance in preventing damage concentration in low-rise buildings. This study
further investigates the effect of diverse structural properties on the seismic per-
formance of controlled spine frames applied in high-rise buildings. The effect of
building height, yield drift of dampers, spine-to-moment frame stiffness ratio, and
damper-to-moment frame stiffness ratio are illustrated in detail, and optimal
values are discussed. Also, a segmented spine frame system is proposed for
high-rise buildings. The simple evaluation procedure proposed by the authors
for low-rise buildings, based on equivalent linearization techniques and response
spectrum analyses, was modified to include higher-mode effects for high-rise
buildings based on modal analysis. The modified evaluation method was verified
by modal pushover and time-history analyses. [DOI: 10.1193/080817EQS157M]

INTRODUCTION

Damage concentration in limited levels of frame structures has often occurred during
major earthquake events, which has raised awareness of the need to improve structural integ-
rity. Various solutions were provided by previous researchers, such as the “strong
column—weak beam” concept and the shear wall-frame dual system. Walls usually ensure
better structural integrity because of their considerable stiffness. However, they may signifi-
cantly increase the resisting force and input earthquake energy owing to period shift, and
extensive damage may occur at the bottom levels of the shear walls, which is costly and
time-consuming to repair. In their study about the effect of foundation flexibility on the seis-
mic performance of a wall-frame system, Paulay and Priestley (1992) found that the loss of
wall base restraint would not significantly impair the seismic performance of wall-frame
systems. The beneficial spine effect of pin-based walls or columns on the seismic perfor-
mance of wall-frame systems was verified by studies based on theoretical analyses of
multi-degree-of-freedom models or dynamic analyses of building models up to 20 stories
(Akiyama et al. 1984, MacRae et al. 2004, Alavi et al. 2004, Tanimura et al. 1996). In recent
years, various spine systems with energy-dissipating members were proposed for both new
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building applications and retrofitting. Qu et al. (2012) employed a pivoting spine concept in the
seismic retrofitting of a concrete building in Japan. Janhunen et al. (2013) proposed a seismic
retrofit solution by adding a single pivoting concrete spine to the core of a 14-story building to
improve its drift pattern and to distribute yielding at all building levels. Eatherton et al. (2010,
2014) carried out a shake table test of an uplifting steel rocking frame system with post-tensioned
(PT) strands to provide self-centering; they also proposed several design concepts for this system.
MacRae et al. (2013) studied design considerations for rocking structures. Djojo et al. (2014)
proposed a rocking steel panel shear wall with energy dissipation devices. Lai and Mahin (2014)
examined the Strongback system, which combines aspects of a traditional concentric braced
frame with a stiff mast to prevent damage concentration in a single or a few stories.

However, previous research mainly focused on the first-mode response that dominates
building structures, and there are few research results on the seismic performance of high-rise
buildings adopting the moment frame with a spine frame dual systems.

A new controlled spine frame was proposed by the authors (Takeuchi et al. 2015, Chen
et al. 2017), as shown in Figure 1, and it was applied in the design of a new five-story
research center at the Tokyo Tech’s Suzukakedai campus. This spine frame consists of
(1) a stiff braced steel frame or reinforced concrete (RC) wall (i.e., the spine frame);
(2) replaceable energy-dissipating members (herein called buckling restrained columns,
or BRCs); and (3) envelope moment-resisting frames. Envelope frames are designed to
remain elastic and to control residual drifts, providing self-centering force without resorting
to post-tensioning. The input seismic energy is absorbed by the BRCs, which feature sig-
nificant cumulative deformation capacity and, if required, can easily be replaced following a
large earthquake. This combination of structural elements effectively reduces repair costs and
downtime of buildings after suffering major earthquakes.

The authors verified the excellent performance of low-rise buildings adopting the proposed
spine frame system in preventing damage concentration in weak stories as well as their sufficient
self-centering capacity against large earthquake events. The relationship between seismic perfor-
mance and key structural parameters was studied. A simple yet applicable design method was
established with clear limitations and recommendations (Takeuchi et al. 2015, Chen et al. 2017).

However, it was found that the simple controlled spine system is insufficient for high-rise
buildings because of higher vibration modes and the larger flexural deformation of the spine

Moment frame  Spine frame Connecting beam

Figure 1. Controlled spine frame structure.



SEISMIC PERFORMANCE AND EVALUATION OF CONTROLLED SPINE FRAMES APPLIED IN HIGH-RISE BUILDINGS 1433

frame caused by higher bending moments. Also, the proposed simplified response evaluation
method using the assumption of first-mode dominant response showed large errors for higher
structures. Here various segmented spine systems are proposed to overcome the limitation of
height, and their effects are compared with the simple spine frame. Moreover, two simple
response evaluation methods are applied. One is modal pushover analysis; the other is mod-
ified response spectrum considering higher vibration modes. The procedures in each method
are examined and their validity is confirmed.

CONTROLLED SPINE FRAMES IN BENCHMARK BUILDINGS

BENCHMARK BUILDINGS

A parametric study based on a nonlinear time-history analysis was used to investigate the
seismic performance of the controlled spine system with diverse structural properties. The
benchmark structures used in this study represent typical steel-structure office buildings, as
shown in Figure 2a—2c. Besides the continuous single spine (Cnt) model, the corresponding
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Figure 2. Benchmark models of controlled spine frame structures.
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shear wall (SW) model was compared with the Cnt model in 5-, 10-, 20-, and 30-story
buildings. In order to reduce the base shear of high-rise buildings utilizing the controlled
spine frame system, besides the continuous spine, the authors investigated alternative
spine configurations, in particular those illustrated in Figure 2d. In segmented spine
frame (Sgt) structures, there are two or three spine frames arranged in series along the struc-
ture height. All of them are pin-connected at the bottom center to the lower spine or to the
foundation structures, and are equipped with BRCs at both edges.

