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ABSTRACT

This study proposes an innovative controlled spine frame system to prevent damage
concentration and ensure continuous usability of buildings after large earthquakes. The
proposed spine frame system consists of stiff spine frames, replaceable energy-dissipating
members (i.e., dampers), and envelope moment-resisting frames. The spine frames prevent
deformation concentration in specific stories. The envelope moment frames are designed to
remain elastic and ensure sufficient self-centering capacity. Input seismic energy is absorbed by
dampers, which feature significant energy dissipating capacity, and if required can be easily
replaced following a large earthquake.

Superior seismic performance of the proposed system in deformation distribution, energy
dissipation, self-centering capacity, robustness against severe earthquakes and irregular stiffness,
are validated and compared with the conventional shear damper (SD) and post-tension strands
equipped uplifting rocking systems (LU) by dynamic analysis with various ground motion
intensities. Effect of key structural characteristics on seismic performance of the controlled
spine frame system with various heights has been investigated by extensive parametric study. A
simplified dual multi-degree-of-freedom (DMD) model with a nonlinear dynamic analysis
program is developed for the proposed system, which greatly improves the computing
efficiency of the parametric analysis. Range of application of the proposed system and optimal
range of key structural parameters are established based on the parametric study.

Segmented spine frame (Sgt) is proposed for an easier application of spine frames in
high-rise buildings by avoiding immense demand on energy-dissipating amount of dampers or
strength of spine frames. Optimal number of segments, location of each segment, and ‘upper
damper’-to-‘bottom damper’ stiffness ratio have been investigated by parametric study.

A simple seismic evaluation and design procedure based on equivalent linearization
technique and response spectrum analysis is developed for the proposed spine frame system,
based on the further simplified single-degree-of-freedom (SDOF) models. Two sets of processes
are developed respectively for structures whose seismic response is first-mode dominant, and
structures whose higher-modes effect cannot be ignored. Seismic response of both continuous
spine frames (Cnt) and Sgt models are well estimated with appropriate conservatism by utilizing
the proposed evaluation method. Distinct limitation for applying the design procedure is
established in terms of structural vibration characteristics. Boundary of key structural index is

determined based on a desired accuracy of the evaluated results.
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Notations

Abbreviations

PGV:  peak ground motion velocity

PGA:  peak ground acceleration

SD: conventional frame with shear dampers as BRBs
LU: uplifting rocking frame

NL: non-uplifting spine frame

SMREF: steel moment-resisting frame

BRC:  buckling-restrained column member
BRB:  Buckling-restrained brace

BRBF: buckling-restrained braced frame
RF: rocking frame

CPE: cumulative plastic strain energy

DCF:  story drift concentration factor (maximum SDR : RDR ratio)

DM: damage measure

IDA: incremental dynamic analysis
IM: intensity measure

PT: post-tensioned

RDR:  roof drift ratio

ReSDR: residual story drift ratio
SDR:  story drift ratio

SF: spine frame

MDOF: multi-degree-of-freedom
DMD:  dual multi-DOF

MBM: member-by-member

Cnt: continuous spine frame



Prt: partial spine frame

Sgt2: two-segment spine frame

Sgt3: three-segment spine frame

Kdf: damper-to-moment frame stiffness ratio
Ksf: spine-to-moment frame stiffness ratio
MPA: modal pushover analysis

RSA:  response spectrum analysis

THA:  time-history analysis

SRSS:  square-root-of-sum-of-squares

CQC:  complete quadratic combination
ABSSUM: absolute sum

MF: moment frame

SF: spine frame

BRCi:  i-th BRC hinge

Subscripts

f: moment-resisting frame; main frame excluding damper
d: damper

s spine frame

t: total

i floor number; story number; DOF; time step
Vi yielding

eq: equivalent

b: beam

c: column

u: translational DOF

rotational DOF



t

time variable

Front subscript

n: mode number

v mode number
Superscripts

J: iteration loop number
T column top

B: column bottom

Roman Symbols

Apt: sectional area of PT strands

A BRE (BRB). sectional area of plastic region of BRC (BRB)

A BRE (BRB). sectional area of plastic region of BRC (BRB)

A distribution factor of seismic load along the structure height
#A(t):  pseudo-acceleration of nth-mode SDOF system

b,y width of rocking frame (spine frame)

¢ damping matrix

Co: standard shear coefficient

Dyy: intrinsic damping reduction factor

D, : structure characteristic coefficient

«D(t):  deformation of nth-mode SDOF system

WD peak value of nD(t) ; deformation spectrum ordinate due to ,7 and ./
wDy: yielding deformation of nth-mode SDOF system

Egrc Young’s modulus of BRC material

Epr: Young’ modulus of PT strands material

E..: equivalent elastic strain energy of damper

equivalent elastic strain energy of main frame



EquRC: “equivalent Young’s modulus” of BRC

E,q: hysteretic energy of damper

Ey hysteretic energy of main frame

(El).,;:  equivalent sectional bending stiffness of spine frame

(EI/h) ¢ij - sum of line stiffness of all columns at j-th connection in i-th story of moment frame
(EI/D) pjj : sum of line stiffness of all beams at j-th connection in i-th story of moment frame
Fig: pre-stress loss of PT strands

Fpr: axial force of PT strands when BRCs yield in LU model

F,: stiffness factor
F.: shape factor
F: eccentricity factor

F yBRC: axial yielding force of BRC

of: peak value of equivalent static force vector, mode n
Gy dead load of rocking frame

(GA).,: equivalent sectional shear stiffness of spine frame
H: height of entire structure

Hyy: height of segment story

H.g: equivalent height

H;: height from ground level to i-th floor

Hy location of equivalent damping force, mode i
ho: intrinsic damping ratio

heg: damping ratio averaged over u=1~ y,

heg ™ equivalent damping ratio corresponding to 6,
hi: height of i-th story

h,: damping ratio of design spectrum

W damping ratio for n-th mode

Iyt second moment of sectional area of j-th beam in i-th story



L second moment of sectional area of j-th column in i-th story

Ky equivalent stiffness of main frame

K, stiffness of additional damper system

Ky rotational stiffness of representing beam spring at i-th story of of moment frame
K. stiffness of spine frame when deform with moment frame

K. stiffness matrix of representing column at i-th story of moment frame
K.;: stiffness matrix of j-th column in i-th story of moment frame
Ky rotational stiffness of BRC1

Kp: rotational stiffness of BRC2

Ky stiffness of damper

Ky initial stiffness of damper

Kieq: equivalent stiffness of damper

K. equivalent stiffness

K stiffness of entire structure

Ky stiffness of main frame; or simplified stiffness of moment frame
Ky initial stiffness of moment-resisting frame

Ka: hardening stiffness of main frame

K;: simplified stiffness of spine frame

Kp: equivalent bending stiffness of spine frame

K;: stiffness matrix of spine frame at i-th story

K, equivalent shear stiffness of spine frame

K generalized stiffness for n-th mode

k: stiffness matrix

ki lateral stiffness of beams in i-th story of moment frame

ke lateral stiffness of columns in i-th story of moment frame

kpi: lateral stiffness of i-th story of moment frame

"k/*':  rotational stiffness of BRC hinge



1: distribution vector of earthquake effect, 1" =[1,1,1,...,1] herein
Igrc: length of BRC
Ipt: length of PT strands
[ BRC(BRB), length of plastic region of BRC (BRB)
1,BRC(BRB), length of elastic region of BRC (BRB)
L length of j-th beam in i-th story
M: bending moment of BRC2, mode 1
My left end moments at j-th beam in i-th story of moment frame
Mor: overturning moment
Mor rv: initial yielding overturning moment of LU model
Mor ni: initial yielding overturning moment of NL model
Mor sp:  initial yielding overturning moment of SD model
My : right end moments at j-th beam in i-th story of moment frame
M, bending moment of j-th column in i-th story of moment frame
My yielding bending moment of BRC1
M., equivalent weight
M,: bending moment of moment frame
M;: bending moment of spine frame
M,; bending moment of i-th story of spine frame
M, bending moment of entire structure
WM generalized mass for n-th mode
wMeg: effective modal mass of nth-mode SDOF system
m: mass matrix
m;: mass of i-th floor
number of DOFs
N: total number of stories

external force vector



P
peff(t):
npeff(t):
Q(O);
Qdy:
Ou:
Quni:
Q BRB,

vioo-
rq(j+l) .
q.

4(t):

Ry
AR -
Ry
R;:

r(t):

Sa,max:

pv

hardening stiffness ratio of main frame

effective earthquake force vector

Peti(t) due to mode n

maximum base shear of elastic main frame with damping ratio /;=0.02
yielding shear force of damper in NL model

shear force bearing capacity (corresponding to 2% story drift ratio)
necessary shear force bearing capacity of i-th story

yielding shear force of BRBs at i-th story in SD model
restoring moment of BRC hinge

damper-to-main frame stiffness ratio

r-th modal coordinate

acceleration reduction factor

displacement reduction factor

mass-normalized residual force increment

lateral stiffness reduction ratio of i-th story of moment frame
seismic response reducing factor

any response quantity

stiffness ratio of main frame and entire structure

peak value of combined response

r(t) due to mode n

peak value of ,7(t)

peak value of nth modal response

pseudo-acceleration spectrum ordinate, Sy (7, /)
deformation spectrum ordinate, Sp (7, /)

pseudo-velocity spectrum ordinate, Sy (7, /)

maximum pseudo-acceleration spectrum ordinate

pseudo-velocity spectrum averaged over T=T¢, ~ T¢,



AS*

S

Ugy:
u; .
u; :

Ui

spatial distribution of effective earthquake force for entire structure, mode n
spatial distribution of effective earthquake force for main frame, mode n
fundamental period

ground-type period

equivalent period

fundamental period of entire structure

fundamental period of main frame

critical period

elastic period of entire structure, mode n

elastic period of main frame, mode n

acceleration vector

velocity vector

displacement vector

angular displacement of BRC hinge

angular velocity of BRC hinge

ground motion acceleration

i-th floor displacement, mode n

yielding deformation of damper

lateral displacement at i-th floor of moment frame

later displacement of spine frame due to flexural deformation at i-th floor
later displacement of spine frame due to shear deformation at i-th floor
maximum deformation of entire structure

static residual deformation

lateral force of j-th column in i-th story of moment frame

shear force of moment frame

shear force of spine frame

lateral force of i-th story of spine frame



Vi shear force of entire structure

Vo base shear due to n-th mode

W: weight of entire structure

wj: weight of j-th story

Z: seismic zones coefficient

Greek Symbols

o weight ratio (i-th to top stories weight / total weight)

V. modification factor for force of moment frame, RSA method
Vi bending stiffness ratio of beams and columns at j-th connection in i-th story
i lateral displacement of i-th floor in pushover analysis

Oij: left end rotation at j-th beam in i-th story of moment frame
Oriy: right end rotation at j-th beam in i-th story of moment frame
Oa, 0,:  yielding drift of damper

Oy yielding drift of frame

0;: node rotation at i-th floor of moment frame

0; : rotation angle of j-th beam-to-column connection in i-th story
07 node rotation at i-th floor of spine frame

0, target drift

6,"Y yielding uplift ratio

0" maximum drift of elastic main frame with damping ratio 4,=0.02
101: rotation of BRC1, mode 1

16: rotation of BRC2, mode 1

Oo: initial tensile stress of PT strands

G, yielding tensile stress of PT strands

L0 n-th natural vibration mode of entire structure

n-th natural vibration mode of main frame



Ha:
Hy:

Hr

i-th element of @

correlation coefficient for ith and nth modes
modal participation factor

story drift of i-th story in mode n

ductility ratio

ductility ratio of damper

ductility ratio of main frame

ratio of damper-to main frame ductility ratio
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Chapter 1  Introduction

Chapter 1 — Introduction

1.1 Background and motivation

Performance-based seismic design of building structures has been under development since
the early 1970s in the United States, with the realization that buildings with higher importance
level should have higher performance, while enhancing strength alone may neither improve
safety nor reduce damage. Performance-based seismic design is the methodology of designing
building structures to achieve particular desired performance under earthquake shaking. Over
the years, the importance of strength distribution through a building, the inelastic structural
response to major earthquakes, as well as requirements for both structural and non-structural
components construction quality assurance have been added in the consideration of
performance-based building design.

Figure 1.1 shows the basic performance-based design process. Firstly, the quantitative
performance objectives are selected. Then preliminary design is carried out and assessed to
judge whether the design satisfies the required performance level.

Select performance objectives

v

Perform preliminary design

v

A

Assess performance capability

Does performance Revise design and/or

Meet objectives ? objectives

Construction

Figure 1.1 Flowchart of the performance-based design process **!

Performance objectives are desired performance coupling of expected performance level with
expected levels of seismic ground motions. The present-generation performance-based design

1-1



Chapter 1  Introduction

identifies performance levels for both structural and non-structural components as the following
discrete four levels &2

Fully functional: backup utility services maintain functions; very little damage

Operational / Immediate occupancy: the building remains safe to occupy; any repairs are
minor

Life safe: structure remains stable and has significant reserve capacity; hazardous
nonstructural damage is controlled

Near collapse / Collapse prevention: the building remains standing, but only barely; any other
damage or loss is acceptable

These performance levels are evaluated at a specified ground motion level, as shown in Fig
1.2.

VISION 2000 PERFORMANCE OBJECTIVES
Building Performance Levels

Fully Life Near
Funmctional  Oparational Safe Collapse

Fregquent

e Earthquakes e,

o (50% - 50 years) O,

o

= i

_E Rare e %

= Earthquakes ®r %

= {10% - 50 years) | ‘"@ q}

B N »

=] %

= o
\ary Rare ‘b‘A {%
Earthquakes %
(2% - 50 years)

Fig. 1.2 Relationship between ground motion design level and performance level 2

The discrete performance levels have been updated to new performance measures that better
relate to the decision-making needs of stakeholders in the next-generation performance based
seismic design ™. It is suggested to evaluate the earthquake consequences of building
structures from the view of casualties (deaths and serious injuries), direct economic loss (repair
and replacement costs), indirect economic and social losses (red tags, repair and re-occupancy
time), and energy and carbon consequences of poor performance.

Lessons learned from the past earthquakes tell us that, different structural systems, all
designed to the same criteria, have far different likely seismic performance and earthquake
losses. Besides, it is seldom as economic as expected to repair a ductile building which was
designed following the performance design, particularly when damage concentration in limited

1-2



Chapter1  Introduction

levels occurred, which has been observed several times in the past major earthquake events. Fig
1.3 shows some mid-level collapse cases in the Great Hanshi earthquake in 1995. As a result,
extensive attentions have been raised in improving structural integrity and preventing damage
concentration in specific levels. Moreover, developing design method for low damage building
structures, which meet the performance objectives as essential buildings or hazardous facilities
in Figure 1.2 has been receiving increasing attention in recent years.

Fig 1.3 Mid-level collapse observed in Great Hanshin earthquake 1995

In Japan, a future great earthquake (M.,,7.0) under the Tokyo area™ and a greater earthquake
(M,, 8.0-9.0) involving rupture along the Nankai megathrust™® has been proposed as a major
risk. Moreover, the M,,9.0 2011 Tohoko earthquake also raised the alarm of a future super huge
earthquake (M,, >9.0) in Nankai megathrust area when its fault segments rupture in combination.
Such earthquakes exceed the currently maximum considered earthquake level in design and may
bring devastating damage to Japan society. The affected population is expected to be around
59,000,000, which is more than 7.0 times of the 2011 Tohoko earthquake. Therefore, it’s highly

1-3



Chapter 1  Introduction

required to ensure sufficient safety of building structures against earthquakes even beyond the
design level. Furthermore, continuous usability must be provided for the buildings serving as
bases of emergency measures activities or safety shelters, such as government office buildings,
schools, medical facilities, public halls, stations, etc. In such buildings, damage should be
mitigated in main structural members or limited to replaceable energy-dissipating members, so
as to reduce the repairing cost and downtime. For example, the base isolation for buildings is
one application of the low damage structure.

Performance objectives for low damage seismic design of buildings can be considered in the
following aspects: damage mitigation effectiveness, damage concentration prevention
effectiveness, self-centering ability, reparability, robustness, non-structural components damage,
and so on.

Those performances can be evaluated by several engineering demand parameters. The
damage mitigation and damage concentration prevention effectiveness can be evaluated by the
maximum story drift ratio (SDR), the drift concentration factor, the energy dissipated by the
main structure and the replaceable energy-dissipating members.

Self-centering capacity of a building means that the building can return close to its initial
position with small residual deformations after earthquakes below specific levels. The residual
deformation of structures can be controlled to small level by designing the post-yield stiffness to
be higher than 5%-10% of the initial stiffness of the structure, or introducing elastic
post-tensioned structural members or secondary seismic resisting systems to provide additional
post yield stiffness.

The reparability of building structure after major earthquake can be more economic if there
are energy-dissipating members that help to prevent damage from generating in the main
structures and can be replaced easily, such as moment-resisting frame system with buckling
restrained braces as dampers.

Some non-structural components can interact with the seismic response of structural
components during the ground shaking. Moreover, Damage of nonstructural elements threatens
life safety and damage may be disruptive and expensive. The non-structural components are
typically classified as fragility group and sliding or overturning group. These fragility groups
use either peak floor acceleration or peak story drift as the demand parameter used to determine
damage. Sliding and overturning of unanchored components is determined using peak floor
velocity as the predictive demand. The content in the building such as computers, printers which
have large inertia may also cause life loss because of large floor acceleration.

High seismically redundancy and robustness are necessary for building structures, in order to
reduce the risk of structural failure subjected to earthquake shaking beyond the design level, as
well as reduce the risk of damage concentration when the strength and stiffness in the structural

1-4



Chapter 1  Introduction

configuration discontinue.

1.2 Review of related previous investigations

Since the buckling restrained braces were proposed in 1990™¢, the buckling restrained braced
frames (BRBF) have become increasingly popular especially in Japan and US because of their
high seismic performance — limiting damage, maintaining function, and providing easy repair.
Well-balanced buckling-restrained braces (BRCs) are required for ensuring the high seismic
performance of BRBFs. This means the yielding forces of 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 braces may concentrate damage and residual drift in limited levels, even
though brace capacities are relatively well balanced over the height of the structure ™71,

Various investigations have been carried out to enhance the story-by-story integrity of ductile
frames so as to avoid a weak story mechanism, e.g., the development of “strong column-weak
beam” concept, or dual systems utilizing structural components that possess vertically
continuous stiffness. Akiyama and Takahashi (1984) investigated the effect of a “spreader
column” on mitigating damage concentration of moment-resisting frames.*¥ They
quantitatively defined the relation between the stiffness K¢y of the spreader column and the
damage concentration degree based on time history analysis of a basic model, as shown in Fig
1.4.5-, 10-, and 20-story models were analyzed in their study, but natural periods of all the basic
models were designed as 1.0 s. The spreader column is connected to the beam-column frame by
pin-end beams and connected to the foundation by a pin joint. The spreader column is elastic
while plastic hinges generate at the beam-ends or column-ends. Damage distribution ratio of a
specific story, i.e., the ratio of the dissipated energy of that story and energy of the whole
structure, is directly described by stiffness and yielding strength distribution throughout the
height of the structure. Effect of story yielding strength is greatly emphasized by utilizing an
exponential function compared to story stiffness, and the exponent n of the yielding strength is
defined as the damage concentration index. The index n increases with the yielding strength
decreasing, indicating severe damage concentration in that story. Akiyama and Takahashi
proposed a unified relation between the damage concentration index n and the stiffness ratio
between the spreader column and the moment frame K./Kg, for frames generating either
column yield or beam yield mechanisms. They also investigated the effect of K/Kz on strength
demands in the spreader column, as well as the interaction force between the spreader column
and the moment frame, as shown in Fig 1.5, and proposed corresponding evaluation equations.
Later they expanded the research subject to a more general model by allowing plasticity in the
spreader column and connecting the spreader column rigidly to the foundation and moment
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frame. ™% Their pioneering research validated the effectiveness of a spreader column in
achieving uniform damage distribution in frames. However, the effect of vertically irregular
stiffness of frames is not the main concern in their study, which in contrast, might be an
essential factor for the subject in this study, the low-damage structures. The seismic waves
utilized in validation were very limited and the basic models only represented first-mode

response dominant structures.

elastic member

o hinge
_l « rigid-plastic hinge
;
1 spreader - spreader
h " column ~ | column
I?\ 9 (elastic) {elastic)
b -
}
h
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(a) (b)
Fig. 1.4 Fundamental model of frame-spreader column structure investigated by
Akiyama and Takahashi *#
Qn Cn
1
—qd —
— Ms é_
Q2 2
—
Ci
41 Qi M (=M2) !
Qi Mi Ci

Fig. 1.5 Forces on the spreader columnt#

Tanimura and Ishida proposed a “Shinbashira — Frame” system based on researches about
multi-story Japanese wooden pagoda structures. ™% The “Shinbashira” is pin connected to the
foundation and to the top of the envelope frame. Other stories of the frame can deform freely till
colliding with the “Shinbashira”, as shown in Fig 1.6. They noticed two beneficial effects in this
system: (1) TMD effect due to whipping phenomenon of upper stories could control the
vibration of lower part of the frame, and (2) energy bypass effect of a “Shinbashira” could

1-6
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prevent deformation concentration of specific stories. Those effects were verified by numerical
analysis executed on a 2DOF model with sinusoidal ground motions.

Fig 1.6 Concept of “Shinbashira — Frame” system by Tanimura and Ishida **°!

Tezuka et al. ™ were also inspired by the traditional pagoda structures and proposed a
“structural seismic damage control system” (Fig 1.7a). A concentrically braced frame possessing
much larger stiffness than the moment frame acts as the spine to distribute seismic damage. A
4-story model with weak story was utilized to verify the damage distribution effect of the braced
frame by dynamic analysis with observed earthquake ground motions. They might be the
earliest researchers who attempted to add additional dampers in such system to reduce the total
input energy in moment frames. However, the viscous dampers were equipped horizontally
between the braced frame and the moment frame (Fig 1.7b) because they expected the similar
energy dissipation mechanism as collision between the two components in Japanese pagoda
structures. They found out that the relative horizontal velocity between the two components was
too small for the dampers to work effectively.

m/2 |:
[V = — D_E‘
EI h D_E:
m
|SgVE T -
® C
EI oo
h
VA b 7777777,
S BN A O

(a) “Structural seismic damage control system” (b) Locations of viscous dampers

Fig 1.7 “Structural seismic damage control system” by Tezuka et al *!
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MacRae et al. noticed the similar effect of seismic or gravity columns in steel concentrically
braced frames. % Closed form relationships between drift concentration, column stiffness, and
strength has been developed for idealized two story structures with uniform strength over their
height subjected to pushover analysis, as shown in Fig 1.8. The empirical relationships between
drift concentration, column stiffness, and strength have also been developed for multistory
structures with variable strength over height subject to pushover analysis and dynamic inelastic
time-history analysis. Fig 1.9 shows the static behavior of each structural component subject to
the inverse triangular pushover load distribution in their study.

F;
h k}' T
. 2
H 'y F
h k; 1
9

(a) System with Gravity Column

—
Vs P2 Ve Vo
’, P12 M
Vi Var =PHA Vi
o) =-PR2

(d) System SFD (e) Column Forces (f) Column SFD (g) Column BMD (h) Frame SFD

Fig. 1.8 Idealization of two-story frame with gravity column deformation and forces by
G. A. MacRae et al.**?

W, W

wix) = wex/H

Vibase Vibase  Mjbase M base
Force SFD BMD

(a) System Behavior
(Dash indicates no column)

Weo = L5Bw, BV base
F};mof H BVITW *?froaf
Wi = (1 'l?’)w s ﬂV_ﬂbme' ) Mo mae
Wo = Weo(/H) '
wr= w(x/H)
Visase 0.5 V7 pase
(b) Frame Behavior (c) Continuous Column Behavior

Fig. 1.9 System, frame, and strong column behavior due to pushover analysis at large

displacements 2

1-8



Chapter 1  Introduction

Walls, usually with much larger and especially deeper cross-sections, are much more effective
than individual columns for providing flexural stiffness to control story drift. As pointed out by
Paulay and Priestley **!, development of a weak story mechanism can readily be avoided as a
result of the considerable stiffness of walls. In examining the effect of foundation flexibility on
the seismic performance of a shear wall-frame dual system, they demonstrated the drift control
effect and force distribution characteristics of dual systems with pinned base walls. The results
of their nonlinear dynamic analysis indicate that loss of wall base restraint would not
significantly impair the seismic performance of wall-frame systems.

Alavi and Krawinkler proposed using walls to improve the seismic performance of frame
structures subjected to near-fault ground motions. ™' Twenty-story generic frame models were
built and dynamic nonlinear analysis was performed with an equivalent pulse motion as a
representation of near-fault ground motions. The performance of hinged walls was compared
with conventional fixed-base shear walls. It was found that the strengthening of frame structures
with hinged walls is effective in reducing the maximum story drift demands and producing a
more uniform distribution of story drifts over the height of the structure. Moreover, the shear
and moment demands for a hinged wall are much lower than those for a fixed-base wall.

(a) (b)

Fig. 1.10 Typical elastic deflected shape of dual systems by Alavi and Krawinkler's*

In the last decade, the spine-frame system with additional dampers gets more noticeable in
both retrofitting and new building design. Wada et al. **! employed a pivoting spine concept in
the seismic retrofitting of a concrete building in Japan (Fig 1.11-12) and Mar et al. ¢
employed a similar spine concept in the seismic retrofitting of a steel building in the USA (Fig
1.13-14). A concrete wall acts as the rocking core of the building to redistribute lateral forces
and displacements without adding significant strength. BRBs are equipped between the wall and
the frame. By nonlinear time-history analysis, the retrofitted building showed an effective
performance of eliminating weak-story failure. Gunay et al. ' investigated the seismic
performance of non-ductile reinforced concrete frame which was retrofitted with rocking infill

walls and proved its efficacy of reducing soft story failure risks.
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Fig. 1.13 First floor plan and elevations of 680 Folsom Street with new pivoting core

wall as a seismic retrofit.!*6!

Fig. 1.14 Friction pendulum bearing supporting the core wall !

Lai and Mahin ™ developed a “strongback” system (Fig 1.15), a modification of the
conventional braced frame that utilizes a vertical steel truss to delay or prevent weak-story
behavior. A single BRB deforming with the strongback was utilized as the primary
energy-dissipating device. A cyclic test was conducted on a nearly full-scale two-story
strongback retrofit design. Test results showed that the strongback specimen was effective in
impeding the formation concentration and in mobilizing the reserve strength of other structural

components.
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Fig 1.15 Strongback system: (a) kinematic, (b) moment, (c) axial force diagrams ™

Besides damped structural systems which utilizing energy-dissipating members to reduce
earthquake input energy, self-centering seismic resilient structural systems possessing the ability
of limiting residual drifts to negligible magnitude has gathered more and more attention in these
years. There are roughly three types of self-centering systems. (1). Moment resisting frames
with post-tensioned (PT) beam-to-column connections and flexible floor system which allows
gap opening between beam-to-column connections. ™% (2). Braced frames with self-centering
braces or BRBs which can return to their initial length with the effect of super-elastic
pre-tensioned elements after loading. 242" (3). Rocking systems which can self-center relying
on self-weight, restoring force of envelop frames, or PT elements.[?2 =3

Structures which can be excited into rocking motion may suffer less damage than stable
appearing structures when subjected to same ground motions. This behavior was observed by
Housner as early as 1963™3", New rocking systems with energy-dissipating members have been
developed recently. Wada et al. ?? used the similar concept at the connections of columns in
the middle story of a slender tall frame (Fig 1.16). Midorigawa et al.***2% conducted shaking
table test of a half-scale three story rocking frame which installed yielding plates at the bottom

of columns to dissipate energy (Fig 1.17). Tremblay et al. !

proposed a braced steel frame
with viscous dampers vertically equipped between the column bases and the foundations (Fig
1.18). Eatherton et al. % 3% studied an uplifting rocking frame system with PT strands which
provide self-centering resistance (Fig 1.19). Steel butterfly-shaped fuses and BRB were

employed as replaceable energy dissipation members.
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Fig 1.16 A chord joint allowing plastic deformation under tension by Wada et al. 2
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Fig 1.17 A rocking system with yielding base plates by Midorigawa et al.
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Fig 1.18 A viscously damped controlled seismic rocking braced steel frame system

proposed by Tremblay et al. *2°
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Fig 1.19 An uplifting controlled rocking system proposed by Eatherton et al. 2670

Most researchers scheme energy-dissipating devices at the bottom of the wall, which takes
advantage of the efficient vertical deformation, and doesn’t interfere architectural space. Similar
ideas have appeared in other researches. Ikenaga et al. *J have developed a column base

| 133

consists of PT bars and steel plate dampers. Takamatsu et a proposed a column base with

anchor bolts which can yield and absorb energy when elongated (Fig 1.20). Takeuchi et al. 34
used buckling-restraint columns (BRC) at the base of truss frames to concentrate major damage
into BRCs and prevent collapses caused by buckling of members in the main structure (Fig

1.21). This method also alleviates the strength demand of foundation structures.

\I" Column

Wedge device

Base plate

A 4
y
y

Before loading Loading Unloading After loading

Figure 1.20 A non-slip-type column base with wedge devices by Takamatsu et al.**

— —

. . Buckling
Buckling Restrained
Column

Figure 1.21Damage tolerant design for truss frames proposed by Takeuchi et al. 34
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As mentioned above, effective and economical structural systems eliminating damage
concentration and residual drift after large earthquakes 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, this study
investigates a controlled spine frame system without PT strands, whose self-centering capacity
is achieved by envelope elastic moment-resisting frames.

1.3 Objective of the dissertation

The dissertation presents the concept of an innovative controlled spine frame system, which
has been applied to an actual building being constructed in Japan. (Figure 1.22), and a simple
yet very applicable design method is proposed for the system with clear limitations and
recommendations for the key structural parameters. This spine frame system consists of (1) a
stiff braced steel frame (i.e., spine frame), (2) replaceable energy-dissipating members (buckling
restrained columns, BRC), and (3) envelope moment-resisting frames. The spine frame enforces
a near-linear deformed shape and prevents deformation concentration in specific stories. The
envelope moment frames are designed to remain elastic and reduce residual drifts, providing the
self-centering force without resorting to post-tensioning. The input seismic energy is absorbed
by BRCs, which feature significant cumulative deformation capacity, and if required can easily
be replaced following a large earthquake. This combination of structural elements effectively
eliminates repair cost and downtime of buildings suffering major earthquakes.

Envelop Moment Frame
/ Spin/e Frame

i v Mor (Over Turning Moment)
- AN

[ N
; ; ~

Buckli:'r'ig"'#é'é'sé{iﬁé'd"ééiﬂ}hn (BRC)

Fig. 1.22 Concept and hysteretic curve of the proposed non-uplifting spine frames

The proposed spine frame system is promising in the improvement of seismic resistance, in

reduction of first and repair costs, protection of architectural skin, and reduction of damage and



Chapter 1  Introduction

loss of use. Simple design and construction method makes it easy to apply in actual application.
The main objectives of this study are summarized below.

1) Verify the low-damage seismic performance as well as easy construction and maintenance
of the proposed controlled spine frame structural system.

2) Develop a generalized model for the controlled spine frame system with a clear
correspondence to the original member-by-member model.

3) Expound the relation between seismic performance of the controlled spine frame structures
and the key structural characteristics. Verify the application limit of the proposed system

4) Propose a simple seismic evaluation and design method for the controlled spine frame
system with clear limitations and recommendations.
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Chapter 2 — Concepts and Seismic Performance of the Controlled Spine Frames

Applied in Low-rise Buildings

2.1 Introduction
2.1.1 Conventional frame with shear dampers as BRBs (SD system)

Reducing the loss from earthquakes and improving safety of buildings with economical
technologies is one of the key challenges in earthquake engineering. Recently more and more
steel moment-resisting frames with shear dampers as BRBs (SD system) have been applied in
steel buildings constructions in high seismic regions, particularly in Japan and the U.S.*!'*! Fig.
2.1 shows a typical new construction application of the SD system. This system has been
verified as a promising seismic resisting structural system by its behavior during major

earthquake events.

(b)
Fig. 2.1 Buckling-restrained brace frames for new construction. (a) Elevation; (b)

connection details (courtesy of SIE, Inc.)?3]

Various types of BRBs have been developed but their concepts are similar. Fig. 2.2 shows the
major components of a type of BRB. The BRB consists of two main components: 1) a ductile
steel core with predictable yield behavior by small variations; 2) buckling-restraining

mechanism which typically means mortar with steel casing.
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Fig. 2.2 Components of a type of buckling-restrained bracel?!

BRBs can yield without buckling in both tension and compression. Fig. 2.3 expresses the
hysteretic behavior of BRBs compared with conventional braces. This behavior eliminates the
undesirable buckling of the moment frames braced by conventional braces. It offers flexible
design of BRBFs and easy modeling because of the predictable yield behavior with small
variations. Moreover, larger energy dissipation is provided and more stable seismic behavior is
ensured under high-level earthquake. Under some certain designs of BRBFs, the main
moment-resisting frame stays mostly elastic while only the BRBs dissipate energy. After a
severe earthquake event, such structural system is expected to be repaired by only replacing the
deformed dampers. Fig. 2.4 shows one of the configurations of this system, which is also the

configuration used in this study.
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Fig. 2.3 hysteretic behavior of conventional braces and BRBs!?3!
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Fig. 2.4 One configuration of SD system with BRBs

Concentrating damage in BRBs is regarded as an effective application of the SD system. The
seismic behavior of SD system highly depends on the participant ratio of BRB (f: the horizontal
load sharing ratio of BRBs). Fig. 2.5 shows the differences of load-deflection backbone curves
of the SD system with different . With the increase of f, the horizontal stiffness contributed by
moment frame decreases, which tend to cause unstable responses and drift concentration in a
specific story, as shown in Fig. 2.6. Moreover, the moment frame also yields soon after the
BRBs yield, and large residual deformations may remain after earthquakes. On the contrary, if
is small, damage concentration in a specific story might be avoided. However,
high-performance BRBs with high ductility will be required to meet the required energy
dissipating capacity.

Q : Story-shear force
R : Story-dnft angle
B :Participant ratio (horizontal load
sharing ratio of BRB)
[Frame (F) Qe=¢ Qu: elastic linut strength,
or tnigger level
N Qy : Yield strength
Ry®B) RyF) Ru R Ry(B) RYF) Ru R Ry(B). Ry(F): Yield story-dnft angle of

(a) BRBF with small 3 (b) BRBF with large 3 BRB and Frame. respectively

Fig. 2.5 Influence of the participant ratio of BRB on the load-deflection backbone curves
of the SD system [2]
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Fig. 2.6 Drift concentration in a specific story causing story collapse in the SD system

2.1.2 Controlled uplifting rocking frame system (LU system)

Based on the previous investigations on concentrically braced steel frame structures, it has
been found that permitting foundations to uplift is an effective way to reduce damage to braces.
However for low-rise or middle-rise buildings, the gravity load of the braced frame is not
enough to overcome the residual force of structural members and provide self-centering, which
may cause large residual story drift to remain after the earthquake shaking. One type of uplifting
braced frame with post-tensioning and energy dissipating members has been developed in prior
studies conducted by Deierlein’s et al’®”-**] In this controlled uplifting rocking system, the PT
strands connected the braced frame from roof to the foundation and provide self-centering force
after earthquake shaking. Multiple applications of LU system by adopting alternative materials,
structural configurations, and energy dissipating members have been proposed by prior

researchers. Fig. 2.7 shows one scheme of LU system which is studied herein.

Post-tensioned (PT) Strands
Rocking Frame

HIOAN

r r

Uplifting BRC
Fig. 2.7 One configuration of a controlled uplifting rocking frame system

The main components of this system are a braced steel frame which is designed to rock on its

foundation, the high-strength vertical steel strands that post-tension the braced frame to the

ground and provide overturning resistance, and the replaceable energy dissipating fuses. The
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braced steel frame and PT strands are designed to remain essentially elastic even during strong
ground shaking, while the fuses yield at relative small displacement and dissipate energy. Both
the PT strands and energy dissipating fuses provide the overturning resisting force. During the
uplift at large lateral displacement, the PT strands are always in tension and tend to pull the
frame back towards its foundation, while the force of fuses may against the rocking motion of
the braced frame after the fuses experience plastic deformation. The instantaneous input
earthquake energy is converted into potential energy due to rocking behavior. Besides, the
vibration period of LU system changes after uplifting so the resonance with ground motion is
avoided. Moreover, the spine effect of the stiff braced frame can prevent damage concentration

in weak or soft story.

|| Shear Force
5
Shear Force b
{\Shear Force il b . C
T / Fuse Yield Force x 2
Fuse
a Yield Force
# / i PT-wire
Roof Dri-f't Initial Tension
f PT-wire
Initial Tension L .
Frame e f PT-wire Initial Tension
Stiffness Roof Diit . - Fuse Yield Force Roof Drhft
a) Main frame (with PT) b) BRB c) Total system

Fig. 2.8 load-deflection backbone curves of the LU system;(a) the envelop frame with
the PT strands;(b) the energy dissipating fuses; (c) the total system(?7]

The load-deflection backbone curves of the braced frame with PT strands and fuses are
shown in Fig. 2.8. The vertical axis is overturning moment which can be calculated from the
axial force of PT strands and fuses. The horizontal axis is uplift distance. The stiffness of the
braced frame with PT strands changes when it starts to rock. The deformation of fuses is always
in tension region. The flag-shaped backbone curve of the LU system can be derived by
combining that of the braced frame with PT strands and that of fuses. From the curves we can
see that in order to eliminate the residual deformation, the yielding strength should be designed
lower than the initial tension force of the PT strands.

Each point on the backbone curves represents a typical state of the LU system; following is
the explanation of each state.

a: base of the braced frame lifts

b: fuses yield during the braced frame uplifting

¢: rocking direction reversal

d: force in fuses reduces to zero

e: fuses yield during the braced frame landing
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f: residual deformation reduces close to zero, starting next uplift

The critical states that are listed above are expected to exhibit in serviceability condition. For
the life safety condition, there are two essential limit states for the UL system, the one is
yielding of the PT strands and the other is the overturning of the braced frame or buckling of the
braced frame.

The uplift ratio 0, of the frame when PT strands yield depends on the pre-stress stress f;’” and
the yield stress f,”” of the PT strands, as expressed by equation (2.1) and (2.2).

foPT +Ep &0 = fyPT (2.1

2H :2_H‘f;/PT_J(OPT

2, 2.2
y L PT L E ( )

T

Where, Epris the Young’s modulus of PT strands.

epr is the deformation ratio of PT strands after introduce pre-stress force.

L is the width of the rocking frame, which is twice of the distance between PT strands to the
uplift base.

H is the height of the rocking frame, which is same with the length of the PT strands.

The critical displacement when the braced frame becomes unstable is expressed by a tipping
angle, a, where the mass center of the braced frame is located directly through the leading edge,
as shown in Fig. 2.9.

2.9]

Housner **! proposed that the fragility function for overturning of rocking objects was related

with the peak ground velocity, as expressed by equation (2.3)
PGV =2gR,/(1-cosa) (2.3)
L

]

ARl
\\% o

[ LSS

Fig. 2.9 Overturning of rocking objects

Where, PGV is the peak ground motion velocity where overturning occurs;
2 2
R= E + £ .
2 2
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The collapse of the LU system may also be associated with overloading of the single column
and brace that carried the lateral and vertical loads during the uplift at large lateral displacement.
Special attentions are needed for designing the details of the rocking frame column bases, the
anchorage of the PT strands, the floor system to ensure the rocking frame and the envelop frame
working together, and the connections between the rocking frame and envelop frame. Apart
from those points, the braced frame and the moment frame employs fairly standard design and

fabrication practices.

2.1.3 Non-uplifting spine frame system (NL system)

There are multiple methods to implement non-uplifting spine frame systems using alternative
materials, configurations, and energy-dissipating members. Fig. 2.10 shows one of the structural
schemes investigated in this study. The proposed system comprises steel braced frames and

replaceable energy-dissipating fuses (BRCs) without PT strands.

Envelop Moment Frame
/ Spine Frame

/-

I

Mor (Over Tl}{ﬂing Moment)

1) PR
a L LJ RDR

ar 7 7 7r r

Buckling Restrained Column (BRO)

Fig. 2.10 One configuration of a non-uplifting spine frame system

Unlike in the LU system, the columns in the spine frame are replaced by BRCs and are fixed
to the foundation, which solves the problems aroused by uplifting motion, such as special
construction treatment for uplifting column base details, impact force to the foundation and
accompanying noise. Fig. 2.11 shows the rocking mechanism of the proposed NL frame. The
BRCs yield when deformation is small and dissipate earthquake energy. Meanwhile the spine
frame starts swing. The rocking frames remain elastic while the energy is dissipated by the

plastic deformation of replaceable fuses.
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External force —s

BRC\L] u

0. Original position a. BRCs yield

Fig. 2.11 The rocking mechanism of the proposed NL frame

The backbone curve of a single NL spine frame with BRC is shown in Fig. 2.12. The critical
states of the NL system are:

a: BRCs yield during the braced frame uplifting, the frame starts swing

b: rocking direction reversal

c: force in BRCs reduces to zero

d: BRCs yield during the braced frame landing

e: roof drift ratio reaches the maximum value in the reversal direction, the frame starts next

swing

BRCs

yield [,

Fig. 2.12 load-deflection backbone curves of the NL frame

Residual deformation has a significant effect on the total loss caused by earthquake

[2.10-2.12

events. JIn the LU system, PT strands are employed to achieve self-centering and mitigate

residual deformation of the rocking frame. For the structural scheme of spine frame under
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investigation, the pre-stressed tensile force of PT strands should be larger than the yielding force
of BRCs, thus the elastic force from PT strands can resist with the reaction force of the BRCs
and pull the frame back to its original position. However, in actual project, the strength
requirement of BRC is high and the pre-stress force of PT strands often reaches several
thousand kN. PT strands are expensive and the anchor, shear force transfer details are
complicate for construction.

In the NL system, PT strands are removed and the self-centering functions are achieved by
the elastic restoring force from envelope elastic-moment frames. Although residual deformation
of structures greatly depends on phase of ground motions, researches have also found that the
post-yielding stiffness of structure itself significantly affects the residual deformation. ! The
envelope moment-resisting frame designed following Japanese seismic code exhibits high
stiffness and strength. Even if the envelop frame includes weak or soft stories, the spine frame
forces each story work together and enough restoring force can be provided. In Fig. 2.13, the

force-deflection backbone curves of the proposed NL system with different envelope frames are

compared.
K. K
Q . Q K./+.1 Kd Q sy, / K
~ f
K
0, M 0, u AP, : 0, A
I | ] | V)
/ u, u, u / ty, u, u
u' u’
7 C C
(a) Low stiffness (b) Critical stiffness (c) High stiffness

Fig. 2.13 Backbone curves of NL systems with different envelop frame stiffness

From Fig. 2.13 we can see that if the stiffness of the moment-resisting frame is enough strong,
the residual deformation can be reduced significantly.

Simplify the hysteretic curve of the spine frame with energy-dissipating members as bilinear,
assume isotropic hardening, and assume the stiffness of the moment-resisting frame is a times
of the initial stiffness of the spine frame:

K, =akK, (2.4)
Q,=Ku,, O =(@+1)Q,, 0,=aK,u,+0, (2.5) (2.6) (2.7
Where,
K initial stiffness of the additional damper system

Kj: stiffness of the moment-resisting frame



Chapter 2 Concepts and Seismic Performance of Controlled Spine Frames Applied in Low-rise Buildings

uq: yielding deformation of the damper system

Qu: yielding force of the damper system

0,: force of the entire structure when dampers yield

u,: maximum deformation of the entire structure

On: maximum force of the entire structure

The static residual deformation of the NL system u,. can be calculated by the following
equations (there are two cases according to whether the fuses yield before the total force reduces
to zero):

Case 1 (the dampers yield after the total force reduces to zero):

. K, 1 K,
IMS|>|MP|, e.i. ——< (#>2),orany —— when 1<u<2
K, wu=2 K,
IADHACE: u, -K, =(u, —u, —u,)K, 2.8)
1-1/
" (=l 2.9)
K, /K, +1

K, 1 2
When —=< (u>2) u >|1-—|u,
K, u-2 U

d

When 1<u<2: urﬁéum

Case 2 (the dampers yield before the total force reduces to zero):

K
|MS|<|MP|, c.1. K_> 2(IU>2)

J —

ADIHACIQy: u,-K, =0, (2.10)
U = @.11)
K, /K,
u <[1—3qu (2.12)
u
L 1s the ductility ratio:
="t (2.13)
u

From Egs. (2.9), (2.11) we can see that, the static residual deformation is related with the
maximum deformation, ductility ratio, and frame-damper stiffness ratio. The residual
deformation increases with maximum deformation increases; while the residual deformation
decreases when the ductility ratios or the frame-damper stiffness ratio increases.

For instance, if K/K, is designed as 1.0, which can be easily realized in low-rise spine frame
structures, and the ductility ratio is larger than 5.0, then the residual deformation will be less

than 20% of the maximum deformation.
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For the structure in this study, whose moment frame is designed following the current
Japanese seismic design code, the stiffness of the first story is approximately 1.1 times of that of
the spine frame. The residual deformation can be controlled within small value.

As can be seen from the hysteretic curves, compared with the LU system, the NL frame has
smaller hardening stiffness and larger energy-dissipating capacity. The fundamental period of
the total structure will not be decrease as much as the LU system. Moreover, the NL system
tends to have larger system damping ratio compared with the LU rocking frame, which can

decrease the velocity and acceleration response.

2.1.4 Prototype building

The prototype building is a research institute called MCES in Tokyo Institute of Technology
Suzukakedai campus, Tokyo, Japan. The building structure was designed by Takeuchi-lab. A NL
frame is employed in the X-Dir. while the SD system is employed in the Y-Dir. Fig. 2.14, 2.15
and 2.16 illustrate the perspective view, plan and structural system of the building, respectively.
Although the structure was designed with a rocking frame in the X-direction and shear BRBs in
the Y-direction, the BRBs in the Y-direction are not modeled in the comparison of the three
structural systems.

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 x 27 m: 4.5 m X 4.5 m bays for the external frames and 9.0 m x
9.0 m bays for the internal frames. The braced bay is located in the middle of the building.
Detailed information about members’ size and materials are listed in Appendix A. Table 2.1

gives the gravity load and mass distribution.

Fig. 2.14 MCES Building

2-11



Chapter 2

Concepts and Seismic Performance of Controlled Spine Frames Applied in Low-rise Buildings

X7 == = e
@ T3 sl TX  SCi T1 561 caX  [jse1 el set Tax
q 0§ DS
B )
= ) BT o
h 2 &) B
=55] DSt S DS1
5 e = = = =
= = IR TR Sh -
.
. ok DS DS ps1 || bst Bst
2 |3
¥ G . (55&5) B
A DSt - DSt A
® = =
] 562 T4 4 SC  Ce] ' 52 ] G2 [ T
! :
S1 HE S
8 - - B -
Z 7+ % st 83 = s 7
:
_ st 0| | [ aa2s— NL frame ||
ne LU “g k= = —
g v [l [0 BRBI® = ge* Toses kg id N o
ost |Post |[Bost s os! pst || pst || DSt
3 ' sB4
3 i ) o =
< 5 ST 583 ; B: (= i
% B S
s1 DSt DSt
B 5! il A B
®
© @] E# Ta  SCk e 1502 2 62 1
5 St DSt S1 DSt _
3| C B3 153
= ST B
N 13 (i) N
St N DSt
(2) ; fHes X @ & :
oy SB1 </ N\ [ ] SBT 2y
(~j05) 54 ™ o I8 DSt
- St
= |||
2 & SET DSt sb1 "
kg (=405) DS1
X St H
@ e =
@ T sar TX SGi SIS C2 561 GRS T2 SeT fcs
4,35 4,500 4,500 4,500 4,500 4,305
Y 26,650

ne Frame

_Spi

. Buckling Restrained Column
(BRC)

. Buckling Restrained Brace

(BRB

)

Fig. 2.16 Structural system of MCES Building



Chapter 2 Concepts and Seismic Performance of Controlled Spine Frames Applied in Low-rise Buildings

Table 2.1 Gravity load and mass distribution

Gravity load (kN/m2) | Mass (kN/m2)
Roof 11.3 10.6
Secondfifth floor 7.65 6.65
Total 30500 kN 27000 kN

2.1.5 Design of the SD, LU, and NL models
The envelope steel moment-resisting frame in the MCES building was designed according to

the seismic design code of Japan'*'*!. All of the structural components were elastic against the
shear force in Lv. 1 design. In Lv. 2 design, the maximum story drift ratio is 0.43%, less than
1.0%. Besides, the ratio of the shear force capacity and necessary story shear force is 2.342 with
high safety. Fig. 2.17 shows the story shear force and story drift ratio curves of each story of the

envelop SMRF obtained from pushover analysis. The response at Lv. 1, Lv. 2, and O, are

illustrated in the same Figure.

20
1F

_ —  3F
? /
= 12 “4F
= 3 '~ 5F
2
g /%2
/5]

4 Lv.-1

0 /

0 1 2 3

Story drift ratio (%)
Fig. 2.17 Story shear force and drift ratio curves of each story of the envelope SMRF

(Q. represents the shear force bearing capacity of each story, which is the story shear force when

the maximum story drift ratio reaches 2%.)

Design of the SD model:
The story drift ratio of each story is expected to be uniform when the main frame reaches the

maximum deformation against Lv.2 earthquake ground motions. Thus deformation

concentration can be prevented from occurring in the BRBs or the envelop SMRF in specific
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stories. When the main frame reaches the maximum shear force under seismic loading, the

summary of shear force of the main frame and the shear force of the BRBs were designed to

comply with the 4; distribution. The story drift corresponding to BRB yielding was set as 6 mm

(story drift ratio = 1/800). Based on the applications data of BRBs, the ratio of the length of
plastic region and the total length of the brace is 1/3 (I.°*B/(I.*B+[,BR%)=1/3); the ratio of the

area of the plastic core and the area of the elastic region is 1/2 (4.**® /4,%*%=1/2). The detail

parameters of BRBs in each story are listed in Table 2.2. The horizontal load sharing ratio of

BRBs is 0.31 in each story. The story shear force and story drift ratio curves of the total frame

compared with the shear force contribution of BRBs are shown in Fig. 2.18.

Table 2.2 Parameters of BRBs in each story in the SD model

Yielding Shear force
Sectional Yielding
Stiffness shear force bearing Horizonral load
Story area Number drift ratio
(KN/mm) 0, BRB capacity allocation ratio
(mm?) (%)
(kN) Ou(kN)
5 4318 196 2 1452 9432 0.31 0.17
4 5894 269 2 1982 12903 0.31 0.22
3 7092 323 2 2386 15556 0.31 0.24
2 7956 364 2 2676 17489 0.31 0.25
1 8697 396 2 2861 18746 0.31 0.16
24
1F
205 R )
~~ " /
z J—
S —
= / 4F
Az
@ S F
g‘ 8
n
BRB: 1F
4 Lv.2
é S5F
0
0 1 2 3 4

Story drift ratio (%)

Fig. 2.18 Story shear force and story drift ratio curves of the SD model compared with
the shear force contribution of BRBs
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Design of the LU model:

The LU model with BRCs and PT strands was designed by replacing BRBF in the SD model
with an enough stiff rocking frame, which remains mostly elastic in the second limit state. The
cross-sectional size is H-550x550%19%25 and material is SN490B for the braces. The yielding
force of the BRC and the pre-stress force of the PT strands were 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 calculated by equation (2.14).
4
Morst = fofH"';(inIjﬂ) _fo?)Hi (2.14)

My, o =1452x20.2+ (1982 -1452)x16.2 + (2386 —1982) x12.2
+(2676—2386) x8.2 + (2861 —2676) x 4.2
= 46000 (kNm)

Equation (2.15) expresses the initial yielding overturning moment of the LU rocking frame.
. b,
My 1y =(G, +F, +F;,BRC)‘?/ (2.15)

where
Mor v is the initial yielding overturning moment of the LU rocking frame;
Gris the dead load of the rocking frame;
Giy= (11.3+7.65%4)x27=3394kN
F,PRC is the axial yielding force of the BRC;
F,PR€=13900%325x1.1=4969.25kN
b,sis the width of the rocking frame; b,,=9m
Fpris the axial force of the PT strands when the BRC yields;
F,,=46000/4.5-4969.25-3394=1859kN

The pre-stressing loss caused by the deformation of BRC can be calculated by Equation (2.16)

F ilBiF BRe (2.16)

s = BRC y
E eq lPT

_ 205000 ><£><325>< 1.1=64.44kN

B 236477 20.2
E.;”R€is the equivalent stiffness of the BRC. It is calculated by the following Equation (2.17):
E

EquRC = l BRC IBBRRCC A BRC (2 17)
lBRC lBRC A‘)BRC
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BRC _ 205000
“ 1291 +2909)(13888
4200 4200 17192

=236477 MPa

The pre-stressing loss caused by the gravity load is 11% of the initial tension force. So the total

area of the PT strands can be expressed by Equation (2.18)

For (2.18)

A =
T (1-11%)0, + F,

The initial tensile stress g9 of the PT strands was decided by the yield uplift ratio 6,"Y, which

was set to be 3.08%. From equations (2.1) and (2.2) we can obtain the expression for oy:

b
= ——2F, 0" (2.19)
PTY

o,=0,

PT

Where, g, =1586.5 N/mm?, Epr=205000. So, 66=179.5 N/mm?.
From equation (2.16) we can get the total area of the PT strands is 8300 mm?. The initial tension
force was 1390 kN, which is 11.3% of the yielding force of the PT strands. Fig. 2.19 shows the
story shear force and story drift ratio curves of the LU model compared with the shear force

contribution of the rocking frame (RF).
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Fig. 2.19 Story shear force and story drift ratio curves of the LU model compared with
the shear force contribution of the rocking frame (RF)

Design of the NL model:
The proposed NL model employs the same rocking spine frame as that in the LU model, 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
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activate 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 BRCs was selected by
determining an initial yielding overturning resistance of the spine frame that was equal to that of
the LU model. Equation (2.20) expresses the initial yielding overturning moment of the spine
frame of the NL model.

M, = F"b, (2.20)
where, Mor nz. is the overturning moment of the spine frame; F,%% is the yielding axial force of
the BRC on one side; and b,s is the width of the spine frame. The cross-sectional area and the
yielding force of the BRCs were 13900 mm? and 4969.25 kN, respectively. Fig. 2.20 shows the
story shear force and story drift ratio curves of the NL model compared with the shear force

contribution of the spine frame (SF).
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Fig. 2.20 Story shear force and story drift ratio curves of the NL model compared with
the shear force contribution of the spine frame (SF)

Detailed three-dimensional numerical modeling of the SD, LU, and NL systems were
conducted using the Open System for Earthquake Engineering Simulation (OpenSEES)
software!*'¥, which has advanced capabilities for modeling and analyzing the nonlinear
response of systems using a wide range of material models, elements, and solution algorithms.
Centerline dimension models, which ignore the effects of panel zones and gusset plates, were
employed for all models. A rigid floor was assumed, to ensure that the braced frame worked
together with the envelope moment-resisting frame. Rayleigh damping that including mass
matrix and tangent stiffness matrix proportional components were adopted. 0.02 critical

damping ratio matching at the first and second modes was implemented in the numerical model.
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2.2 Seismic performance of regular models
2.2.1 Static performances

Pushover analyses were carried out under the external lateral force on each floor proportional
to the equivalent elastic lateral force obtained by the first vibration mode response (Ai
distribution) for each model. The overturning moment and roof drift ratio (RDR) curves of the
braced frames and the base shear and roof drift ratio curves of the total structures are shown in
Fig. 2.21. The yielding overturning moments of the three models were calibrated at
approximately 46000 kNm. The LU rocking frame featured a larger hardening ratio than the
other two models because the PT strands remained elastic during loading, but the difference was

smaller in the responses of the entire structures.

