. HOKKAIDO UNIVERSITY

Dynamic Analysis of Steel Moment-Resisting Frames Considering Panel Zone Yielding, Local

Hitle Stiffening due to Bracing Connections, Beam Local Buckling and Fracture
Author (s) LI, Jionghui
Degree Grantor biEEKE
Degree Name B (I=)

Dissertation Number FHE161265

Issue Date 2024-09-25
DOI https://doi.org/10.14943/doctoral. k16126
Doc URL https://hdl. handle.net/2115/93641
Type doctoral thesis
File Information Li Jionghui.pdf

kaid
e U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Dynamic Analysis of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

by

LI Jionghui

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of Engineering

Examination Committee: Dr. Taichiro Okazaki
Dr. Masaru Kikuchi
Dr. Nobuo Takai

Doctoral Thesis No.:

Division of Architectural and Structural Design
Graduate School of Engineering, Hokkaido University
June 2024



ACKNOWLEDGMENTS

This dissertation is a summary of experiment and simulation work conducted at the Laboratory of
Structural Engineering, Department of Architecture and Structural Design, where I am able to gather

data and knowledge regarding the research topic and pursue the research.

I would like to, firstly, express my deeply and sincere gratitude to my supervisor Prof. Taichiro Okazaki
for his guidance, support and patience over the past three years. Without his support, I would not be able
to finish this research. I am appreciated that he provided me a unique opportunity to join a splendid
shake-table project in E-Defense facilities. I am deeply in debt to him for offering detailed and

comprehensive guidance on my journal paper.

I would like to thank Associate Prof. Ryota Matsui for his valuable guidance and help whenever

requested. His guidance and advice were fundamental to complete this thesis.

I would like to show my thankfulness to Associate Prof. Takuya Nagae, Dr. Jun Fujiwara, and Ryota
Nishi for their help and guidance in the shake-table tests conducted in E-Defense, as well as their

cooperation in my journal paper.

I would like to acknowledge the collaboration of my colleagues from the research group, in particular
Yi Qie, Martin Somarriba, Ilanildo Dias, Akshay Somkuwar, Akiri Seki, and so many others students in
the Laboratory of Structural Engineering, Hokkaido University. I would like to express my sincere
gratitude to the colleagues in Nagoya University, including Jialiang Jin, Kazuki Takaya, Tianhao Yan,
Yanzhou Gao, Rikako Suzuki, and others students for their great effort in the shake-table tests.

Most of all, I would like to thank my family, my father, my mother, my stepfather, and my grandparents,
for their love and support. Without their endless comprehension and encouragement, I could not have

such accomplishment today.

I am truly grateful to the Japanese government and the MEXT - Ministry of Education, Culture, Sports,
Science and Technology — for the financial support and the opportunity to study in Japan for the past

three years.

LI Jionghui
2024/06/13



ABSTRACT

Numerical simulation based on beam-column elements cooperated with fiber sections has been widely
applied in structural analysis and design due to its high efficiency in computation. However, simulated
results based on such models are generally affected by modeling schemes, such as selections of element
and material models, connections between elements, simplifications of structural components, etc., and
thus reasonable results always rely on appropriate models. In Japan, moment-resisting frames (MRFs)
are generally constructed by square hollow-structural-section (HSS) columns and I-section beams.
Seismic behaviour of panel zones in such columns is typically complicated by many factors, such as
interaction of axial force and biaxial bending moments, stiffening from brace connections, and presence
of composite slab, etc., and thus modeling of panel zone with consideration of these factors is one of the
challenges in simulation. Furthermore, steel MRFs subjected to extremely large or repeated earthquake
excitations may suffer from local buckling and low-cycle fatigue at beam ends. Significant losses of
structural stiffness and strength usually accompany local buckling and low-cycle fatigue, which may
result to excessive deformation of structure or even collapse. Therefore, this study focuses on modeling
schemes for steel MRFs taking account of panel-zone yielding, stiffening from brace connections, and
beam local buckling and fracture, and examination on how closely recorded responses of shake-table

tests could be reproduced.

Panel zone responses for modeling study were measured from shake-table tests on a nearly full-scale,
10-story steel moment-resisting frame with buckling-restrained braces (BRBs). The specimen was
subjected to the 3D JMA Kobe motion, scaled from 25% to 100%. During the 100% JMA Kobe motion,
the 10-story specimen yielded in the 1st to 8th stories developing maximum story drift ratio of 0.020
rad at the 2nd story. As expected, the column and panel zones in the interior grid point yielded under
biaxial forces, while the connecting beams remained elastic. Methods to estimate panel-zone shear force
were devised based on equilibriums of free-body diagrams. A panel zone model with a strut representing
the stiffening from brace connection was calibrated to match the measured column inflection points and
panel-zone deformation. Time history analysis of the frame using the calibrated model reproduced the

experimental results with acceptable consistency.

Local buckling of beams was simulated by a piecewise linear material model, which considered strength
degradation at compression side. Low-cycle fatigue of beams was simulated by a material with fatigue
limits based on a linear cumulative damage rule. Two material models were introduced to a force-based
beam-column element, and then calibrated by cyclic loading tests on beam-and-column subassemblages.
A numerical model with the proposed modeling scheme of beams was built in OpenSees to simulate a
1:2.5-scale, 4-story steel MRF subjected to unidirectional excitation of JMA Kobe-NS record scaled
from 10 to 100%. The 4-story model reproduced the measured responses before fracture with acceptable

consistency. Simulated beam of the exterior joint at 2nd floor fractured at the same excitation and same



zone among the section with the experiment. Finally, limitations and possible solutions for future work

of the proposed beam model are provided.
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Chapter 1 INTRODUCTION

1. INTRODUCTION

1.1 GENERAL

Numerical simulation is a powerful tool for structural analysis and design due to the development in
matrix analysis, plastic analysis and computer science, whereas computation result predicted by a
numerical model is reliable only if the model reflects realities of the simulated structure. In recent years,
two-dimensional model, which mainly consists of line elements and zero-length elements, has been
widely applied in structural analysis. Open System for Earthquake Engineering Simulation (OpenSees)
[1] developed by Pacific Earthquake Engineering Research Center in United States is one of the well-
known finite element analysis software, which provides a variety of elements and material models.
Models built in OpenSees can reproduce structure and component responses of steel buildings,

reinforced concrete building, etc.

In Japan, moment-resisting frames (MRFs) are generally constructed by square hollow-structural-
section (HSS) columns and I-section beams. As shown in Figure 1.1, seismic behaviour of panel zones
in such columns is typically complicated by many factors, such as interaction of axial force and biaxial
bending moments, yielding of the surrounding components, and presence of composite slab, etc.
Complication by these factors is an existing issue in Japan, because steel buildings following Japanese
design provisions generally adopt moment-resisting connections at all beam-to-column joints, and
therefore, bidirectional loading effects are unavoidable. Moreover, when these buildings adopt braces,
bracing connections framing to the moment-resisting beam-to-column connections can cause additional

complications.

Panel zones

I-section beam HSS-column
Figure 1.1 Common beam-to-column joint in Japan

Additionally, structures subjected to extremely large earthquake excitation may show local buckling at

beam ends and column ends. Moreover, beam-to-column connections may suffer from low-cycle fatigue
1
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and fracture under earthquakes with long duration and long period. If structural resistance to lateral load
effect is insufficient, total collapse may happen. Therefore, local buckling and low-cycle fatigue should

be considered for structures subjected to extreme earthquake excitation.

1.2 OBJECTIVES

The main focuses of this dissertation are simulation on panel zone with buckling restrained brace (BRB)
connected, beam local buckling and low-cycle fatigue. The main purposes of this study and dissertation

arc:

(1) Computation method of panel zone-shear force taking account for BRB gusset plate and composite

slab;
(2) Understand panel zone behavior under effects of biaxial bending moments and shears;
(3) Propose a numerical model to simulated panel zone with BRB connected by 2-D analysis;
(4) Suggest parameters for material models that can simulate beam local buckling and low-cycle fatigue;
(5) Reproduce structural response measured from a shake-table test and understand the effect of fracture;

(6) Examine how closely the proposed models adapting calibrated elements and materials can reproduce

structural responses measured from shake-table tests.

1.3 OUTLINE
To achieve the objectives mentioned above, 8 chapters are included in this dissertation:
Chapter 1 introduces the background, problems to be solved and research objectives.

Chapter 2 reviews literatures and studies that related to the research objectives. Some of the experiments,
mechanical models to compute panel-zone forces, and numerical models to simulate panel zone, beam

local buckling and low-cycle fatigue.

Chapter 3 introduces shake-table tests on a nearly full-scaled, 10-story steel MRF with BRB bracing,
including the information of the specimen, excitation plan, and instrumentation scheme on global and
component responses. Equations for data reduction are provides, where deduction of elastic stiffness

and panel-zone shear force with consideration of BRB gusset plate and composite slab are focused.

2



Chapter 1 INTRODUCTION

Chapter 4 presents experimental results measured from the 10-story specimen. Global responses
including natural period, floor acceleration, story drift and story shear are exhibited. Component
responses including column axial force and biaxial bending moments, beam-end bending moment and
rotation, and panel-zone shear force and deformation are illustrated. Interaction effect of axial force and
biaxial shears on panel-zone fully plastic strength are studied using a method based on plastic analysis.

Effects of removing BRBs of a story on structural responses are discussed.

Chapter 5 proposes a numerical model to simulate structural responses measured from the shake-table
tests on the 10-story specimen. Modeling schemes including the elements of columns and composite
beams, panel zone with BRB connected, and other selections of time history analysis are explained in
details. Discussions on how to determine the parameters for panel zone model with BRB connected are
given. Simulated results are compared against the measured responses, and some remaining problems

of the proposed model are discussed.

Chapter 6 introduces two material models, Hysteresis model and Fatigue model, built in OpenSees to
simulate beam local buckling and low-cycle fatigue. Backbone curve and cycling rules of the Hysteresis
model are explained, and followed by introduction of a numerical model for calibration. The related
parameters of the Hysteresis model are calibrated by cyclic loading tests on beam-and-column
subassemblages extracted from a 1:2.5-scaled, 4-story steel MRF. Then, fiber discretization and
parameters to be calibrated for the Fatigue model are introduced, and followed by the calibration with

the same specimens.

Chapter 7 proposes a numerical model to simulate shake-table tests on the 4-story specimen, which was
subjected to large earthquake excitations for multiple times. Basic information of the shake-table tests
is given, and modeling scheme on structure and beam elements with the calibrated Hysteresis and
Fatigue model is introduced. Comparisons between simulated and measured responses are conducted to

find out the effect of fracture on structural responses.

Chapter 8 summarizes the key findings and conclusions of this dissertation. Some of the deficiencies

and problems to be furtherly studies are discussed.
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Chapter 2 LITERATURE REVIEW

2. LITERATURE REVIEW

2.1 GENERAL

The main focuses of this research are panel zone response under bidirectional loading, simulation on
panel zone with buckling restrained brace (BRB) modeling and simulation on beam local buckling and
low-cycle fatigue. Some of the most relevant studies are summarized in this chapter. The following
review of the literature is divided into two sections, firstly introducing experiment and modeling
methods that related to column panel zone, and secondly introducing simulation techniques on beam

local buckling and low-cycle fatigue.

2.2 EXPERIMENT, SIMULATION AND DESIGN PROVISION OF PANEL ZONE
2.2.1 Experimental studies
2.2.1.1 Effect of loading direction

In Japan, where MRFs tend to comprise square-HSS columns, the panel zone response under

bidirectional loading has been studied experimentally and theoretically.

Wang et al. [2] tested four beam-and-column subassemblages with column panel of 0-250x250%9 and
beams of H-350x175x7x11 and H-500%200x10%16, where the specimens were proportioned to yield in
the panel zone. As shown in Figure 2.1, the specimens were subjected to cyclic unidirectional and
bidirectional loadings with no axial force. They found that bidirectional loading tended to reduce panel
zone strength compared to unidirectional loading and tended to promote fracture at the corner of the
panel-to-diaphragm welds. Additionally, it was found that large aspect ratio of beam had slight effect on
panel-zone shear strength under unidirectional loading, but obviously decreased the shear strength under

bidirectional loading.

Square-HSS columns

l-section beams

(b)
Figure 2.1 Beam-and-column subassemblages test by Wang et al.:
(a) Bidirectional loading; (b) Unidirectional loading.

5
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Arakida et al. [3] conducted cyclic loading tests on isolated column panels bounded by through-
diaphragm plates to study the effect of loading direction, axial force, and beam height-to-column depth
ratio on panel zone response. The results showed that, under biaxial loading (loading in 45 degree),
panel zone failed due to ductile crack at panel corner under small axial force ratio and aspect ratio, but
due to local buckling under large force ratio and aspect ratio. Based on plane-stress analysis and Mises
yield criterion, they deduced interaction equations between axial force and biaxial shear forces in

arbitrary loading direction. The equations are relevant to this paper and are summarized in Appendix 1.
2.2.1.2 Prescence of composite slab

Shake-table tests on a full-scale, 2-by-1 bay, 4-story steel MRF building with 175 and 150-mm thick
composite slab were conducted in E-Defense shake-table facilities [4]. The specimen consisted of
300%300%9 columns and I-section beams with section height between 346 and 400 mm. Suita et al. [5]
reported that, the building specimen yielded first in the panel zones and ultimately collapsed due to local
buckling in the first story columns. The measured shear force in the panel zone was found exceed the

plastic strength based on design equations.

Yamada et al. [6] explained that the panel-zone shear force measured by Suita et al. [5] closely agreed
with the force couple placed at the centers of slab and beam bottom flange, while the plastic strength
per Japanese design provision placed force couple at the centers of through-diaphragm plates. Therefore,
they suggested decomposing the bending moment of composite beam into a force couple acting at the
centers of slab and beam bottom flange to deduce panel-zone shear force, as shown in Figure 2.2(a).
The panel zone moment, which was computed by the deduced shear force times panel height between

diaphragm plates, agreed with the expected strength.

M N\ M, M
51 ! b+t 12—t,12 SEL :
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Figure 2.2 Decomposition of beam bending moment under positive bending;:
(a) Method proposed by Yamada et al. [6]; (b) Method proposed by Kishiki et al. [7].
Kishiki et al. [7] suggested an alternative method to consider the effect of composite slab, which
decomposed the beam moment into a force couple at the centers of slab and steel beam plus bending

moment in steel beam, as shown in Figure 2.2(b). They further replaced the forces in the steel beam by
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concentrated forces at beam upper and lower flanges so that panel-zone shear force could be deduced

by equilibrium.

2.2.1.3 Panel zone connecting with buckling-restrained brace

Buckling-restrained braces connecting to beam-to-column joints can complicate the force transfer

mechanism of the joints, and thereby create another challenge in predicting panel zone response.

Kishiki et al. [8] conducted cyclic loading tests on two portal frames with BRBs: one comprised o-
250%250%12 BCR295 steel column and H-300%150%6.5%x9 SS400 steel beam, and the other comprised
H-250%250%9x14 SM490 steel column and H-300x150%6.5%x9 SS400 steel beam. The gusset plates
were welded to I-section beams and square-HSS columns with no stiffener at gusset edge. They found
that, normal stress close to the gusset-to-column interface distributed linearly for the specimen with
HSS-column, and distributed parabolically the specimen with I-section column. Shear stress at the same

location was found to distribute nearly uniformly for both specimens.

Kasai et al. [9] tested subassemblages that closely represented the loading environment of a 5-story MRF
with BRB-braced. The subassemblages comprised 0-250%250%12 column and BH400x200x12x19
beam. The BRB gusset plate welded to beam and column was stiffened at the edges. They found close
to the beam-end section and gusset-to-column interface the measured principal strain to distribute

linearly.

Lin et al. [10] conducted numerical simulation on a MRF with BRBs subjected to cyclic loading to find
that shear stress to distribute nearly uniformly at the gusset-to-column and gusset-to-beam interfaces,
and normal stress to concentrate at the gusset tips. Similar stress distributions at the gusset interfaces

were reported from cyclic tests and simulations on BRB-frames by Zhao et al. [11,12].

The findings mentioned imply that the stresses at the gusset-to-column interface may be estimated
adequately by the plane-section assumption, which provide a possibility to compute the forces of panel

zone connecting with BRB based on equilibrium.

2.2.2 Numerical studies
2.2.2.1 Panel zone with bare beam connected

Gupta and Krawinkler [13] proposed a numerical model to simulate column panel zones. The model
consisted of rigid bars connected in a parallelogram shape by ideal hinges and an elasto-plastic rotational

spring assigned with a trilinear backbone curve. Figure shows the trilinear model for the rotational spring,
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where the relationship of elastic and post-yield stages are expressed by equations (2.1) to (2.5), and the

stiffness after y, was suggested as 3% of the elastic stiffness.
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Figure 2.3 Trilinear model proposed by Gupta and Krawinkler

K, = 0.95Gty,(h. — tr.)(hy — tf) (2.1)
My, = 0.55f,.tp, (he — tr)(hy — tr) (2.2)
Yy = IZ—: = % (2.3)

K, = 0.95Gb t’; (2.4)

Yp = 4vy (2.5)

In the above equations, K. and K, are the elastic and post-yield stiftnesses; M, is the yielding moment;
v, is the rotation corresponding to M,; v, is the rotation at the end of yielding plateau; G is the shear
modulus; /. is the depth of column section; b, is the width of column section; %, is the depth of steel
beam section; # and #. are the thickness of beam flange and column panel; f,. is the yield strength of

column panel.

Skiadopoulos et al. [14] pointed out that model proposed by Gupta and Krawinkler [13] overestimated
the panel zone elastic stiffness of slender column, and the post-4y, stiffness of 3% for was irrational.
They computed the elastic stiffness taking account of shear and bending stiffness of column web and
flanges, which reasonably reproduced the elastic stiffness for both slender and stocky column panels.

They represented the yield and plastic shear forces of the proposed model by the normalized average
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shear stresses, @, and asep. The expressions of a,,¢yand ay.y were linearly regressed from the numerical

simulation on available experimental results.
2.2.2.2 Panel zone with composite beam connected

Elkady and Lignos [15] adopted the model proposed by Gupta and Krawinkler [13] to simulated the
panel zone connecting with composite beam. They suggested computing the yield moment of the
rotational spring according to the distance between the centers of beam lower flange and floor slab,

which corresponded to the method proposed by Yamada et al. [6] mentioned above.

El Jisr et al. [16] proposed to explicitly model the composite effect by three axial springs, which
represented the contact and strut-and-tie effect between concrete and column, and tension and
compression of reinforcement, respectively. The axial springs connected between steel beam and axial
springs with length of 1.5 times column depth. Slippage between slab and steel beam were controlled
by a shear stud model, which was represented by an axial spring. The panel zone in this model followed

the modeling proposed by Gupta and Krawinkler [13].
2.2.2.3 Panel zone with brace connected

To the knowledge of the authors, there is no established scheme to model panel zones that are stiffened

by a bracing connection.

Hsiao et al. [17,18] modeled brace-beam-column joints with three rigid bars connected at the panel zone
center rigidly, which represented the stiffened column and beam ends and gusset plate connecting with
brace. The rigid bar representing stiffened column ended at the gusset plate tip, and the rigid bar
representing stiffened beam extended along the beam to 75% of gusset width. The rigid bar for gusset
plate extended to the physical end of brace, and then connected with a rotational spring to simulate the

brace rotation. However, the model proposed by Hsiao et al. neglected panel-zone deformation.

Kaneko et al. [19] proposed adding a diagonal truss element connected between the beam and column
to simulate the stiffening effect due to gusset plate. The thickness of truss cross-section followed the
gusset plate and width was controlled aspect ratio. The relationships between the thickness, cross-
sectional area, and aspect ratio were studied by parameter analysis to match the measured response.
They found that the cross-sectional area increased parabolically when the thickness increased, and the

aspect ratio decreased parabolically when the thickness increased.

Kishiki et al. [20] conducted cyclic loading tests on beam-and-column subassemblages with gusset plate
attached but without brace. Columns were either 0-250x250x12 or H-250%x250x9%16, and beams were
either H-300x150%6.5%9 or H-300x150%9%12. Gusset plates were connected to beam and column by

fillet weld, and no stiffener was attached to gusset edge. Based on the test results, they proposed a truss
9
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model to represent the stiffening effect by gusset plate, and they calibrated the elastic stiffness of the

truss by monotonic tensile test on isolated gusset plate.

2.3 LOCAL BUCKLING AND LOW-CYCLE FATIGUE
2.3.1 Simulation on local buckling

Bosco and Trica [21] proposed a numerical model in OpenSees to simulate beam local buckling. Because
strain softening results to deformation localized at the end node of the element when force-based
formulation is adopted (Scotto et al. [22]), Bosco and Trica used beam-with-hinge element with modified
Gauss-Radau integration. A plastic hinge length of 0.22L,, wher L, was the shear span of beam, was
assigned to the beam model. Beam local buckling was triggered by Fatigue material, as reviewed later.
Smaller & was assigned to beam flange, and larger & to the middle flange, with a linear transition.

Regression equation of €0 was obtained by calibration among a set of experimental data.

Guo et al. [23] assigned a negative isotropic hardening coefficient of -0.0025 to Giuffre-Menegotto-
Pinto model (Steel02 model in OpenSees) to simulated beam strength degradation. However, strength

degradation will be triggered once yielding happens.

Suzuki and Lignos [24] proposed a uniaxial material model for steel columns to reproduce local buckling
under axial and lateral loading. The material model depicted three features of column steel, the hardening,
local buckling, and deterioration of stress and stiffness in cyclic loading. Isotropic hardening and
kinematic hardening in the model were established by Voce hardening rule and back-stress proposed by
Chaboche. Local buckling under monotonic axial loading was depicted by a backbone curve comprising
of four segments, the elastic segment, post-yield segment, buckling segment, and buckling stabilization
segment. The backbone curve was determined by the capping point (G¢m, &), first softening slope Eqi,
stress at the onset of buckling stabilization 64, second softening slope Es. These parameters were
calibrated by continuum finite element simulations on stub columns. Deterioration of the backbone

curve was achieved by the energy-based deterioration rule developed by Rahnama and Krawinkler [25].

2.3.2 Simulation on low-cycle fatigue

Uriz and Mahin [26] proposed a uniaxial material model to simulate low-cycle fatigue. This model
accumulates damage using Miner rule, as shown in Equation (2.6), where DI is the damage index; Ny is
the number of cycles that material can resist at strain amplitude &; in constant amplitude loading; #; is

the number of cycles corresponding to &; in the loading history. N; is determined by Coffin-Manson

10
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relationship shown in Equation (2.7). Figure 2.4 shows the Coffin-Manson relationship in log-log space,
where log(¢) is related to log(NVy) through intercept log(eo) and slope m. n; is counted by a modified rain-
flow counter among the loading history. Damage accumulates with cyclic loading, and after the

cumulative damage index reaches 1, fiber stress is drops to zero.

n
n.
DI = Z N—l (2.6)
=1 Tt
& = EO(Nfl')m (27)
log(e)
log(gy)
m
log (N

Figure 2.4 Coftin-Manson relationship in log-log space

Hsiao et al. [ 18] proposed a numerical model built in OpenSees to simulate special concentrically braced
frames with brace fracture. The potential factors that affected brace fracture, such as maximum axial
deformation, range of maximum axial deformation, accumulating deformation and accumulating
deformation based on rain-flow counting, were statistically analysis from experiments on single brace,
subassemblage with brace and multi-story braced frame. They pointed out that the range of the
maximum axial deformation or the range of the maximum strain may be the most likely factors affecting
brace fracture. Therefore, fracture was simulated by controlling the maximum strain of Fatigue model
in OpenSees. The equation to predict the range of the maximum strain up to fracture happening was

regressed from numerical analysis on experiments.

Karamanci and Lignos [27] simulated fracture of concentrically braced frames with the same material
model in OpenSees, but they controlled the brace fracture by & and m, which were regressed from a set

of experiments on brace frames.

11
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3. TEST PLAN AND INSTRUMENTATIONS OF 10-STORY SPECIMEN

In February 2023, a 3-by-3 bay, nearly-full-scale, 10-story building specimen was tested at the E-
Defense shake-table facility in Japan. For this study, focus is placed on the structural responses of an
interior and an exterior column and theirs surrounding components. This section presents an overview

of the specimen, test list, instrumentation plan and data reduction for component responses.
3.1 OVERVIEW OF SPECIMEN
3.1.1 Specimen

Figure 3.1(a) shows a 3D rendering of the structural system of the specimen. The specimen was a MRF
supplemented with BRB in its longer direction. Column base of the specimen was embedded in a
concrete foundation, and the whole foundation was fixed on the shake-table. The longer direction of the
specimen was place along the East-West (EW) direction of the shake-table and the shorter direction
along the North-South (NS) direction. To avoid confusion between shake-table direction and input
ground motion component, the East-West direction of the shake-table was defined as the Y-axis towards
the west, and the north-south direction of the shake-table was defined as the X-axis towards the north.
Z-axis was determined consequently by the right-hand rule. Figure 3.1(b) shows a photograph of the
completed state. The specimen was completed with curtain wall, ceiling, ventilation duct, etc., to

examine a wide variety of non-structural elements.

(b)
Figure 3.1 10-story specimen:
(a) 3D rendering of structural system; (b) Photography of completed state.
Figure 3.2 shows the floor layout and elevations of the specimen. Floor layout of the specimen was 12x8
m in the Y- and X- directions, and story heights were between 2.5 and 2.8 m. As shown in Figure 3.2,
floor mass of each floor ranged between 44 and 68 ton except the 1st floor of 92 ton. Table 3.1 lists the

columns and beams schedules. Columns were adopted BCR295 cold-formed, formed-from-round,
13
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square-HSS section with depths of either 250 or 350 mm. Beams were adopted JIS grade SN400B I-
section with depths between 244 and 350 mm. Beams with 350-mm height of the 2nd to 6th floors
adopted a build-up section, which was denoted as “BH” in Table 3.1. To balance the story stiffnesses
between the Y- and X-directions, the former with BRBs and the latter with short beam spans, smaller
beams were chosen for the interior frames in the Y-direction, and smaller columns were selected for the
interior than for the perimeter. The specimen realized a weak column-strong beam proportion at interior
grid points 2B, 2C, 3B, and 3D. The columns at these grid points were expected to develop considerable

axial forces due to the BRBs placed in the Y-direction and the short beam span in the X-direction.
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Figure 3.2 Dimensions of 10-story specimen [unit: mm]:
(a) Floor plan; (b) Frame C; (c) Frame 2.
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Table 3.1 List of columns and beams

Story

Columns (BCR295)

Cl,C2

C3

Floor

Beams (SN400B)

Gl, G2, G4, G5

G3

S % - NN - BT

[

0-350x350x9

0-350x350x9

0-350x350%9
0-350x350x%12
0-350%350x12
0-350%350x%12
0-350x350x16
0-350x350x16
0-350x350x16
0-350x350x16

0-250%250%6
0-250%250%6
0-250x250%6
0-250x250%6
0-250x250%9
0-250%250%9
0-250%250%9
0-250%250%9
0-250%250%9
0-250%250%9

R

—_
(=]

N W kA LN 0 O

H-350x175x7x11
H-350x175x7x11
H-350%175%7x11
H-350%175%7x11
H-350x%175%7x11

BH-350%200%9x12
BH-350%200%9x12
BH-350%200%9x12
BH-350%200x9x%12
BH-350%200x9x%12

H-244x175x7x11
H-244x175x7x11
H-244x175x7x11
H-244x175x7x11
H-244x175%7x11
H-244x175%7x11
H-244x175x7x11
H-244x175x7x11
H-244x175x7x11
H-244x175x7x11

As shown in Figure 3.2(b), BRBs were installed in the two interior frames (Frames B and C) through
the 1st to 7th stories in the Y-direction only. Figure 3.3 illustrates details of a BRB. BRB core was
fabricated by LY225 steel with thickness of 12 mm. Table 3 lists the dimensions of steel core, where L,

is the total length, L. and W. are the length and width of the yielding segment.