The 2-segment spine (Sgt2) and 3-segment spine (Sgt3) models were compared with the
Cnt model in 20- and 30-story buildings, as shown in Figure 2d. The four different-height Cnt
structures were designed in elastic ranges as per the base shear ratio (base shear normalized
by seismic weight of the structure) of 0.03—0.15. The moment frames and spine frames were
assumed to remain elastic during Japanese Level-2 earthquake events (similar to DBE events
in California). Although the spine frames can suppress soft story formation, for this study the
lateral stiffness of the moment frames was set approximately proportional to the story shear.
The spine frames in the 5- and 10-story buildings were assumed to be pin-supported steel
trusses, and those in the 20- and 30-story buildings were pin-supported RC walls, to achieve
the required stiffness for the parameter studies. The RC walls were assumed to be prestressed
by post-tensioning tendons to prevent cracking, and thus stiffness degradation of the RC
wall was not considered. The regular member dimensions in each benchmark model are
summarized in Table 1.

Member-by-member (MBM) models of the benchmark buildings were built in OpenSees
(Mazzoni et al. 2016). Centerline dimension models, which ignore the effects of panel zones
and gusset plates, were employed for all models. Beams, columns, and braces or walls were
modeled by displacement-based beam elements with elastic materials. P-delta effects
were not included. A rigid floor was assumed to ensure that the rocking frame worked
with the envelope frame. In the modeling of BRCs, equivalent elastic modulus and equivalent
strain hardening ratio were adopted in order to consider the contribution of the higher
axial stiffness of the elastic portions of the same member. The BRC material was assumed
to have bilinear stress-strain relations with a kinematic hardening rule. Rayleigh damping
with a 0.02 critical damping ratio matching at the first and third modes was implemented
in the model.

PARAMETERIZING KEY STRUCTURAL PROPERTIES

The key structural properties, considered highly related to the seismic performance of
spine frame structures, were the stiffness of the moment frames, spine frames, and dampers.
The stiffness of the moment frame, denoted Ky, is given as:

12
Ry ((El/l) + <E1}l)z>

Ky = M

where h represents the story height and (EI/h),, and (EI/l),,, are the sums of line stiffness of
all columns and beams at the nth story, respectively. N is the total number of stories.
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The lateral stiffness of the spine frame, denoted K, is defined considering both bending
and shear stiffness:

SOK, = , K, =

S

2)

1
1 1
K_x: + Ksb
where (EI), is the equivalent sectional bending stiffness of the spine frame; (GA), is the
equivalent sectional shear stiffness of the spine frame; H is the total height of the structure,
which is identical to the height of the spine frame; and K ;, and K, are the equivalent bending
stiffness and shear stiffness of the spine frame, respectively. The lateral stiffness of the dam-
pers, denoted K, is calculated as:
F (b)?
Kd _ BRC.)( ) > (3)
2”BRC_y(Heq)

where uggc , is the yield deformation of each BRC; b is the width of the spine frame; Fggc
represents the yielding force of the BRC; and H,, is the equivalent height of the first mode.
Values of the representative stiffnesses of the benchmark buildings are summarized in
Table 2. The representative stiffness was further parameterized into normalized stiffness
ratios, (i.e., the stiffness ratio of spine frame to moment frames), denoted K/Ky, and the
stiffness ratio of dampers to moment frames, denoted K ;/K. They were used as the control
parameters in the parametric study. In the benchmark models, 6, = 0.1%, K;/K; = 1.0, and
K;/K; =0.5 in the 5- and 10-story buildings, while K;/K;=0.3 in the 20- and
30-story buildings. Considering the seismic design code and construction requirements,
in the parametric study K,/K, ranged from 0.5 to 4.0, and K/K; ranged from 0.1 to
2.0. Table 3 summarizes the variables of the four buildings. A total of 564 cases were studied.

INPUT GROUND MOTIONS IN TIME-HISTORY ANALYSES

A time-history analysis was carried out to examine seismic performance. The ground
motions used included the artificial wave BCJ-L2 with duration of 120 s, as well as the
observed waves of El Centro NS (1940), IMA Kobe NS (1995), TAFT EW (1925), and
Hachinohe NS (1968), each 30 s long. The acceleration response spectra of the four recorded

Table 2. Structural properties of spine frame, BRC hinge® and representative stiffnesses

Spine frame BRC hinge Representative stiffness

Model EI(kNm*) GA(kN) M, (kNm) 6, (rad) K;(kN/m) K, (kN/m) K, (kN/m)

S5-story  29x 108 40x10° 3.0x10* 0.10% 14x10°  7.0x 10* 1.4 x 10°
10-story 9.1 x 108  12x107 6.4x10* 0.10%  7.5x10* 38x10*  7.5x 10
20-story 2.0 x 10° 1.4x10% 13x10° 0.10% 3.9 x 10* 1.2 x 10* 3.9 x 104
30-story 6.0 x 10° 2.1 x10%8 26x10° 0.10% 35x10* 1.0x10*  3.5x 10