MOT - RDR Base Shear - RDR
12 (SD/ Rocking /Spine frame) 75 (entire structure)
10 e ~ 20
g 8 -
E S 15
<+ 6 <
S =
i 4 s 10
~ =
g —NLModel | @@ —— NL Model
= 2 -~~~ SD Model S - - --SD Model
O — LU Model A ol e LU Model
0 2 4 0 2 4
RDR (%) RDR (%)

Fig. 2.21 Pushover results of the three models

2.2.2 Seismic responses under Level 2 earthquake

The number of ground motion pairs depends on how well the spectral shape of the scaled
ground motions fits that of the target spectrum. If the spectral shape of the scaled ground
motions matches well with that of the target spectrum, fewer motions can ensure a good
evaluation of structures. The ground motions 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 and time interval of BCJ-L2 was 120 sec, 0.01 sec. The
duration and time interval of the four observed waves was 30 sec, 0.02 sec for each wave.

In order to eliminate the variety among the response spectra of different ground motions and
produce unbiased evaluation of the three models, the response acceleration spectra of the four
recorded ground motions were scaled to match the target spectrum. In this study the target
spectrum is the design spectra averaged for the life-safety limit state (BRI-L2, 10% probability

of exceedance in a 50-year period) in Japan.
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Acceleration spectrum:

‘SA(Ij =

Velocity spectrum:

Displacement spectrum:

350D, (T <0.05)
350D,,(T /0.05)"eC/D2le2 (0 05< T <0.2) 2.21)
100D, (02<T<x/5) '
100D, / (T / 27) (m/5<T)
S, =S (T /2x) (2.22)
S, =S,(T/2x) (2.23)

_ [Uany
D,, = /—(Haho)(a 75) (2.24)

Where, T is the fundamental period (sec), £,=0.05, Ay is the damping ratio of the modeled

structure. The four observed ground motion waves were calibrated to follow the response

spectra expressed by Equation (2.21) considering their phase characteristics. !

2.15]

The time history curves of the 5 waves are shown in Fig. 2.22 and their acceleration spectra

are shown in Fig. 2.23. The elastic natural periods of the third and sixth modes of each model

are shown in Table 2.3. The periods of these two modes were similar in each model.
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Fig. 2.22 Acceleration time history curves of the 5 ground motions
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Table 2.3. 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

Nonlinear response history analysis was used to evaluate performance of the three models at
Lv2 ground shaking intensity. Key response parameters are maximum story drift ratio, residual
story drift ratio, floor velocities, floor accelerations, and cumulative plastic energy in each story.
Statistics analysis has been widely used to obtain median values and dispersions of the
structural response, in order to assess the peak values and dispersion in structural response.
However, as there are only 5 ground motions used in this study, only peak values in response
were investigated and discussed.

Fig. 2.24 shows the overturning moment and roof drift ratio loops of the three models,
determined from time-history analysis with Hachinohe NS ground motion input. The
self-centering flag-shaped behavior of the LU model was confirmed in the response during

numerical simulation.
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Fig. 2.24 Overturning moment and roof drift ratio hysteresis loops (Hachinohe NS)

The maximum shear force and story drift ratio response in each story of the three models
under five ground motions that were scaled to match the Lv2 earthquake intensity was shown in
Fig. 2.25. Fig. 2.25 (a), (c) and (e) show the shear force response of the SD, LU and NL model
respectively. Fig. 2.25 (b), (d), and (f) show the story drift ratio response of the SD, LU and NL
model respectively. The maximum shear force and maximum story drift ratio of each model
against every ground motion were approximate with or less than the yielding value in their

pushover curves, which indicates that the three models were mainly elastic under Lv.2 level
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earthquake input. Both of the shear force and story drift ratio results against Hachinohe input
were mostly the largest value while the results against JMA Kobe input were mostly the
smallest value in each story of the three models. The results from the artificial wave BCJ-L2 in
the LU model were close to the middle values of the results from the four observed waves,

while the results from BCJ-L2 in the SD and NL models were smaller than the middle values.
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The SD model exhibited the smallest shear force almost in every story among the three
models. On the contrast, the LU model exhibited the largest shear force in every story among
the three models. The shear force of the NL model was between that of the SD model and the
LU model, and tended to be closer with the shear force of the SD model in lower stories. The
shear force sequence was identical with the fundemental period sequence of the three models,
indicating that the first modes of the models dominated the dynamic response.

The SD model exhibited the smallest story drift ratio in the first, forth and fifth stories but the
largest story drift ratio in the second story among the three models. The LU and NL model also
possessed the largest story drift tratio in the second story but with the difference between other
stories was relatively smaller than the SD model. Moreover, the maximum story drift ratio of the
NL model was the smallest among the three models.

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 the effectiveness of spine frames in reducing deformation
concentration, the ratio of maximum SDR to RDR is used to express the story drift
concentration factor (DCF). As shown in Fig. 2.26, 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.

1.6

SD

LU

s
¢
|

1 2 3 4 5
Ground motion ID

Fig. 2.26 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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Residual drift predicted by nonlinear analysis is highly sensitive to component modeling
assumptions related to post-yield hardening/softening slope and unloading response. Accurate
statistical simulation of residual drift requires the use of advanced component models, careful
attention to cyclic hysteretic response, and a large number of ground motion pairs. Although the
number of ground motion pairs is relatively small in this study, the accuracy of residual drift
simulation is enough for comparing the self-centering capacity of the SD, LU, and NL models.

Fig. 2.27 shows the residual story drift ratio (ReSDR) of each story in all three models. All
the story drift ratio values were less than 0.12%, and less than 0.05% in the LU and NL models.
As shown in Fig. 2.25, the base shear forces were close to the yielding strength obtained from
the pushover analysis, which means that the main frames were almost elastic. The maximum
shear force of the LU model tended to be greater than that of the SD model; however, the
residual story drift ratio of the LU model was smaller than or similar to that of the SD model.
Unlike the case of the LU model, the maximum shear force of the NL spine system was
identical to that of the SD model, whereas the residual story drift ratio of the NL model was
smaller than that of the SD model 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. The proposed NL spine system possesses excellent resilience capacity

when the envelope SMRF is elastic or yields slightly.
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Fig. 2.27 Residual story drift ratio of SD, LU, and NL models

The input energy is dissipated by the system damping mechanism and the cumulative plastic
deformation of the fuses and the main frame. In this study, the analysis time was long enough to
obtain stable residual story drift ratio, so 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 cumulative plastic strain energy of the five ground motion inputs for the SD,
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LU, and NL models were 25 MNm, 14 MNm, and 25 MNm, respectively; the damping energy
values were 14 MNm, 24 MNm, and 15 MNm, respectively; and the total input energy values
were 39 MNm, 38 MNm, and 40 MNm, 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 observed in the LU model
than in the SD and NL models. This indicates that the flag-shaped hysteretic response of the LU
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. 2.28, the non-hatched areas in the bar chart represent the cumulative plastic strain
energy of the BRBs or BRCs, and the hatched areas represent the envelope frames. The numbers
above each bar denote the percentage of plastic strain energy of the BRBs or BRCs in the total
plastic strain energy of the structures. In the proposed NL spine system, the earthquake input
energy was greatly dissipated by the two BRCs at the bottom of the spine frame. The
percentages of plastic strain energy of the BRCs in the total plastic strain energy 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 total plastic strain energy. For the LU rocking system, the main
frame dissipated up to 60% of the total plastic strain energy, which was greater than the energy
dissipated by the BRC.
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(a) SD model
Fig. 2.28 (a) Cumulative earthquake energy dissipation ratios of dampers
(Ground motion IDs: 1. El Centro; 2. Hachinohe; 3. JMA Kobe; 4. TAFT; 5. BCJ-L2)
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Fig. 2.28 (b-c) Cumulative earthquake energy dissipation ratios of dampers

(Ground motion IDs: 1. El Centro;

2. Hachinohe; 3. JMA Kobe; 4. TAFT; 5. BCJ-L2)

Because the duration of the BCJ-L2 ground motion was longer than that of the four observed

ground motions, the cumulative plastic strain energy 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 plastic strain

energy of the envelope frame, as illustrated in Fig. 2.29.

This model dissipated energy through the beams from the first floor to the fourth floor; however,

all the members in the spine frame and columns remained elastic. The largest amount of

cumulative plastic strain energy in one

story of the envelope frame in the NL model was 125.12
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kNm. The envelope frame in the SD model dissipated the most energy in the second and third
floors, as shown in Fig. 2.29 (a), which indicates that damage was concentrated at those
locations. The largest amount of plastic strain energy in one story of the SD model was 246.46
kNm. The main frame in the LU model dissipated the largest amount of energy compared with
the other two systems. The peak value of plastic strain energy in one story of the LU model was
677.90 kNm. The main frame of the proposed NL model suffered the least damage among all

three models.
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Fig. 2.29 Cumulative earthquake energy dissipated by the envelop frame

2.2.3 Incremental dynamic analysis

The LU rocking frame is expected to avoid damage concentration and eliminate permanent
story drifts of the structures. However, its robustness remains unclear under unexpectedly strong
earthquakes, which may lead to yielding of the PT strands. Incremental dynamic analysis
(IDA)?'%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 intensity measure (IM) was the peak ground acceleration (PGA). The damage measure
(DM) was the maximum story drift ratio and residual story drift ratio. The selected ground
motions were scaled up until the maximum story drift ratio reached 10% or until the PGA
reached 60 m/s*. The maximum story drift ratio IDA curves of the three models are compared in
Fig. 2.30.

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 story drift ratio was approximately 5%.
Only under the Hachinohe ground motion input, after the PT strands yielded, the maximum

story drift ratio in the LU frame grew significantly faster than the NL frame with increased
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earthquake input intensity. Under other earthquake inputs, the differences were not significant
between the IDA curves of the LU and NL models immediately after the PT strands yielded;
generally, the maximum story drift ratio of the SD model exceeded those of the NL and LU

models with the same ground motion intensities.
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Fig. 2.30 IDA curves of maximum story drift ratio

The residual story drift ratio IDA curves of the three models are compared in Fig. 2.31. When
the PGA is less than 5m/s?, the residual story drift ratios were almost 0.0% in the three models.
After the PGA exceeded 5m/s?, the residual story drift ratio in the SD frame grew significantly
faster than the NL and LU frame with increased earthquake input intensity, except in the
analysis case with JMA Kobe ground motion input. The residual story drift ratio response of
three models against BCJ-L2 ground motion were significantly larger than the response of other
four observed ground motions, mainly due to the longer duration of BCJ-L2 input. The
maximum story drift ratio response of BCJ-L2 input also showed similar results. Among the
response of four observed waves, the JMA Kobe resulted in the smallest residual story drift ratio,
which kept less than 3% even when the PGA increased to 40m/s?, which might be because there
is only one main pulse in the JMA Kobe ground motion. Fig. 2.30 illustrated that the PT element
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in the LU model yielded when PGA=40m/s?>, 30 m/s?, 20 m/s%, 20 m/s’ in the analysis under El
Centro, Hachinohe, JMA Kobe, Taft input, respectively. However, yielding of the PT element
didn’t have much influence on the residual story drift ratio, which also indicated that the
envelope moment-resisting frame was stiff enough and well balanced to ensure the robustness

even after the PT element yielded.
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Fig. 2.31 IDA curves of residual story drift ratio

2.3 Seismic performance of single-story structural irregular models
2.3.1 Design of single-story structural irregular models

Building structures with vertically unbalanced strength distributions are commonly seen in
modern urban areas, primarily because of architectural constraints. According to previous
studies, the strength, stiffness, and mass irregularity significantly degrade the seismic behavior

(2172211 Qpecial attention is necessary in the design of such irregular

of these structures
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
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story of the moment-resisting frame.

Five groups of different vertical structural irregular models were created corresponding to
different weakened stories by reducing the section area or material strength of columns. The
column numbers are shown in Fig. 2.32 and the details of the weakened columns are

summarized in Table 2.4.

Table 2.4 Sections & material strength decreasing of columns in each model
(unit: mm, MPa)

First story weakened model

SC1 BOX-500%x500%22 357.5 BOX-320%x320%22 258.5

SC3 BOX-500%x500%19 357.5 BOX-320%x320x19 258.5
Weaken to

SC4 BOX-550%550%22 357.5 BOX-320%320x22 258.5

SC5 BOX-550%550%22 357.5 BOX-320%320x22 258.5

Second story weakened model

SC1 BOX-500x500%19 357.5 BOX-320%320x19 258.5

SC3 BOX-500x500%19 357.5 BOX-320%320%19 258.5
Weaken to

SC4 BOX-550x550%22 357.5 BOX-320%320%19 258.5

SC5 BOX-550%550%22 357.5 BOX-320%320%19 258.5

Third story weakened model

SC1 BOX-500%500x19 258.5 BOX-300x300x19 258.5

SC3 BOX-500x500%19 258.5 BOX-300%x300x19 258.5
Weaken to

SC4 BOX-550%x550%22 258.5 BOX-320%x320%22 258.5

SC5 BOX-550%x550%19 258.5 BOX-320%x320x19 258.5

Fourth story weakened model

SC1 BOX-500%500%19 258.5 BOX-300%x300x19 258.5

SC3 BOX-500%500%19 258.5 BOX-300%300%19 258.5
Weaken to

SC4 BOX-550%550%19 258.5 BOX-320%320%19 258.5

SC5 BOX-550%550%19 258.5 BOX-320%320%19 258.5

Fifth story weakened model

SC1 BOX-500%500%16 258.5 BOX-300x300x16 258.5

SC3 BOX-500%500%16 258.5 BOX-300%300%x16 258.5
Weaken to

SC4 BOX-550%550%19 258.5 BOX-320%320%19 258.5

SC5 BOX-550%x550x19 258.5 BOX-320%320x19 258.5
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Fig. 2.32 Columns positions in structural plan

Static pushover analysis with equivalent horizontal force following A; distribution of each
irregular model was carried out. Fig. 2.33 shows the story shear force and story drift ratio
relationship of each model.

For all the SD, LU, and NL models, the degradation of the first-story columns caused obvious
degradation in the strength of every story, particularly for the first story of the SD model.

The degradation of the columns in the second story significantly decreased the stiffness and
strength of the second story in the SD model, and the second story degradation also led to slight
strength degradation in the third, fourth, and fifth stories in the SD model. On the contrast,
weakening of the columns in the second story had a negligible influence on the stiffness and
strength of every story in the LU and NL models. Only slight stiffness decreasing of the second
story in the LU model, as well as slight stiffness and strength decreasing of the first and second
story in the NL model, can be observed from the pushover results.

Significant story stiffness and strength decreasing can be observed from the pushover results
of the SD models with degraded columns in either the third story or the fourth story. Relatively
small strength decreasing can also be observed in the other stories of the SD models. While for
the LU and NL models, degradation of columns in the third or fourth story had negligible
influence on the stiffness and strength of every story, except slightly stiffness decreasing of the
weakened stories.

Degradation of columns in the fifth story caused similar strength degradation in each story of
all the three models and stiffness degradation in each story of the LU and NL models.

In conclusion, degradation of columns in the first story significantly decreased the horizontal
force resistance capacity of each story if the NL and LU models. Degradation of columns in the
top story also cause slight story degradation in the lower stories, but the degradation of columns

in the middle stories has negligible influence on the horizontal force resistance capacity of each
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story in the LU and NL models due to the rigid body mechanism. For the SD model,

degradation of columns in each story led to

decreasing, particularly in the weakened story.
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Fig. 2.33 (j-0) Shear force — story drift ratio relationship of 4-5F weakened models

2.3.2 Seismic responses against level 2 earthquake

Time history analysis with same earthquake ground motion series used for the regular models
was carried out for the irregular models as well. The maximum story drift ratio (SDR), residual
story drift ratio (ReSDR), and maximum story shear force of the 1%-story and 2™-story irregular
models were summarized in Fig. 2.34.

The maximum shear force and maximum story drift ratio of each irregular model of the LU
and NL models against every ground motion were approximate with or less than the yielding
value in their pushover curves, which indicates that the two groups of models were still mainly
elastic under Lv.2 level earthquake input even with structural irregularities. However, for the
irregular SD models, the maximum story drift ratio exceeded 1.0%, particularly in the first-story
and second-story irregular models, which indicates that plasticity had developed in those models
when the structure was against Lv. 2 level ground motion. Similar to the results of regular
models, both of the shear force and story drift ratio results against Hachinohe input were mostly
the largest value while the results against JMA Kobe input were mostly the smallest value in

each story of the three models.
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Among the first-story irregular models, the maximum story drift ratio of the SD model was
approximately 1.2%, and that of the LU and NL models were approximately 1%. Among the
second-story and third-story irregular models, the maximum story drift ratio of the SD model
was approximately 1.5%, that of the LU model was again approximately 1%, and that of the
proposed NL model was the smallest among the three models. Among the fourth-story and
fifth-story irregular models, the maximum story drift ratios of the SD and LU models were
approximately 1%, and that of the proposed NL model was again the smallest among the three
models.

It is clear that even for the irregular models; serious deformation concentration occurred in
the SD models, particularly in the first and second irregular models. On the contrary, the LU and
NL models controlled a more uniform story drift distribution over the height of the building than
the SD model did. Moreover, the uniform distribution ability of the LU and NL models were
close with each other. The drift concentration factors of the first-story and second-story irregular

models are shown in Fig. 2.35.
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Fig. 2.35 Drift concentration factors of the first-story and second-story irregular models

Among the first-story irregular models, the maximum residual story drift ratio of the SD
model was approximately 0.25%; conversely, the maximum residual story drift ratios of the LU
and NL models were approximately 0.05%. For the second-story irregular models, the
maximum residual story drift ratio 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. For the

other story irregular models, the maximum residual story drift ratios of the SD model were
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smaller than 0.2% but larger than 0.1%, while that of the LU and NL models were similar with
the residual story drift ratios of their regular models. Even for the irregular models, the LU and
NL models were verified to possess sufficient self-centering capacity.

Same with the regular models, for the irregular models, the input energy was mainly
converted into damping energy and cumulative plastic strain energy (CPE). The irregular
models were almost identical with the regular models in terms of the total input, damping, and
plastic energy amount. Similar with the regular LU model, the damping energy of the irregular

LU models was larger than that of the irregular SD and NL models caused by larger velocity

response.
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Fig. 2.36 Cumulative earthquake energy dissipation ratios of fuses in the 1st-story and
2nd-story irregular models
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Fig. 2.36 shows the cumulative earthquake energy dissipation ratios of fuses in the 1st-story
irregular models and 2nd-story irregular models. The numbers above each bar denote the
percentage of plastic strain energy of the BRBs or BRCs in the total plastic strain energy of the
structures. For the proposed NL spine system, even for the irregular models, the earthquake
input energy was greatly dissipated by the two BRCs at the bottom of the spine frame. The
percentages of plastic strain energy of the BRCs in the total plastic strain energy of the structure
ranged from 92.22% to 99.70% in the first-story irregular model and from 95.71% to 99.99% in
the second-story irregular model. Similar with the NL models, the BRBs in the SD models
dissipated more than 85% of the total plastic strain energy. The percentages of plastic strain
energy of the BRBs in the total plastic strain energy of the structure ranged from 87.14% to
98.71% in the first-story irregular model and 90.99% to 99.67% in the second-story irregular
model. In the irregular LU models, the percentages decreased from around 90% to around 50%.
Although this value is slightly larger than that of the regular LU model, the main frame still
dissipated up to 50% of the total plastic strain energy.

The cumulative plastic strain energy of the main frame of the first-story irregular models and
the second-story irregular models were compared in Fig. 2.37. The proposed NL model had the
best distribution of energy dissipation and the lowest plastic strain energy of the envelope frame,
as illustrated in Fig. 2.37(c). The envelope frame in the first-story irregular SD model dissipated
the most energy in the first floor, and the envelop frame in the second-story irregular SD model
dissipated the most energy in the second floor, as shown in Fig. 2.37(a), which indicates damage
concentration in the specific stories. The main frame in the irregular LU model dissipated the
largest amount of energy compared with the other two systems. The envelope frame in the
first-story irregular LU model dissipated the most energy in the second and third floors, and the
envelop frame in the second-story irregular LU model dissipated the most energy in the fourth
floor, as shown in Fig. 2.37(b). That’s because the weaken stories dissipated less energy than
other stories with identical inter-story deformation maintained by the spine effect. The main

frame of the proposed NL model suffered the least damage among all three models.
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Fig. 2.37 Cumulative earthquake energy dissipated by the envelop frames in the
1st-story and 2nd-story irregular models

2.3.3 Incremental dynamic analysis

The seismic robustness of the vertical structural irregular models were investigated by
carrying out Incremental dynamic analysis (IDA), same intensity measure (peak ground
acceleration) and damage measure (maximum story drift ratio and residual story drift ratio)
were employed. When using the maximum story drift ratio as the damage measure, the selected
ground motions were scaled up until the maximum story drift ratio reached 10% or until the
PGA reached 60 m/s*>. When using the residual story drift ratio, the selected ground motions
were scaled up until the residual story drift ratio reached 6% or until the PGA reached 40 m/s?,
as some analysis with higher PGA stopped at the moment when the maximum story drift ratio

occurred. The maximum story drift ratio IDA curves of the irregular models are compared in Fig.
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Fig. 2.39 Collapse mechanism of the first story irregular LU model
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 610 m/s> After the
diagonals yielded when the PGA was around 10m/s*, the maximum story drift ratio of the LU
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model increased rapidly as the earthquake input intensity increased, as shown in the left column
of Fig. 2.38; this value was much weaker than that in the NL model, but was similar to that of
the SD model. This is because the yielded diagonals could not maintain the rocking mechanism,
so the upper stories deformed by sliding from the first floor, as shown in Fig. 2.39. This
deformation pattern resulted into severe damage concentration in the first story. Fig. 2.40
compared the cumulative plastic strain energy dissipated by the envelop frame in the first-story
irregular SD and LU model when the PGA of the input earthquake was 20 m/s*. Significant
energy concentration occurred at the first-story of the LU model. Fig. 2.41 shows the response
of the bottom diagonal in the rocking frame of the first-story irregular LU models when the
PGA was 20 m/s*. All of the response exceeded elastic limit and reached ultimate limit. Because
of this phenomenon, the PT strands did not yield when the maximum story drift ratio was
approximately 5%, but yielded when the maximum story drift ratio was larger than 9%. The
degradation of the bottom diagonal is another factor that influences the robustness of the LU
model. For the first-story irregular NL model, in comparison, the maximum story drift ratio 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.
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Fig. 2.40 Cumulative plastic strain energy dissipated by the envelop frames in the
first-story irregular SD and LU models (PGA=20m/s?)
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Among the second-story irregular models, the SD model exhibited similar IDA curves to the
first-story irregular SD model; whereas the LU and NL models both exhibited similar IDA
curves to their regular models. The PT strands yielded when the maximum story drift ratio 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 result is not
shown here. Thus, the proposed NL spine system showed the best damage distribution
performance and self-centering performance among all cases even without PT strands.

The residual story drift ratio IDA curves of the irregular models are compared in Fig. 2.42.
The residual story drift ratio response curves showed obvious “waving” with the increase of the
input earthquake intensity, which was mainly caused by the phase of input ground motion waves
as well as the structural characteristics. In the response of the second-story irregular SD model
against Hachinohe ground motion, an obvious residual story drift ratio reduce from
PGA=30m/s* to PGA=40 m/s* happened, which indicated the influence of the phase of the
ground motion. Detailed story drift ratio responses against those two level input were compared
in Fig. 4.43. As a result, the following discussion is based on the general tendency of each IDA
curve.

Similar with the regular models, except the first-story irregular SD model, the residual story
drift of the irregular models didn’t develop until the PGA exceeded around 5m/s”. After the
diagonals yielded, generally the residual story drift ratio of the LU model increased much more
rapidly as the earthquake input intensity increased than that in the NL model, but was similar to
that of the SD model. The influence of maximum story drift ratio on the residual story drift ratio
can be observed from the comparison between the LU models and SD models. As shown in the
left columns of Fig. 2.38, the maximum story drift ratios of the first-story irregular LU model
were larger than those of the first-story irregular SD model with El Centro, Hachinohe, and
JMA Kobe input, while the results of the LU model were smaller than those of the SD model
with Taft and BCJ-L2 input. Same sequence can be observed in the residual story response: the
residual story drift ratios of the first-story irregular LU model were larger than those of the SD
model with El Centro, Hachinohe and JMA Kobe input.

Among the second-story irregular models, the SD model exhibited similar residual story drift
ratio IDA curves to the first-story irregular SD model; whereas the LU and NL models both
exhibited similar residual IDA curves to their regular models. The yielding of the PT elements
seemed to have negligible influence on the self-centering capacity of the second-story irregular
LU models.
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2.4 Conclusion

A NL system without PT strands and with elastic envelope frames was proposed as a new
seismic-response control structural system. Its seismic performance was compared with a
conventional shear damper (SD) system and a controlled uplifting rocking (LU) system through
application to an actual building prototype under construction. The obtained findings are
summarized as follows.

(1) The design method of controlling same value of yielding overturning moment of the BRB
frame, the uplifting rocking frame, and the non-uplifting spine frame in each model was
confirmed to be able to provide adequately comparable models possessing similar seismic
resisting capacity.

(2) Due to the rigid body effect of the spine frame, the NL model with balanced vertical
strength distributions showed uniform inter-story deformation and damage distribution over the
building height when the model was subjected to design-level earthquakes. The LU model
showed similar deformation balance behavior. However, the SD model showed a strong
tendency to concentrate deformation in specific stories.

(3) Sufficient self-centering capacity of the proposed NL model was shown from the residual
deformation that was as small as that of the LU model. It is proved that the elastic restoring
force of the moment-resisting frame was large enough to resist the residual force of the plastic
members, which were the BRCs in this study.

(4) Moreover, the proposed NL model showed stable seismic performance as earthquake
intensity increasing even including the first-story and second-story irregular models. The LU
model with regular and second-story irregular structural configuration also showed same stable
performance as the NL models, regardless of the yielding of the PT strands. On the contrary, the
first-story irregular LU model exhibited significant degradation after its bottom diagonal
members in the rocking frame yielded, similar to the degradation of the SD model. Severe
damage concentration in the irregular story was observed in the SD models.

(5) Similar amount of total earthquake energy was input into the three models. However, the
LU model absorbed much more energy by the inherent damping mechanism and exhibited
larger velocity response. The LU model had a lower capacity of absorbing earthquake energy
through cumulative plastic deformation because of its flag-shaped hysteretic response. More
energy was converted into kinetic energy and inherent damping energy. The LU model resulted

in the largest amount of damage in the envelope frames among the three models.
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Chapter 3 — Simplified Dual Multi-Degree-of-Freedom Model for the Controlled

Spine Frame Structures

3.1 Introduction

Prior studies have documented the excellent performance of the proposed controlled spine
frame structures in preventing the concentration of damage in soft stories as well as in providing
self-centering. However, the performance of such structural system in taller structures and the
effect of main structural parameters on seismic performance remain unclear. Additionally, an
easy and reliable seismic design procedure is urgently required to improve the system efficiency
and promote the concept in the industry.

In this chapter, a simplified dual multi-degree-of-freedom (DMD) model was constructed to
examine the dynamic characteristics of the spine frame structures. The DMD model was
expected to exhibit nonlinear behavior similar to the full member-by-member (MBM) structure,
particularly in terms of the distribution and maximum amounts of story drift and story shear,
and damper behavior.

Based on this model, the optimal design of the controlled spine frame structure has been
investigated, and a simple design procedure was proposed based on an equivalent
single-degree-of-freedom (SDOF) system in the following chapter. To search for the optimal
value of key structural parameters, parametric study with representative design indices was
conducted to compare the seismic responses of the DMD and SDOF models. In order to
improve the computing efficiency of the parametric study of the DMD models, a nonlinear

dynamic analysis program was constructed in this chapter.

3.2 Design of benchmark building structures

Height of the studied building was extended from 5 stories up to 20 stories in the following
section. Different from the school building utilized in chapter 2, herein three benchmark
buildings possessing a typical office building plan were newly designed, consisting of a 5-story,
10-story, and 20-story buildings. Plan of the original three dimension structures is shown in Fig
3.1 (a). The structure plan was symmetric about the center axes in both directions. The
self-weight and vertical load distributions were assumed to be symmetric as well. Rigid floor
diaphragm was adopted herein as the often case. Fig 3.1 (b) illustrates the structural elevations
of the three frames extracted from half of the original structure in one direction. They composed
the plane benchmark models. Detailed dimension of the frames and section No. of the structural

members were shown in Fig 3.1 (c).

3-1



frame 11 .3
frame 1T © 1
frame 1 @1
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Fig. 3.1 benchmark models of the controlled spine frame structures

3.2.1 Design of the S-story model

The 5-story model was designed based on root 2, in which only the allowable stress design is

required. In the allowable stress design, every structural member should be elastic when the

structure is loaded with the equivalent static horizontal load corresponding to level 1 earthquake.

The equivalent static load is calculated by Eq. (3.1) - (3.4)

A =1+(

0=C2w
j=1

C=Z-R-4-C,

T
R =1-02(—-1)
t (7D

1 2T
- , 0. =
3T

\/07,. a’)l+

c

M=

w;

_J=l

w

3.1)
(3.2)

(3.3)

(3.4)

Where, w; is the weight of each story; W is the weight of the entire structure; Z is seismic zoning

coefficient, herein Z=1.0; C, is standard shear force coefficient, C,~0.2 for level 1 earthquake; T

is the fundamental period of the structure, which is 0.716 second obtained from eigenvalue

analysis; T, is decided by the ground type. Tokyo belongs to type 2, for which 7,=0.6 s.

Table 3.1 lists the story weight and equivalent static load at each story. Table 3.2 summarizes

the cross sectional dimension of each structural member. Fig. 3.2 illustrates the lateral stiffness

reduction along the height of the structure. Lateral stiffness reduction ratio Ry; is computed by

Egs. (3.5) - (3.6)
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k, = (3.5)
7_1,_7
ci bi
k..
R =_I 3.6
kfi k ( )

71
where, k; denotes the lateral stiffness of the i-th story of the moment frames. k. denotes the
lateral stiffness contributed by columns in the i-th story. k, denotes the lateral stiffness
contributed by beams in the i-th story. They are computed by Egs. (3.7) & (3.8)
ne EI "

cij

j=1
m EI

k=3 - (3.8)
J=1 "

i
where, E denotes the Young’s modulus of steel material. /.; denotes the second moment of area
of the cross-section of the j-th column in the i-th story. /; denotes the height of the i-th story. /;
denotes the second moment of area of the cross-section of the j-th beam in the i-th story. /;
denotes the length of the j-th beam in the i-th story. Fig. 3.3 shows the stress state of each
structural member in the 5-story model (The yield strength of the material of all the members is

assumed to be 325N/mm?). All structural members are elastic under the equivalent lateral load.

Table 3.1 Equivalent static load of level 1 earthquake loaded on the 5-story model

Story weight Story shear force
Story >w; (kN) | o A; C; External lateral force (kN)
5 11404 11404 0.27 | 1.76 | 0.35 4014 4014
4 7846 19250 0.451]1.4710.29 5673 1659
3 7846 27096 0.63 | 1.28 | 0.26 6956 1283
2 7846 34942 0.82 | 1.13 | 0.23 7910 954
1 7846 42788 1.00 | 1.00 | 0.20 8558 647

Table 3.2 Cross sections of structural members in the 5-story model

(1) Cross sections of columns in the moment frames

Story Cl=C3 C2 C4 C5
5 0-500x500%19 | H-500%350x25%28 | 0-600x600x%32 | 0-550x550%25
4 0-500x500%19 | H-500x350%25%28 | 0-600x600x%32 | 0-550%550%25
3 0-500x500%19 | H-500x350%25%32 | 0-600x600x%32 | 0-550%550%25
2 0-500x500x%22 | H-500%350%25%32 | 0-600x600x%32 | 0-550%550%25
1 0-500x500%22 | H-500%350%25%32 | 0-600x600x%32 | 0-550x550%25
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(2) Cross sections of braces in the spine frames and beams in the moment frames
Story v SG1 SG2
5 H-550x600%25%25 | H-600%x300%12%22 | H-1000%300x19%32

H-550%600%25%25 | H-600%300x12x22 | H-1000x300%19%32

4
3 H-550%x600%25%25 | H-600x300x12x25 | H-1000%x300x19x32
2 H-550%x600%25%25 | H-600x300x12x25 | H-1000%x300x19x32
1 H-550%x600%25%25 | H-600x300x12x25 | H-1000%x300x19x32

(3) Section of BRCs
A (mm?) | 13900
F, N/mm®) | 325

5
p/ ) I S
g‘ ) I SR S N
A
o) 1 Column
—Beam
—Total
1 j
0.9 0.95 1

Stiffness reduction ratio

Fig. 3.2 Lateral stiffness reduction ratio along the height of the 5-story model
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(a) Braces in spine frames

1

Position

Fig. 3.3 Stress state of the structural members in the 5-story model
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3.2.2 Design of the 10-story model

The 10-story model was designed based on root 3, in which both allowable stress design and

horizontal load bearing capacity validation are required. Firstly, the allowable stress design is

carried out. Table 3.3 summarizes the equivalent static load of level 1 earthquake. Table 3.4

summarizes the cross sectional dimension of each structural member. Fig. 3.4 illustrates the

lateral stiffness reduction along the height of the structure. Fig. 3.5 shows the stress state of each

structural member in the 10-story model. All structural members are elastic under the equivalent

lateral load. Moreover, the maximum story drift ratio is 0.003, smaller than 0.005.

Table 3.3 Equivalent static load of level 1 earthquake for the 10-story model (T1=1.36s)

Story

Story weight

2 Wi

(kN) a; A i

G

Story shear force

0 (kN)

External lateral force (kN)

—_
(=]

11406

11406 0.14 | 2.37

0.47

5401

5401

7922

19328 0.23 | 1.98

0.40

7663

2262

7922

27250 0.33 | 1.76

0.35

9572

1909

7922

35172 0.43 | 1.59

0.32

11208

1636

7922

43094 0.52 | 1.46

0.29

12607

1399

7922

51016 0.62 | 1.35

0.27

13789

1182

7922

58938 0.71 | 1.25

0.25

14766

977

7922

66860 0.81 | 1.16

0.23

15547

781

N [ W[ k]| O || |0 | O

7922

74782 0.90 | 1.08

0.22

16137

590

—_

7922

82704 1.00 | 1.00

0.20

16541

404

Table 3.4 Cross sections of structural members in the 10-story model

(1) Cross sections of columns in the moment frames

Story

Cl

C2

C3

C4

C5

—_
[

0-600x600x19

H-650%400%x16x22

0-600x600%19

0-650x650%28

O0-550%550%25

0-600x600x19

H-650%400%x16x22

0-600x600x%19

0-650x650%30

O0-550%550%25

0-600x600x22

H-650%400%x16x22

0-600x600%19

0-650x650%30

0-550%550%25

0-600x600x22

H-650%400x16x25

0-600x600%19

0-650x650%30

0-550%550%25

0-600x600x22

H-650%400x16x25

0-600x600%22

0-650x650%30

0-550%550%25

0-600x600x22

H-650%400x16x%25

0-600x600%22

0-650x650%32

0-550%550%25

0-600x600%28

H-650%400x16x%25

0-600x600%22

0-650x650%32

0-550%550%25

0-600x600%28

H-650%400x16x%28

0-600x600%22

0-650x650%32

0-550%550%25

N | W A [ ]| 0| O

0-600x600x%28

H-650%400x16x28

0-600%600%25

0-650x650x32

0-550%550%25

—

0-600x600x%28

H-650%400x16x28

0-600%600%25

0-650x650x32

0-550%550%25
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(2) Cross sections of braces in the spine frames and beams in the moment frames

Story

A%

SG1

SG2

10

H-550%600%25x%25

H-650%300%16x%25

H-900%300%x19x%25

H-550%600%25x%25

H-650%300%x16x%25

H-900%300%19x%25

H-550%600%25x%25

H-650%300%16x%25

H-900%300%19x%25

H-550%600%25x%25

H-650%300%16x%25

H-900%300%x19x%25

H-550%600%25%25

H-650%300%16%28

H-900%300%19x%25

H-550%600%25x%25

H-650%300%16%28

H-900%300x19x%25

H-550%600%25x%25

H-650%300%16%28

H-900%300x19x%25

H-550%600%25x%25

H-650%300%16x%32

H-900%300x19x%25

N | W[N] 0| \O

H-550%600%25x%25

H-650%300%16x%32

H-900x%300x19%25

[

H-550%600%25x%25

H-650%300x%16%32

H-900%300%x19%25

(3) Section of BRCs

A (mm?)

54400

F, (N/mm?)

325

j j
0.9 0.95 1
Stiffness reduction ratio

Fig. 3.4 Stiffness reduction ratio along the height of the 10-story model
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08f N

06f D S — ]

N/N
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0.8
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B

MIM

0.4

0.2
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Position

(c) Beams in moment frames

Fig. 3.5 Stress state for structural members in the 10-story model
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Secondly, horizontal load bearing capacity was validated. Eq. (3.9) and Eq. (3.10) give the

calculation of necessary horizontal load bearing capacity.
O =Dy i O 3.9)
Q.=Z-R-A-C,-W (3.10)
Where, D;; is the structure characteristic coefficient, and its value at each story is shown in Table
3.5; F, is the shape coefficient, and its value at each story is shown in Table 3.6. C, is standard
shear force coefficient, C;=1.0 for level 2 earthquake. The other variables are same with those in
Eq. (3.1) ~Eq. (3.4)

Pushover analysis has been conducted in order to evaluate the horizontal load bearing
capacity of the 10-story model. During the analysis, the lateral load on the model was always
proportional to the equivalent static load calculated by Eq. (3.1) ~ Eq. (3.4). Shear force when
the maximum story drift ratio reach 1% is defined as the evaluated bearing capacity of the
structure, Q,. Fig. 3.6 shows results obtained from the pushover analysis. The evaluated bearing
capacity O, was compared with the necessary bearing capacity Q,, in Table 3.7. The safety

factor was higher than 1.4 in every story, which satisfied the design requirement.

Table 3.5 Structure characteristic coefficient D of the 10-story model

Columns & beams Braces
story Member Member | pu Dy
beam | column | y,4 e Brace | y4 yc
group group
10 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B -0.52 |1 0.30
9 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.08 | 0.25
8 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.10 | 0.25
7 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.28 | 0.25
6 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.30 | 0.25
5 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.34 | 0.30
4 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.22 | 0.25
3 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.28 | 0.25
2 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B 0.37 | 0.30
1 FA FA 1.00 | 0.00 A BB | 0.00 | 0.00 B -0.18 | 0.25
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Table 3.6 Shape coefficient F¢s of the 10-story model

Story Story height | Story drift | Stiffness F Eccentricity ratio F Shape coefficient
(mm) ratio (rad) | Ratio R, R Fq
10 4000 0.22% 1.25 1.0 0.00 1.0 1.00
9 4000 0.25% 1.10 1.0 0.00 1.0 1.00
8 4000 0.28% 1.00 1.0 0.00 1.0 1.00
7 4000 0.29% 0.95 1.0 0.00 1.0 1.00
6 4000 0.31% 0.90 1.0 0.00 1.0 1.00
5 4000 0.31% 0.90 1.0 0.00 1.0 1.00
4 4000 0.29% 0.96 1.0 0.00 1.0 1.00
3 4000 0.29% 0.94 1.0 0.00 1.0 1.00
2 4000 0.29% 0.95 1.0 0.00 1.0 1.00
1 4000 0.24% 1.18 1.0 0.00 1.0 1.00
35 1 ‘

; . L SF 4F 3F 2F 1F
ol Bearing capacity | | ,

Story shear (10° kN)
s

s | 4 L . |

0 0.005 0.01 0.015 0.02
Story drift ratio (rad)

Fig. 3.6. Bearing capacity of the 10-story model (i.e., story shear when the maximum
story drift ratio reaches 0.01)
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Table 3.7 Comparison of necessary and evaluated horizontal load bearing capacity
Story | Qua (kN) | Fos | Ds | Qun (kN) | Oy (kN) | Qi/Oyn | Judge
10 19492 | 1.00 | 0.3 5848 8346 1.43 OK
27666 | 1.00 | 0.25 6917 11846 1.71 OK
34570 | 1.00 | 0.25 8642 14802 1.71 OK
40491 | 1.00 | 0.25| 10123 17338 1.71 OK
45558 | 1.00 | 0.25 | 11389 19507 1.71 OK
49843 | 1.00 | 0.3 14953 21342 1.43 OK
53391 | 1.00 | 0.25 | 13348 | 22861 | 1.71 | OK
56231 | 1.00 | 0.25 | 14058 | 24077 | 1.71 | OK
58384 | 1.00| 0.3 17515 24999 1.43 OK
59867 | 1.00 | 0.25 | 14967 25634 1.71 OK

N | W A [ 0| \O

—_—

3.2.3 Design of the 20-story model

The 20-story model was designed based on time-history analysis. The fundamental period of
the 20-story model was 3.299 second. The input ground motions used herein were BCJ-L2
(120s) as well as 4 observed waves (30s for each): El Centro NS (1940), JMA Kobe NS (1995),
Hachinohe NS (1968), and Taft EW (1925). The response acceleration spectra of the observed
ground motions were scaled to follow the design spectra of the BRI-L2 (Level 2 earthquake) in
Japan. Table 3.8 summarizes the cross sectional dimension of each structural member. Fig. 3.7
illustrates the lateral stiffness reduction along the height of the structure. Fig. 3.8 shows the

story drift ratio and story shear results obtained from the time-history analysis.
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Table 3.8 Cross sections of structural members in the 20-story model

(1) Cross sections of columns in the moment frames

Story

Cl

C2

C3

C4

C5

[\
(=]

0-600x600x19

H-650%400x16x22

0-600x600x19

0-650x650%28

0-550x550%25

—_—
O

0-600x600x19

H-650%x400x16x22

0-600x600x19

0-650x650%28

0-550x550%25

—_
o]

0-600x600x19

H-650%400x16x22

0-600x600x%19

0-650x650x%30

0-550%550%25

J—
|

0-600x600x19

H-650%400x16x22

0-600x600x%19

0-650x650%30

0-550%550%25

—_
(o)}

0-600x600x22

H-650%400x16x22

0-600x600x%19

0-650x650%30

0-550%550%25

—
(V)]

0-600x600x%22

H-650%400%16%22

0-600x600x19

0-650%650%30

0-550%550%25

__
~

0-600x600x%22

H-650%400%16%25

0-600x600x19

0-650x650%30

0-550%550%25

—_—
W

0-600x600x%22

H-650%400%16%25

0-600x600x19

0-650x650%30

0-550%550%25

—_
[\

0-600x600x22

H-650%400x16%25

0-600x600x22

0-650x650x%30

0-550%550%25

[
—_—

0-600x600x22

H-650%400x16%25

0-600x600x22

0-650x650x%30

0-550%550%25

—_
(=]

0-600x600x22

H-650%400x16%25

0-600x600x22

0-650%650%32

0-550%550%25

0-600x600x22

H-650%400%x16x%25

0-600x600x22

0-650x650%32

0-550x550%25

0-600x600x28

H-650%400%16x%25

0-600x600x22

0-650x650x32

0-550x550%25

0-600x600x28

H-650%400%16x%25

0-600x600x22

0-650x650x32

0-550x550%25

0-600x600x28

H-650%400x16x28

0-600x600x22

0-650x650%32

0-550%550%25

0-600x600x28

H-650%400x16x28

0-600x600x22

0-650x650%32

0-550%550%25

0-600x600x28

H-650%400x16x28

0-600x600x25

0-650x650%32

0-550%550%25

0-600x600x%28

H-650%400%16%28

0-600x600x%25

0-650x650%32

0-550%550%25

N | W | B[]0 | O

0-600x600x%28

H-650%400%16%28

0-600x600x%25

0-650x650%32

0-550%550%25

—_—

0-600x600x%28

H-650%400%16%28

0-600x600x%25

0-650x650%32

0-550x550%25
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(2) Cross sections of braces in the spine frames and beams in the moment frames

Story

A%

SG1

SG2

20

H-550%600%25x%25

H-700%300%16x%22

H-900%300%x19x%25

19

H-550%600%25x%25

H-700%300%16x%22

H-900%300%x19x%25

18

H-550%600%25%25

H-700%300%16x%22

H-900%300%x19%25

17

H-550%600%25x%25

H-700%300%16x%22

H-900%300%x19x%25

16

H-550%600%25x%25

H-700%300%16x%25

H-900%300%19x%25

15

H-550%600%25x%25

H-700%300%16x%25

H-900%300x19x%25

14

H-550%600%25x%25

H-700%300%16x%25

H-900%300x19x%25

13

H-550%600%25x%25

H-700%300%16x%25

H-900%300x19x%25

12

H-550%600%25x%25

H-700%300%16%28

H-900%300x19%25

11

H-550%600%25x%25

H-700%300%16%28

H-900%300x19x%25

—_
(=]

H-550%600%25x%25

H-700%300%16%28

H-900%300x19%25

H-550%600%25x%25

H-700%300%16%30

H-900%300%19x%25

H-550%600%25x%25

H-700%300%16%30

H-900%300%19x%25

H-550%600%25x%25

H-700%300%16%30

H-900%300%19x%25

H-550%600%25%25

H-700%300%16x%32

H-900%300%x19%25

H-550%600%25%25

H-700%300%16x%32

H-900%300%19x%25

H-550%600%25%25

H-700%300%16x%32

H-900%300%x19x%25

H-550%600%25x%25

H-700%300%16x%32

H-900%300x19x%25

N | W | k||| 0| \O

H-550%600%25x%25

H-700%300%16x%32

H-900%300x19x%25

—_—

H-550%600%25x%25

H-700%300%16%32

H-900%300%19x%25

(3) Section of BRCs

A (mm?)

54400

F, (N/mm®)

325
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Story

0.8 0.85 0.9 0.95 1
Stiffness reduction ratio

Fig. 3.7 Stiffness reduction ratio along the height of the 20-story model
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Fig. 3.8 Time-history analysis results of the 20-story model

3.3 Dual multi-degree-of-freedom (DMD) model

A simplified Dual Multi-DOF (DMD) model for the controlled spine frame structures has
been developed. This DMD model is expected to exhibit similar nonlinear behaviors of the
original structure, particularly in terms of distribution and maximum amounts of story drift and
story shear, as well as the behavior of the BRCs. This simplified model has been verified by
comparing with the Member-by-Member (MBM) model in OpenSees. By utilizing this
simplified DMD model, seismic behavior of the controlled spine frames system will be further

studied by parametric studies. Design methods will be proposed based on the results obtained

from parametric study.
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3.3.1 Concepts and assumptions of the DMD model

The controlled spine frame structure is simplified as two Multi-Degree-of-Freedom (MDOF)
models in parallel. Fig. 3.10 shows the DMD model as a simplified model for the corresponding
MBM model in Fig. 3.9. In the DMD model, the left system represents moment frames, while
the right one represents spine frames. The moment frames constrain lateral deformation of the
spine frames. Interaction forces between the two systems are restricted in the lateral direction,
i.e., there is no vertical force or bending moment transferred between the two systems. Mass is
lumped at the floor levels. BRCs at the bottom of the spine frames are simplified into a
plasto-elastic hinge. Details on the simplification of each structural component are explained in

the following sections.

Spine frame Moment frame Moment frame

s

Fig. 3.9 Member-by-member model of the 5-story benchmark building

Buckling restrained columns (BRCs)

Moment Frame Spine Frame

Beam
Rotation Equivalent
Continuous
Column
Continuous — 7
Column Mo

Equivalent Hinge 7,
Representing BRCs
e

Fig. 3.10 Concept of the DMD model for controlled spine frame structures
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3.3.2 Simplification of moment frames
The moment frame was simplified into a generic model based on the method proposed by

Ogawa et al. '~

. In the generic model, a “rotational spring” represents all beams at one floor
level; a “representative column” represents all columns in one story, as shown in Fig 3.11.
Following assumptions are utilized in the simplification:

(a). All the beam-to-column connections at the same floor level generate identical rotation
angle.

(b). Axial elongation and contraction, as well as shear deformation of beams and columns is
neglected, i.e. only bending deformation is considered.

(c). Panel zone deformation of the beam-to-column connections is neglected.

— T T
; i i
H ? i
: [l ]
l 1 1
1 ,L |
| [l [l
T “rotational spring” representin
L2 L2 | L2 Ly Ly2 Ly2 ® peams at or% flgor Igvel 9
L, L, Ly “representative column”
) E representing columns in one
QO assumed point of contraflexure story
(a)
9(i+1) 9(i+1) 6(1+l) 9(1+1)
(i+1)-th ] y LL
floor level Ely o | 1 Ehyiory
Bl El; Ely,. Elgy,.
ih story cil ci2 o Ci(r+1)
EIBll L L EIBI!
i-th floor A A ! 1 A
level 6 6, o, 9:‘
| L | I L |
| | I i
1st 2nd rth (r+1)-th

column line column line column line  column line
(b)
Fig 3.11 Generic frame model: (a) modeling; (b) conversion of beams and columns to

rotational spring and representative column. 2
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The assumption (a) restricts the point of contra-flexure of all beams to their mid-spans.
Nakashima et al. proposed that all beams at each floor level could be condensed into one
rotational spring, and all columns in each story could also be condensed into one representative
column, as long as each structural member had a uniform cross-section and effects of floor slabs
on beam stiffness and strength were neglected. The current study found that the assumption (a)
might result in significant inaccuracy for buildings with beams possessing distinctively diverse
spans, which was the often case for office buildings. It is mainly because the beams possessing
distinctively diverse spans generally exhibit distinctively diverse bending stiffness, and lead to
significantly different bending stiffness ratio of beams and columns at different connections at
the same floor level. The more different the bending stiffness ratios are, the more unrealistic the

assumption (a) goes.

SG1 SGI_SGl SG2 SG1 SGl 5G2
A i -
3 o a c4 U o 4

P03, 18000 45002 18000

B S D -
I T I
beam

Fig. 3.12 Rotation at each beam-column connection

column

The current study has observed that rotations at beam-to-column connections were roughly
inversely proportional to the corresponding bending stiffness ratio of beams and columns at
each floor level. This inversely proportion relation was adopted as the assumption to replace
assumption (a).

Calculation of stiffness of beams was modified according to the distribution of bending
stiffness ratio of beams and columns at each connection. Fig. 3.12 illustrates the rotation at each
beam-column connection at any floor level. The rotation angles during earthquake effect were
expressed by Eq. (3.11) and (3.12). In the instance of i-th story, 6; denotes the rotation angle of
the j-th beam-to-column connection. k; is a constant value. y; is the bending stiffness ratio of
beams and columns at the j-th connection. (EI/h) .; and (EI/]) 5; are the sum of line stiffness of

all the columns and beams at the j-th connection.

k,
g =—= (3.11)
Vi/‘
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Y(EID),,

e, (3.12)

=

Eq. (3.13) gives the average rotation angle of all the beam-to-column connections at the same

floor level.

1 1 1 1 2 2 1
—t ettt +—

é_ — Vi Vi2 Vi3 7; Vi Vi Vi7 ki (3‘13)

The sum of all beam-end bending moment is computed by Eqgs. (3.14) and (3.15).

4EI, 2EI, 2EI; 4EI,
M, = O, + / Oy s My = ] O + / Or,
i i i i

(3.14)

=23 (M,, +M,,)= IZEL(i+£+£+L+£+£)+12E1—2(i+£)}ki(3.15)
ja ‘ -

>M,
[ Ly Yo Vs Ve Ve Vi L ys Ve

hi

where, M;; and My; are the left and right end moments at beam j; ;;and Og;are the left and
right end rotations at beam j. [;; and /; is the moment of inertia and length of the j-th beam. 7, [,
are the moments of inertia of beams SG1, SG2, respectively. L, L, are the spans of beam SGI,

SG2, respectively.

The sum of bending moment divided by the average rotation is the rotational stiffness of the
representing rotational spring for beams, as expressed by Eq. (3.16). The constant k is

eliminated through the dividing calculation.

Kbi:szi/g
IZEL(l+£+£+l+£+£)+12E1—2(£+£)
K = Ll yl )’2 y3 )}4 ye V7 Lz )’5 Vﬁ (316)
bi T
1 1 1 1 2 2 1

T T
R O Y S (A ¢
9

Construction of the stiffness matrix of columns was same with the generic model proposed by
Nakashima et al. The stiffness matrix of the j-th column at the i-th story in the original frame is
expressed in a 4x4 matrix [K.;] as in Eq. (3.17) & (3.18), since only the bending deformation is

considered.
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I/z‘z i+1
MZ; 0i+1
o (=L Ka ]} 3.17)
cij i
M 0,
Ko Ko Ky Ky
h? h, h’ h,
K. K.
Ky 2 Kyo1
(K, ]= hoo3 hoo3 (3.18)
v 2Kci/ Km‘f ZKL‘U Kcii '
o h h? h
— chz/ - %Kcz'/'
o3 h 3
EI .
where, K =6—%L
cij h

here, u; is the lateral deformation at the i-th floor level. 8; is the node rotation at the i-th floor
level. V,; and M,;; are the corresponding lateral force and moment. Superscripts T and B denote
the top and bottom of the column. #; is the height of the i-th story. /.; is the moment of inertia
and length of the j-th column at the i-th story.

The sums of all stiffness matrix of the single column are the stiffness matrix of the

representing column for all the columns at the i-th story.

[K,]=X[K,] (3.19)

3.3.3 Simplification of spine frames

The spine frames were simplified into a continuous column considering both bending and
shear deformation. As for each structural member—the braces and columns in the spine frames
were assumed as pin-connected thus only axial elongation and contraction of them were

considered in computing the bending and shear stiffness of the spine frames.

Previous researchers have proposed a procedure to compute the equivalent stiffness matrix of
plane truss beams.”*! As shown in Fig 3.13, the spine frame is constrained as a cantilever truss
beam and there are three external forces P;, P, P; loaded at the free end in three directions and
uy, Uz, uz are the corresponding deflections. Their relation is expressed by Eq (3.20) through

matric [4].
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U, 4, 4, A, ||R
Uy p =4y A, Ay |\ B (3.20)
U, 4, A, Ay ||\ B

Here, A is a symmetric matric. N, M, and Q are the internal forces (axial force, bending
moment, shear force) at the free end section. ¢, k, and y are the axial strain, curvature, shear
strain at the free end section, respectively. Their relation is expressed by the flexibility matrix [S]
as in Eq. (3.21)

& Sll SlZ S13 N
Kie=|8y 8y S, IM (3.21)
v Sy Sy Sy | O

[S] is also a symmetric matrix. Relation between the external forces and internal forces is:
N=PF, M=B +P,-x, O=F, (3.22)

The elastic work done by external forces is identical with that done by the internal force, so

T T
1 ])1 ul 1 })1 All A12 A13 E
W:E F, U, :E F, 4, A, A, |\PB
P3 u3 Bi A31 A32 A33 P3
; ; (3.23)
. N| |e . N\ s, s, s;[|N
:Eé M} sk dx:Efé My s, S, S, [{Mrdx

Q
=

Q s3] s32 s33 Q

Substitute Eq. (3.22) into Eq. (3.23) and compute OM / OFOP, to obtain the expression of 4;

by s;; as shown by Eq. (3.24)

A, =s,!

A, =5yl

Ay =s l+s,I° /2 (3.24)
A, =55l

Ay =8, +5,,0 /2

Ay =s,l+ 5,07 +5,° /3

So s; expressed by 4 is
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sy=4,/1
S,=A4,11
S,=A,/1—-A,/2
13 13 12 (325)
Sy =4y /1
Sy =4y /14,12
Sy =Au /1A, +A4,l/6
The reversal matric of [§] is the stiffness matrix [K].
-1
N Sll S12 S13 €
Mi=|s, S, Sy K (3.26)
0 S350 Sy Sy Y

[K]=|5 % s (3.27)

The virtual work principle is utilized to compute 4;;. As shown in Fig 3.14, 4 and 4,, denotes
the sectional areas of columns and braces in the spine frame. Uniform columns and braces are
equipped in the spine frames. / is the length of a unit spine frame. b is the width of the spine

frame. 6 is the angle between columns and braces.