Figure 3.3 Dimensions of buckling-restrained brace [unit: mm]

Table 3.2 Dimensions of BRB cores

L, L, W,
BRB Story
[mm] [mm] [mm]
Vi1 7S 2140 1226 58
V2 5S-6S 2140 1256 77
V3 1S-4S 2186 1302 77

Figure 3.4 shows details of a beam-to-column joint at grid point 2C (named as Joint 2C for conciseness)
of at the 3rd floor. The beam-to-column connection adopted a welded flange-welded web construction

detail with no weld-access hole. The deeper beams in the X-direction had the flanges welded to through-

15
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diaphragm plates. The shallower beams in the Y-direction had the top flange match height with the upper
through-diaphragm plate but the bottom flange welded directly to the column. The column panel was
stiffened with an interior-diaphragm plate at the bottom flange of the Y-direction beams. In the Y-
direction, a BRB gusset plate was connected to the beam and column using all-around fillet welds and
was stiffened at the vertical and horizontal edges with 12-mm thick plates. Both the column and beam
were stiffened at the gusset edge stiffeners. BRB was connected to the gusset plate by S1I0T M16 high
strength bolts. A 110-mm thick, soffit reinforced-concrete slab was cast on metal deck using normal
weight concrete. Shear studs of ¢16x80 mm were placed at 200-mm intervals to achieve fully fully-

composite action per Japanese design guides [28].
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Figure 3.4 Details of beam-to-column joint 2C: (a) Y-direction; (b) X-direction.

Figure 3.5 shows details of a beam-to-column joint at grid point 2D (Joint 2D) of at the 3rd floor. The
beam-to-column connection adopted the same construction as the Joint 2C. In the X-direction, a short
cantilever beam was connected to the column to make space for curtain wall connections. In this
direction, panel zone was expected remained elastic because of the larger column section and thicker

column panel.

[J-350%350%16 [J-350%x350%x16

- byt

110
110
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e ‘
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Figure 3.5 Details of beam-to-column joint 2D: (a) Y-direction; (b) X-direction.
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3.1.2 Mechanical properties of materials

The mechanical properties of the columns, beams, and BRBs were measured from tensile coupon tests.
Tests on columns and beams were conducted by Hokkaido University and those on BRBs were finished
by Nippon Steel Engineering Co., Ltd. Results of tensile coupon tests were summarized in Table 3.3,

and details of the tests on columns and beams are shown in Appendix 1.

Table 3.3 Mechanical properties of columns, beams and BRBs

Yield strength Tensile strength Elongation
Component Steel grade
[N/mm?] [N/mm?] [%]
[1-350x350x9 370 446 24.7
[1-350x350x12 381 443 26.3
[1-350x350x16 BCR295 414 481 22.7
[1-250x250%6 391 458 38.8
[1-250x250%9 384 445 22.2
H-350x175%x7x11, flange 307 459 30.8
H-350x175%7x11, web 364 479 29.7
BH-350x200%9%12, flange 275 426 35.1
SN400B
BH-350x200x9x12, web 291 431 33.7
H-244x175%x7x11, flange 310 440 334
H-244x175%7x11, web 346 454 42.1
BRB, yielding core LY225 214 302 41.0

Compression tests on concrete were conducted by Nagoya University. Concrete was sampled on-site
and casted into cylinders with 100-mm diameter and 200-mm height, and these specimens were cured

for 28 days. The measured compressive strength averaged over 15 concrete specimens was 39 N/mm?.

3.1.3 Excitation plan

The specimen was subjected to the 3D excitations listed in Table 5. The primary excitations were the
JMA Kobe record, recorded from the 1995 Kobe earthquake, scaled from 25% to 100%. Figure 3.6
shows the unscaled JMA Kobe record, where Figures a), b) and c) illustrates the North-South (NS), East-
West (EW) and Up-Down (UD) components. The peak ground acceleration (PGA) of the NS component
was 8.18 m/s?, and the PGA of the EW component was 6.17 m/s’.
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Table 3.4 Excitation list

Test No. Ground motion Input direction BRB configuration
01 White-noise XYZ
02 Kumamoto aftershock XYZ
03 Tohoku aftershock XYz
04 JMA Kobe 25% XYZ
05 JMA Kobe 25% X
06 JMA Kobe 25% Y
07 JMA Kobe 50% XYZ
08 White-noise XYZ
09 IMA Kobe 75% vz All BRBs were installed
10 White-noise XYZ
11 Kumamoto aftershock XYZ
12 Tohoku aftershock XYZ
13 JMA Kobe 100% XYZ
14 White-noise XYZ
15 Kumamoto aftershock XYZ
16 Tohoku aftershock XYZ
17 White-noise XYZ
18 Kumamoto aftershock XYZ
19 Tohoku aftershock XYZ
20 JMA Kobe 25% XYZ BRBs of 3rd story were
21 JMA Kobe 25% X removed
22 JMA Kobe 25% Y
23 JMA Kobe 75% XYZ
24 White-noise XYZ

The NS component with larger PGA was assigned to the Y-direction because BRBs increased the
structural resistance in this direction. The EW component was applied to the X-direction, and the Up-
Down component to the Z-direction. The pseudo-acceleration-response spectrums of the target and
realized 100% X- and Y-motions, the latter measured from the shake-table, are shown in Figure 3.7. The
spectrums were computed by average acceleration method with 5% damping ratio. The realized motions
agreed with the target near the measured fundamental vibration periods (reported in Chapter 4), but were
somewhat larger than the target over periods shorter than 0.5 s. The maximum pseudo-accelerations in

the Y- and X-directions were 32.29 and 26.10 m/s?, respectively.

Between the Kobe motions, the specimen was subjected to 3D white-noise excitations with a duration
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of 140 s and bandwidth of 0.1 to 35 Hz. Other excitations included aftershocks recorded after the 2018

Kumamoto earthquake and 2011 Tohoku earthquake that represented smaller and more frequent

earthquakes that occur on an annual basis in many parts of Japan. This study only focuses results from

the JMA Kobe excitations and white-noise excitations, which will be reported in Chapter 4.
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Figure 3.6 JMA Kobe record:

(a) North-South component; (b) East-West component; (c) Up-Down component.
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Figure 3.7 Acceleration response spectrums: (a) Y-direction; (b) X-direction.
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3.2 INSTRUMENTATION SCHEME

To access the global responses of the 10-story specimen and local responses of interested components,
sensors including accelerometers, displacement transducers and strain gauges were installed in the
specimen. This section introduces the instrumentation scheme for the focused responses, showing the
installed locations and orientations of the sensors. The data reduction for component forces and

deformations will be described in Section 3.3.

3.2.1 Floor acceleration and story drift ratio

Figure 3.8 illustrates the sensors arrangement for floor accelerations and story drifts. The realized shake-
table acceleration was recorded by a pair of triaxial accelerometers placed at 2500 mm from the shake-
table south-east and north-west corners. At each upper floor of the specimen, floor acceleration was
recorded by a pair of triaxial accelerometers placed at 600 mm from the corner columns (Column 1D
and Column 4A). The story drifts in Y- and X-directions were measured by two pairs of laser
displacement sensors placed on rigid tables fixed to the floor below and pointed at targets fixed to the
floor above. The story drift ratios were computed as the measured relative displacements between upper
and lower floors divided by story height. It should be noted that the accelerations and story drifts were

recorded by E-Defense instrumentation system with sampling frequency of 1000 Hz.
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Figure 3.8 Instrumentations for floor acceleration and story drift [unit: mm]:
(a) Shake-table; (b) Upper floors.

3.2.2 Instrumentations for structural components

Instrumentations for structural components framing to the grid point 2C were finished by Hokkaido
University and Nagoya University (HU-NU). 200 channels were prepared for instrumentation from Test
01 to Test 16, and 192 channels for Test 17 to Test 24. All these channels were recorded by four multi-

channel dynamic strainmeters, DS-50A of Tokyo Measuring Instrument (TML), with sampling
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frequency of 100 Hz.
3.2.2.1 Instrumentations for columns

Figure 3.9 shows the strain gauges arrangement for Columns 2C and 2D. Column 2C was measured
from the Ist to 4th stories and Column 2D was measured at the 2nd and 3rd stories. Except the 1st story,
strain gauges were attached to two sections, 400 mm below the lower diaphragm plate for the upper
section and 900 mm below the upper section for the lower section, of each column. For Column 2C of
the 1st story, interference with the designed location was found and thus the two sections were moved
100 mm downwards. At each section, four strain gauges were attached to the middles of column surfaces

to allow deduction of columns forces in Y- and X-directions.
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Figure 3.9 Instrumentations for column forces [unit: mm]: (a) Column 2C; (b) Column 2D.

Figure 3.10 illustrates the displacement transducers arrangement for Column 2C of the 3rd and Ist
stories, which allowed deduction for column end rotations. It should be noted that BRBs were not drawn
for conciseness. For each plane, Figures (a) and (c) for the Y-plane and Figures (b) and (d) for the X-
plane, two pair of transducers were set at the top and bottom column segments, with gauge length of
600 mm. For the top segments, targets far from the transducers were glued to the lower diaphragm plate
and connected to transducers by extension rods, and targets near the transducers were glued at the middle
of column surfaces. For the lower segments, targets far from the transducers were glued at the horizontal
edge stiffeners of BRB gusset plates and targets near the transducers were set 600 mm above the stiffener

upper surface.
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Figure 3.10 Instrumentations for column end rotations [unit: mm]:

(a) 3rd story in Y-plane; (b) 3rd story in X-plane; (c) Ist story in Y-plane; (d) 1st story in X-plane.

Figure 3.11 shows the instrumentations for column axial deformation for Column 2C of the 3rd and 1st
stories. As shown in Figure 3.11(a), a pair of displacement transducers were placed diagonally on floor
slab, with transducer centers-to-column surface distance of 85 mm. Transducer shafts were hooked to

lower diaphragm plate by extension wire, and thus shortening and elongation between lower diaphragm

plate and floor slab surface were measured.
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Figure 3.11 Instrumentations for column axial deformations [unit: mm]: (a) 3rd story; (b) st story.
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3.2.2.2 Instrumentations for beams

Figure 3.12 illustrates strain gauges placed on the four beams (B1 to B4) connecting to Column 2C at
the 3rd and 4th floors to enable deduction of beam forces. For each beam, forces at two sections were
instrumented by strain gauges, and beam bending moment along the whole beam length was
extrapolated linearly by ignoring the gravity effect. Figure 3.12(b) and (c) shows the strain gauges at the
measured sections. The upper strain gauge was placed at the lower surface of top flange and the lower
strain gauge at the upper surface of bottom flange, with 50-mm distance from the flange edges. After
the BRBs of the 3rd story were removed, beam length of B2 were deemed to be double, and thus the
measured sections of B2 of the 4th floor were changed to symmetric locations between Axes 2 and 3,

with 880-mm distance from the column surface.
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Figure 3.12 Instrumentations for beam forces [unit: mm]: (a) Floor plan of 3F and 4F;

(b) Strain gauges at beams in Y-direction; (c¢) Strain gauges at beams in X-direction.
Figure 3.13 shows displacement transducers plated at the ends of the beams to measure rotation. As
shown in Figure 3.13(b) and (c), the gauge length for the beams adjoining to Column 2C were 730 mm
in the Y-direction and 500 mm in the X-direction. Targets far from the transducers were glue to backing
bars for beam-to-column connections and target near the transducers were glue to beam flanges. After
the BRBs of the 3rd story were removed, beam end connecting to Column 2D were measured with a

larger gauge length of 730 mm because this beam end was deemed to develop yielding.
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Figure 3.13 Instrumentations for beam end rotations [unit: mm]:
(a) Floor plan of 3F and 4F;(b) Transducers in Y-direction;
(c) Transducers in X-direction; (d) Additional Transducers from Test 17.
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3.2.2.3 Instrumentations for panel zones

Figure 3.14 shows the instrumentation for panel zone shear deformations in Y- and X-directions of panel
zones of Column 2C (Panel zone 2C) at the 3rd and 4th floors. In both directions, shear deformation
between the upper diaphragm plate and lower diaphragm plate (an interior diaphragm in Y; a protruding
diaphragm in X) was measured by a pair of transducers. The transducers were placed on rigid holders

glued at the same levels of the lower diaphragm plate and pointed at targets fixed to the upper diaphragm

plate.
B
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Figure 3.14 Instrumentations for shear deformation of Panel zone 2C [unit: mm]:
(a) Plan view; (b) Transducers in Y-direction; (c¢) Transducers in X-direction.
Figure 3.15 shows the instrumentation for panel zone shear deformations of panel zones of Column 2D
at the 3rd 4th floor. Rigid holders for transducers were glued to the same lower diaphragm plate for the
panel heights in two orthogonal directions were identical. Compared with Panel zone 2C, transducer

orientations of Panel zone 2D were flipped to avoid interference with other instrumentations.
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Figure 3.15 Instrumentations for shear deformation of panel zone 2D [unit: mm]:
(a) Plan view; (b) Transducers in Y-direction; (c) Transducers in X-direction.
Figure 3.16 depicts the instrumentation for panel strain of Panel zone 2C of the 3rd and 4th floors. Panel
strain was measured by two rosettes attached at the south-west corner of the plan view. Rosettes were
placed 100 mm below the upper diaphragm plates and 60 mm from the column surfaces.
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Figure 3.16 Instrumentations for panel strain [unit: mm]:
(a) Plan view; (b) Rosette in Y-direction; (c) Rosette in X-direction.

3.2.2.4 Instrumentations for BRBs

Figure 3.17 illustrates the instrumentations for BRB axial forces and axial deformation. For each
measured BRB, four strain gauges were attached at a cruciform section of BRB core. Two strain gauges
at vertical and horizontal plates were bridged together to reduce the number of channels. The two bridged
strain gauges recorded the strain value averaged over the two attached points. The BRB axial
deformation was instrumented by a pair of displacement transducers attached at the top and bottom

edges of BRB restraining tube, whose targets were glued to the BRB connecting segments.
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Figure 3.17 Instrumentations for BRB axial deformation and axial force:
(a) Displacement transducers; (b) Strain gauges.
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3.2.2.5 Instrumentations for other beams and columns

Figure 3.18 shows the instrumentations for column forces in Y-direction of other columns, where the
blue box enveloped the four columns measured by E-Defense system from the st to top stories and the
red box enveloped the columns measured by HU-NU at the 3rd story only. The instrumentations of the
3rd story columns enabled the deduction of story shear based on component forces, which will be

compared with story shear computed by inertia forces of upper floors in the next chapter.

' © @ ® ©) : . , ,
g 2 = EmjEEs orma === = = =
I | — I — | D —— = P
X @ ‘}_: 0 ] .__I.
1 | i \:
| : o > I;T(I &) o Il___
I " L) L) '
© | - g—— _=___?"— : o0 l—ll \I.l o0
----------- 1 ] =ii==.2 B | = IIT‘I eI =
I 1= = " %
i i 1 1
1 - 1 ! A b i
: H 1 | B = §_x_glJ—L__k
® il i 1 1
[ ———. e e £l
Measured by Measured by Z ir 4 h i
E-Defense HU-NU ©) @) ©) @
(a) (1st~ 10th stories) (Only 3rd story) (b) | > v

Figure 3.18 Other measured columns: (a) Floor plan; (b) Elevation of Frame C.

Figure 3.19 shows the beams measured by E-Defense system, whose forces and beam end rotations were
instrumented using similar schemes shown in Figure 3.12 and Figure 3.13. Beams were measured
consecutively from the 2nd to 5th floors for the lower stories were expected to developed larger

deformations. For the upper floors, beams were only measured at the 7th, 9th and roof floors.
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Figure 3.19 Other measured beams: (a) Frame D; (b) Frame 1.

3.3 DATA REDUCTION FOR STRUCTURAL COMPONENTS

This section introduces data reduction for the measured structural components, explaining how to
compute the interested forces and deformations. Information for reference, such as elastic stiffness, yield

strength and plastic strength, is also described.
3.3.1 Column responses

3.3.1.1 Column forces

Column forces were deduced by the measured strain cooperated with plane section assumption, i.e.,
strain distributed linearly along component section. Figure 3.20 shows the measured strain, bending
moment along column height and sectional forces at column top and bottom sections in the Y- and X-
planes, where the bending moment was defined as positive when the left side of column was in
compression, the axial forces were positive when the column was in tension and the positive shear force

was defined by the right-hand rule based on the axial force and bending moment.
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Figure 3.20 Column forces: (a) Y-plane; (b) X-plane.

Bending moments at the measured lower and upper sections, Sections 1 and 2 respectively, were first
computed, and shear force was the gradient of bending moment between Section 1 and 2. Equations (3.1)
and (3.2) compute the bending moments of Sections 1 and 2 in Y- and X-planes, respectively. Equations

(3.3) and (3.4) compute the column shear forces in Y- and X-planes, respectively.

El
Mey e = %(Sw,k — €5k), k=1,2 (3.1)
(o
El
Mcxx = % (en i — Esk), k=12 (3.2)
(o
_ MCY,Z - McY,l _
Vo = =42, k=12 (3.3)
M -M
Voy = —22 XL =12 (3.4)
dexz

In the above equations, & is the section number; M.y and M.x are the bending moments of Section & in
Y- and X-planes; E; is the steel elastic modulus; /. is the moment of inertia of column section; /. is the
depth of column section; ey, €xk, Evi and sy are the measured strain at Section & by the strain gauges
attached at the west, east, north and south column surfaces, respectively; V.y and V.x are the column
shear forces in Y- and X-planes; d.r» and d.x, are the distance between Sections 1 and 2 in Y- and X-

plane.

Bending moments at column top and bottom sections, i.e., the bottom surface of lower diaphragm plate
and the top surface of floor slab, were extrapolated linearly by the computed bending moments at
Sections 1 and 2. The bending moments of column top and bottom sections in Y-plane are computed by

Equations (3.5) and (3.6), and those in X-plane are computed by Equations (3.7) and (3.8).
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Meyr = Mey, + Veydeys (3.5)
Meyp = Meyp + Vey(—deyz — deyr) (3.6)
Mexr = Mcxz + Vexdexs (3.7)
Mcxp = Mcxz + Vex(=dexz — dext) (3.8)

In the above equations, M.y,r and M.y are the bending moments at column top and bottom sections in
Y-plane; M.xr and M.xp are the bending moments at column top and bottom sections in X-plane; d.yi
and d.x are the distances between the column bottom section and Section 1 in Y- and X-planes; d.y; and

d.y3 are the distances between Section 2 and the column top section in Y- and X-planes.

Column axial force was computed by the strain averaged among the four strain gauges at Section 1, as

shown in Equation (3.9).

€1 T Ew1 T €1 T EN1

N, = EsA, 4

(3.9)

In the above equation, N, is the column axial force and A. is the column sectional area.

3.3.1.2 Column end rotations

Column end rotations were deduced by the shortening and elongation measured by the transducers
attached at column top and bottom segments. Figure 3.21(a) and (b) illustrate the column end rotations
in Y- and X-planes, and the rotations were defined as positive when the column left side was in

compression.
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Figure 3.21 Column end rotations and rotational stiffnesses:
(a) Rotations in Y-plane; (b) Rotations in X-plane;
(c) Rotational stiffnesses in Y-plane; (d) Rotational stiffness in X-plane.

Equations (3.10) and (3.11) compute the column end rotations at the top and bottom segments in the Y-

plane, and Equations (3.12) and (3.13) compute those in the X-plane.

DW,T - DE,T

Ocyr = A (3.10)
Oovs = W G.11)
Ooxr = W (3.12)
Ocxp = % (3.13)

In the above equations, 0.y,r and 0.y are the column end rotations at the top and bottom segments in the
Y-plane; 0.x.r and 0.x are the column end rotations at the top and bottom segments in the X-plane; Dy,r
and Dg rare the deformations measured by the upper transducers at west and east column surfaces; Dy,z
and Dgp are the deformations measured by the lower transducers at west and east column surfaces; Dy.r
and Ds r are the deformations measured by the upper transducers at north and south column surfaces;

Dy and Dys g are the deformations measured by the lower transducers at north and south column surfaces.

Column rotational stiffness was deduced by integrating curvature over the transducer gauge length.
Figure 3.21(c) shows the computation of the rotational stiffness in the Y-plane, where the origin of local
z axis was set at the slab surface. Bending moment along column length was assumed distribute linearly
and the values at column top and bottom sections were assumed identical for simplicity. Using

integration on curvature, rotation measured by the upper transducers was represented by the bending
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moment at column top section, as explained in Equation (3.14), and the rotational stiffness of upper

segment was computed as Equation (3.15).

[ Mo £ 2y lz ), et G Dy
cY .

2
Oyt = dz = =
vt L3 e Egl, ’ Egl,

Z3

l
‘ 5 Esl (3.15)

Keyr =
T =Ll + 72 — Z2

In the above equations, z3 and z4 are the local z coordinates of lower and upper targets of the upper
transducers; k is the column curvature; M.y is the assumed bending moment at column top and bottom
sections; /. is the column calculation length; /. is the transducer gauge length; K.ry is the rotational

stiffness of the upper segment in the Y-plane.

For the rotational stiffness of the lower segment, relationship between rotation and bending moment was
constructed similarly as Equation (3.16), and the bending moment at z; was computed as Equation (3.17)
for assumption of linear bending moment. By substituting Equation (3.17) into (3.16), rotational

stiffness of the lower segment was determined as Equation (3.18).

Z %2 M. +2(M./1)z —L.+ (22 -27%)/1
B 5 :f < dz :J % E(I er/le) gy = 1t (Ezl 1)/ °M,, (3.16)
z z sle sle
M, ="y 3.17
cY,l1 — I cY ( . )
c
221 - lC

~El, (3.18)

Kepy =
T =lele 4 23 — 73

In the above equations, z; and z; are the local z coordinates of the lower and upper targets of the lower
transducers; M.y, is the bending moment at z;; K.y is the rotational stiffness of the lower segment in

the Y-plane.

Computation for the rotational stiffness in the X-plane was similar to the Y-plane, and the rotational

stiffnesses of the upper and lower segments are shown in Equations (3.19) and (3.20), respectively.

Le

K, = El .
cT, X _ltclc +Z£ _ Z?% stc (3 19)
221 - lC
KcT,X = 2 El. (320)

=il + 25 — 77

In the above equations, K.7.x and K.z x are the rotational stiffnesses of the upper and lower segments in

the X-plane, respectively.
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3.3.1.3 Column axial deformation

Figure 3.22 shows the column axial deformation measured by a pair of displacement transducers, and

the axial deformation was defined as positive when the column was in tension.
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Figure 3.22 Column axial deformation

As illustrated in Equation (3.21), the column axial deformation was averaged between the two
transducers to eliminate the effect of column bending. As shown in Equation (3.22), the column axial

strain was computed as the column axial deformation divided by the column calculation length.

Dy +D
C=% (3.21)
_A;  Dp+ Dy
§. = TS (3.22)

In the above equations, A, is the column axial deformation; 6. is the column axial strain; Dr and Dp are

the deformation measured by the transducer at the front and back sides, respectively.

The axial stiffnesses, K. and k., corresponding to A. and J. are expressed in Equations (3.23) and (3.24),

respectively.

K.= (3.23)

ke = EA, (3.24)
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3.3.2 Beam responses
3.3.2.1 Beam forces

For MRFs without bracing, bending moment of composite beams can be computed by ignoring the beam
axial force (Ji et al. [29]). However, for MRFs installed with braces, brace axial forces are typically
transferred to the beams in braced spans [ref: Kasai’s conference paper], which means the assumption
of zero axial force for those composite beams may be not suitable. Therefore, as shown in Figure 3.23(a),
the measured beams were classified into two types, the beams outside braced span (B1, B3 and B4) and
beams in braced span (B2), for bending moment computation. For B1, B3 and B4, it was assumed that
the axial forces of these composite beams were zero and the slab axial force acted at mid slab thickness
and equaled the axial force in the steel beam. For B2, as shown in Figure 3.23(b), the axial force was

assumed identical to the horizontal component of BRB axial force.
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Figure 3.23 Beam forces: (a) Two kinds of beams; (b) Beam axial force assumption;
(c) Bending moment at measured section; (d) Beam forces for Y- and X-directions.

Figure 3.23(c) shows the forces at the measured beam sections. The axial force of steel beam was defined
as positive in compression for convenience, and it was computed by the measured average axial strain
of steel beam, as shown in Equation (3.25). Bending moment was defined as positive when the slab was
in compression, and the bending moment of steel beam was computed by Equation (3.26), based on the

measured curvature.
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€ + €
Fo = —ESAC%, k=12 (3.25)
E.l
Mg = hbi—Sth(sB,k —ery), k=12 (3.26)

In the above equations, Fiy is the axial force of steel beam at the Section k; A; is the sectional area of
steel beam; e, €7 are the measured strain at beam upper and lower flanges at the Section £, respectively;
m;, 1s the bending moment of steel beam at Section k; /; is the moment of inertia of the steel beam; 4, is

the depth of steel beam section; # is the thickness of beam flange.

Using the assumptions for beam axial force, the axial force of slab for the beams outside braced span
(B1, B3 and B4) and within the braced span (B2) were computed by Equations (3.27) and (3.28),

respectively.

Fc,k = —lgg (3-27)

Fer = Npgrp cos @p — Fg (3.28)

In the above equations, F.x is the axial force of slab at the Section k; Npzz is the axial force of BRB; ¢z

is the angle between BRB axis and horizontal direction.

After the forces at steel beam and slab were known, the bending moment of composite beam was

consequently computed with respect to the steel beam center, as expressed in Equation (3.29).

hy +t.

- (3.29)

My = mgy + Fe i

In the above equation, M} is the bending moment at Section £ of composite beams in both the Y- and

X-directions; f. is the thickness of slab.

Equations (3.30) and (3.31) compute the shear forces for the beams in Y- and X-directions, the gradient

of the bending moments between the Sections 1 and 2.

My, — M
V,y = bY,2 by,1 (3.30)
dpy2
Myx, — M,
Vy = bX,2 bX,1 (331
dpx2

In the above equations, V,y and Vyx are the shear forces of the beams in the Y- and X-directions,
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respectively; Mpy,1 and My, are the bending moments at Sections 1 and 2 of the beams in the Y-direction,
respectively; Mpy1 and Mpx are the bending moments at Sections 1 and 2 of the beams in the X-direction,
respectively; dpy, and dpx, are the distances between Sections 1 and 2 of the beams in the Y- and X-

directions, respectively.

Bending moments at the beam left end (east end for the beams in Y; south end for the beams in X) and
right end (west end for the beams in Y; north end for the beams in X) were computed by extrapolating
linearly the bending moments at Section 2 using the computed beam shear force. Equations (3.32) to
(3.35) calculate the beam end bending moments for the beams in the Y-direction and Equations

calculates those for the beams in the X-direction.

Mpyr = Mpy 2 + Vpydpys (3.32)
My, = Myy,2 + Voy(—dpy2 — dpy1) (3.33)
Mpxr = Mpx,2 + Vpxdpxs (3.34)
Mypx L = Mpx,2 + Vox(=dpx2 — dpx1) (3.35)

In the above equations, Myyr and My, are the bending moments at the right end (west end) and left end
(east end) of the beams in the Y-direction, respectively; Myxr and M,y are the bending moments at the
right end (south end) and left end (north end) of the beams in the X-direction, respectively; dyy1 and dpxi
are distances between the left end and Section 1 of the beams in the Y- and X-directions, respectively;

dpy2 and dpx, are distances between Sections 1 and 2 of the beams in the Y- and X-directions, respectively.