# The BRC hinge represents a pair of BRCs at the bottom or segment level of the spine frame:
M, = Fgpc_y * b, 0y = 2ugpc_, /b, where Fgpe  and ugpe | are the axial yielding force and deformation of a BRC,

respectively and b is the lateral distance between a pair of BRCs.
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Table 3. Variables in the parametric study

Sgt3-Ksf0.3-Nb10-20-Kdf1.0-1.0-1.0

@ Model type
@ @ @ @ SW: Shear wall Cnt: Continous spine
Sgt2: 2 Segmented spines  Sgt3: 3 Segmented spines

@ Stiffness ratio of the spine and the moment frame

KsfK /K,
@ Stories of the upper BRCs
(excluded in SW or Cnt model) All K /K, 0.1 103(05]07] 1| 2
Sgt2: Nb N,, Cnt | KJK, 0 Joslos] 1]13]1s] 234
Sgt3: Nb N, -N, N, 3~29
@ Stiffness ratio of the dampers and Sgt2 Ku/K; 0 05/08] 1 I 13 | L5 |
the moment frame (excluded in SW model) Kp/Ky 05 10.8] 1
Cnt: Kdf K, /K, N, 10~20
Set2: Kdf K, /K -K /K, se3[ W, 1428

b2

/K, Kups/K; 1

Set3: Kdf K, /K K, /KK

d3

ground motions were spectrally matched to follow the Japanese life safety design spectrum
(BRI-L2), as shown in Figure 3.

SEISMIC EVALUATION BASED ON MODAL PUSHOVER ANALYSIS

EVALUATION PROCEDURE

Besides the evaluations by time-history analyses using MBM models, two simplified
response evaluation methods using the key parameters were proposed. The modal pushover
analysis (MPA) based on the structural dynamics theory has been commonly used for seismic
evaluation (Krawinkler et al. 1998). In a typical MPA procedure, a suit of monotonically
increasing lateral forces with an invariant heightwise distribution is loaded on the structure
until a target deformation is reached (Chopra et al. 2002). Both force distribution and target
deformation are calculated by assuming that one mode response is predominant and the mode
shape remains unchanged after the yielding mechanism occurs. The invariant force distribu-
tion cannot consider the redistribution of inertia forces after the yielding mechanism occurs,
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Figure 3. Acceleration spectra of normalized input ground motions.
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Figure 4. Nonlinear modal pushover analysis for spine frame structures.

but they are conceptually and computationally simple for engineering practice. In the current
study, a MPA procedure with invariant force distribution considering the contribution of
higher modes was used for evaluating the proposed continuous and segmented spine
frame structures applied in high-rise buildings, as shown in Figure 4.

Chopra et al. proposed a modified MPA procedure assuming the higher modes as elastic,
and verified its accuracy for regular frames (Chopra et al. 2004). However, this assumption
significantly overestimates seismic performance, particularly the force response of spine
frames in controlled spine frame structures. Therefore, a nonlinear pushover analysis is
required for higher modes, at least for the second mode of spine frame structures.

The evaluation procedure was as follows:

In Step 1, compute the natural periods, ,, T, and modes, , @, for a linearly elastic vibration
of the building.

In Step 2, for the nth mode, develop the base shear-floor displacement, ,,Q;-,u, pushover
curve by nonlinear static analysis of the building using the lateral force distribution, ,qx
(Equation 4; m is mass matrix).

AQ* = m,@ 4)

In Step 3, convert the ,Q,-,u, pushover curve to the force-deformation, ,A-,D, relation
for the nth mode inelastic SDOF system using Equation 5 (,M,, is the effective modal
mass; ,f is a modal participation factor; ,u, is reference floor displacement; and ,Q, is
base shear force). The section Reference Floor explains how to determine the reference floor.

nQb D= Uy _ nq)Tm{l} M. = (nq)Tm{l})z (5)

n - ’ n T > neq T
Meq wPn®r 2@ M, @ 2@ M, Q

nA =



SEISMIC PERFORMANCE AND EVALUATION OF CONTROLLED SPINE FRAMES APPLIED IN HIGH-RISE BUILDINGS 1439

In Step 4, from the ,A-,D relation, determine the initial stiffness and hardening stiffness
of the SDOF system.

In Step 5, evaluate the peak deformation, ,D, using Equations 6-9 iteratively.

2 (1-p+pp

ey = nho +——In (6)
@0 up (w)P
U
T,, = ,To\|—— 7
e T T 1) 7
where p = 224 h denotes the hardening stiffness ratio; and yu = “5* D: denotes the ductility ratio

when the target deformation is assumed as ,D;; , D, is the y1e1d1ng deformation; and ,,D, and
Ao denote the primarily estimated deformation and force corresponding to the initial period,
2T, and initial damping ratio, ,hy (=0.02), respectively. They are updated by Equations 8
and 9 until a convergence is reached, where ,R; and ,R,, are the deformation and force reduc-
tion factors:

lzTL’l] Dh Tl S }’lTO S nTeq
n+ e IIT IIT
D = ,Ry,Do, R; = % JTo<T <, Toy, T;=0864s (8)
Te TegtnT
Ty nDn S nTo<,Teq =T
D, =4 /lligi’:{‘;, a is an empirical value, set as 25.
A%
nA = nRanAO’ n‘‘a Rd T (9)
eq

In Step 6, inversely convert ,D to the peak ith floor displacement, ,u;, in the inelastic
MDOF system.

In Step 7, from the pushover database (Step 2), extract values of desired response, ,7, at
the ith floor displacement equal to ,u;.

In Step 8, repeat Steps 3—7 for as many modes as required for sufficient accuracy.