=
(b)

-1/h

Fig 3.14 Internal forces in one unit of the spine frame corresponding to the unit virtual
force: (a) P+=1, (b) P,=1, (c) Ps=1

When the external force P,=1, P,=0, P;=0, the axial deflection u; is computed by assuming a
virtual external force same as P;. Internal forces against the real and virtual external forces are

identical, as shown in Fig 3.14 (a). u; and 4;; are expressed by Eq. (3.28)

2 2
Al] = l _l 4+ l Lz_l (328)
3) 2EA 3) EA 3EA
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Similarly, 4,; is computed when the external force is P,=1 and the virtual force is P,=1, (Fig

3.14a&b)
a <[ (1Y) 329)
3)b2EA 3 b)2EA

Aj; is computed when the external force is P,=1 and the virtual force is P,=1, (Fig 3.14 b &
b)

1Y 1 21
- 4= 3.30
4 (bj 2FA b*EA (3:30)
Ajz; is computed when the external force is Ps=1 and the virtual force is P;=1, (Fig 3.14 a & ¢)
4, =0 (3.31)

A3, is computed when the external force is P;=1 and the virtual force is P,=1, (Fig 3.14 b & ¢)

(3.32)

32

(ljcose / 5 I? cos’ 6

b)sin0 2EA ~ bEA  sin’ OFA

Aj; is computed when the external force is Ps=1 and the virtual force is P;=1, (Fig 3.14 c & ¢)

2 2
A, = Cf)S@ 1 o 1 ‘ l 4
sind 2EA 2sinf ) 2cosOEA,

(3.33)
_ cos’ Ol N l
sin?0EA  2sin’ OcosOEA,
Substitute Egs. (3.28) - (3.33) into Eq. (3.25), we could obtain
1
Su =54,
3EA
S5, =85, =0
83 =85 =0
2
S, = 3.34
22 szA ( )
85y =5,=0
1+ gicos3 0
g = 34
33 2
2sin” @ cosOEA,

So the equivalent stiffness matrix of the spine frames is
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o |3E4A 0 0
Sll SlZ S13
b*EA
[K] =18y Sy Syl =| 0 7 0 (3.35)
Sy Sy Sy 0 2sin’ O cosOFA,

1+2AW cos’ 6
L 3 4

From Eq. (3.35) we could easily obtain the equivalent bending stiffness and shear stiffness of

the spine frames.

2
(ED),, = b fA (3.36)
2sin’ EA
(GA), = sin” @cosOFEA, (3.37)

1+ =" cos* 0
34

Then, similar with the representing column for moment frame, the elastic end force versus
end deformation relation of the spine frame in the original frame is also expressed in a 4x4
matrix, as shown by Eq. (3.38) - (3.40).

VMT u'Hl
M’ 0
TL=[K, 3" 3.38
o (K] " (3.38)
M? 6°
K K'i Ku si
2=8 i s _
h h o h
K. 2 ,
E— _Ksi KS’ let
. o 3" h 3
with (K, 1= (3.39)
Ku Ksi Kai Kai
-2 2 2 2
ooh Roh
K
- l si K?’ g1<vi
ho3 o3
EI
Here, K, = 6% (3.40)

Where, 0 ° denotes the node rotation in the spine frames, which is independent from the

2

moment frames. Please note that u’, u” are the nodal displacements caused by flexural

deformation and shear deformation in a story of spine frames, respectively. Their sum equals to
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the lateral displacement of the moment frame, u.

j— 1 " — 1 n
ui+l_ui+l+u i+lauf_ui+u i (3~41)

Stiffness matrix of a beam including both bending and shear deformation is derived in Egs.

(3.42-47) B Relation between the story shear deformation and story shear is shown as Eq.
(3.42):

u" u" VSlThL (3 42)
i U= .
Substitute Egs. (3.41) into Eq. (3.38) :

V:,T ui+1 _u"i+l ui+1 u"i+1

u’ 0° 0° 0

R N SV A I S (3.43)

M? 0° 0° 0

si i i

By substituting [K;;] as expressed by Eq. (3.39) and utilizing the relation between u” and

shear force we could obtain

1 000
u"i+1 h 0 0 0 VwT
0o | 12(EI) |75 M’

[K,] =—( )“’2 2 (3.44)
w' | (GA) B -1 0 0 0¥
B
0 —% 0 0 ofMs

By substituting Eq. (3.44) into Eq. (3.43), we could extract the direct relation between forces

and total deformations.

1 000
hog o ol .
12(EI) |~% M’ o
+——=L h=[K, 1 3.45
[ (GA) B | -1 0 0 0| V/ LK) u, (49
B N
—% 0 0 offM ¢

Reversing Eq. (3.45) we could obtain the stiffness matric considering shear deformation
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1 000
Vi h e
-~ 00 0 s
M! 12(EI), |75 o'
U= [+ K13 ™ 3.46
vy ] (G4), h'| -1 0 0 0 LK) u, (3:49)
B N
M, Jg 00 ¢
By simplifying Eq. (3.46), we could get
2 12 1
ok K h
v 12 11 Uy,
g ~—— Z+a — - 2(EI
MST, B 6(EI)(aq h,. * h,' 3 * eirl ,a:# (3.47)
P (wea)n | 2 1 2 1 ]y, 1 (G4),
M? ooho K b |6
11 1
-—— —-—a — —+ta
ho3 h

From the equations above we can see that at each floor level of the system there are 3 global

deformations, lateral displacement u;, rotation of the moment frame 6;, and rotation of the spine

frame 6;.
b
\ \
uBRCRT LS / o
' H ).’I Ugrer
~ : / ,”’ :
\ \:j / '
A
\ BRCs
P BRCR P BRCL

Fig. 3.15 Key parameters of the BRCs

An elasto-plastic hinge was placed at the bottom to represent BRCs. Rotation stiffness of the
hinge is Pgrcrb/ ((uprcrtusrcr)/b), as shown in Fig. 3.15. Bending stiffness of the spine frame
column in the first story is large enough to ensure rotation of the top node of the first story in the
spine frames is same with that of the BRCs. Shear stiffness of the spine frame column in the

first story is the computed value so the additional shear deformation of the spines at the first

floor level could still be taken account.

3-25



Chapter 3 Simplified Dual Multi-Degree-of-Freedom Model of Controlled Spine Frame Structures

3.4 Programming for nonlinear analysis of DMD Models

A Time-history analysis program written in FORTRAN has being developed for the DMD
model. In the dynamic analysis, all of the translational DOFs and rotational DOFs are included.
In the eigenvalue analysis, static condensation is used to eliminate those DOFs to which zero
mass is assigned, because the eigenvalue problem solver can only handle positive-definite
matrix. Newmark-f3 method is used for integration and Newton-Raphson algorithm is used for
the iteration computing. Except for the state determination, dynamic analysis theory and

commutating techniques involved in this program mainly follow ref. [3.10].
3.4.1 Construction of stiffness matrix

The node rotational inertia is ignored since it has less effect on the seismic response of
regular structures against horizontal earthquake motions. The equations of motion for a system

including damping are written in the partitioned form:

0|fu € € ) k, k
mll l.l‘ll + uu ur l‘lll + uu ur ull — pll (3.48)
0 0 ur crll cl‘l‘ ul’ kl‘ll kl‘l‘ ul" 0
where the subscript u denotes the DOFs with mass (translational DOFs) and the subscript r
denotes the DOFs with zero mass (rotational DOFs). Assuming that no damping forces are

associated with the rotational DOFs , then ¢,, = ¢, = 0. Because the damping matrix is

symmetric, ¢y, is also 0. Eq. (3.48) becomes:

mll 0 ijll cllll 0 l.ll,l kllll kl.ll‘ ull pll
.t ot = (3.49)
0 O0|u, 0 O0f|u, K. Kk.|lu, 0
Eq. (3.49) is simplified into two equations:

muﬁu + cuuﬁu + kuuuu + klll'ul' = pll (a)’ kruuu + l(l‘l'lll' = 0 (b) (350)
A static relationship between u, and u, is obtained from Eq. (3.50b):
u, =k, 'k u, (3.51)

Substituting Eq. (3.51) in Eq. (3.50a) gives

mui’iu + clll,ll:lll + l;llllull = pll (3'52)

where lA(uu is the condensed stiffness matrix given by
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Kk, =k, -k, k., 'k (3.53)

uu rurr ru

The mass, stiffness, and damping matrix in Eq. (3.52) are all positive-definite matrix and are
able to be utilized in the eigenvalue analysis. As for the nonlinear time-history analysis, matrix
including all the DOFs were utilized instead of the condensed ones, so as to saving the
computing time and memory space involved with the iterations. Computing error could also be

reduced, which was very helpful for achieving a convergence solution in the nonlinear analysis.
Rayleigh damping was utilized to construct the damping matrix.
c=a,m+ak (3.54)
ay, a; are constants determined by Eqgs. (3.55) and (3.56).

_2nw-m w(nh-m W—mh-nw) _2(mC-m w—, (-, w)

B S e O e g A

where, w, and ¢, are the elastic frequency and damping ratio of the n-th mode response. w,, and

(3.55), (3.56)

{n are the elastic frequency and damping ratio of the m-th mode response.

In an N-story DMD model, the dimensions of u;and u, are N and (2N+1), because the
translational node deflections of spine frames are identical with the moment frames, while the
rotational node deflections of spine frames and moment frames are independent. The additional

“one” in the rotational DOF corresponds to the rotation of the BRC hinge.
3.4.2 Nonlinear time-history analysis algorithm
3.4.2.1 Numerical integration and iteration method

The Taylor series expansions of displacement and velocity at time (¢+Af) are:

R AY) S . y
u,,, =u,+An, +%u u,, =u,+Ad, (3.57)

t+At tl > t+At

Newmark-3 method assumes a convex combination for the remainder terms in Eq. (3.57),
u, =(1-2p)u, +2pu,,,, , u,=>1-0)u,+du,,, (3.58)

Substituting Eq. (3.58) in Eq. (3.57) gives

. (A , y
o = w4 8+ (-2 + 2 )

u

w,,,, =u, +A((1-0)ii, +4i,,,,) (3.59)

In this program, 6=1/2, f=1/4 are employed since they give unconditionally stable solution.

Then Eq. (3.59) can be written as
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2 2 2
AuHN==Amt+£éQ—ut+£%?—A¢, Ab, = Adi, + 87 A (3.60)
The equation of motion should be satisfied at each time instant.
mii, +c,u, +k,u, =—ii,ml (3.61)
where, 1" =[1,1,1,...,1]
Substituting Eq. (3.60) in Eq. (3.61) gives
k Au, =p, (3.62)
— At A _ . . (AD?
Here, k, :m+ct7+ktT, p, =—i,ml—c Ani, -k, (Am, +Tut) (3.63)

From Eq. (3.62) and (3.63) we could compute the acceleration increment Au, at time ¢

based on the ground motion i, , displacement u,, velocity u,, and acceleration U,. So the

displacement and velocity increments Au, and Au, could be determined by substituting the

acceleration increment Atl, into Eq. (3.60).

Below is the flow chart of solving the equation of motion by utilizing Newmark’s numerical

integration method with Newton-Raphson iteration for considering material nonlinearity.

Step 1. Initialize the acceleration, velocity, and displacement.

U, =—ii,1
u,=0
u,=0

Step 2. Calculations for the i-th time instant (i=1, 2, 3, ...)

Initialize acceleration, velocity, and displacement increments based on the results in

last time instant:
Au” =0
i

Aa'? = Atii,_,
1

(A)* ..

i-1

Au'” = A, | +
Initialize stiffness matrix and damping matrix based on the matrix in last time instant:

0) _
¢ =Cn
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0) _
ki _ki 1

Here the superscript “(0)” denotes the initial step of iteration.

Step 3. Calculations for the j-th iteration (=0, 1, 2, 3, ...)

3.1 Calculate the mass-normalized residual force increment ARI(’ ) by using the newly

updated stiffness matrix and damping matrix:

mAi'” +c”Aa'” + k' Au'” = ARV'm1

3.2 Check convergence: if |—(ii, —u )—AR;” |< Tolerance and j>1, skip the

gi-1

following steps and directly go to step 4; otherwise implement steps 3.3 to 3.7.

3.3 Compute the generalized stiffness matrix based on the j-th iteration’s matrix:

(Ar)*

— . VAV .
KU =m+c) 2L k1)
1 1 2 1 4

3.4 Compute the solution of acceleration for the (j+1)-th iteration:
LD AGGH) e
ki Au[ - (ugi u

)
gifl)_ARl-J

3.5 Compute the solutions of velocity and displacement by using the acceleration

obtained from step 3.5.

AR = AgD) 4 AL AU
i i 2 i

2
AU = Ag) 4 BD” i
i i 4 i

3.6 State determinations

Compute the displacement and velocity for the (j+1)-th iteration:

a/*V=a_ +Aa

i i—

u¥™ =y 1 +Au§j+l)

1 1—

Extract rotational velocity "#/*" and rotational deflection "u!"*" of the BRC hinge

from the displacement and velocity vectors. Determine the restoring moment rqi(j )
according to the Return Map Algorithm (explained in section 3.4.2.2).

Update the rotational stiffness rklzj I of the BRC hinges according to the restoring
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moment and rotational deflection increments.
r _(j+1) r
q; — 44

rp g+l _
k™= ry U
1

Uiy

3.7 Replace j by j+1 and repeat steps 3.1 to 3.6.

Step 4. The convergence solutions obtained from iterations are denoted as Au,, Au,, Au;, k,,

1

c,, 'u;, "u;, "q;.So the acceleration, velocity, and displacement at the i-th time instant

u, =u,_, +Au,
u, =u, +Au,

u, =u,_ +Au,

Step 5. Repetition for the (i+1)-th time instant.
Replace i by i+1 and implement steps 2 to 4

3.4.2.2 State determination in nonlinear analysis by return mapping algorithm

(311121 is adopted for the state determination

A robust method—Return mapping algorithm
of the BRC hinge. The hysteretic behavior of the BRC hinge is assumed to be bilinear with
linear kinematic hardening. Material of the bilinear hinge is represented as a series model of two
component, as shown in Fig. 3.16: the first component is a linear elastic spring with Young
modulus E, and the second component is a rigid-plastic device with yield strength f, and

kinematic hardening modulus H;.

Sy o
G & E

fy+csb &,
H

K

Fig. 3.16. A series model representing the bilinear behavior of the BRC hinge
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e, n 8e,n+] 8n+l 86

Fig. 3.17. An example of state determination by using the return mapping algorithm

The discrete form of the governing equations of the series model at time instant #=t,.; are
expressed by Egs. (3.64) - (3.68)

Additive strain decomposition:

8n+1 = Se,n+1 + lc’.p,n+1 (364)
€, 11 — strain of the elastic spring
€, 441 — strain of the rigid-plastic device
¢,,, — total strain of the series model
Stress-strain relation:
O-n+1 = Ege,n+1 = E(8n+1 - lc’.p,n+1) (365)
0,,, — stress of the series model
Yield condition:
S(0,41) =0, “O0p 11 _fy <0 (3.66)
o, ,— back stress of the series model, o, ,,, =H, -¢, .,
Flow rule and kinematic hardening rule:
8p,n+1 = 8p,n + Aﬂsign(an+1 - Gb,n+1) (367)
Gp,n+1 = Gp,n + HKAﬁSign(gnH - o-b,n+1) (368)

Ap — plastic flow, AS>0

Consistency conditions:
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Ale(ng—l ’gb,n+1) =0 (369)

The procedure of the return map algorithm is:

Step 1. For a given ¢ determine the trial stress from Eq.(3.70). Increments of plastic

n+l >

strain and back stress are assumed as 0 preliminary.

Jtr,rH—l = E(8n+1 - gp,n) (370)

Step 2. Check the yield condition.

S (Oppin) = -/ (3.71)

o-tr,n+1 - O-b,n

Step 3.

Case 1. f(o,,.,)=0

In this case, the trial stress does not exceed the yield strength, i.e. the step is linear elastic,

then there is neither plastic strain nor back stress increments, so that A =0, ¢

patl = &p,

no
O .41 =0y, - The corresponding tangent modulus is E.

Case 2. f(atr,n+l) >0

In this case, the step is involved with plastic flow, so the trial stress needs to be corrected.

The plastic flow increment is determined from Eq (3.72)

Oyl ~Opn _fy
Ag =11 *E H, (3.72)
The plastic strain increment is
A, . = APsign(o,, . —0y,) (3.73)
Update the plastic strain for the current step
Epnil =Epn TAE, 14 (3.74)
Correct the trial stress
Ot =04 i1 — EAgp’n+1 (3.75)

The corresponding tangent modulus is
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o . (3.76)
1L, 1 E+H,

E H,

Finally, update the back stress for the (n+1)-th time instant by Eq. (3.77)

Ops1 =0y, +H A (3.77)

p.n+l

The back stress and the plastic strain need to be stored in memory at each time step. Fig.
3.17 shows an example of Case 2. The complete source code of the nonlinear analysis program

is presented in the Appendix C.

3.4.3 Program verification

The nonlinear analysis program has been verified by running identical time-history analysis

331 Input ground motions

of identical 5-, 10-, and 20-story DMD models created by OpenSees.|
were sinusoidal excitations with frequencies equaling to the first, second, or third natural
frequency of the target model. Ground motion duration was 15 seconds and analysis duration
was 50 seconds, including 35 seconds free vibration. Analysis time interval dt was 0.01sec.
Comparison of BRC hinge response of the DMD model analyzed by OpenSees and the
self-constructed FORTRAN program is shown in Fig. 3.18. Their results almost exactly

matched with each other in all cases.
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Rotation of BRC Rotation of BRC

Rotation of BRC

0.6
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04 | u u Time (sec)
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0.6
044 ] e OpenSees
@ 02 —— FORTRAN
= hl m‘muuw\m\m\mmmm\mm\.wmwmmm T
S A ' ”
02
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(c) 5-story model, input ground motion accel=4000sin(wsf) (cm/s”)
Fig. 3.18(a-c) Comparison of the time-history analysis results of the DMD model

analyzed by OpenSees and the self-constructed FORTRAN program, 5-story model
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3.18(d-f) Comparison of the time-history analysis results of the DMD model

analyzed by OpenSees and the self-constructed FORTRAN program, 10-story model
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(i) 20-story model, input ground motion accel=300sin(w;f) (cm/s’)
Fig. 3.18(g-i) Comparison of the time-history analysis results of the DMD model
analyzed by OpenSees and the self-constructed FORTRAN program, 20-story model
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3.5 Verification and limitation of DMD models

Eigenvalue analysis and time-history analysis was carried out to compare the DMD model
with the MBM model of the three benchmark buildings. The input ground motions were
BCJ-L2 and 4 observed waves (50s each): El Centro NS (1940), Hachinohe NS (1968), IMA
Kobe NS (1995), and TAFT EW (1925). The response acceleration spectra of these recorded
ground motions were scaled to follow the design spectra of level 2 earthquake.

Rayleigh damping was assigned for the DMD Model. Basic damping ratio is 0.02. To ensure
a relatively identical damping ratio of each mode, factors ayand a; were calculated by assigning
basic damping ratio to the first and third mode of the models.

The elastic natural periods of the first 3 modes of DMD and MBM models are listed in Table
3.9. Error of the first 3 modal periods of DMD models was less than 1%, 5%, and 10% in the
S5-story, 10-story, and 20-story models, respectively. Fig. 3.19 compares the maximum seismic
response of the DMD and MBM models with BCJ-L2 input. Similar results were obtained from
the analysis using the other ground motions. The seismic response of the 5- and 10-stoy
buildings analyzed by DMD models agreed well with the response obtained by MBM models.
The obvious difference exhibited for the 20-story building was mainly due to the significant

axial deformation of the columns in the moment frames.

Table 3.9 Difference of the first 3 modes periods between MBM and DMD models

Models | Mode | MBM | DMD | Difference
1 0.716 | 0.713 -0.4%
5-story 2 0.180 | 0.180 0.3%
3 0.096 | 0.096 -0.3%
1 1.359 | 1.379 1.4%
10-story 2 0.387 | 0.402 4.1%
3 0.196 | 0.204 4.1%
1 3.299 | 3.017 -8.6%
20-story 2 0.927 | 0.929 0.2%
3 0.461 | 0.481 4.5%
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Fig. 3.19 Time-history analysis results of DMD models and MBM models
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3.6 Conclusion

A simplified dual multi-degree-of-freedom (DMD) model along with a nonlinear dynamic
analysis program is developed to further explore the dynamic characteristics of the proposed
spine frame system. The DMD model is capable to represent nonlinear seismic behavior of the
member-by-member structure, particularly in terms of the distribution and maximum amounts
of floor deformation, story drift, story shear force and behavior of dampers. The dynamic
analysis program is confirmed to be robust and possess high precision, high computational
efficiency by comparing with OpenSees. This model is used in the extensive parametric study of

low-rise buildings in chapter 4.
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Chapter 4 — Evaluation Method and Design Procedure for Controlled Spine

Frames Applied in Low-rise Buildings

4.1 Introduction
Performance-based design framework and several practical design procedures have been

(41461 However, application of the

proposed for the self-centering rocking frame systems.
rocking system is not popular yet. This study aims to develop a rather simple design procedure
for the new controlled spine frame system, and establish clear recommendation on the
applicable limit of the controlled spine frame system along with the design method, as well as
recommendations on the optimal value of primary structural parameters. Design for
post-tensioned structural elements and shear force transfer mechanism are not required herein.
As a result it’s highly possible to design the controlled spine frame structures by utilizing the
existing design framework for regular moment-resisting frames /.

The DMD model proposed in chapter 3 has been confirmed to be able to produce a good
estimate of deformation and force responses for the 5-story and 10-story structures. To develop
a practical design method, the structure was further simplified into a single-degree-of-freedom
(SDOF) model “**81 This neglects higher mode effects, but enables the equivalent
linearization technique to be applied, a direct and clear method to design the system stiffness
ratios and damper yield point and achieve optimal response reduction.™'**!°) While the
benchmark buildings introduced previously featured elastic moment frames, the method
introduced in this section is generalized to permit inelastic moment frames.

Based on this model, the optimal design of the controlled spine frame structure was
investigated, and a simple design procedure was proposed based on the SDOF model.

A parametric study was conducted to validate the proposed simplified procedure against the

DMD model, examine the response trends and influence of the various control parameters, and

finally to optimize the stiffness ratios.

4.2 Equivalent single-degree-of-freedom (SDOF) model
4.2.1 Simplification of main frame

The main frame excluding the BRCs was first simplified as a MDOF model, and then
equivalent SDOF properties assembled, as illustrated by Fig. 4.1. The equivalent heights /,,
and weights M., of the SDOF model are obtained by Eqs. (4.1)—(4.3):

M, =" (4.1)
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i:mi '5i2
d =i:,3—§ (4.2)
Emi' i
N
ZmiJiHi
Heq =—’:1N 5 (4.3)
;m[ i

where m; denotes the mass of the i-th floor, including the self-weight of the columns and walls
in the half story above and below. J; denotes the lateral displacement of the i-th floor against
lateral forces following the first mode response distribution (Ai distribution) of the Japanese
building code. H; denotes the height from the i-th floor to the ground.

An eigenvalue analysis was then conducted to obtain the elastic first mode period 75 and the

equivalent elastic frame stiffness was obtained from Eq. (4.4):

2
2r
K/‘ = MEq (_] (4-4)
T
Lateral force
(Following
Ai Distr.) Spine frame Moment frame Moment frame

Fig. 4.1 Simplification of the main frame without BRCs

Member-by-member model SDOF model

Assume 9[:9/. , (i#)

QQ A=A, QQ K,
) e~ : 7 Kf """""" :
] 1
i o, :
A1 i Approximate E A2 E
0 2.5% 0 0, 2.5% 0
(a) Relation of base shear force (b) Approximate bilinear relation

and story drift ratio

Fig. 4.2 Approximate backbone curve of the main frame
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The nonlinear relation between base shear force and the story drift ratio was obtained from a
pushover analysis, applying horizontal forces following the Ai distribution. The pushover curve
for the main frame was idealized as bilinear, as in Fig 4.2. To ensure the same damping ratio and
natural period with the original structure, the idealized bilinear curve was determined by
matching both the shear force at 2.5% drift and area under the curve up to 2.5% drift in the

original nonlinear pushover curve.

4.2.2 Simplification of damper

Generally, connection elements have a significant influence on the effectiveness of damping
devices, reducing the imposed local deformations, and hence achieved damping, for a given
level of drift. For controlled spine frame structures, the spine frame flexural stiffness reduces the
effective damper stiffness and must be accounted for. To isolate the spine frame stiffness in the
member-by-member model, pushover analysis was first conducted with the dampers substituted
with rigid elements (Fig 4.3 (a)) and secondly with the dampers removed (Fig 4.3 (b)). 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.+Kj) from the second (X)).

Next, the local damper stiffness was calculated from Eq. (4.5) ~ (4.8). The first story yield

drift ratio, 0, neglecting the brace shear deformation, is given by:

0, =2u, /b 4.5)

The overturning moment at the bottom of the spine frame, denoted by M, is as follows:
M, =F,-b (4.6)

The spine frame base shear, denoted by O, assumes that the first-mode response is dominant

and is expressed as:

M,
= 4.7
0, H, (4.7)
Finally, the horizontal stiffness of the BRCs, denoted by K, is calculated from Eq. (4.8):
.= Cs (4.8)
ed.vH eq

where, u,4, represents the yield deformation of each BRC, b represents the width of spine frame,

F,, represents the yielding force of BRC, as shown in Fig. 4.4.

Fig. 4.3 (d) shows the full structural system, with the damper stiffness expressed by Eq. (4.9),

including the flexural deformation of the spine frame:
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1
K =— - .
i ; ] (4.9)
R + -
K, K,-K,
Push-over Push-over Elastic
Rigid
K, K, —_ K, + =
Rigid BRC K,

s K, v

(Directily obtained from
K=K+K, Eq. (15)) K ~U(VK, +1AKK,)

(a) Condition R (b) Condition N (c) Stiffness of BRC (d) Stiffness of dampers in actual condition
Fig. 4.3 Spring models for each condition
(moment frames are represented by two columns;
such representation is used in the following schemas of spine frame structures)

BRC
N

$7bl
deT Mdy ley

Fig. 4.4 An illustration of the BRCs in a spine frame

4.2.3 Evaluation of equivalent damping ratio and natural period

For a given target drift 6, the equivalent damping ratio 4,.,’ can be evaluated from the strain
energy and dissipated energy of the main frame and dampers, expressed by Eq. (4.10) and Fig.
4.5.

h '=h +M, hy=0.02 (4.10)
“ " 4n(E,+E,)

where E,and E,,, represent the hysteretic energy of the main frame and BRCs, respectively, and
E,rand E,, represent the equivalent elastic strain energy. The equivalent damping ratio /., of the

system was calculated using Eq. (4.11), using an integration method originally proposed by
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Newmark and Rosenblueth, and described by Kasai et al. *'*!
1 1 E +E
h =— #zhe v( v)d (A )2 pa iﬂ' (411)
eq “ ¢ \H)ap o P 1 471_( ng + Eea)
Total
K m [T 77 & T~ eq
' K, =pK o : Kf@q
Q/l 3 f P f Qdy Kd : ‘
! : Main frame
| -0, | | |
] ‘ ; Damper
0 0 ! 06 0 0 :
, [ E, | o, ! L K,
!
0 L 1
49y J 0 0
Main frame Damper (BRC) Main frame + Damper

Fig. 4.5 Hysteretic features of main frame and damper

Ductility ratios of the damper u, and frame y are expressed using a peak story drift 6, as Eqs.
(4.12) and (4.13)

0 0
Hy=gs By = (4.12), (4.13)
f

(A) In the case of p, <I, u,>1

When the story drift is @, the area of the hysteresis loop is calculated as follows,

E, =4K,(0,)(0-0,). E, =0 (4.14)

The potential energy (Eef +E, d) is calculated as follows,

E, = %Kdadya , E, = %K‘f@z (4.15)

The equivalent damping ratio is represented as
1 E +FE
by =y Ay

2 (l—r)(,u:j —1)

wr™ (1= +r,)

(4.16)

=h,+ du,

Where the coefficient  represents:
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K,

r=—1_— 4.17
K, +K, 17
Thus,
1-
b =y +—2 i L) 4.18)
HaTer (#4,)
Here from Eq (4.16)
Do E +FE
h. (,Ud ) —hy +—L
7 4rn(E,, +E,)
' (4.19)

2 (1-r)(, 1)

=h0+;,u;(l—r+r,u'd)

(B) In the case of u,>1

When the story drift is €, the area of the hysteresis loop of the damper is calculated by Eq.
(4.20)

E, =4K,0,(0-0,) (4.20)
Similarly, that of the frame is calculated by Eq. (4.21)
E, =4K,0,(0-0,)(1-p) “21)

where, P is the hardening stiffness ratio of the main frame.

Also the potential energy is calculated by Eqs. (4.22) and (4.23)

E, =%Kd0dy0 (4.22)
1
E,=—K,0 L0(1-p+pu,) (4.23)

Here, when the ductility ratio u,>1, a function h;q ( ,uf) is determined as Eq. (4.24) using Eqgs.

(4.20)-(4.23)

i (u ): E,+E,
“\)an(E, +E,)

2 (1) (1, =1)(1-p) +q(pat, -1)

T () (1= p+ pu, )i, +qud,

(4.24)

When U<l p =0
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ooy 2 gl -1
heq(ﬂf): (, a ) ' (4.25)
T (e, ) +qud,
where,
0,
=t =—n (4.26)
Ky dy
K
g=2a (4.27)
K,

The equivalent damping ratio /4, is determined using Eqs. (4.19) and (4.24)

I, (1 ) = hy = I, (3, Y+ B, (), (428)
oM 'uf

Cn A , ,
Set My ==, s0 d/uf =—du,, My =1y,

H 1
1 v ,
,U_/ j% h,, (ﬂ.f )dluf
1,2 (-

- 1 L \2 , d/u;z
Mot T () +qu 429
1.2 9w -1) . '
:_Lul_ ( 2‘1 ) d,ud
Ha T (,Ltd) +qi,
_ 2 In (1—r+yr,ul)
M (1)
The integration of [/ h,, ( 1 )d,u'f can be calculated as follows.
2, () (i =)= P)+alms =)
7 () (V- pt o e,
1- () (1-p)-
r [ pd, +1,(1- p)+q |,
2., w(l-p)+q () (1-p)+q "
== - B E— - s
7| e+ (1=p)+a [ pus, + (1= )+ q
(1) (1-p)+q
[Pty + (1= )+ gl 431)

A B

wy o wlpwp, +p(1- p)+4]
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4o W)y (=p)+g

(4.32)
(1= p)+q]
B=-p() 4 (4.33)
Here, constant values P, J and S are determined as follows,
P=u(-p)+q (4.34)
S=)(1-p)+q (4.35)
J=up (4.36)
A and B are summarized as follows
A =i (4.37)
wP
J J-S
B=—pyS—=——— 4.38
H P P ( )
Eq. (4.31) is obtained as Eq. (4.39)
S J-S
- , (4.39)
P, /u/P(J,uf +P)
Thus, Eq. (4.30) is calculated as follows
2 P S J-S ,
= : — —+ ' u,
T Ju, + P wPu, ,u,P(J,uf +P)
_Zpm [P+J’Sj r st I,
T wP )Ju, +P  wPp, |
o[ P s S v
=2 (—+—)In(Ju, + P)———Iny 4.40
n{(J /J,P) (Ju, +P) ¥z ﬂ,,] (4.40)
2\ P S S P S
=2 (4 In(u, + P)———Inpu, —(—+——)In(J + P
n{(J P+ )= g = (G4l )}
(J,uf + P)(§+Mip)
zgln J+P .
T qu#TP
Using Egs. (4.29) and (4.40), the equivalent damping ratio is calculated by Eq. (4.41)
by =hy+—— i L)
m,r ()
(J,uf + P)(%ﬂ%) (4.41)
PR
U, -
! ()"

Formula for computing the equivalent damping ratio has been derived from Egs. (4.11)-(4.41).

Eq (4.42) summarizes the final form of the equivalent damping ratio equations:
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If u,<land p,>I,

2 -7+
h, =h,+ =" f“d) (4.42-1)
L (&)
If w,>1,and u,>1,
(J:u/ +P)(§+F
h,=h+ 2 dortm) (12, " Jep (4.42-2)
T, r (/‘1) KU, T P
(u,)
where,
pfn K __ K
Kf Kf K/. +K,
_ 0, _ 0, _Hy
#f_% , d_gd.v, I_/“f

P=u(-p)+q, S=u)10-p)+q, J=up
The equivalent period T,, can be evaluated by the secant stiffness corresponding to the

maximum drift ratio, as expressed from Eq. (4.43) to (4.46).

1
T =T /— 443
“ \1+q/p, (4.43)

If u,<land p,>I,

If u,>1,
1-p+ pu 1
Ky =———"K . Ky =—K, (4.44)
My Hy
K, =K, +K,, (4.45)
K,
T, =T, |-L =T, adlad (4.46)
K, "\Ng+(U-p+pu)y

4.2.4 Evaluation of peak deformation and force response
For the equivalent linearized system corresponding to the maximum deformation, relation

between its displacement response spectrum and pseud velocity response spectrum is:
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T
STy b)) ==* 5 oo o) (4.47)

For the initially elastic main frame excluding dampers, relation between its displacement

response spectrum and pseud velocity response spectrum is:

T,
S, (T, hy)= ;SPV(Tf,hO) (4.48)

The response reduction effect due to damping is

S, (T,.h,)= DSI,V( wo ) (4.49)

p, = |1 (4.50)
1+oh,,

where a is an empirical value, set as o =25.
Therefore, the displacement response reduction factor is expressed by Eq. (4.51)

T, So(Thy)
R, =D "~ (4.51)
Tf pv(Tf’hO)

The period shift effect on velocity response was considered by utilizing the approach

proposed by Kasai et al. ' and is given by Eq. (4.52). Notice that the shifting range of the

period is from the initial elastic period to the equivalent period of the system, i.e. from 7, to
Ty,
S (T, )= S ,)dT 4.52

eq’ Tfiq ~PY
eq

K,

where, T, =T, |——
' VK, +K,

Relation between pseud velocity response spectrum and pseud acceleration response

spectrum is

s
Zamax (Tg];)
S (Th)=1 27 (4.53)

where, 7, =0.864 sec
Therefore, Eq. (4.52) needs to be solved according to three different conditions.

(A) TquTf-#aZTl'
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5.1k - g s, (rar
eq f+a
__ 1 oy S TdT 4.54
T T, T (4:59)
eq f+a
_Sa,max];
- 2n
(B) TquJ;ZT;"-#a
g(TeqihO) T .[T;‘i_a Spt ( )dT
eq f
T (j o (T )T + ]S, (T.h,)dT )
1 S g max Tog S max (353
= IT TdT+I"" . T,dT
Teq—TH I 2
L T k (2T -1)-17,, |
4n (7, ~7,.,)"
(C) ZZTquJ—;"+a
So(Th) =157, S (T )dT
eq f+a
1 Tq a,max
¢ TdT .
T T_;+H [ITf+a j (4 56)

Samax
= (T +T,, )

Pseud velocity response spectrum of the main frame excluding dampers consists of two

segments as well:

g (1<)
S, (T,.hy )= S (r o (4.57)
w h 07)

Substitute Eqs. (4.54) — (4.57) into Eq. (4.51), displacement reduction factor could be
computed by
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Ty
T_Dh T,2T,,2T,
!
T 72T, -T)—(T..,)*
Rd _ eq Dh l( eq l) ( f+d) Teq 2].} ZTf+d (458)
Tf 2(Teq_Tf+d)m1n(7;9Tf) .
T +T
= heq.—fm 12T,2T .y
7, " 2min(7,.T;) |

Drift is then obtained from Eq. (4.59), with the updated ductility ratio used to recalculate 4.,

using Eq. (4.42), iterating until convergence is achieved.
0=R,0" (4.59)

The resultant force is given by Egs. (4.60) ~ (4.61), evaluated by equating the displacement

and acceleration reduction response factors:

R =R [Tf Jz (4.60)
a — T T_ :

0=R Q" (4.61)

From section 4.2.3 ~ 4.2 .4, the displacement reduction factor, denoted by R,, was determined
from the target story drift ratio, denoted by 6, the stiffness ratio of dampers and main frame,
denoted by ¢, and the ductility factor of the dampers, denoted by u,. Fig 4.6 shows the relation
between R, and R, for the five-story benchmark building. These curves are referred to as

performance curves and as they are normalized, can be prepared as a generic design aid.

1.5 1 1
lua/’uf: 1 ‘ Ka/Kfz 30
120 b KK = 2,07
‘ ‘ Ka/jK‘f: 1.0
0.9 fot e o L i
< HlH=2
0.6F b @
0.3 ,ya/,uf=3
,L{a/,uf= 4
O I
0 0.25 0.5 0.75 1
R,

Fig. 4.6 Performance curve of the five-story building (target drift=1.26%)
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4.3 Simple design procedure utilizing SDOF model
4.3.1 Design procedure

Following from the response reduction equations detailed above, a simple design procedure
for the controlled spine frame using the SDOF model is proposed:

Step 1. Design the main frame for the target drift level without dampers

Step 2. Evaluate the elastic displacement and force response of the main frame, and hence the
required displacement and force reduction factors required to achieve the performance targets.

Step 3. Select the ductility u./u and stiffness ratio K,/K; from the performance curve that
satisfy the target drift ratio and acceleration response.

Step 4. Design the dampers for the selected ductility and stiffness, and confirm the final
overall response using the equivalent linearization technique. Validate results with time-history

analysis as required.

5 T T — T 5 T T X . T T T
i Y 1 L Wi F] C
Y B e
0o
41 \\x ........
JMA Kobe*\‘ \
i 5 \ !
2 3t
2 3 § L
»n P
5| Bl Centrg s}
Hachmohe*/ii
H E /I E
1 ] [ iy : | : ‘ H : ;
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Story drift ratio (rad) Shear force (103kN)
(a). Target story drift ratio = 1.0%
5 T ; 5 z
gl |
JMA Kobe% Hach1n0he+\\‘
1  SDOF——+\» > 5 SDOF :‘\
o I : 2
7 Taft : : “
5| ElCentrd—— - 2
Hachlnohe :
i | 1 ] j |
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(b). Target story drift ratio = 1.2%
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T T

\i¢ I Centro
0 N\ SO SO N

N\t Hachinohe

i i ,‘:%Ii{achinolfle
1 i [T i

/ i j i
0.2 0.6 1 1.4 0 5 10 15 20 25 30 35
Story drift ratio (rad) Shear force (10°kN)

(c). Target story drift ratio = 0.8%

Fig. 4.7 Comparison of time-history analysis results of the 5-story model with its design
targets.

4.3.2 Preliminary verification of design method

The 5-story benchmark model is used for preliminary verification of the design method. Fig.
4.7 provides the peak story drift ratio and shear force results from time-history analysis of the
building designed with target drift ratio as 1%, 1.2%, and 0.8%. All of them are in good

agreement with the design targets.

4.4 Parametric study of controlled spine frame structures

The 5-, 10- and 20-story benchmark models from chapter 3 were evaluated using the
simplified design procedure based on the SDOF model, with a comparison to the DMD model
introduced in chapter 3. Good agreement was achieved for the shorter structures, but the error
became notable for the taller 20 story model. This was mainly due to the effect of higher-modes
force responses and the overall flexural deformation. The following section discusses the
optimal design parameters of the controlled spine frame structures and the applicable range of

the simplified design procedure.

4.4.1 Control parameters

A parametric study was conducted to investigate the structural characteristics of the
controlled spine frame, varying the stiffness of the spine frame, moment frame, and BRCs, as
well as the BRC yielding drift.
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Rotationis !
constrained |

\_xﬂzb
K, =Fu, K =F/u_ K f=F/(uc+ub) K =F/u "
(a) Spine frame (b) Moment frame (c) BRC hinge

Fig. 4.8. Definition of representative stiffness for each component

In order to simplify the parametric study, the equivalent stiffness parameters for spine frames
and moment frames are given by Eqs. (4.62) — (4.63), rather than the accurate stiffness
developed for the DMD model or the stiffness for the SDOF model computed from a suit of
eigenvalue analysis. The lateral stiffness of the spine frame is defined in Eq. (4.63) as a function

of the bending and shear stiffness:

3(£1), (G4) 1
Ksb_T’ K, = 7 K, =T 1 (4.62)

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. K, K, are the equivalent bending stiffness
and shear stiffness of the spine frame, respectively.

Note that K; is different from K. in Fig. 4.3 due to different constraint conditions. As shown
in Fig 4.8(a), here the spine frame was simply assumed as a cantilever beam. It is suggested to
use K; in the primary design and K. in the final detailed design for the spine frame.

The lateral stiffness of the moment frame is given by:

12
K, = (4.63)

=\ (EI/ h)m (E1/ I)b"

where, & represents the story height, (EI/h)., and (El/]);, are the sums of line stiffness of all the
columns and beams at the n-th story. NV is the total number of the stories.
Also note that K slightly differs from K, in Fig. 4.3 because the simplified constraint

conditions. As shown in Fig 4.8(b), lateral stiffness of columns and beams in the original

4-15



Chapter 4 Evaluation Method and Design Procedure of Controlled Spine Frames Applied in Low-rise Buildings

structure were presented by two representative columns by assuming the rotation angles of all
the beam-column connections at one story were identical. Additionally, the degree of freedom of
rotation was constrained at both ends of those representative columns, which was similar with
the procedure of constructing stiffness matrix for the moment frames in the DMD model.
Lateral deformation obtained only from the representative column for the columns in the
original structure was obviously smaller than the actual deformation, because beams were not
rigid in the original structure. The additional lateral deformation caused by beams could be
considered by the representative column for the beams. Moreover, lateral deformation of all the
stories was assumed to be identical as well. The last assumption could be close to the actual
condition when the spine frame was stiff enough.

The lateral stiffness of BRC hinge is K, calculated from Eq. (4.8) with H,,/H as 0.73, utilizing
the same simplification concept as used for the SDOF model.

The stiffness of each component of the three benchmark structures is listed in Table 4.1,
referring to Fig. 4.8. Table 4.1 (a) lists the intermediate stiffnesses for calculating the
representative stiffness of each component in Table 4.1 (b) by Egs. (4.62-63). Stiffnesses in
Table 4.1 (c) were calculated by pushover or eigenvalue analysis along with Eqs (4.5-9).

The stiffness of spine frames K in Table b was much smaller than the K. in Table a, because
the cantilever assumption was out of reality when the spine frames deformed consistently with
the moment frames. Ratios between the two spine frames stiffness was around 3.0 for all the
three models, so it was still suitable to utilizing K; as an index of spine frames stiffness in the
parametric study.

The stiffness of moment frames K, in Table b was approximately 20% smaller than the Krin
Table c in the 5- and 10-story models, and 40% smaller in the 20-story models. It was mainly
because the K;in Table b is pure lateral stiffness contributed by the beams and columns in the
moment frames, while the Kr in Table ¢ included additional stiffness generated by the spine
frame. Difference between the two moment frames stiffness was related with the stiffness ratio
between spine frames and moment frames, as well as the structure height. The spine-to-moment
frame stiffness ratio computed from Table b was approximately 50% of the results computed
from Table c.

The stiffness of dampers in Table b and ¢ were calculated by the same method and only the
equivalent height was slightly different. So the two dampers stiffnesses were essentially
identical. The damper-to-moment frame stiffness ratio computed from Table b was
approximately 1.4 times of the results obtained from Table c.

The response of a controlled spine frame was characterized by the yield rotation of the BRC
hinge, denoted by 6,, the normalized damper-to-moment frame stiffness ratio, denoted by K,/ K,

and spine-to-moment frame stiffness ratio, denoted by K/ K. These are summarized in Table
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4.1 (d).
The range investigated in this study was selected to represent realistic code-compliant and
buildable structures. Namely, 6, varied between 0.05%, 0.1% and 0.2%, K, / Ky ranged from 0.5

to 4.0, and K,/ Kyranged from 0.05 to 2.0. The specific values selected for the three structures
are listed in Table 4.2 —4.4.

Table 4.1. Various stiffnesses of the controlled spine frame structure

(a) Original stiffness of each component calculated from member sectional size

Story | H (mm) | (EI);(kNmm?®) | (GA), (kN) | (EI/h), (kNmm) | (EI/[),; (kNmm)

5 2x10* 4.09x10" 5.55%10° 2.36%10" 1.59x10"°
10 4x10* 4.09x10" 5.55x10° 3.50x10" 1.51x10"
20 8x10* 4.09x10" 5.55x10° 2.03x10"" 1.62x10"°

(b). Representative stiffness of each component for the DMD model obtained from calculations
for each story level (H,,, / H=0.73)

Story | K, (kN/mm) | K, (kN/mm) | K, (kN/mm) | K, (kN/mm) | K, (kN/mm)

5 153.4 277.5 98.8 140.7 174.0
10 19.2 138.7 16.8 75.1 170.3
20 24 69.4 23 39.0 42.6

(c) Stiffness of each component obtained from a pushover analysis with lateral forces following
the first-mode distribution

Story | K + (KN/mm) H o /H (mm) | K, (kN/mm) | K, (kN/mm) | K. (kN/mm)

5 181.6 0.76 160.5 94.8 261.6
10 95.5 0.72 175.1 39.2 52.9
20 61.2 0.70 46.3 4.7 6.5

(d). Normalized stiffness obtained from the representative stiffness

Story | Kq/ K, | K/ Ky |6,

5 1.24 0.702 | 0.11%
10 2.27 0.224 | 0.11%
20 1.09 0.059 | 0.11%
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Table 4.2 Value of each parameter for various cases of the 5-story structure

Case K; (KN/mm) | K, (kN/mm) | K/K; | 4. (mm’) | L, (mm) Case K, (kN/mm) | K/K,
S5Kdf0.50y05 704 05 | 2565 SS5Kdf1Ksf0.050y05  7.04 0.05
S5Kdf10y05 140.7 140.7 1 5129 1825 S5Kdf1Ksf0.10y05 14.1 0.1
S5Kdf20y05 281.4 2| 10258 S5Kdf1Ksf0.20y05 28.1 02
S5Kdf40y05 562.8 4 | 20518 S5Kdf1Ksf0.30y05 422 0.3

S5Kdf1Ksf0.40y05 56.3 0.4

S5Kdf1Ksf0.50y05 70.4 0.5

S5KdfIKsf1.00y05 140.7 1.0

S5KdfIKsfl1.50y05 211.1 1.5

S5KdfIKsf2.00y05 281.4 2.0

Case K, (kN/mm) | K; (kN/mm) | K/K; | 4. (mm?) L, (mm) Case K, (kN/mm) | K/K,
S5Kdf0.50y1 70.4 0.5 5129 S5Kdf1Ksf0050y1 7.04 0.05
S5Kdf10yl 140.7 140.7 1 10258 3650 S5Kdf1Ksf010y1 14.1 0.1
S5Kdf26yl 281.4 20518 S5Kdf1Ksf020y1 28.1 0.2
S5Kdf40yl 562.8 4 41032 SSKdf1Ksf030y1 42.2 0.3
S5Kdf1Ksf046y1 56.3 0.4

SS5KdAf1Ksf050y1 70.4 0.5

SS5Kdf1Ksf10yl 140.7 1.0

SSKdAf1Ksf150y1 211.1 1.5

S5Kdf1Ksf20y1 281.4 2.0
Case K; (kN/mm) | K, (kN/mm) | K/K; | 4. (mm®) | L, (mm) Case K, (kN/mm) | K/K,
S5Kdf0.56y2 704 0.5 | 10258 SSKdf1Ksf0.050y2 7.04 | 005
S5Kdf10y2 140.7 140.7 1 | 20518 | 7300 S5Kdf1Ksf0.10y2 14.1 0.1
S5Kdf20y2 281.4 41036 S5Kdf1Ksf0.20y2 28.1 0.2
S5Kdf40y2 562.8 82072 S5Kdf1Ksf0.36y2 4222 0.3
S5Kdf1Ksf0.40y2 56.3 0.4

S5Kdf1Ksf0.50y2 70.4 0.5

S5Kdf1Ksf1.00y2 140.7 1.0

S5KdfIKsfl.50y2 211.1 1.5

S5Kdf1Ksf2.00y2 281.4 2.0
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Table 4.3 Value of each parameter for various cases of the 10-story structure

Case

A, (mm?)

K, (kN/mm) | K, (kN/mm) | K/K, L, (mm) Case K, (N/mm) | KJK,
S10Kdf0.56y05 37.6 05 | 5484 SS5Kdf1Ksf0.050y05 3.8 0.05
S10Kdf18y05 |  75.1 75.1 1 10968 | 1825 S5Kdf1Ksf0.10y05 75 01
S10Kdf260y05 150.2 21935 S5Kdf1Ksf0.20y05 15.0 02
S10Kdf40y05 300.4 43870 S5Kdf1Ksf0.30y05 225 0.3

S5Kdf1Ksf0.40y05 30.0 04

S5Kdf1Ksf0.50y05 37.6 0.5

SSKdf1Ksfl.00y05 | 75.1 1.0

S5Kdf1Ksfl.50y05 | 1127 1.5

S5Kdf1Ksf2.00y05 | 150.2 2.0

Case  |K, (kN/mm) | K, (kN/mm) | K/K, | A.(mm?) | L, (mm) Case K. (KN/mm) | KK,
S10Kdf0.50y1 37.6 05 | 10963 S5KdfIKsf0.050y1| 3.8 0.05
S10Kdf10yl 75.1 75.1 1 21935 3650 S5Kdf1Ksf0.10y1 75 0.1
S10Kdf260y1 150.2 43870 S5Kdf1Ksf0.20y1 15.0 0.2
S10Kdf46y1 300.4 87740 S5Kdf1Ksf0.30y1 225 03
S5Kdf1Ksf0.40y1 30.0 0.4

S5Kdf1Ksf0.50y1 37.6 0.5

S5Kdf1Ksf1.00y1 75.1 1.0

S5Kdf1Ksfl.50y1 1127 L5

S5KdfIKsf2.00y1 | 150.2 2.0

Case K, (kN/mm) | K; (kN/mm) | K/K; | A.(mm?) | L, (mm) Case K, (kN/mm) | K/K,
S10Kdf0.56y2 37.6 05 | 21935 SSKdfIKsf0.050y2| 3.8 0.05
S10Kdf16y2 75.1 75.1 1 43870 | 7300 S5Kdf1Ksf0.10y2 75 0.1
S10Kdf20y2 150.2 87740 S5Kdf1Ksf0.20y2 15.0 0.2
S10Kdf40y2 300.4 4 | 175480 S5Kdf1Ksf0.30y2 225 0.3
S5Kdf1Ksf0.40y2 30.0 0.4

S5Kdf1Ksf0.50y2 37.6 0.5

S5KdfIKsfl.00y2 | 75.1 1.0

S5KdfIKsf1.50y2 | 112.7 15

S5KdfIKsf2.00y2 | 150.2 2.0

Table 4.4 Value of each parameter for various cases of the 20-story structure

Case K, (kN/mm) | K, (kN/mm) | K/K, | A, (mm’) | L, (mm) Case K, (kN/mm) | K/K,
S20Kdf0.50y05 19.5 0.5 | 11334 SSKAFKsf0.050y1 195 0.05
S20Kdf10y05 |  39.0 39.0 1 22667 | 1825 S5KAfIKsf0.10y1 39 0.1
S20Kdf260y05 78.0 45333 S5Kdf1Ksf0.20y1 7.8 02
S20Kdf40y05 156.0 90666 S5Kdf1Ksf0.30y1 11.7 0.3
S5Kdf1Ksf0.40y1 15.6 04

S5Kdf1Ksf0.50y1 19.5 0.5

S5Kdf1Ksf1.00y1 39.0 1.0

S5KdfIKsfl.50y1 58.5 15

S5KdfIKsf2.00y1 78.0 2.0
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Case K, (kN/mm) | K; (kN/'mm) | K/K; | A.(mm?) | L, (mm) Case K, (N/mm) | KJK,
S20Kdf0.56y1 195 0.5 | 22667 SSKdfIKsf0.050yl| 195 | 0.05
S20Kdf10yl |  39.0 39.0 1| 45333 | 3650 S5KdAf1Ksf0.10y1 3.9 0.1
S20Kdf20y1 78.0 2 | 90666 S5Kdf1Ksf0.26y1 7.8 0.2
S20Kdf40y1 156.0 4 | 181332 S5Kdf1Ksf0.30y1 11.7 03

S5KdfIKsf0.46y1 | 15.6 0.4
S5KdfIKsf0.50y1 | 19.5 0.5
S5KdfIKsfl.00y1 |  39.0 1.0
SS5KdfIKsfl.56y1 | 585 1.5
S5KdfIKsf2.00y1 |  78.0 2.0

Case K, (kN/mm) | K; (kN/mm) | K/K; | A.(mm?) | L, (mm) Case K, (\N/mm) | K/K,
S20Kdf0.56y2 19.5 0.5 | 45333 SSKAMKsR.050yl| 195 | 0.05
S20Kdf16y2 39.0 39.0 1 90666 7300 S5Kdf1Ksf0.10y1 3.9 0.1
S20Kdf20y2 78.0 2 | 181332 S5Kdf1Ksf0.20y1 7.8 0.2
S20Kdf40y2 156.0 4 | 362664 S5Kdf1Ksf0.30y1 11.7 03

S5KdfIKsf0.40y1 | 15.6 0.4
S5KdfIKsf0.50y1 | 19.5 0.5
SSKdfIKsfl.00y1 |  39.0 1.0
SSKAfIKsfl.50y1 |  58.5 1.5
S5KdfIKsf2.00y1 | 78.0 2.0

4.4.2 Effect of yielding drift of dampers

The parametric study is used to validate the proposed simplified procedure against the DMD
model, examine the response trends and influence of the various control parameters, and finally
to optimize the control parameters.

The ground motions used for time history analysis included the artificial ground motion
BCJ-L2 (120s), as well as four recorded ground motions: El Centro NS (1940), JMA Kobe NS
(1995), TAFT EW (1925), and Hachinohe NS (1968), each 30 s long. The acceleration response
spectra for the four recorded ground motions were spectrally matched to follow the Japanese
life-safety design spectrum (BRI-L2), as shown in Fig. 4.9. Rayleigh damping was adopted for
the DMD Model, with the damping ratio set as 0.02 for the first and third modes, in order to
achieve a near-constant value of damping for all modes with frequencies between these two
modes.

The peak story drift ratio (SDR) and shear force of 5- and 10-story structures as a function of
0, are shown in Figs. 4.10 and 11. Generally, the simplified method slightly overestimated the
base shear and maximum story drift ratios. Both the deformation and force responses are not

significantly affected by the yielding drift ratio of dampers ranging from 0.05% to 0.2%.
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Fig. 4.9 Acceleration spectra of normalized input ground motions
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Fig. 4.10 Comparison of the seismic responses between the DMD and SDOF models of
the 5-story structures with various 6, (input: BCJ-L2)
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Fig. 4.11 Comparison of the seismic responses between the DMD and SDOF models of
the 10-story structures with various 6, (input: BCJ-L2)
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4.4.3 Effect of damper-to-moment frame stiffness ratio

The peak story drift ratio and shear force of the 5-, 10-, 20-story structures as a function of
K/Krare shown in Figs. 4.12 - 14. As illustrated in Fig. 4.12 for the 5-story structure, increasing
KKy resulted in decreasing deformations and shear forces of both the SDOF and DMD models
when K/K;was larger than 0.05. Generally, the base shear of the DMD and SDOF models was
in good agreement. For exceptionally large dampers with K/K,in the range of 2.0-4.0, a
significant discrepancy was observed with respect to the deformations between SDOF and
DMD methods. This was mainly because the response distribution of the SDOF model followed
that of the main frame excluding dampers. Distribution of the responses had significant effect
on the maximum response. Therefore, the SDOF model could provide better estimation for the
structures in which the dampers yielded to a greater extent, i.e. to a larger ductility ratio. This
reason will be explained in detail in chapter 6. Since highly nonlinear response could not be
accurately captured in the SDOF model, it is recommended that K/K; should be less than 2.0
when the SDOF method is applied. Additionally, at least a reasonable damper stiffness of K/K;
> (.5 should be provided to effectively control the seismic response.