3.3.2.2 Beam end rotations

Beam end rotations were measured by displacement transducers installed at beam flanges. Figure 3.24(a)
shows the definition for beam end rotation, which was positive when the slab was in compression. It
should be noted that Figure 3.24 is only for explaining the beam end rotations, while the actual
arrangement of transducers is shown in Figure 3.13. Equations (3.36) and (3.37) compute the beam end

rotations for the beams in the Y- and X-directions, respectively.
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Figure 3.24 Beam end rotations and rotational stiffness:
(a) Rotation computation; (b) Stiffness computation; (¢) Converted section.

DBY,' - DTY,' .
Oby, =#, j=LR (3.36)

DBX,' - DTX,' .
Opx,) =#, j=LR (3.37)

In the above equations, j represents the left or right beam ends; 0;y,; and 0.y, are the beam end rotations
at the j end of the beams in the Y- and X-directions, respectively; Dgy; and Dyy, are the deformations
measured by the bottom and top transducers at the j end of the beams in Y; Dgy; and Drx; are the

deformations measured by the bottom and top transducers at the j end of the beams in X.

Figure 3.24(b) shows the deduction for beam rotational stiffness over the transducer gauge length, where
the rotations at the left and right ends, 0; and 6, are nodal rotations rather than the relative rotations
over the transducer gauge length. 0, and 0z were assumed identical, and thus the relative rotation
between the inflection point and the left end equalled the relative rotation between the right end and the
inflection point. The former relative rotation (Equation (3.38)) was computed based on the bare steel
beam, ignoring the contribution of slab, and the later (Equation (3.39)) was computed per the converted
section cooperated with the effective width, bey, per A1J [28]. Figure 3.24(c) shows the converted section,
where both the steel beam and slab adopted the steel elastic modulus. The converted slab width equalled
the effective slab width divided by 15 (AlJ [28]). According to the assumption, Equation (3.39) minus
(3.38) should equal zero, as expressed by Equation (3.40).

v My, (s) 1 My, + Mpr ,
Gl-p -0, = J;) E.l dx = Edl, (_Mbeip +Txip) (3.38)
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My, + Myp

I Mb(s) 1 2 2
6 — Bip = f BT EL [ Moty =) + =R G )| 3.39)

My, + Mpg My, + Mpr ) —0 (3.40)

1 1
ﬂ [_MbL(lb - xip) + T (llz, - xizp)] — ﬂ (_Mbeip + Txip
In the above equations, 0;, 6z and 0, are the rotations at the left end, right end and inflection point,
respectively; M}, is the bending moment along the beam length; M3, and Myr are the bending moment at
the left and right ends, respectively; /; is the beam length; x;, is the local x coordinate of the inflection

point; /. is the moment of inertia of the converted section.

Shear force along the beam was uniform ignoring the gravity effect, which supplied one more condition

expressed by Equation (3.41).

M M
e (3.41)
Xip lb — Xip
Using Equation (3.41), Equation (3.40) was simplified as Equation (3.42).
I
M,, = I_MbR (3.42)
[

The relative rotation over the transducer gauge length was computed by integrating the beam curvature,
as expressed by Equation (3.43). Consequently, the rotational stiffness over the transducer gauge length
in positive bending was expressed by Equation (3.44). The rotation stiffness in negative bending, as

expressed by Equation (3.45), can be deduced by integration similarly.

LM, (2 1 My, + M
Opr = f b( )dx = {_Mbthb + u[l% (e bt)z]}
l

1, Esle El, 21,
(3.43)
_ ! Isl +1 IS+1 (2l 1, — bD) | M
Ky =—F 1 LZSIC (3.44)
_ iztb+m<\/%+ 1>(zzwzb—b§) '
_ Eglg

K I 1 ([ (3.45)
. —_ S 2 :

In the above equations, 05z is the relative rotation over the transducer gauge length at the beam right
end; K, is the rotational stiffness in positive bending; K, is the rotational stiffness in negative

bending.
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3.3.3 Panel zone responses
3.3.3.1 Panel zone shear deformation

Figure 3.25 shows the definition of panel zone shear deformation, which was the measured deformation
divided by the center-to-center distance between the upper and lower diaphragm. The measured
deformation was averaged between two transducers towards to the corresponding direction so as to
eliminate the effect of torsion. Equations (3.46) and (3.47) compute the shear deformation in the Y- and

X-directions, respectively.

Moy =ty

(a) (®)

Figure 3.25 Panel zone shear deformation: (a) Y-direction; (b) X-direction.
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=< 3.47
hpx — trx ( )

Yx

In the above equations, yy and yy are the panel zone shear deformation in the Y- and X-directions,
respectively; Dy and Dy are the measured deformations in the Y- and X-directions, respectively; 4,y and
hyx are the depth of steel beam sections in the Y- and X-directions, respectively; #y and #x are the flange

thickness of steel beams in the Y- and X-directions, respectively.
3.3.3.2 Panel zone shear force in X-direction

In panel zone shear force deduction for beam-to-column joints with floor slab, one of the difficulties is
how to evaluate the effect of floor slab. Kishiki et al. [7] decomposed the composite beam bending
moment in positive bending to expose the slab axial force, which enabled the consequent deduction for
panel zone shear force. This study refers to Kishiki’s method to deduce the panel zone shear force in the

X-direction.

Figure 3.26 shows the breakdown of free-bodies for the panel zone shear force computation in the X-

direction. Figure 3.26(a) shows the forces transferred by the adjoining beams and columns around panel
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zone 2C. Bending moment, shear force and axial force were denoted as “M”, “Q” and “N”, with
subscripts “7”, “B”, “L” and “T” denoting the forces transferred to the panel zone top, bottom, left and
right edges and subscripts “6” and “c” representing the forces from beams and columns. Forces from
columns were sampled at mid-thickness of diaphragm plates, and forces from beams were sampled at

column surfaces.
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Figure 3.26 Panel zone shear force computation in X-direction:
(a) Component forces; (b) Decomposition of composite beam bending moment;
(c) Shear force at top edge; (d) Shear force at bottom edge;
(e) Shear force at left edge; (f) Shear force at right edge.

Using the sign definition in Figure 3.26(a), the forces around panel zone were related to the deduced

component forces:

(a) Forces transferred from the right beam:

pMr = Mpy (3.48)

Qr = —Vix (3.49)
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(b) Forces transferred from the left beam:

WMy = _Mll;x,R (3.50)

pQL = _VbLX (3.51)

(c) Forces transferred from the upper column:

My = _MZX,B (3.52)
Qr =Vix (3.53)
Nt = —NCT (3.54)

(d) Forces transferred from the lower column:

Mp = MEX,T (3.55)
Qs = V5 (3.56)
Ng = _NCBX,B (3-57)

In the above equations, the right sides are the beam and column forces following the naming rules in the
above force computations, with superscripts representing the beam and column locations with respect

to the panel zone (“L” for left, “R” for right, “7” for top and “B” for bottom).

Positive bending moment of composite beam was decomposed into bending moment at the steel section
and a force couple at the centroid of steel beam and composite slab. Figure 3.26(b) shows the
decomposition when the right beam was in positive bending (M > 0). The slab axial force and steel
beam bending moment were computed by the converted section with plane section assumption. Negative
bending moment of composite beam (,Mr < 0) was assumed to be taken by the steel section only, and
no decomposition was conducted for this case. To summary, the computations of slab axial force and

steel beam bending moment for the panel zone right side are expressed by Equations (3.58) and (3.59),
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respectively.

Mgh
b R'"1IR ,,
>
Fp=1 1, Acr Mp=0 (3.58)
0 , sMg <0
My — Foghag, Mg = 0
_ {pMpg cRM2py pMp 2
bmSR _{CMR , bMR<0 (359)

In the above equations, Fc is the slab axial force at the right; smsr is the steel beam bending moment at
the right; 4z is the distance between the slab center and neutral axis at the right; 42z is the center-to-
center distance between the slab and steel beam at the right; /. is the moment of inertia of the converted

section at the right; A, is the area of converted slab at the right.

For the bending moment of the left beam, similar decomposition was done, and the slab axial force and
steel beam bending moment was computed by Equations (3.60) and (3.61). It should be noted that the
positive bending of the left beam happened when ,M; < 0 according to the sign definition at Figure
3.26(a).

0 , pM, >0
= M, h
Fep b ILL 1L A, M, <0 (3.60)
C.
M M, >0
b L y pMp,
Mo = 3.61
bt {bML —F.hy, pMp <0 ( )

In the above equations, F,; is the slab axial force at the left; ,m,; is the steel beam bending moment at
the left; /1, is the distance between the slab center and neutral axis at the left; /4 is the center-to-center
distance between the slab and steel beam at the left; /., is the moment of inertia of the converted section

at the left; Az, is the area of converted slab at the left.

As shown in Figure 3.26(c), the bending moment and axial force at steel beam were represented by
equivalent forces at beam flanges centers, and the slab axial force was combined with the shear force of
the upper column. Consequently, as shown in Figure 3.26(c), forces at the panel zone top edge were
converted to equivalent horizontal shear force, which is expressed by Equation (3.62). Similarly, as
shown in Figure 3.26(d) to (f), panel zone shear forces can be computed at the bottom edge, left edge

and right edge, as expressed by Equations (3.63) to (3.65), respectively.
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_bmsL+bmsR_FcL+FcR

Voox = =" — tf S+ O (3.62)
Vpzx == bm;; ks l;;nSR e ; fer 1 0, (3.63)
Vizx = = CAZCT:C]ZB BEL 5 Ny 0, (3.64)
viy= -t ey o, (3.65)

he — tos 2

In the above equations, Vj,x, Vayx, Vyzx and Vjox are the panel zone shear force in the X-direction

computed at the top, bottom, left and right edges, respectively; . is the thickness of column panel.
3.3.3.3 Panel zone shear force in Y-direction

Panel zones in the Y-direction had BRB gusset plates attached. As reported by Kishiki et al. [20], bending
moment may be changed along the beam and column stiffened by gusset plate, and thus panel zone shear
force computed by the beam and column bending moments extrapolated directly to panel zone edges is
questionable. Consequently, this study computes panel zone shear force in the Y-direction using a step-

by-step analysis method based on equilibriums of free-bodies.

Figure 3.27 shows the free-bodies used to compute the panel zone shear force in the Y-direction. As
shown in Figure 3.27(a), at the side where a gusset plate was attached, beam forces were sampled at the
section with strain gauges attached, and column forces were sampled at the horizontal edge stiffener.
Forces transferred to the panel zone were evaluated similarly by Equations (3.48) to (3.57), except that
bending moments of the right beam and upper columns were extrapolated to the stiffener locations. The
BRB was assumed to deliver axial force only, and the horizontal component of the BRB force was

assumed to be taken by the right beam only.
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Figure 3.27 Panel zone shear force computation in Y-direction:

(a) Component forces; (b) Short beam stiffened by gusset plate;
(c) Short column stiffened by gusset plate; (d) Forces around panel zone;
(e) Panel zone shear force in Y-direction.
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Figure 3.27(b) shows the forces of the stiffened short beam, i.e., the beam segment between the vertical

stiffener and column surface. At the right end, steel beam axial force and bending moment were

computed by the measured strain, and slab axial force was the BRB horizontal component minus steel

beam axial force. Figure 3.27(d) shows the left section of the short beam, which comprised the steel

plates only but ignored the floor slab for simplicity. Equations (3.66) and (3.67) compute the bending

moment and shear force at the left section based on equilibriums.

Mgy, = ,Qrlsp + pmgp — Ferde — Fsrdy + Npggeg

Vsp = pQr + Npgrp Sin @p
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In the above equations, M, is the bending moment at the left section; Vi, is the shear force at the left
section; ds is the distance between the neutral axis of the left section and the steel beam center; ds is the
distance between the neutral axis of the left section and the slab thickness center; ¢ is the eccentricity

between the BRB axis and the neutral axis of the left section.

As shown in Figure 3.27(d), the bending moment and shear force were converted to equivalent stresses
distributed along the left section. Equation (3.68) computes the normal stress, which was assumed to
distribute linearly based on plane section assumption. Equation (3.69) computes the shear stress, which

was assumed to distribute uniformly in the vertical plates (the gusset plate and beam web).

M

o(z) =—22 (3.68)
Isb
Vsb

T 4L tA, (3.69)

In the above equations, ¢ and 1 are the normal and shear stresses at the left section, respectively; z is the
local coordinate with origin fixed at the neutral axis of the left section; /i is the moment of inertia of the

left section; 4, and A4 are the sectional area of gusset plate and beam web, respectively.

Figure 3.27(c) shows the forces of the stiffened short column, i.e., the column segment between the
horizontal stiffener and the upper diaphragm thickness center. The short column was subjected to forces
from the upper column and stresses from the gusset plate. The resultant forces at bottom section were

computed by equilibrium, as expressed by Equations (3.70) to (3.72).

h.—t 1 1
MT = CMT + CMTlSC - TAZ ¢ 2 cf —_ GhSAllSC —_ (go'hs _gouf) AZZSC (370)
Ops — O
Qr = Qr — opsAy — STquz (3.71)

NT = CNT - TAZ (372)

In the above equations, Mr, Or and Nr are the bending moment, shear force and axial force at the bottom
section of the short column (with subscript “7” for they were transfer to the panel zone top edge); /s is
the center-to-center distance between the horizontal stiffener and upper flange; 4; is the sectional area
of the horizontal stiffener; o4 and o, are the normal stresses at the centers of horizontal stiffener and

upper flange, respectively, computed by Equation (3.68).

Figure 3.27(e) shows the forces and stresses transferred to the panel zone, where the bending moment

of the left composite beam was processed using Equations (3.60) and (3.61). As shown in Figure 3.28,
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panel zone shear force in the Y-direction was computed at the top, bottom, left and right edges, as

expressed by Equations

oMo —i Or-F,;
hy—t. 2 e

(3.73) to (3.76).
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(a) Top edge; (b) Bottom edge; (c) Left edge; (d) Right edge.

(d

Figure 3.28 Panel zone shear force in Y-direction:

VI =— hl;"isLtf - % + Qr + oy (A3 + %A4> + %GlfAA} (3.73)
Vopy = — hl;niSLtf - % + c0p — 0y (As + %AA,) - %Gquél (3.74)
o= g 67
szy=—MT+CMB CNB_NT+TA4 (3.76)

he —tes 2
In the above equations, V,,y, Viy, Vp,y and V55, are the panel zone shear force in the Y-direction
computed at the top, bottom, left and right edges, respectively; A3 and 4s are the sectional area of the
upper and lower flanges, respectively; oy is the normal stresses at the center of lower flange, computed

by Equation (3.68).
3.3.3.4 Shear stiffness and plastic strength
Panel zone elastic shear stiffness and plastic shear strength were computed based on AlJ [30]. Equation
computes the shear stiffness assuming the panel zone deformed in pure shear.

A

K,=G6— (3.77)

2

In the above equation, G is the elastic shear modulus of steel; 4. is the sectional area of HSS column.

Equation (3.78) computes the plastic shear strength. Reduction on shear strength due to interaction with

45



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

axial force is considered by factor a,, which is computed by Equation (3.79). It should be noted that the
axial force ratio, n,., was computed by the axial force applied at the panel zone top edge (Equation (3.72))
rather than the axial force averaged over the upper and lower columns, for BRB contributed additional
axial force to panel zone in this study. During all motions, the measured #,. was smaller than 0.5, and

thus o, was taken as 1.

o
v, = ZthC%an (3.78)

1 , Npz < 0.5

T 3.79
" Zm, Ny, > 0.5 (3.79)

In the above equations, V), is the plastic shear strength under unidirectional loading; o, is the reduction

factor on shear strength; n,. is the panel zone axial force ratio; o, is the yield strength of column panel.
3.3.4 BRB responses
3.3.4.1 BRB axial force

BRB axial force was deduced by the strain measured at the cruciform section of BRB core. Equation
(3.80) computes the BRB axial force, where the strains measured by two pairs of bridged strain gauges
at the vertical and horizontal plates (Figure 3.17) were denoted as €1 and &g, respectively. gz and &z
should be amplified by 2 times because the bridging circuit output only half of the measured value.

Consequently, €z and €5, were averaged over the vertical and horizontal plates by dividing by 2.

2ep1 + 2¢ep,

Ngrp = EsAip 2

= E¢Ap(ep1 + €p2) (3.80)
In the above equation, 4z is the sectional area of the transition segment.

3.3.4.2 BRB axial deformation

As shown in Figure 3.29, BRB axial deformation was the sum of measured deformations at the top and

bottom of BRB restraining tube. Equation (3.81) computes the BRB axial deformation.
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Figure 3.29 BRB axial deformation

Ap=lgy —lgo =Dy + Dy,

(3.81)

In the above equation, Ap is the BRB axial deformation; /51 and /s are the distances between transducer

targets in BRB deformed and original states, respectively; Dy and Dy, are the measured deformations by

the upper and lower transducers, respectively.

3.3.4.3 BRB axial stiffness

As shown in Figure 3.30, BRB axial stiffness was computed over the length between the upper and

lower transducer targets, by connecting the axial stiffnesses of two transition segments and yielding

segment in series, and the computation is shown in Equation (3.82). The theoretical stiffness was 133.74

kN/mm for the measured BRBs.
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Figure 3.30 BRB core

1
Kprp = ————
BRB ZItB lyB

EsApp ~ EsAyp

(3.82)

In the above equation, Kzrp is the BRB axial stiffness; /; and /5 are the lengths of transition segment

and yielding segment, respectively; 4,5 is the sectional area of the yielding segment.

47



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

3.4 SUMMARY FOR CHAPTER 3

Shake-table tests on the 10-story specimen were introduced, along with the instrumentation scheme on
global and component responses. Component forces and deformations were deduced based on the

proposed instrumentation scheme. Some key points of this chapter are summarized as followed:

(1) The acceleration response spectrums in both directions showed higher pseudo acceleration when the

periods were smaller than fundamental periods, which has been seen in other shake-table tests;

(2) Panel zones of the 10-story specimen had complicated but real factors, such as composite slab,
different heights in two directions, and BRB gusset plate connection, that made difficulties in panel-

zone forces deduction;

(3) Difficulties of panel-zone shear force computation resulted from composite slab and BRB gusset

plate were solved by the step-by-step equilibriums on free-body diagrams.
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4. TEST RESULTS OF 10-STORY SPECIMEN

Chapter 3 has introduced the general information about the test plan and instrumentation scheme of the
10-story specimen. This chapter focuses on the measured experimental results. The specimen global
responses will be introduced first, and then followed by the component responses around the grid points
2C and 2D. Bending moment diagrams of the exterior frames in the Y- and X-directions will be exhibited
to discuss plasticity distribution among the measured components. Finally, effect of BRB removal, story
shear distribution, equilibrium of panel zone forces and interaction effect on panel zone shear strength

will be discussed.

4.1 NATURAL PERIODS

Specimen natural periods were identified from the white-noise excitations using the frequency response
function (FRF) method. FRF is the cross power spectral density of input and output signals divided by
the power spectral density of input, each computed using the Welch’s method, as explained by Equation

@.1).

FRF = cpsd(aoyT, aine) (4.1)
psd(anp)

In the above equation, cpsd is the cross power spectral density; psd is the power spectral density; anp

and aour are the input and output signals.

Accelerations in the Y- and X-directions of the shake-table and roof floor were assigned as the input and
output signals to compute the natural frequencies of translational degrees of freedom (Y- and X-
directions), and the difference between accelerations measured by two accelerometers of the shake-table
and roof floor were assigned as the input and output to compute the natural frequencies of torsional
degrees of freedom (about Z-axis). It should be noted that the raw accelerations were processed by a

low-pass filter with threshold of 50 Hz and by removing the unlikely spikes.

Figure 4.1 shows the imaginary parts of FRF of all white-noise excitations for the Y-, X-directions and
about the Z-axis. Frequencies at the first four peaks of the imaginary parts were recognized as the natural
frequencies of the 1st to 4th modes in the corresponding degrees of freedom. The 1st to 3rd peaks of the

Y-, X-directions and about the Z-axis were clearly sharp, while the 4th peaks were not obvious as much.

The recognized natural frequencies were converted to natural periods. Figure 4.1 shows the transition

of natural periods with solid lines and the predicted values by dash lines. The predicted values were

computed by eigen value analysis on a numerical model with BRBs installed from the 1st to 7th stories,

which will be introduced in Chapter 5. For the translational periods in the Y-direction (Figure (a)), the

Ist period changed from the original 0.61 s (Test 01) to 0.68 s (Test 14) after the 100% motion. The 2nd,
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3rd, and 4th periods exhibited similar increase of 12% between Test 01 and 14. For the translational
periods in the X-direction (Figure (b)), the change in the four periods was less consistent and ranged
from 6 to 12%. For the torsional periods about the Z-axis (Figure (c)), the 1st to 4th periods increased
by 11% between Test 01 and 14. Therefore, after the 100% motion, the Y-direction and torsion periods
increased consistently by 10% from the undamaged state but the X-direction period did not increase as

much.

Compared Test 14 and Test 17, the white-noise excitations right before and after the BRBs of the 3rd
story were removed, the periods of the Y-direction and about Z-axis did not show obvious change, while

the 1st period of the X-direction decreased about 5.3%.
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Figure 4.1 Frequency response function of white-noise excitations
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4.2 TIME HISTORY RESPONSE
4.2.1 Time history of story drift ratio

Figure 4.3 shows the story drift ratio time history of the 3rd story during the 25% motions, where Test
04 adopted 3D excitation, and Tests 05 and 06 adopted excitations only in the X- and Y-directions,
respectively. For the Y-direction shown in Figure (a), the story drift ratios of Test 04 and 06 were quite
similar and that of Test 05 was close to 0. Similar result was observed in the X-direction shown in Figure
(b). These results implied that motions in different directions had less coupling, which benefited from

the symmetricity of the specimen.
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Figure 4.3 Story drift ratio time history of 3rd story during 25% motions: a) Y-direction; b) X-direction.

4.2.2 Time history of floor acceleration

Figure 4.4 shows the floor acceleration time history of the 3rd floor during the 25% motions. The
accelerations were averaged over a pair of accelerometers installed at the 3rd floor slab. For the Y-
direction shown in Figure (a), the accelerations during Test 04 and 06 were similar, and the acceleration

during Test 05 was close to 0. For the X-direction shown in Figure (b), similar phenomenon was observed.
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Figure 4.4 Floor acceleration time history of 3F during 25% motions: (a) Y-direction; (b) X-direction.
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4.2.3 Time history of story shear

Story shear can be computed by summing up component forces of a story or summing up inertia forces
of upper floors. For the former, the contribution of structural components is available for the forces of
columns, beams and BRBs can be computed from strain gauges, however, the contribution of non-
structural components, such as curtain walls and partition walls, is difficult to consider. For the later, the
computation is based on dynamic equilibrium of inertia, damping and resilience forces, and thus the
contribution of non-structural components is considered implicitly, however, damping force is

additionally included in the computed result.

As illustrated in Chapter 4, 12 of 16 columns and all BRBs of the 3rd story were instrumented. Figure
4.5 shows the column shear forces of three groups of columns, where each group includes 4 columns at
the south-east, south-west or north-west corners of the specimen. Three groups of columns showed
similar time histories during both the 50% and 100% motions, which implied that the north-east columns
might have similar shear force time history to the measured columns. Therefore, contribution of columns
to the story shear was computed by summing up the column shears of the measured columns and was

then magnified by 4/3.
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Figure 4.5 Measured shear forces in Y-direction of 3rd story columns:
(a) 50% motion; (b) 100% motion.
Figure 4.6 shows the story shear of the 3rd story during the 50% motion. For the Y-direction shown in
Figure (a), the story shear computed by component forces was 16.7% smaller than the story shear
computed by inertia forces, presumably because non-structural components contributed to the later. For
the X-direction shown in Figure (b), the story shear was computed by inertia forces only for there was

not sufficient instrumentations in the X-direction.
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Figure 4.6 Story shear of 3rd story during 50% motion: (a) Y-direction; (b) X-direction.

4.3 MAXIMUM STORY RESPONSES

This section exhibits the maximum story drift ratio, floor acceleration and story shear during the 25%
(Test04), 50% (Test 07), 75% (Test 09) and 100% (Test 13) JIMA Kobe motions before BRBs of the 3rd

story were removed. The results after BRBs were removed are shown in Section 4.7.1.
4.3.1 Maximum story drift ratio

Figure 4.7 shows the maximum story drift ratio in the Y- and X-directions, where residual deformation
after each excitation was accumulated to the next excitation. In the Y-direction shown in Figure (a), the
maximum story drift ratios of all stories were smaller than 0.005 rad during the 25% motion. With the
excitation level increased, story deformation concentrated at the 1st to 4th stories, showing a multiple-
stories failure mechanism. The largest deformation happened at the 3rd story, with the maximum story
drift ratio of 0.021 rad during the 100% motion. In the X-direction shown in Figure (b), the maximum
story drift ratios were smaller than 0.005 rad during the 25% motion and smaller than 0.010 rad during
the 50% motion. The largest deformation happened at the 2nd story, with the maximum story drift ratio

0f 0.019 rad during the 100% motion.
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Figure 4.7 Maximum story drift ratios during 25% to 100% motions:
(a) Y-direction; (b) X-direction.

4.3.2 Maximum floor acceleration

Figure 4.8 illustrates the maximum floor acceleration in the Y- and X-directions. In the Y-direction shown
in Figure (a), the maximum floor accelerations exhibited a linear-to-parabolic distribution among the
1st to the roof floor. The roof floor acceleration was amplified by factor of 3.37 during the 25% motion,
and 1.85 during the 100% motion. In the X-direction shown in Figure (b), the accelerations exhibited a
linear distribution among the 1st to the roof floor. The roof floor acceleration was amplified by factor of

4.82 during the 25% motion and 2.32 during the 100% motion.

11 A
10
9
100%
8
75%
7 .
= 50% 5
S 6 2
~ 25% F
5
4
3
2
1 - 4
0 5 10 15 20 25 0 5 10 15 20 25
(a) Maximum floor acceleration [m/s?] (b) Maximum floor acceleration [m/s?]

Figure 4.8 Maximum floor accelerations during 25% to 100% motions:
(a) Y-direction; (b) X-direction.
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4.3.3 Maximum story shear

Figure 4.9 shows the maximum story shear computed by inertia forces of upper floors in the Y- and X-
directions. In the Y-direction shown in Figure (a), the maximum story shear increased substantially from
the 25% to 100% motions. The base shear coefficient in the Y-direction was 0.37 in the 25% motion and
1.12 in the 100% motion. In the X-direction shown in Figure (b), the maximum story shear exhibited
smaller increment after the 50% motion. The base shear coefficient in the X-direction was 0.37 in the

25% motion and 0.83 in the 100% motion.
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Figure 4.9 Maximum story shears during 25% to 100% motions:
(a) Y-direction; (b) X-direction.

4.4 STORY HYSTERESIS

Figure 4.10 illustrates story hysteresis curves, i.e., story shear vs story drift ratio, in the Y-direction
during the 25%, 50% and 100% motions. The curves of lower stories were shown consecutively (the 1st
to 4th stories), while those of upper stories were shown alternatively (6th, 8th and 10th stories) for
deformation was concentrated at lower stories of the specimen. During the 25% motion, all the displayed
stories remained elastic. During the 50% motion, lower stories yielded but residual deformations were
small. During the 100% motion, the lower stories and the 6th story shown considerable plastic
deformations, with residual deformations of 0.003 rad at the 3rd story. Wabble around the maximum
deformation was observed at the hysteresis curves of the Ist to 3rd stories, presumably because higher
modes contributed to these vibrations. Figure 4.11 shows story hysteresis curves in the X-direction
during the 25%, 50% and 100% motions. The specimen remained elastic during the 25% motion and
developed slight yielding during the 50% motion. During the 100% motion, the lower stories and the
6th story shown notable plastic deformations, with residual deformations of 0.001 rad at the 3rd story.
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Figure 4.10 Story shear vs story drift ratio in Y-direction:
(a) 25% motion; (b) 50% motion; (c) 100% motion.
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Figure 4.11 Story shear vs story drift ratio in X-direction:
(a) 25% motion; (b) 50% motion; (c) 100% motion.