In Step 9, determine the total seismic response by combining the peak modal responses
using a modal combination rule.

The MPA procedure can also be used to estimate internal forces in those structural mem-
bers that remain within their linearly elastic range, but not in those that deform into the inelas-
tic range. In the latter case, the member forces are estimated from the total member
deformations.

REFERENCE FLOOR

The assumption of invariable mode shapes before and after the yielding mechanism
occurs might not be satisfied, particularly for spine frame structures, because the yielding
deformation concentrates in dampers that are equipped at specific stories. Therefore,
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Figure 5. SDOF force-deformation (A-D) curves obtained using 1st or 20th floor as reference
floor (model: 20-story Cnt-Ksf0.3-Kdf1.0; input: BCJ-L2). (a) A-D curves of first mode vibration
and (b) A-D curves of second mode vibration.

the relationship between the different floor displacements and base shears obtained from the
pushover analysis of the original structure resulted in a different hardening stiffness ratio
(even reversal deformation) in the force-deformation curve of the corresponding SDOF sys-
tem, as shown in Figure Sa.

Previous researchers also observed “reversal” curves in the higher-mode pushover
analysis and suggested using lower floors as reference floors (Chopra et al. 2005). For
spine frame structures, the estimation of responses using the SDOF was more conservative
when the hardening stiffness ratio was larger. For the first mode, the top floor gave the largest
hardening stiffness ratio; for the second mode, the first floor gave almost the largest hardening
stiffness ratio (Figure 6). Similar results were obtained for the Sgt2 models. These two floors
were determined to be the reference floors for first and second modes, respectively.

SEISMIC EVALUATION BASED ON RESPONSE SPECTRUM ANALYSIS

EVALUATION PROCEDURE

Chen et al (2017) proposed a simplified evaluation method based on equivalent linearization
techniques and response spectrum analysis (RSA) for low-rise spine frame structures. It was

9 1 .8 1
g g
z 08 Z 05
Q M Q [ o
£ 06 / £ NN \
20 041 déd 20 . \
g Re )i g
E o2 commendé E 05 Re¢ommended
= =
0O 5 10 15 20 0O 5 10 15 20
Reference floor Reference floor

(@) (b)

Figure 6. Hardening stiffness ratio obtained using different reference floors (model: 20-story
Cnt-Ksf0.3-Kdf1.0; input: BCJ-L2). (a) Hardening stiffness ratio of first mode vibration and
(b) Hardening stiffness ratio of second mode vibration.
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Figure 7. Multimode response spectrum analysis for spine frame structures.

verified that this method provides enough accuracy when the key structural parameters are in a
regular range, which Chen et al. quantified. Here, the modified procedure including the higher-
mode contribution to the seismic performance of high-rise buildings (Figure 7) is proposed.

In Step 1, compute the natural periods, , 7, and modes, , @y, for the linearly elastic vibra-
tion of the main frame without BRCs. Obtain the elastic force-deformation relation, ,A-,D,
with stiffness, A Ky, for the SDOF system using Equation 5.

In Step 2, evaluate the elastic modal responses, ,r¢, of the main frame with an inherent
damping ratio of 0.02. To evaluate the forces of the structural members, an elastic pushover
analysis using the lateral force distribution, ,qs*, is required (,qg* = m, @¢).

In Step 3, for the nth mode, compute the additional stiffness, ,K,, and yielding
deformation,  D,, contributed by the BRCs. Determine the system initial stiffness,
Krya = ,Kr + ,K,. The system hardening stiffness equals A K, obtained from Step 1.

In Step 4, compute the deformation and force reduction factors, ,R; and ,R,, using
Equations 6-9 iteratively, where ,K, and ,K}, are replaced with K., and  K;. Equation 8
is replaced with Equation 10 because the main frame herein excludes the dampers (, 7., in
RSA equals ,T, in MPA; both are the initial stiffness of the whole system):

”,,%"nDh T2 Tr1a <, Teg <, Ty
_ _ 2
an ::ffq "Dh% "Tf+a < Tl < nTeq < an (10)
ﬁ"l)h% an+a < VLTWI < Tl < an
Dy g wTrva S, Teg <, Tr < T
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In Step 5, evaluate the desired responses of the original structure by multiplying ,R,
or ,R,.

In Step 6, repeat Steps 3—5 for as many modes as required for sufficient accuracy.

In Step 7, determine total seismic response by combining peak modal responses using the
SRSS modal combination rule.

Note that in the RSA procedure, the static pushover analysis is not necessary for eval-
uating the maximum deformation and story shear of the entire structure, unless the results of
structural member-level forces are desired. The effect of damper stiffness can be simply esti-
mated by formula calculation without numerical analysis, which is more convenient
than MPA.