Residual story drift ratio of the 5-story DMD model was always smaller than 0.05%, despite
of the value of K/Kj; as in Fig 4.12 (c), indicating that sufficient self-centering capacity was
provided by the envelop moment frames.

A similar trend for K/K; could be observed in the results of the 10-story structures, as shown
in Fig. 4.13. Increasing K/K; resulted in decreasing deformations and shear forces of both the
SDOF and DMD models when K/K; was larger than 0.05. Base shear of the DMD and SDOF
models generally agreed with various K/K;, while the SDR of the two models agreed when
K/K; was less than 1.0. Residual SDR of the 10-story DMD model was also always smaller
than 0.05%, despite of the value of K/Kj as in Fig 4.13 (c).

Shear force of the DMD model exceeded that of the SDOF model in the 20-story structure,
except for the case when K/K; =2.0, as in Fig 4.14 (a). This indicated that the significant
higher-mode effects might be mitigated when the damper-to-frame stiffness K/K; increases up
to a specific level in taller buildings. Similar with the 5- and 10-story structures, SDR of the
SDOF and DMD models agreed when K/K; was less than 1.0, as in Fig 4.14 (b). Residual SDR
of the 20-story DMD model was smaller than 0.05%, except for the case when K/K,=4.0 and
K/K=0.05, as in Fig 4.14 (c).
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Fig. 4.12. Comparison of the seismic responses between the DMD and SDOF models
of the 5-story structures with various Ky/K;(input: BCJ-L2, 6,=0.1%)
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4.4.4 Effect of spine-to-moment frame stiffness ratio

The peak story drift ratio and shear force of the 5-, 10-, 20-story structures as a function of
K/Kyare shown in Figs. 4.15 - 17. As illustrated in Fig. 4.15 for the 5-story structure, increasing
K/Krresulted in decreasing deformations and shear forces of both the SDOF and DMD models,
but when K/K, was larger than 1.0, the decreasing tendency in base shear was much gentler.
This indicated that the spine effect on base shear might be mitigated when the spine-to-frame
stiffness K/Kyincreases up to a specific level.

Generally, the base shear and SDR of the DMD and SDOF models were in good agreement,
despite of K/K; as if K/K; was less than 2.0. Residual SDR of the 5-story DMD model was
always smaller than 0.05%, despite of K/K; as well, as in Fig 4.15 (c).

As shown in Fig. 4.15(d), concentration of SDR (that is, the maximum SDR divided by the
average SDR among all the stories) decreased rapidly when K/K; increased from 0 to 1.0,
indicating that higher K/Kywas strongly associated with a more uniform SDR distribution.

A similar trend for K/K; could be observed in the results of the 10-story structures, as shown
in Fig. 4.16. Increasing K/K resulted in decreasing deformations and slightly decreasing for
shear forces of both the SDOF and DMD models. Residual SDR of the 10-story DMD model
was always smaller than 0.05%, despite of K/K,. Concentration of SDR decreased rapidly when
K/K;increased from 0 to 0.5.

Increasing K/Kresulted in decreasing deformations of both the SDOF and DMD models for
the 20-story structure. Residual SDR was still always smaller than 0.05%, despite of K/K;.
Concentration of SDR decreased rapidly when K/K;increased from 0 to 0.5.

However, the shear force obtained by using the DMD model in Fig. 4.17 (a) exhibited
significant fluctuations and much larger than the SDOF model. These fluctuations in the shear
force of the taller structures were attributed to the higher-mode effect. Therefore, the SDOF
model seems not suitable for estimating seismic performance of structures taller than 20 stories.

In conclusion, for the full range of K/K; and 0.0-2.0 of K/Ks the proposed simplified
evaluation method was able to predict the seismic performance to within an acceptable margin
for both the deformation and force response of the 5-story and 10-story structures, and
deformation response of the 20-story structure. However, increasing K/K, did not eliminate the
higher-mode effect on shear forces, and so the simplified procedure did not accurately predict

the force response of the 20-story structure.
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Fig. 4.15. Comparison of the seismic responses between the DMD and SDOF models
of the 5-story structures with various K¢/K;(input: BCJ-L2, 6,=0.1%)
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Fig. 4.17. Comparison of the seismic responses between the DMD and SDOF models
of the 20-story structures with various K¢/Ks(input: BCJ-L2, 6,=0.1%)
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4.4.5 Optimal structural parameters and applicable range of design procedure

Figure 4.18 compares the peak shear force and story drift ratio of the DMD models with those
of the SDOF models for K,/Kyof 0.5 ~ 2.0 and K/K; of 0.05 ~ 2.0 in 5-story and 10-story
structures. Generally, the proposed design procedure slightly overestimates the base shear and
maximum story drift ratios; with the one exception in Fig. 4.18 (a) being that base shear of the
10-story structures was underestimated. General trends are captured, and error is controlled to

within approximately 20% for the base shear and 30% for the maximum story drift ratios.
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Fig. 4.18 Validation of the proposed design procedure via SDOF models
(0.5= Ky/Ks <2.0, 0.05=< Ky/K;<2.0, for 5-story and 10-story structures)

From Fig 4.19 we could see the significant higher-modes effect in the shear force of the
20-story model compared to the other two models. To examine the minimum participation factor
of the 1¥-mode response in base shear required for utilizing the SDOF model, eigenvalue
analysis on the main frame of the 5-, 10-, and 20-story structures was carried out with K/K;
varying from 1.0 to 12.0.

Effect of spine frame stiffness was not so significant on the participation factor of the
1*-mode response in base shear for all the three structures, as shown in Fig 4.20. This
participation factor increased from 83% to 89% for the 5-story model, 69% to 76% for the
10-story model, and 54% to 59% for the 20-story model. We could preliminarily conclude that
around 70% is the minimum required first-mode participation factor of base shear for utilizing
the SDOF model.

70% is almost impossible to be realized in the 20-story structure since even K/K=1.0

requires unrealistic large scale of spine frames in the actual design. The self-centering capacity
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might not be ensured when K/K, was too large as well. Moreover, the overall flexural
deformation is more significant in the tall buildings and increases the difference between the
SDOF model and the original structure, although such deformation was ignored in the DMD
model. Therefore, 10 stories might be the height limitation for utilizing the SDOF model to

estimate seismic responses.
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Fig 4.19 Shear force distribution of some typical 5-, 10-, and 20-story models
(KdK=0.5, K/K=1.0, 6,=1)
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0 5 10 15

Fig 4.20 Contribution factor of the 1% mode response in base shear of the 5-, 10-, and
20-story models with various K¢/K; (K4/K=0.5, 6,=1)

4.5 Conclusions

In this chapter, a seismic performance evaluation method and design procedure was proposed
for the controlled spine frames. A parametric study was conducted to examine suitable values
for key structural parameters and the applicable range of the evaluation method and design
procedure. The following conclusions were drawn from this study:

(1) A seismic performance evaluation method based on an equivalent SDOF model has been
proposed for the controlled spine frames.

(2) By utilizing the evaluation method, a graphical performance curve has been proposed to
efficiently select the damper yield drift and damper-to-frame stiffness ratio K/Ky This is a
practical method to quickly arrive at optimal designs that achieve the force and deformation
performance targets.

(3) The stiff spine frame has a dramatic effective in achieving a more uniform deformation
distribution along the height of a structure. To ensure the effectiveness of the dampers, K/K;
should exceed 0.5 for the 5- and 10-story structures, but the spine effect seems less effective
when K/Krexceed 1.0.

(4) Increasingly stiff dampers lead to a greater predicting error when utilizing the SDOF
model. It is mainly because the response distribution shape is assumed to be identical with that
of the main frame excluding dampers. It is recommended that the spine-to-moment frame
stiffness ratio K/Kyshould not exceed 2.0 for the typical cases of 0.5 < K/K,< 2.0 for using the
SDOF model.

(5) Residual story drift ratios of the 5- and 10-story structures were always less than 0.05%
for the typical cases of 0.5 < K/K;< 2.0 and K/K;< 2.0.
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(6) The proposed simplified procedure based on the SDOF model is valid for structures in
which the first modal contribution factor for shear force exceeds 70%. This corresponds to
ordinary spine frame structures with no higher than 10 stories and spine-to-moment frame
stiffness ratios K/Kyof 0.5 to 2.0. Error could be controlled to within approximately 20% for the

base shear and 30% for the maximum story drift ratios.
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Chapter 5 — Seismic Performance of Controlled Spine Frames Applied in High-rise

Buildings

5.1 Introduction

In previous chapters we have proposed a controlled spine frame system for seismic resistant
design in new building applications. Both the spine frame concept and controlled version offers
superior performance in preventing damage concentration and reducing residual deformation. A
simplified design procedure based on equivalent dual multi-degree-of-freedom (DMD) and
single-degree-of-freedom (SDOF) representations has been developed. The design procedure
and the two simplified representations are validated with parametric study.

However, seismic performance of the spine frame structure utilized in tall buildings is not
clarified, because the previously proposed DMD model significantly underestimated responses
of the 20-story structure due to the exclusion of axial forces in columns. In this chapter, the
more precise member-by-member (MBM) model is adopted for investigating seismic responses
of the 20-story structure. Another 30-story building height of 120m was designed as a
supplement for the suit of tall buildings.

To demonstrate the influence on seismic performance from the key structural parameters, i.e.
stiffness ratio between spine frames, moment frames, and dampers, parametric study is carried
out for both 20- and 30-story structures. Besides, the concept of segmented spine frames are
proposed for the tall buildings, considering that the dampers amount at one location could easily
exceed the upper limitation in actual applications in the continuous spine frame structures.
Additional key structural parameters coming with the segmented spine frames include number
of segments, location of dampers i.e. segment story, stiffness ratio between dampers at different
segment stories. Seismic performance of the segmented spine frame structures has been
investigate and compared with the continuous spine frame structures. Effect of the key structural

parameters has been demonstrated based on parameter study utilizing time-history analysis.

5.2 Benchmark building structures
5.2.1 Design of the 30-story building structure

Parametric study based on nonlinear time-history analysis was used to investigate the seismic
performance of the controlled spine system with diverse structural properties. The benchmark
structures of the 5-, 10-, and 20-story buildings designed in Chapter 3 are utilized in this chapter.
Some results of 5- and 10-story buildings are extracted from the previous chapter as comparison
for the seismic responses of tall buildings. Additionally, a new 30-story building was designed.
Fig 5.1 (a) — (c) shows the structural layout and dimensions. Structural plan remains unchanged,

and the structural members of the main frame were designed in elastic ranges as per the base
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shear ratio of 0.03 with Ai distributions. Similar with previous chapters, the moment frames
were assumed to remain elastic during Level-2 (similar as DBE in U.S. Calif.) earthquake
events. Although the spine frames can suppress soft story formation, for this study the lateral
stiffness of the moment frames were set approximately proportional to the story shear. The spine
frames were also assumed to be elastic during considered earthquake events. Spine frames in
S-story and 10-story buildings were assumed to be pin-supported steel trusses, and that in the
20-story and 30-story buildings were pin-supported reinforced concrete walls, to achieve the
required stiffness for the parameter studies described later. RC walls were assumed to be
pre-stressed by post-tensioning tendons to prevent cracking, thus the stiffness degradation of the
RC wall was not considered.

Design procedure of the main frame is same with those of the 20-story building. Lateral
stiffness of the moment frame computed by Eq. (4.63) is 34.9 kN/mm for the 30-story building.
To achieve a 0.3 stiffness ratio between the spine frame and the moment frame, thickness of the
core wall need to be 1.2m if a rectangle section is utilized, and the width need to be 12m. To
achieve a 1.0 stiffness ratio between dampers and the moment frame, although distance between
two sides increases to 12m, required sectional area of each BRC is still unrealistically large,
68000mm’, and yielding axial force is 22000kN. To reduce wall thickness and capacity
requirement for BRCs, H-shape wall is utilized instead of the rectangular wall. Cross-section of
the core wall is H-1200x280x70x60. BRCs with sectional area of 34000mm’ is equipped
(yielding axial force 11000kN) at each edge of the H-shape wall.

Table 5.1 lists detailed sectional properties of beams and columns. Stiffness distribution is
essentially linear as shown in Fig 5.2. Regular member dimensions in each benchmark model
are compared in Table 5.2. Detailed cross section information is given in their corresponding

design sections.
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Table 5.1 Sectional sizes of columns and beams in the 30-story building
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Story

0.9

Stiffness reduction ratio

Fig. 5.2 Stiffness reduction ratio of each story of the 30-story building

Table 5.2 (a) Dimensions of beams and columns in the moment frame (unit: mm)

Model Cl C2 C3 C4 SG1 SG2
o0-500x19 0-500%350 o0-500x19 H-600x300%12 | H-1000%300
S-story 0-600%32
~22 x25%28~32 ~22 x22~25 x19x32
0-600x19 0-650x400 0-600x19 0-650%28 | H-650%300x16 H-900%300
10-story
~28 x16x22~28 ~25 ~32 x25~32 x19%25
g-600x19 0-650%400 0-600x19 0-650%28 | H-700%300x16 H-900%300
20-story
~28 x16%22~28 ~25 ~32 x22~30 x19%25
g-700x19 0-750%500 o-700x19 0-750%28 | H-750%300x16 | H-1000x300
30-story
~28 x16%22~28 ~25 ~32 x22~32 x19%25

Table 5.2 (b) Structural properties of spine frame and BRC hinge, and equivalent
stiffness of each component

Spine frame BRC hinge Equivalent stiffness
Models
EI (kNm?) GA (kN) M, (kNm) 0, (rad) | K;(kN/m) K, (kKN/m) K, (kN/m)
5-story 2.9x10° 4.0x10° 3.0x10* 0.10% 1.4x10° 7.0x10* 1.4x10°
10-story 9.1x10® 1.2x107 6.4x10* 0.10% 7.5%10* 3.8x10* 7.5%10*
20-story 2.0x10° 1.4x10° 1.3x10° 0.10% 3.9x10* 1.2x10* 3.9x10*
30-story 6.0x10° 2.1x108 2.6x10° 0.10% 3.5x10* 1.0x10* 3.5x10*

5.2.2 Variable spine frame configurations

Previous researches on rocking frame system have proposed multiple rocking section and

mid-level rocking configurations and verified their advantages in mitigating higher mode effects

and reducing force response.”'” In this spine frame study, derived from the benchmark
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buildings, five different spine configurations were compared in this chapter, as in Fig 5.1 (d).
The original benchmark building is named as the continuous single spine (Cnt) model. The
corresponding shear wall (SW) model was compared with the Cnt model in the cases of the 5-,
10-, 20-, and 30-story buildings, while the partial spine (Prt), two-segment-spine (Sgt2), and
three-segment-spine (Sgt3) models was compared with the Cnt model in the cases of the 20- and

30-story buildings. Concept of the Prt and Sgt structures will be introduced in the later sections.
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SW: Red 4 SW: Red
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§ O E] Centro E 3 Y- OEI Centro
n | “Hachinohe “2 5 | YHachinohe
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8 CONNK | swiRed sl | sw: Red
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Fig. 5.3 Seismic performance of controlled spine frame models and shear wall models
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Member-by-member (MBM) models of the 20- and 30-story benchmark buildings were built
in OpenSees. Time-history analysis was carried out to examine their seismic performance. The
Level-2 ground motion used herein was the artificial wave BCJ-L2 with duration of 120 s.
Time-history analysis results of story drift ratio (SDR) and story shear of the 20- and 30-story
buildings along with the 5- and 10-story ones are summarized in Fig 5.3. The natural periods of
the first mode are also shown in Fig 5.3.

Maximum SDR of the 5-story and 10-story buildings for Cnt models are less than 1.5% and
that of the 20-story and 30-story buildings are less than 2%. The shear force distribution of the
5-story building is almost linear. Higher mode effect is observed in the shear force distribution
of the 20-story to 30-story buildings. Except for the SDR results of the 5-story building, both
the SDR and shear force response of the controlled continuous spine frame (Cnt) models are

smaller than the shear wall (SW) models.

Table 5.3 Value of parameters in different types of models

Sgt3-Ksf0.3-Nb10-20-Kdf1.0-1.0-1.0 @M del ¢
odel type

@ @ @ @ SW: Shear wall Cnt: Continous spine
Prt: Partial spine model Sgt2: 2 Segmented spines  Sgt3: 3 Segmented spines

@ Stiffness ratio of the spine and the moment frame

KsfK /K, Al K/K 0.1 [o3]os]o7] 1] 2
(3) Stories of the upper BRCs Cnt K,/ K, 0 [05]08) 1 |13[15] 2 | 3 | 4
(excluded in SW or Cnt model) Prt N, 3~29
. r
Prt/Sgt2: Nb N, K/K, 0 los]os] 1]13]15]
Sgt3: Nb N, -N,, N, 3~29
@ Stiffness ratio of the dampers and Sgt2 Ku/K, 0 05]08] 1 | 1.3 | L5 |
the moment frame (excluded in SW model) K/ Ky 05 [08] 1
Cnt/ Prt: Kdf K /K, Ny 10~20
Sgt2: Kdf K, /K K, /K, Se3[ N, 1428
Set3: Kdf K, /KK, /KK /K, K, K 1

5.2.3 Control parameters

Similar with the previous parametric study, key structural parameters were utilized to
compare the seismic performance of each model. Three equivalent stiffness indices proposed in
chapter 4 to present the stiffness of the dampers, spine frames, and the moment frames are
adopted for the 20- and 30-story buildings herein.
Parametric study conducted in the previous chapter has found that effect of 6, on the seismic
performance of all the buildings was negligible. Therefore in the following discussion, 6, keeps
constant as 0.10%, which is derived from ordinary BRC core steel strength. So the stiffness of
BRCs can also measure the strength, or the amount of BRCs. In the benchmark models,
0,=0.1%, K/K;=1.0, K/K;=0.5 in 5- and 10-story buildings while 6,=0.1%, K./K,;=1.0, K/K;
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=0.3 in 20- and 30-story buildings. Considering seismic design code and construction
requirement, in the parametric study, K/Kyranges from 0.5 to 4.0, and K,/K, ranges from 0.1 to

2.0. Table 5.3 summarizes the value of each parameter in different types of models.

5.3 Parametric study of continuous spine frame (Cnt) models

Seismic performance of the continuous spine frame models were compared with the
conventional shear wall models. As shown in Fig 5.3, both the SDR and shear force are greatly
reduced in the Cnt models against SW models as long as K/K,=1.0 and K/K;=0.3~0.5 are

provided to effectively control the seismic response.

5.3.1 Effect of spine-to-moment frame stiffness ratio

Fig 5.4 demonstrates the effect of the spine-to-moment frame stiffness ratio K/K; on the
seismic response of the 5-, 10-, 20-, and 30-story Cnt models, with K,/K; held constant at 1.0.
As shown in Fig 5.4(a), max SDR decreases as K,/Ky increases and tends to be constant after
K,/K; exceeding 1.0. Decreasing in SDR is closely relevant with the uniformity of SDR
distribution. Such uniformity can be improved by increasing spine frame stiffness. The
improvement is significant when spine frame stiffness increases from a relatively small value,
but less effective after the spine frame stiffness exceed some particular value, which is the
maximum effective value in terms of reducing SDR. When K/K~=1.0, the maximum effective
spine frame and moment frame stiffness ratio is 1.0 for 20- and 30-story buildings in this study.
Fig 5.5.1 shows effect of K/Kron SDR with different K/K;. When K,/K;>0.5, the maximum
effective K/K; is always approximately 1.0.

From Fig 5.4(b) we can see that, base shear of the 5-story model is relatively independent of
K,/K;, base shear of the 10-story model increases till K/K;reaches 1.0, while base shear of the
20- and 30-story buildings increases slowly with K/K; increasing. It might be because force
responses of higher modes contribute more to the total force response in tall buildings compared
to the low buildings, and increasing stiffness of spine frame increases higher-modes base shear.
Fig 5.5.2 shows results from other models with different K/K. We can see that, base shear does
not always increase with K/K;.Particularly when K,/K; is larger than 2.0, base shear ratio is
essentially flat in both 20- and 30-story model after K/Kyexceed 1.0. It might be because
higher-modes natural period is already in the platform segment of the acceleration response
spectrum when K/K,=1.0. However, after checking detailed results of natural periods, we found
that even when K,/K,=1.0, second mode natural period of the 20-story Cnt model is as small as
0.47s and 0.36s in case of K/K;=1.0 and 2.0, respectively. To figure out the reason of base shear
increasing, base shear of moment frames and spine frames of the 20-story Cnt model were

separated from the total base shear, as shown in Fig 5.6. We can see that K/Kyhas little effect on
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base shear of moment frames, only base shear of spine frames increases with K/K; increasing.

So increasing in the total base shear is mainly caused by the increasing in the spine frames.
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Fig. 5.5.1 Effect of K/K;on SDR of the 20- and 30-story Cnt models
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Fig. 5.5.2 Effect of K/K;on base shear ratio of the 20- and 30-story Cnt models
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Fig. 5.6 Effect of K/K;on base shear ratio of the spine frame and moment frame in
the 20-story Cnt models

5.3.2 Effect of damper-to-moment frame stiffness ratio

Fig 5.7 demonstrates the effect of the damper-to-moment frame stiffness ratio K,/K; on the
seismic response of the 5-, 10-, 20-, and 30-story Cnt models, with K/K;=0.5 in 5- and 10-story
models, K/K;=0.3 in 20- and 30-story models. Generally, both SDR and base shear of the four
models decreases when K,/Kincreases from 0 to 2.0. Similar phenomenon was observed for the
20- and 30-story models with different K,/Kras shown in Fig 5.8.1. Such decreasing is mainly
caused by damping effect of BRCs. SDR slightly increased when K,/K,was greater than 2.0 and
K,/K;=0.1, indicating that the spine frames were too soft to transfer sufficient deformation on
BRCs. Similar with SDR, increasing K,/Kalso reduced the total base shear despite of the value
of K/Kr, as shown in Fig 5.8.2. When we check the base shear of spine frames and moment
frames separately, as shown in Fig 5.9, base shear of moment frames decrease significantly with

KJ/Kincreasing, while base shear of spine frames seems almost irrelevant to K/Kp.
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5.4 Parametric study of partial spine frame (Prt) models
5.4.1 Concept of Prt model

The continuous spine frames require huge core frames and giant BRCs equipped under the
two sides of the core frames, which might be unrealistic in actual practices. To overcome the
difficulties, authors attempted two alterative spine frame configurations, the partial spine frame
configuration, and the segmented spine frame configuration. Their concepts are illustrated in Fig
5.1 (d). These two alterative configurations were expected to exhibit seismic performance of
similar level with the Cnt model, meanwhile to let down the requirement for spine frames and
BRCs on stiffness, strength or damping capacity. Similar concepts have been proposed in the

[5.1-3 547 They found such

past researches for both Sgt spine frames I'and Prt spine frames
system could reduce seismic responses and mitigate higher-mode effects. However, most of
those studies focused on the spine frame only, but not a dual system. Besides, there is no

comparison study between the two systems yet.
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In the partial spine frame models, there are two spine frames arranged in series along the
height of the structure, the lower one is fixed at the ground level, and the upper one is
pin-connected to the center of the lower spine frame with BRCs equipped at two edges. Ny is
the number of the story of the first spine frame, and N, is the sum of story numbers of the first
and the second spine frames. Comparison between the Prt model and Cnt model with identical

spine frame and BRC amounts has been carried out in this section.

5.4.2 Vibration characteristics of Prt models

Firstly, eigenvalue analysis was carried out for the 20-story Cnt model and Prt models in
which the Ny, is 5, 10, or 15, with K/K;=0.3, K/K;=1.0. Table 5.4 lists the results of first three
modes, including natural period, percentage of modal effective mass and mode participation
factor. Sums of the first three mode effective mass are around 90% for all of the four models.
The first three modes natural periods of the Cnt model are the longest among the four models.
First mode natural period of the Prt model becomes shorter with the segment story height
increasing, indicating the Prt model is getting closer with the SW model. Sums of the modal
effective mass and participation factors of the second and third modes in Prt models are slightly
larger compared to the Cnt model. Fig 5.10 shows the mode shape, elastic SDR and shear force
response of the four models. Generally speaking, difference in maximum elastic responses is
negligible. Observable difference exhibited in the mode shape and SDR distribution of the Prt
models. Shifting of SDR, i.e. concentrated rotation could be observed at the segment story,

particularly in Prt-Nb5 and Prt-Nb10 models.

Table 5.4 Eigenvalue analysis results of the Cnt model and three Prt models

Modes First mode Second mode Third mode
Models | T(s) | Meg/M (%) | p | T(s) | Mc(/M (%) | B | T(s) | Mei/M (%) | B
Cnt 3.02 72 1.45 | 0.66 17 0.66 | 0.26 5 0.35
Prt-Nb5 | 2.80 66 1.44 | 0.58 17 0.68 | 0.24 8 0.45
Prt-Nb10 | 2.67 65 1.46 | 0.63 19 0.67 | 0.24 5 0.36
Prt-Nbl5 | 2.64 66 1.46 | 0.61 16 0.70 | 0.26 7 0.42
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5.4.3 Seismic performance of Prt models

Fig 5.11 (a) shows the SDR distribution of the 20-story Cnt model and Prt models in which
the N, is 5, 10, or 15, with K/K;=0.3, K,/K;=1.0. SDR distribution under the segment story
looks similar with the distribution of SW model. When N, is 5, the SDR shifted by more than 1%
to a much larger value at the 5™ story, where a concentrated rotation occurred, just like the first
story in the Cnt model. When N, is 10, the shifting amount reduced approximately by half,
while the maximum SDR was much larger than the Cnt model. When N, is 15, shifting in SDR
was almost negligible and the overall distribution was quite close to the SW model. The
maximum SDR was even larger than the Prt-Nb10 model. It seems that the higher the segment

story is, the larger the maximum SDR is.
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Fig. 5.11 Comparison between 20-story Cnt models and Prt models (Ks/K;=0.3 in
(a)~(d), KiKr=1.0in (a) & (c))
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To confirm if the seismic performance of Prt model could be enhanced by choosing a
different damper amount, various K,/K,was tried. Fig 5.11 (b) shows the max SDR results of the
Prt-Nb5, Prt-Nb10, Prt-Nb15, and Cnt models with K/K; ranging from 0 to 1.5. The Prt-Nb10
and Prt-Nb15 models exhibit much larger deformation than the Cnt model regardless of how
much the damper amount was. Their deformations are even larger than the SW models if
without sufficient dampers. The Prt-Nb5 model showed essentially identical SDR results with
the Cnt model when K/K; is less than 1.0.

Fig 5.11 (c) and (d) shows the shear force distribution and base shear of the four models with
K/K; ranging from 0 to 1.5. Base shear of the Prt-Nb5 and Prt-Nb10 models was smaller than
the Cnt model in a very short range of K/K; at around 0.75. On the contrast, when K,/Kis
smaller than 0.5, base shear of Prt-Nb10 model became significantly large compared to the Cnt
model. Similar results were observed on the Prt-Nb15 model when K,/Kyis larger than 0.5.

The above results indicate that the partial spine frames are not necessarily effective

comparing to the continous spine frames.

5.5 Parametric study of two-segment spine frame (Sgt2) models
5.5.1 Concept of Sgt model

The concept of segmented spine frames is shown in Fig 5.1 (d). In this study, the segmented
spine frame models possess two or three spine frames arranged in series along the height of the
structure. All of them are pin-connected at the bottom center to the lower spine or to the

fundamental structures and with BRCs equipped at both edges.

5.5.2 Vibration characteristics of 20-story Sgt2 models

Firstly, seismic performance of the 2-segment-spine frame (Sgt2) models was investigated
based on the 20-story benchmark building. As three typical cases, the Sgt2-Nb5-Kdf1.0-1.0,
Sgt2-Nb10-Kdf1.0-1.0, and Sgt2-Nb15-Kdf1.0-1.0 models were compared with the Cnt model

in terms of eigenvalue analysis results. K/Kheld constant at 0.3.

Table 5.5 Eigenvalue analysis results of the Cnt model and three Sgt2 models

Modes First mode Second mode Third mode
Models | T(s) | Me/M (%) | B | T(S) | MM (%) | B | T(S) | Meg/M (%) | B
Cnt 3.02 72 1.45 | 0.66 17 0.66 | 0.26 5 0.35
Sgt2-Nb5 | 3.09 71 1.44 | 0.67 18 0.67 | 0.28 6 0.40
Sgt2-Nb10 | 3.03 71 145 ] 0.72 17 0.64 | 0.26 5 0.34
Sgt2-Nb15 | 3.02 72 1.45 | 0.69 15 0.68 | 0.29 6 0.38
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Table 5.5 lists the results of first three modes, including natural period, percentage of modal
effective mass and mode participation factor. Sums of the first three modes effective mass are
around 90% for all of the three Sgt2 models. Generally speaking, difference among the
eigenvalue analysis results of the Cnt model and the three Sgt2 models was negligible. Similar
with the Prt models, the first mode natural period of the Sgt2 model gets shorter with the
segment story height increasing, indicating that the Sgt2 model is getting closer with the Cnt
model. The Sgt2-Nb10 model exhibits longest 2™-mode period, indicating that the 2"-mode
natural period is sensitive to the stiffness of the 10™-story or surrounding stories. The Sgt2-Nb15
model exhibits longest 3™-mode period, indicating that the 3™-mode natural period is sensitive
to the stiffness of the 15™-story or surrounding stories.

Fig 5.12 shows the mode shape, elastic SDR and shear force response of the four models.
Difference in maximum elastic responses is negligible. Observable difference exhibited in the
mode shape and SDR distribution of the Sgt2 models. Shifting of SDR, i.e. concentrated
rotation could be observed at the segment story, particularly in the 1*-mode of Sgt2-Nb5 model,
1°- and 2" modes of Sgt2-Nb10 model, and 2™-mode of Sgt2-Nb15 model.

5.5.3 Optimal location of segment story of 20-story Sgt2 models

To illustrate effect of the location of the segment story, i.e. location of upper BRCs,
eigenvalue analysis and time history analysis of Sgt2 models with various N,; were carried out.
Both K;1/Kyand K »/Ksheld constant at 1.0. Ny, ranges from 2 to 19 and K/K,varies among 0.1,
0.3,0.5,0.7,and 1.0.

Fig 5.13 illustrates the effect of Ny; on the maximum SDR and base shear of the whole
structure. When K/K; was 0.1, the curves of SDR and base shear were almost flat, indicating
that the spine frame is too soft to affect the response of the whole structure. When K/K,was not
less than 0.3, the maximum SDRs of Sgt2 models achieved the smallest value when N,; was
around 10 ~ 15, but were still similar to that of the Cnt models, as shown in Fig 5.13 (a). From
Fig 5.13 (b) we could see that, effect of N,; on base shear was more significant. Base shear of
the whole structure reached the smallest value when N,; was around 10 ~ 15, similar with the
SDR results. Therefore, in the case of the Sgt2 models with various K/Kj, 10™ ~ 15™ story could

be the optimal location for the segment story.
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Changing tendency in the base shear of moment frames and spine frames were different from
the base shear of the whole structure. No obvious regularity was found for the moment frame,
except that the base shear could be largely reduced when the 2™-story was the segment story. It
was mainly because such configuration greatly relieved the constraint at the lower stories of the
moment frame, as a consequence the SDR results increased. Base shear of spine frames tended

3

to increase along with the height of the segment story increasing. Maximum “wall base”

moment of the spine frames could be significantly reduced by utilizing segemented spine frames,



Chapter 5 Seismic Performance of Controlled Spine Frames Applied in High-rise Buildings

as in Fig 5.13 (e). Maximum “wall base” moment could decrease by half when the segment
story was around 10" story and K/Ky> 0.5. The lowest moment of each Sgt2 model with
different K/K,was quite close with each other.

Effect of N,; on the natural period of the first three modes is shown in Fig 5.13 (f-h). The
1*-mode period slightly decreased along with the height of the segment story increasing. The
2"-mode period reached peak value when the segment story was around 10™ story, while the
3"-mode period reached two peaks when the segment story was around 5™ and 15™ story. It
might be highly related with how the segment configuration changed the modal shapes, as we

discussed on Fig 5.12.

5.5.4 Optimal damper amount of 20-story Sgt2 models

In order to search for the optimal damper amount as well as the optimal damper amount ratio
between the BRC1 and BRC2, time-history analysis was conducted on two examples among the
optimal cases determined from the above discussion, Sgt2-Ksf0.3-Nb10 and Sgt2-Ksf0.3-Nb15
model. Stiffness ratio between BRC1 and the moment frame K,;/K; varied from 0 to 1.5.
Stiffness ratio between BRC2 and BRC1 (defined as Rg,) varied among 0.5, 0.75, and 1.0. The
concerned results include: maximum SDR, base shear of the whole structure, base shear of
moment frames, base shear of spine frames, and “wall base” moment of spine frames.

As for the maximum SDR, the Sgt2-Nb10 model exhibited smaller SDR compared to the Cnt
model when K;1/Kywas larger than 0.5, as in Fig 5.14 (a-1). The Sgt2-Nb15 model always gave
smaller SDR than the Cnt model, as in Fig 5.14 (a-2). Their smallest results could be achieved
when K,;1/K; was around 0.5 — 1.0, which was approximately 10% less than the Cnt model. In
both models, the effect of Ry, on SDR was negligible. SDR of Sgt2 models was more uniformly
distributed along the building height, as in Fig 5.14 (a-3).

As for the base shear of the whole structure, both Sgt2-Nb10 and Sgt2-Nb15 models
exhibited smaller base shear compared to the Cnt model. Their smallest results could be
achieved when K;i/K; was around 0.5 — 1.0, which was approximately 30% less than the Cnt
model, as in Fig 5.14 (b-1) (b-2). In both models, the effect of Rx; on base shear of the whole
structure was negligible when K, /Ky was less than 1.0. When K, /Ky was larger than 1.0, Rk, of
0.5 gave the smallest base shear. Story shear of Sgt2 models was more linearly distributed along
the building height compared to the Cnt model, as in Fig 5.14 (b-3).

As for the base shear of moment frames, similar changing tendency with the SDR results
could be observed, as in Fig 5.14 (c-1) and (c-2). Their smallest results could be achieved when
Ka/Kywas around 0.5 — 1.0, which was approximately 13% less than the Cnt model. Shear force
of each story except for the segment story was also slightly reduced compared to the Cnt model,
as in Fig 5.14 (¢-3).
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As for the base shear of spine frames, different from all the above results, both Sgt2-Nb10
and Sgt2-Nb15 models exhibited similar changing tendency along with K, /Ky increasing. Their
smallest results could be achieved when K, /Ky was around 0.5 — 1.0, which was approximately
20% and 13% less than the Cnt model, as in Fig 5.14 (d-1) (d-2). In both models, the effect of
Rgq on base shear was negligible when K;i/K;was less than 1.0. When K,;i/K,was larger than 1.0,
Ryq of 0.5 gave the smallest base shear. Shear force of each story except for the segment story

was significantly reduced compared to the Cnt model, as in Fig 5.14 (d-3).
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As for the “wall base” moment of spine frames, both Sgt2-Nb10 and Sgt2-Nb15 models
exhibited significantly reduced maximum moment compared to the Cnt model, Their smallest
results could be achieved when K;1/K;was around 0.5 — 1.0, which was approximately 47% and
35% less than the Cnt model, as in Fig 5.14 (e-1, 2). Such difference between Sgt2 and Cnt
models decreased with the K,i/Ky increasing. Effect of Rg, was negligible when K,;1/K; was less
than 0.5. When K,i/K; was larger than 0.5, Rg; of 0.5 gave the smallest base shear. Distribution
of “wall base” moment showed the maximum moment reducing of spine frame( Fig 5.14 (e-3)).

Sgt2 and Cnt models possessing same total amount of dampers could also been examined
from the results shown by Fig 5.14. In the first two figures showing the effect of K,;1/K;on the
maximum response, for instance, the node of K;/K;=0.5 on the curve of “Rkd1.0” could be
compared with the node of K;/K,=1.0 on the curve of “Cnt”, which were responses of the
Sgt2-Kdf0.5-0.5 and Cnt-Kdf1.0 models. They possessed same total amount of dampers. The
comparison showed that, although SDR and base shear of moment frames might not be reduced
by utilizing the Sgt2 model, base shear of the whole structure and spine frames, as well as

maximum moment of spine frames could be significantly reduced compared to the Cnt models.

5.5.5 Vibration characteristics of 30-story Sgt2 models

Seismic performance of the 2-segment-spine frame (Sgt2) models has been investigated
based on the 20-story benchmark building. Next, performance of the Sgt2 models was further
investigated based on the 30-story benchmark building.

As two typical cases, the 30-story Sgt2-Nb15-Kdf1.0-1.0 and Sgt2-Nb23-Kdf1.0-1.0 models
were compared with the Cnt model in terms of eigenvalue analysis results. K/K; held constant
at0.3.

Table 5.6 lists the results of first three modes, including natural period, percentage of modal
effective mass and mode participation factor. Sums of the first three mode effective mass are
around 90% for all of the three models. Generally speaking, difference among the eigenvalue
analysis results of the Cnt model and the Sgt2 models was negligible. Similar with the 20-story
models, the first mode natural period of the Sgt2 model gets shorter with the segment story
height increasing, indicating that the Sgt2 model is getting closer with the Cnt model. The
Sgt2-Nb15 model exhibits longest 2"-mode period, indicating that the 2"-mode natural period
is sensitive to the stiffness of the 15"-story or surrounding stories. The Sgt2-Nb23 model
exhibits longest 3"-mode period, indicating that the 3"-mode natural period is sensitive to the
stiffness of the 23™-story or surrounding stories.

Fig 5.15 shows the mode shape, elastic SDR and shear force response of the three models.
Difference in maximum elastic responses is negligible. Observable difference exhibited in the

mode shape and SDR distribution of the Sgt2 models. Shifting of SDR, i.e. concentrated
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rotation could be observed at the segment story, particularly in 1*- and 2™- modes of Sgt2-Nb15
model, and 2™-mode of Sgt2-Nb23 model.

Table 5.6 Eigenvalue analysis results of the 30-story Cnt model and two Sgt2 models

Modes First mode Second mode Third mode
Models T(s) | Mo /M (%) i T(s) | Mo /M (%) b T(s) | M /M (%) b
Cnt 4.49 70 1.48 | 0.90 17 0.71 | 0.34 5 0.37
Sgt2-Nb15 | 4.52 69 1.49 | 0.99 18 0.69 | 0.34 5 0.37
Sgt2-Nb23 | 4.49 70 1.48 | 0.93 16 0.74 | 0.38 6 0.38
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Fig. 5.15 Mode shapes and elastic responses of 30-story Cnt and Sgt2 models
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5.5.6 Optimal location of segment story of 30-story Sgt2 models

To illustrate effect of the location of the segment story on seismic performance of 30-story
buildings, time history analysis of 30-story Sgt2 models with various N,; were carried out. Both
Ka/Krand Kn/Ksheld constant at 1.0. N, ranges from 2 to 19 and K/K held constant at 0.3.

Effects of Ny, in 30-story models are similar with the 20-story models. As shown in Fig 5.16
(a), influence of N,; on the maximum SDR was obvious. The smallest SDR was achieved when
Ny was around 15 - 23. The SDR response was mostly reduced by 15% compared to the Cnt
model.

Effect of Ny on the base shear of the 30-story building was also significant, as in Fig 5.16 (b).
Similar with the 20-story building, base shear of the whole structure firstly decreased then
increased along with N, increasing. Base shear reached the smallest value when N, was around
10 - 23.

Changing tendency of the base shear of the spine frames was similar with the 20-story
building. It tended to increase along with the height of the segment story increasing. However,
base shear of the moment frame achieved smallest value when N,; was around 10, and then
increased along with N, increasing, which was different from the 20-story building. In the
20-story models, no obvious regularity was found for the moment frame.

Maximum “wall base” moment of the spine frames could be significantly reduced by utilizing
segemented spine frames, as in Fig 5.16 (c). Maximum “wall base” moment could decrease by
more than half when the segment story was around 10™ story when K,/K;=0.3 for the 30-story
building.

Effect of N,; on the natural period of the first three modes is shown in Fig 5.16 (d-e). The
1*-mode period slightly decreased along with the height of the segment story increasing. The
2"-mode period reached peak value when the segment story was around 15" story, while the
3"-mode period reached two peaks when the segment story was around 10™ and 20™ story.
Similar results were observed from the analysis of 20-story models.

Above all, the optimal value of N is 15 - 23, 50%~75% of the total height, in which both the
SDR and base shear achieve smallest response. By comparing Fig 5.16 (b-c) and Fig 5.13 (b-¢)
we could see that, base shear of the whole structure and each component in the 30-story
building was approximately 30% higher than the 20-story building, while the maximum
moment of the spine frames was almost 100% higher than the 20-story building. This indicates
that, for taller buildings, sufficient spine frames could be helpful to control deformation
response without significantly increasing the demand on shear strength of the moment frames.
However, demand on bending strength of the spine frames might be extremely high when the
continuous spine frames are utilized. Segmented spine frames system is promising to solve this

problem.
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Fig. 5.16 Effect of Ny, on seismic performance of 30-story Sgt2 models

5.5.7 Optimal damper amount of 30-story Sgt2 models

In order to search for the optimal damper amount as well as the optimal damper amount ratio
between the BRC1 and BRC2 of the 30-story building, time-history analysis was conducted on
two examples among the optimal cases determined from the above discussion,
Sgt2-Ksf0.3-Nb15 and Sgt2-Ksf0.3-Nb23 models. Same with the 20-story building, stiffness
ratio between BRC1 and the moment frame K,/K; varied from 0 to 1.5. Stiffness ratio between
BRC2 and BRC1 (defined as Rg,) varied among 0.5, 0.75, and 1.0. Concerned results include:
maximum SDR, base shear of the whole structure, base shear of moment frames, base shear of
spine frames, and “wall base” moment of spine frames.

As for the maximum SDR, the Sgt2-Nbl15 and Sgt2-Nb23 models exhibited smaller SDR
compared to the Cnt model when K, /Ky was larger than 0.5. Their smallest results could be
achieved when K;i/K; was around 0.5 — 1.0, which was approximately 10% less than the Cnt
model, as in Fig 5.17 (a-1) (a-2). In both models, the effect of Rg; on SDR was negligible. SDR
of Sgt2 models was more uniformly distributed along the building height, except for the
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concentrated rotation at the segment story, as in Fig 5.17 (a-3).
As for the base shear of the whole structure, both Sgt2-Nb10 and Sgt2-Nb15 models

exhibited much smaller base shear compared to the Cnt model. Their smallest results could be
achieved when K;i/K; was around 0.5 — 1.0, which was approximately 30% less than the Cnt
model, as in Fig 5.17 (b-1) (b-2). Effect of Ry, was more significant on base shear of the
30-story building compared to the 20-story building. In the Sgt2-Nb15 model, when K;/K; was
smaller than 1.0, Rg; = 1.0 gave the smallest base shear; when K, /Ky was larger than 1.0, Rgy =
0.5 gave the smallest base shear. In the Sgt2-Nb23 model, Rg; = 0.5 gave the smallest base shear
despite of the value of K;/Ky. Story shear of Sgt2 models was more linearly distributed along
the building height compared to the Cnt model, as in Fig 5.17 (b-3).
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Fig. 5.17 (a, b) Effect of damper amount and amount ratio between BRC1 and BRC2
on seismic performance of 30-story Sgt2 models
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As for the base shear of moment frames, the Sgt2 models exhibit smaller base shear
compared to the Cnt model and reached the smallest value when K; /K, was around 1.0-1.5,
which was approximately 20% and 14% less than the Cnt model, as in Fig 5.17 (¢c-1) and (c-2).
Shear force of each story except for the segment story was also slightly reduced compared to the
Cnt model, as in Fig 5.17 (c-3).

As for the base shear of spine frames, both Sgt2-Nb10 and Sgt2-Nbl15 models exhibited
smaller results than the Cnt model. Smallest results were achieved when K,;/K; was around
1.0-1.5, which was approximately 16% less than the Cnt model, as in Fig 5.17 (d-1) (d-2). In
Sgt2-Nb15 model, effect of Rx, on base shear of spine frames was negligible when K, /K was
less than 1.0. When K, /K, was larger than 1.0, Rg; of 0.5 gave the smallest base shear. In
Sgt2-Nb23 model, Rg,; of 0.5 always gave the smallest base shear. Shear force of the spine
frames at each story except for the segment story was significantly reduced compared to the Cnt
model, as in Fig 5.17 (d-3).

As for the “wall base” moment of spine frames, both Sgt2-Nb15 and Sgt2-Nb23 models
exhibited significantly reduced maximum moment compared to the Cnt model, as in Fig 5.17
(e-1) (e-2). Smallest moment was reached when K,;/K; was around 1.0-1.5, which was
approximately 50% and 40% less than the Cnt model. Such difference became less significant in
the Sgt2-Nb23 model when K,;1/K;was 1.5. Effect of Rg,; was negligible in the Sgt2-Nb15 model,
while it was significant in the Sgt2-Nb23 model when K;/K; was larger than 0.5, in which Rg,
of 0.5 gave the smallest moment. Distribution of “wall base” moment was showed in Fig 5.17
(e-3).

Sgt2 and Cnt models possessing same total amount of dampers were also compared based on
Fig 5.17. Although SDR and base shear of moment frames might not be reduced by utilizing the
Sgt2 model, base shear of the whole structure and spine frames, as well as maximum moment of

spine frames could be significantly reduced compared to the Cnt models.

5.6 Parametric study of three-segment spine frame (Sgt3) models

Seismic performance of the 2-segment-spine frame (Sgt2) models has been investigated
based on the 20- and 30-story benchmark buildings. In this section, seismic performance of the
3-segment-spine frame (Sgt3) models was investigated based on the 30-story benchmark

building.

5.6.1 Vibration characteristics of Sgt3 models

The 30-story Sgt3-Nb10-20-Kdf1.0-1.0-1.0 and Sgt3-Nb16-23-Kdf1.0-1.0-1.0 models were
compared with the Sgt2-Nb15-Kdf1.0-1.0 model in terms of eigenvalue analysis results. K/K;
held constant at 0.3.
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Table 5.7 Eigenvalue analysis results of a Sgt2 model and two Sgt3 models

Modes First mode Second mode Third mode
Models T() | M/M(%) | B | T(G)| Meg/M (%) | B | T(S)| Meg/M (%) | B
Sgt2-Nbl5 4.52 69 1.49 | 0.99 18 0.69 | 0.34 5 0.37
Sgt3-Nb10-20 | 4.59 69 1.48 | 1.00 18 0.72 | 0.41 6 0.37
Sgt3-Nb16-23 | 4.51 69 1.49 | 1.02 17 0.72 | 0.38 6 0.38
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Fig. 5.18 Mode shapes and elastic responses of 30-story Sgt2 and Sgt3 models
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Table 5.7 lists the results of first three modes, including natural period, percentage of modal
effective mass and mode participation factor. Sums of the first three mode effective mass are
around 90% for all of the three models. Generally speaking, difference among the eigenvalue
analysis results of the Sgt2 model and the Sgt3 models was negligible due to the sufficient
elastic stiffness of BRCs.

By comparing Sgt2-Nb15-Kdf1.0-1.0 and Sgt3-Nb16-23-Kdf1.0-1.0-1.0 we can see that,
their first mode periods were quite close, while higher-modes periods of the latter were slightly
longer than the former because of the additional segment story.

Fig 5.18 shows the mode shape, elastic SDR and shear force response of the three models.
Difference in the maximum elastic responses is negligible. Shifting of SDR, i.e. concentrated
rotation at the lower segment story could be observed in the 1%- and 2™- modes of the Sgt3
models, while the concentrated rotation at the upper segment story could only be observed in

the 2™-mode of the Sgt3 models.

5.6.2 Optimal locations of segment stories

To illustrate effect of the locations of the two segment stories on the seismic performance of
the Sgt3 models, eigenvalue analysis and time history analysis of the 30-story Sgt3 models with
various N,; and N, were carried out. Both K;1/Krand K»/Krheld constant at 1.0. N,; ranged
from 10 to 20; Ny, ranged from N,; +4 to 28; K/Krheld constant at 0.3.

Effect of Ny, was almost negligible on both deformation and force results except for the
maximum moment of spine frames, as shown in Fig 5.19. It might be because the yielding drift
or elastic stiffness of the BRC3 was too large to generate additional damping effect. Effect of
the yielding drift and elastic stiffness of the BRC3 will be demonstrated in the later sections.
The changing tendency of seismic performances exhibited in Fig 5.20 was still meaningful since
it could be more obvious with a different suit of characteristics for BRC3.

Figures in group (1) showed detailed results of the model with different N,; and N,,, each line
represented models with same N,;. Figures in group (2) compared the analysis results of the
Sgt2 models and the smallest results among all the Sgt3 models with same N,;.

Changing tendency of each seismic response along with N,, was related with the value of N,;.
For example, the deformation result firstly increased and then decreased with N, increasing
when N;; was 10-12; firstly decrease and then increased with V,;increasing when N,; was small
when N,; was 14-16; decreased monotonically when N,; was 18-20, as in Fig 5.19 (a-1).

From these figures in group (2) we could see that the Sgt3 spine frame system was possible to
further reduce both deformation and force results compared to the Sgt2 configuration.
Reduction ratios were 1.3%, 3%, 5.7%, 5.7% in the SDR, base shear of the whole structure,

base shear of moment frames and base shear of spine frames, while the reduction ratio in the
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maximum moment of spine frame was as large as 15%.

Among the Sgt3 models, those exhibited the smallest results of SDR, V,, V,, V,, M, were
Sgt3-Nb16-20, Sgt3-Nb10-14, Sgt3-Nb12-18, Sgt3-Nb10-20, Sgt3-Nb10-20. Among the Sgt2
models, those exhibited the smallest results of SDR, V,, V,,, Vi, M;were Sgt2-Nb20, Sgt2-Nb12,
Sgt2-Nb10, Sgt2-Nb12, Sgt2-Nb12. We could preliminarily determine that, in both 2 segments
and 3 segments models, N,; around 10 always produced the smallest force results, while the
smallest deformation results were often given by higher segment story, i.e. NV,; around 20 in Sgt2
models and 16 in Sgt3 models. In the 3 segments models, N;,around 20 always produced both
the smallest deformation and force results.

Effect of Ny, with different N,; on the natural period of the first three modes is shown in Fig
5.19 (f-1) — (f-3). Regardless of the value of N,; , Nj, had less influence on the 1¥-mode period,
while the 2™-mode period reached peak value when N, was around 15 and the 3"_mode period

reached peak when N, was around 23.
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Fig. 5.19 (a, b) Effect of Ny;and Ny, on SDR and V; of 30-story Sgt3 models
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Above all, the effective range of N,; is 15 - 23, 50%~75% of the total height. The optimal
value of Ny, is around 20, 67% of the total height, in which condition the deformation results
could achieve the smallest value when N,;=16,and the force results could achieve the smallest

value when N,,;=10 .

5.6.3 Optimal damper amount of Sgt3 models

In order to search for the optimal damper amount as well as the optimal damper amount ratio
among the BRC1, BRC2, and BRC3 of the Sgt3 model, time-history analysis was conducted on
two examples among the optimal cases determined from the above discussion,
Sgt3-Ksf0.3-Nb10-20 and Sgt3-Ksf0.3-Nb15-20 models. Their seismic performances were
compared with one of the optimal Sgt2 model, the Sgt2-Ksf0.3-Nb15 model with Rg, of 0.5.
Although it’s more nature to compare the Sgt3-Ksf0.3-Nb10-20 model with the
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Sgt2-Ksf0.3-Nb10 model, the Sgt2-Ksf0.3-Nb15 was utilized because it exhibited essentially
identical maximum seismic response with the Sgt2-Ksf0.3-Nb10 model, and the most concerned
comparison was between the smallest response among all the Sgt3 models and the smallest
response among all the Sgt2 models. Same with the previous cases, stiffness ratio between
BRC1 and the moment frame K, /Ky varied from 0 to 1.5. Stiffness ratio between BRC2 and
BRC1, BRC3 and BRC2 (defined as Rg,) varied among 0.5, 0.75, and 1.0. Concerned results
include: maximum SDR, base shear of the whole structure, base shear of moment frames, base
shear of spine frames, and “wall base” moment of spine frames.

As for the maximum SDR, the Sgt3 models exhibited essentially identical SDR compared to
the Sgt2 model, except that the Sgt3-Nb10-20-RKd0.5 model showed slightly larger SDR than
the other models, as in Fig 5.20 (a-1) (a-2). In both models, the effect of Ry, on SDR was
negligible. SDR distribution of the Sgt3-10-20 model consisted of three uniform segments,
among which the middle one was the largest. SDR distribution of the Sgt3-Nb15-20 model was
identical with that of the Sgt2-Nb15 model, as in Fig 5.20 (a-3).

As for the base shear of the whole structure, both Sgt3-Nb10-20 and Sgt3-Nb15-20 models
exhibited much smaller base shear compared to the Sgt2 model in some cases. Their smallest
results could be achieved when K,i/K;was around 0.5 — 1.0, as in Fig 5.20 (b-1) (b-2). Effect of
Rxs was more significant on base shear of the Sgt3-Nb15-20 model compared to the
Sgt3-Nb10-20 model. In the Sgt3-Nb15-20 model, Ry, = 0.5 generally gave the smallest base
shear. Story shear of Sgt3-Nb15-20 model was more linearly distributed along the building
height compared to the Sgt2 model and Sgt3-Nb10-20 model, as in Fig 5.20 (b-3).

As for the base shear of moment frames, the Sgt3-Nb10-20 model exhibited larger base shear
compared to the Sgt2-Nb15 model when K, /Ky was less than 0.5, while in the other cases the
base shears of the two Sgt3 models were essentially identical with the Sgt2 model, as in Fig
5.20 (c-1) and (c-2). Shear force of each story except for the segment story was also essentially
identical among the two Sgt3 models and the Sgt2 model. However, shear force at the segment
story of the Sgt3-Nb10-20 model were relatively larger than the Sgt3-Nb15-20 and Sgt2 models,
as in Fig 5.20 (c-3).

As for the base shear of spine frames, the Sgt3-Nb10-20 model exhibited smaller results than
the Sgt2 model, while the Sgt3-Nb15-20 model exhibited essentially identical results. For both
models, the smallest results were achieved when K;/Ky was around 1.0-1.5, as in Fig 5.20 (d-1)
(d-2). In Sgt3-Nb10-20 model, effect of Rk, on base shear of spine frames was negligible when
Ka/Ky was less than 1.0. When K,;/K; was larger than 1.0, Rg; of 0.5 gave the smallest base
shear. In Sgt3-Nb15-20 model, Rk, of 0.75 always gave the smallest base shear. Shear forces of
the spine frames at both the continuous stories and the segment stories of the Sgt3 models were

essentially identical with those of the Sgt2 model, as in Fig 5.20 (d-3).
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As for the “wall base” moment of spine frames, Sgt3-Nb10-20 model exhibited significantly
reduced maximum moment compared to the Sgt2 model, while Sgt3-Nb15-20 model exhibited
similar maximum value although the moment of upper stories was greatly reduced, as in Fig
5.20 (e-1) (e-2). In both Sgt3 models, the smallest moment was reached when K/K,was around
0.5. Effect of Rg; was not significant in all cases. Anyway Ry, of 0.5 always gave the smallest
moment in the Sgt3-Nb10-20 model. In the Sgt3-Nb15-20 model, R, of 1.0 gave the smallest
moment when K;i/K; was less than 0.75; Rk, of 0.5 gave the smallest moment when K;/K, was
over 0.75. Distribution of the “wall base” moment was showed in Fig 5.20 (e-3).

From the above results we could notice that base shear and the maximum moment of the
spine frames could be further reduced by utilizing 3 segment spine frames with appropriate
segment story, and the deformation response could remain at a similar level with the 2
segment spine frames. Averagely dividing the spine into three segments has been verifided as
one optimal configuration. When the first segment story was higher than 50% of the total height
or the second segment story was higher than 67% of the total height, the Sgt3 configuration
might be less effective on reducing the strength demand of the spine frames.