59



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

4.5 COMPONENT RESPONSES

This section illustrates seismic responses of columns, beams, BRBs and panel zones, focusing on the

50% (Test 07) and 100% (Test 13) motions.
4.5.1 Column responses
4.5.1.1 Column elastic and plastic limits

Column elastic and plastic limits were applied to justify the yielding and fully plasticity of columns.
Figure 4.12 shows the definition of column sectional forces. For the combination of axial force and
biaxial bending moments, elastic limit under combined axial force and biaxial bending moments was
deduced by superposition on normal stresses results from axial force and bending moments but ignoring
the shear stress. Deduction on plastic limit was reported by Inoue and Suita [31] based on the section
developed fully plasticity. Equations (4.2) and (4.3) express the elastic and plastic limits under

combination of axial force and biaxial bending moments.

NE A
X ¥
M '% i M 2 i
®)

Figure 4.12 Sectional forces of columns:
(a) Combined axial force and biaxial bending moments;
(b) Combined axial force and bending moment in X-plane.
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In the above equations, M.y and M.y are column bending moments in X- and Y-planes; M, is the column
plastic moment in pure bending; » is the column axial force ratio; Z. and Z, are the elastic and plastic

section modulus.

For the combination of axial force and bending moments in X-plane, the elastic and plastic limits are

expressed by Equations (4.4) and (4.5).
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In the above equations, r,, is the ratio of area of flanges to area of webs.
4.5.1.2 Interaction between biaxial bending moments

Figure 4.13 illustrates the bending moments in the X- and Y-planes sampled at the top and bottom
sections of Columns 2C of the 3rd and 1st stories and Column 2D of the 3rd story during the 50% motion.
The bending moments were normalized by the plastic moment under pure bending, M,.o. The elastic and
plastic limits were constructed by Equations (4.2) and (4.3) with the column axial force ratio by gravity
effect. Columns 2C of the 3rd and 1st stories exhibited a larger bending moment in the X-plane, and
both the top and bottom sections reached the elastic limits for a short instant. Column 2D of the 3rd

story developed small bending moments in both X- and Y-planes and remained elastic.
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Figure 4.13 Column biaxial bending moments during 50% motion:
(a) 2C of 3rd story, top; (b) 2C of 1st story, top; (c) 2D of 3rd story, top;
(d) 2C of 3rd story, bottom; (e) 2C of 1st story, bottom; (f) 2D of 3rd story, bottom.

Figure 4.14 shows the biaxial bending moments for the same columns during the 100% motion. Column
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2C of the 3rd story exceeded the elastic limit and reached the plastic limit for two times at both top and
bottom sections. Column 2C of the 1st story exceeded the elastic limit at both top and bottom sections
and reached the plastic limit at the bottom section only, presumably because the constrain on column
base subjected the bottom section to a larger bending moment. Column 2D of the 3rd story remained

elastic even in the largest excitation.
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Figure 4.14 Column biaxial bending moments during 100% motion:
(a) 2C of 3rd story, top; (b) 2C of 1st story, top; (c) 2D of 3rd story, top;
(d) 2C of 3rd story, bottom; (e) 2C of 1st story, bottom; (f) 2D of 3rd story, bottom.

4.5.1.3 Interaction between axial force and bending moment

Figure 4.15 illustrates the axial force and bending moment in the X-plane sampled at the top and bottom
sections of Columns 2C of the 3rd and 1st stories and Column 2D of the 3rd story during the 50% motion.
Gravity according to the tributary area was added to the measured axial forces. All these three columns
remained elastic during the 50% motion. Columns 2C of the 1st story showed smaller bending moment
but larger axial force than the 3rd story. The smaller bending moment may be resulted from the smaller
story drift at the 1st story than the 3rd, as shown in Figure 4.7 (b). The larger axial force may be resulted
from the overturning effect of the specimen and the arrangement of BRBs, both of which accumulated

axial force at the column from the upper to lower stories.
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Figure 4.16 shows the axial force and bending moment in the X-plane for the same columns and sections

during the 100% motion. Column 2C of the 3rd story exceeded the elastic limit and remained in the

plastic limit. Column 2C of the 1st story exceeded the plastic limit for a short instant, and Column 2D

of the 3rd story remained elastic.
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Figure 4.15 Column axial force and bending moment in X-plane during 50% motion:
(a) 2C of 3rd story, top; (b) 2C of 1st story, top; (c) 2D of 3rd story, top;
(d) 2C of 3rd story, bottom; (e) 2C of 1st story, bottom; (f) 2D of 3rd story, bottom.
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Figure 4.16 Column axial force and bending moment in X-plane during 100% motion:
(a) 2C of 3rd story, top; (b) 2C of 1st story, top; (c) 2D of 3rd story, top;
(d) 2C of 3rd story, bottom; (e) 2C of 1st story, bottom; (f) 2D of 3rd story, bottom.

4.5.1.4 Axial force and deformation

Figure 4.17 shows the axial force versus axial deformation response of Column 2C at the 3rd and 1st
stories during the 100% motion, where the positive values denote tension and elongation. Compression
from gravity based on tributary area was added to the measured axial force, and the triangles in the

figures show the initial axial forces. At the 3rd story, the maximum axial force was -0.28 times the axial

yield force and the maximum averaged strain was -0.83x107. At the Ist story, the maximum axial force

was -0.41 times the axial yield force and the maximum averaged strain was -1.07x107.
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Figure 4.17 Column axial force and axial deformation during 100% motion:
(a) 2C of 3rd story; (b) 2C of 1st story.

4.5.2 Beam responses

Yield moment of composite beam was computed by the converted section shown in Figure 3.24 under
positive bending and by the bare steel beam under negative bending. Plastic moment of composite beam

was computed using the equations proposed by Inoue and Suita [31], as expressed in Equations (2.6) to

(4.8).

(a) Neutral axis in beam web:

_ dsC* < yw (4.6)
Mpb—Ce'f'Mp—W, _Ny :
(b) Neutral axis in beam flange:
M, = Ce+ M, — L (26 - N¥ NY <C<N *.7)
pp = Le+ p_z( - Ny), y <C=shy
(c) Neutral axis in slab:
My, = Ce, C=N (4.8)

y

In the above equations, M, and M, are the plastic bending moments of composite beam and bare steel
beam; C is the compression of concrete computed with slab width of 1.3 times column depth (A1J 2023);
e is the distance between steel beam center and slab thickness center; dyis the center-to-center distance

between upper and lower flanges; N, and N, are the axial yield force of beam web and steel beam.

Figure 4.18 shows the beam-end bending moment versus rotation of the beams connecting to Panel zone

2C at the 3rd floor during the 100% motion. Beam B1 and B2 (along the Y-direction) almost remained
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elastic except for a short time when the bending moments exceeded the yield moments. Beam B3 and
B4 (along the X-direction) also remained elastic. The measured elastic stiffnesses in positive and
negative bending agreed with the theoretical values except for Beam B2, which showed larger stiffness
than the expected, presumably because the theoretical value neglected the contribution of the BRB

gusset plate. After the 100% motion, little residual forces and deformation remained.
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Figure 4.18 Beam-end bending moment vs rotation of 3F during 100%:
(a) B1; (b) B2; (¢) B3; (d) B4.

Figure 4.19 shows the responses of the same beams at the 4th floor during the 100% motion. The

measured four beams were also remained elastic.
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Figure 4.19 Beam-end bending moment vs rotation of 4F during 100%:
(a) B1; (b) B2; (c) B3; (d) B4.

4.5.3 BRB responses

Figure 4.20 shows the measured axial force and axial deformation of BRBs connecting to Column 2C
of the 3rd and 4th stories. The residual force and deformation from previous motions were removed for
convenience of comparing. During the 50% motion, the BRBs yielded and developed moderate
deformation. The measured elastic stiffnesses were evaluated by linear regression on the responses
below axial yield force. The measured values were 101.37 and 97.78 kN/mm for the BRBs of 3rd and
4th stories, respectively, with errors of -24.2% and -26.9% compared with the theoretical value shown
in Section 3.3.4.3. During the 100% motion, the BRBs exhibited stable hysteresis responses and
developed notable deformations, with residual strain of 2.34x107 and 1.87x107. The post-yield stiffness
at tension side was smaller than compression side, which might be resulted from friction between BRB
yielding core and restraining tube contributed to BRB compression. Triangles and cycles in Figure (b)
and (d) mark the maximum compression and tension. The ratios of maximum compression to maximum

tension were 1.11 and 1.20 for the BRBs of 3rd and 4th stories, respectively.
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Figure 4.20 Axial force vs axial deformation of BRB connecting to Column 2C:
(a) 3rd story, 50% motion; (b) 3rd story, 100% motion;
(c) 4th story, 50% motion; (d) 4th story, 100% motion.

4.5.4 Panel zone responses

Panel zone shear forces were deduced using the method proposed in Chapter 3, and panel zone shear
deformations between upper and diaphragm plates were measured by transducers. Figure 4.21 shows
the panel zone shear forces versus shear deformations of the panel zone at grid point 2C (Panel zone 2C)
of the 3rd floor. During the 50% motion, the panel zone remained elastic in the Y-direction and slightly
yielded in the X-direction. The elastic stiffnesses in both directions matched the theoretical values,
implying the shear force deduction might be reliable. During the 100% motion, the panel zone yielded
and developed maximum deformations of 0.006 rad and 0.011 rad in the Y- and X-directions, respectively.
After the 100% motion, the panel zone exhibited residual deformations of 0.0014 rad and 0.0010 rad in
the Y- and X-directions, respectively. The shear force in the X-direction exceeded the expected plastic
strength, V,, when the panel zone developed the maximum deformations at both positive and negative
sides. Interestingly, the shear force in the Y-direction was below V), even though the panel zone reached

the maximum deformation. The reason may be attributed to force interaction effect as discussed in

Section 4.7.5.
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Figure 4.22 illustrates the responses of Panel zone 2C of the 4th floor. Similar behaviours were observed.
During the 100% motion, the maximum deformations were 0.004 rad and 0.007 rad in the Y- and X-

direction, respectively, and the residual deformations were 0.0014 rad and 0.0006 rad in the Y and X.

For the panel zone at grid point 2D (Panel zone 2D), shear deformation was not measured before the
BRBs of the 3rd story were removed, for channel number limitation, and shear force was deduced using
the proposed method. Figure 4.23 shows the shear force time histories during the 100% motion. The
shear forces in both directions were smaller than the expected yield strength, ¥, computed per ALJ

(2021), and thus it can be inferred that Panel zone 2D remained elastic.
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Figure 4.21 Shear force vs shear deformation of Panel zone 2C of 3rd floor:
(a) Y-direction, 50% motion; (b) X-direction, 50% motion;
(¢) Y-direction, 100% motion; (d) X-direction, 100% motion.
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Figure 4.22 Shear force vs shear deformation of Panel zone 2C of 4th floor:
(a) Y-direction, 50% motion; (b) X-direction, 50% motion;
(¢) Y-direction, 100% motion; (d) X-direction, 100% motion.
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Figure 4.23 Shear force time history of Panel zone 2D of 4th floor during 100% motion:
(a) Y-direction; (b) X-direction.

4.6 YIELDING DISTRIBUTION

Yielding distributions of Frame-D and Frame-1 are discussed based on bending moment diagrams

constructed by the forces measured by E-Defense instrumentations.
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In Frame-D, all beams of the lower floors and part of the beams of the upper floors were instrumented
but no column was measured. Thus, column bending moments of Axis-1 and 2 of Frame-A were drawn
at the same axes of Frame-D taking advantage of symmetricity. Figure 4.24 illustrates the bending
moment diagrams of Frame-D at the times when the story drift of the 3rd story reached the maximum
values in the 50% and 100% motions. The components without instrumentation and those with strain
gauges failed (Columns 1A of the 1st and 8th stories and Column 2A of the 1st story) are shown by dash
lines. During the 50% motion, most of the measured beams remained elastic in addition to a side beam
of the 2nd floor and a middle beam of the 4th floor yielded in negative bending. All columns and panel
zones remained elastic. During the 100% motion, most of the beams of the 1st to 4th and 6th floors
exceeded the plastic moment. Panel zone 2A yielded at the 7th floor and exceeded the plastic shear per
AlJ [30] at the 5th floor. From the plasticity distribution, the exterior frame in the Y-direction exhibited
a strong column-weak beam mechanism, which was opposite to the failure mechanism of the interior

frame.

In Frame-1, beams of the same floors were instrumented but no column was measured. Figure 4.25
shows the beam bending moments of Frame-1 in the 50% and 100% motions, when the maximum story
drift of the 3rd story happened. During the 50% motion, beam ends connecting to exterior columns
exceeded the plastic moment, while the beam ends connecting to interior columns remained elastic.
During the 100% motion, yielding was also observed at the beam ends of the right side beams connecting
to the interior columns at Axis-B, while the beam ends connecting to the interior columns at Axis-C
remained elastic, which was consistent with the results observed at the grid point 2C. Consequently, the
exterior frame in the X-direction exhibited a combined failure mechanism, strong column-weak beam

at exterior columns and weak column-strong beam at interior columns.
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Figure 4.25 Bending moment diagrams of Frame-1: (a) 50% motion; (b) 100% motion.

4.7 DISCUSSION OF TEST RESULTS

4.7.1 Effect of BRB removal

After the 100% motion, four BRBs of the 3rd story were removed, and 25% (Test 20) and 75% (Test 23)
motions were applied but the input directions were flipped. Figure 4.26(a) and (b) compare the story
drift ratio time histories of the 3rd story during the 75% motions (Tests 09 and 23) in the Y- and X-
directions, where the history of Test 23 was flipped for comparing intuitively. In the Y-direction, the
difference between the maximum and minimum story drift ratios was 0.021 rad in Test 09, and the
difference increased to 0.029 rad by 38.1% in Test 23, showing that removal of BRBs increased the story
drift ratio substantially. In the X-direction, the differences of Tests 09 and 23 were close. Figure 4.26(c)

and (d) compare the floor acceleration time histories of the 3rd floor during the same motions, and no
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obvious difference between Tests 09 and 23 was observed.
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Figure 4.26 Story drift ratio time history of 3rd story during 75% motions:
(a) Y-direction; (b) X-direction.
Figure 4.27 compares the maximum story drift ratios and maximum floor accelerations during the 25%
and 75% motions before and after BRB removal. Residual deformation of the story drift was cleared
because the effect of BRB removal is focused here. For the Y-direction, the maximum story drift ratios
of the 3rd story, where the largest deformation happened, increased by 73.9% and 53.2% in the 25% and
75% motion, after the BRBs of the 3rd story were removed. The story drift ratios of other stories were
enlarged even though only the 3rd story BRBs were removed. However, the maximum floor acceleration
was not affected as much, showing that the maximum acceleration patterns were closed. For the X-
direction, the maximum story drift ratios and accelerations were closed before and after BRB removal,
which implied that change of BRB configuration did not affect the response of the orthogonal direction

in this case.
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Figure 4.27 Maximum responses during 25% and 75% motions:
(a) Maximum story drift ratios in Y-direction; (b) Maximum story drift ratios in X-direction;
(c) Maximum floor accelerations in Y-direction; (d) Maximum floor accelerations in X-direction.

4.7.2 Energy dissipated by BRBs

Energy dissipated in the Y-direction by the 3rd story was computed by integrating the area of the
hysteresis curves shown in Figure 4.10. Energy dissipated by the 3rd story BRBs was computed as 4
times area of hysteresis curve of the BRB connecting to Column 2C, as shown in Figure 4.20(b), because
strain gauges attached to other BRBs of the 3rd story failed. Figure 4.28 shows the energy dissipated by
the 3rd story and the BRBs in the Y-direction, where the bins represent the proportion of energy
dissipated by BRBs and the curves represent the energy value. During the 25% motion, the dissipated
energy was small since the specimen behaviour was almost elastic. After the 25% motion, the energy

dissipated by the 3rd story and BRBs increased, while the increasing rate of BRB was smaller than the
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total. The proportion of energy dissipated by BRBs reached the maximum of 68.2% during the 75%
motion, while the proportion decreased slightly to 62.7% during the 100% motion, presumable because

yielding also happened at other structural components.
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Figure 4.28 Dissipated energy of 3rd story in Y-direction

4.7.3 Column inflection point

Figure 4.29 illustrates the inflection point location for Column 2C of the 3rd story during the 25% motion.
The inflection point position was recorded for the durations when the moment at either end was larger
than 20% of the maximum measured moment, as highlighted by the shade area. The measured inflection
points were normalized by the column length, from the slab surface to the bottom of the lower diaphragm
plate, and the average locations of inflection points are highlighted by dash lines. In the Y-direction, the
inflection point was above mid-height, presumably because the BRB gusset plate contributed to the
column rotational stiffness at the bottom end. In the X-direction, the inflection point was near mid-height

as expected.
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Figure 4.29 Inflection points of Column 2C during the 25% motion:
(a) Y-direction; (b) X-direction.
Figure 4.30 shows the transition of the normalized inflection point heights for Columns 2C from the 1st
to 4th stories averaged over each JMA motion. In the Y-direction, the inflection point location ranged
0.56 to 0.59 times column length during the 25% motion, and 0.56 to 0.61 times during the 100% motion.
In the X-direction, the transition for the same 4 columns were quite identical, and the inflection point
maintained at 0.52 times column height during the 100% motion. The measured inflection points were

utilized to calibrate a numerical model presented in Chapter 5.
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Figure 4.30 Transition of inflection points of Columns 2C:
(a) Y-direction; (b) X-direction.
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4.7.4 Equilibrium of panel zone

Panel zone shear forces deduced in Chapter 3 should satisfy equilibrium, i.e., ideally, the shear forces
measured at the top and bottom edges should be identical, and so do the left and right. Figure 4.31 shows
the measured shear forces in the Y- and X-direction at these 4 edges during the 100% motion, plotting
the shear forces at top and bottom edges, and the shear force at left and right edges. For both directions

and both groups of edges, the slopes were close to 1, implying that equilibrium was satisfied.
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Figure 4.31 Equilibrium of panel zone shear forces during 100% motion:
(a) Y-direction, top and bottom section; (b) Y-direction, left and right section;
(¢) X-direction, top and bottom section; (d) X-direction, left and right section.

4.7.5 Force interaction effect on panel zone

Interaction between panel zone biaxial shear forces and axial force may be derived from plasticity theory.
The interaction equations derived by Arakida et al. [3] for panel zones with identical panel heights in
the Y- and X-directions, as shown in Figure 4.32, are reviewed in the Appendix 1. The panels parallel to

the Y-direction are named as Y-panels, and those parallel to the X-direction as X-panels. As deduced by
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Arakida et al. [3], the critical location generally occurs at the edge section unless axial force ratio is
larger than 0.9, and thus interaction effect was discussed for the edge section. Because the panel zone
of the 10-story specimen had different heights in the X- and Y-directions, the critical condition occurs at
the top edge section where the biaxial moments are larger than any other section. The larger X-panel
height was assigned to Equations (9.17) to (9.19) to compute plastic limit for biaxial shears, which led
to a more conservative evaluation because the larger panel height amplified the contribution of bending
moment, computed as the plastic shear force times half of the panel height, on the stress state of panel

element, resulting to a smaller yield shear stress.

Figure 4.32 Panel zone for interaction study: (a) Panel zone with same panel heights;
(b) Forces and stresses at the edge section; (¢) Panel zone of the specimen.
Figure 4.33 shows the biaxial shear forces, normalized by the plastic strength in pure shear, V), for the
Panel zone 2C at the 3rd floor during the 50% and 100% motions. The plastic limit, as shown by dash
line, assumed that the axial force ratio of panel zone, n, remained constant at the maximum values of
0.24 and 0.28 for the 50% and 100% motions, respectively. During the 50% motion, the panel exceeded
the plastic strength at two instances developing notable shear force in the X-panels. During the 100%
motion, the biaxial shear forces exceeded the plastic limit several times by large margins. Points A and
B denote the instances when the X-panel developed the maximum negative and positive deformations,
where the angles between the total shear force and X-direction, 0, were 162.1° and -44.6°, respectively.
Plastic shear strengths at Points A and B were computed by Equation (9.17) to (9.19), using the
corresponding » and 0, and were then decomposed into the X- and Y-components (plastic shear strengths
in X and Y). Figure 4.21 (c) and (d) indicate the plastic shear strengths in X and Y, where .V,x4 and .V}
denote the strengths in X and Y at Point A, and .V,xs and .V,yz denote the strengths in X and Y at Point
B. At Point A, the overstrength ratio was 1.45. Because of the large shear force in the X, the plastic
strength in Y decreased from V), to .V, which might explain the Y-panel developed notable plastic
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deformation with shear force below the plastic strength under pure shear in single direction. Similar

behavior was observed at Point B when the X-panel developed the maximum positive deformation.
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Figure 4.33 Biaxial shear force of Panel zone 2C of the 3rd floor:
(a) 50% motion; (b) 100% motion.

4.8 SUMMARY OF CHAPTER 4

Experimental results measured from the 10-story specimen were presented in this chapter. Global
responses and component responses measured from interior columns and the connected beams and panel
zones were exhibited. Effects of BRBs removal of the 3rd story on structural responses were discussed.

Some key findings of this chapter are summarized as followed:

(1) Even after developing maximum story drift ratios of 0.020 and 0.017 rad in the two orthogonal
directions, the natural periods of the specimen increased by merely 10% from the undamaged state.
Therefore, the program provided another proof that the elastic stiffness of steel building systems

remains rather consistent after experiencing moderate damage;

(2) The presented method to deduce shear force acting on panel zones resulted in reasonable match
between measured and theoretical stiffness of the panel zone. Therefore, although further study is
warranted, this method may be used to account for reduction in shear force demand due to composite

slabs and bracing connections;

(3) The measured response of the panel zones was clearly affected by force interaction due to
bidirectional loading. The plasticity model by Arakida et al. [3] was confirmed as a useful mean to

understand this force interaction;
(4) BRBs dissipated large proportion of energy under small and moderate excitations, while the
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proportion reduced after other structural components yielded. Removal of BRB hardly affected the

maximum floor acceleration but substantially increased the maximum story drift ratio.
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5. MODELING AND ANALYSIS OF 10-STORY SPECIMEN

Chapter 4 has shown the experimental response of the 10-story specimen, which is the basis for
numerical simulation. This chapter introduces numerical simulation on the 10-story specimen, focusing
on modeling of beam-to-column joints, material calibration, pushover and time history analysis,
followed by comparison against experimental responses. Numerical simulation was conducted by 2-D

analysis using the OpenSees analysis platform.
5.1 ELEMENT AND FIBER SECTION
5.1.1 Columns

Figure 5.1 shows the modeling for columns of the 10-story specimen. Each column was modelled by a
force-based element with 6-point Gauss-Lobatto integration. Figure 5.1(a) illustrates the element for
columns, where Nodes i and j were connected to the top and bottom edges of panel zone models which
are introduced in Section 5.2. Nodes i and j were the first and last integration points of Gauss-Lobatto
integration scheme. Table 5.1 shows the location normalized between [-1, 1] and integration weight of
each integration point of this integration scheme. Local coordinate system was fixed at Node #, with the
x-axis pointing to Node j and the z-axis pointing out of the paper. The local y-axis was subsequently
determined by the right hand rule. Figure 5.1(b) shows the fiber section introduced to each integration
point of column elements. The centroid of fiber section was fixed at the x-axis, with column panels
parallel to the y- and z-axes. The column panels were divided into 10 fibers along column depth and 2
fibers through thickness. To match the moment of inertia of column section as much as possible, round

fillets were set at section corners, with 2x2 fibers along circumference and radius.

7
/7. —~ Node
L7
V A
2x2
Integration i 2
oint z
g ¢ R
ey
, 237 Nodei “lox2
- 04
@ = &

Figure 5.1 Element for columns: (a) Integration points; (b) Fiber section for columns.
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Table 5.1 Integration scheme of 6-point Gauss-Lobatto

Integration
Ist 2nd 3rd 4th 5th 6th
node
Normalized
) -1 -0.765 -0.285 0.285 0.765 1
location
Integration
) 0.067 0.38 0.55 0.55 0.38 0.067
weight

5.1.2 Beams

Figure 5.2 illustrates the modeling for beams, where the local coordinate system was set at steel beam
centroid. Each beam was modelled by a force-based element with 6-point Gauss-Lobatto integration.
Beam fiber section, as shown in Figure 5.2(b), comprised steel beam, composite slab and steel bars.
Effective width of slab was determined per Equation (2.6) to (5.2) from ALJ [28]. Steel bars with 10-mm

diameter were set in 200-mm interval and 20-mm below the slab top surface.
Wg =bg +Dbgr + bf 5.1

bai _ {(05 - 0.6ai/lb)al~, a; < 05lb = LR (52)

Ollb , a4 > O.SZb’
In the above equations, wy is the effective slab width; b, and b, r are the effective width at left and right

of the beam flange; b is the width of beam flange; «; is the net distance between adjacent beams at the

left or right side; /5 is the net length of beam.

Effective width: AIJ (2023)
Ya N

\ 10x10 = | N $10@200
«— 10x2
Node i Integration point Nodej 1x10 —L

(@ (®) T

Figure 5.2 Element for beams: (a) Integration points; (b) Fiber section for beams.

5.2 MODELING OF JOINT

5.2.1 Joint without BRB connected

Beam-to-column joints in the 10-story specimen can be classified into two type: with and without BRB

84



Chapter 5 MODELING AND ANALYSIS OF 10-STORY SPECIMEN

connected. Figure 5.3 shows the modeling beam-to-column joint without BRB connected, which
adopted the technique proposed by Gupta and Krawinkler [13]. Panel zone in the model comprised 8
rigid bars, 4 ideal hinges and a rotational spring. Rigid bars were placed at the centers of diaphragm
plates and column flange, and each was modelled by an elastic beam-column element with 10 times
moment inertia and area of the connected column. The hinges at corners connected the rigid bars and
achieve shear deformation in parallelogram shape. The rotational spring adopted Hysteretic model in
OpenSees, with a trilinear backbone curve representing elastic stage, yielding stage and hardening stage:
the moment of rotational spring followed elastic stiffness K. until yielding point (y,, M,), beyond which
the spring yielded with stiffness K. After the spring rotation reached y,, the spring hardening with 0.03K..
Figure 5.4(a) illustrates the moment-rotation relationship of the rotational spring constructed by
Equations (2.1) to (2.5) (Gupta and Krawinkler [13]). Figure 5.4(a) shows the cyclic behaviour of this
model. The unloading followed the elastic stiffness and reloading was divided into two stages by Point
P, whose moment was controlled by factor p, and rotation was controlled by p.. The factors p, and py

were taken as 0.7 and 0.3 to match the cyclic behaviour of panel zone.

Rotational
spring

Column

Beam Hinge

(a) Rigid bar (b)

Figure 5.3 Joint without BRB connected:
(a) Interior joint in Y-direction; (b) Interior joint in X-direction.
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Figure 5.4 Moment versus rotation relationship of rotational spring:
(a) Backbone curve; (b) Cyclic behaviour.
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5.2.2 Joint with BRB connected

At beam-to-column joints with BRB connected, the gusset plate was simulated by an elastic steel truss
connecting at gusset plate corners. The truss followed the same thickness of the gusset plate and was
assigned width of a. times the diagonal length /.;. The truss was connected to column and steel beam
centers by rigid bars. The column and beam segment stiffened by gusset plate were modeled by elastic
beam-column elements, with the moment of inertia and area of column and steel beam, respectively.
The BRB model comprised an elastoplastic truss and two elastic beams connected in series, whose
length and cross-section were based on the yielding segment and connection segments of the steel core.
The BRB lower end was rigidly connected to the panel zone top edge, and the BRB upper end was
connected to the upper gusset plate, which was simulated by rigid bars. Compared with the breakdown
for panel zone shear force deduction, the modeling scheme of BRB-to-beam-to-column joint reflected
the normal stress assumption that gusset tip showed larger normal stress, but violated the shear stress
assumption, i.e., vertical component of BRB force was transferred directly to panel zone rather than to

the short column and beam web.