ESTIMATION OF DAMPER STIFFNESS

Generally, connection elements have a significant influence on the effectiveness of damp-
ing devices, reducing the imposed local deformations and achieved damping for a given level
of drift. For controlled spine frame structures, spine frame flexural stiffness reduces effective
damper stiffness and must be accounted for. To isolate spine frame stiffness in the member-
by-member model, an eigenvalue analysis was first conducted with the dampers substituted
with rigid elements (Figure 8a) and then with the dampers removed (Figure 8b). Thus, the
stiffness of the spine frame K. could be isolated from the frame K by subtracting the results
of the first pushover analysis (K. + K;) from the second K. The local damper stiffness K,
was determined as described in the following sections. Finally, the stiffness of the entire
structure is expressed by Equation 11:

1

K,= (1)

T 1
K TR

Damper Stiffness and Yielding Deformation of Cnt Models

The estimation of damper stiffness is essential for ensuring the accuracy of the RSA
results because the stiffness of the main frame, K, is obtained directly from the eigenvalue
analysis, which is regarded as accurate. Damper stiffness and yielding deformation in the

Eigenvalue analysis Eigenvalue analysis

] Rigid
K % i =
Rigid BRC K,
a—E%]—- "
K K.‘
: (Determined by R
KR=K1+K=‘ Egs (11)or (12)-(15)) K":I/(I/K‘IJTI/(KR-KJ )

(a) Condition R (b) Condition N (c) Stiffness of dampers  (d) Additional stiffness due to dampers

Figure 8. Computation of additional stiffness considering flexural deformation of spine frames.
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first- or second-mode SDOF system of the Cnt models is calculated using Equation 12a and
12b. The damper stiffness in modes higher than the second mode can be ignored because the
generated error in total response is usually less than 0.1% for spine frame structures.

FBRC_)'(b)z 3 1

Ky = . i=1,2 (12a)
2”BRC_)'(in)2 iMeq
ZMBRC K
D, =——= .i¢ [ =1,2 12b
o bipip\[hi  Kq : (9

where ;H; is the height of the equivalent damping force location (,H,; = |H,, for the first
mode; ,H, = 0.6H for the second mode); ;K ; is the damper stiffness in the first-mode (i = 1)
or second-mode (i = 2) of the SDOF system; Fpgc_, and uggpe_,, are the yielding axial force
and yielding deformation of a single BRC, respectively; b is the lateral distance between a
pair of BRCs; and £/, is the height of the first story.

The equivalent force represents a concentrated horizontal force possessing the same value
with shear force allocated by the additional damper system; it can generate an identical over-
turning moment as the distributed horizontal forces. The elastic modal stiffness obtained by
MPA is used to calculate ;H, for the first- and second-mode SDOF systems in RSA in order to
validate Equation 12. Figure 9 shows that | H, is almost identical to | H,, and the effects of
K,/K; and K ;/K; on both are negligible. Initial stiffness, yielding deformation, and maximum
deformation evaluated using RSA and MPA are almost identical (Appendix A, Figure Al).

There is a slight increase in ,H,;/H with K;/Ky; it reaches 0.6 when K,/K; = 2.0.
Although it is assumed that ,H, = 0.6H causes a larger error when K,/K; is smaller,
such difference has little effect on the initial stiffness or yielding deformation of the
second-mode vibration of the system (Appendix A, Figure A2), because main frame stiffness
rather than the damper stiffness is dominant in the second-mode stiffness.

Since main frame stiffness is accurate in RSA, we can use it to validate the main frame
stiffness obtained by MPA. Figure 10 compares the detailed A-D curves of a Cnt model
obtained by RSA and MPA. These A-D curves march well in the first mode vibration,
and the initial stiffness of the second mode vibration obtained by the two methods are in

1 : : 1 ] ]
0.8 | _First mode 0.8 k- Fifst m(Sde
g 0.6 ——m====—== x 0.6
= "Seuond mode = Seeon
jan} 0.4 : : x 0.4 _Secpnd mode
0.2 RSA 02 f— RSA
----- MPA ' ----- MPA
0 I I 0 r : :
0 05 1 15 2 o 1 2 3 4
K/K, K,/K,
(a) H/H with various (b) H,/H with various
KJ/K{(K /K=1.0) K /KK /K=0.3)

Figure 9. Verification of H; for Cnt models by MPA.
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Figure 10. Comparison of RSA and MPA in SDOF A-D curves of Cnt models (model: 20-story Cnt-
Ksf0.3-Kdf1.0). (a) A-D curves of first mode vibration and (b) A-D curves of second mode vibration.

good agreement. However, we can see that in the second mode vibration, the hardening
stiffness (i.e., the stiffness of the main frame, obtained by the eigenvalue analysis in
RSA) is much larger than the MPA result, mainly because the lateral force distribution
used in MPA is kept proportional to the elastic force distribution and underestimates the
post-yield stiffness. Comparison of the hardening stiffness of other Cnt models can be
found in Appendix A, Figures Al and A2.

Damper Stiffness and Yielding Deformation of Sgt Models

Calculation of damper stiffness, ;K,, for the Sgt2 models is relatively more complicated
than for the Cnt models. As for the first mode, the elastic deformations of both BRC1s and
BRC2s are taken into account (Equations 13—15). It is assumed that | H,, is the location of the
equivalent concentration force. As for the second mode, the BRC2s are assumed to yield
initially because the MPA results show that they make little contribution to overall damper
stiffness (Equation 16). Detailed explanation of the yielding mechanism of dampers in the
Sgt2 models is found in Appendix B. The height of the BRC2s, Hy,, is assumed as the
location of the equivalent concentration force, as shown in Figure 11. Yielding deformations
are calculated in Equation 12b. Figure 12shows that | H,,, and H y;, match well with the height
obtained from MPA.

Figure 11. Computation of damper stiffness of a Sgt2 model. (a) Equivalent mechanical model
for first mode vibration and (b) equivalent mechanical model for second mode vibration.
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Figure 12. Verification of H, for Sgt2 models by MPA.
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where K, and K, are the rotational stiffnesses of the elastoplastic hinges formed by the
BRCl1s and BRC2s; M,y is the yielding moment of hinge BRC1; | Oy is the lateral force at a
height of | H,, when hinge BRCI yields in the first-mode SDOF system; and (M, is the
elastic moment of hinge BRC2 when subjected to the lateral force, 0y, in the first-
mode SDOF system.