In the discussion on N, we found the location of the BRC3 had little effect on either
deformation or force results except for the maximum moment of spine frames. We surmised that
the possible reason lay in the too large yielding drift or elastic stiffness of the BRC3. However,
from the above discussion on Fig 5.20 we understood that, reducing the elastic stiffness of the
BRC3 couldn’t enhance the effectiveness of the Sgt3 configuration on reducing force response
much. On the contrary, reducing stiffness of BRC3 might increase the deformation response.
Although the effect of yielding drift of the BRC3 is not discussed in the current study, similar
results are highly possible to be obtained. It is because large SDR shifting, i.e. concentrated
rotation at the segment story directly determines whether the segmented spine frames can work
effectively. It is difficult to achieve sufficient concentrated rotation at the upper stories of a tall
building without increasing the maximum deformation response, particularly when there are
already two segments below. Therefore, two segments might be the maximum number for tall

buildings utilizing the proposed spine frames.
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5.7 Conclusions
In this study, seismic performance of the tall buildings adopting controlled spine frame

structures was studied and a two segments spine frames configuration and a three segments
spine frames configuration were proposed. Parametric study base on the 20- and 30-story
benchmark buildings was conducted to examine the optimal ranges of the key structural

parameters-the location of segment story and the damper amount. The following conclusions

were drawn from this study:
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(1) The stiff spine frame has an effect in achieving a more uniform deformation distribution
so as to reduce the maximum SDR even for structures as tall as 30 stories. To ensure the
effectiveness of the spine frame and dampers, KK should exceed 0.5 for buildings lower than
10 stories and 0.3 for buildings higher than 10 stories.

Decreasing in SDR is significant when the spine frame stiffness increases from a relatively
small value, but less effective after the spine frame stiffness exceed some particular value,
which is defined as the maximum effective K/K. When K,/K; >0.5, the maximum effective
K,/K; is always approximately 1.0 for 20- and 30-story buildings.

As for the 20- and 30-story buildings, K/K; has little effect on the base shear of moment
frames. Base shear of spine frames increases along with K/Kincreasing till K/K,;=1.0. Its
increasing range decreases with K,/Kincreasing.

(2) Increasing the amount of dampers is helpful to reduce both deformation and force
responses even for the 20- and 30-story structures. But it is not always effective to reduce the
seismic performance. It is recommended to set the damper-to-moment frame stiffness ratio K/K
up to 2.0 for the typical case of 0.3 < K/K;< 2.0 for structures lower than 30 stories.

In the 20- and 30-story buildings results, the base shear of moment frames decreased
significantly with K,/Kincreasing, while base shear of spine frames seemed almost irrelevant to
KJ/Kj, despite of the value of K/K.

(3) The partial spine frames exhibited similar seismic performance with the continuous spine
frames when N;;< 5, while they behaved more similarly to the shear wall structures when N,;>
15. No obvious advantage was observed from the seismic performance of the partial spine
frames compared to the continuous configuration. Their deformations could get much larger
than the continuous spine frames if without sufficient dampers. Base shear was highly possible
to become significantly large as well. Therefore, the partial spine frames are not recommended
for tall buildings if the continuous configuration is available.

(4) For buildings taller than 20 stories, as long as K/K;> 0.3, Ny/N = 0.5-0.75, K;/Ky
=0.5-1.0, K;n/K;1 = 0.5-1.0, the 2 segmented spine frame model could effectively reduce the
SDR response by approximately 10%, base shear of moment frames by 13-20%, base shear of
spine frames by 13%-20%, as well as the “wall base” moment of spine frames by 35%-50%
compared to the continuous single spine frame configuration. Moreover, the SDR of Sgt2
models was more uniformly distributed along the building height, and the story shear of Sgt2
models was more linearly distributed along the building height compared to the Cnt model.

Sgt2 and Cnt models possessing same total amount of dampers have been compared as well.
The results showed that, although SDR and base shear of moment frames might not be reduced
by utilizing the Sgt2 model, base shear of the whole structure and spine frames, as well as

maximum moment of spine frames could be significantly reduced compared to the Cnt models.
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The two-segment spine frames configuration is recommended for tall buildings when the
amount of BRCs at one story is limited, or when the strength demand on spine frame is too large
by utilizing the continuous spine frames.

(5) The maximum moment of the spine frames could be further reduced by utilizing 3
segment spine frames on the expense of increasing the deformation response compared to the
two segment spine frames. Averagely dividing the spine into three segments has been verified as
an optimal configuration. When N,,/N is larger than 0.5 or N,,/N is larger than 0.67, the Sgt3
configuration might be less effective on reducing the strength demand of the spine frames. It is
difficult to achieve sufficient concentrated rotation at the upper stories of a tall building without
increasing the maximum deformation response, particularly when there are already two
segments below. Therefore, three segments spine frame configuration is not recommended for

tall buildings, unless additional damping is equipped.
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Chapter 6 — Evaluation Method and Design Procedure for Controlled Spine Frames
Applied in High-rise Buildings

6.1 Introduction

Although nonlinear time-history analysis is the most rigorous way for seismic performance
evaluation of existing and new structures, nonlinear static pushover analysis is preferred in
current structural engineering practice. Modal pushover analysis (MPA) procedure based on

612 In a typical

structural dynamics theory has been commonly used for seismic evaluation. !
MPA procedure, a suit of monotonically increasing lateral forces with an invariant height-wise
distribution is loaded on the structure till a target deformation is reached. Both the force
distribution and target deformation are calculated by assuming that the first-mode response is
predominant and the mode shape remains unchanged after the yielding mechanism occurs.
Those assumptions are mostly restricted for low- and mid-rise structures exhibiting distributed
inelastic actions throughout the height of the structure. '**

The invariant force distribution cannot consider the redistribution of inertia forces after the
yielding mechanism occurs. To overcome such deficiency, some researchers have proposed
adaptive force distributions to follow more closely the time-variant distributions of inertia
forces. Although these adaptive force distributions may provide better evaluations of seismic
performance, they are conceptually and computationally complicated for engineering practice.

Some researchers have also attempted to consider contribution of higher modes for taller
buildings. These methods may estimate seismic performance much more accurately. However,
“reversal” of a higher-mode pushover curve may occur after the formation of a mechanism. *!
To solve this problem, Chopra et al. have proposed a modified MPA procedure in which the
response contributions of higher modes are computed by assuming the building to be linearly

64 This procedure may increase the accuracy and improve the conservatism of MPA

elastic. |
results. Such conservatism is acceptably small except for lightly damper system, with damping
significantly less than 5%.

A MPA procedure with invariant force distribution considering contribution of higher modes
is developed for the proposed continuous spine frame structures applied in tall buildings. The
assumptions that the mode shape remains unchanged after the yielding mechanism occurs are
essentially satisfied in the first-mode response of the spine frame structures thanks to the spine
effect. However, inelastic behavior cannot be ideally uniform throughout the height of the
structure even in the first-mode response, not to mention the higher-modes responses. Therefore,
the relationship between different floor displacement and base shear obtained from pushover
analysis of the original structure leads to different hardening ratio (even reversal deformation) in

the force-deformation curve of the corresponding inelastic SDOF system. The effect of such
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discrepancy on seismic performance evaluation of the original structure is examined and
suitable floor displacement is suggested for determining the inelastic force-deformation curve
for each SDOF system.

In previous chapters we have proposed a simplified evaluation method based on equivalent
linearization techniques and response spectrum analysis (RSA) for low-rise spine frame
structures. This procedure is modified to including higher-modes contribution for tall spine

frame structures by referring to MPA results.

6.2. Basic concepts of modal pushover analysis
6.2.1 Linearly elastic systems
6.2.1.1 Equivalent SDOF system of the nth mode MDOF system

When damping is included, the equations of motion for an MDOF system are
mii +cu +ku = -m{1}i, (6.1)

The displacement vector {u} can be expended in terms of modal contributions. Thus, the

dynamic response of a system can be expressed as

u(t)=%,9,4(¢) (6.2)

where @ is the r-th natural mode of the system without damping, and rq(t ) is the r-th modal

coordinate.

Substituting Eq. (6.2) in Eq. (6.1) gives

N N N
Xm ¢ ,G(1)+2c,9,4(1)+ 2k 9 ,q(1)=-milji, (6.3)
Premultiplying each term in this equation by n(pT gives

S.0'm (02,00 () + 2,0k 0 q()=-o'm{lli, (64

r=

For systems having classical damping, these modal equations are uncoupled through the

damping terms. And because of the orthogonality relations n(me L0=0, n(ka .0=0,Eq. (6.4)
is reduced to

,0'm ¢ G(t)+,07c 0 4()+,0k 0 q(t)=—,0 m{l}i, (6.5)

Which can be rewritten as
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M LG(0)+,CLq(0)+ K q(t)==,9 m{l}i, (6.6)
Where M, K are called the generalized mass and stiffness for the n-th mode.
M= ,0'm ¢ (6.7)
Dividing Eq. (6.6) by ,M gives
(0)+2,h,0,4(0)+ " q(t)==, i, (6.8)

where |,/ is the damping ratio for the nth mode. ,/ is called a modal participation factor and

is obtained from

T
1
-2l (69)
VI(P m )1(p
Eq (6.8) with nq(t) replaced by nD(t) becomes
D()+2,h 0 D(t)+ o D(t)=—ii, (6.10)

Eq. (6.10) governs the response of an SDOF system, the nth-mode SDOF system. Once Eq.
(6.10) has been solved for nD(t) , nq(t ) is readily available, as well as the contribution of the
nth mode to nodal displacements:

u(t)=,8 .9 ,D(1) (6.11)

And the story drift in the i-th story is:

A ) =,809.-,0.) ,DO) (6.12)

Superposing the responses for all » modes gives the response of the system due to total

excitation:
N
r@)=>2,r@) (6.13)
n=l

6.2.1.2 Equivalent static forces of the earthquake forces

The effective earthquake forces are
P (0= -m{l}ii, () =2, fm @i, (1 (6.14)
The contributions of the nth mode to peg(t) are
P (D=, m @i () (6.15)

The equations governing the response of the elastic MDOF system to ,pes(t) are
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mi+cu+ku=— Am @i, ) (6.16)

and the response are identical with the nth mode response ,7(¢), as in Eq. (6.13), which implies
that the modes are uncoupled in the elastic MDOF system.

Static analysis of the MDOF system subjected to lateral forces

f=.m ¢S, (6.17)
will provide the same value of ,7, the peak value of the nth-mode response ,#(f), where S, is the
spectrum ordinate corresponding to the natural period ,7 and damping ratio ,/ of the nth mode.
Alternatively, this peak modal response can be obtained by linear static analysis of the structure
subjected to monotonically increasing lateral forces with an invariant height-wise distribution:

,St=m ¢ (6.18)

Pushing the structure up to the roof displacement, ,u,,(r denotes “roof”) the peak value of the
roof displacement due to the nth mode, or to any other floor displacement ,u; (i denotes the ith
floor), which from Eq. (6.11) is

2= 8,9, ,D (6.19)
where ,D is the ordinate of the deformation response spectrum corresponding to the period ,T’
and damping ratio ,/ of the nth mode.

The peak modal response, ,#, each determined by one pushover analysis, can be combined
according to the modal combination rules, (will be introduced in the next section), to obtain an
estimate of the peak value r of the total response. Equivalent to the standard RSA procedure, the
MPA procedure offers no advantage for linearly elastic systems, but this interpretation of RSA

permits extension of MPA to approximate analysis of inelastic system.

6.2.2 Inelastic systems
6.2.2.1 Equivalent SDOF system of the nth mode MDOF system
The equations governing the response of the inelastic MDOF system to the nth mode

effective earthquake force ,p.s(t) are

mu+cu+f(u)=— Am @i, ) (6.20)

where fy(u) is the inelastic resisting force. It depends on displacement history.
Similarly the response of the nth mode inelastic SDOF system is now governed by
D()+2,h o D(t)+,A(, D)) =—ii, (6.21)
The natural vibration modes are no longer uncoupled if the system responds in the inelastic

range, therefore, ,4 should depend on all modal responses ;D(¢) (i=1,2,..., N). Previous research

has confirmed that the modal coupling is weak and can be neglected.!®* Herein ,4 only depends
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on ,D(f). This force-deformation (,4— ,D) relation will be determined by pushover analysis of
the MDOF system.
6.2.2.2 Equivalent static forces of the earthquake forces

The peak response ,» of the inelastic system to ,pe(f) (Eq. (6.20)) is determined by a
nonlinear pushover analysis of the MDOF system subjected to lateral forces distributed over the
building height according to ,s*(Eq. (6.18)) with the forces increased to push the structure up to
ith floor displacement ,u;. This value of the ith floor displacement is also determined from Eq.
(6.19), but ,D is now the peak deformation of the nth-mode inelastic SDOF system. ,D can be
estimated directly from the earthquake design spectrum.

Nonlinear static analysis using force distribution leads to the nth-mode pushover curve, a plot
of base shear .V, vesus ith floor displacement ,u;. From this curve the force-deformation (,4—
«D) curve is obtained for the nth-mode inelastic SDOF system, as in Eq. (6.21). The forces and
displacements in the two sets of curves are related as follows:

vV u,
A=t D= (6.22)

n eq n n (0,-

where ,M,, is the effective modal mass.

(,o'm{1})

M., = T om0 (6.23)
6.2.2.3 Response evaluation by utilizing equivalent linearization
The force-deformation (,4— ,D) curve obtained from 6.2.2.2 is idealized into a bilinear curve.
The nth-mode elastic period ,7, initial stiffness ,K, and hardening stiffness ,K, are computed
from the bilinear curve. Knowing the hysteretic curves, by utilizing the equivalent linearization
method as introduced in chapter 4, the equivalent damping ratio and equivalent period can be

computed from

o= b2 LU=pt,pu)

n eq n nP
T, M, D (,u)

U
T =T /”— 6.25
n"eq n" 0 1+np(nlu_1) ( )

n t

(6.24)

denotes the

Where, p= K, denotes the hardening stiffness ratio of the system, ,u=
n 0 n—"y

ductility ratio when the target deformation is assumed as ,D,. ,Dy, .4y denote the primarily
estimated deformation and force corresponding to the initial period ,7, and damping ratio /4.
They are updated by Eq. (6.26) ~ (6.27) according to the equivalent period ,7., and damping

ratio ,h.,, where ,R4, ,R, are the deformation and force reduction factors:
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n n-d n d n""h n ne
n 0 2(”7;‘]_”]?))"]:) !
T T + T,
n;q nDh - e; Tn ;1]:) = nT;q 5 T;
n 0 n 0
2
nva
nA = nRa nAO b nRa = an T (627)
n’eq

The ductility ratio updates according to the newly obtained deformation, and Eq. (6.24) ~
(6.26) are repeated to estimate the deformation in the new iteration till its value converges.
Detailed procedure has been presented in previous chapters.

The peak modal response, ,», each determined by one pushover analysis, can be combined

according to the modal combination rules.

6.2.3 Modal combination rules

In general, the modal responses attain their peaks 7, at different time instants and the
combined response attains its peak 7, at yet a different instant. Therefore, approximations
must be introduced in combining the peak modal responses determined from the earthquake

response spectrum. The absolute sum (ABSSUM) modal combination rule is

N
rpszl

n=

r

n'p

(6.28)

This rule assumes that all modal peaks occur at the same time and their algebraic sign is
ignored. This upper-bound value is usually too conservative.
The square-root-of-sum-of-squares (SRSS) rule is
N 1/2
r, 2("2_:1”’”1;2) (6.29)
This combination rule provides excellent response estimates for structures with
well-separated natural frequencies.

The complete quadratic combination (CQC) rule is

N N 1/2
r,= (Z%lem i, nrp) (6.30)

This combination rule is applicable to a wider class of structures as it overcomes the
limitations of the SRSS rule. p,, is called as the correlation coefficient for the ith and nth modes.

p,, varies between 0 and 1. p, =1 for i=n.
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The equation for the correlation coefficient due to Der Kiureghian is

8 i,k (a, h+ h)a
(6.31)

(l—ai)Q+4,.hnham(1+am)+4(,.h v )

pin:

where @, =, /@, . For structures with well-separated natural frequencies the coefficients p,,

vanish; as a result the CQC rule reduces to the SRSS rule.

6.3 Estimation methods
6.3.1 Modal pushover analysis (MPA)

Nonlinear modal pushover analysis of the entire structure Equivalent SDOF models
Invariant lateral force distribution: U, SRSS

v _’ | |

1% mode 2" mode  3"mode

ID 2 3
o> 06~ 0~

=~/  BRC M,
I mode 2“d mode 3% mode «— 0, A A A
1"” 1102 1Ko 2([), 2702 2K0 3(|), 3t 0 3Ko nQb 1A ZA 3Al
From eigenvalue analysis in elastic stat
( g y ate) nQbyl-i Al A, V
05 055 055 0
ey Y ]Dy D sz ,D 3D

Fig 6.1 Concept of nonlinear modal pushover analysis for spine frame structures

Step 1. Compute the natural frequencies, ,@, and modes, ,@, for linearly elastic vibration of
the building.

Step 2. For the nth mode, develop the base shear-floor displacement, ,V, — ,u;, pushover
curve by nonlinear static analysis of the building using the lateral force distribution, ,s*
(Eq.(6.18)).

Step 3. Convert the ,V,— ,u; pushover curve to the force-deformation, ,4— ,D, relation for
the nth-mode inelastic SDOF system by utilizing Eq. (6.22)

Step 4. Idealize the force-deformation relation for the nth-mode SDOF system as a bilinear
curve. Determine the initial stiffness and hardening stiffness of the SDOF system.

Step 5. Evaluate the peak deformation ,D by utilizing Eq. (6.24)~(6.27).

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

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

Step 8. Repeat steps 3 to 7 for as many modes as required for sufficient accuracy.

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 members
that remain within their linearly elastic range, but not in those that deform into the inelastic

range. In the latter case, the member forces are estimated from the total member deformations.

6.3.2 Response spectrum analysis (RSA)

Authors have proposed a practical design procedure based on the equivalent linearization
technique and design response spectrum analysis (RSA) for the spine frame structures applied in
low-rise buildings. The previous procedure is generalized to permit inelastic moment frames
and spine frames, composed of the main frame, but neglects higher mode effects. It is extended
to include higher mode effects for tall buildings in this chapter. To keep the main process clearly,
we assume the structural response of the main frame is linearly elastic. Similar to the previous
“1* mode only” procedure, the current “multi-modes” procedure is able to be generalized to
permit inelastic mian frame as well.

Detailed expalanation on this procedure is presented in Chapter 4. Following is a brief review

after including the estimation of higher-modes response.

Eigenvalue analysis of the main frame Equivalent SDOF models
SRSS
| |
I mode 2" mode 3" mode
ZD 3D
— —
- —=> Cnt/ Sgt2 Cnt: 0.6H| A &
Sgt2: N
Nb]
A Y
<— -« -«
Obtain: ¢, T, Entire system Main frame
, KK, K (Eigenvalue analysis) A K
(Lom{1}) A o
M= 7 ! Damper
m .
0P, K (obtained from K
yielding mechanism, sec. 5.2) y
M, 0 D
K — n feq 2
Ty 0 )

1

Fig 6.2 Concept of response spectrum analysis (RSA) for spine frame structures
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Step 1. Compute the natural periods, ,7, and modes, ,@; for linearly elastic vibration of the
main frame without BRCs. Obtain the elastic force-deformation ,4 — ,D relation with stiffness
K for the SDOF system of each mode by utilizing Eq. (6.22).

Step 2. Evaluate the elastic modal responses ,7y of the main frame with an inherent damping
ratio of 0.02. To evaluate forces of structural members, elastic pushover analysis using the
lateral force distribution ,s/* is required.

Step 3. For the n-th mode, compute the additional stiffness ,K, and yielding deformation ,D,
contributed by BRCs on the force-deformation relation of the SDOF system. Determine the
initial stiffness ,K,= ,K;+ ,K, and hardening stiffness ,Kof the SDOF system.

Step 4. Compute deformation and force reduction factors ,R,, R, by utilizing Eq. (6.24) ~
(6.27). Eq. (6.26) is replaced with the equation below.

Step 5. Evaluate desired responses of the original structure by multiplying ,R,,or ,R,.

Step 6. Repeat steps 3 to 5 for as many modes as required for sufficient accuracy.

Step 7. Determine the total seismic response by combining the peak modal responses using a

modal combination rule.

L

an D, n<[T.<,1T,2<.T
T T 2”]1’ _T - nT +a2
n]jl] nDh I(2 Tq lz)., 7{ ,1Tf’+a S 7; S rl]-;q S an
R — e f (VI eq_nj#a) 1
n’d
T, T +.T
D TS L,STE T,
oLy 21, N :
T, T + T
D T.. <, < T <T
an 2an q ;

Note that static pushover analysis is only required for the main frame in the RSA procedure,
and only reqruied when forces of internal structural conponents are desired. This is different
from MPA, because effect of damper amounts is simpliy estimated by formula calculation but
not numerical analysis. The RSA procedure provides a much simplier solution. However, the
disadvantage is also obvious. Distributions of responses estimated by this RSA procedure are
assumed to be same with those of the elastic main frame, i.e., post-yielding system, which may
cause significant error when the structure respones are essentially elastic during eathquake

events. To overcome this problem, modification factors are proposed for some responses.
6.4 Seismic evaluation of Cnt models
6.4.1 Evaluation of Cnt models by MPA method

The 20-story Cnt models with Ksf=0.1~2.0 and Kdf=0~4.0 are estimated by utilizing the
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MPA procedure in section 4. Detailed results of each MPA step for the Cnt-Ksf0.3-Kdf1.0
model are demonstrated in the following paragraphs.

Compute the natural frequencies, ,, and modes, ,@, for linearly elastic vibration of
the building.

Eigenvalue analysis is carried out for the elastic model and results of the first three modes are
summarized in Table 6.1. The inherent modal damping ratio ,{y (n=1, 2, 3) is assumed as 0.02,
which is widely accepted for steel building structures. Elastic stiffness K as well as the elastic
response of base shear V,, and mode coordinate D, of the first three modes are also listed in
Table 6.1. These results are directly computed according to the natural periods and modes
obtained from eigenvalue analysis by assuming the system behaviors elastically. Fig 6.3(a)
shows the mode shape, in which the maximum value is standardized as 1.0. Figs 6.3(b) to (e)
are the estimated elastic responses of each floor. Herein the peak modal response of lateral force
(Fig 6.3 (e)) and floor displacement (Fig 6.3 (b)) are computed by Eq. (6.17) and (6.19). The
peak SDR (Fig 6.3 (c)) and story shear force (Fig 6.3 (d)) are computed by Eq (6.32) and Eq
(6.33).

A =,800-,0.) DI (6.32)

V=% .Bm 0, .5, (6.33)

From Fig 6.3 (b) to (¢) we can see that the contribution of higher-modes is more significant in
the force response than that in the deformation response.

For the nth mode, develop the base shear-floor displacement, ,V, — ,u;, pushover
curve by nonlinear static analysis of the building using the lateral force distribution, ,s*
(Eq.(6.18)).

Static pushover analysis is carried out for the 20-story Cnt model. The moment frame and
spine frame still behaves elastically but the BRCs deform into the inelastic range. The model is
subjected to lateral forces which are always proportional to those obtained from elastic
eigenvalue analysis, as in Fig 6.3(e). From the pushover analysis we obtain a series of base
shear vs. floor displacement curves. Fig 6.4(a) shows three of them, base shear vs. 1 floor, 14"
floor (closest to the equivalent modal height), and the roof. Their initial stiffnesses and
hardening stiffnesses are different from each other but the yielding base shears are and should
be the same value.

Convert the ,V,— ,u; pushover curve to the force-deformation, ,4— ,D, relation
for the nth-mode inelastic SDOF system by utilizing Eq. (6.22). Idealize the force-deformation
relation for the nth-mode SDOF system as a bilinear curve. Determine the initial stiffness and

hardening stiffness of the SDOF system.
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Table 6.1 Elastic structural characteristics of a Cnt model

Sa0 Vig=SaM* K=QuTy? | DypSulT/27)’
Mode | Ty(s) | Mg (ton) | Me/M 3 b X
(gal) (10°kN) (s™) (mm)
1 3.15 13411 73% | 4543 60.9 1.45 3.99 1650
2 0.69 | 3056.6 17% 1654 50.5 0.66 82.9 131.3
3 0.27 | 922.48 5% 1654 153 0.33 538 10.21
20 - — 20 / . / 20 ,
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Fig 6.3 Mode shapes and elastic responses of a Cnt model

These curves are converted into force-deformation curves of the first-mode SDOF system by
utilizing Eq. (6.22). Computing related ;¢; (i=1, 14, 20) values are given in Table 6.2. The
converted force-deformation curves are shown in Fig 6.4(b). There is no necessary to idealize
the force-deformation curves since the base shear-floor displacement curves of the original
structure are simple bilinear curves. Three curves exhibit same initial stiffness but rather

different hardening stiffness, particularly the curve converted from 1f, also as listed in Table 6.2.
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(a) Original structure: base shear - floor disp. (b) SDOF system: force - def.
Fig 6.4 Force-def. relation of 1¥-mode SDOF system of a Cnt model obtained in MPA

Table 6.2. Modal vector used in converting the 1°-mode SDOF system of a Cnt model

Floor | ;p; | Dy (mm) | 4, (mm/s?) | 1Ko (s?) | 1Ky (s?)
1f |0.04 124 491 3.95 1.56
14f | 0.68 123 491 3.97 2.60
20f | 1.0 123 491 3.97 2.76

The initial stiffnesses are almost same because the floor displacement distribution is same
with the elastic mode shape before the formation of yielding mechanism. The initial stiffnesses
of the three curves are slightly smaller than that computed from eigenvalue analysis (3.99s).
This is because the lateral force increases by an assigned increment in pushover analysis. When
yielding phenomenon occurs, the lateral force already exceeds the exact yielding force. The
difference is negligible when the force increment is small enough. Herein the base shear
increment is 60.9kN, 0.1% of the estimated elastic response. It causes negligible difference,
0.5% to 1%, in the initial stiffnesses of the SDOF system.

Hardening stiffness of the SDOF system increases with the increasing of the height of the
floor in which the displacement is used in converting SDOF system, this floor is called as the
reference floor, as shown in Fig 6.5 (b). This implies that after formation of the yielding
mechanism, inelastic deformation develops more rapidly in the lower stories when the model is
subjected to invariant lateral force distribution as the elastic forces. If we check the floor
displacement increments of the structure when subjected to the same amount of lateral force

increments, we can see that, before the BRCs yield, the deformation shape of the structure is
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more similar to a cantilever beam; after the BRCs yield, the deformation shape is almost a
straight line, as the rotational constraint at the foundation is largely weakened due to yielding, as
in Fig 6.5(a).

20 1
Elastic / k)
15 / g 0.8
] N
.. / £ 0.6 ol
2 10 G
“ / Inelastic 204 /
§= Recommended
. —°§ 0.2
a =
0 0
0 10 20 30 0 5 10 15 20
Disp. increment (mm) Reference floor

(a) Deformation (mode) shape  (b) Effect of ref. floor on hardening stiffness ratio
Fig. 6.5 Effect of ref. floor on hardening stiffness ratio of the 1°-mode SDOF system of a
Cnt model due to deformation shape changing

Utilizing different reference floors results in different hardening stiffness for the equivalent
SDOF system. The lower the floor the smaller the hardening stiffness is. How to determine the
most appropriate one will be discussed based on the estimated seismic responses of the
structure.

Evaluate the peak deformation ,D by utilizing Eq. (6.24)~(6.27).

Three difference force-deformation curves of the SDOF system are adopted to evaluate the
peak deformation and base shear responses of the structure. Before evaluating the original
structure, the equivalent damping ratio, equivalent period, deformation and force response of the
SDOF system are computed by iterating Eq. (6.24)~(6.27). Their convergence results are listed
in Table 6.3.

Note that D is proportional to the displacement at different floor, so it is not comparable,
while 14 is proportional to the base shear of the original structure, thus we can already tell that
the 20f converted curve produces the largest estimation value for resisting forces. It also
indicates the largest estimation value for floor displacements, since the floor displacement
always increases along with the base shear in the original structure. This will be confirmed in

the next step.
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Table 6.3 Estimation of 1%-mode SDOF system of a Cnt model by MPA method
Floor | 1T.,(s) | 1heq Ry | 1R, | 1D (mm) | 4 (mm/sz)

1f 4.62 | 0.121 | 0.89 | 0.42 1020 1884
14f 3.78 | 0.063 | 0.92 | 0.64 1044 2881
20f 3.69 | 0.057 | 092 | 0.67 1052 3052

Inversely convert ,D to the peak ith floor displacement ,u; in the inelastic MDOF
system. From the pushover database (step 2), extract values of desired response , at ith floor
displacement equal to ,u; .

An alternative way is to locate the analysis step of pushover analysis in which the evaluated
1D and 4 (Table 6.3) of the SDOF system are achieved. The corresponding responses of the
original structure are responses at this analysis step. As listed in Table 6.4, ;D and 4 are
extracted from the pushover database as the closest values to those in Table3, with difference

less than 0.1%.

Table 6.4 Estimated 1%-mode responses of the original Cnt structure by MPA method
Floor | Analysis step | (D (mm) | 4 (mm/s®) | ju;(mm) | ¥, (10°kN)

If 415 1021 1885 61 25.3
14f 634 1043 2880 1026 38.6
20f 672 1052 3053 1524 40.9

Base shear of the original structure |/}, obtained by utilizing 1f pushover curve is only 62% of
that obtained from 20f curve, as well as the shear force in other stories, as in Fig. 6.6 (b). SDR
response obtained from 1f curve is also much smaller than that obtained from 20f or 14f curves,
as shown in Fig. 6.6 (a). Comparing to the time-history analysis results in Fig 6.6, we can see
that adopting 1f curves might greatly underestimate both deformation and resisting force, while
the 20f estimation seems more reasonable. The preceding results indicate that, the SDOF system
with smaller hardening stiffness exhibits larger equivalent period and equivalent damping ratio
when subjected to the same earthquake intensity, accordingly the estimated resisting forces for
the original structure is also smaller, so as the other responses because their value increase
monotonically as the forces are increased in the first mode response. Relation between base
shear and roof displacement is preferred in converting the original structure to a SDOF system,

since it increases conservatism in the response estimation.
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Fig. 6.6 1°-mode responses of a Cnt model estimated with variable reference floors

Note that reversal story shear forces occur in the upper stories as well as the first story of the

spine frame. Similarly, structures utilizing shear walls and moment frames generate reversal

story shear in the upper stories of the shear walls when subjected to lateral forces. However,

reversal story shear occurs at the first story is unique for the spine frame system, and may

significantly increase shear strength demand of the moment frame. The spine frame is pin

connected to the foundation while the moment frame is rigid connected. Such reversal story

shear formats when the lower stories of the moment frame are too stiff to follow the
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deformation of spine frames, thus increasing the external lateral forces on the moment frames.
To eliminate the additional force demand, we can reduce the lateral stiffness at the lower stories

of the moment frame, by increasing the first story height, adopting half-rigid connections, etc.

Repeat steps 3 to 7 for as many modes as required for sufficient accuracy.

Similarly, the original structure is pushed by lateral forces following the 2"-mode distribution,
as shown in Fig 6.3 (e). Note that, different from the 1*-mode distribution, the higher-modes
lateral forces pull some floors but push the others. Fig 6.7 plots the base shear vs. the 1™ floor
displacement and roof displacement of the original structure, as well as the force vs.
deformation relation of the 2™-mode SDOF system. The 1% floor pushover curve is normal.
However, “reversal” occurs in the roof pushover curve, i.e, the roof displacement reverses
direction after the BRCs at the first story yield, which indicates that a global rotation of the

structure about the foundation might occur and this rotation reverses the direction of the roof

movement.
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(a) Original structure: base shear - floor disp. (b) SDOF system: force - def.
Fig. 6.7 Reversal stiffness of 2"-mode SDOF system of a Cnt model obtained in MPA

Changes in the distribution of the floor displacement increments straightforwardly confirmed
the formation of global rotation. As shown in Fig 6.8(a), before the BRCs yield, the deformation
shape of the structure is same with the 2™-mode shape; after the BRCs yield, the whole structure
rotates clockwise about the foundation, causing the displacement increments of the floors above

the 15™ floor reverse their direction.
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Fig. 6.8 Effect of ref. floor on hardening stiffness ratio of the 2"-mode SDOF system of a
Cnt model due to deformation shape changing

Previous researchers have also noticed this “reversal” behavior. Recent investigations
demonstrate that such “reversal” behavior is caused by specific local story mechanisms, which
was found to be very rare in moment-resisting frame structures. However, this “reversal”
behavior seems unavoidable in the spine frame structures, since the essential nonlinear
members—BRCs are equipped in the first story. Previous researchers pointed three ways to
overcome the difficulty. First, this issue is moot if the structure does not deform beyond the
elastic range in the modes with “reversal” behavior; this is often the case, but might not for the
spine frame system. Second, seismic responses of the structure associated with higher-modes
can be estimated by assuming the structure remains elastic; such conservatism is acceptably
small except for lightly damped system, with damping significantly less than 5%. Third, any
“reversal” of the pushover curve may be eliminated by plotting base shear against the
displacement of a different floor above the yielded stories. The current study will compare the
estimated responses obtained from method 2 and method 3.

Method 2, i.e. elastic estimation, on the seismic response of the 2" mode has been computed
by eigenvalue analysis. To implement method 3 we need to determine which floor displacement
to plot in the pushover curve. Hardening stiffness ratio obtained by using various reference
floors is plotted in Fig. 6.8 (b). Floors lower than 16 give positive hardening stiffness and their
pushover curves are usable in the MPA procedure. We have understood that the largest
hardening stiffness gives the most conservative estimation for base shear, as discussed on the 1*

mode response. This rule is same for the 2™ mode. However, this does not ensure the most
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conservative estimation for other responses, as they may not always increase monotonically
with the base shear. To determine which floor is appropriate, the estimated response of the
original structure by utilizing 1%, 13", 14™ and 15™ floor as reference floors were compared. Fig
6.9 plots the base shear vs. floor displacement of the original structure, as well as the force vs.
deformation relation of the corresponding 2"-mode SDOF system. Mode vectors involved in

converting and the converted initial and hardening stiffnesses of the SDOF system are listed in

Table 5.
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(a) Original structure: base shear - floor disp.  (b) SDOF system: force - def.
Fig. 6.9 Force-def. relation of 2"-mode SDOF system of a Cnt model obtained in MPA

Table 6.5. Modal vector used in converting the 2"°-mode SDOF system of a Cnt model

Floor | ,¢; | .D,(mm) | ,4,(mm/ $9) | 2Ko (5 | 2K (s?)
1f | 0.18 65.5 5409 82.6 33.0
13f | 045 66.0 5409 82.0 19.9
14f | 0.29 66.5 5409 81.3 133
15f | 0.10 69.3 5409 78.0 4.87

Table 6.6 Estimation of 2"-mode SDOF system of a Cnt model by MPA method

Floor | 27, (5) | 2hey | 2Ra | 2R. | 2D (mm) | 4 (mm/s’)
If | 0.89 |0.098|097|059]| 195 9678
13f | 099 |0.133 098|049 | 198 8038
14f | 1.05 |0.155]0.99 | 0.44 | 201 7197
15 | 1.17 |0.189 [ 0.99 | 0.37 | 209 6093
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Table 6.7 Estimated 2"-mode responses of the original Cnt structure by MPA method

Floor | Analysis step | D (mm) | »4 (mm/s®) | »u;(mm) | .V (10°kN)
If 585 195 9676 22.6 29.6
13f 486 198 8039 59.4 24.6
14f 435 201 7195 38.0 22.0
15f 368 209 6087 134 18.6

The equivalent damping ratio, equivalent period, deformation and force response of the
SDOF system are computed by iterating Eq. (6.24)~(6.27). Their convergence results are listed
in Table 6.6. The floor displacement and base shear response of the original structure extracted
from the pushover database are listed in Table 6.7.

Base shear of the original structure ,V}, obtained by utilizing 1f pushover curve is the largest
among all the estimations, as well as the SDR, story shear force of each structural component,
and moment of the moment frame, as in Fig. 6.10 (b) (c) (d) (e) (g). The only exceptions are the
displacement of the top 2 floors and moment of the spine frame at the base 2 stories, but the
difference among those estimations adopting different pushover curves is negligible compared
to the total seismic response. Relation between base shear and the 1*-floor displacement is
preferred in converting the original structure to a SDOF system, since it increases conservatism
in the response estimation. The elastic responses are much larger compared to the inelastic
responses, except for the SDR of lower stories, as shown in Fig 6.11. Table 6.6 also tells that
force response is reduced by approximately 50% by considering nonlinear behavior. The
seismic responses might be largely overestimated if we assume the structure behavior elastically
in the higher-modes. We will compare the elastic higher-mode estimation with the inelastic
estimation after taking account of the 3™ mode response.

The 3"-mode responses are estimated by the same procedure with the 2™ mode. The current
20-Cnt model does not deform beyond the elastic range in the 3nd mode. The first story SDR is
0.07% smaller than 0.1%, the SDR when BRCs yield. Fig 6.2 already gives the displacement,
SDR, and story shear responses of the 3nd mode of the structure. Estimated deformation
responses of the 1%, 2™, and 3™ mode are combined by utilizing SRSS rules (Eq. (6.29)) since
the natural frequencies are well-separated. Force responses except the moment of the BRCs are
also combined by SRSS rule since the structural members are assumed as elastic. Peak moment
of the BRCs is simply the yielding moment. Fig 6.12 shows the responses estimated by the MPA
procedure with the nonlinear time history analysis (THA). The estimated values of responses are

computed including 1 mode, 2 modes, or 3 modes.
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Fig. 6.10 2" mode responses of a Cnt model estimated by utilizing different ref. floors
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Fig. 6.11 Comparison between inelastic and elastic 2"-mode response of a Cnt model

The 2™ mode contributes significant response in the story shear and bending moment of the
spine frame. Contributions of the 3™ mode are almost negligible in all of the responses. We
could preliminarily decide that 3 modes could provide sufficient estimation for the 20-story Cnt
spine frame structures.

As shown in Fig 6.12 (a) and (b), the 1* mode response is absolutely primary in terms of floor
displacement and SDR. Force response of the moment frame is also dominated by the 1* mode
because they are mostly determined by lateral deformation, as in Fig 6.12 (d), (g). However, the
resisting force of spine frames relies more on floor rotation. That’s why the 2" mode contributes
significant response in the story shear and bending moment of the spine frame.

The peak SDR of the structure in THA is larger at the upper stories, which is different from
the nearly constant distribution in the MPA results. Despite the different deformation shape, the
maximum roof displacement and SDR are well estimated with 10% and 2% error. As for the
moment frame, the estimated results of story shear and moment match very well with the THA
results, in which the errors are less than 15% at all the stories. As for the spine frame, base shear
and moment of stories lower than 15 are underestimated by over 30%, implying that
contribution of the higher modes might be largely underestimated by utilizing SRSS
combination rule.

Similar comparison of the MPA procedure assuming elastic higher-mode responses and
nonlinear THA results are presented in Fig 6.13. Conservatism of this procedure is too large in
the force responses. It may not suitable to use this MPA procedure for tall spine frame structures.
Comparison of the MPA procedure utilizing ABSSUM combination rule and nonlinear THA

results are presented in Fig 6.14. Higher-mode responses are not assumed to be elastic herein. In
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contrast with the SRSS rule, contributions of higher-mode responses are greatly overestimated
by utilizing ABSSUM rule.
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Fig. 6.12 Responses of a Cnt model estimated by MPA with variable number of modes
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Fig. 6.13 Responses of a Cnt model by MPA assuming elastic higher-modes behavior
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Fig. 6.14 Responses of a Cnt model estimated by MPA with ABSSUM combination rule

6-24



Chapter 6 Evaluation Method and Design Procedure of Controlled Spine Frames Applied in High-rise Buildings

Based on the preliminary analysis results, we recommend estimating modal response of the
first 3 modes by the nonlinear MPA procedure, and then combining them by SRSS rule as the
estimation for the tall spine frame structures.

The 20-story Cnt models with K/K;=0.1~2.0 and K,/K;=0~4.0 are estimated by utilizing the
MPA procedure. Fig 6.15 shows some of the estimated responses and the nonlinear THA results.
The SDR, roof displacement, base shear of moment frames, as well as overturning moment of
moment frames are well estimated with appropriate conservatism.

The ductility ratio of the 2™ mode response is around 2.0 ~ 4.0 when K/K; = 0.3 ~ 0.7 and
KJ/K;=0.5 ~ 2.0, which are the most practical and effective stiffness range, as in Fig 6.16.
Assuming the building to be linearly elastic may significantly overestimate the 2" mode
responses, particularly for the resisting forces.

Base shear and maximum story moment of the spine frame is underestimated by MPA
procedure. The main reason might be that the higher modes contribution on forces response is
underestimated by utilizing SRSS modal combination rules.

Estimation for deformation and moment frame force responses could be enhanced in the step
of converting original structure into the 1* mode SDOF system. Utilizing the curve of base
shear and roof displacement leads to the most conservative results, because the impact of local
plasticity behavior at the first story gradually weakened along the structure height, which is
indicated by the changing ratio of displacement increment before and after yielding.

Fig 6.17 and 6.18 present the detailed results of 20-story Cnt-Ksf0.3-Kdf2.0 model. Relation
of base shear and roof displacement is utilized to estimate the 1% mode response in Fig 6.17;
while relation of base shear and 8"-floor displacement is utilized to estimate the 1% mode
response in Fig 6.18. Changing ratio of displacement increment at the 8" floor is the closest to
the average value. Estimated SDR and story displacement in Fig 6.17 are almost identical with
the THA results.
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6.4.2 Evaluation of Cnt models by RSA method

The 20-story Cnt models with Ksf=0.1~2.0 and Kdf=0~4.0 are estimated by utilizing the RSA
procedure. Detailed results of each step for the Cnt-Ksf0.3-Kdf1.0 model are demonstrated in
the following paragraphs.

Compute the natural periods, ,75; and modes, ,@;, for linearly elastic vibration of
the main frame without BRCs. Obtain the elastic force-deformation ,4 — ,D relation with
stiffness K, for the SDOF system of each mode by utilizing Eq. (6.22). For the n-th mode,
evaluate the elastic modal responses ,7; of the main frame with an inherent damping ratio of
0.02. To evaluate forces of structural members, elastic pushover analysis using the lateral force
distribution ,s/* is required.

Eigenvalue analysis is carried out for the elastic main frame without BRCs and results of the
first three modes are summarized in Table 6.9. Elastic stiffness K as well as the elastic response
of base shear V, and mode coordinate D,of the first three modes are also listed in Table 6.9.
These results are directly computed according to the natural periods and modes obtained from
eigenvalue analysis by assuming the system behaviors elastically. Fig 6.19 shows the mode
shape and some elastic responses distributions of the main frame by utilizing Eq. (6.17), (6.19),
(6.32) and (6.33). The elastic force-deformation ,4 —,D curves with stiffness ,K, for the SDOF
system of each mode are plotted in Fig 6.20.

To obtain the force distribution of moment frames and the spine frame, static pushover
analysis is carried out for the main frame. The lateral forces are always proportional to those
obtained from elastic eigenvalue analysis, as in Fig 6.19(¢e). Fig 6.21 shows the shear force and

column base moment distribution of the moment frames and the spine frame.

Table 6.9. Structural characteristics of the elastic main frame in a Cnt model

Mode | 7,(s) | M., (tom) | Moyt Sa Vi bf:3 M* 5 Kf:(zj/ T)* | Dy=pSy(Ty2m)
(gal) (10°kN) (s™) (mm)
1 3.89 | 14419 79% | 367.6 53.0 1.42 2.61 2000
2 0.77 2495 14% 1654 413 0.61 66.1 151.7
3 0.29 687 4% 1654 11.4 0.29 482 9.99
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For the 1* mode, compute the additional stiffness K, and yielding deformation D,
contributed by BRCs on the force-deformation relation of the SDOF system. Determine the
initial stiffness K., = K+ K, and hardening stiffness K of the SDOF system.

Additional stiffness and yielding deformation of the BRCs are evaluated by utilizing the
similar method as that proposed for the low-rise buildings. The spine frame flexural stiffness
reduces the effective damper stiffness and must be accounted for. To isolate the spine frame
stiffness, eigenvalue analysis is conducted with the dampers substituted with rigid elements (Fig
6.22 (a)), in addition to the main frame with dampers removed (Fig 6.22 (b)). Thus, the stiffness
of the spine frame K. could be isolated from the frame K, by subtracting the results of the first
eigenvalue analysis (K.+K)) from the second (K).

Eigenvalue analysis Eigenvalue analysis

Rigid
x5 _ K 4 —
=s‘= Elastic Elastic

Rigid BRC K,

K

Em] X
K
K d
¢ (Determined by Eq. (6.35)) .
K =K+K, K =1/(1/K,+1/K,K,))
(a) Condition R (b) Condition N (c) Stiffness of dampers (d) Additional stiffness due to dampers

Fig. 6.22 Spring models for each condition

Fig. 6.22 (d) shows the full structural system, with the damper stiffness expressed by Eq.

(6.34), including the flexural deformation of the spine frame:

1
= 6.34
K= (6.34)
+

Estimation of damper stiffness is essential for improving the accuracy of RSA results since
the stiffness of main frame and stiffness loss caused by spine frame are obtained directly from
eigenvalue analysis, which is regarded to be accurate. Damper stiffness in the first- or
second-mode SDOF system of Cnt models is calculated by Eq. (6.35), respectively. Damper
stiffness in modes higher than the second mode can be ignored as the generated error on total

response is usually less than 0.1% for spine frame structures.

— FBRCiy (b)2

K, > ,i=1,2 (6.35)
2”BRC7y(in)

1

where, for the first mode: | H, = | H , ; for the second mode: ,H, =0.6H
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Equivalent damping force location ;H, represents the location of a concentrated horizontal
force possessing same value with shear force allocated by the additional damper system and
could generate an identical overturning moment as distributed horizontal forces. Elastic modal
stiffness obtained by MPA is utilized to calculate H; for the first- and second-mode SDOF
systems in RSA. Fig 6.23 shows that /1, is almost identical with /., and effect of K/Ky, K/Kjy
on both of them are negligible. ., slightly increases with K/Krand reaches 0.6 when K/K,=2.0.
Although assuming ,H,=0.6 causes larger error when K,/K; is small, such difference has little
effect on the initial stiffness of the system, because stiffness of main frame is dominant in the

second mode vibration. (Fig 6.26)

1 1
First mode First mode
0.8 0.8
. [ - 4
o r N
. = 0.6 i
= e Al | — ———
=
. 0.4 = 0.4 T\
Second Second
0.2 moce RSA | 0.2 mode ——RSA
------- MPA ------- MPA
0 ' ‘ 0 n n
0 0.5 1 1.5 2 0 1 2 3 4
(a) Hy/H with various K/K; (K+/K;=1.0) (b) H/H with various K/Kq(K,/K;=0.3)

Fig. 6.23 Verification of H, for Cnt models by MPA method

Table 6.10 lists some key parameters of BRCs involved in the above calculation. Additional
stiffness and the other intermediate stiffnesses are summarized in Table 6.11. The initial stiffness
Kyo= Ki+ K, and hardening stiffness K; of the SDOF system are 3.98 s and 2.61 s”. After
determining the yielding deformation D,, we are able to plot the bilinear force-deformation
curve of the SDOF system. D, is computed by Eq. (6.36) and the solution is 119mm. Fig 6.24
shows the final force-deformation curve of the 1st-mode SDOF system obtained from the RSA
procedure as well as the one obtained from the MPA procedure. They are almost identical with
each other, which confirm that the hardening stiffness in MPA and the additional stiffness in
RSA are both appropriate.

0, K,

D, = z .
Bolh K,

(6.36)
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Table 6.10. Key parameters of dampers used in 1%-mode SDOF system of a Cnt model
My, (Nmm) | H,, (mm) | 04(%) | Ky (57)
1.33x10" | 56870 0.1 2.86

Table 6.11. Related stiffnesses (unit: s?) of the 1¥-mode SDOF system of a Cnt model
Kf KR KC Ka Kf+a
2.61 | 524 |2.63 | 137 | 3.98

1
" MPQ A
7 PN
E 06 RSA
S
04
~
0.2
0
0 100 200 300

D (mm)

Fig. 6.24 Force-def. curve of the 1st-mode SDOF system of a Cnt model by RSA and
MPA

Responses of the SDOF system are computed by iterating Eq. (6.24) ~ (6.27), meanwhile the
deformation and force reduction factors R, R, of both the SDOF system and the original
structure are determined. Then responses of the original structure are computed by multiplying
Ry,0r R, for deformation or force responses. Table 6.12 compares the equivalent period, damping
ratio, deformation and force responses of the SDOF system, as well as the maximum SDR and
base shear of the original structure obtained by RSA and MPA procedures. Fig 6.25 shows the
estimated 1st-mode responses distribution of the original structure. They give very similar
results except for the moment of spine frames, which indicates that moment of spine frames
might be most sensitive to the difference between the two modal shapes in RSA and MPA

procedures.
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Table 6.12. Estimated responses of the 1°-mode SDOF system and the entire structure
of a Cnt model by RSA method

Procedure | 1T,y (s) | 1hey | 1D (mm) | A4 (mm/s?) | ;SDR (%) | 1V, (10°kN)
RSA 3.78 | 0.062 1047 2897 1.89 41.8
MPA 3.69 | 0.057 1052 3052 1.96 40.9
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Fig 6.25 Estimated 1°-mode responses of a Cnt model by RSA and MPA methods
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Repeat steps 3 to 5 for as many modes as required for sufficient accuracy.

Additional stiffness and yielding deformation contributed by BRCs for the 2nd-mode SDOF
system are computed by Eq. (6.34) ~ (6.36), same with the 1st-mode SDOF system. Table 6.13
lists some key parameters of BRCs involved in the calculation. Additional stiffness and the
other intermediate stiffnesses are summarized in Table 6.14. Hardening stiffness in MPA is
much smaller than that in RSA, i.e., stiffness of the main frame without BRCs in RSA, as shown
in Fig 6.26. This might be caused by the difference between their lateral force distributions. This
distribution in RSA is proportional to mode shape of the main frame, while in MPA is
proportional to the mode shape of the whole structure including elastic BRCs.

Table 6.15 compares the equivalent period, damping ratio, deformation and force responses
of the SDOF system, as well as the maximum SDR and base shear of the original structure
obtained by RSA and MPA procedures. Although there is much difference in hardening stiffness
of the SDOF system, the difference in maximum SDR and base shear obtained by RSA and
MPA is less than 20% and results of RSA are more conservative. Fig 6.27 compares the
estimated response distributions of the original structure. Results obtained by RSA are always
more conservative than by MPA.

The 3 mode responses are estimated by the same procedure with the 2™ mode. Similar to the
MPA procedure, this 20-story Cnt building does not deform beyond the elastic range in the 3nd
mode. Estimated deformation responses of the 1%, 2™, and 3™ mode are combined by utilizing
SRSS rules (Eq. (6.29)) since the natural frequencies are well-separated. Force responses except
the moment of the BRCs are also combined by SRSS rule since the structural members are
assumed as elastic. Peak moment of the BRCs is simply the yielding moment. Fig 6.28 shows
the responses estimated by the RSA procedure in comparison with results from MPA procedure
and nonlinear time history analysis (THA). The estimated values of responses are computed
including 3 modes for both RSA and MPA. The RSA procedure provides relatively more

conservative results compared to MPA procedure for almost all responses.
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Table 6.13. Key parameters of dampers used in 2"°-mode SDOF system of a Cnt model
Mgy (Nmm) | H,y (mm) | O4(%) | Kq(s?)
1.33x10"" | 48000 0.1 232

Table 6.14. Related stiffnesses (unit: s?) of the 2"%-mode SDOF system of a Cnt model
Kf KR Kc Ka Kf+a
66.1 | 108 | 41.7 | 14.9 | 80.9

Table 6.15. Estimated responses of the 2"-mode SDOF system and the entire structure
of a Cnt model by RSA method

Procedure | 27,,(s) | ke, | 2D (mm) | 24 (mm/s”) | ,SDR (%) | 2V (10°kN)
RSA 0.75 | 0.038 197 14032 0.46 35.0
MPA 0.89 | 0.098 195 9678 0.38 29.6
12
RSA
9 //
E /_,"’
£ 6 x>
S /
< MPA
3 /
0
0 50 100 150
»D (mm)

Fig. 6.26 Force-def. curve of the 2"-mode SDOF system of a Cnt model obtained by
RSA and MPA methods
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Fig. 6.27 Estimated 2"-mode responses of a Cnt model by RSA and MPA methods
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Fig. 6.28 Estimated responses of a Cnt model by RSA, MPA and THA
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The 20-story Cnt models with various K/K; =0.1~2.0 and K,/K; =0~4.0 are estimated by
utilizing the RSA procedure. The initial stiffness and yielding deformation of both 1* mode and
2" mode in RSA procedure agree well with those in the MPA procedure. Fig 6.29 and 6.30
show the estimated responses of the 1¥-mode and 2™-mode SDOF system by utilizing RSA and
MPA procedure with various K/K;. Fig 6.31 and 6.32 show those results with various K/Kp.
Results in Fig 6.29 show great agreement between RSA and MPA. However, significant
difference occurs in the hardening stiffness ratio and equivalent damping ratio of the 2™-mode
SDOF system, despite of the value of K/K; and K/Kj, as in Fig 6.30 (b), 30 (f), 32 (b), 32 (f),
which might be caused by the difference in lateral force distributions. As for the 1% mode,
difference in the hardening stiffness ratio and equivalent damping ratio of RSA and MPA
increases as K,/Ky increasing, as in Fig 6.32 (b) (f). Reasons for such difference might be same
with the previous problem, different lateral force distributions, since difference between

Ist-mode modal shapes in RSA and MPA increases along with the stiffness of BRCs.
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Fig. 6.29 Comparison of RSA and MPA methods on characteristics and responses of the
1%-mode SDOF system of a Cnt model with various Ky/K; (K4/K:=1.0)
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Fig. 6.30 Comparison of RSA and MPA methods on characteristics and responses of the
2"-mode SDOF system of a Cnt model with various Ky/K; (K/K:=1.0)

6-42



Chapter 6 Evaluation Method and Design Procedure of Controlled Spine Frames Applied in High-rise Buildings

6 1 400
> —— 0.8 I\ 300 2
o4 0.6 \\“\— £ 7
3 = | E20 %
M_'z M:\ 0.4 2SA Q /
RSA 100 |}~ RSA
0.2 - 7
1 _——— . ---- MPA
MPA ---- MPA
0 i i 0 i ‘ ‘ 0 I I
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
K,/ K, K,/ K, K,/ K,
(a) Initial stiffness (b) Hardening stiffness ratio (c) Yielding deformation
21 ‘ 5 10
17 RSA 4 8
\ ---- MPA T e S T
13 >3 S 6 foe”
= S T /
9 12 ~ 4 /'
5 \ 1 RSA ) oA
~~—_ ---- MPA - MPA
1 0 ‘ ‘ 0 I I
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
K,/ K, K,/ K, K,/ K,
(d) Ductility ratio (e) Equivalent period (f) Damping ratio

Fig. 6.31 Comparison of RSA and MPA methods on characteristics and responses of the
1%-mode SDOF system of a Cnt model with various Ky/Ks (Ks/K:=0.3)
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Fig. 6.32 Comparison of RSA and MPA methods on characteristics and responses of the
2"-mode SDOF system of a Cnt model with various Ky/K; (Ks/K;=0.3)
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Fig. 6.33 (a) Comparison of RSA, MPA and THA results of seismic performances of the
20-story Cnt models with various K/K; (K4/K=1.0)
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Fig. 6.33 (b) Comparison of RSA, MPA and THA results of seismic performances of the
20-story Cnt models with various K/K;:(Ks/K=0.3)

To judge whether the estimation methods are reasonable, results obtained from RSA and MPA
are compared with the nonlinear THA results, as in Fig 6.33. The estimated responses are
computed including 3 modes. From Fig 6.33 (a) we can see that, despite the value of K/K;, both
RSA and MPA provide well estimation with appropriate conservatism on maximum SDR and
roof displacement. RSA gives more conservative estimation on the base shear and overturning
moment of the moment frames, however force responses of the spine frame are still smaller than
THA, but much closer compared to MPA procedure. From Fig 6.33 (b) we can see that, both
RSA and MPA provide good estimation on maximum SDR and roof displacement when K,/K;
< 2.0. RSA gives better estimation on base shear and maximum moment of the spine frames

compared to MPA, although it still underestimate those values when K/K; < 1.0. However,
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force responses of the moment frames estimated by RSA are ridiculously large compared to
THA and MPA, indicating that increasing K,/K; has additional effect on reducing resisting force
of the moment frames due to changing of the modal shape. Modification factor vy is introduced

for force of the moment frames, which is computed by Eq. (6.37)
y=1-0.15k, / k, (6.37)

After multiplying the modification factor y, force of the moment frames estimated by RSA

procedure is much closer to the THA results, as in Fig 34.
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Fig. 6.34 Modified RSA estimation for force of the moment frames in the Cnt models

The RSA method provides better estimation if the structure response distribution is closer to
the distribution when dampers yield, because of the assumption of the post-yield response
distribution. This is verified by increasing the input ground motion intensity. Fig 6.35 presents
the detailed results of 20-story Cnt-Ksf0.3-Kdf2.0 model with two levels of ground motions
(BCJ-L2, PGA=525gal, 1050gal). The estimated responses against PGA 1050 gal match better

with the time-history analysis results.
20
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Fig. 6.35 Estimated responses of a Cnt model with variable earthquake intensity
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6.5 Seismic evaluation of Sgt models
6.5.1 Evaluation of Sgt models by MPA method

The 20-story Sgt models with K/K;=0.3, K»/K;n=0.5, K;#/K;=0 ~ 1.5 are estimated by
utilizing the MPA procedure in section 4. Detailed results of the Sgt2-Ksf0.3-Kdf-1.0-0.5 model
are demonstrated in the following paragraphs. The Cnt model used for comparison is the
20-story Cnt-Ksf0.3-Kdf1.0 model. Eigenvalue analysis is carried out for the elastic model and
results of the first three modes are summarized in Table 6.16. The 2"-mode natural period is
approximately 15% longer than the Cnt model, while the other results are essentially identical.
Unlike the Cnt models, the 2"-mode mode shape of the Sgt model shows a shape rotation from
the 9™ floor to the 10™ floor due to the BRCs in the 10" story, as in Fig 6.36 (a). Such
concentrated rotation is also observed in the 1* mode, which is clearly exhibited in Fig 6.36 (c),
the SDR distribution.