Rigid bar

Elastoplastic
truss

.. Elastic
Rigid beam
bar
Elastic
beam | &

i J/
i \ Ayt

Rigid bar

er

Figure 5.5 Joint with BRB connected

5.3 MATERIAL MODEL

Uniaxial material model was introduced to fiber sections of force-based elements. Column and steel

beam adopted Steel02 model (Giuffre-Menegotto-Pinto model) in OpenSees. Composite slab adopted
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Concrete(l model (Kent-Scott-Park model), and steel rebars adopted Steel(0] model (bilinear model).

This section illustrates how to determine and calibrate parameters for these material models.
5.3.1 Material model for columns and steel beams
5.3.1.1 Steel02 model

10 parameters are required to define Stee/02 model: elastic stiffness Ej; yield strength f;; kinematic
hardening ratio b; parameters to control transition from elastic to plastic branches Ry, (R and R»;
parameters to control isotropic hardening ai, a2, a3, as. The parameter b is the ratio of post-yield stiffness

to elastic stiffness, as explained in Equation (5.3).

_ Esh
b—Eg (5.3)

In the above equation, Ey;, is the post-yield stiffness.

Steel()2 model adopts Equation (5.4) to express the transition from elastic to plastic stages for each

loading half cycle, the former determined by FE; and strain reversal point of last half cycle
(sg_l), cg_l)), and the later by b and yield point of current half cycle (sgi), O'gi)). A loading half
cycle is defined between the strain reversal points of the last and current half cycles. Strain and stress in
Equation (5.4) are normalized by (s,(,i_l), oﬁi‘”) and (sgi), O'gi)), with superscript “*” representing

the normalization and “(7)” representing the i-th half cycle.

. . 1—b)e®~
oW = pe@r 4 ( ) Hy1/RD (5.4)
(1 + [®~]r®)
(i-1)
. eE—¢€
O = T
gt = — — (5.5)
Egl) _ 81(} 1)
@i-1)
. oc—0o
oW = — T — (5.6)

Ggi) _ Gg—n

Equation (5.7) expresses the radius of current half cycle, R®), which simulates the Bauschinger effect

during the transition from elastic to plastic stages. The initial radius, R, is updated by parameter &=,

which is determined by the strain at the last reversal location, sg_l), and the predicted yield strength of

current cycle, s(()i).

(i-1)
R®=RO1—¢££—f— (5.7)
Ry + &GV
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g1 = |(£9_1) B sgi_l))| (5.8)

&y
The yield point of current half cycle (sg ), O'gl)) is updated right after the strain reverses at the (i-1)-th

cycle, i.e., strain increment Ae changes from positive to negative, or from negative to positive:

(a) If Ae changes from positive to negative:

] i-1 i-1
O~ £AD 4 Ege Ay — o 4 Bl
® _

(5.9)
Es - Esh
o)) = —f,A0 + Egy (e + £,49) (5.10)
(=D _ =1\ 0F
AD=1+q, (%) (5.11)
28y
(b) If Ae changes from negative to positive:
S(i) — fyAg) - EsheyAl(JL) - 61(’1_1) + ES‘C'?(”L_l) (512)
0 Es - Esh
y sh y2p :
(=D _ -1\ 0F
AP=1 4 3<—m‘”‘2a e ) (5.14)
4€y

In the above equations, Ag_l) and Al(,i_l) control the offset of post-yield line to consider isotropic

hardening for Cases (a) and (b), respectively.

Figure 5.6 explains Steel(2 model with an example showing the first three half cycles, assuming strain

history is given:

(1) Inthe 1st half cycle (Figure 5.6(a)), the initial strain reversal point is assumed as (0, 0), and the yield
point of the 1st half cycle is (g, f;), computed by Equations (5.12) to (5.14) with EES;X =0 and
£® = 0. The radius R equals Ry per Equations (5.7) and (5.8), with s =0 and 8(0) = 0. Stress

mln

is computed by Equations (5.4) to (5.6) with given strain. During the 1st half cycle, strain increment
At keeps positive, and the 1st half cycle ends when Ag changes from positive to negative. At this
point, the strain and stress are recorded as ( 51), 051)) , and parameter & is computed as
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2

3)

R I

In the 2nd half cycle (Figure 5.6(b)), R® is updated by Equation (5.7) with &1); Ag\}z ) s
computed per Equation (5.11) with the maximum and minimum strains among the strain history

from beginning until the end of the 1st cycle, ng)ax and sr(ii)n;

and then the yield point of the 2nd
cycle, (ng), 052)), is obtained per Equations (5.9) and (5.10). Using Equations (5.4) to (5.6), the

strain-stress relationship of the 2nd cycle is confirmed.

The strain-stress relationship of the 3rd cycle (Figure 5.6(c)) is determined similarly except that
yield point of the 3rd cycle, (883), 0(()3)), is obtained by Equations (5.12) to (5.14). As shown in

Figure 5.6(c), isotropic hardening is achieved by offsetting the post-yield line of previous cycle,
which is controlled by Equation (5.14).
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Figure 5.6 Steel(2 model: (a) 1st half cycle; (2) 2nd half cycle; (c) 3rd half cycle.

5.3.1.2 Determination of Steel02 parameters

E, of Steel(2 model was taken as the elastic modulus of steel. Figure 5.7 shows the determination of f;
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and b, using engineering strain-engineering stress relationship measured from tensile coupon tests. Post-
yield tangent line was determined by the measured hardening part with given target strain. The target
strain was taken as 3% for columns and 4% for beams, to match the measured yield strength. Numerical
yield point, (g, f,), was taken as the intersection between the initial and post-yield tangent lines. Table

5.2 summarizes the numerical f, and b of each column and beam.
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Figure 5.7 Determination of yield strength and kinematic hardening ratio:
(a) [J-350x350x16; (b) Flange of BH-350x200%9x12.
Table 5.2 Yield strength and kinematic hardening ratio of Steel02
Yield strength Kinematic
Component Steel grade i )
fy [N/mm?] hardening ratio b
0-350%350%9 416 0.0069
0-350x350x12 391 0.0053
0-350x350%16 BCR295 382 0.0080
0-250%250%6 379 0.0068
0-250x250%9 339 0.0107
H-350%175%7x11, flange 285 0.0108
H-350x175x7%11, web 305 0.0114
BH-350%200x9%12, flange 255 0.0104
SN400B
BH-350x200x9x12, web 250 0.0118
H-244x175%7x11, flange 268 0.0100
H-244x175x7x11, web 295 0.0094
BRB, yielding core LY225 209 0.0042

Other parameters of Steel()2 model were calibrated by a truss model to match the engineering strain-

engineering stress relationship measured from cyclic coupon tests. Figure 5.8 shows the model for
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calibration, which comprised a single truss loaded by axial displacement based on measured strain
history. Steel(2 was assigned to the truss, and parameters were calibrated by try-and-error to match the

measured cyclic response.

& 8

Figure 5.8 Numerical model for material calibration

Figure 5.9(a) and (b) shows the calibration results for column and beam, respectively. Table 5.3 shows
the remaining parameters of Steel02 for columns and beams. It should be noted that parameters for
column were calibrated by cyclic coupon test on SN490B rather than BCR295, and parameters for BRBs
were assumed identical to those of beams. Further cyclic tests on BCR295 and LY?225 are warranted for

material calibration.
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Figure 5.9 Calibration on other parameters of Steel02: (a) SN490B; (b) SN400B.

Table 5.3 Parameters for Stee/02 model

E;
Component R R R ai a as as
[N/mm2]
Column 205000 25 0.910 0.15 0.027 1 0.027 1
Beam 205000 25 0.925 0.15 0.030 1 0.030 1

5.3.2 Material model for concrete

Figure 5.10 shows the Concrete0l model, which comprises 3 stages, parabolic hardening, linear
degradation and stabilization, at compression side and zero strength at tension side. Equation (5.15)

defines the initial stiffness, E., as 2 times compression strength, f,., divided by compression strain, ..
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Ec can be computed by Equation (5.16) per AlJ [28], and thus g,. can be back-computed by Equation
(5.17). The ultimate strength, f.,, is fixed as 0.2f,c and the ultimate strain, &, is 0.004. Table 5.4
summarizes the parameters assigned to Concrete()] model, where f,. was measured from compression

tests.

2
a:=—££ (5.15)
Epc
_ Ye)? fpc 516
EC-21000(23) /20 (5.16)
2fpc

€

pe = 5.17)
Ye)? [loe (
21000 (35) %5

In the above equations, Y. is the unit weight of concrete and assumed as 23 kN/m’.
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Figure 5.10 Backbone curve of Concrete01

Table 5.4 Parameters for Concrete0l

Ec fpc Epc fcu Ecu
[N/mm?] [N/mm?] [1] [N/mm?] [1]
29324 39.0 0.0026 7.8 0.0040

5.3.3 Material model for steel rebars

Steel] model for steel bars was assigned with elastic modulus of steel, yield strength of 336 N/mm?

measured from tensile tests, and post-yield hardening ratio of 0.02.
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5.4 MODELING SCHEME FOR 10-STORY SPECIMEN
5.4.1 Modeling for 10-story specimen

Figure 5.11 shows the numerical models for time history analysis and pushover analysis with 4; pattern.
The model in the Y-direction comprised one exterior frame (Frame D) and one interior frame (Frame C)
taking advantage of symmetry, and the model in the X-direction comprised Frame 1 and 2. Columns of
the 1st story were totally fixed on the ground. At each floor, rigid truss element with 10 times area of O-
350%x350%16 was set between two frames to simulate rigid floor diaphragm. Table 5.5 summarizes the
effective widths applied to the beam elements. The steel section of the perimeter beams in Y-direction
and all beams in the X-direction of upper floors were designed slightly smaller than those of lower floors,
which resulted to smaller effective width for the upper floor beams, however, the simulation ignored the

minor change and adopted the effective widths computed by the 2nd floor beams.

Model in X-direction

e e
i T Bl e
I - - T— - - .
PRSI eI T o~ Model in
r=stft-dq44---f---4-7~ Y-direction
= (_ SE iR s O Teomee RS !
Bi o=
At O Qg O -0
1 2 3 4
@ i) 12
Rigid truss Rigid truss
1~ 1Y > \ < o r‘; o n o ! \ o oy Y
T 1% 1} iy < o T o ¥ ¥ iy ¥ i+—iy -]
¥ iy 3 iy < o o‘ o n 1y iy £y y—i% |
l it it iy <« S T Q ¥ 1y iy iy i} a|
1 iy .8 < a ZIT & N S T 5
1% ¥ iv & N H‘ ¥ +—¥ 1y ¥ Y -
T % iy iy <« & AN % o ¥ iy iy 3 1 |
T i3 iy iy < & 7N )i o n FA 1 Y s I o]
) i iy iy < & AN %, o 3 B ™ s — Y
JT o ¥ s < oS- >i 5 . — . . 1
- - - by - . - -4 ,‘, e SR . B . . -
1 2 3 4 1 2 3 4 D C B A D C B A
(b) Frame D Frame C (¢) Frame 1 Frame 2

Figure 5.11 Numerical models of 10-story specimen:
(a) Floor plan; (a) Y-direction; (b) X-direction.
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Table 5.5 Effective width of composite slab

Y-direction X-direction
Beam direction
Frame D Frame C Frame 1 Frame 2
Width at mid span
550 550 350 350
[mm]
Width at side span
550 950 500 750
[mm]

Figure 5.12 explains the distribution of mass and gravity load, using the model in Y-direction as an
example. At each floor, half of the total floor mass was evenly assigned to the eight right nodes of the
panel zones in the horizontal degree of freedom. Gravity load within tributary area was translated into

line load along the beams.

D) : ‘ ' & Tributary area
N \\ | ! \\ of Frame D

IR 77 4 S8

~_ Tributary area
of Frame C

@ @

Line load Nodal mass

(b) Frame D Frame C

Figure 5.12 Distribution of gravity load and nodal mass:
(a) Tributary area; (b) Gravity load and nodal mass of a floor.

5.4.2 Eigen value analysis

Modal shapes and natural periods of the numerical model were computed by eigen value analysis. Figure
5.13 illustrates the first four modal shapes in Y-translation, showing quite typical shapes of moment-
resisting frames. Figure 5.14 shows the modal shapes in X-translation. Table 5.6 summarizes the
measured versus simulated natural periods. In the Y-direction, the model agreed with the measured 1st
period, but overestimated the 2nd to 4th periods. In the X-direction, the model underestimated the

measured 1st period, but matched the 2nd to 4th periods.
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Figure 5.13 Modal shapes in Y-direction:
(a) st mode; (b) 2nd mode; (c) 3rd mode; (d) 4th mode.
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Figure 5.14 Modal shapes in X-direction:
(a) 1st mode; (b) 2nd mode; (¢) 3rd mode; (d) 4th mode.
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Table 5.6 Comparison of measured and simulated natural periods

Measured Simulated Measured Simulated
Y-direction X-direction
[s] [s] [s] [s]
1st 0.607 0.588 Ist 0.819 0.728
2nd 0.193 0.216 2nd 0.245 0.251
3rd 0.109 0.123 3rd 0.139 0.139
4th 0.072 0.084 4th 0.098 0.095

5.5 PUSHOVER ANALYSIS
5.5.1 Pushover analysis for truss calibration

The BRB-to-beam-to-column joint model mentioned above was calibrated by static pushover analysis
on a fishbone model (Luco et al. [32]) extracted at Column 2C in the Y-direction. Figure 5.15 shows the
fishbone model, which comprised Column 2C, half-span of the east and west beams, and the left BRBs.
The column was fixed at the base, and the beam ends were supported by rollers. Pushover analysis was
conducted within elastic stage for the positive and negative directions separately, to consider the
difference in rotational stiffness of the composite beams. Loading was applied by displacement control

using the measured maximum floor drifts from the 25% motion.

Analysis was repeated for models with aspect ratio a., varied from 0 to 1 with an increment of 0.1. The
measured and simulated inflection point of Columns 2C among the 2nd to 4th stories were evaluated by

mean absolute percentage error, as expressed by Equation (5.18).

1 - e —7rf
err = —Z kK (5.18)
3 T
k=2' 'k
h:
= ;l”f"‘, k=234 (5.19)
ck

In the above equations, err is the mean absolute percentage error; 7, is the normalized inflection point
height at k-th story averaged among 25% motion, with superscript “s” for simulation and “e” for

experiment.

Figure 5.16 shows the error with different a.,, showing that a.; > 0.2 resulted in error smaller than 4%
for both positive and negative pushovers. However, upper boundary for a.; might be not clear because
the error did not change obviously with larger a.,. As shown in Figure 5.5, the truss and rotational spring
of panel zone are in parallel relationship, implying that the panel zone model is subjected to smaller
shear force when the truss becomes stiffener. Therefore, panel zone shear force and deformation were

compared with different a., and a. was finally determined as 0.2 to match the measured shear
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deformation, which will be discussed in the following section.

Positive Negative
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Figure 5.15 Pushover analysis for truss calibration
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Figure 5.16 Error of inflection point locations

5.5.2 Pushover analysis with A4; distribution

Pushover analyses were conducted on the 10-story model in the Y- and X-directions using the 4;
distribution (Ishiyama [33]). Equation (5.20) shows the definition of 4;, which describes shear force
distribution of each story of a building. Difference between story shears of the (i-1)-th and i-th stories is
the seismic force applied at the i-th floor, F;. Table 5.7 and 5.8 show the seismic force applied at each
floor for the pushover in the Y- and X-direction, respectively. Figure 5.17 shows the seismic force of
each floor, which normalized by the seismic force at the 2nd floor. The seismic force at each floor was
evenly divided into the nodes assigned with mass to reproduce structure response under quasi-static

loading.
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A=1+(— 2l
n
.=.W.
@ = o2 (5.21)
j=1Wj

In the above equations, A; is the shear coefficient of the i-th story; T is the fundamental natural period;

a; is the normalized weight of the i-th story; w; is the weight of the j-th story.

Pushover analysis was conducted by displacement control until the largest story drift ratio among all
stories exceeded 0.03 rad. It should be noted that slab of the composite beam was discretized into 25
fibers through thickness and 1 fiber along width in this pushover analysis to get a better convergency

for static analysis. Otherwise, the fiber discretization of slab followed Figure 5.2(b).

Table 5.7 Seismic force at each floor in Y-direction (7= 0.6 [s])

i-th W ai A; V, =A4; Z w; i-th Fi=V,_i—V, F;/F,
story [kN] [1] [1] J= floor [kN] [1]
[kN]

10 457 0.09 2.41 1100 11 1100 5.12
9 483 0.18 1.93 1815 10 714 3.32
8 522 0.28 1.69 2467 9 653 3.03
7 501 0.38 1.53 3014 8 546 2.54
6 519 0.48 1.41 3513 7 499 2.32
5 441 0.56 1.33 3888 6 375 1.74
4 634 0.70 1.22 4387 5 500 2.32
3 528 0.80 1.14 4709 4 322 1.50
2 525 0.90 1.07 4975 3 266 1.24
1 529 1.00 1.00 5190 2 215 1.00
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Table 5.8 Seismic force at each floor in X-direction (7 = 0.8 [s])

n
i-th Wi a; A; Vi=4; Z w; i-th F=Vi_1-V Fi/F,
story [kN] [1] [1] = floor [kN] [1]
[kN]

10 457 0.09 2.54 1164 11 1164 6.31

9 483 0.18 2.02 1900 10 737 4.00

8 522 0.28 1.75 2566 9 665 3.61

7 501 0.38 1.59 3117 8 551 2.99

6 519 0.48 1.46 3614 7 497 2.70

5 441 0.56 1.36 3982 6 369 2.00

4 684 0.70 1.24 4464 5 482 2.61

3 528 0.80 1.15 4765 4 301 1.63

2 525 0.90 1.07 5006 3 240 1.30

1 529 1.00 1.00 5190 2 184 1.00
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Figure 5.17 Pushover analysis with A7 load pattern: (a) Y-direction; (b) X-direction.

Figure 5.18 shows the results of pushover analyses, where the solid lines represent story shear versus
story drift ratio of each story, and dot lines mark the instances when the largest story drift ratios among
all stories reached 0.002, 0.005, 0.01, 0.02, and 0.03 rad. In the Y-direction, the 3rd story exhibited
largest deformation after 0.005 rad, and story deformation concentrated at the 2nd to 5Sth stories. When
the largest story drift ratio = 0.02 rad, the base shear coefficient was 0.48. In the X-direction, story
deformation was also concentrated at the 2nd to 5th stories; when largest story drift ratio = 0.02 rad, the
base shear coefficient was 0.39. In both directions, all pushover curves showed bobbing during the post-
yield stage. One of the possible reasons was that strength degradation of concrete happened, while steel

kept hardening and compensated the drop.
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Figure 5.18 Results of pushover with 4i load pattern: (a) Y-direction; (b) X-direction.

Figure 5.19 illustrates the yielding of structural components under different largest story drift ratios in
the Y-direction. When the largest story drift ratio = 0.005 rad, yielding only happened at BRBs; When
the largest story drift ratio = 0.01 rad, yielding was found at beam ends of Frame D; When roof drift
ratio = 0.02 rad, panel zones with BRB connected yielded, and some panel zones at upper floors of
Frame D yield due to the thinner column section at upper stories; When roof drift ratio = 0.03 rad, beams

at lower floors developed plastic hinge and column bases yielded.

Figure 5.20 shows the yielding of structural components in the X-direction. When the largest story drift
ratio = 0.005 rad, the model remained elastic; When the largest story drift ratio = 0.01 rad, panel zones
of interior columns and beam ends connecting with exterior columns yielded; When the largest story
drift ratio = 0.03 rad, some interior column and column bases yielded, while beam ends connecting with

interior column remained elastic.
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Figure 5.19 Yielding order in Y-direction:
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(a) Largest story drift ratio = 0.005 rad; (b) Largest story drift ratio = 0.01 rad;
(c) Largest story drift ratio = 0.02 rad; (d) Largest story drift ratio = 0.03 rad.
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Figure 5.20 Yielding order in X-direction:
(a) Largest story drift ratio = 0.005 rad; (b) Largest story drift ratio = 0.01 rad;
(c) Largest story drift ratio = 0.02 rad; (d) Largest story drift ratio = 0.03 rad.

5.6 TIME HISTORY ANALYSIS

5.6.1 Analysis scheme

In time history analysis, damping was simulated by Rayleigh model with a critical damping ratio of 0.02
assigned to the 1st and 3rd natural periods. Numerical integration based on the average acceleration
method was performed over time with 0.01-s time increment. Acceleration was only input to the
horizontal direction of numerical model, using the measured table accelerations. Figure 5.21 shows input
acceleration time history. In each direction, analysis was executed continuously using the measured 25%,

50%, 75% and 100% table accelerations before BRBs of the 3rd story were removed, each lasting 40 s,
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and a 60-s rest was set between the adjacent motions to eliminate free vibration. The continuous analysis

allows accumulation of residual force and deformation.
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Figure 5.21 Input accelerations: (a) Y-direction; (b) X-direction.

5.6.2 Simulation results in Y-direction
5.6.2.1 Global responses

Figure 5.22 compares maximum responses in the Y-direction under JMA Kobe motions between
simulation and experiment. Story drift ratio of each motion included residual deformation from previous
motions. Simulated story shear was computed by inertia force of upper floors, and then was doubled to
compare with the experiment story shear because only half of the structure was simulated. The simulated
responses agreed with the experiment during the 25% and 50% motions. In the 75% motion, the
simulated maximum floor acceleration and maximum story drift ratio were consistent with the
experiment, while the simulated maximum story shear was somewhat smaller than experiment. In the
100% motion, the simulated floor acceleration and story drift ratio matched the experiment at lower
floors and stories, but underestimated the experiment at upper floors and stories. The simulated

maximum base shear was 17% smaller than the experiment.
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Figure 5.22 Experimental versus simulated maximum responses in Y-direction:
(a) Maximum floor acceleration; (b) Maximum story-drift ratio; (c) Maximum shear force.

5.6.2.2 Story shear and story drift ratio

Figure 5.23 compares simulated story shear and story drift ratio against experimental for the 1st, 3rd
and 8th stories in the Y-direction. During the 50% motion, the simulated response agreed with the
experimental for the three stories. During the 100% motion, the simulated response at the 1st story
showed smaller story shear and deformation than experimental, and the simulated response matched the

experiment at the 3rd story. After the 100% motion, the model showed smaller stiffness degradation than

experiment at the 1st and 8th stories.
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Figure 5.23 Comparison of story shear and story drift ratio in Y-direction:
(a) 50% motion, 1st story; (b) 50% motion, 3rd story; (c) 50% motion, 8th story;
(d) 100% motion, 1st story; (¢) 100% motion, 3rd story; (f) 100% motion, 8th story.

5.6.2.3 Bending moment diagram and plasticity distribution

0.01

0.02

Figure 5.24 compares the bending moment diagrams and plasticity of Frame D between simulation and

experiment when the 3rd story reached the maximum story drift ratio. Gravity effect was not considered

in the bending moment diagrams. The model reproduced beam plastic hinges at lower stories. Some of

the panel zones yielded in the experiment, while all simulated panel zones remained elastic.

Figure 5.25 shows the simulated bending moment and plasticity of Frame D in the 50% and 100%

motions, when the 3rd story reached the maximum story drift ratio. During the 50% motion, the BRBs

yielded, while the other components remained elastic. During the 100% motion, panel zones and the

connecting beam ends at lower floors yielded.
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Figure 5.24 Bending moment diagram and plasticity distribution of Frame D during 100% motion:
(a) Experiment; (b) Simulation.
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Figure 5.25 Bending moment diagram and plasticity distribution of Frame C:
(a) 50% motion; (b) 100% motion.

5.6.2.4 Panel zone responses

Figure 5.26 compares simulated shear force and shear deformation of Panel zone 2C at the 3rd floor
with truss aspect ratios a., of 0.1, 0.2 and 0.3. During the 25% motion, the maximum shear force
decreased with the truss aspect ratio increased, while all these three case showed overestimation of
panel-zone shear force, and thus the truss aspect ratio should be even larger to match the measured
panel-zone shear force. However, during the 100% motion, panel zone remained elastic with a., = 0.3,
and panel zone showed larger plastic deformation than experiment with a.. = 0.1. When a., = 0.2, the
simulated panel-zone deformation matched the experiment, but the simulated shear force was somewhat

larger than experiment, presumably because the model did not consider strength reduction due to force
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interaction. Therefore, to match the panel zone elastic-to-plastic shear deformation, a., = 0.2 was
suggested for the proposed model. Further modification for the panel zone model is warranted to

incorporate the effects described in the study.
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Figure 5.26 Simulated panel zone response with different a.;:
(a) 25% motion, a., = 0.1; (b) 25% motion, a.. = 0.2; (c) 25% motion, a., = 0.3;
(d) 100% motion, a. = 0.1; (e¢) 100% motion, a.. = 0.2; (f) 100% motion, a.; = 0.3;

5.6.3 Simulation results in X-direction
5.6.3.1 Global responses

Figure 5.27 compares maximum responses in the X-direction under JMA Kobe motions between
simulation and experiment. The simulated floor acceleration agreed with the experiment until the 75%
motion, and underestimated the experiment at upper floors in the 100% motion. The simulated story
drift ratio overestimated the experiment in the 25% and 50% motions, but matched the experiment in
the 75% and 100% motions. The simulated story shear was consistent with the experiment in the 25%
motion, but underestimated the experiment in the larger motions. In the 100% motion, the simulated

maximum base shear was 14% smaller than the experiment.
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Figure 5.27 Experimental versus simulated maximum responses in X-direction:
(a) Maximum floor acceleration; (b) Maximum story-drift ratio; (¢) Maximum shear force.

5.6.3.2 Story shear and story drift ratio

Figure 5.28 compares simulated story shear and story drift ratio against experimental for the 1st, 3rd
and 8th stories in the X-direction. During the 50% motion, the simulated response agreed with the
experimental at the 1st story, but showed earlier yielding than the experiment at the 3rd story. The
simulated elastic stiffness of the 8th story was 14% smaller than the experiment. During the 100%
motion, the simulated response at the 1st story showed smaller story shear and deformation than
experimental, and the simulated response at the 3rd story exhibited smaller story shear but larger story

drift than the experiment.
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Figure 5.28 Comparison of story shear and story drift ratio in X-direction:
(a) 50% motion, 1st story; (b) 50% motion, 3rd story; (c) 50% motion, 8th story;
(d) 100% motion, 1st story; (¢) 100% motion, 3rd story; (f) 100% motion, 8th story.

5.6.3.3 Bending moment diagram and plasticity distribution
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Figure 5.29 compares the bending moment diagrams and plasticity distribution of Frame 1 between

experiment and simulation, when the 3rd story exhibited the largest deformation. Beam plastic hinges

of simulation were consistent with the experiment. In the X-direction, columns were not measured and

thus plasticity of column and panel zone in the experiment were missed. In the simulation, nearly all the

columns and the beam ends connecting with interior columns remained elastic, while the interior panel

zones at lower floor developed fully plasticity.
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Figure 5.29 Comparison of bending moment diagrams in X-direction during 100% motion:
(a) Experiment; (b) Simulation.