Generally, the initial stiffness and yielding deformation of the first- and second-mode
SDOF systems determined by RSA are in good agreement with those determined by
MPA when K;/K;=0.0-20 and K;/K;=0.0-20 (Figure 13; Appendix A,
Figures A3 and A4da-1, Ada-2, A4b-1, and A4b-2). The second-mode hardening stiffness
of RSA is much larger than that of MPA. As with the Cnt models, the main reason is
that the lateral force distribution used in MPA is kept proportional to the elastic force dis-
tribution, and it underestimates the post-yield stiffness. As a result, the difference between
RSA and MPA in hardening stiffness increases as K, /K, increases (Appendix A, Figures
A3, Ada-3, and A4b-3).
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Figure 13. Comparison of RSA and MPA in SDOF A-D curves of Sgt2 models (model: 20-story
Sgt2-Ksf0.3-Kdf1.0-0.5). (a) A-D curves of first mode vibration and (b) A-D curves of second

mode vibration.

PARAMETRIC STUDY OF EACH CONTROLLED SPINE SYSTEM USING
TIME-HISTORY ANALYSIS

SEISMIC BEHAVIOR OF CNT MODELS

In this section, the response characteristics of each spine system proposed in Figure 2 are
compared and discussed using the parameters K, K¢, and K as defined in previous sections.
The averaged results for story drift ratio (SDR), story shear ratio (story shear normalized by
structure seismic weight) obtained by time-history analysis with various inputs are summar-
ized in Figure 14 along with the first-mode natural period of the SW and Cnt models.

i 1

00 05 1.0 15 20 00 05 1.0 15 20 00 1.0 20 3.0 40 00 1.0 20 3.0 40
R (%) SDR (%) SDR (%) SDR (%)

(a-1) 5-story: SDR (b-1) 10-story: SDR (c-1) 20-story: SDR (d-1) 30-story: SDR

Story
LS

00 0.5 1.0 1.5 00 05 1.0 1.5 0.0 0.2 04 0.6 0.8 1.0 0002040608 1.0
Shear force ratio Shear force ratio Shear force ratio Shear force ratio

(a-2) 5-story: shear (b-2) 10-story: shear (c-2) 20-story: shear (d-2) 30-story: shear

Figure 14. Seismic performance of Cnt and SW models with various heights.
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The higher mode effect is observed in the shear force distribution of the 20- to 30-story
buildings. Except for the SDR of the 5-story building, both the SDR and the shear force
response in the controlled Cnt models are smaller than in the SW models. The main reason
for this is the shift period of the softer Cnt models, particularly for the taller buildings. The
SDR of the Cnt models is more uniformly distributed than that of the SW models.

The effects of spine-to-moment frame stiffness ratio, K,/K,, and damper-to-moment
frame stiffness ratio, K;/Ky, on the seismic response of the 5-, 10-, 20-, and 30-story
Cnt models were studied based on the time-history analysis. Figure 15 shows the average
results obtained from five ground motion inputs. As shown in Figure 15a, the maximum SDR
decreases as K/K increases, and tends to be constant after K/K; exceeds 1.0. The base
shear of the 5-story model is relatively independent of K,/K;, and the base shear of the
10-story model increases until K,/K; reaches 1.0, while the base shear of the 20- and
30-story buildings increases slowly when K /K, is increasing. The stiff spine frame has
an effect in achieving a more uniform deformation distribution, even for structures as tall
as 30 stories. Figure 15b shows that both the SDR and the base shear of the four models
generally decrease when K ;/K increases from 0 to 2.0, and then tend to be constant despite
the damper stiffness. This indicates that increasing the damper stiffness is not always effec-
tive in reducing the seismic performance of the buildings.

SEISMIC BEHAVIOR AND OPTIMAL STRUCTURAL PROPERTIES
OF SGT2 MODELS

Time-history analysis with five ground motions was carried out to investigate the seismic
behavior and optimal structural properties of the Sgt models. Figure 16 illustrates the
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e 15T = P P
=) { : “ 0.6 F~77 e
w 1.0f : ‘ 2 | _be=smT :
2[Rty 30-story | 3 AFT ]
(| et el Lot @ 03f /- i
' 20-story  30-story

0.0 : . 0.0
0 05 1.0 15 20 0 05 1.0 15 20

K /Kf K\/Kj
(a) SDR (b) Base shear
1.5 T -
° 1.2 F>
g
= 0.9
5
0.6
2
B 0.3 foiofod
20-story  30-story
0'00 1 2 3 4
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Figure 15. Seismic performance of Cnt models with various heights: (a) Effect of K /K, on
SDR; (b) effect of K;/K; on base shear; (c) effect of K;/K; on SDR; and (d) effect of
K,/K; on base shear.
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Figure 16. Effect of K;/K; and N;; on seismic performance of Sgt2 models (model: 20-story
Sgt2-Ksf0.3-Kdf1.0-1.0; input: BCJ-L2).

maximum SDR and base shear of a typical 20-story Sgt2 model, obtained by a time-history
analysis with the BCJ-L2 input. The story number of the bottom spine, N, ranges from 2 to
19; K, /K varies among 0.1, 0.3, 0.5, 0.7, and 1.0. Both K;; /K and K 4, /K are kept con-
stant at 1.0. When K /K is 0.1, the curves of SDR and base shear are almost flat, indicating
that the spine frame is too soft to reduce the response of the moment frame. When K /K is
not less than 0.3, the maximum SDRs of the Sgt2 models achieve the smallest values when
Ny, is around 10-15, but are still similar to those of the Cnt models, as shown in Figure 16a.
From Figure 16b we see that the base shear of the whole structure reaches the smallest value
when Ny, is around 10-15. As for the Sgt2 models with various K;/K; and K,;/Ky, the
optimal configurations can have N, range from 10 to 15.