For the 1*-mode, the base shear-floor displacement, ,/,— ,u;, pushover curve is obtained by
nonlinear pushover analysis using the lateral force following the 1¥-mode distribution. Those
BRCs equipped at the 10™-story didn’t yield during the push, i.e., they are elastic even when the
elastic maximum base shear is reached. As a result, there is only one yielding point in the
pushover curve, as shown in Fig 6.37. In the converting from base shear-floor displacement
curve to force-deformation curve of the equivalent SDOF system, the top floor is chosen as the
reference floor, same with the Cnt model. To confirm the validation of using roof displacement,
increasing ratios of displacement increment at each floor is plotted in Fig 6.38, in which the top
floor displacement presents the highest hardening stiffness ratio, indicating the most

conservative estimation.

Table 6.16. Elastic structural characteristics of a Sgt2 model

S0 Vo=SaoM* K=Qu/To) | Dy=pSalT/27)"
Mode | Ty(s) | Mcq (ton) | M, /M 3 b )
(gal) (10°kN) (s™) (mm)
1 3.16 13279 73% 452.7 60.1 1.45 3.96 1662
2 0.79 3088 17% 1654 51.1 0.63 62.9 165.3
3 0.27 887 5% 1654 14.7 0.33 537 10.17
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Fig. 6.36 Mode shapes and elastic responses of a Sgt2 model

As shown in Fig 6.37 (b), the force-deformation curve of the 1*-mode SDOF system for the
Sgt model is essentially identical with that for the Cnt model, indicating that the estimated peak
force and deformation of the SDOF system are essentially identical. Moreover, variables
relevant to the converting between the original structure and its 1*-mode SDOF system are all
very similar in the Cnt and Sgt models: 1% difference in the estimated base shear assuming
elastic response, 1% difference in effective modal mass, 0.4% difference in modal contribution

factor.
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Fig. 6.37 Force-def. relation of 1°-mode SDOF system of a Sgt2 model obtained in MPA
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Fig. 6.38 Effect of ref. floor on hardening stiffness ratio of the 1%-mode SDOF system of
a Sgt2 model due to deformation shape changing

Unlike the 1¥-mode pushover analysis results, both the 1*-story BRCs (refer as BRC1) and
the 10™-story BRCs (refer as BRC2) yield in the 2"*-mode pushover analysis before the elastic
maximum base shear is reached. As a result, there are two yielding point in the pushover curve,
as shown in Fig 6.39 (a). Stiffness degradation is mainly caused due to yielding of BRC1, which
reduces the stiffness by over 50%. In the converting from base shear-floor displacement curve to
force-deformation curve of the equivalent SDOF system, 1*-floor is chosen as the reference
floor, same with the Cnt model. To confirm the validation of using 1*-floor displacement,

hardening stiffness ratio is plotted in Fig 6.40, in which the 1*-floor displacement presents the
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maximum stiffness, indicating the most conservative estimation. The tri-linear
force-deformation curve is simplified into a bilinear curve by taking the second yielding point,
BRC1 yielding, as the only yielding point, and secant stiffness computed from the BRCI

yielding point to the origin point is used as the initial stiffness.
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Fig. 6.39 Force-def. relation of 2"-mode SDOF system of a Sgt2 model by MPA
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Fig. 6.40 Effect of ref. floor on hardening stiffness ratio of the 2"-mode SDOF system of
a Sgt2 model due to deformation shape changing

3"-mode responses are estimated by the same procedure with the 2™ mode. The current
20-Sgt model does not deform beyond the elastic range. Deformation and force of the first three
modes SDOF systems and the corresponding responses of the original structure are summarized
in Table 6.17. Responses of the 1%, 2™, 3™ modes vibration of the Sgt model are compared with

the Cnt model as shown in Fig. 6.41.
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Discussion on 1*-mode responses:

As shown in Fig 6.37, the force-deformation curve of the 1st-mode SDOF system for the Sgt
model is essentially identical with that for the Cnt model. Moreover, variables relevant to the
converting between the original structure and its 1*-mode SDOF system are all very similar in
the Cnt and Sgt models. As a result, the estimated base shear and roof displacement of the Sgt
model are almost identical with the Cnt model as well.

The only difference may only exist in their distributions. Elastic SDR distribution of Sgt
model is obviously different from the Cnt model because of the rotation concentration at the
BRC2 story, as in Fig 6.41.1(b). However, during pushover analysis, such difference is
eliminated after BRC1 yields but with lateral force still following the elastic distribution,
increments of SDR of the lower stories catch up with the upper stories, and thus finally the
distribution becomes as same as the Cnt model, as in Fig 6.41.1(a). The MPA method may not
be able to capture the deformation reducing effect of the Sgt model, but still, it gives a
conservative estimation of deformation response.

As for the story shear and story base moment, their estimated results assuming elastic
response are already almost identical and the lateral force distribution doesn’t change during
pushover. Since the estimated base shears of Sgt and Cnt models are almost same, all the force
results are almost same, as shown in Fig 6.41.2-3.

Discussion on 2"-mode responses:

As shown in Fig 6.39 (b), the initial stiffness and hardening stiffness of the force-deformation
curve of the Sgt 2"-mode SDOF system are both smaller than the stiffnesses of the Cnt model.
The estimated maximum Disp. and SDR of the Sgt model is slightly larger than the Cnt model,
while the story shear force V; of the Sgt model is slightly smaller, as in Fig 6.41.1-2. However,
story shear of moment frames in the Sgt model is slightly larger than the Cnt model, particularly
at around the segment story.

It’s worth noting that, column base moment of spine frames is significantly reduced
compared to the Cnt model, as in Fig 6.41.2. Besides, the maximum moment of spine frames is
reduced by almost 40% due to the BRCs at the 10" story, as in Fig 6.41.3. However, additional
moment demand of moment frames is required at the 10™-story due to the discontinuity in spine
frames moment capacity. Additional shear force demand of both moment frames and spine
frames is required, which also indicates large interaction force due to the concentrated rotation
at the 10™-story.

From Fig 6.41.1-3 we can see that the 1* and 3™ mode response of Sgt and Cnt models
estimated by MPA method are almost identical. Difference mainly generates in the 2™-mode
response: deformation response, force response of moment frames of Sgt is larger, while force

response of spine frame is much smaller compared to the Cnt model.
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Fig 6.41.3 Story base moment of each mode of the Sgt and Cnt models by MPA
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Table 6.17 Estimated responses of the first three modes SDOF systems
and the original structure of a Sgt2 model
Mode | T,y(s) | hey | Rs | R, | D(mm) | 4 (mm/s*) | SDR (%) | V; (10°kN)

1 3.67 | 0.055]092]0.68 | 1056 3091 1.95 41.1
2 1.13 | 0.122 | 0.88 | 0.46 | 247.2 7672 0.5 23.7
3 027 | 0.02 | 1.0 | 1.0 10.17 5462 0.1 14.7

Comparison between MPA and THA for the Sgt model

Fig 6.42 shows the responses estimated by the MPA procedure with the nonlinear time history
analysis (THA). The estimated values of responses are computed including 1 mode, 2 modes, or
3 modes. Estimated deformation responses are combined by utilizing SRSS rules since the
natural frequencies are well-separated. Force responses except the moment of BRC1 and BRC2
are also combined by SRSS rule since the structural members are assumed as elastic. Peak
values of the moment of BRC1 and BRC2 are simply valued at their yielding moment,
respectively. The 2™ mode contributes significant response in the story shear and bending
moment of the spine frame. Including the first 3 modes is able to provide sufficient estimation
for the 20-story Sgt spine frame structures.

The maximum SDR is overestimated by approximately 12%, providing an acceptable
conservatism. The overestimation might be because the lateral force distribution invariantly
follows the elastic distribution, while the coupling effect of different modes after BRC1 and
BRC?2 yield is not negligible. Stiffness of force-deformation curve of the 1*-mode SDOF system
is overestimated could be another reason.

Forces estimated by MPA present a great agreement with the THA results, except for the base
shear and maximum moment of spine frames. Similarly to the Cnt model, base shear and
maximum moment of the spine frames are underestimated by approximately 30%.

Although the estimated deformations of Sgt and Cnt models are almost identical, because
BRC2 doesn’t yield in pushover analysis and its elastic stiffness is not much less than the
replaced columns in the spine frames, discrepency in forces is obvious and well captured by the
MPA procedure. As shown in Fig 6.44. Difference in forces of moment frames is quite small,
while the story shear and moment at each floor of the spine frame is greatly reduced compared
to the Cnt model, except for the 10"-story shear force. Utilizing segmented spine frame could
significantly reduce the strength or stiffness demand of spine frames. Additional strengthening
need to be considered for both moment frames and spine frames at the segment-floor. Estimated
results of the other 20-story Sgt models with K/K; =0.3, K;i/K; =0~2.0, K;»/K;=0.5 are
summarized with the RSA results in Fig. 6.52.
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Fig. 6.42 Responses of a Sgt2 model estimated by MPA with variable number of modes
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Comparison between Sgt and Cnt models by MPA and THA

Fig 6.43 compares responses of the Sgt2 and Cnt models obtained by THA and by using MPA
method including the first 3 modes vibration. From Fig 6.43(a) we can see that the Sgt2 model
has smaller SDR and displacement response in the stories except for the segment story. Shear
force and column base moment in the moment frames also decrease slightly in the stories other

than the segment story, as in Fig 6.43 (b) and (c). In conclusion, the MPA method cannot capture

the effect of the segmented spine in reducing response of stories other than the segment story.
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Fig 6.43 (a) Comparison between Disp and SDR results of a Sgt2 and a Cnt model
obtained by MPA and THA
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obtained by MPA and THA
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Fig 6.43 (c) Comparison between column base moment results of a Sgt2 and a Cnt
model obtained by MPA and THA

6.5.2 Evaluation of Sgt models by RSA method

The RSA procedure including higher modes is utilized to estimate seismic response of the
20-story Sgt models. The first step is to compute elastic vibration characteristics of the main
frame without BRCs. Both BRCl1s and BRC2s are removed in this step, although pushover
analysis in MPA procedure shows that the BRC2s don’t yield in the 1*-mode response, its
yielding in the 2"-mode response might affect the 1% mode. Results of eigenvalue analysis for
the first three modes are summarized in Table 6.18. Elastic stiffness K, as well as the elastic
response of base shear V), and mode coordinate Dyof the first three modes are also listed in
Table 6.18. These results are directly computed according to the natural periods and modes
obtained from eigenvalue analysis by assuming the system behaviors elastically. Fig 6.45 shows
the mode shape and some elastic responses distributions of the main frame by utilizing Eq.
(6.17), (6.19), (6.32) and (6.33). The elastic force-deformation ,4 — ,D curves with stiffness ,K;
for the SDOF system of each mode are plotted in Fig 6.46.

To obtain the force distribution of moment frames and the spine frame, static pushover
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analysis is carried out for the main frame. The lateral forces are always proportional to those
obtained from elastic eigenvalue analysis, as in Fig 6.45 (e). Fig 6.47 shows the shear force and

column base moment distribution of the moment frames and the spine frame.

Table 6.18 Structural characteristics of the elastic main frame in a Sgt2 model

Mode | 1,5) | bt omy [ vne | | TS| KR DS T2y
(gal) (10°kN) (s™) (mm)
1 3.89 | 14516 79% | 367.2 533 1.41 2.61 1992
2 1.11 2157 12% 1654 35.7 0.54 323 276.5
3 0.29 760 4% 1654 12.6 0.30 481 10.34
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Fig. 6.45 Mode shapes and elastic responses of the main frame in a Sgt2 model
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Fig. 6.47 Force distribution of each component of the main frame in a Sgt2 model
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Similar to the Cnt model, to isolate the spine frame stiffness, pushover analysis is conducted
with the dampers substituted with rigid elements (Fig 6.48(a)), in addition to the main frame
with dampers removed (Fig 6.48(b)). 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 (Ky).

Elastic
eq
Rigid Effective
K, Km/ Kmf modal height
)

Rigid

K
/zf Km ;
K,

(b) Condition N (c) Stiffness of BRC VKoK

___________

K=K, K,

(a) Condition R K=K, KK, )

(d) Stiffness of dampers
in actual condition

Fig. 6.48 Spring models for each condition of the Sgt2 model

(a) First mode (b) Second mode

Fig. 6.49 Computation model of damper stiffness for the first and second modes of a
Sgt2 model
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Computation of damper stiffness K, is different from the Cnt model. In case of the first mode,
BRC2s remain elastic while BRC1 yield, as observed from pushover analysis in MPA procedure.
Lateral deformation &, contributed by BRC2 are given by Eq. (6.38)

102 = 1M2 /Kd2
1M2:1Qdy(1Heq_HNb) ? 152:
152 = 192 (lHeq _HNb)

ley(IHeq _I_INb)2
K

d2

(6.38)

Where, 10,, 1M, Ky, are the rotation angle, moment, and stiffness of BRC2s, respectively. 1H,,
is the 1*-mode effective height, Hy is the height of the 9" floor (top of the 9" story), and F, is
the assumed lateral force at height H,,. lateral deformation contributed by BRC1s are computed
by Eq. (6.39)

101 = Mdyl /Kdl 2
M _ H 5 _ 1 Qdy 1 Heq
ayl T leyl eq — 9 _K— (6‘39)
151:101'1Heq «
Finally the lateral stiffness of the BRCs, K, is calculated from Eq. (6.40)
, 1 1
K, = Ly - (6.40)
(151+152)1Meq 1]_qu2 +(1Heq_HNb) lMeq
K K

dl d2

In case of the second mode, BRC2s yield before BRCl1s yield, and its effect on the stiffness
degradation of the whole structure is insignificant. Yielding of BRCls is regarded as the only
yielding point in MPA procedure and it provides good estimation compared with the THA
results. Here in the RSA procedure, initial stiffness of dampers is also computed based on the
same condition, as shown in Fig 6.49 (b), the BRC2s have already yield and cannot resisting
additional external force. The equivalent single lateral force is loaded on the top of the 9™ story.
Stiffness of BRCl1s is computed by Eq. (6.37) by substituting /, instead of H,,. For both modes,
stiffness of the full additional system is computed by Eq (6.38).

Table 6.19 lists some key parameters of BRCs involved in the above calculation. Additional
stiffness and the other intermediate stiffnesses are summarized in Table 6.20. Yielding
deformation D, is computed by Eq. (6.39). Fig 6.50.1 shows that /., and Hy;, match well with
the height obtained from MPA method. Fig 6.50 shows the final force-deformation curves of the
first and second mode SDOF systems in comparison with the curves obtained from the MPA
procedure.

As shown in Fig 6.50 (a), initial stiffnesses of the first mode SDOF systems are almost

identical between RSA and MPA, which confirms the calculation method for the additional
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stiffness K, in RSA. Hardening stiffness obtained in RSA is slightly smaller compared to MPA.
It is mainly because the BRC2s are elastic in MPA while assumed to be yield in RSA.

Fig 6.50 (b) compares the second mode force-deformation curves obtained from RSA and
MPA. Initial stiffnesses show great agreement, while hardening stiffness in MPA is much
smaller than RSA. A similar phenomenon has been observed in the Cnt models. It might be
because the external lateral forces in MPA keep following the elastic distribution obtained from
eigenvalue analysis of the whole structure, while in RSA the distribution is obtained from

eigenvalue analysis of the main frame without BRCs.

Table 6.19 Key parameters of dampers in a Sgt2 model

My (Nmm) | Mg, (Nmm) | H,, (mm) | Hy, (mm) | G40 = 042 (%)
1.33x10" | 0.665%10" 56671 38000 0.1

Table 6.20 Related stiffnesses (unit: s) of the 1% and 2" modes of a Sgt2 model
Mode | K, | Krx | K. | Ku | K, | Kpa
1 2.61 | 524 | 263|235 124 3.85
2 323 | 107.5 | 752 | 42.8 | 27.3 | 59.5

1 1
0.8 First mode 0.8 et v
0.6 F— - 0.6
= =
= =
T 04 T T 04
Second mode Secdond mode
0.2 RSA |- 0.2 RSA
....... MPA ------- MPA
0 i i 0 i i
0 0.5 1 1.5 2 0 1 2 3 4
KS/Kf Kd/Kf
(a) Hy/H with various K/K; (K/K;=1.0) (b) Hy/H with various K /K (K/K;=0.3)

Fig 6.50.1 Verification of Hy for Sgt2 models by MPA method
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Fig 6.50 Force-def. curve of SDOF systems of a Sgt2 model obtained by RSA and MPA

Table 6.21 Evaluation of the SDOF system and the original structure of a Sgt2 model

Mode | T,,(s) | ¢ | D(mm) | 4 (mm/s®) | SDR (%) | ¥, (10°kN)
1 3.80 | 0.057 | 1081 2950 2.01 42.8
2 1.00 | 0.081 | 254 10055 0.42 27.8
3 029 | 0.02 | 10.34 4975 0.10 22.5
20 20
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210 310
»n 17 i
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Fig. 6.51 (a,b) Estimated responses of a Sgt2 model by RSA, MPA and THA
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Fig. 6.51 (c-h) Estimated responses of a Sgt2 model by RSA, MPA and THA

Table 6.21 compares the equivalent period, damping ratio, deformation and force responses
of the SDOF system, as well as the maximum SDR and base shear of the original structure
obtained by RSA and MPA procedures. Although there is much difference in hardening stiffness
of the SDOF system, difference in maximum SDR and base shear is less than 5% and 12%. Fig
51 shows the responses estimated by the RSA procedure in comparison with results from MPA
procedure and nonlinear time history analysis (THA). The estimated values of responses are
computed including 3 modes for both RSA and MPA. The RSA procedure provides relatively
more conservative results compared to MPA procedure for almost all responses.

Fig 6.52 compares responses of the Sgt2 and Cnt models obtained by RSA and by using MPA
method including the first 3 modes vibration. Similar with the MPA method, the RSA method
cannot capture the effect of the spine frame in decreasing deformation and force response in the

stories other than the segmented story.
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Fig 6.52 (a) Disp and SDR results of a Sgt2 and a Cnt model obtained by RSA and THA
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Fig 6.52 (b) Shear force results of a Sgt2 and a Cnt model obtained by RSA and THA
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obtained by RSA and THA

The 20-story Sgt models with K/K;=0.1 ~ 2.0, K»/Ky1 =0.5, Ks1/Kr=0~4.0 are estimated by
utilizing the RSA procedure. Fig 53 and 54 show the estimated responses of the 1*-mode and
2"-mode SDOF system by utilizing RSA and MPA procedure with various K/K;. Fig 6.55 and
6.56 show those results with various K,/K. Generally speaking, the force-deformation curve of
the 1¥-mode SDOF system determined by RSA are in good agreement with those determined by
MPA when K/K;=0.1 ~ 2.0, K;1/K; =0~2.0, as in Fig 6.52 (a-c), Fig 6.54 (a-c). Additionally,
from Fig 6.53 (b) (d) (f) and 6.54 (b) (d) (f) we can see that, the 1*-mode damping ratio is much
more sensitive to hardening ratio other than ductility ratio.

Hardening stiffness ratio of the 2™-mode SDOF system obtained by the two methods presents
significant difference. The difference increases along with K, /K increasing, implying that the
excessive lateral force determined by eigenvalue analysis of the whole structure including
elastic BRCs is the main reason, since the difference between 2"-mode modal shapes obtained
by RSA and MPA increases along with the stiffness of BRCs increasing. Therefore, significant
difference is presented by the estimated results, as in Fig 6.54 (d-f), Fig 6.56 (d-f). Additionally,
unlike the Cnt models, effect of changing in spine frame stiffness seems negligible on the
properties of the 2™-mode SDOF system when KJ/Kr>0.5.
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1%-mode SDOF system of a Sgt2 model with various Ky/K; (Kg/Kr=1.0, K5/ K:=0.5)
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To judge whether the estimation methods are reasonable, results obtained from RSA and MPA
are compared with the nonlinear THA results, as in Fig 6.57. The estimated responses are
computed including 3 modes.

From Fig 6.57 (a-1) (a-2) (b-1) (b-2) we can see that, despite the value of K/Krand K;/Ky,
RSA and MPA both overestimate the maximum SDR and roof displacement. Fig 6.57 (a-3) (a-5)
(b-3) (b-5) show that, base shear and overturning moment of moment frames in RSA are
significantly overestimated compared to THA and MPA. Neither MPA nor RSA procedure could
capture the deformation reducing effect of the Sgt models in dynamic analysis. As for force
responses, RSA provides much better estimation on base shear and maximum moment of the
spine frames compared to MPA, although it still underestimate the base shear of spine frames
when K;1/K; > 0.5, as in Fig 6.57 (a-4) (a-6) (b-4) (b-6). However, RSA gives over conservative
estimation on the base shear and overturning moment of the moment frames. Similar with the

Cnt model, it might be because of the assumption that, the structural response distribution is

6-73



Chapter 6 Evaluation Method and Design Procedure of Controlled Spine Frames Applied in High-rise Buildings

essentially proportional to the responses of the main frame without BRCs. Error caused by this
assumption increases along with K;i/K; increasing. Modification factor y is introduced for force
of the moment frames, which is computed by Eq. (6.40). After multiplying the modification
factor v, force of the moment frames estimated by RSA procedure is much closer to the THA
results, as in Fig 6.57 (b-3) (b-5).
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Fig. 6.57 (a) Comparison of RSA, MPA and THA results of the Sgt2 models with various
Ks/Ks(Kd/Kr =1.0)
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6.6 Design procedure for high-rise controlled spine frame structures

Following from the RSA method, a simple design procedure for the high-rise controlled spine
frame adopting Cnt or Sgt2 configuration is proposed. Basically, the Cnt configuration is
recommended for buildings not higher than 20 stories, while the Sgt2 configuration is more

recommended for buildings higher than 20 stories.

Design procedure for Cnt configuration:

Step 1. Design the moment frame and spine frame for the target drift level without dampers
(less than 1.5 times of the target drift with dampers), and ensure the spine-to-moment
frame stiffness ratio K/K;> 0.3.

Step 2. Evaluate the elastic displacement and force response of the moment frame and spine

frame. Compute the required displacement reduction factor of the entire structure and
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force reduction factor of the moment frame to achieve the performance targets.

Step 3. According to the value of K/Kj select the local yielding drift ratio of damper 6, and
damper-to-moment frame stiffness ratio K/K; from the performance curve (Fig 6.58,
black curves) that satisfy the target displacement and force response. (or Eq. (6.41-48))

Step 4. Design the dampers for the selected local yielding drift ratio and stiffness.

Step 5. Obtain force reduction factor of spine frame according to 6, , K/K; and K,;/K,from Fig
6.59. Confirm the required strength of spine frame is satisfied. If not satisfied, then
increase the strength of spine frame and repeat the procedure from step 1, or choose
segmented spine configuration.

Step 6. Confirm the final overall response using the equivalent linearization technique. Validate

results with time-history analysis as required.
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Fig 6.58 Performance curve for 1st-mode dominant response:

SDR, shear force and bending moment of moment frame (6,=0.1%, Rx;~0.5)

Design procedure for Sgt2 configuration:

Step 1. Design the moment frame and spine frame for the target drift level without dampers
(less than 1.5 times of the target drift with dampers). Ensure the spine-to-moment frame
stiffness ratio K/K;> 0.3. Decide a segment level from the optimal range: 0.5-0.75 of
total height.

Step 2. Identical with Cnt.

Step 3. Decide BRC2-t0-BRC1 stiffness ratio from the range of 0.5-1.0. According to the value
of K,/Kj, select the local yielding drift ratio of damper 6, and damper-to-moment frame
stiffness ratio K/K; from the performance curve (Fig 6.58, red curves) that satisfy the
target displacement and force response. (or using Eq. (6.41-48))

Step 4. Design the dampers for the selected local yielding drift ratio and stiffness.
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Step 5. Obtain force reduction factor of spine frame according to 6, , K/K; and K,;/K,from Fig
6.60. Confirm the required strength of spine frame is satisfied. If not satisfied, then
increase the strength of spine frame and repeat the procedure from step 1.

Step 6. Confirm the final overall response using the equivalent linearization technique. Validate

results with time-history analysis as required.
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Fig 6.60 Force reduction factor of spine frame in Sgt2 models (Rx~0.5)

In Step 3 of the design procedure, if the value of structural parameters is not included in the
provided performance curves, there is an alternative way based on formula calculations:

When the 1* mode vibration period is in the velocity constant range, which is the often case
for high-rise spine frame structures, those 1¥-mode dominant responses can be evaluated
directly by formula calculation without any iteration work. Subscript “1” that notates 1% mode is
omitted in the variables in Eq. (6.41-6.48). From Eq. (6.41) and (6.42) we can obtain Eq. (6.43).
By introducing an approximation equation (Eq. (6.44)) for the equivalent damping ratio, the
ductility ratio u can be solved as Eq. (6.46). Then the displacement and force reduction factors

can be computed from Eq. (6.47) and (6.48).
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w=20 (D, =0 (1+K—j L, (6.41)
Dy K Ppr e ﬁj

D, : target deformation of 1¥-mode SDOF system

D, : yielding deformation of 1¥-mode SDOF system

04 : local yielding drift ratio of dampers

K, : damper stiffness

K. : spine frame stiffness

@n : 17 element of 1% natural vibration mode of main frame

B¢ modal participation factor of 1¥ natural vibration mode of main frame

Damper stiffness K, is calculated based on deformation mechanism. Spine stiffness K, is
obtained by eigenvalue analysis of the main frame with rigid BRCs and without BRCs. @5, f;

are obtained by eigenvalue analysis of the main frame.

X, h
D,=D,D, |-~ , D, = |F% (6.42)
' K, 1+oah,

Dy: elastic deformation of main frame in 1*-mode SDOF system

D, : damping reduction factor (0=25 for observed earthquakes, /;=0.02)
hy : intrinsic damping ratio

heq : equivalent damping ratio

K;: main frame stiffness

K., : equivalent stiffness of 1¥-mode SDOF system

D K,
u—r=D, |-~ (6.43)
f K"q
K b
h, = a[l _lj « | a=0.115, b=0.55 (6.44)
M Kf

K, : stiffness of additional damper system considering stiffness of spine

1
K“_—l ] (6.45)
7_‘_7
K, K,
F+F
6.46
F (6.46)

3

where, F =(1-x)W —x, F2=\/[K(1+W)—W]2+4(1+W)(W+(1+ah0)g2), F=4
¢
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k=—2, ¢c=—L, W=oax"
K, D,
D D
R, =—t=u—~ (6.47)
Df Df

K
R =R, ~=|1-0.1554 | (648)
K./’ K_/'

6.7 Conclusion
6.7.1 Cnt models evaluated by MPA method

(1) The original member-by-member (MBM) model was conversed into several equivalent
SDOF systems for the required number of vibration modes. Force-deformation curve of the
SDOF system was conversed from the relation between base shear and reference floor
displacement of the MBM model. As for the first mode vibration, roof was utilized as the
reference floor and provided the most conservative estimation. It was mainly because the
inelastic deformation developed more rapidly in the lower stories after the formation of yielding
mechanism. As for the second mode, responses estimated by assuming the structure remained
elastic significantly exceeded the actual nonlinear responses. It was necessary to build the
nonlinear force-deformation relation for the second mode vibration, and the first story was
utilized as the reference floor to prevent “reversal” occurring in the force-deformation curve and
to ensure the conservatism.

(2) The first mode response was absolutely primary in terms of the floor displacement, story
drift ratio, as well as shear force and overturning moment of the moment frames. The second
mode contributed significant response in the story shear and bending moment of the spine
frames.

(3) Responses estimated by utilizing MPA procedure agreed well with the THA results.
Accuracy of MPA could be further improved if the floor possessing the average changing ratio

of displacement increment was assigned as the reference floor.

6.7.2 Cnt models evaluated by RSA method

(1) Eigenvalue analysis was firstly carried out on the main frame without BRCs to obtain the
post-yield stiffness of the SDOF systems. Stiffness of the additional damping system K, was
computed separately for each mode. As for the first mode, the equivalent modal height was
adopted to converse the rotational moment of the BRC hinge into base shear. As for the second
mode, 60% of the total height was utilized in the conversion.

(2) Force-deformation curve of the first mode SDOF system determined by RSA procedure
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was essentially identical with MPA despite the value of K/K; and K/K;. Initial stiffness and
yielding deformation of the second mode SDOF system computed by RSA agreed well with
MPA, while hardening stiffness of RSA was much larger than MPA, which might be because the
lateral force distribution utilized in MPA kept in proportional to the elastic distribution.

(3) RSA and MPA both provided well estimation with appropriate conservatism on maximum
SDR, roof displacement, shear force and overturning moment of moment frames when K/K;
=0.1 ~ 2.0, K/K;=0~1.0. Error increased with K,/Ky increasing, particularly when K,/K;>2.0.
The main source of error in MPA procedure was the reference floor. Choosing a more
representative reference floor rather than the most conservative one could greatly improve the
accuracy. The main source of error in RSA procedure was the post-yield response distribution.
That’s why the RSA procedure provided better estimation for structures developing into
sufficient plasticity, or structures in which the response distribution didn’t change too much
after the formation of the yielding mechanism.

(4) Estimation on base shear and maximum moment of spine frames by RSA was closer to
THA results compared to MPA. However, force responses of the moment frames estimated by
RSA were ridiculously large compared to THA and MPA, which also indicating that increasing
damper stiffness could reduce resisting force of moment frames due to changing of the first
mode modal shape. A modification factor y linearly with K,/K; was introduced to modify the

estimation for moment frames.

6.7.3 Sgt2 models evaluated by MPA method

(1) The Sgt models exhibited slightly longer elastic natural period in the second mode
compared to the Cnt model. Concentrated rotation at the BRC2s story was clearly observed in
the first and second mode modal shapes.

(2) According to the pushover analysis conducted on the MBM model, the BRC2s remained
elastic in the first mode vibration. Therefore there was only one yielding point in the
force-deformation curve of the first mode SDOF model. This force-deformation curve was
almost identical with that of the Cnt model. As a result, force and deformation of the first mode
vibration estimated by MPA for the Sgt2 models were almost identical with the Cnt model. The
MPA method was not able to capture the deformation reduction effect of the Sgt model, but still,
it gave a conservative estimation.

(3) In the second mode pushover analysis, the BRC2s yielded first and followed by the
yielding of BRCls. Yielding of BRC2s caused less degradation in the system stiffness, while
yielding of BRCls reduced the stiffness by approximately 50%. Force of spine frames was
significantly reduced while force of moment frames kept at a similar level compared to the Cnt

model. Meanwhile, additional moment demand for moment frames and shear force demand for
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both moment frames and spine frames around the BRC2s story level were required.

(4) The MPA procedure estimated the maximum SDR and roof displacement of the Sgt2
models well with proper conservatism. Forces estimated by MPA procedure presented a great
agreement with the THA results, except that the base shear and maximum moment of spine
frames were underestimated by approximately 30%. Although the deformation estimated for
Sgt2 and Cnt models were almost identical, discrepency in forces was well captured by utilizing
the MPA procedure.

6.7.4 Sgt2 models evaluated by RSA method

(1) The original member-by-member model was conversed into several equivalent SDOF
systems for the required number of vibration modes. Eigenvalue analysis was firstly carried out
on the main frame without any BRCs to obtain the post-yield stiffness of the SDOF systems.
Stiffness of the additional damping system K, was computed separately for each mode. As for
the first mode, elastic deformation of both BRC1s and BRC2s were taken into account in the
calculation of the dampers stiffness. However, as for the second mode, BRC2s were assumed to
yield initially since the BRC2s made little contribution to the stiffness of dampers.

(2) Generally speaking, the force-deformation curve of the 1*-mode SDOF system
determined by RSA was in good agreement with those determined by MPA when K/K,=0.1 ~
2.0, Ku/Ky=0~2.0. Initial stiffness of the second mode SDOF system computed by RSA agreed
well with those obtained by MPA in despite of K/K,or K, /K. However, hardening stiffness
ratio and yielding deformation of the second mode SDOF system computed by RSA were
significantly higher than those obtained by MPA procedure. Such difference increased as K;i/Ky
increasing, which indicated that the excessive lateral force determined by eigenvalue analysis of
the whole structure including elastic BRCs in MPA was the main reason. Additionally, unlike
the Cnt model, changing in K/Ky of the Sgt model made little difference on the properties of the
2"_mode SDOF system when K/K,>0.5.

(3) The RSA procedure provided relatively more conservative estimation for both
deformation and force compared to MPA procedure. Despite the value of K/Krand K;1/Ky, RSA
and MPA estimated the maximum SDR and roof displacement well with proper conservatism.
As for force responses, RSA provided much better estimation for the spine frames compared to
MPA, particularly when K;/K; < 1.0. Nevertheless, similarly with the Cnt models, RSA
procedure greatly overestimated the base shear and overturning moment of moment frames in
the Sgt models. The modification factor defined for the Cnt models was introduced for the Sgt
models as well, and it greatly improved the estimation for forces of moment frames despite the
value of K;1/Ky.
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6.7.5 Design procedure

Simple design procedure is proposed for high-rise Cnt and Sgt2 spine frames with clear
recommendation on optimal structural parameters. Design chart is provided for conveniently
determining the value of key structural parameters. 1*-mode dominant responses can also be

evaluated by formula calculation without iteration work.
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Chapter 7 — Conclusions

This study proposes an innovative controlled spine frame system to prevent damage
concentration and ensure continuous usability of buildings after large earthquakes. The
proposed structural system consists of stiff spine frames, replaceable energy-dissipating
members (i.e., dampers), and envelope moment-resisting frames. The spine frames prevent
deformation concentration in specific stories. The envelope moment frames are designed to
remain elastic and ensure sufficient self-centering capacity. Input seismic energy is absorbed by
dampers, which feature significant energy dissipating capacity, and if required can be easily

replaced following a large earthquake.

Superior seismic performance of the proposed system in deformation distribution, energy
dissipation, self-centering capacity, robustness against severe earthquakes and irregular stiffness,
are validated and compared with the conventional shear damper (SD) and post-tension strands
equipped uplifting rocking systems (LU) by dynamic analysis with various ground motion
intensities. Structural models are created based on a typical 5-story school building. When
subjected to a design level earthquake, the proposed controlled spine frame model exhibited
smallest peak deformation, mildest deformation concentration, smallest damage in main frames,
and similar small residual deformation as that of the LU model, even when vertical stiffness and
strength of the main structure are not well balanced. In incremental dynamic analysis, both
regular and irregular spine frame models show stable seismic performance with increased input
ground motion intensity. On the contrary, severe damage concentration in the irregular story was
observed in the SD model, and the first-story irregular LU model exhibited a high risk in the

failure of bottom diagonal members in the rocking frame against larger earthquakes.

Effect of key structural characteristics on seismic performance of the controlled spine frame
system with various heights has been investigated by extensive parametric study. A simplified
dual multi-degree-of-freedom (DMD) model with a nonlinear dynamic analysis program is
developed for the proposed system, which greatly improves the computing efficiency of the
parametric analysis. The benchmark model utilized in the numerical analysis represents a
typical office building with height ranging from 5 to 30 stories and natural periods ranging from
around 0.8s to 5.0s. The stiff spine shows effect in achieving a more uniformed deformation
distribution even for structures as tall as 30 stories. To ensure the effectiveness of the spine
frame, the minimum requirement of spine-to-frame stiffness ratio is established for buildings
with different heights. It is also fund that increasing damper amount is not always effective in
reducing seismic response of the spine frame structures. The optimal damper-to-frame stiffness

ratio is clarified for the typical range of spine-to-frame stiffness.

A concept of segmented spine frames (Sgt) is proposed for an easier application of spine
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Chapter 7 Conclusions

frames in tall buildings by avoiding immense demand on energy-dissipating amount of dampers
or strength of spine frames. In a Sgt structure, there are more than one spine frames arranged in
series along the height of the structure. The segmented spines are pin-connected with each other
and dampers are equipped at the bottom of each spine frame. Optimal number of segments and
optimal location of each segment has been investigated. The 20- or 30-story buildings utilizing
the two-segment spine frames (Sgt2) exhibit similar peak story drift and largely reduced
strength demand on spines compared to the continuous single spine frame (Cnt) structure, as
long as the segment height is 50%-75% of the structural height. Optimal value of the ‘upper
damper’-to-‘bottom damper’ stiffness ratio is also established for the Sgt2 structures. Spine
frame structures adopting more than two segments does not exhibit advantageous seismic
performance compared to the Sgt2 structures for buildings lower than 30 stories. Therefore, two
segments configuration is recommended for tall buildings when damper amount at one story is

limited.

A simple seismic evaluation and design procedure based on equivalent linearization technique
and response spectrum analysis is developed for the proposed spine frame system, based on the
further simplified single-degree-of-freedom (SDOF) models. Two sets of processes are
developed respectively for structures whose seismic response is first-mode dominant, and
structures whose higher-modes effect cannot be ignored. Distinct limitation for applying the
design procedure is established in terms of structural vibration characteristics. Boundary of key
structural index such as the damper-to-frame stiffness ratio and spine-to-frame stiffness ratio is

determined based on a desired accuracy of the evaluated results.
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Fig A.1 MCES Building
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(a) BRB frame axis (A-A, B-B cross section in Fig A.2)
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Appendix A Detailed Information of Prototype Building
Table A.1 Column lists
SCI SC2 SC3 SC4 SC5 SC6
SMAAFR|  BCP325T SM490C BCP325T BCP325T BCP325T SM490C
RF
6F |[0-500%500%19 | H-500x300x16x25 |[1-500%500%16
5F  [O-500x500x19 | H-500x300x16x25 [0-500x500%16 |0-550x550x22 0-550%550x25
4F |0O-500x500%19 | H-500x300x16x25 |0-500x500%19 [ 0-550<550%22 |01-550%550x28 | 0-550%550%25
3F  |O-500x500x22 | H-500%300x16x25 |O-500x500x22 [0-550%550x25 |0-550x550x28 | 1-550%550x25
2F [O-500x500x22 [ H-500x300x16x25 [0-500%500%22 |0-550x550x25 |0-550%550%28 | 0-550%550x25
IF  [0O-500x500x22 | H-500x300%16x25 [[0-500x500x22 |[0-550x550x25 [[(1-550x550x28 | (0-550x550%25
Cl C2 C3 BRBC
b 4 =+
Fii g SM490B
D) 550550
prae FHAT O-550x550x12
a B +—400x400x36x36
wo | [ | H | E
BxD 800800 800x800 850%850
BIF 786 F [ -550x300<14<25 [B-550<300~ 1425 [F-550x300> 1425
B 12-D25 12-D25 12-D25
7— 7 DI13@100 DI13@100 DI13@100
HEBh 4-D13 4-D13 4-D13
Table A.2 Beam lists
SG1 SG2 SG3 SG4 SB1
ERb AR SN400B SN400B SN400B SN400B SS400
RF |[H-500x300%12x19 [H-700x300x13x24 | H-700x300x13x24 [H-700x300x13x24| |H- 600x200x11x17
6F [H-500x300x12x19 [H-700x300x13x24 | H-700x300x13x24 [H-700x300x13x24| |H- 600x200x11x17
5F  |H-500x300%12x19 [H=700%x300x13x24 | H1-700x300x13%x24 [H-700x300%13x24| |- 600x200x11x17
4F |H-500x300%12x19 [H=700%300x13x24 [ H-700%x300x13%x24 [H-700x300x13%24| [H- 600x200x11x17
3F  [H-500x300x12x19 [H-700x300x13x24| H-700%300%13x24 [H-700>x300x13x24| |H- 600x200x11x17
2F |H-500%300%12x19 |H-700x300x%13x24 | H-700x300x13x24 |H-700x300x13%x24| |H- 600x200x11x17
Gl G2 Bl
- [ | O || O
IF BxD 600x1000 600x1000 500x1000
BE H =700x300%13%24|H 700x300%13%24 | [H =700x200x14x22
X5 8-D25 8-D25 8-D25
7 — 715 DI3@150 DI3@150 DI13@150




Appendix A Detailed Information of Prototype Building

Table A.3 Braces in the spine frame and BRBs in the BRB frames

Vi BRBI

SR R SM490B LY225
RF
6F

s | H

H —550%550%19x%25

H
4F
FE 0-300x300%6
HSSOSSOIR3 et 1-200+200<36+36
H
3F
RS O-300x300%6
H —550x550%19x25 |74
P00 Lt 550250+36x36
2F '
AR O-400x400%9
HT600x350725%25 et 300:300%36x36
H
IF

kT O-400%400%9
-600%550
H600X550%25523 et 5502503636

Table A.4 Material strength™'

Material Tensile yielding stress (MPa)

(characteristic value F)

SN400B, SS400 235
SN490B 325
BCP325 325
BCP235 235

! Yielding stress of the steel materials in Table A.4 are multiplied by 1.1 in the static and dynamic
analysis according to Japan design code, in order to get close to the actual strength of the materials based

on the statistical data.
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Appendix B OpenSees Model Scripts of Spine Frame Structure

Appendix B
OpenSees Model Scripts of Spine Frame Structure
20-story Cnt / Sgt2 model

#unit: mmtons N
wipe all
model BasicBuilder -ndm 2 -ndf 3

set fileName BRCat10/BRCat10-1.0-0.5-bcj; # recorder folder

file mkdir $fileName

setsegFl9  # INPUT PARAMETER, segment floor, (Cnt model: segFI=19)
set brcFt1 1.0 # INPUT PARAMETER, BRC1, Kd1/Kf

setbrcFt2 0.5 # INPUT PARAMETER, BRC2, Ld2/Kf

set period "T10-1.0-0.5.txt"  # recorder file for eigenvalue analysis

set outFile BCJL2L evel2.txt; # input file
set IDloadTag 100

set GMdirection 1

set dt 0.01; # input time interval

set GMfatt 10.0

set DtAnalysis 0.01; # analysis time interval
set Nsteps 12000

set dph 0.02 # intrinsic damping ratio
set spax 14

set nbl [expr 11+$segFl]

set nb2 [expr 10+$segFl]

# Material
# BRC material
set matBRC1 8
uniaxialMaterial Steel01 $matBRC1 [expr $brcFt1*1.3316e11] [expr $brcFt1*1.3316e14]
0.000001
set matBRC2 9
uniaxialMaterial Steel01 $matBRC2 [expr $brcFt2*1.3316e11] [expr $brcFt2*1.3316e14] 0.000001
# Material of braces in the spine frame
uniaxialMaterial Elastic 2 205000. 0.

B-1



Appendix B OpenSees Model Scripts of Spine Frame Structure

set floorOffsets {4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000. 4000.
4000. 4000. 4000. 4000. 4000. 4000.}
set colOffsets {4500. 4500. 4500. 9000. 9000. 4500. 4500. 4500. 5000. 4500. 4500. 4500. 4500. 4500.
4500. 4500. 4500. 4500. 4500. 5000. 4500. 4500. 4500. 4500. 4500. 4500. 4500. 4500. 4500. 4500.}
set colSecN0{3212521234000424000440004240004}
set massFloor {14.12 20.94 21.69 20.94 148.91 20.94 21.69
20.94 14.12 22.31 28.76 28.76 28.76 31.68 15.52 31.68
28.76 28.76 28.76 22.31 22.31 28.76 28.76 28.76 31.68
15.52 31.68 28.76 28.76 28.76 22.31}
set massRoof {16.69 27.90 28.22 27.90 163.95 27.90 28.22 27.90
16.69 28.47 45.09 45.09 45.09 46.31 23.13 46.31 45.09
45.09 45.09 28.47 28.47 45.09 45.09 45.09 46.31 23.13
46.31 45.09 45.09 45.09 28.47}
set beamSectionl 7; set beamSection2 8; set braceSec 6; set BRCSection 101; set RigidSection 202
set beamGeomTrf 1; set colGeomTrf 2; set braceGeomTrf 3; set numintgrPts 5
set 1zcol {3.5018e9 3.5018e9 3.5018e9 3.5018e9 3.5018e9 3.5018e9 3.5018e9 3.5018e9 2.8362€9
2.8362e9 2.8362e9 2.8362e9 2.8362e9 2.8362e9 2.8362e9 2.8362e9 2.4869e9 2.4869e9 2.4869e9
2.4869e9
2.4475e9 2.4475e9 2.4475e9 2.4475e9 2.4475e9 2.4475e9 2.2422e9 2.2422e9
2.2422e9 2.2422e9 2.2422e9 2.2422e9 2.2422e9 2.2422e9 2.0327e9 2.0327e9 2.0327e9 2.0327e9
2.0327e9 2.0327e9
3.1745e9 3.1745e9 3.1745e9 3.1745e9 2.8362e9 2.8362e9 2.8362e9
2.8362e9 2.8362e9 2.8362e9 2.8362e9 2.8362e9 2.4869e9 2.4869e9 2.4869e9 2.4869e9 2.4869e9
2.4869e9 2.4869€e9 2.4869e9
5.0488e9 5.0488e9 5.0488e9 5.0488e9 5.0488e9 5.0488e9 5.0488e9 5.0488e9
5.0488e9 5.0488e9 4.7777e9 4.7777e9 4.7777e9 4.7777e9 4.7777e9 4.7777e9 4.7777e9 4.7777e9
4.5011e9 4.5011e9

2.4172e9 2.4172e9 2.4172e9 2.41729 2.4172e9 2.4172e9 2.4172e9 2.4172e9

2.4172€9 2.4172e9 2.4172e9 2.4172€9 2.4172e9 2.4172e9 2.4172e9 2.4172e9 2.4172e9 2.4172e9
2.4172e9 2.4172e9}
set Acol {64064. 64064. 64064. 64064. 64064. 64064. 64064. 64064. 50864. 50864. 50864. 50864. 50864.
50864. 50864. 50864. 44156. 44156. 44156. 44156.

31904. 31904. 31904. 31904. 31904. 31904. 29600. 29600. 29600. 29600. 29600.
29600. 29600. 29600. 27296. 27296. 27296. 27296. 27296. 27296.

57500. 57500. 57500. 57500. 50864. 50864. 50864. 50864. 50864. 50864. 50864.
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Appendix B OpenSees Model Scripts of Spine Frame Structure

50864. 44156. 44156. 44156. 44156. 44156. 44156. 44156. 44156.
79104. 79104. 79104. 79104. 79104. 79104. 79104. 79104. 79104. 79104. 74400.
74400. 74400. 74400. 74400. 74400. 74400. 74400. 69664. 69664.
52500. 52500. 52500. 52500. 52500. 52500. 52500. 52500. 52500. 52500. 52500.
52500. 52500. 52500. 52500. 52500. 52500. 52500. 52500. 52500.}
set 1zbm1 {2.4865e9 2.4865e9 2.4865e9 2.4865e9 2.4865e9 2.4865e9 2.3709e9 2.3709e9 2.3709e9
2.2539e9 2.2539e9 2.2539e9 2.0755e9 2.0755e9 2.0755e9 2.0755e9 1.8939e9 1.8939e9 1.8939e9
1.8939e9}
set Abm1 {29376. 29376. 29376. 29376. 29376. 29376. 28240. 28240. 28240. 27104. 27104. 27104.
25400. 25400. 25400. 25400. 23696. 23696. 23696. 23696.}
set 1zbm2 [expr 3.8442e9]
set Abm2 31150.
set A50.957e7  # INPUT PARAMETER, herein Ksf=0.3
set E5 3.35e4
set 15 0.604e14  # INPUT PARAMETER, herein Ksf=0.3
set G5 1.396e4
set E [expr 2.05e5]
set A [expr 1.0e10]
# calculat properties
set numFloor [expr [llength $floorOffsets]+10]
set numCline [expr [llength $colOffsets]+10]

# set up node and fix the nodes in the first floor
for {set floor 10; set floorLoc 0} {$floor<=$numFloor} {incr floor 1} {
if {$floor==$numFloor} {
set mass $massRoof

Yelse{

set mass $massFloor

}
for {set colLine 10; set colLoc 0;} {$colLine<=$numCline} {incr colLine 1} {

node $colLine$floor $colLoc $floorLoc -mass [lindex $mass [expr $colLine-10]] O.

if {$floor==10} { fix $colLine$floor 1 1 1}
if {$colLine < $numCline} {set colLoc [expr $colLoc+[lindex $colOffsets [expr
$colLine-10111}

}
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Appendix B OpenSees Model Scripts of Spine Frame Structure

if {$floor < $numFloor} {set floorLoc [expr $floorLoc+[lindex $floorOffsets [expr
$floor-10]11}

}

# additional nodes for BRCs

node 14101 22500. 0.

node 14201 22500. [expr $segFI*4000.]
fix 14101110

puts "Node built!"

# set multi-point constraint
set colLinel 14
for {set colLine 10} {$colLine<=$numCline} {incr colLine 1} {
set colSec [lindex $colSecNo [expr $colLine-10]]
if {[expr $colSec!=0&&$colSec!=5]} {
for {set floor 11} {$floor<=$numFloor} {incr floor 1} {
equalDOF $colLinel$floor $colLine$floor 1

}
equalDOF $spax$nb2 14201 1 2

puts "equalDOF built!"

# set geometric transformation

geomTransf Linear1; # Beams
geomTransf Linear 2 ; # Columns
geomTransf Linear 3 ; # Braces

puts "Geometric transformation built!"

# set up columns
element ElasticTimoshenkoBeam 141011411 14101 1411 $E5 $G5 $A5 $15 $A5 $colGeomTrf
element ElasticTimoshenkoBeam 142011421 14201 $spax$nbl $E5 $G5 $AS5 $15 $A5 $colGeomTrf
element twoNodeLink 141014101 1410 14101 -mat $matBRCL1 -dir 3 -doRayleigh
element twoNodeLink 142014201 $spax$nb2 14201 -mat $matBRC2 -dir 3 -doRayleigh
for {set colLine 10} {$colLine<=$numCline} {incr colLine 1} {

set colSec [lindex $colSecNo [expr $colLine-10]]
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Appendix B OpenSees Model Scripts of Spine Frame Structure

for {set floorl 10; set floor2 11} {$floor2<=$numFloor} {incr floorl 1; incr floor2 1} {
if {[expr $floor1==10||$floorl==$nb2]&& [expr $colLine==14]} {
continue
} elseif {[expr
$colLine==20||$colLine==21]||$colLine==22||$colLine==26||$colLine==27||$colLine==28]|$colLine==31|
|$colLine==32||$colLine==33||$colLine==37||ScolLine==38||$colLine==39]} {
continue
Yelse {
if {[expr $floor1!=10&&$floorl!=$nh2]&&[expr $colSec==5]} {
element ElasticTimoshenkoBeam
$colLine$floorl$colLine$floor2 $colLine$floorl $colLine$floor2 $E5 $G5 $A5 $15 $A5 $colGeomTrf
Yelse {
#element elasticBeamColumn $colLine$floorl$colLine$floor2
$colLine$floorl $colLine$floor2 $A $E [lindex $lzcol [expr ($colSec-1)*20+$floorl-10]] $colGeomTrf
element elasticBeamColumn $colLine$floori$colLine$floor2
$colLine$floorl $colLine$floor2 [lindex $Acol [expr ($colSec-1)*20+$floorl-10]] $E [lindex $lzcol
[expr ($colSec-1)*20+$floor1-10]] $colGeomTrf

}

}

puts "Column built!"