5.6.3.4 Panel zone responses

Figure 5.30 compares the shear force and deformation of Panel zone 2C at the 3rd floor under the 100%
motion. The simulated elastic stiffness matched the theoretical values, and the simulated panel-zone
shear force exceeded the plastic strength V,. However, the panel zone model showed smaller shear force
and larger shear deformation than the experiment. Modification of panel zone model with composite

beam connected is warranted to consider the effect of floor slab.
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Figure 5.30 Comparison of panel zone responses in X-direction

5.7 SUMMARY OF CHAPTER 5

A numerical model to simulate structural responses measured from the shake-table tests on the 10-story
specimen was proposed. Modeling of columns and composite beams, panel zones with BRB connected
was exhibited. Pushover and time history analysis was conducted to verify the feasibility of the model.

Some key findings of this chapter are summarized as followed:

(1) Pushover analysis on the 10-story model showed that BRBs and the beam ends of Frame D yield
first, and then followed by the yielding of beam ends and panel zones of Frame C, and finally all
the column bases of two frames yielded. Story shear versus story deformation in pushover analysis

exhibited a multi-story mechanism, which showed largest deformation in the 2nd to 4th stories;

(2) Plasticity distribution of time history analysis exhibited a weak column- strong beam mechanism at
the interior beam-to-column joints of Frame C, which agreed with the yielding observed in the

shake-table tests;

(3) The simple modeling scheme to represent stiffening due to bracing connections by a short truss
between the beam and column elements was, after calibration, able to capture elasto-plastic panel-
zone shear deformation. Further study is warranted to examine the general applicability of this
modeling scheme and to develop refined models that can capture the force transfer mechanism and

force interaction at panel zones.
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6. LOCAL BUCKLING AND LOW-CYCLE FATIGUE SIMULATION

Chapter 5 has proposed a general modeling scheme for critical MRFs with BRB bracing, and showed
the feasibility of the modeling scheme by comparing the simulation against the measured responses.
Chapter 6 introduces modeling methods to consider beam local buckling and low-cycle fatigue,
including material models, numerical models for calibration, and calibration results of material

parameters.
6.1 LOCAL BUCKLING SIMULATION

In this section, a universal material model built in OpenSees to simulation beam local buckling is
introduced. Degradation of structural strength and stiffness due to local buckling is simulated at material
level, by introducing strength degradation to beam fiber section. Calibrations on material parameters are
conducted by fitting simulated beam responses to experimental responses measured from beam-and-

column subassemblage tests. Finally, suggested values for the material parameters are summarized.
6.1.1 Material model

Beam local buckling was simulated by introducing a strength degradation part to the compression side
of the Hysteretic model in OpenSees. Figure 6.1(a) shows the backbone curve of Hysteretic model,
which was a piecewise linear model. The tensile part of backbone curve adopted a bilinear model, which
followed the steel elastic modulus, £, up to yield strength, o,, and then strengthened with hardening
ratio, b1, which was defined as factor kb; times E;. The compressive part adopted a trilinear model
including elastic stage, hardening stage, strength degradation stage due to local buckling. Material at
compression side followed E;, and then strengthened with b, until reaching the capping point (&, Gcp).
Beyond the capping point, the material softened with post-capping slope, b,, which was defined as factor
kb, times E;. Figure 6.1(b) describes the cyclic rule of the Hysteretic model to simulate Bauschinger
effect. Unloading followed Ej, and reloading was separated into two stages by Point P, of which the

stress was determined by factor p, and the strain was controlled by factor p..
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Figure 6.1 Hysteretic model of OpenSees: (a) Backbone curve; (b) Cyclic rule.
In this study, o, was taken as the yield strength measured from tensile coupon test, and kb; was

determined by backbone curves obtained from cyclic coupon test. The other parameters, px, py, €, and

kb, were calibrated by cyclic loading tests on beam-and-column subassemblages.

Figure 6.2 shows a cyclic loading test on a SS400 steel coupon, where the dashed line represents the
backbone curve of tension part, and the thin solid line represents the linear regression on the post-yield

part of backbone curve. The factor kb, was taken as 0.023 for SS400.

600

=i
Il

0.023-E,

400 , =1 |

200

-200

-400

Engineering stress [N/mm?]
o

-600

'
S
'
)
(=]
(8]
~

Engineering strain [%]

Figure 6.2 Determination of hardening ratio

6.1.2 Tests and numerical models for calibration on Hysteretic model

The selected tests for calibration on Hysteretic model included beam-and-column subassemblages
subjected to increasing amplitude loading (ref: Martin STESSA, Takahashi), and dynamic loading (ref:
TO, Aoyagi WCEE). Subassemblages with composite slab were also selected to investigate the effect of

composite slab on material parameters.
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6.1.2.1 Beam-and-column subassemblage of 4-story specimen

Cyclic loading tests on three beam-and-column subassemblages extracted from a 1:2.5-scaled 4-story
moment-resisting frame (named “4-story specimen” afterwards for concision) (ref: Martin STESSA)

were selected for calibration. Table 6.1 summarizes the information of these subassemblages.

Table 6.1 Beam-and-column subassemblages of 4-story specimen

Specimen Column Beam Extracted location
T1 0-125x%125%9 H-198x99x4.5x7 3rd floor, exterior column
T2 0-125x%125%9 H-200%100x5.5%8 2nd floor, exterior column
T3 0-125%125%12 H-200x100%5.5%8 2nd floor, interior column

Figure 6.3 shows the numerical models built in OpenSees, where the beams and columns were cut out
at mid-span and mid-height (inflection point). Each column was simulated by a force-based beam-
column element with 5-point Gauss-Lobatto integration. Each panel zone adopted the modeling scheme
proposed by Gupta and Krawinkler [13], which was explained in Chapter 5. Each beam was divided at
quarter point, 750 mm from the column center. The beam segment between the inflection point and the
quarter point was simulated by an elastic beam-column element with nominal area and moment of inertia.
The beam segment between the quarter point and panel zone, named quarter beam hereafter, was
simulated by a force-based beam-column element with 4-point Gauss-Lobatto integration. Fiber section
was introduced to the beam integration points, and the fiber discretization will be shown in Section 6.2.

The far end of cantilever beam was supported by a rigid beam and truss to simulated the sliding support.
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Figure 6.3 Numerical model of 4-story subassemblage [unit: mm]:

(a) Model for Specimens T1 and T2; (b) Model for Specimen T3.
Analysis was conducted by controlling the displacement of column-end node, with the same height level
where hydraulic jack was set in the test. Figure 6.4 shows the loading protocol expressed by story drift
ratio. The loading was symmetric up to 0.05 rad, and then became asymmetric by pulling more to the
negative side. Pinching factors p. and p, were calibrated before beam local buckling happened: 0 to the
2nd excursion of 0.05 rad for Specimens 2 and 3, and 0 to 0.04 rad for Specimen 1. The strain of capping
point &, and factor to control post-capping slope kb, were calibrated up to the 1st peak of -0.125-rad

excursion. Parameters related to fracture, ny, and €., will be calibrated by all loading excursions.
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Figure 6.4 Calibration range of 4-story subassemblage

6.1.3 Calibration results

Calibration on the aforementioned parameters was conducted by adjusting the parameter values until
the simulated response match the measured response. For Specimen 3, parameters were calibrated based
on the right beam responses only, because it fractured at the end of the test. In the calibration, the left
beam of Specimen 3 was also assigned with the same parameters as the right, and the left beam was

served as a verification on the calibrated parameters.

6.1.3.1 Beam-and-column subassemblage of 4-story specimen

Table 6.2 shows the combination of p, and p, for calibration, where p, was varied from 0.05 to 0.30, and
py from 0.65 to 0.95, with increment of 0.05. Figure 6.5 shows the simulated versus measured beam-end
responses of the subassemblages extracted from the 4-story specimen. To match the measured
Bauschinger effect, (p», py) for Specimens T1, T2 and T3 was calibrated as (0.25, 0.90), (0.25, 0.85) and
(0.25, 0.80), respectively. With calibrated parameters, the simulated beam responses matched the

measured responses precisely.

Table 6.2 Parameter matrix for factors (px, py)

) Py 0.65 0.70 0.75 0.80 0.85 0.90 0.95
0.05 | (0.05,0.65) (0.05,0.70) (0.05,0.75) (0.05,0.80) (0.05,0.85) (0.05,0.90) (0.05,0.95)
0.10 | (0.10,0.65) (0.10,0.70) (0.10,0.75) (0.10,0.80) (0.10,0.85) (0.10,0.90) (0.10, 0.95)
0.15 | (0.15,0.65) (0.15,0.70) (0.15,0.75) (0.15,0.80) (0.15,0.85) (0.15,0.90) (0.15, 0.95)
020 | (0.20,0.65) (0.20,0.70) (0.20,0.75) (0.20,0.80) (0.20,0.85) (0.20,0.90) (0.20, 0.95)
025 | (0.25,0.65) (0.25,0.70) (0.25,0.75) (0.25,0.80) (0.25,0.85) (0.25,0.90) (0.25, 0.95)

0.30 | (0.30,0.65) (0.30,0.70) (0.30,0.75) (0.30,0.80) (0.30,0.85) (0.30,0.90) (0.30, 0.95)
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Figure 6.5 Calibration on pinching factors of 4-story subassemblage:
(a) T1; (b) T2; (c) T3-right beam; (d) T3-left beam.
Table 6.3 shows the combination of €., and kb, for calibration, where ¢, was varied from -0.0120 to -
0.0150 with increment of -0.0005, and kb> from -0.0020 to -0.0028 with increment of -0.0002. g, and
kb> were adjusted to match the strength degradation due to local buckling, i.e., the responses at the 3rd
quadrant when the upper flanges of Specimens T1 and T2, and the lower flange of Specimen T3 were

in compression, because major crack or fracture were occurred at these flanges.

Figure 6.6 shows the simulated responses with calibrated parameters versus the measured responses. To
strength degradation resulted from local buckling, (g, kb>) for Specimens T1, T2 and T3 was chosen as
(-0.0125, -0.0024), (-0.0135, -0.0024) and (-0.0135, -0.0024), respectively. Even though parameters of
Specimen 3 were calibrated by the right beam, the simulated response of the left beam also matched the

measured response with acceptable precision.
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Table 6.3 Parameter matrix for factors (e, kb2)

kb
’ -0.0020 -0.0022 -0.0024 -0.0026 -0.0028
Eep
-0.0120 | (-0.0120,-0.0020) (-0.0120,-0.0022) (-0.0120,-0.0024) (-0.0120, -0.0026) (-0.0120, -0.0026)
-0.0125 | (-0.0125,-0.0020) (-0.0125,-0.0022) (-0.0125,-0.0024) (-0.0125,-0.0026) (-0.0125, -0.0026)
-0.0130 | (-0.0130,-0.0020) (-0.0130, -0.0022) (-0.0130,-0.0024) (-0.0130,-0.0026) (-0.0130, -0.0026)
-0.0135 | (-0.0135,-0.0020) (-0.0135,-0.0022) (-0.0135,-0.0024) (-0.0135,-0.0026) (-0.0135, -0.0026)
-0.0140 | (-0.0140,-0.0020) (-0.0140, -0.0022) (-0.0140,-0.0024) (-0.0140, -0.0026) (-0.0140, -0.0026)
-0.0145 | (-0.0145,-0.0020) (-0.0145,-0.0022) (-0.0145,-0.0024) (-0.0145,-0.0026) (-0.0145, -0.0026)
-0.0150 | (-0.0150, -0.0020)  (-0.0150, -0.0022) (-0.0150, -0.0024) (-0.0150, -0.0026)  (-0.0150, -0.0026)
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Figure 6.6 Calibration on strain of capping point and post-capping slope of 4-story subassemblage:
(a) T1; (b) T2; (c) T3-right beam; (d) T3-left beam.

6.1.4 Summary of Hysteretic model

Table 6.4 summarizes the calibrated parameters for Hysteretic model for the selected tests.
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Table 6.4 Summary of calibrated parameters of Hysteretic model

No. Reference Specimen Beam section Steel grade b2t I/t hy/by Fy/Es D+ Dy Ep kb
1 Somarriba (2023) Tl H-198x99%4.5x7 SS400 7.07 40.89 2.00 1.54 0.25 0.90 -0.0125 -0.0024
2 Somarriba (2023) T2 H-200x100%5.5x8 SS400 6.25 33.45 2.00 1.55 0.25 0.85 -0.0135 -0.0024
3 Somarriba (2023) T3 H-200x100%5.5x8 SS400 6.25 33.45 2.00 1.55 0.25 0.80 -0.0135 -0.0024

Note: bris the width of beam flange; #is the thickness of beam flange; 4., is the net height of beam web; #,, is the thickness of beam web; 4, is the beam sectional

height; F,ris the yield strength of beam flange; E; is the steel elastic modulus.
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6.2 LOW-CYCLE FATIGUE SIMULATION

This section introduces a universal material model to simulate gradual failure due to low-cycle fatigue,

as well as calibrations on parameters of this model based on tests on beam-and-column subassemblages.

6.2.1 Material model

Gradual strength degradation due to low-cycle fatigue was simulated by the Fatigue model in OpenSees.
Figure 6.7 shows the fiber section for the quarter beams and the fatigue parameters to be calibrated.
From the shake-table tests and subassemblage tests on the 4-story specimen, which adopted welded
flange-welded web detail with no access hole, crack initiated at the edge of the beam flange near the
CJP groove weld, subsequently propagated through the flange, and finally entered the web. Therefore,
intercept gy of the Coffin-Manson relationship was assigned with a smaller value at the flange edge, as
€0, and a larger value by factor ny, at the middle of flange, with a parabolic transition (Okazaki et al.
[34]). Equation (6.1) describes the & of beam flange, with flange width normalized between [-1, 1]. At
the beam web, the same value as the middle of flange was assigned. Fiber discretization adopted the
pattern proposed by Okazaki et al. [34] to control the speed of failure propagation. Flange fibers were
discretized with a gradual variation: at the edge of beam flange, 8 fibers were discretized along the
flange thickness, and each fiber bunch had a width of 1/205;, where brdenoted the width of beam flange;
between the edge and middle of beam flange, 4 fibers were discretized along the thickness, and each
fiber bunch had a width of 2/205; at the middle of beam flange, 2 fibers were discretized along the
thickness, and each fiber bunch had a width of 3/205. Beam web was discretized into 20 fibers along
web height and 1 fiber along web thickness.

(22/by)"
€ = (1 - nsh)so,eﬁ t+ Ngp€oe, — 1< ZZ/bf =1 (6.1)
(-3

In the above equation, z denotes the local z coordinate.
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Figure 6.7 Fiber section and distribution of gy

6.2.2 Tests and numerical models for calibration on Fatigue model

The selected tests for calibration on Fatigue model included tests on beam-and-column subassemblages
extracted from a 1:2.5-scaled, 4-story steel MRF specimen. Numerical models for calibration adopted
the same modeling scheme reported in Section 6.1.2. It should be noted that the beam local buckling
general happens before fracture, and thus Hysteretic model was wrapped with the Fatigue model in

OpenSees, with the Hysteretic model calibrated.
6.2.3 Calibration results of Fatigue model

Calibrations on the intercept of Coffin-Manson relationship at flange edge, €., and the amplification
factor, ns, were conducted by adjusting their values to match measured gradual strength degradation

and observed crack propagation from beam-and-column subassemblage tests.

6.2.3.1 Beam-and-column subassemblage of 4-story specimen

Table 6.5 shows the combination of &y and ng, for calibration, where g was varied from 0.18 to 0.28

with increment of 0.02, and ny, from 1.5 to 3.0 with increment of 0.5.

124



Chapter 6 LOCAL BUCKLING AND LOW-CYCLE FATIGUE SIMULATION

Table 6.5 Parameter matrix for factors (o, #1)

Nsh
1.5 2.0 2.5 3.0
€0,e
0.18 (0.18, 1.5) (0.18, 2.0) (0.18, 2.5) (0.18, 3.0)
0.20 (0.20, 1.5) (0.20, 2.0) (0.20, 2.5) (0.20, 3.0)
0.22 (0.22, 1.5) (0.22,2.0) (0.22,2.5) (0.22, 3.0)
0.24 (0.24, 1.5) (0.24,2.0) (0.24,2.5) (0.24, 3.0)
0.26 (0.26, 1.5) (0.26, 2.0) (0.26, 2.5) (0.26, 3.0)
0.28 (0.28, 1.5) (0.28, 2.0) (0.28, 2.5) (0.28, 3.0)

Figure 6.8 compares the experimental and simulated beam-end responses where the latter adopted the
final parameters (o, ns1) of (0.28, 2.0), (0.24, 2.0), and (0.20, 2.0) for Specimens T1, T2 and T3. The
simulation traced the measured degradation when the flange with prominent crack was in tension. Figure
6.9 to Figure 6.11 compare the crack propagation in the beam flange observed from test against stress
diagram obtained from simulation for Specimens T1 to T3, respectively. Stages when crack in the test
propagated to 25%, 50%, 75% and 100% of the flange width are marked by A, B, C and D in Figure 6.8.
Because the intercept gy was enforced symmetric distribution with respect to the minor axis of the beam
section, simulation traced cracks occurring and extending simultaneously from the outer edges of the
beam flange. Otherwise, the initiation and propagation of the simulated crack nicely matched the
experimental observation. It should be noted that Specimen T1 did not fracture at the end of the test, and
beam-end rotation was lost after 0.1 rad. Thus, (goe, #s:) of Specimen T1 was calibrated to match the

crack propagated to 25% flange width and the width of crack observed at the end of the test.
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Figure 6.8 Calibration on gy and ng, of 4-story subassemblage:
(a) T1; (b) T2; (c) T3-right beam.
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Figure 6.9 Comparison on failure propagation on Specimen T1:
(a) Point A; (b) Point B.
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Figure 6.11 Comparison on failure propagation on Specimen T3:
(a) Point A; (b) Point B; (¢) Point C; (d) Point D.

6.2.4 Summary of Fatigue model

Table 6.6 summarizes the calibrated parameters for Fatigue model for the selected tests.
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Table 6.6 Summary of calibrated parameters of Fatigue model

No. Reference Specimen Beam section Steel grade b2t I/t hy/by Fy/Es €0, Pgh
1 Somarriba (2023) Tl H-198x99%4.5x7 SS400 7.07 40.89 2.00 1.54 0.28 2.0
2 Somarriba (2023) T2 H-200x100%5.5x8 SS400 6.25 33.45 2.00 1.55 0.24 2.0
3 Somarriba (2023) T3 H-200x100%5.5x8 SS400 6.25 33.45 2.00 1.55 0.20 2.0

Note: bris the width of beam flange; #is the thickness of beam flange; 4., is the net height of beam web; #,, is the thickness of beam web; 4, is the beam sectional

height; F,ris the yield strength of beam flange; E; is the steel elastic modulus.
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6.3 SUMMARY OF CHAPTER 6

Hysteresis model and Fatigue model built in OpenSees were combined together to simulate beam local
buckling and low-cycle fatigue. The material models and the related parameters were introduced, and
followed by the calibration with cyclic loading tests on beam-and-column subassemblages extracted

from the 4-story specimen. Some key findings of this chapter are summarized as followed:

(1) The Hysteretic model was successfully calibrated to capture the gradual strength degradation caused
by local buckling of beam flanges. The calibrated results based on the beam-and-column
subassemblages were closed, and thus calibration on more samples and experiments are needed to

develop a boarder range for parameter selection;

(2) Low-cycle fatigue properties were distributed over the fiber sections of quarter beams to
successfully capture crack initiation and propagation observed in the beam flange welds. More
calibrations are warranted to investigate the relationship between fatigue parameters and beam

configurations.
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7. TIME HISTORY ANALYSIS AND DAMAGE EFFECT ON
STRUCTURAL RESPONSE

Chapter 6 has introduced the material models to simulate beam local buckling and low-cycle fatigue and
provided calibration results for the involved parameters. These material models and calibrated
parameters should be introduced to a building model to furtherly study the effect of damage on structural
response. Chapter 7 will introduce time history analysis on structures subjected to large earthquake
excitations. Simulation on a 4-story MRF will be introduced, and then followed by the comparison
between simulated and measured responses. Finally, effect of beam failure on structural response will

be discussed.
7.1 NUMERICAL MODEL OF 1:2.5-SCALED 4-STORY SPECIMEN

This section introduces the numerical simulation on a 1:2.5-scaled, 4-story specimen tested in Tsukuba
shake-table facility in 2021. Overview of the specimen is introduced, followed by modeling scheme for
the specimen. Finally, simulated responses are compared against measured responses, and limitations of

the proposed model are discussed.
7.1.1 Overview of 1:2.5-scaled 4-story specimen

Figure 7.1 shows the elevation and floor plan of the 4-story specimen. The specimen was subjected to
unidirectional earthquake excitation in the X-direction. In this direction, the specimen comprises a MRF
in the middle and two gravity frames at two sides. Table 7.1 shows the beams and columns schedule of
the MRF. In the MRF, columns adopted 125%125 square-HSS section with thickness of 12 or 9 mm, and
beams adopted I-section with height around 200 mm and width around 100 mm. In the gravity frames,
all columns adopted I-section with 100-mm height and 100-mm width, and all beams adopted I-section
with 200-mm height. Table 7.2 shows the steel grades and mechanical properties of the columns and

beams.

In the MREF, all beam-to-column connections adopted welded flange-welded web detail with no weld
access hole. Each 1st-story column of the MRF was welded to a protruding plate and then fixed to the
foundation beam by bolt connection. In the gravity frames, beam webs were connected to columns by
bolts and slot holes to achieve simply support condition. Each 1st-story column of the gravity frames
was connected to a pin fixed on the foundation beam. Between the MRF and gravity frames, H-
200x100%5.5%8 beams and turnbuckles were adopted to realize rigid floor diaphragms. V-braces, which
made by two struct connected together, were set at the 1st and 2nd stories to prevent total collapse in

case the deformation was over expected.
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Figure 7.1 Four-story specimen [unit: mm]: (a) Elevation; (b) Floor plan.

Table 7.1 Beams and columns schedule for moment-resisting frame

Floor Beams Middle column Side columns
S5F H-198%x99%x4 .5%x7 0-125%x125%12 0-125%x125%9
4F H-198%x99%x4 .5%x7 0-125%x125%12 0-125%x125%9
3F H-200x100%5.5x8 0-125x125%12 0-125x125x%12
2F H-200x100x5.5%8 0-125x125%12 0-125x125x%12
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Table 7.2 Mechanical properties of columns and beams of 4-story specimen (ref: Martin’s STESSA)

Yield strength Tensile strength Elongation
Component Steel grade
[N/mm?] [N/mm?] [%]
[J-125%125x%12 441 484 32
STKR400
[J-125%125%9 406 443 37
H-100x100%6%8 SS400 336" 461" 29°
H-198x99%4.5x7, flange 315 435 34
H-198x99%4.5x7, web 380 473 27
SS400
H-200x100%5.5%8, flange 317 447 38
H-200%100%5.5%8, flange 349 463 35

* From mill test report

Table 7.3 shows the test list of the specimen. The specimen was subjected to white-noise and JMA Kobe-
NS excitations scaled between 10% to 100%. The 100% motions were conducted 4 times, which are
named 100%-1 to 100%-4 hereafter, to trigger beam fracture and achieve substantial deformation. Figure
7.2(a) shows the time history of the 100%-1 motion measured at the top of foundation beam, and Figure
7.2 (b) shows the pseudo-acceleration-response of the target and measured 100%-1 motion. The
measured motions agreed with the target near the design fundamental vibration periods, but were

somewhat larger than the target over periods shorter than 0.5 s.

Table 7.3 Test list of 4-story specimen

Peak ground acceleration

Test No. Motion

[m/s?]
1 White-noise /
2 JMA Kobe-NS 10% 0.82
3 White-noise /
4 JMA Kobe-NS 25% 2.05
5 White-noise /
6 JMA Kobe-NS 50% 4.09
7 White-noise /
8 White-noise /
9 JMA Kobe-NS 100%-1
10 JMA Kobe-NS 100%-2
11 JMA Kobe-NS 100%-3 S18
12 JMA Kobe-NS 100%-4
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Figure 7.2 Input motion to 4-story specimen: (a) JMA Kobe-NS 100%-1;
(b) Pseudo acceleration spectrum with 5% damping ratio.

7.1.2 Modeling scheme

The 4-story specimen was simulated by 2-D analysis using OpenSees platform, expanding the modeling

scheme reported by Okazaki et al. [34].

Figure 7.3 shows the numerical model of the 4-story specimen. The numerical model comprised a MRF
and gravity frame. In the MRF, beams adopted the same modeling scheme reported in the local buckling
and low-cycle fatigue simulation in Chapter 6: each beam was divided into three segments at two quarter
points, of which the two outer segments were simulated by a force-based beam-column element with 4-
point Gauss-Lobatto integration, and the middle segment by an elastic beam-column element. Fiber
discretization for beam fiber sections adopted the same pattern shown in Figure 6.9. For beams of the
2nd and 3th floors, parameters controlling the local buckling and low-cycle fatigue were averaged from
those calibrated by Specimens T2 and T3 shown in Tables 6.4 and 6.6, and parameters for 4th and Sth
floors adopted the results calibrated by Specimen T1. Each column of the MRF was modeled by a force-

based beam-column element with 5-point Gauss-Lobatto integration. Panel zones were simulated by the
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model proposed by Gupta and Krawinkler [13], which has been introduced in Chapter 5.

Two gravity frames of the specimen were consolidated into one numerical gravity frame. Each
continuous column of the gravity frame was modeled by 4 force-based elements connecting in series,
and each force-based element applied 5-point Gauss-Lobatto integration. Flange width and web
thickness of the fiber sections introduced to these columns were doubled to realize simulating two
physical columns by one numerical column. Each beam of the gravity frame was modeled by elastic
beam-column elements separated at two quarter points and pinned to the continuous columns. Moment
of inertia and area of these beams were also doubled. Each pair of quarter nodes of the MRF and gravity

frame was constrained in the horizontal degree of freedom to simulate rigid floor diaphragms.

Gravity load of each floor was assigned to beam quarter nodes of the MRF and gravity frame according
to tributary area. Nodal masses were evenly distributed to the quarter nodes of the MRF in the horizontal
degree of freedom. Uniaxial material properties were assigned to fiber sections of force-based elements.
The columns adopted the Giuffre-Menegotto-Pinto model (Steel02 model in OpenSees). Yield strength
applied in Steel02 model are shown in Table 7.2. Other parameters of Steel/()2 model were calibrated
from cyclic coupon tests: kinematic hardening ratio » was 0.0035; parameters for isotropic hardening
a1, az, az and a4 were 0.045, 1.0, 0.045 and 1.0, respectively; parameters controlling cyclic behavior Ry,

R1, and .R> were 20, 0.92 and (.15, respectively.
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Figure 7.3 Numerical model of 4-story specimen [unit: mm]
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7.2 SIMULATION RESULTS

7.2.1 Eigen value analysis

Table 5.6 shows the comparison of measured and simulated natural periods, of which the later was
computed by eigen value analysis. The simulated period overestimated the measured period of the 1st
mode by 9.6% but agreed with the measured periods of the 2nd to 4th modes. Figure 5.13 shows the
modal shapes by eigen value analysis, where component bending was not showed because nodes were

linked by straight lines only. The simulated modal shaped agreed with the typical first four modes of

MREF.

Table 7.4 Comparison of measured and simulated natural periods

Measured Simulated
Mode
[s] [s]
Ist 0.52 0.57
2nd 0.17 0.17
3rd 0.10 0.08
4th 0.07 0.05

T
\\//

\
\
/
/

[
N
/
\

A/ N/
A R

Figure 7.4 Simulated modal shapes: (a) 1st mode; (b) 2nd mode; (c) 3rd mode; (d) 4th mode.

7.2.2 Time history analysis

7.2.2.1 Analysis scheme

In time history analysis, damping was simulated by Rayleigh model with a critical damping ratio of 0.02
at the 1st and 4th characteristic frequencies. Average acceleration scheme with time increment of 0.005

s was employed for integration over time. Figure 7.5 shows the input acceleration for time history
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analysis. The analysis was conducted continuously under 10%, 25%, 50% and 100% JMA Kobe-NS
motions measured at the top of foundation beam, each lasting 45 s. The 100% motion was conducted 4

times. Between the adjacent motions, a 55-s rest was adopted eliminate free vibration.