As two examples among the optimal cases, Models Sgt2-Ksf0.3-Nb10 and Sgt2-Ksf0.3-
Nb15 were used to search the optimal damper stiffness of the upper spine frame. Figure 17b
and 17d show the average results for maximum SDR and base shear of the Sgt2 and Cnt
models obtained from the time-history analysis.

Generally, in the 0.5-1.0 range of K ;; /K, the SDR of the Sgt2 model is less than that of
the Cnt model, and the base shear is reduced by almost 25% in the Sgt2 model. The effect
when K ;, /K4 (defined as Rg,) is varied among 0.5, 0.75, and 1.0 was also studied. How-
ever, the effect of Ry, on the SDR is negligible in both models. Similar results have been
observed for the base shear when K /Ky is less than 1.0. When K, /K is larger than 1.0, a
Ry of 0.5 gives the smallest base shear. Figure 17a and 17¢ show the SDR and story shear
distribution of two Sgt2 models, Sgt2-Ksf0.3-Nb10-Kdf1.0-0.5 and Sgt2-Ksf0.3-Nb15-
Kdf1.0-0.5, along with the Cnt-Ksf0.3-Kdfl1.0 model. We observe a more uniformly
distributed SDR and linearly distributed story shear in the Sgt2 models. Moreover, both
the maximum SDR and the base shear of the Sgt2 models are reduced compared to
those of the Cnt model. The Sgt2 and Cnt models possessing dampers of the same total
size were also examined. The Sgt2-Ksf0.3-Nb10-Kdf0.5-0.5, Sgt2-Ksf0.3-Nb15-Kdf0.5-
0.5, and Cnt-Ksf0.3-Kdf1.0 models were compared, and the results showed that the base
shear force could be reduced by adopting the Sgt2 models.

The effects of K4, /Ky and Ry, in the 30-story models were also investigated, as shown in
Figure 18a—18d. The effects of N,; in the 30-story models are almost the same as those in the
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Figure 17. Comparison of 20-story Cnt and Sgt2 models (K,/K; = 0.3 and K;, /K4 = 0.5 in
Figure 17a-17d; K, /K; = 1.0 in Figure 17a and 17c; average results).

20-story models. The optimal value of N, is around 15-23, 50%—75% of the total height, in
which both the SDR and base shear achieve the smallest response.

SEISMIC BEHAVIOR AND OPTIMAL STRUCTURAL PROPERTIES
OF SGT3 MODELS

Three-segment spine (Sgt3) models were also tried for the 30-story building. Time-
history analyses of the Sgt3 models with different segmentations were carried out. In
those models, N,; ranges from 10 to 20 and N,, ranges from (N, + 4) to 28, and
K,/K; =03, Kg1/K; = Ko /Ky = K;3/Ky = 1.0. The results of the analyses show that
the different configurations of those Sgt3 models do not substantially change the SDR
response, as shown in Figure 19.

To compare the Sgt3 models with the Sgt2 models, for each N,; of the Sgt3 models we
selected the cases in which the SDR was the smallest among different N,,. The results are
shown in Figure 20a and 20b. The difference in both the SDR and the base shear results
between the Sgt2 and Sgt3 models of the 30-story building is negligible. This is because
the BRCs of the top spine (BRC3) do not significantly work, which is indicated by the
small ductility ratio shown in Figure 20c. Therefore, the 3-segment spine structure is not
effective and not recommended for high-rise buildings of less than 30 stories.
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Figure 18. Comparison of 30-story Cnt and Sgt2 models (K,/K; = 0.3 and K;,/K,4; = 0.5 in
Figure 18a—18d; K4, /K; = 1.0 in Figure 18a and 18c; average results).

2 T T T
L8 lLCor72 N, =14
S 16 % X
é 1.4 -Slft;zj: o

10 15 20 25 30
N

Figure 19. SDR of Sgt3 models with various N,; and N, (input: BCJ-L2).

VERIFICATION OF THE PROPOSED EVALUATION METHODS

In the following, validation of the proposed response evaluation methods is discussed.
Displacement and force distribution of each component of the Cnt and Sgt2 models evaluated
by MPA was compared with the results obtained from time-history analysis (THA). As
shown in Figure 21, the responses estimated using MPA considering three modes agreed
well with the results of the time-history analysis. From the estimated modal response,
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Figure 20. Comparison of Sgt2 model and optimal Sgt3 models (input: BCJ-L2).

we could understand that the first three modes provide enough accuracy for evaluating the
seismic performance of both the Cnt and Sgt2 models. Also, the first-mode response is dom-
inate in floor displacement, story drift ratio, shear force, and overturning moment of the
moment frames. The second mode contributed to a significant response in story shear
and bending moment of the spine frames (Figure 21g). The responses subjected to other
input waves gave similar results.