# set up beams
for {set colLinel 10; set colLine2 11} {$colLine2<=$numCline} {incr colLinel 1; incr colLine2 1} {
for {set floor 11} {$floor<=$numFloor} {incr floor 1} {
if {$colLinel==18||$colLinel==29||$colLinel==13||$colLinel==14} {
continue
} elseif
{$colLine1==19||$colLine1==20||$colLine1==21||$colLine1==22||$colLine1==25||$colLine1==26||$colL
ine1==27||$colLine1==28||$colLine1==30|$colLine1==31||$colLine1==32||$colLine1==33||$colLinel==
36||$colLine1==37||$colLine1==38||$colLine1==39} {
#element elasticBeamColumn $colLine1$floor$colLine2$floor
$colLinel$floor $colLine2$floor $A $E $1zbm2 $heamGeomTrf
element elasticBeamColumn $colLine1$floor$colLine2$floor
$colLinel$floor $colLine2$floor $Abm2 $E $1zbm2 $beamGeomTrf
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Yelse {

#element elasticBeamColumn $colLine1$floor$colLine2$floor
$colLinel$floor $colLine2$floor $A $E [lindex $1zbm1 [expr $floor-11]] $heamGeomTrf

element elasticBeamColumn $colLine1$floor$colLine2$floor
$colLinel$floor $colLine2$floor [lindex $Abm1 [expr $floor-11]] $E [lindex $I1zbm1 [expr $floor-11]]
$beamGeomTrf

}

puts "Beam built!"

timeSeries Linear 1 -factor 1

initialize

# # set graphic display
# set dAmp 30
# recorder display Pushover2D 10 10 850 450 -wipe

# prp 72500 40100 1; # projection reference point (prp); defines
the center of projection (viewer eye)

#vup 010; # view-up vector (vup)

#vpn 001; # view-plane normal (vpn)

# viewWindow -80000 80000 -80000 80000; # coordiantes of the window relative to
prp

# display 1 2 $dAmp;

# puts "display set!"

set nodeMF2 111; set nodeMF3 112; set nodeMF4 113; set nodeMF5 114; set nodeMF6 115; set
nodeMF7 116; set nodeMF8 117; set nodeMF9 118; set nodeMF10 119; set nodeMF11 120;

set nodeMF12 121; set nodeMF13 122; set nodeMF14 123; set nodeMF15 124; set nodeMF16 125; set
nodeMF17 126; set nodeMF18 127; set nodeMF19 128; set nodeMF20 129; set nodeMF21 130;

set nodeSF 32;

set colF1 2010; set colF2 2011; set colF3 2012; set colF4 2013; set colF5 2014; set colF6 2015; set colF7
2016; set colF8 2017; set colF9 2018; set colF10 2019;

set colF11 2020; set colF12 2021; set colF13 2022; set colF14 2023; set colF15 2024; set colF16 2025;
set colF17 2026; set colF18 2027; set colF19 2028; set colF20 2029;

set beamF1 3011; set beamF2 3012; set beamF3 3013; set beamF4 3014; set beamF5 3015; set beamF6
3016; set beamF7 3017; set beamF8 3018; set beamF9 3019; set beamF10 3020;
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set beamF11 3021; set beamF12 3022; set beamF13 3023; set beamF14 3024; set beamF15 3025; set
beamF16 3026; set beamF17 3027; set beamF18 3028; set beamF19 3029; set beamF20 3030;
set SpBrcF1 4010; set SpBrcF2 4011; set SpBrcF3 4012; set SpBrcF4 4013; set SpBrcF5 4014, set
SpBrcF6 4015; set SpBrcF7 4016; set SpBrcF8 4017; set SpBrcF9 4018; set SpBrcF10 4019;
set SpBrcF11 4020; set SpBrcF12 4021; set SpBrcF13 4022; set SpBrcF14 4023; set SpBrcF15 4024; set
SpBrcF16 4025; set SpBrcF17 4026; set SpBrcF18 4027; set SpBrcF19 4028; set SpBrcF20 4029;
set SpColF1 5010; set SpColF2 5011; set SpColF3 5012; set SpColF4 5013; set SpColF5 5014; set
SpColF6 5015; set SpColF7 5016; set SpColF8 5017; set SpColF9 5018; set SpColF10 5019;
set SpColF11 5020; set SpColF12 5021; set SpColF13 5022; set SpColF14 5023; set SpColF15 5024; set
SpColF16 5025; set SpColF17 5026; set SpColF18 5027; set SpColF19 5028; set SpColF20 5029;
#set spine frame region
region $SpColF1 -ele 141011411
set SpCol 50
for {set Floorl 11; set Floor2 12} {$Floor2<=$numFloor} {incr Floorl 1; incr Floor2 1} {

if {$Floorl!=[expr 10+$segFI]} {

region $SpCol$Floorl -ele $spax$Floorl$spax$Floor2
Yelse{
region $SpCol$Floorl -ele 142011421

}

#set column region

region $colF1  -ele 10101011 11101111 12101211 13101311 15101511 16101611 17101711 18101811
19101911 23102311 24102411 25102511 29102911 30103011 34103411 35103511 36103611 40104011
region $colF2  -ele 10111012 11111112 12111212 13111312 15111512 16111612 17111712 18111812
19111912 23112312 24112412 25112512 29112912 30113012 34113412 35113512 36113612 40114012
region $colF3  -ele 10121013 11121113 12121213 13121313 15121513 16121613 17121713 18121813
19121913 23122313 24122413 25122513 29122913 30123013 34123413 35123513 36123613 40124013
region $colF4  -ele 10131014 11131114 12131214 13131314 15131514 16131614 17131714 18131814
19131914 23132314 24132414 25132514 29132914 30133014 34133414 35133514 36133614 40134014
region $colF5  -ele 10141015 11141115 12141215 13141315 15141515 16141615 17141715 18141815
19141915 23142315 24142415 25142515 29142915 30143015 34143415 35143515 36143615 40144015
region $colF6  -ele 10151016 11151116 12151216 13151316 15151516 16151616 17151716 18151816
19151916 23152316 24152416 25152516 29152916 30153016 34153416 35153516 36153616 40154016
region $colF7  -ele 10161017 11161117 12161217 13161317 15161517 16161617 17161717 18161817
19161917 23162317 24162417 25162517 29162917 30163017 34163417 35163517 36163617 40164017
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region $colF8  -ele 10171018 11171118 12171218 13171318 15171518 16171618 17171718 18171818
19171918 23172318 24172418 25172518 29172918 30173018 34173418 35173518 36173618 40174018
region $colF9  -ele 10181019 11181119 12181219 13181319 15181519 16181619 17181719 18181819
19181919 23182319 24182419 25182519 29182919 30183019 34183419 35183519 36183619 40184019
region $colF10 -ele 10191020 11191120 12191220 13191320 15191520 16191620 17191720 18191820
19191920 23192320 24192420 25192520 29192920 30193020 34193420 35193520 36193620 40194020
region $colF11 -ele 10201021 11201121 12201221 13201321 15201521 16201621 17201721 18201821
19201921 23202321 24202421 25202521 29202921 30203021 34203421 35203521 36203621 40204021
region $colF12 -ele 10211022 11211122 12211222 13211322 15211522 16211622 17211722 18211822
19211922 23212322 24212422 25212522 29212922 30213022 34213422 35213522 36213622 40214022
region $colF13 -ele 10221023 11221123 12221223 13221323 15221523 16221623 17221723 18221823
19221923 23222323 24222423 25222523 29222923 30223023 34223423 35223523 36223623 40224023
region $colF14 -ele 10231024 11231124 12231224 13231324 15231524 16231624 17231724 18231824
19231924 23232324 24232424 25232524 29232924 30233024 34233424 35233524 36233624 40234024
region $colF15 -ele 10241025 11241125 12241225 13241325 15241525 16241625 17241725 18241825
19241925 23242325 24242425 25242525 29242925 30243025 34243425 35243525 36243625 40244025
region $colF16 -ele 10251026 11251126 12251226 13251326 15251526 16251626 17251726 18251826
19251926 23252326 24252426 25252526 29252926 30253026 34253426 35253526 36253626 40254026
region $colF17 -ele 10261027 11261127 12261227 13261327 15261527 16261627 17261727 18261827
19261927 23262327 24262427 25262527 29262927 30263027 34263427 35263527 36263627 40264027
region $colF18 -ele 10271028 11271128 12271228 13271328 15271528 16271628 17271728 18271828
19271928 23272328 24272428 25272528 29272928 30273028 34273428 35273528 36273628 40274028
region $colF19 -ele 10281029 11281129 12281229 13281329 15281529 16281629 17281729 18281829
19281929 23282329 24282429 25282529 29282929 30283029 34283429 35283529 36283629 40284029
region $colF20 -ele 10291030 11291130 12291230 13291330 15291530 16291630 17291730 18291830
19291930 23292330 24292430 25292530 29292930 30293030 34293430 35293530 36293630 40294030
#set node of main frame region

region $nodeMF2 -node 1011 1111 1211 1311 1511 1611 1711 1811 1911 2311 2411 2511 2911 3011
3411 3511 3611 4011

region $nodeMF3 -node 1012 1112 1212 1312 1512 1612 1712 1812 1912 2312 2412 2512 2912 3012
3412 3512 3612 4012

region $nodeMF4 -node 1013 1113 1213 1313 1513 1613 1713 1813 1913 2313 2413 2513 2913 3013
3413 3513 3613 4013

region $nodeMF5 -node 1014 1114 1214 1314 1514 1614 1714 1814 1914 2314 2414 2514 2914 3014
3414 3514 3614 4014

region $nodeMF6 -node 1015 1115 1215 1315 1515 1615 1715 1815 1915 2315 2415 2515 2915 3015
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3415 3515 3615 4015

region $nodeMF7 -node 1016 1116 1216 1316 1516 1616 1716 1816 1916 2316 2416 2516 2916 3016
3416 3516 3616 4016

region $nodeMF8 -node 1017 1117 1217 1317 1517 1617 1717 1817 1917 2317 2417 2517 2917 3017
3417 3517 3617 4017

region $nodeMF9 -node 1018 1118 1218 1318 1518 1618 1718 1818 1918 2318 2418 2518 2918 3018
3418 3518 3618 4018

region $nodeMF10 -node 1019 1119 1219 1319 1519 1619 1719 1819 1919 2319 2419 2519 2919 3019
3419 3519 3619 4019

region $nodeMF11 -node 1020 1120 1220 1320 1520 1620 1720 1820 1920 2320 2420 2520 2920 3020
3420 3520 3620 4020

region $nodeMF12 -node 1021 1121 1221 1321 1521 1621 1721 1821 1921 2321 2421 2521 2921 3021
3421 3521 3621 4021

region $nodeMF13 -node 1022 1122 1222 1322 1522 1622 1722 1822 1922 2322 2422 2522 2922 3022
3422 3522 3622 4022

region $nodeMF14 -node 1023 1123 1223 1323 1523 1623 1723 1823 1923 2323 2423 2523 2923 3023
3423 3523 3623 4023

region $nodeMF15 -node 1024 1124 1224 1324 1524 1624 1724 1824 1924 2324 2424 2524 2924 3024
3424 3524 3624 4024

region $nodeMF16 -node 1025 1125 1225 1325 1525 1625 1725 1825 1925 2325 2425 2525 2925 3025
3425 3525 3625 4025

region $nodeMF17 -node 1026 1126 1226 1326 1526 1626 1726 1826 1926 2326 2426 2526 2926 3026
3426 3526 3626 4026

region $nodeMF18 -node 1027 1127 1227 1327 1527 1627 1727 1827 1927 2327 2427 2527 2927 3027
3427 3527 3627 4027

region $nodeMF19 -node 1028 1128 1228 1328 1528 1628 1728 1828 1928 2328 2428 2528 2928 3028
3428 3528 3628 4028

region $nodeMF20 -node 1029 1129 1229 1329 1529 1629 1729 1829 1929 2329 2429 2529 2929 3029
3429 3529 3629 4029

region $nodeMF21 -node 1030 1130 1230 1330 1530 1630 1730 1830 1930 2330 2430 2530 2930 3030
3430 3530 3630 4030

#set node of spine frame region

region $nodeSF -node 14101 1411 1412 1413 1414 1415 1416 1417 1418 1419 1420 14201 1421 1422
1423 1424 1425 1426 1427 1428 1429 1430

recorder Drift -file $fileName/Drift.out -time -iNode 1110 1111 1112 1113 1114 1115 1116 1117 1118
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1119 1120 1121 1122 1123 1124 1125 1126 1127 1128 1129 -jNode 1111 1112 1113 1114 1115 1116 1117
1118 1119 1120 1121 1122 1123 1124 1125 1126 1127 1128 1129 1130 -dof 1 -perpDirn 2

recorder Node -file $fileName/FloorDisp_tf_bcj.out -time -node 1011 1012 1013 1014 1015 1016 1017
1018 1019 1020 1021 1022 1023 1024 1025 1026 1027 1028 1029 1030 -dof 1 disp

recorder Node -file $fileName/FloorAcc_tf_bcj.out -time -node 1011 1012 1013 1014 1015 1016 1017
1018 1019 1020 1021 1022 1023 1024 1025 1026 1027 1028 1029 1030 -dof 1 accel

recorder Node -file $fileName/Floor\Vel_tf_bcj.out -time -node 1011 1012 1013 1014 1015 1016 1017
1018 1019 1020 1021 1022 1023 1024 1025 1026 1027 1028 1029 1030 -dof 1 vel

recorder Node -file $fileName/RotationMF2.out -time -region $nodeMF2 -dof 3 disp
recorder Node -file $fileName/RotationMF3.out -time -region $nodeMF3 -dof 3 disp
recorder Node -file $fileName/RotationMF4.out -time -region $nodeMF4 -dof 3 disp
recorder Node -file $fileName/RotationMF5.out -time -region $nodeMF5 -dof 3 disp
recorder Node -file $fileName/RotationMF6.out -time -region $nodeMF6 -dof 3 disp
recorder Node -file $fileName/RotationMF7.out -time -region $nodeMF7 -dof 3 disp
recorder Node -file $fileName/RotationMF8.out -time -region $nodeMF8 -dof 3 disp
recorder Node -file $fileName/RotationMF9.out -time -region $nodeMF9 -dof 3 disp
recorder Node -file $fileName/RotationMF10.out -time -region $nodeMF10 -dof 3 disp
recorder Node -file $fileName/RotationMF11.out -time -region $nodeMF11 -dof 3 disp
recorder Node -file $fileName/RotationMF12.out -time -region $nodeMF12 -dof 3 disp
recorder Node -file $fileName/RotationMF13.out -time -region $nodeMF13 -dof 3 disp
recorder Node -file $fileName/RotationMF14.out -time -region $nodeMF14 -dof 3 disp
recorder Node -file $fileName/RotationMF15.out -time -region $nodeMF15 -dof 3 disp
recorder Node -file $fileName/RotationMF16.out -time -region $nodeMF16 -dof 3 disp
recorder Node -file $fileName/RotationMF17.out -time -region $nodeMF17 -dof 3 disp
recorder Node -file $fileName/RotationMF18.out -time -region $nodeMF18 -dof 3 disp
recorder Node -file $fileName/RotationMF19.out -time -region $nodeMF19 -dof 3 disp
recorder Node -file $fileName/RotationMF20.out -time -region $nodeMF20 -dof 3 disp
recorder Node -file $fileName/RotationMF21.out -time -region $nodeMF21 -dof 3 disp

recorder Node -file $fileName/RotationSF.out -time -region $nodeSF -dof 3 disp
recorder Node -file $fileName/VDispSF.out -time -region $nodeSF -dof 2 disp

recorder Element -file $fileName/glbForceColF1.out -time -region $colF1 globalForce

recorder Element -file $fileName/glbForceColF2.out -time -region $colF2 globalForce

recorder Element -file $fileName/glbForceColF3.out -time -region $colF3 globalForce
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recorder Element -file $fileName/glbForceColF4.out -time -region $colF4 globalForce
recorder Element -file $fileName/glbForceColF5.out -time -region $colF5 globalForce
recorder Element -file $fileName/glbForceColF6.out -time -region $colF6 globalForce
recorder Element -file $fileName/glbForceColF7.out -time -region $colF7 globalForce
recorder Element -file $fileName/glbForceColF8.out -time -region $colF8 globalForce
recorder Element -file $fileName/glbForceColF9.out -time -region $colF9 globalForce
recorder Element -file $fileName/glbForceColF10.out -time -region $colF10 globalForce
recorder Element -file $fileName/glbForceColF11.out -time -region $colF11 globalForce
recorder Element -file $fileName/glbForceColF12.out -time -region $colF12 globalForce
recorder Element -file $fileName/glbForceColF13.out -time -region $colF13 globalForce
recorder Element -file $fileName/glbForceColF14.out -time -region $colF14 globalForce
recorder Element -file $fileName/glbForceColF15.out -time -region $colF15 globalForce
recorder Element -file $fileName/glbForceColF16.out -time -region $colF16 globalForce
recorder Element -file $fileName/glbForceColF17.out -time -region $colF17 globalForce
recorder Element -file $fileName/glbForceColF18.out -time -region $colF18 globalForce
recorder Element -file $fileName/glbForceColF19.out -time -region $colF19 globalForce

recorder Element -file $fileName/glbForceColF20.out -time -region $colF20 globalForce

recorder Element -file $fileName/glbForceSpColF1.out
recorder Element -file $fileName/glbForceSpColF2.out
recorder Element -file $fileName/glbForceSpColF3.out
recorder Element -file $fileName/glbForceSpColF4.out
recorder Element -file $fileName/glbForceSpColF5.out
recorder Element -file $fileName/glbForceSpColF6.out
recorder Element -file $fileName/glbForceSpColF7.out
recorder Element -file $fileName/glbForceSpColF8.out
recorder Element -file $fileName/glbForceSpColF9.out

-time -region $SpColF1 globalForce
-time -region $SpColF2 globalForce
-time -region $SpColF3 globalForce
-time -region $SpColF4 globalForce
-time -region $SpColF5 globalForce
-time -region $SpColF6 globalForce
-time -region $SpColF7 globalForce
-time -region $SpColF8 globalForce
-time -region $SpColF9 globalForce

recorder Element -file $fileName/glbForceSpColF10.out -time -region $SpColF10 globalForce

recorder Element -file $fileName/glbForceSpColF11.out -time -region $SpColF11 globalForce

recorder Element -file $fileName/glbForceSpColF12.out -time -region $SpColF12 globalForce

recorder Element -file $fileName/glbForceSpColF13.out -time -region $SpColF13 globalForce

recorder Element -file $fileName/glbForceSpColF14.out -time -region $SpColF14 globalForce

recorder Element -file $fileName/glbForceSpColF15.out -time -region $SpColF15 globalForce

recorder Element -file $fileName/glbForceSpColF16.out -time -region $SpColF16 globalForce
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recorder Element -file $fileName/glbForceSpColF17.out -time -region $SpColF17 globalForce
recorder Element -file $fileName/glbForceSpColF18.out -time -region $SpColF18 globalForce
recorder Element -file $fileName/glbForceSpColF19.out -time -region $SpColF19 globalForce

recorder Element -file $fileName/glbForceSpColF20.0ut -time -region $SpColF20 globalForce

recorder Element -file $fileName/ForceBRC.out -time -ele 141014101 142014201 localForce

recorder Element -file $fileName/DefmBRC.out -time -ele 141014101 142014201

localDisplacement

# Gravity load definition
# pattern Plain 1 1 {

# for {set floor $numFloor} {$floor>=2} {incr floor -1} {

# for {set colLine 10} {$colLine<=$numCline} {incr colLine 1} {

# if {$floor==$numFloor} {

# set gravity [expr -9.8*1000*[lindex $massRoof [expr $colLine-10]]]
# }else {

# set gravity [expr -9.8*1000*[lindex $massFloor [expr $colLine-10]]]
# }

# load $colLine$floor 0. $gravity 0.

# }

#}

#}

#

# puts "Gravity load pattern built"

#

# # Gravity load analysis

# constraints  Transformation
#test Energylncr 1e-5 25 2
# integrator LoadControl 0.1

# algorithm  Newton

# numberer RCM

# system UmfPack -lvalueFact 100
# analysis  Static

# analyze 10

# loadConst -time 0.0
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# puts "Gravity analysis done"

# Eigen analysis
set numModes 3
set lambda [eigen  -fullGenLapack $SnumModes]
set omega {}
set f {}
setT {}
set evector {}
set evi {}
set pi 3.141593
setiO
set evNode {1011 1012 1013 1014 1015 1016 1017 1018 1019 1020 1021 1022 1023 1024 1025 1026
1027 1028 1029 1030}
foreach lam $lambda {
set i [expr $i+1]
lappend omega [expr sqrt($lam)]
lappend f [expr sqrt($lam)/(2*$pi)]
lappend T [expr (2*$pi)/sqrt($lam)]
foreach evn $evNode {

lappend evector [nodeEigenvector $evn $i 1]

set Periods [open $period "w"]
foreach t $T {

puts $Periods " $t"
}
setiO
foreach ev $evector {

lappend evi [expr $ev]

set i [expr $i+1]

if {$i%20==0} {

puts $Periods "Sevi

set evi {}
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¥

close $Periods

puts “Eigen analysis done!"

# Seismic input
constraints Transformation
numberer RCM

system UmfPack -lvalueFact 100
test Energylincr 1e-6 100 0
algorithm KrylovNewton
integrator Newmark 0.5 0.25

analysis VariableTransient

set omegal [lindex $omega 0]

set omegab [lindex $omega 2]

set alphaM [expr $dph*2*$omegal*$omegab/($omegal+$omegab)]
set betaKinit [expr $dph*2/($omegal+$omegab)]

set betaKcurr 0

set betakcomm 0

rayleigh $alphaM $betaKcurr $betaKinit $betakcomm

# Earthquake input

set AccelSeries "Series -dt $dt -filePath $outFile -factor $GMfatt"

pattern UniformExcitation $IDloadTag $GMdirection -accel $AccelSeries

set ok [analyze $Nsteps $DtAnalysis [expr $DtAnalysis/100] [expr $DtAnalysis] 20]

puts "Ground motion done! End Time: [getTime]"

# # Static Push

# #model

# # set lateralForce {7831.196275 14265.10795 21512.13723 29476.38492
38055.97918 47156.11399 56692.75046 66578.16014
76733.7855 87084.17913 97563.94093 108107.4722 118664.474
129187.8765 139640.4954 149992.6393 160231.5848
170351.2496 180368.3859 265714.918}

# #mode?2

#  setlateralForce {55439.53118 96837.07606 138222.789 177010.6086
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H

H OHF OHF OH OH O OHF OHF OH OHF OHF OH OH OFH OH OH OH T OH O H

210807.5658 237565.8042 255645.3228 263782.8772
261180.1523 247495.2124 222838.6441 187760.5975
143175.7894 90340.64326 30741.80837 -33965.21783
-102155.2336 -172241.9578 -242946.0451 -437156.9673}
# mode 3
# set lateralForce {61994.77905 101859.9512 132959.6505 150689.0338
152221.8451 136903.1139 106213.1469 63627.03613 14116.6321
-36401.31969 -81823.3958 -116514.3439 -136064.1746
-137711.5693 -120653.6963 -86106.69753 -37004.43696
22404.77636 87401.20258 214104.319}

pattern Plain 2 1 {

for {set floor 11} {$floor<=$numFloor} {incr floor 1} {

set theL ateralF [lindex $lateralForce [expr $floor-11]]
for {set colLine 10} {$colLine<=$numCline} {incr colLine 1} {
load $colLine$floor $theL ateralF 0. 0.

}

constraints  Transformation

test Energylncr le-5 25 2
integrator LoadControl 0.001
#integrator DisplacementControl 1030 1 1
algorithm  Newton

numberer RCM

system UmfPack -lvalueFact 100
analysis  Static

analyze 1000

puts "Push analysis done"
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Appendix C
Programming Scripts for Nonlinear Analysis of DMD Model

MAIN.£90 for Cnt MOdEIS. .. .. .uiee e C-1
Subroutine CHLSKY.190. ... o e C-13
Subroutine CHOL.90. ... ..o e, C-15
Subroutine EVAT.f90 for Cnt models............cooiiiiii e, C-17
Subroutine GEIGEN.10.. ... e C-20
Subroutine JACOBILO0........c. oo C-22
Subroutine MASG.190....... ..ottt e C25
Subroutine MINV.ADO0. ... e C-27
Subroutine MOCH.£90....... ..o e C-28
Subroutine NRES.f90 for Cnt models. ...........coiiiiiiii e C-29
Subroutine PROG.190. ... ..o e C-33
Subroutine PRT.AD0. . ... C-34
Subroutine SKEL.10. ... ... C-38
Subroutine STDM.190. ... ... e C-38
Main.f90 for SEt2 MOAeIS. .. ..viuiiiit i C-39

Subroutine NRES.f90 for Sgt2 models...........cooviiiiiiii e, C-52
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Main file for comparing responses of DMD and SDOF models of the Cnt spine frame structures in
static, eigenvalue, and dynamic analysis
! Intrinsic damping ratio of models = 0.02
! Input wave: BCJ-L2 (Accel. response spectrum is calibrated to following BRI-L2 when damping ratio is
0.05)
! Unit: cm N 0.1ton s
DATA H/400./
INTEGER,PARAMETER:: NP=9 ! analysis case number = number of elements of SFT, BRCFT, ...
! INTEGER,PARAMETER:: N=5,NT=8000,N2=11,N3=16 ! 5-story
! INTEGER,PARAMETER:: N=10,NT=8000,N2=21,N3=31 ! 10-story

INTEGER,PARAMETER:: N=20,NT=8000,N2=41,N3=61 ! 20-story
DIMENSION
EK(N3,N3),EKC(N),EKB(N),EKKC(4,4,N),EKKS(4,4,N),NC(4,N),NS(4,N),NN(N3),EM(N3,N3),EC(N
3,N3),EMM(N)
DIMENSION
DDY(NT),ACC(N3,NT),VEL(N3,NT),DIS(N3,NT),SHEAR(N,NT),SSF(N,NT),SMF(N,NT),SDR(N,NT
)
DIMENSION
DISMX(N3),VELMX(N3),ACCMX(N3),SHEARMX(N),SSFMX(N),SMFMX(N),SDRMX(N),ReSDR(
N),RaSDR(N)
DIMENSION BRCFT(NP),SK1FT(NP),SFT(NP),HBRCFT(NP)
DIMENSION
QFES(N),UFES(N),EVIN(N),ESSN(N),EVIR(N),ESSR(N),EV1B(N),ESSB(N),ESDR(N),TFIN(N),SAI
N(N),EMEQIN(N), TFIR(N),SAIR(N),EMEQIR(N),TFIB(N),SAIB(N),EMEQIB(N)
DIMENSION EKCO(N),EKBO(N),KCFT(NP),KBFT(NP)
DIMENSION
EP(N),EKR(N,N),SSS(N2,N),SDIS(N),SROT(N2),SDSRT(N3),SSDR(N),SSSF(N),SSMF(N),SSHEAR(
N),SALP(N),CI(N),SSFT(N),SGM(N)
DATA HI/0./,EB/900./,H_BRC0/182.5/
DATA ALPHA2/9.2159/, ALPHA1/788254.2/ ! spine frame parameters
DATA EPS/.00000005/, TOL/.000001/, GFT/1.0/
CHARACTER(LEN=20) :: IFILE="TaftLevel22.txt'
CHARACTER(LEN=10),DIMENSION(NP) :: OFILE=(/R1.txt', 'R2.txt', 'R3.txt", 'R4.txt', 'RS.txt','/R6.txt',
'R7.txt', 'R8.txt', 'R9.txt"/)
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|
skoskokok sk sk ok ok ok okokok sk ok sk sk ok ok sk ok ok sk otk skt ok skokokok kool sk skt ok skokokok sk okokok kot ok skokokok skokokok skt okok sk okook kool kR sk sk ok ok

s sk sk sk skoskosk sk sk sk skeskeoskoskosk

! Kd/Km=0.5, thet y=0.1%, A_d=5110.3mm2, Ld=3650mm, My/thet y=1.5¢12,BRCFT=2.0,
SK1FT=1.0, HBRCFT=2.0

I Kd/Km=1.0, thet y=0.1%, A _d=10258.3mm2, Ld=3650mm, My/thet y=3el12, BRCFT=4.0,
SK1FT=2.0, HBRCFT=2.0

! Kd/Km=2.0,BRCFT=8.0, SK1FT=4.0

! Kd/Km=4.0,BRCFT=16.0, SK1FT=8.0

1/1,1,1,101,1,10,10,1//2.2.2.2.2.2.2.2.2./ /4.,4.4.4.4.4.4.4.4./

1/8.,8.,8.,8.,8.,8.,8.,8.,8./ /16.,16.,16.,16.,16.,16.,16.,16.,16./

!

s otk sk b R ook R s R s R R ok kR R ks s Rk R

st sk sk sk sk sk sk skoskoskoskokok ko

DATA SFT/2.,4.,8.,12.,16.,20.,40.,60.,80./ ! SFT=40 when Ks/Km=1.0
DATA BRCFT/16.,16.,16.,16.,16.,16.,16.,16.,16./ ! BRCFT=1.0 when Ad=2564mm?2
DATA SK1FT/8.,8.,8.,8.,8.,8.,8.,8.,8./ ! SK1FT=1.0 when My/thet_y=1.5e12

DATA HBRCFT/2.,2.,2.,2.,2.,2.2.2..2./ ! HBRCFT=1.0 when Ld=1825mm
DATA KCFT/1.,1.,1.,1.,1.,1.,1.,1.,1./ ! stiffness factor of columns
DATA KBFT/1.,1.,1.,1.,1.,1.,1.,1.,1./ ! stiffness factor of beams

! ***whole frame-5 story***

! DATA EKC0/1.4207D+12,1.4207D+12,1.3969D+12,1.3737D+12,1.3737D+12/, &

! & EKB0/9.5829D+11,9.5860D+11,9.5830D+11,9.1946D+11,9.1946D+11/, & !modified

! & EMM/8006.3,8006.3,8006.3,8006.3,11637.2/

! DATA EKS220/2.1855D+12/,A_B0/15.184/,EKmFT/1.0/,SK10/1.5D+12/,A_BRC0/25.646/

| ) skskskskokskkokosk kg okosk ko okok

! ***whole frame-10 story***

! DATA
EKC0/2.1042D+12,2.1042D+12,2.0833D+12,2.0455D+12,2.0045D+12,1.9379D+12,1.9164D+12,1.877
7D+12,1.8562D+12,1.7882D+12/, &

! &
EKB0/9.1132D+11,9.1078D+11,9.0679D+11,8.6618D+11,8.6462D+11,8.6755D+11,8.3722D+11,8.3172
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D+11,8.3214D+11,8.3519D+11/, & !modified
! & EMM/8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,11638.3/
! DATA EKS220/6.8522D+12/,A_B0/47.608/,EKmFT/1.0/,SK10/3.21D+12/,A_BRC0/54.728/

| ) sksksskokskkokosk sk kokosk kg okok

! ***whole frame-20 story***

DATA
EKC0/2.1042D+12,2.1042D+12,2.1042D+12,2.1042D+12,2.0833D+12,2.0833D+12,2.0455D+12,2.045
5D+12,2.0045D+12,2.0045D+12,1.9379D+12,1.9379D+12,1.9164D+12,1.9164D+12,1.8777D+12,1.877
7D+12,1.8562D+12,1.8562D+12,1.7882D+12,1.7882D+12/, &

&
EKB0/9.6826D+11,9.6826D+11,9.6826D+11,9.6726D+11,9.5040D+11,9.4644D+11,9.4243D+11,9.3679
D+11,9.1507D+11,9.1906D+11,9.2323D+11,9.2237D+11,8.9491D+11,8.9113D+11,8.8731D+11,8.8444
D+11,8.5316D+11,8.5645D+11,8.5989D+11,8.5989D+11/, & !modified

&
EMM/8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8
084.1,8084.1,8084.1,8084.1,8084.1,8084.1,11638.3/

DATA EKS220/2.5738D+13/,A_B0/178.82/,EKmFT/1.0/,SK10/6.63D+12/,A_BRC0/113.808/

| skskkokokskkkokkkkok ok kK

) ) —

| DATA SK10/0.003/ A_BRC0/0.00001/! pin bottom
| DATA BRCFT/1.,1.,1.,1.,1.,1.,1.,1.,1./

| DATA SKIFT/1.,1.,1.,1.,1.,1.,1.,1.,1./

| DATA HBRCFT/1.,1.,1.,1.,1.,1.,1.,1.,1./

M

| >>>>>>>>Input wave
OPEN(100,FILE=IFILE,STATUS='OLD")
READ(100,501) DTNNN,(DDY(M),M=1,NNN)

| <<<<<<<<input wave

| dkskxskokkkdkokkk

! MODEL BUILD

| dkskxskokkkdkokkk

DO 901 II=1,NP
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EKS2=EKS220*SFT(I)
EKS1=EKS2*1D+5

| >>>>>>>>MASS MATRIX

| INITIALIZATION

DO 102 J=1,N3
DO 103 K=1,N3

EM(J,K)=0.

103 CONTINUE

102 CONTINUE

| MASS MATRIX

DO 104 L=1,N
EM(L,L)=EMM(L)

104 CONTINUE

| <<<<<<<<MASS MATRIX

| >>>>>>>>STIFFNESS MATRIX
| INITIALIZATION
DO 105 J=1,N3
DO 106 K=1,N3
EK(J,K)=0.
106 CONTINUE
105 CONTINUE

DO 118 I=1,N
EKC(I)=EKCO(I)*KCFT(II)
EKB(I)=EKBO(I)*KBFT(II)

118 CONTINUE

| PREPARATION
NC(1,1)=0
NC(2,1)=0
NC(3,1)=N+1
NC(®4,1)=1

DO 107 I=2,N
NC(1,1)=I+N-1
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NC(@2,D)=I-1
NC@3,I)=I+N
NC(4,1)=I
107 CONTINUE
NS(1,1)=N3 ! STIFFNESS OF EK(N3,N3), THE DOF OF BRC ROTATION
NS(2,1)=0
NS(3,1)=N2
NS(4,1)=1
DO 108 I=2,N
NS(1,I)=I+N2-2
NS(2,1)=I-1
NS(3,I)=I+N2-1
NS(4,1)=I
108 CONTINUE

| COLUMN STIFFNESS
DO 109 I=1,N
EKKC(4,4,1)=EKC(I)*(2./H**2)*EKmFT
EKKC(4,3,1)=EKC(I)*(-1./H)*EKmFT
EKKC(4,2,1)=EKC(I)*(-2./H**2)*EKmFT
EKKC(4,1,1)=EKC(I)*(-1./H)*EKmFT
EKKC(3,4,1)=EKC(I)*(-1./H)*EKmFT
EKKC(3,3,))=EKC(I)*(2./3.)*EKmFT
EKKC(3,2,))=EKC(I)*(1./H*EKmFT
EKKC(3,1,))=EKC(I)*(1./3.)*EKmFT
EKKC(2,4,1)=EKC(I)*(-2./H**2)*EKmFT
EKKC(2,3,))=EKC(I)*(1./H*EKmFT
EKKC(2,2,1)=EKC(I)*(2./H**2)*EKmFT
EKKC(2,1,1)=EKC(I)*(1./H*EKmFT
EKKC(1,4,))=EKC(I)*(-1./H)*EKmFT
EKKC(1,3,))=EKC(I)*(1./3.)*EKmFT
EKKC(1,2,))=EKC(I)*(1./H*EKmFT
EKKC(1,1,))=EKC(I)*(2./3.)*EKmFT
DO 110 J=1,4
DO 111 K=1,4
IF (NC(J,1)*NC(K,I).NE.0) THEN
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EK(NC(J,1),NC(K,I))=EK(NC(J,I),NC(K,I))+EKKC(J,K.I)

END IF
111 CONTINUE
110 CONTINUE
109 CONTINUE

| BEAM STIFFNESS
NP1=N+1
DO 115 I=NP1,N2-1
IMN=I-N
EK(LI)=EK(L,))+*EKB(IMN)*EKmFT
115 CONTINUE

| SPINE FRAME STIFFNESS
DO 112 1=1,N
IF(LEQ.1) THEN
EKS=EKS1*EKmFT
ALPHA=ALPHAI1
ENDIF
IF(LGT.1) THEN
EKS=EKS2*EKmFT
ALPHA=ALPHA2
ENDIF
EKKS(4,4,1)=1./(1+6*ALPHA )*EKS*(2./H**2)
EKKS(4,3,1)=1./(1+6*ALPHA )*EKS*(-1./H)
EKKS(4,2,1)=1./(1+6*ALPHA *EK S*(-2./H**2)
EKKS(4,1,1)=1./(1+6*ALPHA )*EKS*(-1./H)
EKKS(3,4,1)=1./(1+6*ALPHA )*EKS*(-1./H)

EKKS(3,3,1)=1./(1+6*ALPHA)*EKS*(2./3.+ALPHA)

EKKS(3,2,1)=1./(1+6*ALPHA)*EKS*(1./H)

EKKS(3,1,))=1./(1+6*ALPHA)*EKS*(1./3.-ALPHA)

EKKS(2,4,1)=1./(1+6*ALPHA *EK S*(-2./H**2)
EKKS(2,3,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(2,2,1)=1./(1+6*ALPHA)*EKS*(2./H**2)
EKKS(2,1,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(1,4,1)=1./(1+6*ALPHA )*EKS*(-1./H)
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EKKS(1,3,1)=1./(1+6*ALPHA)*EKS*(1./3.-ALPHA)
EKKS(1,2,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(1,1,1)=1./(1+6*ALPHA)*EKS*(2./3.+ALPHA)
DO 113 J=1,4
DO 114 K=14
IF (NS(J,)*NS(K,I).NE.0) THEN
EK(NS(J,I),NS(K,1))=EK(NS(J,I),NS(K,I))+EKKS(J.K.I)
END IF
114 CONTINUE
113 CONTINUE
112 CONTINUE
| <<<<<<<<STIFFNESS MATRIX
EMY=A_BRCO*EKmFT*BRCFT(I1)*32500.*EB
A_BRC=A_BRCO*BRCFT(I)*EKmFT
A_B=A_B0*SFT(II)*EKmFT
SK1=SK10*SK1FT(II)*EKmFT
H_BRC=H_BRCO*HBRCFT(II)

CALL
PRT(H,N,N2,N3,EMM,EK, TFN,BETAKN,BETAMN,EMEQN,EHEQN,EKFN,EV IN,ESSN, TFIN,SAI
N,EMEQIN,SSS,EKR) ! no BRC

EKN3=EK(N3,N3)

EK(N3,N3)=EKN3*1.D5

CALL

PRT(H,N,N2,N3,EMM,EK, TFR,BETAKR,BETAMR,EMEQR,EHEQR,EKFR,EV IR, ESSR, TFIR,SAIR,
EMEQIR,SSS,EKR) ! rigid BRC

EK(N3,N3)=EKN3+SK 1

CALL

PRT(H,N,N2,N3,EMM,EK, TFB,BETAKB,BETAMB,EMEQB,EHEQB,EKFB,EV 1B,ESSB, TFIB,SAIB,
EMEQIB,SSS,EKR) ! elastic BRC

EK(N3,N3)=EKN3

| skskkokokskkokokkkkok sk okok

! SEISMIC EVALUATION

| skskkokokskkdkokkkkok sk kokok
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CALL
EVAT(GFT,N,N2,N3,i,LH BRC,A BRC,A_B,SK1,EMY,UF,QF,EHEQN,EMEQN,EKFN,EKFR,TFN,T
EQ)

| oskskokokok sk ook ko okok sk ook koo sk kok kR okk kR ok

! DATA PROCESS OF EVALUATED RESULTS

| soskskokokok sk ook ko okok sk ook koo kR kok kR kok kR ok

| DISTRIBUTION OF EVALUATED STORY SHEAR
DO 500 I=1,N

QFES(I)=ESSN(I)/ESSN(1)*QF
500 CONTINUE

| sskskskokokoskkokok sk kok

! STATIC ANALYSIS

| sskskskokokoskkokok sk ko kok

! SHEAR FORCE - METHOD 1 (obtained from Ai distribution)
! SGM(N)=EMM(N)*9.8*100.0

1 DO 310 I=1,N-1

! SGM(N-I)=SGM(N-I+1)*EMM(N-1)*9.8*100.0

1310 CONTINUE

!

! DO 311 I=1,N

! SALP(I)=SGM(I)/SGM(1)

! CI(I)=1.0+(1.0/SALP(I)**0.5-SALP(1))*2.0*TEQ/(1.0+3.0*TEQ)
! SSFT()=CI(I)*SGM(I)

1311 CONTINUE

! SHEAR FORCE - METHOD 2 (obtained from seismic evaluation)
DO 311 I=I,N

SSFT(I)=QFES(I)*1000.
311 CONTINUE

EP(N)=SSFT(N)
DO 312 I=1,N-1
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EP(I)=SSFT(I)-SSFT(I+1)
312 CONTINUE

CALL MINV(N,EKR,N)
CALL PROG(EKR,EP,SDIS,N,N, 1)
CALL PROG(SSS,SDIS,SROT,N2,N, 1)
DO 300 I=1,N
SDSRT(1)=SDIS(I)
300 CONTINUE
DO 301 I=1,N2
SDSRT(N+I)=-SROT(I)
301 CONTINUE

| dkskkokokskkkokkkkok ok

! DYNAMIC ANAYLSIS

| dokskkkokskkkokkkkk ok

| >>>>>>>>DAMPING MATRIX
DO 116 I=1,N3
DO 117 J=1,N3
EC(LJ)=EK(IJ)*BETAKN
117 CONTINUE
EC(L,D=EC(LI)+EM(LI)*BETAMN
116 CONTINUE
| <<<<<<<<DAMPING MATRIX

HK=SK1/(1.0/0.0125-1.0)
CALL NRES(GFT,N3,EM,EC,EK,SK 1,NNN,DT,DDY,ACC,VEL,DIS,EPS, TOL,H,HK,EMY,HI)

| ok koo sk ook sk ok okok sk ook sk ok sk okkosk ook sk kR kR kok K

! DATA PROCESS OF DYNAMIC ANALYSIS RESULTS

| oskosk koo sk ook sk ook sk ook sk ok sk okksk ook kR kR koK

! MAX DISP,VEL,ACC IN EACH STORY
DO 201 J=1,N3
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DISMX(J)=MAXVAL(ABS(DIS(J,:)))
VELMX(J)=MAXVAL(ABS(VEL(J,:)))
ACCMX(J)=MAXVAL(ABS(ACC(J,:)+DDY))
201 CONTINUE
! Max Story Drift Ratio
SDR(1,:)=DIS(1,:)/4.
SDRMX(1)=MAXVAL(ABS(SDR(1,:)))
DO 203 J=2,N
SDR(J,:)=(DIS{,:)-DIS(J-1,:))/4.
SDRMX(J)=MAXVAL(ABS(SDR(J,:)))
203 CONTINUE

! Residual Story Drift Ratio

DO 215 J=1,N
ReSDR(J)=(MAXVAL(SDR(J,(NT-500):NT))+MINVAL(SDR(J,(NT-500):NT)))/2.0 ! average
RaSDR(J)=MAXVAL(SDR(J,(NT-500):NT))-MINVAL(SDR(J,(NT-500):NT)) | amplitude

215 CONTINUE

! Note: becasue the stiffness of the moment frame and spine frame don't change during analysis, we can
calculate their shear force in the main script, otherwise we should calculate them during each integration
step

! SHEAR IN SPINE FRAME

DO 204 I=1,NNN

SSF(1,I)=EKKS(4,4,1)*DIS(1,I)+EKKS(4,3,1)*DIS(N2,I)+EKKS(4,2,1)*0.+EKKS(4,1,1)*DIS(N3,I)
DO 210 K=2,N

SSF(K,I)=EKKS(4,4,K)*DIS(K,[)+EKKS(4,3,K)*DIS(N2+K-1,I)+EKKS(4,2,K)*DIS(K-1,I)+EKKS(4,1
JK)*DIS(N2+K-2,1)

210 CONTINUE

204 CONTINUE

DO 205 J=1I,N

SSFMX(J)=MAXVAL(ABS(SSF(J,:)))/1000.
205 CONTINUE

C-10
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| SHEAR IN MOMENT FRAME

DO 206 I=1,NNN
SMF(1,1)=EKKC(4,4,1)*DIS(1,I)+EKKC(4,3,1)*DIS(N+1,I)
DO 211 K=2,N

SMF(K,I)=EKKC(4,4,K)*DIS(K,I)+EKKC(4,3,K)*DIS(N+K,I)+EKKC(4,2,K)*DIS(K-1,I)+EKKC(4,1,
K)*DIS(N+K-1,])

211 CONTINUE

206 CONTINUE

DO 207 J=1,N
SMFMX(J)=MAXVAL(ABS(SMF(J,:)))/1000.
207 CONTINUE

| TOTAL SHEAR

SHEAR=SSF+SMF

DO 202 J=1,N
SHEARMX(J)=MAXVAL(ABS(SHEAR(J,:)))/1000.

202 CONTINUE

! 1 DISTRIBUTION OF EVALUATED STORY SHEAR
! DO212I=IN

! QFES(I)=ESSN(I)/ESSN(1)*QF

! 212 CONTINUE

! 1 DISTRIBUTION OF EVALUATED STORY DRIFT
! ESDR(1)=EVIN(1)

! DO213I=2N

! ESDR(I)=EV IN(I)-EVIN(I-1)

! 213 CONTINUE

! ESDRM=MAXVAL(ESDR)

! DO214I=IN

! UFES(I)=ESDR(I)/ESDRM*UF

! 214 CONTINUE

| osksk koo sk ook sk ok okok sk ook sk ok sk ook sk ook sk kR kR kok K

! DATA PROCESS OF STATIC ANALYSIS RESULTS

C-11
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| ook skokok sk ook sk ook sk ook sk ook sk ook sk ook sk ko k kR ko K

! Max Story Drift Ratio
SSDR(1)=SDIS(1)/4.

DO 302 J=2,N
SSDR(J)=(SDIS(J)-SDIS(J-1))/4.
302 CONTINUE

| SHEAR IN SPINE FRAME
SSSF(1)=(EKKS(4,4,1)*SDSRT(1)}+EKKS(4,3,1)*SDSRT(N2)+EKKS(4,2,1)*0.+EKKS(4,1,1)*SDSRT(
N3))/1000.

DO 303 K=2,N

SSSF(K)=(EKKS(4,4,K)*SDSRT(K)+EKKS(4,3,K)*SDSRT(N2+K-1)+EKKS(4,2,K)*SDSRT(K-1)+EK
KS(4,1,K)*SDSRT(N2+K-2))/1000.
303 CONTINUE

| SHEAR IN MOMENT FRAME
SSMF(1)=(EKKC(4,4,1)*SDSRT(1)+EKKC(4,3,1)*SDSRT(N+1))/1000.
DO 304 K=2N

SSMF(K)=(EKKC(4,4,K)*SDSRT(K)+EKKC(4,3,K)*SDSRT(N+K)+EKKC(4,2,K)*SDSRT(K-1 }+EKK
C(4,1,K)*SDSRT(N+K-1))/1000.
304 CONTINUE

! TOTAL SHEAR
SSHEAR=SSSF+SSMF

| dkkxkkkx

! RECORDER

| skt sk ok

OPEN(1,FILE=OFILE(II),STATUS='OLD")

WRITE(1,502)
SHEARMX,SSFMX,SMFMX,SDRMX,SSHEAR,SSSF,SSMF,SSDR,QFES,UF,TEQ,TFN,ReSDR ,RaSD
R

C-12
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| ks sk stk s ok ook sk sk ko sk ok ook sk sk ok ok sk sk skok sk ok ok sk sk ko sk sk koo sk ok sk ko sk sk ook sk kR sk ook sk okokosk ook sk ok kR Rk sk R ok

! SHEARMX(N) dy-ana. total shear

! SSFMX(N) dy-ana. shear in spine frame

! SMFMX(N)  dy-ana. shear in moment frame
! SDRMX(N)  dy-ana. SDR

! SSHEAR(N) st-ana. total shear

! SSSF(N) st-ana. shear in spine frame

! SSMF(N) st-ana. shear in moment frame

! SSDR(N) st-ana. SDR

! QFES(N) eva. total shear

I UF eva. max. SDR
! TEQ eva. Ist-mode period of whole system at max. deformation
! TFN eigenvalue-ana. 1st-mode period of moment frame only without BRCs

| ks sk stk s sk ook sk sk ook sk ok stk sk sk ook sk sk okok sk ok ok sk sk ok ok sk sk sk ok sk sk ok sk ko ok sk ook sk okok koo ok sk ook ook sk kR sk kR sk R ok

901 CONTINUE

STOP

501 FORMAT(T51,F10.2,110/(F10.5))
502 FORMAT(F18.8)

503 FORMAT(F15.3)

CLOSE(100)

CLOSE(1)

END

Subroutine file - CHLSKY.f90

! sk sk sk sk sk ske sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoste sk sk sk stk ske sk st sk skeoske sk sk sk sk sk sk sk sk sk sk sk skeoske sk sk sk stk sk steoske skt sk st sk sk skeosk skeskeosk skesk sk skosk skosksk

! SUBROUTINE FOR CHOLESKY DECOMPOSITION OF POSITIVE DEFINITE SYMMETRIC
MATRIC

! sk sk sk sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk sk sk stk ske sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk sk sk stk sk steoske sk sk sk sk sk sk skeosk skoske sk sk skeoskosk skosksk

! CODED BY S. SUZUKI

SUBROUTINE CHLSKY(A,B,N,N1,N2, X, DET,MATA ,KAI)

DIMENSION A(N1,N2),B(*),X(*)

C-13
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IF(MATA.LE.0) THEN
A(1,1)=SQRT(A(1,1))
DO 10 J=2.N
A(L)=A(LIYA(L,D)
10 CONTINUE
DO 20 I=2,N
S=0
DO 30 K=1,I-1
S=S+A(K,I)*A(K,I)
30 CONTINUE
S1=A(L])-S
IF(S1.LE.0) THEN
KAI=0
RETURN
END IF
A(LD)=SQRT(S1)
DO 80 J=I+1,N
S=0
DO 90 K=1,I-1
S=S+A(K,D*A(K.J)
90 CONTINUE
ALT=ALT)-SYA(L])
80 CONTINUE
20 CONTINUE
=1
DO 110 I=1,N
S=S*A(LD)*A(L])
110 CONTINUE
DET=S
END IF
B(1)=B(1)/A(1,1)
DO 120 I=2,N
$=0.0
DO 130 K=1,I-1
S=S+A(K,I)*B(K)
130 CONTINUE

C-14
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B()=(B(I)-S)/A(LI)
120 CONTINUE
X(N)=B(N)Y/A(N,N)
DO 140 I=1,N-1
S=0
DO 150 K=N-I+1,N

S=S+A(N-LK)*X(K)

150 CONTINUE

X(N-I)=(B(N-I)-S)/A(N-I,N-I)

140 CONTINUE
KAI=1
RETURN
END

Subroutine file - CHOL.f90

| ks sk stk sk ok ook sk sk okok sk ok skok sk sk ook sk sk ok okok sk kR sk ook sk ok okok sk ook sk ook sk Rk sk ok ok

! SUBROUTINE FOR CHOLESKY'S SOLUTION OF LINEAR EQUATIONS

| ks sk stk sk ok ook sk sk okok sk ok ok ok sk ook ok sk ok okok sk kR sk ook sk ok okok sk ook sk ko ok sk Rk sk ok ok

! CODED BY Y.OHSAKI

SUBROUTINE CHOL(N,A,B,X,ND,IND)

DIMENSION A(ND,ND),B(ND),X(ND)

IF(IND.NE.O) GO TO 160

! FORMATION OF TRIANGULAR MATRIX

A(1,1)=SQRT(A(1,1))
IF(N.EQ.1) GO TO 160
DO 110 J=2N
A(LD=A(1,IYA(1,1)
110 CONTINUE
DO 150 I=2,N
IMI1=I-1
IP1=I+1
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S=A(L])
DO 120 K=1,IM1
S=S-A(K,I)**2
120 CONTINUE
A(LD=SQRT(S)
IF(LEQ.N) GO TO 160
DO 140 J=IP1,N
S=A(LJ)
DO 130 K=1,IM1
S=S-A(K,I)*A(K,J)
130 CONTINUE
A(LD)=S/A(LI)
140 CONTINUE
150 CONTINUE

I SOLUTION OF EQUATIONS
160 B(1)=B(1)/A(1,1)
IF(N.EQ.1) GO TO 190
DO 180 I=2,N
M1=I-1
S=B(I)
DO 170 K=1,IM1
S=S-A(K,)*B(K)
170 CONTINUE
B()=S/A(L])
180 CONTINUE
190 X(N)=B(N)/A(N,N)
IF(N.EQ.1) RETURN
NMI=N-1
DO 210 I=1,NM1
NMI=N-1
S=B(NMI)
NMIPI=NMI+1
DO 200 K=NMIP1,N
S=S-A(NMLK)*X(K)
200 CONTINUE
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X(NMI)=S/A(NMI,NMI)

210 CONTINUE
RETURN
END

Subroutine file — EVAT.f90 (for Cnt spine frame structures)

| ks sk stk sk ok ook sk sk ko sk sk ok ok sk skt sk sk ok okok sk ook sk skokokok sk ook sk okokok skookok sk ok okok sk okokok skkokok kool sk okosk sk okok

! SUBROUTINE FOR SEISMIC EVALUATION OF CONTROLLED SPINE FRAME STRUCTURES

| ks sk stk sk ok ook sk sk ko sk sk ook sk skokok sk sk ok okok sk ok okokskokokok sk ok okok sk okokosk skookok sk okok sk okokok skookok kool sk okosk sk okok

SUBROUTINE

EVAT(GFT,N,N2,N3,lLH BRC,A BRC,A_B,SK1,EMY,UF,QF,EHEQ,EMEQ,EKFN,EKFR,TF,TEQ)

EK SHOULD NOT INCLUDE STIFFNESS OF BRC

EB=900.
PI=3.1415926
U_TOL=0.001
E_B=20500000.
E_BRC=26357100.
EKF=EKFN

| ACCEL SPECTRA RESPONSE
DHO=SQRT((1+25*0.05)/(1+25*0.05))

IF (TF<0.16) THEN
SA0=3.2+30.*TF
ELSEIF (TF<0.64) THEN
SA0=8.
ELSE
SA0=5.12/TF
ENDIF

IF (TF<0.64) THEN
GS=1.5

ELSEIF (TF<0.864) THEN
GS=1.5*TF/0.64

ELSE
GS=2.025

ENDIF
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SA=SA0*GS*DHO*GFT

| RESPONSE OF MAIN FRAME WITHOUT DAMPER
QO=SA*EMEQ/10.*1000.

U0=QO/EKF

I QF=Q0/1000.

| UF=U0/EHEQ*100

| TEQ=TF

| STIFFNESS OF BRC
L_B=SQRT(H**2.+(EB/2.)**2.)
FY_BRC=32500.*A_BRC

EB_H=A B*E_B*EB/2./L_B**2.
QY=EMY/EHEQ

U B=QY/EB_H/2.

THET B=U_B/H

THET BRC=2.*32500./E_BRC*H_BRC/EB
THET Y=THET B+THET BRC
EKD=QY/(THET Y*EHEQ)
EKDH=EKD*0.0125

QYD=QY

UYD=QYD/EKD

| STIFFNESS OF BRC AND SF (IN SERIES)
EKD=1/(1/EKD+1/(EKFR-EKFN))

I INITIALLY ASSUMED DISP RESPONSE
U1=0.01*EHEQ

DO 1000

IF (U1<=UYD) THEN
EMYUD=1.