10
8 g 55 [s] 100%-1  100%-2  100%-3  100%-4
g 6
— 4
S 2
= 0
I -2
S -4
& -6
= -8
2 -10
- 0 100 200 300 400 500 600 700
Time [s]

Figure 7.5 Acceleration input to 4-story model

7.2.2.2 Results of global responses

Figure 5.22 compares the simulated and measured maximum floor acceleration, maximum story drift
ratios, and maximum story shear for the 50%, 100%-1, 100%-3 and 100%-4 motions. For the 50%
motion, the simulation closely agreed with the experiment. Between the 100%-1 and 100%-4 motions,
the experiment exhibited notable reduction in floor acceleration at the 2nd and 3rd floors, but the
simulation did not show such large reduction. The simulated story drift ratios agreed with the
experimental until the 50% motion, but underestimated the experimental values for the 100% motions.
There are two potential reasons that resulted to smaller simulated deformations: firstly, rotations were
observed at the column base plates of the MRF during the 100% motions in the tests, while the
simulation adopted ideal rigid constrains to the column bases, which led to a higher stiffness at the 1st
story columns (Column inflection points will be discussed later); secondly, the exterior left and right
beam ends of the 2nd floor fractured in the test during the 100%-3 and 100%-4 motions, while the
numerical model showed fracture at the exterior right beam end only. Story shear of each story was
computed by adding up the inertia of upper floors. The simulated story shear underestimated the
experimental for the 100% motions. The simulated base shears were 89.3% and 94.3% of the measured

values for the 100%-1 and 100%-4 motions.
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Figure 7.6 Experimental versus simulated maximum responses:
(a) Maximum floor acceleration; (b) Maximum story-drift ratio; (c) Maximum shear force.

Figure 7.7 shows simulated and measured story drift ratio versus story shear for the 50%, 100%-1 and
100%-4 motions, where the elastic stiffness of each story was estimated by matrix analysis and the
plastic story shear of each story was determined by plastic analysis based on yield strengths measured
from coupon tests. During the 50% motion, the simulated story drift ratio and story shear at each story
agreed with the measured values, and the simulate elastic stiffness agreed with the expected value.
During the 100%-1 motion, the simulation showed smaller plastic deformation and smaller story shear
than the experiment. During the 100%-4 motion, the simulated story drift ratio was relatively smaller
than the experiment at the 1st to 3rd stories. As discussed later, the ideal fix of column bases and less

beam failed in the numerical model might result to the discrepancy of story drift ratio.
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Figure 7.7 Comparison of story shear and story drift ratio

7.2.2.3 Column inflection point

0

To make description concise, components including columns, beams and panel zones were named by

abbreviations with numbers, as shown in Figure 7.8. The components will be represented by their

numbering hereafter.
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Figure 7.8 Numbering for columns, beams and panel zones

Figure 7.9 shows the column inflection points for the 10% to 100%-1 motions. The inflection points
were averaged over the time when both the bending moments at the column top and bottom sections
(surfaces of through diaphragm plates) were larger than 30% of their maximum values. The column
inflection points were furtherly normalized by net column heights. For the columns of the 1st story
(Columns C1, C5 and C9), the simulated averaged column inflection points were 10~12% higher than
the experiment, presumably because the model rigidly fixed the column bases to the ground. For the
columns of the 2nd story (Columns C2, C6 and C10), the simulated inflection points precisely agreed

with the experiment, which implied that the rigid constrains at column bases did not affect the 2nd story

as much.
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Figure 7.9 Comparison of column inflection point
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7.2.2.4 Component responses and plasticity distribution

Figure 7.10 shows the simulated and experimental beams and panel zone responses of the 2nd floor for
the 100%-1 and 100%-4 motions, where the positive bending moment denoted the bottom flange in
tension, and the simulated beam-end rotation was computed by integrating the curvature over the

instrument gauge length (500 mm from column surface).

During the 100%-1 motion, the simulated beam elastic stiffness agreed with the experiment, while the
simulated beam plastic deformations and bending moments were relatively smaller than the experiment.
The panel-zone elastic stiffness was consistent with the experiment, while the plastic deformation was

somewhat larger than the measured value.

During the 100%-4 motion, the simulated right beam end of B5 fractured at the bottom flange (as
discussed later) and maintained small bending moment at both positive and negative sides. The bottom
flange of the same beam also fractured in the test, while the bending moment still showed relatively
large value at negative side. The simulated left beam end of B1 did not show strength degradation due
to local buckling or low-cycle fatigue, while the same beam end fractured in the test. The simulated
panel zone shear and deformation agreed with the experiment, but the simulated residual deformation

was larger.

Figure 7.11 illustrates the simulated plasticity of components against the experiment, where the plasticity
was judged at the moments when the 2nd story exhibited the largest deformation. For the 50% motion,
the numerical model showed plastic hinges at the 2nd to 4th floors beams and column bases, which
agreed with the plastic hinges observed in the test. For the 100%-1 motions, similar plasticity
distribution was seen between the simulation and experiment: almost all the beams reached fully
plasticity, and interior panel zones and column yielded. For the 100%-4 motion, the exterior left and
right beam ends of the 2nd floor failed in the test, while only the right beam at the same location failed

in the simulation.
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Figure 7.10 Comparison of beam and panel zone responses:

(a) 100%-1, Bl-left; (b) 100%-1, B1-right; (c) 100%-1, PZ1; (d) 100%-1, BS-left; (¢) 100%-1, B5-right;
(f) 100%-4, Bl-left; (g) 100%-4, B1-right; (h) 100%-4, PZ1; (i) 100%-4, B5-left; (j) 100%-4, B5-right.
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Figure 7.11 Comparison of plasticity distribution:
(a) 50% motion, simulation; (b) 50% motion, experiment;
(c) 100%-1 motion, simulation; (d) 100%-1 motion, experiment;
(e) 100%-4 motion, simulation; (f) 100%-4 motion, experiment.

7.2.2.5 Failure of beam section

During the 100%-2 motion, only few fibers at the edge of bottom flange of the right beam end of B5

failed, while substantial fiber failure happened during the 100%-3 motion. Figure 7.12 shows the

responses of this section during the 100%-3 motion, where Figure (a) shows the bending moment and
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rotation of the right end section, Figures (b) and (c) shows the time history of damage index for the
upper and lower flanges, respectively and Figures (d) to (g) shows the stress diagrams for the same
section sampled at some chosen points. All fibers of the upper flange remained intact, but all fibers of
the bottom flange failed during this motion. Fiber failure mainly happened at two situation: (a) After
subjected larger compression strain, fiber failed during the unloading and reloading, such as Point A; (b)
Fiber failed under continuous tension loading, such as Point B. At these points, damage was accumulated
and damage index showed a sudden increase. For the bottom flange, at Point B, the simulated fiber
failure symmetrically propagated to 25% of flange width, b, at each side. The bending moment at Point
B dropped to 75% of the plastic strength, M,, and the neutral axis moved upwards to 30% of web height,
h.. At Point C, the simulated fiber failure propagated to 35% brat each side, and the neutral axis moved
to 40% of h,,. At the same loading cycle after Point C, all fibers of bottom flange failed, and the bending
moment dropped to 44%M,,; at Point D. After the bottom flange totally failed, the elastic stiffness

reduced obviously.

Figure 7.13 shows the simulated responses of the other exterior beam end, the left beam end of B1. As
shown in Figure 7.13(b) and (c), all the fibers at outmost surface of the upper and lower flanges showed
damage indexes below 1.0, which meaned that the left beam end of B1 remained intact during the 100%-

3 motion.

Figure 7.14 shows the simulated response of the right beam end of B5 during the 100%-4 motion. The
fiber failure entered the beam web and finally ended at 35% of 4,,. The simulated bending moment was
relatively small due to the total failure of bottom flange. In the test, the bottom flange of this beam also
fractured totally, and the crack ended at the beam web. The measured bending moment at negative side
(bottom flange in compression) still maintained a considerable value, presumably because the crack
closed, and the contact between the separated parts offered compression. However, the simulated
bending moment was small at both sides, because the fiber model did not offer any tension or

compression after it failed.

Figure 7.15 shows the simulated response of the left beam end of B1 during the 100%-4 motion. This
beam end fractured in the test but still remained intact in the simulation. Further study to find out the

reason why this beam model was not damaged is warranted.
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Figure 7.12 Responses of the right beam end of B5 during 100%-3 motion:
(a) Bending moment vs rotation; (b) damage index of upper flange; (¢) damage index of bottom
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Figure 7.13 Responses of the left beam end of B1 during 100%-3 motion:
(a) Bending moment vs rotation; (b) damage index of upper flange; (¢) damage index of bottom
flange; (d) Stress at Point A; (e) Stress at Point B; (f) Stress at Point C; (g) Stress at Point D.
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Figure 7.14 Responses of the right beam end of B5 during 100%-4 motion:
(a) Bending moment vs rotation; (b) Stress at Point E; (c) Stress at Point F;
(d) Stress at Point G; (e) Stress at Point H.
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Figure 7.15 Responses of the left beam end of B1 during 100%-4 motion:
(a) Bending moment vs rotation; (b) Stress at Point E; (c) Stress at Point F;
(d) Stress at Point G; (e) Stress at Point H.

7.2.2.6 Effect of damage on structural response

Figure 7.16 shows the bending moment diagrams of Beam B5 and its connecting columns, which were
sampled at Point C and D during the 100%-3 motion. The failed fiber occupied 70%b at Point C, and
the flange totally failed during the same cycle at Point D. Compared the bending moment diagrams at
Point C and D, the bending moment at the beam end with fracture reduced 23%, and the bending
moments of the column ends connecting with the fractured beam also decreased. The column inflection
points of the right upper and lower column approached the panel zone, showing a tendency that two
columns became into a long column. For the left side where the beam remained intact, the bending
moments of beams and columns kept increasing, and the column inflection points were not affected as

much.
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Figure 7.16 Change of bending moment diagram after beam flange fractured:
(a) Beam-end bending moment and rotation of BS left section; (b) Beam-end bending moment and
rotation of B5 right section; (c)

7.3 SUMMARY OF CHAPTER 7

Numerical model to simulate shake-table tests on the 4-story specimen was proposed. Comparisons
between simulated and measured responses showed that the proposed model reasonably reproduced the

experimental responses. Some key findings of this chapter are summarized as followed:

(1) The ideal fix constrain at column bases resulted to a higher column inflection point in the simulation,
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“4)

and consequently led to a smaller story deformation than the experiment before strength degradation

was found;

Even though the numerical model underestimated the story deformation, the simulated plasticity

distribution agreed with the pattern observed in the test, showing a multi-story failure mechanism;

With calibrated parameters for local buckling and low-cycle fatigue, the model reproduced fracture
at beam end section at the same time with the experiment. The simulated story and component
deformations were smaller than the experiment, while the timing of simulate fracture was consistent
with the test, presumably because the parameter calibration did not consider beam axial force.

However, beam axial force in time history analysis might accelerate the damage accumulation;

The model exhibited that fracture at bottom flange resulted to considerable loss of beam-end
bending moment. Inflection points of the two columns connecting with the fractured beam got close

to the panel zone, showing that the two columns were “combined” into a long column.
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8. CONCLUSIONS

This dissertation presented numerical models in 2-D analysis to simulate steel MRFs, focusing on the
effects of panel-zone yielding, stiffening from brace connections, and beam local buckling and fracture.
Panel zone responses with actual construction details were measured from a nearly full-scaled, 10-story
steel MRF with BRB bracing, and the proposed numerical model considering panel-zone yielding and
stiffening from brace connections can reproduce the experimental results with acceptable precision.
Beam local buckling was simulated by uniaxial materials with strength degradation under compression,
and fracture was simulated by materials based on a linear cumulative damage rule. After calibration on
materials per component tests, the numerical modal of a 1:2.5-scaled, 4-story MRF can reasonably
simulate the responses measured from shake-table tests. Key observations and findings are summarized
into the following two sections: the former concludes the contents related to yielding of panel zone and
stiffening from brace connections, and the later concludes the contents related to beam local buckling

and fracture simulation.

8.1 PANEL ZONE YIELDING AND STIFFENING FROM BRACE CONNECTION

Interior columns, panel zones and connecting beams were measured from shake-table tests of a nearly
full-scale, 10-story steel MRF with BRBs. The interior columns, panel zones and the connecting BRBs
yielded under bidirectional dynamic loading, where the story drift ratio developed maximum value of
0.02 rad in both orthogonal directions. Responses measured from shake-table tests exhibited difficulties
in simulating the inelastic behaviour of panel zones with square-HSS section under realistic conditions:
interaction of bidirectional forces, stiffening due to a BRB gusset plate, presence of composite slab
among other factors. An attempt was made to express the force transfer mechanism and thereby the force
demand imposed in panel zones, to derive the strength interaction in square-HSS panel zones, and to

model square-HSS panel zones in structural frame analysis. Key findings are summarized below:

(1) The presented method based on equilibrium and plan section assumption on gusset plate-beam free-
body deduced reasonable shear forces of panel zones, which agreed with the measured shear force
and theoretical stiffness of the panel zone. Panel-zone shear forces at top, bottom, left and right

edges were in equilibrium, which furtherly verified the feasibility of the proposed duction method;

(2) Interaction due to bidirectional loading on panel zone yielding was studied using the plasticity model
by Arakida et al. [3]. When the panel zone developed significant deformation and shear force in one
direction, the shear strength in the orthogonal direction reduced substantially, which results to the

observed yielding plateau of panel zone under the shear strength predicted in unidirectional loading;

(3) Pushover analysis on the 10-story model successfully reproduced the expected strength proportion

of the 10-story specimen: weak column-strong beam of Frame C and strong column- weak beam of
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Frame D. Story drift ratio from pushover analysis revealed that the 10-story model developed
maximum deformation at lower stories, which was witnessed from other MRFs with critical

Japanese design;

(4) The simple modeling of panel zone represented stiffening due to bracing connections by a short
truss between the beam and column elements. After calibration from pushover analysis and selection
based on the measured panel-zone deformation, the model was able to capture elasto-plastic panel-

Zone responses.

8.2 BEAM LOCAL BUCKLING AND LOW-CYCLE FATIGUE

Modeling scheme of beams that captured local buckling and low-cycle fatigue was developed based on
uniaxial material and fiber-based beam-column element with force-based formulation. Parameters
controlling local buckling and low-cycle fatigue were calibrated by cyclic loading tests on beam-and-
column subassemblages. The proposed modeling scheme of beams was verified by simulation on a
1:2.5-scaled, 4-story MRF specimen subjected to repeated large earthquake excitations. The simulated
fiber failure reproduced the crack and fracture observed from shake-table tests. The primary outcomes

of this research are listed as followed:

(1) With calibrated parameters controlling the hysteresis and local buckling, the beam model
reproduced the cyclic behaviour and strength degradation observed from component tests before

fracture happened;

(2) Parameters controlling low-cycle fatigue were calibrated by tracing the measured strength
degradation due to fracture and observed crack propagation from component tests. The simulated
fiber failure agreed with the crack propagation in the test, and the simulated beam-end bending

moment corresponding to different failure flange width was consistent to the experiment;

(3) Modeling scheme of the 4-story model reflected the constrain between the MRF and gravity frames
of the specimen. Simulated column inflection points at the 1st story revealed that the model might
be stiffener than reality due to the ideal fix on the column bases, which resulted to a smaller

simulated story deformation than the experiment;

(4) Exterior right beam end at the 2nd floor of the model showed fiber failure initiated from the edge of
the bottom flange. The bottom flange totally failed after the 100%-3, and resulted to significant
decrease of beam-end bending moment and notable shift of neutral axis. Inflection points of the

columns connecting to the fractured beam ends approached to the panel zone after fracture happened.
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8.3 LIMITATIONS AND FUTURE WORK

There are some limitations and problems which have not been solved by this dissertation. Further study

is warranted to address the remaining limitations and problems shown in following:

(1) The plasticity analysis method proposed by Arakida et al. [3] was constructed based on panel zones
with identical panel heights in two orthogonal directions. However, different panel heights in two

directions may affect the shape of plastic boundary;

(2) The proposed panel zone model did not explicitly consider the effect of composite slab. This effect
was not obvious in the simulation in the Y-direction of the 10-story specimen, however, the
ignorance of slab resulted to underestimated panel-zone shear force in the simulation in the X-

direction;

(3) Parameters controlling local buckling and low-cycle fatigue were only calibrated by few
experiments. The calibrated results were closed, which were not general to other cases with different
beam section and beam-to-column connections. Furthermore, composite slab usually shifts the beam
neutral axis upwards, which accelerates the failure of bottom flange. Effect of composite slab should

be considered in the selection of parameters.
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APPENDIX A. PLASTIC ANALYSIS ON PANEL ZONE

Arakida et al. [3] proposed a theoretical method to get the interaction relationship between axial force
and shear force in arbitrary direction of panel zone. The interaction relationships were deduced for
panels in X- and Y-directions independently, based on a plane stress state cooperated with Mises yielding
function. Finally, the plastic shear in a specified direction was selected from the smaller ones deduced

from X- and Y-panel.

Figure A.1 shows a panel zone with identical panel height in X- and Y-directions. The panels parallel to
X-axis were named X-panel, and the panels parallel to Y-axis were named Y-panels. Figure A.2 indicates
the forces at a panel zone section and the stresses resulted from the shear force, axial force and bending
moment. The resulted stresses were assumed evenly distributed at each panel when the panel zone
developed fully plasticity. The total axial force N was decomposed into two components Ny and Ny
acting on X- and Y-panels, respectively. As expressed by Equation (A.1), the total axial force ratio n was
the summation of the axial force ratios of X- and Y-panels, ny and ny. The proportion between ny and ny
was changed when one of the X- and Y-panel reached its fully plastic boundary, and it was required that
neither ny nor ny is less than 0. M,.x and M,.y were the bending moments with respect to X- and Y-axis,
which were resulted from the shear forces in Y- and X-direction, respectively. M,.x was hypothesized to
be taken by two X-panels only, and M,.r by two Y-panels only. Two representative sections, the center
and edge sections of panel zone, were chosen to be studied. The center section was assumed as an
inflection point for two directions, and thus only axial force and shear force existed. The edge section

was subjected to axial force, shear force and bending moment simultaneously.

Center Edge
section Z T section
M, =0,y 12

Y-panel

Figure A.1 Panel zone with identical panel heights
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X-panels Y-panels

Figure A.2 Sectional forces and stress distribution in fully plasticity:
(a) shear force and stress; (b) axial force and normal stress; (c) bending moment and stress.

n

N _NX+Ny_1< Ny Ny >_nx+ny
2
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Figure A.3 (a) shows the forces of the center section in the fully plastic state. The plastic shear force of
center section in 0 direction was denoted as .V,6, of which the 8 represented the angle between .V},9 and
X-axis. V0 was deduced by X- and Y-panel independently, and the deduced plastic shear forces in 6
direction were denoted as .V,ox and .Vyey, respectively. Vo was the smaller of . V,ox and Vyoy. After Ve
was determined, it could be decomposed into the components of X- and Y-direction, named as .V,x and
Vpr, respectively. Figure A.3 (b) shows an element and its stress state of the X-panel. The normal stress
was resulted from the axial force component on X-panel Ny, and the shear stress was contributed by
resulted from the component of .V,ox in X-panel. The stress parallel to the thickness direction of panel
was ignored. Figure A.3 (c) shows a similar stress state established for Y-panel. As shown in Equation
(A.2) and (A.3), Mises yielding functions based on the axial force ratio and the normalized plastic shear

force were established for X- and Y-panel, respectively.

G6,(Ny) 6,(Ny)

( S Ty (Vo €0O6) 7 (¥ ey SINO)
v,

Vox \\\/ c’py
X &~ S Y = J
che = min {CVPQY. che].} T T
(a) (b) (©)

Figure A.3 Forces and stresses of center section:
(a) Sectional forces; (b) Stress of X-panel; (c) Stress of Y-panel.

oox _ 1 =1y (A2)

|4 cos
Voor _ y1-ny (A3)
V sin ©
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In the above equations, V), denotes the plastic shear force in single direction with zero axial force.

To determine the smaller plastic shear force from Equations (A.2) and (A.3), two situations with small
and large axial force ratio were discussed. Figure A.4 shows the diagrams of Equations (A.2) and (A.3)
with 0 of 30° to explain how the plastic shear force changed with respect to the axial force redistribution.
Figure A.4 (a) shows the case with a small axial force ratio #, the components of axial force ratio nx and
ny were identical within the fully plastic boundary of X-panel. When the shear force increased and
reached the X-boundary, the axial force of X-panel was transferred to Y-panel since the Y-panel had a
larger plastic margin. Finally, ny decreased to 0 and ny becomes twice of n. .Vex and V,oy could be
calculated by Equations (A.2) and (A.3). As defined above, .V, was taken as .V,ex. Figure A.4 (b) shows
the case with a large axial force ratio ». In this case, both the X- and Y-boundary were reached during
the axial force redistribution so that ny could not decrease to 0. Finally, .V,ex and .V,6y became identical.
The critical axial force ratio to distinguish these two situations for the center section was denoted as (7.
As shown in Equation (A.4), . is calculated by equaling Equations (A.2) and (A.3), and then
substituting ny and ny by 0 and 2.n,. The expression for .#; is shown in Equation (A.5), by solving

Equation (A.4).

X-panel X-panel

1.0 5 1.0 £
9 Y-panel S Y-panel
g g M
(] (]
3] 3]
<§ :§. n
i Ny [P SE R —
< < |
'é‘ 5 Ny |-

n ) --mmmmmmeet

ny=0 .
che = (Vpe.‘{ che)' pre = che.\' = (VpBY

(@) Plastic shear force (b) Plastic shear force

Figure A.4 Change of plastic shear force caused by axial force redistribution:
(a) Small axial force ratio n < .n;; (b) Large axial force ratio n > cn,,.

1 v1- (2cnp)? (A.4)

cos® sin O
V1 —tan20
iy = (A.5)

For the case with a large axial force ratio, ny is obtained by solving Equations (A.1), (A.2) and (A.3), as

shown in Equation (A.6). Substituting Equation (A.6) into (A.2), .V, could be determined.

_Zn—\/(tan26—1)2+4n2tan26 (A.6)
= 1—tan20
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Therefore, the interaction relationship between axial force and plastic shear force in 6 direction for center

section can be summarized as follows:

Ve 1
0<n< LR ©
<n<s .y 7, p— (A7)

o ZJn(—n + vn? sin? 26 + cos? 20)
- cos 20

|7

p (A.8)

C
My <n<l
P

Figure A.5 shows the forces of the edge section in the fully plastic state. The bending moments M,.x and
M,.y were determined by Equations (A.9) and (A.10), respectively. Figure A.5 (b) shows an element
with its stress state of the X-panel, and Equation (A.11) shows the corresponding Mises yielding function.
The plastic strain in X-direction was assumed to be fully constrained by the through diaphragm, and thus
the plastic strain increment Ag,x was 0. As shown in Figure A.6, the total plastic strain increment in XZ
plane was orthogonal to the yielding surface according to the orthogonal flow rule, and thus there was
only one point that satisfied the regulations. At this point, the normal stress in X-direction ox was half
of the normal stress in Z o, and thus the yielding function Equation (A.11) furtherly became Equation
(A.12). oz was contribute by the axial force component Ny and the bending moment M,.y. The normal

stress oz and shear stress tzy are shown in Equations (A.13) and (A.14), respectively.

6, (Ny. M) 6,(Ny. M, ;)
(Vo
Tze (Var) ‘/cy _ 0y Na T (Ver)
’ 2
7 N, =2
2
T = min {CVPQY. eVPQ}.} T T
() (b) ©
Figure A.5 Forces and stresses of edge section:
(a) Sectional forces; (b) Stress of X-panel; (c) Stress of Y-panel.
_ l
My,x = ¢Vposin® - 3 (A9)
l
Mpzy = eVpo cos® - = (A.10)

In the above equations, / denotes the panel zone height, the surface-to-surface distance between upper

and lower though diaphragms.

0% — 070x + 0% = fi¥ —3T5x = f,2 (A.11)
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3622 szz_l (A.12)
(z) (%) 5 |

NX Msz _ NX eVpeXl sin©

= = A.l
6z ZdCtC+d§tC 2d,.t, 2d2t, (A.13)
eVpox cos 0
== A.14
Tzx 2d.t, ( )
N
Eq. (A.11) £ Ae . =0

L)
%

Ox

Figure A.6 Yielding surface for edge section

Then, by substituting Equations (A.13) and (A.14) into (A.12), the plastic shear force in 0 direction of
the edge section deduced by the X-panel .V,0x was given as Equation (A.15). Similar equations can be

established for the Y-panel, and .V,6y is shown in Equation (A.16).

2
—@dicnx sin @ + \/% (dic) sin? 0 + (1 —%n)z() cos? 0

Vhox _ (A.15)
T 2
p %(di) sin20 + cos? 0
c
2
s B oros (-
Vpoy _ c c (A.16)
7 2
p %(di) c0s20 + sin% 0
c

Using similar deduction processes as the center section, the normalized shear force for edge section /o
could be determined by Equations (A.17) to (A.19). It should be noted that Eq. (A.19) is an implicit

equation of .V, which needs to be solved by numerical method.
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eVp9= 1
@0<ld<2amd0<n<ame P 1\ ; (A.17)
Z(d—c) sin? 0 + cos? 0
eVpG= 1
V
b) 2 <l/d. and 0 < n <.npy: P 2 A.18
®) " \/% (di) cos? @ + sin® @ ( )

©)empx<n<land.mpy<n<l:

! Vo 1 ( Vpe>2 ( Vpe>2
=— sin® + cos0)&——+—| [1 —[&—| sin20+ [1—[% cos20 A.19
NETR 'V, U vy V, (19

In the above equations, .n,x denotes critical axial force ratio of X-panel for edge section and .nyy the

critical axial force ratio of Y-panel for edge section.

For the case with a small axial force ratio, Equations (A.17) and (A.18) were obtained by assigning nx
and ny of Equations (A.15) and (A.16) as 0. The value of //d. with respect to 2 distinguished the smaller
<V between Equations (A.17) and (A.18). For the case with a large axial force ratio, ny and ny could be
solved by Equations (A.15) and (A.16), as expressed by Equations (A.20) and (A.21). The equation of
Ve, Equation (A.19), could be established by substituting Equations (A.20) and (A.21) to (A.1).

2
I Voo | 2 <eVpe>
Ny = — sin@+— |1 —(——] cos29 (A.20)
X V3d, Yy ﬁj v,
1V 2 Voo’
e'po eVpo .
ny = — cos@+— |1 —(——) sin%0 (A.21)
Y V3d, Y V3 < Yy >

The critical axial force ratios of X- and Y-panel for the edge section, .n1sx and .y, were determined by
equaling Equation (A.17) to (A.19), and (A.18) to (A.19), respectively. The expressions for .nxx and .npy
are shown in Equations (A.22) and (A.23), respectively.

2
—zdecos 0+ \/[(22) - 1] sin%0 + cos% 0

eNpx =
l 2
\/3 [<2dc) sin? 6 + cos? 6]

(A.22)
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I . L) 5 -
—2—dC51n6+\/[<2dc) —1]cos 0 + sin“ 0

eNpy =
l 2
\/3 [<2dc) cos? 0 + sin? 6]
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APPENDIX B. RESULTS OF COUPON TESTS AND MILL TESTS

Tensile coupon tests were conducted on the steel coupons with the same steel grades as the components

of the 10-story specimen. The tests were conducted according to JIS Z 2241-2011 [35]. Figure B.1 and

2 show the drawing of the column and beam coupons, respectively. For each type of column, 3 coupons

were sampled at 3 surfaces of the column section, respectively, excluding the surface with continuous

welding. For each type of beams, 3 coupons were sampled at flanges, and 3 coupons were sampled at

web. Table B.1 summarizes the results of coupon tests, and Figure ** to ** show the stress-strain curves.