The MPA results including the first three modes of the Sgt2 and Cnt models show that the
force of the spine frames was significantly reduced in the Sgt2 models, whereas the force of
the moment frames remained at a similar level compared to those of the Cnt models
(Figure 21e and 21f versus Figure 21b and 21c. Meanwhile, increased moment demand
for the moment frames and shear force demand for both moment and spine frames, at
approximately the BRC2s level, are required (Figure 21b, 21c¢, and 21e).

Displacement and force distribution of each component of the Cnt and Sgt2
models evaluated by RSA were compared with the results obtained from time-history ana-
lysis. As shown in Figure 22, RSA considering three modes gives a good estimation of the
deformation responses of both the Cnt and Sgt2 models. The two-stage—shaped SDR dis-
tribution is well captured in the Sgt2 model (Figure 22a) because the deformation shape is
assumed to be proportional to the mode shape of the main frame, excluding the dampers. In
contrast to MPA, RSA gives a slightly conservative estimate of the forces in the spine
frames.

Figure 23 compares the seismic response of the Cnt models evaluated by RSA and MPA
to the THA along the K, /K, and K;/K indexes. Both RSA and MPA provide a good esti-
mation with appropriate conservatism on the maximum SDR, roof displacement, shear force,
and overturning moment of the moment frames of the Cnt models when K;/K; = 0.1 — 2.0
and K;/K; = 0 — 1.0. However, the error of the forces in the moment frame increased when
K,/K; increased, particularly when K;/K, > 2.0, as shown in Figure 23b-3 and 23b-5. The
main source of error in MPA was the reference floor. Choosing a more representative refer-
ence floor, rather than the most conservative one, could greatly improve accuracy. The main
source of error in RSA could be the post-yield response distribution. When the input earth-
quake intensity increased (and the plasticity of the structure further developed), the difference
between RSA and THA decreased. Therefore, RSA provides better estimation for structures
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Figure 21. Seismic response of a Cnt and a Sgt2 model estimated by MPA and THA (models:
20-story Cnt-Ksf0.3-Kdf1.0 and 20-story Sgt2-Ksf0.3-Kdf1.0-0.5; input: BCJ-L2).

developing into sufficient plasticity or structures in which the response distribution did not
change much after formation of the yielding mechanism. These results also indicate that the
dampers could decrease the peak force response not only by introducing additional damping
but also by changing the distribution pattern of the spine frame structures.

To modify this error, a modification factor, y (Equation 17) is introduced for the estima-
tion of forces of the moment frames in RSA. Figure 23b-3 and 23b-5 show the modified

estimation results.

y=1-0.15K,/K;

)
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Figure 22. Seismic response of a Cnt and a Sgt2 model estimated by RSA and THA (models: 20-
story Cnt-Ksf0.3-Kdf1.0 and 20-story Sgt2-Ksf0.3-Kdf1.0-0.5; input: BCJ-L2).

As for the Sgt2 models, RSA provided a relatively more conservative estimate of
both deformation and force compared to MPA (Figure 24). Despite the values of
K,/K; and K, /K;, RSA and MPA estimated the maximum SDR and roof displacement
well, with proper conservatism. As for the force responses, RSA provided a better
estimate for spine frames compared to MPA, particularly when K, /K; < 2.0. Never-
theless, as with the Cnt models, the modification factor defined for the forces of moment
frame of the Cnt models was also used for those of the Sgt models and gave good

accuracy.
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CONCLUSIONS

In this study, the seismic performance of high-rise buildings adopting controlled spine
frame structures was studied and a segmented-spine frame configuration was proposed. Seis-
mic evaluation methods based on modal pushover analysis and response spectrum analyses
have been developed for high-rise buildings adopting continuous or segmented spine frames.
A parametric study was conducted to examine the optimal ranges for key structural para-
meters and to verify the proposed evaluation methods. The following conclusions were
drawn from this study:

The stiff spine frame has an effect in achieving a more uniform deformation dis-
tribution, even for structures as tall as 30 stories. To ensure the effectiveness of the
spine frame and dampers, the spine-to-moment frame stiffness ratio, K /K, should
exceed 0.3 for buildings higher than 10 stories. Besides, increasing the damper stiff-
ness is not always effective in reducing seismic performance. It is recommended that
the damper-to-moment frame stiffness ratio, K,/Ky, be set at up to 2.0 for the typi-
cal case of 0.3 < K;/K; < 2.0.

For buildings higher than 20 stories, as long as segment location N, /N = 0.5 —
0.75 and upper-to-lower damper stiffness ratio K ;, /K4 > 0.5, the 2-segment spine
frame model ensures a similar SDR response and efficiently reduces the base shear,
compared to the continuous single-spine frame model. Therefore, the 2-segment
spine frame configuration is recommended for high-rise buildings when the number
of BRCs at one story is limited. The 3-segment spine frame model cannot achieve
better performance than the 2-segment spine frame models, and its use is not recom-
mended for buildings lower than 30 stories.

The proposed MPA and RSA evaluation procedures provide good estimation with
appropriate conservatism for the maximum deformation of continuous and segmen-
ted spine frame structures when K/K; < 2.0 and K, /K, < 2.0. Modal analysis
also helps to build a deeper understanding of the dynamic response of the controlled
spine frame system. The force of the moment frames, estimated by MPA, agrees
well with THA results despite damper stiffness (i.e., number of dampers). However,
MPA tends to underestimate the force of the spine frame. RSA improves the results
compared to MPA, particularly for the maximum bending moment of the spine
frame, but an additional modification factor is necessary for estimating the force
of the moment frames.
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APPENDIXES

Please refer to the online version of this paper to access the supplementary material
provided in Appendixes A and B.
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