ELSE
EMYUD=U1/UYD

ENDIF

! EQUIVALENT PERIOD
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QQ=EKD/EKF
R=EKF/(EKF+EKD)
EKFD=EKF+EKD
TFD=SQRT(EKF/EKFD)*TF
EK_MYUD=EKD/EMYUD
EK_MYUFD=EK_MYUD+EKF
TEQ=SQRT(EKF/EK_MYUFD)*TF

| EQUIVALENT DAMPING RATIO
HHEQ=0.02+2./P/EMYUD/R*LOG((1-R+R*EMYUD)/(EMYUD)**R)
DH=SQRT((1+25.%0.05)/(1+25.*HHEQ))

TL=0.864

IF(TF>=TL) THEN
IF(TEQ>=TL) THEN
IF(TFD>=TL) THEN
RD=TEQ/TF*DH
ELSE
RD=TEQ/TF*DH*(TL*(2.*TEQ-TL)-TFD**2.)/(2.*(TEQ-TFD)*TL)
ENDIF
ELSE
RD=TEQ/TF*DH*(TEQ+TFD)/(2*TL)
ENDIF
ELSE
RD=TEQ/TF*DH*(TEQ+TFD)/(2*TF)
ENDIF

RA=RD*EK_MYUFD/EKF
UF=U0*RD
DFU=ABS(UF-U1)
IF(DFU.LE.U TOL) THEN
GOTO 2000
ELSE
UI=UF
ENDIF
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1000 CONTINUE
2000 QF=Q0*RA/1000.
UF=UF/EHEQ*100

RETURN
END

Subroutine file - GEIGEN.f90

| soskskokokokskkokokskokokok kol sk okok sk ok ok ko ok ok Rk kok kK

| SUBROUTINE FOR EIGENPROBLEM SOLUTION
PP

| INPUT

| N DEGREE OF A,B

A

!B

| N1 DIMENSION 1 OF MATRIX STORING A,B
| N2 DIMENSION 2 OF MATRIX STORING A,B
| N3 DIMENSION OF F,G,X,Y

| OUTPUT

| Z TARGET EIGEN VALUE

| X TARGET EIGEN VECTOR Z(J)-->X(:,J)

I'F

G

'Y EIGEN VECTOR OF MATRIC G
SUBROUTINE GEIGEN(A,B,N,N1,N2,N3,Z,X)

DIMENSION A(N1,N2),Z(*),B(N1,N2)
DIMENSION F(N3,N3),G(N3,N3),X(N3,N3),Y(N3,N3)
DO 120 I=1,N
Z(1)=0.
120 CONTINUE
CALL CHLSKY(B,Z,N,N1,N2,Z,DET,0,KAI)
DO 10 J=1.N
DO 201=1,]
S=0.
DO 30 K=1,I-1
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S=S+B(K,I)*F(J.K)
30 CONTINUE
F(,D=(A(L])-S)/B(L])
20 CONTINUE
10 CONTINUE
DO 40 J=1.N
DO 50 I=J.N
S=0.
DO 60 K=1,J-1
S=S+B(K,I)*G(J.K)
60 CONTINUE
DO 65 K=],I-1
S=S+B(K,I)*G(K.,J)
65 CONTINUE
G(L1)=(F(L])-S)/B(L])
50 CONTINUE
40 CONTINUE
DO 70 I=1,N
DO 80 J=1,1-1
G(J,H)=G(L])
80 CONTINUE
70 CONTINUE
CALL JACOBI(N,N3,N3,1,G,Z,Y,IROT)
DO 90 J=1,N
DO 100 I=N,1,-1
S=0.
DO 110 K=I+1,N
S=S+B(LK)*X(K.J)
110 CONTINUE
X(LI)=(Y(LI)-S)/B(L])
100 CONTINUE
90 CONTINUE

DO 220 J=1,N

SS=0.
DO 2101=1,N
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SS=SS+X(LI)*X(LJ)
210 CONTINUE
SS=SQRT(SS)
DO 230 I=1,N
X(LD)=X(L,J)/SS
230 CONTINUE
220 CONTINUE

RETURN
END

Subroutine file - JACOBI.f90

| oskoskskok sk sk ko ok sk ok ok ok kokok sk ok ok ok sk ook ook sk ook sk ook sk ook sk okok sk Rk sk R ok

! SUBROUTINE FOR EIGENPROBLEM SOLUTION BY JACOBI METHOD

| koskoskskok sk ok ook sk ook sk ok ok sk ko ok sk ok okok sk ook sk ook sk ook sk ok sk ok kR kR sk R ok

SUBROUTINE JACOBI(N,N1,N2,IVEC,A,D,V,IROT)

DIMENSION A(N1,N2),D(*),V(N1,N2),B(100),Z(100)

IF(IVEC.GT.0) THEN
DO 70 IP=1,N
DO 70 IQ=1,N

IF(IP.EQ.IQ) THEN

V(IPIQ)=1.0
ELSE
V(IP,IQ)=0.0
END IF
70 CONTINUE
END IF
DO 80 IP=1,N
D(IP)=A(IP,IP)
B(IP)=D(IP)
Z(IP)=0.0
80 CONTINUE
IROT=0.0
DO 90 I=1,50
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SM=0.0
DO 100 IP=1,N-1
DO 100 IQ=IP+1,N
100 SM=SM+ABS(A(IP,IQ))
IF(SM.EQ.0) THEN
RETURN
ELSE
IF(LLT.4) THEN
TRESH=0.2*(SM/(N*N))
ELSE
TRESH=0.0
END IF
END IF
DO 160 IP=1,N-1
DO 160 IQ=IP+1,N
G=100*ABS(A(IPIQ))
IF(I.GT.4) THEN
IF((ABS(D(IP))+G).EQ.ABS(D(IP))) THEN
IF((ABS(D(IQ))+G).EQ.ABS(D(IQ))) THEN
A(IPIQ)=0.0
GO TO 160
END IF
END IF
END IF
IF(ABS(A(IP,IQ)).GT.TRESH) THEN
H=D(IQ)-D(IP)
IF((ABS(H)+G).EQ.ABS(H)) THEN
T=A(IP,JQ)/H
ELSE
THETA=0.5*H/A(IP,IQ)
T=1/(ABS(THETA)+SQRT(1+THETA*THETA))
IF(THETA.LT.0) THEN

END IF
C=1/SQRT(1+T*T)
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ELSE
GO TO 160
END IF
S=T*C
TAU=S/(1+C)
H=T*A(IP,IQ)
Z(IP)=Z(IP)-H
Z(IQ)=Z(1Q)+H
D(IP)=D(IP)-H
D(IQ)=D(IQ)+H
A(IPIQ)=0.0
DO 270 J=1,IP-1
G=A(J,IP)
H=A(J,IQ)
A(J,IP)=G-S*(H+G*TAU)
A(J,]Q)=H+S*(G-H*TAU)
270 CONTINUE
DO 280 J=IP+1,1Q-1
G=A(IP,J)
H=A(J,IQ)
A(IP,))=G-S*(H+G*TAU)
A(JJQ)=H+S*(G-H*TAU)
280 CONTINUE
DO 290 J=IQ+1,N
G=A(IP,J)
H=A(IQ,])
A(IP,J)=G-S*(H+G*TAU)
A(IQ,J)=H+S*(G-H*TAU)
290 CONTINUE
IF(IVEC.GT.0) THEN
DO 320 I=1,N
G=V(J,IP)
H=V(J1,IQ)
V(J,IP)=G-S*(H+G*TAU)
V(J,IQ)=H+S*(G-H*TAU)
320 CONTINUE
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END IF
IROT=IROT+1
160 CONTINUE
DO 330 IP=1,N
B(IP)=B(IP)+Z(IP)
D(IP)=B(IP)
Z(IP)=0.0
330 CONTINUE
90 CONTINUE
RETURN
END

Subroutine file - MASG.f90

| sskskskokokoskkokok sk kokokosk R okok kR k ok ko ok

! SUBROUTINE FOR NON-LINEAR MODEL OF MASGING'S TYPE

| sskskskokokoskkokok sk okkosk kokok sk k ok ko ok

! input

! U: disp at step m

! DU: velocity at step m

1 Ul: disp at step m-1

! DU1: velocity at step m-1

! SKEL1 SKEL2 SKEL3 SKEL4 SKELS: define the shape of skeleton curve, used in subroutine SKEL
! SKEL1 SKEL2: abscissa of turning point of the skeleton curve

! SKEL3 SKEL4 SKELS: stiffness of each segment

! output

! V: restoring force at step m

! ICALL: number of calling this subroutine

! K: number of effective branches

! D: 1 if k=1 (on the skeleton curve); 2 if k>1 (on the hysteretic curve)
1 UO: disp of starting point of current branch

! VO: force of starting point of current branch

! ND: dimension of U0, VO according to main program

SUBROUTINE MASG(U,DU,U1,DU1,SKEL1,SKEL2,SKEL3,V,ICALL,K,D,U0,VO,ND)
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DIMENSION U0O(ND), VO(ND)

I INITIALIZATION

IF(ICALL.NE.1) GO TO 110
K=1

D=1.

U0(1)=0.

VO(1)=0.

! TURNING POINT

110 IF(DU*DU1.GE.0.) GO TO 120
UTN=(DU*U1-DU1*U)/(DU-DU1)
UU=(UTN-UO(K))/D

CALL SKEL(UU,SKEL1,SKEL2,SKEL3,VV)
VTN=D*VV+V0(K)

K=K+1

D=2.

UO(K)=UTN

VO(K)=VTN

GO TO 130

! TERMINAL POINT

120 IF(K.EQ.1) GO TO 150

130 IF(K.EQ.2) UEND=-U0(2)

IF(K.GT.2) UEND=UO(K-1)
IF((UEND-U)*SIGN(1.,DU).GE.0) GO TO 150
IF(K.GT.3) GO TO 140

K=1

D=1.

GO TO 150

140 K=K-2
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! RESTORING FORCE

150 UU=(U-UO(K))/D

CALL SKEL(UU,SKEL1,SKEL2,SKEL3,VV)
V=D*VV+V0(K)

RETURN

END

Subroutine file - MINV.f90

| soskskskokok sk kokok sk ook sk ok kR R Rk ok Rk

! SUBROUTINE FOR MATRIX INVERSE

| oskskskokok sk ook sk ook sk ook sk kR Rk kR ok

SUBROUTINE MINV(N,A,NMAX)

DIMENSION A(NMAX,NMAX),E(N),X(N),BONMAX,NMAX)

DO 130 J=1,N
DO 110 I=1,N
E(1)=0.
110 CONTINUE
EQJ)=1.
IND=I-1
CALL CHOL(N,A,E,X,NMAX,IND)
DO 120 I=1,N
B(L))=X(I)
120 CONTINUE
130 CONTINUE
DO 150 I=1,N
DO 140 I=1,N
A(LT)=B())
140 CONTINUE
150 CONTINUE
RETURN
END
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Subroutine file - MOCH.f90

| sokskskokokskkokokskokokok kol kokok sk kokok kR ok Rk Rk kK

| SUBROUTINE FOR MODAL CHARACTERISTICS
PP
| CODED BY Y.OHSAKI
| EM MASS MATRIX
| EK STIFFNESS MATRIX
| W CHARACTERISTIC FRQUENCY
| U MODE MATRIX (EIGENVECTOR*PATICIPATION FACTOR)
SUBROUTINE MOCH(N,EM,EK,W,U,ND,IND,VW1,VW2)
DIMENSION EM(ND,ND), EK(ND,ND),W(ND),U(ND,ND),VW 1(ND,ND),VW2(ND,ND)
DO 120 I=1,N
DO 110 J=1,N
VWI(LJ)=EK(L])
VW2(LI)=EM(L])
110 CONTINUE
120 CONTINUE
CALL GEIGEN(VW1,VW2,N,ND,ND,ND,W,U)
DO 140 J=1,N
W()=SQRT(W(J))
VWI(1,J))=REAL(J)+0.1
DO 130 I=1,N
VW2(LJ)=U(LJ)
130 CONTINUE
140 CONTINUE
DO 160 K=1,N-1
DO 150 J=1,N-K
IF(W(J).LT.W(+1)) GO TO 150
TEMP=W(J)
W(I)=W(+1)
W(J+1)=TEMP
TEMP=VWI(1,])
VWI(L,I)=VWI(1,J+1)
VWI1(1,J+1)=TEMP
150 CONTINUE
160 CONTINUE
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DO 180 I=1,N
JI=INT(VWI(1,]))
DO 170 I=1,N
ULT)=VW2(L,J1)
170 CONTINUE
180 CONTINUE
IF(IND.EQ.0) RETURN
DO 220 I=1,N
UTMU=0.0
UTM1=0.0
DO 200 K=1,N
UTM=0.0
DO 190 L=1,N
UTM=UTM+U(L,J)*EM(LK)
190 CONTINUE
UTMU=UTMU+UTM*U(K,J)
UTMI=UTMI1+UTM
200 CONTINUE
BETA=UTM1/UTMU
DO 2101=1,N
U(LJ=BETA*U(LJ)
210 CONTINUE
220 CONTINUE
RETURN
END

Subroutine file — NRES.f90 (for Cnt spine frame structures)

| ok sk sk sk ok koo sk okokok sk ok ok sk ok ok ok sk kool sk ook sk ko ok sk ook sk ook sk kR kR Rk sk R ok

! SUBROUTINE FOR NONLINEAR RESPONSE OF MULTI-DOF SYSTEM

| koskoskskok sk ok ko ok sk ko sk sk ok okok sk ok ook sk ok okok sk ook sk ook sk ook sk ook sk okok kR okk sk R ok

! CODED BY X. CHEN

! N3: DOF

! EM: MASS MATRIX

! EC: DAMPING MATRIX

! EK: INITTIAL STIFFNESS MATRIX
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! NN: NUMBER OF DATA IN GROUND MOTION
! DT: TIME INTERVAL OF GROUND MOTION

! DDY: GROUND MOTION DATA

' ACC: ABSOLUTE ACCEL RESPONSE

! VEL: RELATIVE VEL RESPONSE

! DIS: RELATIVE DISP RESPONSE

1 QY: yielding overturning moment of BRC

! SK1: initial stiffness of BRC

! EPS TOL: Tolerance for norm of disp and norm of residual force
! H: story height

! HK: parameter related with kinematic hardening

! HI: parameter related with isotropic hardening

SUBROUTINE NRES(GFT,N3,EM,EC,EK,SK1,NN,DT,DDY,ACC,VEL,DIS,EPS, TOL,H,HK,QY,HI)
DIMENSION
EM(N3,N3),EK(N3,N3),EC(N3,N3),DDY(NN),ACC(N3,NN),VEL(N3,NN),DIS(N3,NN),BRCR(NN),B
RCQ(NN)

DIMENSION DDELX(N3),DDELR(N3),DELX(N3),RR1(N3),RR2(N3),RR3(N3),EK1(N3,N3)

1 >>>>>>>>INITIALIZATION
DO 120 I=1,N3
ACC(L,1)=-DDY(1)*GFT
VEL(I,1)=0.
DIS(I,1)=0.
DO 110 J=1,N3
EK1(I,J)=0. ! Stiffness matrix
110 CONTINUE
120 CONTINUE

VK=SK1 ! LOCAL STIFFNESS -- overturning stiffness
BRCR(1)=0.
BRCQ(1)=0.
QB1=0.
UP1=0.
AH1=0.
| <<<<<<<<INITTALIZATION
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| okoskoskskok s ok koo sk ook sk ok ok ok sk ok ok ok sk sk ok sk ok sk ko ok sk ook sk ook sk ook sk ook ook sk ok sk Rk kok K

DO 290 M=2,NN ! For nonlinear analysis, start integration here

| ks sk skok s sk ook sk sk ook sk ok ok ok sk ook ok sk sk ok sk ok sk ok ook sk ook sk ook sk ook sk ok ook sk ok sk Rk ok ok K

| >>>>>>>>[nitialization in each step
DO 420 I=1,N3
DELX(I)=0.
DIS(I,M)=DIS(ILM-1)
VEL(I,M)=-VEL(I,M-1)
ACC(ILM)=-4./DT*VEL(I,M-1)-ACC(I,M-1)
420 CONTINUE
BRCQ(M)=BRCQ(M-1)
KI=0! Set iteration counter KI

| <<<<<<<<Initialization in each step

| sskskskokokokkokok sk ko kok

| Iteration Start

| sskskskokokokkokok sk ko kok

DO 1234 !STIFFNESS UPDATES DURING ITERATION

| >>>>>>>>Formating EFFECTIVE STIFFNESS MATRIX
DO 140 I=1,N3
DO 320 J=1,N3
EKI1(IJ)=EK(LJ) ! STORE EKR INTO EKI1, LATER CHANGE EK1 INTO EFFECTVIE
ETIFFNESS MATRIX
320 CONTINUE
140 CONTINUE
EK1(N3,N3)=EK(N3,N3)+VK
DO 160 I=1,N3
DO 150 J=1,N3
EK1(LJ)=EK1(I,J)+4./DT/DT*EM(LJ)+2./DT*EC(L]J)
150 CONTINUE
160 CONTINUE
| <<<<<<<<Formating EFFECTIVE STIFFNESS MATRIX
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! >>>>>>>>Formating EFFECTIVE LOAD VECTOR, note: should be put after stiffness updating,

because EK2 is used to get RR1

CALL PROG(EK,DIS(:,M),RR1,N3,N3,1)

CALL PROG(EC,VEL(:,M),RR2,N3,N3,1)

CALL PROG(EM,ACC(:;,M),RR3,N3,N3,1)

RNM=0.

RRI(N3)=RR1(N3)+BRCQ(M)

DO 410 I=1,N3
DDELR(I)=-DDY(M)*GFT*EM(I,))-(RR1(I)*RR2(I)+RR3(I)) ! (k+1)-th residual force vector
RNM=RNM+DDELR(I)*DDELR(I)

410 CONTINUE

RNM=SQRT(RNM/N3)

IF(RNM.LE.TOL).AND.(KI.GT.0)) GOTO 4321

| <<<<<<<<Formating EFFECTIVE LOAD VECTOR

| >>>>>>>>Solve INCREMENTAL DISP

CALL CHOL(N3,EK1,DDELR,DDELX,N3,0)

DNM=0.

DO 710 I=1,N3
DNM=DNM+DDELX(I)*DDELX(I)

710 CONTINUE

DNM=SQRT(DNM/N3)

IF((DNM.LE.TOL).AND.(KL.GT.0)) GOTO 4321

| <<<<<<<<Solve INCREMENTAL DISP

| >>>>>>>>Solve RELATIVE ACCEL, VEL, & DISP
DO 190 I=1,N3
DELX(I)=DELX(I)+DDELX(I)
DIS(I,M)=DIS(I,M-1)+DELX(I)
VEL(I,M)=2./DT*DELX(I)-VEL(I,M-1)
ACC(I,M)=4./DT/DT*DELX(I)-4./DT*VEL(I,M-1)-ACC(I,M-1)
190 CONTINUE
| <<<<<<<<Solve RELATIVE ACCEL, VEL, & DISP

1 >>>>>>>>STATE DETERMINATION
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BRCR(M)=DIS(N3,M)

QB=QBl1

UP=UP1

AH=AHI

CALL STDM(BRCR(M),UP,QB,SK1,ET,HI,HK,QY,BRCQ(M),AH)
VK=ET

KI=KI+1

1234 CONTINUE ! Go to next iteration

4321 QB1=QB
UP1=UP
AH1=AH

1if (M<254) goto 290

lus=U

290 CONTINUE ! Go to next integration step

! OPEN(14,FILE='BRCR.TXT',STATUS='OLD")

! OPEN(15,FILE='"BRCQ.TXT',STATUS='OLD")

! WRITE(14,1014) BRCR 'ROTATION OF THE BOTTOM OF SPINE FRAME

! WRITE(15,1015) BRCQ !BENDING MOMENT OF THE BOTTOM HINGE
11014 FORMAT(F11.8)

11015 FORMAT(F15.1)

RETURN

END

Subroutine file - PROG.f90

| koskoskskokoskosk ok okok sk ok ook sk ok okok koo ok sk ook sk ook sk Rk sk kR kR ook

! SUBROUTINE FOR PRODUCT OF GENERAL MATRICES

| koskoskskokokosk ok ok sk ok okok sk ook sk ook sk kool sk ook sk Rk sk kR sk R okok

SUBROUTINE PROG(A,B,C,NA1,NA2,NB2)

DIMENSION A(NA1,NA2),B(NA2,NB2),C(NA1,NB2)

DO 130 I=1,NA1
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DO 120 J=1,NB2
S=0.
DO 110 K=1,NA2
S=S+A(LK)*B(K.J)
110 CONTINUE
C(J)=S
120 CONTINUE
130 CONTINUE
RETURN
END

Subroutine file — PRT.f90

| ks sk okok sk ok ook sk ok ook sk okokok skt okok sk ok okok sk ook skookok sk okok sk ook skokok kR sk okok ko ok

! SUBROUTINE FOR OBTAIN PERIOD BY USING STATIC CONDENSATION

R L e e e

SUBROUTINE

PRT(H,N,N2,N3,EMM,EK, TF,BETAK,BETAM,EMEQ,EHEQ,EKF,EV1,ESS, TFI,SALEMEQI,SSS,EK
R)

DIMENSION EMM(N),EMR(N,N),EK(N3,N3),WW(N),UUN,N),VW11(N,N),VW22(N,N)
DIMENSION EKRR(N,N),EKRS(N,N2),EKSR(N2,N),EKSS(N2,N2),SSS(N2,N),SSR(N,N),EKR(N,N)
DIMENSION EV1(N),EMS(N),ALPHAM(N),AI(N),ESS(N), TFI(N),EMEQI(N),SAI(N)
PI=3.1415926
| >>>>>>>>MASS MATRIX
| INITIALIZATION
DO 102 J=1,N

DO 103 K=1,N

EMR(J,K)=0.

103 CONTINUE
102 CONTINUE
I MASS MATRIX
DO 104 L=1,N

EMR(L,L)=EMM(L)
104 CONTINUE
| <<<<<<<<MASS MATRIX
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! Static Condensation
DO 810 I=1,N3
DO 820 J=1,N3
IF (I.LLE.N) THEN
IF(J.LE.N) THEN
EKRR(I,J)=EK(LJ)
ELSE
L=J-N
EKRS(I,L)=EK(I,J)
ENDIF
ELSEIF (J.LE.N) THEN
L=I-N
EKSR(L,J)=EK(LJ)
ELSE
L=I-N
MM=J-N
EKSS(L,MM)=EK(I,J)
ENDIF
820 CONTINUE
810 CONTINUE
CALL MINV(N2,EKSS,N2)
CALL PROG(EKSS,EKSR,SSS,N2,N2,N)
CALL PROG(EKRS,SSS,SSR,N,N2.N)
DO 910 I=1N
DO 920 J=1,N
EKR(I,J)=EKRR(I,J)-SSR(L,J)
920 CONTINUE
910 CONTINUE

| >>>>>>>>Calculate natural period
IND=1
CALL MOCH(N,EMR,EKR,WW,UU,N,IND,VW11,VW22)
TF=2.*PI/WW(1)
DO 310 I=1,N
TFI(D=2.*PI/'WW(I)
310 CONTINUE
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| <<<<<<<<Calculate natural period

! >>>>>>>>8a according to natural period of each mode
DHO=SQRT((1+25*0.05)/(1+25%0.02))
DO 340 I=1N
IF (TFI(I)<0.16) THEN
SA0=3.2+30.*TFI(I)
ELSEIF (TFI(1)<0.64) THEN
SA0=8.
ELSE
SA0=5.12/TFI(I)
ENDIF
IF (TFI(I)<0.64) THEN
GS=1.5
ELSEIF (TFI(1)<0.864) THEN
GS=1.5*TFI(I)/0.64
ELSE
GS=2.025
ENDIF
SAI(I)=SA0*GS*DH0*1.0
340 CONTINUE

| <<<<<<<<Sa according to natural period of each mode

| >>>>>>>>RAYLEIGH DAMPING PARAMETERS
Wi=1

WI=N/2+1

BETAK=2.%0.05/(WW(WI)+WW(WJ))
BETAM=2.%0.05*WW(WI)*WW(WI)/(WW(WI)+WW(WJI))
| <<<<<<<<RAYLEIGH DAMPING PARAMETERS

| EQUIVALENT MASS, HEIGHT
DO 320 1=1,N
EMV=0
EMV2=0
DO 330 J=1,N
EMV=EMV+EMM(J)*UU(J.I)
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EMV2=EMV2+EMM(J)*UU(J,)*UU(J,I)
330 CONTINUE
EMEQI(I)=EMV*EMV/EMV2
320 CONTINUE

EVI=UU(,1)

EMV=0

EMV2=0

EMH=0

DO 110 1=1,N
EMV=EMV+EMM()*EV1(I)
EMV2=EMV2+EMM(I)*EV [(I)*EV1(I)
EMH=EMH+EMM(I)*EV 1(I)*I*H

110 CONTINUE

EMEQ=EMV*EMV/EMV2

EHEQ=EMH/EMV

EKF=EMEQ*(2.*PI/TF)**2.

! Ai equv. static force

DO 2101=1,N
EMS(I)=0.

210 CONTINUE

EMS(N)=EMM(N)

DO 220 I=N-1,1,-1
EMS(I)=EMS(I+1)+EMM(I)

220 CONTINUE

DO 230 I=1,N
ALPHAM(I)=EMS(I)/EMS(1)
AI(I)=1.0+(1.0/SQRT(ALPHAM(I))-ALPHAM(I))*2.0*TF/(1.0+3.0*TF)
ESS()=AI()*EMS(I)

230 CONTINUE

RETURN
END
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Subroutine file - SKEL.f90

| dkskkkokskkdok kR kkok

! SUBROUTINE FOR BILINEAR SKELTON CURVE

| dskskkkokskkkkkkkok ok

! U: input displacement/deformation

! (UP1,QP1): first turning point

! (UP2,QP2): second turning point

1 SK1, SK2, SK3: stiffness of each segment

SUBROUTINE SKEL(U,UP1,SK1,SK2,V)

IF (ABS(U).GT.UP1) GO TO 110
V=SIGN(1.,U)*SK1*ABS(U)

RETURN

110 QP1=SK1*UP1
V=SIGN(1.,U)*(QP1+SK2*(ABS(U)-UP1))
RETURN

END

Subroutine file - STDM.f90

| stk ok ok ook ok ok

! SUBROUTINE FOR THE STATE DETERMINATION OF MATERIAL WITH LINEAR KINEMATIC
& ISOTROPIC HARDENING

| skl ok ook ok

) DISP AT CURRENT ITERATION (INPUT)

!UP ACCUMULATED PLASTIC DISP (INPUT & OUTPUT)

'Q FORCE AT CURRENT ITERATION (OUTPUT)

'QY  YIELD FORCE (INPUT)

1QB  BACK STRESS (INPUT & OUTPUT)

'E INITIAL STIFFNESS (INPUT)

'HK  KINEMATIC HARDENING STIFFNESS (INPUT)

'HI  PLASTIC STIFFNESS (INPUT)

! AH A HARDENING VARIABLE RELATED WITH ISOTROPIC HARDENING (INPUT &
OUTPUT)
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'ET  TANGENT STIFFNESS AT CURRENT ITERATION (OUTPUT)
! DBETA ABSOLUTE VALUE OF PLASTIC DISP INCREMENT (Intermediate variables)
! DUP PLASTIC DISP INCREMENT (Intermediate variables)

SUBROUTINE STDM(U,UP,QB,E,ET,HL,HK,QY,Q,AH)
QTR=E*(U-UP) ! TRIAL FORCE
YFTR=ABS(QTR-QB)-(QY+HI*AH) ! TRIAL VALUE OF YIELD FUNCTION
IF (YFTR<=0) THEN
ET=E
Q=QTR
ELSE
DBETA=YFTR/(E+HI+HK) ! PLASTIC FLOW
ET=E*(HK+HI)/(E+HI+HK) ! ELASTO-PLASTIC TANGENT STIFFNESS
| DETERMINE PLASTIC DISP INCREMENT AND CORRECT TRIAL STRESS
DUP=DBETA*SIGN(1.,QTR-QB)
Q=QTR-E*DUP
| UPDATE PLASTIC STRAIN, HARDENING VARIABLE AND BACK STRESS VALUES
UP=UP+DUP
AH=AH+DBETA
QB=QB+HK*DUP
ENDIF

RETURN
END

Main file for DMD models of the Sgt2 spine frame structures in static, eigenvalue, and dynamic

analysis

! DMD & SDOF unit: cm N 0.1ton s

! Intrinsic damping ratio of models = 0.02

! Input wave: BCJ-L2 (Accel. response spectrum is calibrated to following BRI-L2 when damping ratio is
0.05)

DATA H/400./

INTEGER,PARAMETER:: NP=5 ! analysis case number = number of elements of SFT, BRCFT, ...
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INTEGER,PARAMETER:: N=20,NT=15000,N2=41,N3=62 ! 20-story

DIMENSION
EK(N3,N3),EKC(N),EKB(N),EKKC(4,4,N),EKKS(4,4,N),NC(4,N),NS(4,N),NN(N3),EM(N3,N3),EC(N
3,N3),EMM(N)

DIMENSION
DDY(NT),ACC(N3,NT),VEL(N3,NT),DIS(N3,NT),SHEAR(N,NT),SSF(N,NT),SMF(N,NT),SDR(N,NT
)

DIMENSION
DISMX(N3),VELMX(N3),ACCMX(N3),SHEARMX(N),SSFMX(N),SMFMX(N),SDRMX(N),ReSDR(
N),RaSDR(N)

DIMENSION BRCFT(NP),SK1FT(NP),SFT(NP),HBRCFT(NP)

DIMENSION
QFES(N),UFES(N),EVIN(N),ESSN(N),EVIR(N),ESSR(N),EV1B(N),ESSB(N),ESDR(N),TFIN(N),SAI
N(N),EMEQIN(N), TFIR(N),SAIR(N),EMEQIR(N),TFIB(N),SAIB(N),EMEQIB(N),SFALMX(N),SFAL
™)

DIMENSION EKCO(N),EKBO(N),KCFT(NP),KBFT(NP)

DIMENSION
EP(N),EKR(N,N),SSS(N2,N),SDIS(N),SROT(N2),SDSRT(N3),SSDR(N),SSSF(N),SSMF(N),SSHEAR(
N),SALP(N),CI(N),SSFT(N),SGM(N)

DATA HI/0./,EB/900./,H_BRC0/182.5/

DATA ALPHA2/9.2159/, ALPHA1/788254.2/ ! spine frame parameters

DATA EPS/.00000005/, TOL/.000001/, GFT/1.0/

CHARACTER(LEN=20) :: IFILE='BCJL2Level2.txt'

CHARACTER(LEN=10),DIMENSION(NP) :: OFILE=(/R1.txt', 'R2.txt', 'R3.txt', 'R4.txt", 'R5.txt")

! CHARACTER(LEN=20) :: OFILED="Disp].txt'

DATA SFT/2.,4.,8.,12.,16./ | SFT=1 when Ks/Kf=0.025
DATA BRCFT/2.,2.,2.,2.,2./ ! BRCFT=1 when A BRC=113.8cm2
DATA SK1FT/1.,1.,1.,1.,1./ ! SK1FT=1 when Kd/Kf=0.5

DATA HBRCFT/2.,2.,2.,2.,2./ ! HBRCFT=1.0 when Ld=1825mm
DATA KCFT/1.,1.,1.,1.,1./ ! stiffness factor of columns

DATA KBFT/1.,1.,1.,1.,1./ ! stiffness factor of beams

! ***whole frame-20 story***

DATA
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EKC0/2.1042D+12,2.1042D+12,2.1042D+12,2.1042D+12,2.0833D+12,2.0833D+12,2.0455D+12,2.045
5D+12,2.0045D+12,2.0045D+12,1.9379D+12,1.9379D+12,1.9164D+12,1.9164D+12,1.8777D+12,1.877
7D+12,1.8562D+12,1.8562D+12,1.7882D+12,1.7882D+12/, &

&
EKB0/9.6826D+11,9.6826D+11,9.6826D+11,9.6726D+11,9.5040D+11,9.4644D+11,9.4243D+11,9.3679
D+11,9.1507D+11,9.1906D+11,9.2323D+11,9.2237D+11,8.9491D+11,8.9113D+11,8.8731D+11,8.8444
D+11,8.5316D+11,8.5645D+11,8.5989D+11,8.5989D+11/, & !modified

&
EMM/8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8084.1,8
084.1,8084.1,8084.1,8084.1,8084.1,8084.1,11638.3/

DATA EKS220/2.5738D+13/,A_B0/178.82/,EKmFT/1.0/,SK10/6.657D+12/,A_BRC0/113.808/

| dskskkokokskkkok sk kR ok kK

! Ispecial cases--------------

! DATA SK10/0.003/ A_BRC0/0.00001/! pin bottom
! DATA BRCFT/1.,1.,1./

! DATA SK1FT/1.,1.,1./

! DATA HBRCFT/1.,1.,1./

!

| >>>>>>>>input wave
OPEN(100,FILE=IFILE,STATUS='OLD")
READ(100,501) DTNNN,(DDY(M),M=1,NNN)

| <<<<<<<<input wave

| dkkxskokkkdkokkk

! MODEL BUILD

| skl s ok ke

DO 901 II=1,NP
EKS2=EKS220*SFT(I)
EKS1=EKS2*1D+5

1 >>>>>>>>MASS MATRIX
I INITIALIZATION
DO 102 J=1,62

DO 103 K=1,62
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EM(J,K)=0.

103 CONTINUE

102 CONTINUE

I MASS MATRIX

DO 104 L=1,N
EM(L,L)=EMM(L)

104 CONTINUE

| <<<<<<<<MASS MATRIX

1 >>>>>>>>STIFFNESS MATRIX

| INITIALIZATION
DO 105 J=1,62
DO 106 K=1,62
EK(J,K)=0.
106 CONTINUE
105 CONTINUE

DO 118 I=1,N
EKC(I)=EKCO(I)*KCFT(II)
EKB(I)=EKBO(I)*KBFT(II)

118 CONTINUE

| PREPARATION
NC(1,1)=0
NC(2,1)=0
NC(3,1)=N+1
NC(®4,1)=1

DO 107 I=2,N
NC(1,1)=I+N-1
NC(@2,D)=I-1
NC@3,I)=I+N
NC(4,1)=I

107 CONTINUE

NS(1,1)=61 ! THE DOF OF 1st BRC hinge

NS(2,1)=0
NS(3,1)=N2
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NS(4,1)=1

DO 108 I=2,N
NS(1,I)=I+N2-2
NS(2,1)=I-1
NS(3,1)=I+N2-1
NS(4,1)=I

108 CONTINUE
NS(1,11)=62

| COLUMN STIFFNESS

DO 109 I=1,N
EKKC(4,4,1)=EKC(I)*(2./H**2)*EKmFT
EKKC(4,3,1)=EKC(I)*(-1./H)*EKmFT
EKKC(4,2,1)=EKC(I)*(-2./H**2)*EKmFT
EKKC(4,1,1)=EKC(I)*(-1./H)*EKmFT
EKKC(3,4,))=EKC(I)*(-1./H)*EKmFT
EKKC(3,3,))=EKC(I)*(2./3.)*EKmFT
EKKC(3,2,1)=EKC(I)*(1./H*EKmFT
EKKC(3,1,))=EKC(I)*(1./3.)*EKmFT
EKKC(2,4,1)=EKC(I)*(-2./H**2)*EKmFT
EKKC(2,3,))=EKC(I)*(1./H*EKmFT
EKKC(2,2,1)=EKC(I)*(2./H**2)*EKmFT
EKKC(2,1,)=EKC(I)*(1./H*EKmFT
EKKC(1,4,))=EKC(I)*(-1./H)*EKmFT
EKKC(1,3,))=EKC(I)*(1./3.)*EKmFT
EKKC(1,2,))=EKC(I)*(1./H*EKmFT
EKKC(1,1,))=EKC(I)*(2./3.)*EKmFT
DO 110 J=1,4

DO 111 K=1,4
IF (NC(J,1)*NC(K,I).NE.0) THEN
EK(NC(J,I),NC(K,I))=EK(NC(J,I),NC(K,I))+EKKC(J,K,I)
END IF

111 CONTINUE

110 CONTINUE

109 CONTINUE

! BEAM STIFFNESS
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NP1=N+1
DO 115 I=NP1,N2-1

IMN=I-N
EK(LI)=EK(L,))+*EKB(IMN)*EKmFT

115 CONTINUE

! SPINE FRAME STIFFNESS
DO 112 I=1,N

IF(I==1 .or. I==11) THEN
EKS=EKS1*EKmFT
ALPHA=ALPHAI

ELSE
EKS=EKS2*EKmFT
ALPHA=ALPHA2

END IF

EKKS(4,4,1)=1./(1+6*ALPHA )*EKS*(2./H**2)
EKKS(4,3,1)=1./(1+6*ALPHA *EKS*(-1./H)
EKKS(4,2,1)=1./(1+6*ALPHA *EK S*(-2./H**2)
EKKS(4,1,1)=1./(1+6*ALPHA )*EKS*(-1./H)
EKKS(3,4,1)=1./(1+6*ALPHA )*EKS*(-1./H)
EKKS(3,3,1)=1./(1+6*ALPHA)*EKS*(2./3.+ALPHA)
EKKS(3,2,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(3,1,1)=1./(1+6*ALPHA)*EKS*(1./3.-ALPHA)
EKKS(2,4,1)=1./(1+6*ALPHA *EK S*(-2./H**2)
EKKS(2,3,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(2,2,1)=1./(1+6*ALPHA)*EKS*(2./H**2)
EKKS(2,1,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(1,4,1)=1./(1+6*ALPHA )*EKS*(-1./H)
EKKS(1,3,1)=1./(1+6*ALPHA)*EKS*(1./3.~ALPHA)
EKKS(1,2,1)=1./(1+6*ALPHA)*EKS*(1./H)
EKKS(1,1,1)=1./(1+6*ALPHA)*EKS*(2./3.+ALPHA)
DO 113 J=1,4

DO 114 K=14

IF (NS(J,))*NS(K,I).NE.0) THEN

EK(NS(J,I),NS(K,1))=EK(NS(J,I),NS(K,I))+EKKS(J.K.I)
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END IF
114 CONTINUE
113 CONTINUE
112 CONTINUE
| <<<<<<<<STIFFNESS MATRIX
EMY=A_BRCO*EKmFT*BRCFT(I1)*32500.*EB
A_BRC=A_BRCO*BRCFT(I)*EKmFT
A_B=A_B0*SFT(II)*EKmFT
SK1=SK10*SK1FT(II)*EKmFT
H_BRC=H_BRCO*HBRCFT(II)

CALL
PRT(H,N,42,62,EMM,EK, TFN,BETAKN,BETAMN,EMEQN,EHEQN,EKFN,EV IN,ESSN, TFIN,SAIN,
EMEQIN,SSS,EKR) ! no BRC

EK61=EK(61,61)

EK50=EK(50,50)

EK62=EK(62,62)

EK5062=EK(50,62)

EK6250=EK(62,50)

EK(61,61)=EK61*1.D5

EK(50,50)=EK50+SK1*1.D5

EK(50,62)=EK5062-SK1*1.D5

EK(62,50)=EK6250-SK1*1.D5

EK(62,62)=EK62+SK1*1.D5

CALL
PRT(H,N,42,62,EMM,EK, TFR,BETAKR,BETAMR,EMEQR ,EHEQR,EKFR,EV IR, ESSR, TFIR,SAIR,E
MEQIR,SSS,EKR) ! rigid BRC

EK(61,61)=EK61+SK1

EK(50,50)=EK50+SK1

EK(50,62)=EK5062-SK 1

EK(62,50)=EK6250-SK 1

EK(62,62)=EK62+SK1

CALL
PRT(H,N,42,62,EMM,EK, TFB,BETAKB,BETAMB,EMEQB,EHEQB,EKFB,EV 1B,ESSB, TFIB,SAIB,E
MEQIB,SSS,EKR) ! elastic BRC

EK(61,61)=EK61
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EK(50,50)=EKS50
EK(50,62)=EK5062
EK(62,50)=EK 6250
EK(62,62)=EK62

| sskskskokok sk kodkok kR k ook

! SEISMIC EVALUATION (need revision)

| sskskskokok sk kodkok kR kkokok

CALL EVAT(GFT,H,H BRC,A BRC,A B,SK1,EMY,UF,QF,EHEQN,EMEQN,EKFN,EKFR, TFN,TEQ)

| DISTRIBUTION OF EVALUATED STORY SHEAR
DO 500 I=1,N

QFES(I)=ESSN(I)/ESSN(1)*QF
500 CONTINUE

| Fokskkokok kR kk kR koK

! STATIC ANALYSIS (need revision)

| Fok sk Rkk kR koK

! ! SHEAR FORCE - METHOD 1 (obtained from Ai distribution)
! SGM(N)=EMM(N)*9.8*100.0

! DO 310 I=1,N-1

! SGM(N-I)=SGM(N-I+1)+EMM(N-1)*9.8*100.0

! 310 CONTINUE

! DO 311 I=1,N
! SALP(I)=SGM(I)/SGM(1)

! CI(1)=1.0+(1.0/SALP(1)**0.5-SALP(I))*2.0*TEQ/(1.0+3.0*TEQ)
! SSFT(1)=CI(1)*SGM(I)

! 311 CONTINUE

! ! SHEAR FORCE - METHOD 2 (obtained from seismic evaluation)
! DO 311 I=1,N

! SSFT(I)=QFES(1)*1000.

! 311 CONTINUE

C-46



Appendix C  Programming Scripts for Nonlinear Analysis of DMD model

! EP(N)=SSFT(N)

! DO 312 I=1,N-1

! EP(I)=SSFT(I)-SSFT(I+1)
! 312 CONTINUE

! CALL MINV(N,EKR,N)

! CALL PROG(EKR,EP,SDIS,N,N, 1)

! CALL PROG(SSS,SDIS,SROT,N2,N, 1)
! DO 300 I=1,N

! SDSRT(I)=SDIS(I)

! 300 CONTINUE

! DO 301 I=1,N2

! SDSRT(N+I)=-SROT(I)

! 301 CONTINUE

| dokskkkokskkkokkkkk ok

! DYNAMIC ANAYLSIS

| dskskkokokskkkokkkkkok

| >>>>>>>>DAMPING MATRIX
DO 116 I=1,62
DO 117 J=1,62

EC(L,J)=EK(I,J)*BETAKB

117 CONTINUE
EC(L,D)=EC(L1)+EM(LI)*BETAMB

116 CONTINUE

| <<<<<<<<DAMPING MATRIX

HK=SK1/(1.0/0.0125-1.0)

CALL
NRES(GFT,62,EM,EC,EK,SK1,NNN,DT,DDY,ACC,VEL,DIS,EPS, TOL,H,HK,EMY,HL, BRCE1M,BRC
E2M)

| osksk koo sk ook sk ok okok sk ook sk ok sk ook sk ook sk kR kR kok K

! DATA PROCESS OF DYNAMIC ANALYSIS RESULTS
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| ook skokok sk ook sk ook sk ook sk ook sk ook sk ook sk ko k kR ko K

! MAX DISP,VEL,ACC IN EACH STORY

DO 201 J=1,62
DISMX(J)=MAXVAL(ABS(DIS(J,:)))
VELMX(J)=MAXVAL(ABS(VEL(J,:)))
ACCMX(J)=MAXVAL(ABS(ACC(J,:)+DDY))

201 CONTINUE

! Max Story Drift Ratio

SDR(1,:)=DIS(1,:)/4.

SDRMX(1)=MAXVAL(ABS(SDR(1,:)))

DO 203 J=2,N

SDR(J,:)=(DIS{,:)-DIS(J-1,:))/4.

SDRMX(J)=MAXVAL(ABS(SDR(J,:)))

203 CONTINUE

! Residual Story Drift Ratio

DO 215 J=1,N
ReSDR(J)=(MAXVAL(SDR(J,(NT-500):NT))+MINVAL(SDR(J,(NT-500):NT)))/2.0 ! average
RaSDR(J)=MAXVAL(SDR(J,(NT-500):NT))-MINVAL(SDR(J,(NT-500):NT)) | amplitude

215 CONTINUE

! Note: becasue the stiffness of the moment frame and spine frame don't change during analysis, we can
calculate their shear force in the main script, otherwise we should calculate them during each integration
step

! SHEAR IN SPINE FRAME

DO 204 I=1,NNN

SSF(1,1)=EKKS(4,4,1)*DIS(1,])+EKKS(4,3,1)*DIS(N2,I)+EKKS(4,2,1)*0.+EKKS(4,1,1)*DIS(61,I)
SSF(11,1)=EKKS(4,4,11)*DIS(11,I)+EKKS(4,3,11)*DIS(N2+11-1,)+EKKS(4,2,11)*DIS(11-1,))+EKKS
(4,1,11)*DIS(62,1)

DO 210 K=2,10

SSF(K,I)=EKKS(4,4,K)*DIS(K,I)+EKKS(4,3,K)*DIS(N2+K-1,I)+EKKS(4,2,K)*DIS(K-1,I)+EKKS(4,1
JK)*DIS(N2+K-2,])
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210 CONTINUE
DO 212 K=12,20

SSF(K,I)=EKKS(4,4,K)*DIS(K,[)+EKKS(4,3,K)*DIS(N2+K-1,I)+EKKS(4,2,K)*DIS(K-1,I)+EKKS(4,1
JK)*DIS(N2+K-2,1)

212 CONTINUE

204 CONTINUE

DO 205 J=1,N
SSFMX(J)=MAXVAL(ABS(SSF(J.:)))/1000.
205 CONTINUE

| SHEAR IN MOMENT FRAME

DO 206 I=1,NNN
SMF(1,])=EKKC(4,4,1)*DIS(1,I)+EKKC(4,3,1)*DIS(N+1,I)
DO 211 K=2,N

SMF(K,I)=EKKC(4,4,K)*DIS(K,I)+EKKC(4,3,K)*DIS(N+K,I)+EKKC(4,2,K)*DIS(K-1,I)+EKKC(4,1,
K)*DIS(N+K-1,])

211 CONTINUE

206 CONTINUE

DO 207 J=1,N
SMFMX(J)=MAXVAL(ABS(SMF(J,:)))/1000.
207 CONTINUE

| TOTAL SHEAR

SHEAR=SSF+SMF

DO 202 J=1,N
SHEARMX(J)=MAXVAL(ABS(SHEAR(J,:)))/1000.

202 CONTINUE

! 1 DISTRIBUTION OF EVALUATED STORY SHEAR
| DO212I=IN

! QFES(I)=ESSN(I)/ESSN(1)*QF

! 212 CONTINUE
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!

!

SSSF(1)=(EKKS(4,4,1)*SDSRT(1)+EKKS(4,3,1)*SDSRT(N2)+EKKS(4,2,1)*0.+EKKS(4,1,1)*SDSRT(

| DISTRIBUTION OF EVALUATED STORY DRIFT
ESDR(1)=EVIN(1)
DO 213 I=2,N
ESDR(I)=EVIN(I)-EVIN(-1)
213 CONTINUE
ESDRM=MAXVAL(ESDR)
DO 214 I=1,N
UFES(I)=ESDR(I)/ESDRM*UF
214 CONTINUE

| stk ok e okl kel ook ok
! DATA PROCESS OF STATIC ANALYSIS RESULTS (need revision)
| stk ok e ook ok ook s ook o

!

! Max Story Drift Ratio

SSDR(1)=SDIS(1)/4.

DO 302 J=2,N

SSDR(J)=(SDIS(J)-SDIS(J-1))/4.

302 CONTINUE

! SHEAR IN SPINE FRAME

N3))/1000.

!

!

SSSF(K)=(EKKS(4,4,K)*SDSRT(K)+EKKS(4,3,K)*SDSRT(N2+K-1)+EKKS(4,2,K)*SDSRT(K-1)+EK

DO 303 K=2,N

KS(4,1,K)*SDSRT(N2+K-2))/1000.

!
!
!
!
!

!

SSMF(K)=(EKKC(4,4,K)*SDSRT(K)+EKKC(4,3,K)*SDSRT(N+K)+EKKC(4,2,K)*SDSRT(K-1 }+EKK

303 CONTINUE

| SHEAR IN MOMENT FRAME
SSMF(1)=(EKKC(4,4,1)*SDSRT(1)+EKKC(4,3,1)*SDSRT(N+1))/1000.
DO 304 K=2,N

C(4,1,K)*SDSRT(N+K-1))/1000.
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! 304 CONTINUE

! ! TOTAL SHEAR
! SSHEAR=SSSF+SSMF

! DO 305 I=1,N
! SFAL(I)=ABS(SSSF(I)/SSHEAR(I))

! SFALMX(I)=ABS(SSFMX(I)/SHEARMX(I))
! 305 CONTINUE

| dkkxkokkx

! RECORDER

| ook

OPEN(1,FILE=OFILE(II),STATUS='"OLD")

! OPEN(2,FILE=OFILED,STATUS='OLD")

! WRITE(1,502) EKFN, EKFR, EKFB

! ParaResVer2.0:

WRITE(1,502)
SHEARMX,SSFMX,SMFMX,SDRMX,TFN,TFR,TFB,SSHEAR,SSSF,SSMF,UF,QFES
WRITE(1,503) BRCEIM,BRCE2M

! WRITE(2,502) SDR(l,:)

[ stk ok ok e ook ok e ootk e ook kel ok el ok e s ol ko
! SHEARMX(N) dy-ana. total shear

I SSFMX(N)  dy-ana. shear in spine frame

! SMFMX(N)  dy-ana. shear in moment frame

! SDRMX(N)  dy-ana. SDR

! SSHEAR(N) st-ana. total shear

! SSSF(N) st-ana. shear in spine frame

! SSMF(N) st-ana. shear in moment frame

! SSDR(N) st-ana. SDR

! QFES(N) eva. total shear

! UF eva. max. SDR
! TEQ eva. Ist-mode period of whole system at max. deformation
! TFN eigenvalue-ana. 1st-mode period of moment frame only without BRCs

| ks sk stk s ok ook sk sk ko sk ok ook sk sk ook sk sk okok skok ok sk sk ook sk sk ook sk sk ok sk ko sk sk ook sk otk kool sk okokosk ook sk Rk sk Rk sk R ok
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901 CONTINUE

STOP

501 FORMAT(T51,F10.2,110/(F10.5))
502 FORMAT(F18.8)

503 FORMAT(F15.1)

CLOSE(100)

CLOSE(1)

END

Subroutine file -- NRES.f90 (for Sgt2 spine frame structures)

| koskskokok sk sk koo sk ok ok sk sk ok ok sk ok ook sk ook sk ook sk ko ok sk ook sk ook sk kR kR R okok sk R ok

! SUBROUTINE FOR NONLINEAR RESPONSE OF MULTI-DOF SYSTEM

| ks sk okok sk ok ook sk okok sk ok ok sk ok ook sk kool sk ook sk ko ok sk ook sk ook sk Rk sk Rk sk R ok

! CODED BY X. CHEN

! N4: DOF

! EM: MASS MATRIX

! EC: DAMPING MATRIX

! EK: INITIAL STIFFNESS MATRIX

! NN: NUMBER OF DATA IN GROUND MOTION
! DT: TIME INTERVAL OF GROUND MOTION
! DDY: GROUND MOTION DATA

! ACC: ABSOLUTE ACCEL RESPONSE

! VEL: RELATIVE VEL RESPONSE

! DIS: RELATIVE DISP RESPONSE

1 QY: yielding overturning moment of BRC

! SK1: initial stiffness of BRC

! EPS TOL: Tolerance for norm of disp and norm of residual force

! H: story height
! HK: parameter related with kinematic hardening

! HI: parameter related with isotropic hardening

SUBROUTINE
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NRES(GFT,N4,EM,EC,EK,SK 1,NN,DT,DDY,ACC,VEL,DIS,EPS, TOL,H,HK,QY,HI,BRCE1M,BRCE2
M)

DIMENSION

EM(N4,N4) EK(N4,N4),EC(N4,N4),DDY (NN),ACC(N4,NN), VEL(N4,NN), DIS(N4,NN),BRCR 1 (NN),
BRCQI(NN),BRCR2(NN),BRCQ2(NN),BRCE1(NN),BRCE2(NN)

DIMENSION DDELX(N4),DDELR(N4),DELX(N4),RR1(N4),RR2(N4),RR3(N4),EK 1(N4,N4)

1 >>>>>>>>INITIALIZATION
DO 120 I=1,N4
ACC(L1)=-DDY(1)*GFT
VEL(I,1)=0.
DIS(I,1)=0.
DO 110 J=1,N4
EK1(I,J)=0. ! Stiffness matrix
110 CONTINUE
120 CONTINUE

VK1=SK1
VK2=SK1 ! LOCAL STIFFNESS -- overturning stiffness
BRCR1(1)=0.
BRCQI(1)=0.
BRCR2(1)=0.
BRCQ2(1)=0.
BRCEI1(1)=0.
BRCE2(1)=0.
QB10=0.
UP10=0.
AH10=0.
QB20=0.
UP20=0.
AH20=0.

| <<<<<<<<INITTALIZATION

| okoskosk stk sk ok koo sk okok sk ok ok ok sk ok ok sk sk koo sk ook sk ok ook sk sk okoksk ook sk ook sk ook sk ook sk Rk kR ko K

DO 290 M=2,NN ! For nonlinear analysis, start integration here

| ks sk stk sk ok ook ok sk ook sk ok ok ok sk ook sk sk koo sk ook sk ook sk sk okoksk ook sk okl sk okkosk ook sk ok sk kR kR K
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| >>>>>>>>[nitialization in each step
DO 420 I=1,N4
DELX(I)=0.
DIS(I,M)=DIS(ILM-1)
VEL(I,M)=-VEL(I,M-1)
ACC(ILM)=-4./DT*VEL(I,M-1)-ACC(I,M-1)
420 CONTINUE
BRCQ1(M)=BRCQI(M-1)
BRCQ2(M)=BRCQ2(M-1)
KI=0! Set iteration counter KI

| <<<<<<<<Initialization in each step

| sskskskokokokkokok sk ko kok

| Iteration Start

| skskskokokokkokok sk ko kok

DO 1234 !STIFFNESS UPDATES DURING ITERATION

| >>>>>>>>Formating EFFECTIVE STIFFNESS MATRIX
DO 140 1=1,N4
DO 320 J=1,N4
EKI1(IJ)=EK(LJ) ! STORE EKR INTO EKI1, LATER CHANGE EK1 INTO EFFECTVIE
ETIFFNESS MATRIX
320 CONTINUE
140 CONTINUE
EK1(61,61)=EK(61,61)+VK1
EK1(50,50)=EK(50,50)+VK2
EK1(50,62)=EK(50,62)-VK2
EK1(62,50)=EK(62,50)-VK2
EK1(62,62)=EK(62,62)+VK2
DO 160 1=1,N4
DO 150 J=1,N4
EK1(LJ)=EK1(I,J)+4./DT/DT*EM(LJ)+2./DT*EC(L]J)
150 CONTINUE
160 CONTINUE
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| <<<<<<<<Formating EFFECTIVE STIFFNESS MATRIX

! >>>>>>>>Formating EFFECTIVE LOAD VECTOR, note: should be put after stiffness updating,

because EK2 is used to get RR1

CALL PROG(EK,DIS(:,M),RR1,N4,N4,1)

CALL PROG(EC,VEL(:,M),RR2,N4,N4,1)

CALL PROG(EM,ACC(:,M),RR3,N4,N4,1)

RNM=0.

RRI1(61)=RR1(61)+BRCQ1(M)

RR1(62)=RR1(62)+BRCQ2(M)

RR1(50)=RR1(50)-BRCQ2(M)

DO 410 I=1,N4
DDELR(I)=-DDY (M)*GFT*EM(I,))-(RR1(I)*RR2(I)+RR3(I)) ! (k+1)-th residual force vector
RNM=RNM+DDELR(I)*DDELR(I)

410 CONTINUE

RNM=SQRT(RNM/N4)

IF(RNM.LE.TOL).AND.(KI.GT.0)) GOTO 4321

| <<<<<<<<Formating EFFECTIVE LOAD VECTOR

| >>>>>>>>Solve INCREMENTAL DISP

CALL CHOL(N4,EK 1,DDELR,DDELX,N4,0)

DNM=0.

DO 710 1=1,N4
DNM=DNM+DDELX(I)*DDELX(I)

710 CONTINUE

DNM=SQRT(DNM/N4)

IF((DNM.LE.TOL).AND.(KL.GT.0)) GOTO 4321

| <<<<<<<<Solve INCREMENTAL DISP

| >>>>>>>>Solve RELATIVE ACCEL, VEL, & DISP
DO 190 I=1,N4
DELX(I)=DELX(I)+DDELX(I)
DIS(I,M)=DIS(I,M-1)+DELX(I)
VEL(I,M)=2./DT*DELX(I)-VEL(I,M-1)
ACC(I,M)=4./DT/DT*DELX(I)-4./DT*VEL(I,M-1)-ACC(I,M-1)
190 CONTINUE
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| <<<<<<<<Solve RELATIVE ACCEL, VEL, & DISP

| >>>>>>>>STATE DETERMINATION
BRCR1(M)=DIS(61,M)

QB1=QB10

UP1=UP10

AH1=AH10

CALL STDM(BRCR1(M),UP1,QB1,SK1,ET1,HL,HK,QY,BRCQ1(M),AH1)
VKI1=ET1

BRCR2(M)=DIS(62,M)-DIS(50,M)

QB2=QB20

UP2=UP20

AH2=AH20

CALL STDM(BRCR2(M),UP2,QB2,SK 1,ET2,HI,HK,QY,BRCQ2(M),AH2)
VK2=ET2

KI=KI+1
1234 CONTINUE ! Go to next iteration

4321 QB10=QB1
UP10=UP1
AH10=AH1
QB20=QB2
UP20=UP2
AH20=AH2
1if (M<254) goto 290
lus=U
BRCEI(M)=(BRCQ1(M)+BRCQ1(M-1))/2.0*(BRCR1(M)-BRCR1(M-1))+BRCE1(M-1)
BRCE2(M)=(BRCQ2(M)+BRCQ2(M-1))/2.0*(BRCR2(M)-BRCR2(M-1))+BRCE2(M-1)
290 CONTINUE ! Go to next integration step
BRCEIM=BRCEI1(NN)
BRCE2M=BRCE2(NN)
BRCEM=BRCE1(NN)+BRCE2(NN)
! OPEN(14,FILE='BRCR1.TXT',STATUS='OLD")
! OPEN(15,FILE='BRCE1.TXT',STATUS='OLD")
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! OPEN(16,FILE='"BRCE2.TXT',STATUS='OLD")

! WRITE(14,1014) BRCR1 !ROTATION OF THE BOTTOM OF SPINE FRAME

! WRITE(15,1015) BRCELI IBENDING MOMENT OF THE BOTTOM HINGE
! WRITE(16,1015) BRCE2

11014 FORMAT(F11.8)

11015 FORMAT(F15.1)

RETURN

END
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