Table B.1 Results of coupon tests

Thick-

Section

Yield

Tensile

Yield

Elong-

Section Name ness \[Yéigl area strength  strength ratio ation fra;::iurz
[mm] [mm? [N/mm?] [N/mm?] [%]  [%] O
ClA 16.06 40.02 642.9 422 488 86.3 22.9 A
o - 350x350x16 C1B 16.10 40.07 645.0 407 474 85.8 24.8 B
C1C 16.18 40.02 647.4 414 480 86.2 20.3 A
C2A 12.08 40.02 483.5 385 447 86.1 22.7 B
o - 350x350x12 C2B 12.08 40.01 483.5 383 447 85.6 25.6 A
c2C 12.17 40.11 488.0 375 436 85.9 30.6 A
C3A 8.96 40.04 3589 359 463 77.7 29.1 A
o - 350x350x9 C3B 8.98 39.99 3589 369 460 80.2 21.6 A
C3C 8.98 40.07 359.9 381 475 80.1 234 A
C4A 9.16 40.07 366.9 380 444 85.5 22.7 A
0 —250x250x9
C4B 9.14 40.05 365.9 387 445 86.9 21.6 A
C5A 5.98 25.09 150.1 393 460 85.5 38.6 A
o —250x250x6
C5B 5.99 25.11 150.4 388 455 85.3 38.9 A
BH- BIA 1211 3997  484.0 271 424 640  35.1 A
350x200x9x12
Flange B1B 12.04 39.98 481.4 279 428 65.1 35.1 A
BH- BIC 9.32 39.99 372.7 290 435 66.8 334 A
350x200x9x12
Web B1E 9.31 40.11 373.6 292 428 68.2 34.0 A
H-350x175x7x11 B2A 11.23 39.98 449.1 308 461 66.8 31.2 A
Flange B2B 11.46 40.02 458.7 306 458 66.8 30.3 A
H-350x175x7x11 B2C 7.09 39.99 283.3 366 480 76.2 29.1 A
Web B2E 7.12 40.23 286.6 361 478 75.6 30.3 A
H-244x175x7x11 B3A 10.94 40.02 437.7 312 443 70.4 33.7 A
Flange B3B 11.07 40.01 442.8 309 436 70.9 33.0 A
H-244x175x7x11 B3C 6.87 25.14 172.7 349 457 76.2 40.7 A
Web B3E 6.85 25.24 172.8 344 451 76.3 43.5 A
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Figure B.1 Drawing of column coupons
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Figure B.2 Drawing of beam coupons
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Figure B.3 Stress vs strain of coupon tests

Table B.1 summarizes the results of mill tests, which provided by E-Defense in 2024. The following

sheets show the copies of the mill test reports.

Table B.2 Results of mill tests

Steel Yielding  Ultimate Yield  Elongation

Component  Floor Section strength strength ratio ratio
grade  Nmm?] [Nmm? (%) [%]

C1,C2  1~4F 0-350x350x16  BCR295 377 488 772 39.4
C1,C2  5-TF 0-350x350x12 BCR295 361 464 777 40.0
CL,C2  8~10F 5-350x350x9 BCR295 326 428 76.1 39.8
C3 1~6F 5-250x250x9 BCR295 387 485 79.8 36.7
C3 7~10F 0-250x250x6 BCR295 356 457 77.9 37.6
e 2sE (BH3 B ox] 2 SN4OB 308 444 69.3 313
ey 2sE (BHS3 55}{42‘30)(9“2) SN400B 315 448 70.4 30.0
Gcﬁ O 6-RF  H350x175x7x11  SN40OB 326 446 73.1 30.8
G3 2-RF  H-244x175x7x11  SN400B 323 440 73.4 32.0
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Appendix C. CHANNEL LISTS OF 10-STORY SPECIMEN

APPENDIX C. CHANNEL LISTS OF 10-STORY SPECIMEN

Table C.1 shows the number of channels for Test 01~16, which included 56 channels for displacement
transducers and 144 channels for strain gauges. Tables C.2~5 show the channels of each data logger, and

Figures C.1~14 show the installation of each channel.

Table C.1 Number of channels for Test 01~16

#. of C.h / . # O.f # of Channel Data
Item Floor/Story | direction | direction member 4 loower Sum
or section | or section g8
Panel zone 4F 2 2 1 4
deformation 3F 2 2 1 4
Column end 38 4 2 1 8
rotation 1S 4 2 1 I
48 2 1 1 2
BRB DL1
deformation 35 2 ! 4 8 (on 3F) >0
1S 2 1 1 2
Column 3S 2 1 1 2
shortening 1S 5 1 1 )
3F 2 1 4 8
Beam end )
rotation 4F 2 1 4
6
Panel zone 4F 3 2 1 6
strain DL2
3F 3 2 1 6 (on 3F) 50
4F 2 2 4 16
Beam force
3F 2 2 4 16
4S (Col 20) 4 2 1 8
3S DL3
(Col 2C, 2D) 4 2 2 16 (outside) >0
Col f 38 2 2 10 20
olumn force
(10 Cols) 14
2S
(Col 2C, 2D) 4 2 2 16
1S (Col 2C) 4 2 1 8 DL4
(outside) >0
4S8 2 1 1 2
BRB force 3S 2 1 4 8
1S 2 1 1 2

# of total channels: 200 (# of transducers: 56; # of strain gauges: 144)

189



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

Table C.2 Channels of Data logger 1 for Test 01~16

Floor Transducer / Strain gauge Cable
Ch# Item S:’c:ry Location Discription Model No. ;ﬂ,; |EEZ?:I(F:|) Cable choice
1 4F PZ2C_S EW dir. BCX211003 75 10m A Z—/85
2 4F PZ 2C_N EW dir. BCX200010 75 10m A R—/¥5
3 4F PZ 2C_E NS dir. BCX211006 75 10m A R—/35
4 | Panelzone | 4 PZ2C_ W NS dir. TML: BCx211009 | 0002 75 10m # A—/3%
shear mm/
5 |deformation| 3F PZ2C_S EW dir. cDP-25MT | BCX200009 110 8.4 10m A A—/¥3
6 aF PZ 2C_N EW dir. BCX211008 8.4 10m A R—/¥5
7 aF PZ2C_E NS dir. BCX 180494 8.4 10m A Z—/85
8 aF PZ 2C_W NS dir. BCX180493 8.4 10m A A—/%5
9 38 Col. 2C_E upper BBC03549 66 10m A R—/¥5
10 3s Col. 2C_W upper 520536 6.6 10m A A—s%¥3
11 s Col. 2C_E lower 529731 6.6 10m A ZA—/55
12 35 | Col.2C_w lower 528504 66 10m A R—/¥5
13 3s Col.2C_S upper 526808 6.6 10m A A —/¥3
14 38 Col. 2C_N upper 529727 6.6 10m X A—:3Z
15 38 Col. 2C_3 lower 528503 66 10m A R—/¥5
16 |Column end| 38 Col. 2C_N lower TML: 526809 Omc:'r['lllz 6.6 10m # A—/35
17 | rotation | 4g Col. 2C_E upper CDP-25 520539 1Ao® 12.1 20m A Z—/%5
18 18 Col. 2C_W upper 529722 121 20m A A—sv3
19 18 Col. 2C_E lower BBC03790 12.1 20m A Z—/45
20 15 | col.2c_w lower 527621 12.1 20m A Z—/%5
21 18 Col. 2C_S upper 525945 121 20m A A—sv3
22 18 Col. 2C_N upper 527624 121 20m A A—/3F
23 15 Col.2C_S lower 529742 12.1 20m A Z—/%5
24 18 Col. 2C_N lower 525199 12.1 20m A R—s45
25 35 | Col.2C_NE - TML: BNE211004 Urh[:';? 50 10m A Z—/35
26 | coumn | 35 | col2c_sw - SDP-50ET 211005 1AD® 5.0 10m A Z—/85
27 | shortening [ 45 | col 2c_NE - ™L: 221069 Orh?rl? 13.3 20m A A—/5
28 15 | col.2c_sw - SDP-50CT 221069 1o’ 13.3 20m A X—s3F
29 45 BRB 2C lower BBD 153972 12.6 20m A Z—/%5
30 45 BRB 2C upper BBD09263 12.6 20m X A—s35
31 38 BRB 2C lower (no record) 71 10m A A —/¥35
32 3s BRB 2C upper (no record) 8.5 10m A A —/¥3
33 3s BRB 3C lower (no record) 3.2 5m AZX—sN7Z
34 | BrBaxal | 35 BRB 3C upper TML: (no record) Orh(:gf 45 10m A Z—/35
35 |deformation | 3g BRE 2B lower cDP-50 | BBD210241 | 4,10 1.0 20m A Z—/%5
36 38 BRE 2B upper (no record) 11.0 20m A A—sv3
37 3s BRB 3B lower (no record) 104 20m A A—/3F
38 38 BRB 3B upper (no record) 9.0 10m A A—74 A + 25 — 7L
39 18 BRE 2C lower 518868 1.9 20m A Z—/85
40 15 BRB 2C upper BBD153973 1.9 20m # A—3Z
41 4F | Beam C-12_W upper 525203 83 10m A A—74 A + 54 r — 7L
42 4F | Beam C-12_W lower 526919 8.3 10m A A —+ A +Zpir — 7L
43 4F |Beam C-23E_E|  upper 525948 83 10m AR—F R +Fgs—T L
4 4F |Beam C-23E_E lower 528661 8.3 10m AR—F R + L/ —7 L
45 B:;raﬂ“z:d 4F | Beam 2D N |  upper L 525963 Orh%’f 83 10m A R—F 2R + Tl —7 i
46 M 4F | Beam 2-CD_N lower CDP-25 526818 1Ao® 83 10m AA—FR + &8s —T i
47 4F | Beam 2-BC_S upper 522878 8.3 10m AR—F R + &{r—7 L
48 4F | Beam 2-BC_S lower 525959 83 10m AR—F R + F@T—T L
49 3F | Beam C-12_w upper 522857 8.9 10m ARA—FR +Z@45 —7 I
50 3F | Beam C-12_W lower 525201 8.9 10m ARA—F R + 344y —7 L
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Table C.3 Channels of Data logger 2 for Test 01~16

Floor Transducer / Strain gauge Cable
Ch# Item Stv:;rry Location Discription Model No. Tc-:ait"zr' IeF:]Z?:i(r:,l) Cable choice

a1 3F |Beam C-23E_E upper 520540 8.9 10m AR —Z4 R + &g sr—7I
52 3F [Beam C-23E_E lower 525200 89 10m AR —F4 R + g7y — I
53 Bfoat;:izzd 3F | Beam2-CD N | upper TML: 527623 On;‘ff 8.9 10m #Z—A4 R + s — I
54 ) 3F | Beam2-CD_N lower CDP-25 525198 13107 89 10m AR —ZF 2 + g7 —7 I
55 3F | Beam2-BC_S upper 523860 89 10m AR —#4Z + Zgr — I
56 3F | Beam2-BC_S lower 526816 8.9 10m AZ—#Z + Zasr —7I
57 4F PZ2C S upper - 6.5 10m (5G)

58 4F PZ2C_ 3 middle - 6.5 10m (SG)

59 4F PZ2C_S lower - 65 10m (SG)

60 4F PZ2C_W upper - 6.5 10m (5G)

61 4F | Pz2cw middle T™ML: - 6.5 10m (SG)

62 | panel zone 4F PZ2C W lower VEFRAB - 507 65 10m (SG)

63 strain 3F PZ2C_S upper -5-10 - 7.0 10m (5G)

64 3F PZ 2C_S middle LJBT-F - 7.0 10m (SG)

65 3F PZ2C_S lower - 7.0 10m (SG)

66 3F PZ2C_W upper - 7.0 10m (SG)

67 3F PZ2C W middle - 7.0 10m (SG)

68 3F PZ2C W lower - 7.0 10m (SG)

89 4F Beam C12_E top flange - 9.1 10m (SG), cut off 20m

70 4F | Beam C12_E | bot. flange - 9.1 10m (SG), cut off 20m

71 4F | Beam C12_W | top flange TML: - 7.7 10m (SG), cut off 20m

72 4F | BeamC12_W | bot. flange fLaB - 210 7.7 10m (SG), cut off 20m

73 4F | Beam C23E_E | top flange -5-11-30 - 74 10m {SG), cut off 20m

74 4F | BeamC23E_E| bot flange | LJCT-F - 74 10m (SG), cut off 20m

75 4F |Beam C23E_W| top flange - 8.1 10m (SG), cut off 20m

76 4F |Beam C23E_W/| bot. flange - 8.1 10m (SG), cut off 20m

77 4F | Beam 2CD_S | top flange T™L: - 8.7 10m (SG)

78 4F | Beam 2CD_S | bot. flange FLAB - 210 8.7 10m (SG)

79 4F | Beam2CD_N | top flange SQT? - 73 10m (5G)

80 4F | Beam 2CD_N | bot. flange - 7.3 10m (SG)

a1 4F | Beam 2BC_S | top flange TML: - 7.1 10m (SG), cut off 20m

82 4F | Beam2BC_S | bot. flange FLAB - 210 7.1 10m (SG), cut off 20m

83 4F | Beam 2BC_N | top flange _5-11-30 - 7.3 10m (5G), cut off 20m

| o force | 4F_| BeaM 2BCN | bot. flange LJCT-F - 73 10m (SG), cut off 20m

85 3F Beam C12_E top flange - 95 10m (SG)

86 3F Beam C12_E | bot. flange - 95 10m (SG)

87 3F | BeamC12_W | top flange - 8.1 10m (SG)

88 3F | Beam C12_W | bot. flange - 8.1 10m (SG)

89 3F | Beam C23E_E | top flange - 7.8 10m (SG)

a0 3F | Beam C23E_E | bot. flange - 7.8 10m (SG)

91 3F |Beam C23E_W| top flange TML: - 85 10m (SG)

a2 3F [Beam C23E_W/| bot. flange FLAR - 210 85 10m (SG)

93 3F | Beam 2CD_S | top flange -5-11-10 - 4.8 10m (SG)

o4 3F | Beam 2¢D_5 | bot. flange | LJCT-F - 48 10m (5G)

95 3F | Beam 2CD_N | top flange - 6.2 10m (SG)

96 3F | Beam 2CD_N | bot. flange - 6.2 10m (SG)

97 3F | Beam 2BC_S | top flange - 7.2 10m (SG)

98 3F | Beam 2BC_S | bot. flange - 7.2 10m (SG)

99 3F | Beam 2BC_N | top flange - 8.3 10m (SG)

100 3F | Beam 2BC_N | bot. flange - 83 10m (5G)

(SG): lead wire of strain gauge itself
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Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

Table C.4 Channels of Data logger 3 for Test 01~16

Floor Transducer / Strain gauge Cable
Ch# ftem Sforry Location Discription Model No. T(':ailtlsrl Iei:?:l(r:) Cable choice and bridge box

101 48 Col 2C_E upper - 199 +18 30m(SG) +B1 +30m(. T)
102 48 Col 2C_W upper - 19.9+18 30m(SG) +B1 +30m(, T)
103 48 Col 2C_E lower - 208 +18 30m(SG) +B1 +30m(, T)
104 438 Col 2C_W lower - 208 +18 30m(SG) +B1 + 30m(l, T)
105 48 Col 2C_8 upper - 210 199 +18 30m(SG) + B1 +30m(l, )
106 48 Col 2C_N upper - aé}ssl::d) 19.9+18 30m(SG) + B1 +30m(l, T)
107 48 Col 2C_S lower - 208 +18 30mM(SG) +B1 +30m(l, T)
108 43 Col 2C_N lower - 208 +18 30m(SG) + B1 + 30m(l, T)
109 3s Col1C_E upper - 202 +18 30m(SG) + B1 + 30mil, T)
10 as Col 1C_W upper - 202 +18 30m(SG) +B1 +30m(, T)
1M1 38 Col1C_E lower - 202 +18 30m(SG) +B1 +20m(l, T)
12 as Col 1C_W lower - 202 +18 30m(SG) +B1 +20m(l, )
13 s Col 1D_E upper - (l21;1boe 233 +18 30m(SG) +B1 +20m(.
14 as Col 1D_W upper - adjusted) | 23.3+18 30m(SG) +B1 +20m(, )
15 as Col 1D_E lower - 233+18 30m(SG) +B1 +20m(, )
116 38 Col 1D_W lower - 23.3+18 30m(SG) +B1 +20m({l, T)
1"7 s Col 2C_E upper - 275+8 30m(SG) + B2 + 15m(l, T)
18 s Col 2C_W upper - 275+8 30m(SG) + B2 + 15m(l, T)
19 as Col 2C_E lower - 275+8 30m(SG) + B2 +15m(l, T)
120 38 Col 2C_W lower - 02‘;1:8 275+8 30m(SG) + B2 + 15m(, T
121 as Col 2C_S upper - adjusted) | 275+8 30mM(SG) + B2 + 15m(l, T)
122 as Col 2C_N upper - 275+8 30mM(SG) + B2 + 15m(l, T)
123 3s Col 2C_S lower - 275+8 30M(SG)+E7 +15m(, T
124 as Col 2C_N lower TML: - 275+8 30mM(SG) + B2 + 15m(l, T)
125 Column 3s Col 2D_E upper - 210+18 30m(SG) +B1+20m(l,. T
126 | force () | ag Col 2D_W upper _5'?1"1«_20 - 210 +18 30m(SG) + B1 +20m(, T
127 as Col 2D_E lower LJCT-F - 210 +18 30m(SG) +B1 + 20m(, T
128 38 Col 2D_W lower - 2.10 210 +18 30m(SG) + B1 +20m(, )
129 s Col 2D_8 upper - aé}:s?:d) 210+18 30m(SG) + B1 +20m(l, T)
130 as Col 2D_N upper - 210+18 30mM(SG) +B1+20m(. T
131 as Col 2D_S lower - 210 +18 30m(SG) +B1 +20m(, T)
132 38 Col 2D_N lower - 21.0+18 30m(SG) +B1 +20m(l, T)
133 as Col 3A_E upper - 24.9 30m (SG)

134 as Col 3A_W upper - 24.9 30m (SG)

135 as Col 3A_E lower - 210 24.9 30m (SG)

136 as Col 3A_W lower - 249 30m (SG)

137 3s Col 3B_E upper - 219 30m (SG) +B4 +15m(l, T)
138 as Col 3B_W upper - 210 21.9 30m (SG) +B4 +15m(l, T
139 as Col 3B_E lower - aé}ssl::d) 219 30m (SG) +B4 +15m(l, T)
140 as Col 3B_W lower - 219 30m (SG) +B4 +15m(l, T)
141 3s Col 3C_E upper - 23.7+8 30M(SG) +E2 +15m(, T
142 3s Col 3C_W upper - 23.7+8 30M(SG)+E7 +15m(, T
143 s Col 3C_E lower - 23.7+8 30m(SG) + +15m(l, T)
144 as Col 3C_W lower - 2.10 237+8 30mM(SG) + B2 + 15m(, T
145 as Col 3D_E upper - aé}ssl::d) 268 +8 30mM(SG) + B2 + 156m(l, T)
146 as Col 3D_W upper - 268 +8 30mM(SG) + B2 + 15m(l, T)
147 s Col 3D _E lower - 268+8 30m(SG) + +15m(l, T)
148 3s Col 3D_W lower - 26.8+8 30M(SGY+E2 +15m(, T
149 as Col 4A_E upper - 29 30m (SG)_+ E_+ 3m(L T)
150 as Col 4A_W upper - 210 29 30m (SG) + B+ 3m{l, T)

B1~B4: bridge box 1~4
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(SG): lead wire of strain gauge itself

(I, T): extension lead wire of TML

(I, K): extension lead wire of Kyowa




Appendix C. CHANNEL LISTS OF 10-STORY SPECIMEN

Table C.5 Channels of Data logger 4 for Test 01~16

Floor Transducer / Strain gauge Cable

Ch# ftem Sgry Location Diseription Model No. :;iiis'; IeiZ?rl\Ji(rri) Cable choice and bridge box
151 38 Col 4A_E lower FLAB - 29 30m (SG)_+E_+3mil, T
152 35 | colaAa_w ower | a0 rerr - 210 29 30m (SG) + B+ 3mil. T)
153 s Col 4B_E upper - 24148 30m(SG) + B2 +15m(l, K)
154 3s Col 4B_W upper - 241+8 30m(SG) + +15m(l, K)
155 35 Col 4B_E lower - 24148 30m(8G) + B2 +15m(l, K)
156 33 Col 4B_W lower kyowa: - 24148 30M(SG) + B2 +15m(l, K)
157 s Col4C_E upper - 24.9+8 30m(SG) + B3 +15m(l, K)
158 38 Col 4C_W upper KFGS - 2.04 24.9+8 30m(SG) + B3 + 15m(l, K)

-5-120 (o be

159 s Col4C_E lower 111 - adjusted) | 24.9+8 30m(SG) + B3 +15m(l, K)
160 s Col 4C_W lower L30M3R - 24.9+48 30m(SG) + B3 +15m(, K)
161 3s Col4D_E upper - 194 +18 30m(SG) + B1 +20m(, K)
162 3s Col 4D_W upper - 194 +18 30m(SG) + B1 +20m(, K)
163 33 Col4D_E lower - 19.4 +18 30m(SG) + B1 +20m(, K)
164 s Col 4D_W lower - 194 +18 30m(SG) + B1 +20m(l, K)
165 25 Col 2C_E upper - 20348 30m(SG) + B3 + 15m(l, Ty
166 28 Col 2C_W upper - 203 +8 30m(SG) + B3 + 15m(l, T)
167 25 Col 2C_E lower - 20348 30m(SG) + B3 + 15m(l, Ty
168 23 Col 2C_W lower - 20348 30m(SG) + B3 + 15m(l, T)
169 Column 28 Col2C_S upper - 203 +8 30m(SG) + B3 + 15m(l, T)
170 | force (2) | 25 Col 2C_N upper - 203 +8 30m(SG) + B3 +15m(l. T)
171 23 Col 2C_3 lower - 20348 30m(SG) + B3 + 15m(, T)
172 25 Col2C_N lower - 2.10 203+8 30m(SG) + B3 + 15m(l, T)
173 28 Col2D_E upper - acg}::s?:d) 284 +8 30m(SG) + B3 +15m(l, T)
174 28 Col 2D_W upper - 284 +8 30m(SG) + B3 + 15m(l, T)
175 25 Col 2D_E lower TML: - 26448 30m(SG) + B3 + 15m(l, Ty
176 28 Col 2D_W lower ELAB - 284 +8 30m(SG) + B3 + 15m(l, T)
177 28 Col2D_S upper -5-11-30 - 284 +8 30m(SG) + B3 + 15m(l, T)
178 23 Col 2D_N upper LJCT-F - 28448 30m(SG) + B3 + 15m(, T)
179 28 Col2D_S lower - 284 +8 30m(SG) + B3 + 15m(l, T)
180 25 Col 2D_N lower - 28448 30m(SG) + B3 + 15m(l, T)
181 18 Col 2C_E upper - 28.9 30m (3G)
182 18 Col 2C_W upper - 289 30m (3G)
183 18 Col 2C_E lower - 28.9 30m (3G)
184 18 Col 2C_W lower - 28.9 30m (SG)
185 18 Col 2C_3 upper - 210 28.9 30m (3G)
186 18 Col 2C_N upper - 28.9 30m (3G)
187 18 Col 2C_S lower - 28.9 30m (3G)
188 15 Col 2C_N lower - 289 30m (SG)
189 4s BRB 2C vertical - 32+8 | 5m(SG)+30m(l, T)+B4+15m(l, T)
190 as BRB 2C horizontal - 2.09 32+8 | 5m(SGH30m(, T)+B4+15m(, T
191 s BRB 2C vertical - aé}ss?:d) 285+8 | 5m(SGH+30m(, T1+B4+15m(l, T)
192 s BRB 2C horizontal - 28548 | 5m(SGH+30m(, TI+B4+15m(l, T)
193 s BRB 3C verical TML: - 25346 | 5m(SG)H25m(, T)HB4A+15m(, T)
194 | BRB ayial | 3% BRB 3C herizontal FLK - (ﬁ;obge 25348 | 5m(SGH25m(, T)+B4+15m(, T)
195 force 35 BRB 2B vertical 2115 - adjusted) | 26.7+8 | 5m(SG)+25m(, T)+84+15m(, T)
196 38 BRE 2B horizontal LJcT - 26.7+8 | 5m(SGH+25m(, T+B4+15m(, T)
197 s ERE 3B verical - 272 5m (SG) + 30m(, Ty
198 s BRB 3B horizontal - (1260b9e 27.2 5m (SG) + 30m(, T)
199 18 BREB 2C vertical - adjusted) 276 5m (SG) + 30m(, Ty
200 18 BRB 2C horizontal - 2756 5m (SG) + 30m(l, T)

B1~B4: bridge box 1~4

193

(SG): lead wire of strain gauge itself

(I, T): extension lead wire of TML

(I K): extension lead wire of Kyowa
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Figure C.7 Channels for beam forces in the Y-direction [unit: mm]
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From Test 17, all BRBs of the 3rd story were removed, and thus channels for the corresponding
transducer and strain gauges were cancelled. New channels for panel-zone deformation and beam-end
rotation were added since Test 17. Table C.6 illustrates all the modifications on channels. Table C.7
summarizes the channels for Test 17~24, and Tables 8~11 show the channels of each data logger.

Table C.6 Channel modifications from Test 17

No. Cancelled channels New channels Renamed channels

BRB axial deformation: ~ Panel zone deformation: Day 1&2:ch 73,74 —

ch31~38 ch31~34 Day 3: ch 37, 38
) Beam force: Beam end rotation: /
ch 75,76 ch35~36
3 BRB axial force: Beam force: /
ch 191 ~ 198 ch73~76

Table C.7 Channel list for Test 17~24

#. of c.h / . # O.f # of Channel Data
Item Floor/Story | direction | direction Sum
. . member # logger
or section | or section
PZ 4F 2 2 1 4
deformation 3F 2 2 2 8
Column end 38 4 2 1 8
rotation 1S 4 2 1 8
BRB 4S8 2 1 1 2
deformation 1S 2 1 1 2 DLI
(on 3F) >0
Column 38 2 1 1 2 0
shortening 1S 2 1 1 2
4F
Beam force (ch 37, 38) 2 1 1 2
4F 2 1 4 8
Beam end 4
rotation 3F 2 1 5
6
P sirai 4F 3 2 1 6
strain DL2
3F 3 2 1 6 (on 3F) 50
4F 2 2 4 16
Beam force
3F 2 2 4 16
4S (col 20) 4 2 1 8
3S DL3
(Col 2C, 2D) 4 2 2 16 (outside) >0
Column f 38 2 2 10 26
olumn force (10 Cols) "
28
(COl 2C, 2D) 4 2 2 16 DL4
1S (Col 2C) 4 2 1 8 (outside) 42
4S8 2 1 1 2
BRB force
1S 2 1 1 2

# of total channels: 192 (# of transducers: 54; # of strain gauges: 138)
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Table C.8 Channels of Data logger 1 for Test 17~24

Floor Transducer / Strain gauge Cable
Ch# Item S;)Orry Location Discription Model No. f(;iilgr' IEEZ?':"(,-;) Cable choice
1 4F PZ 2C_S EW dir. BCX211003 75 10m # R —s35
2 4F PZ 2C_N EW dir. BCX200010 75 10m # 2 —s35
3 4F PZ 2C_E NS dir. BCX211006 75 10m A2 —r37
4 | panelzone | 4F | PZ2C W NS dir. TML: BCX211009 °n-1°l:f 75 10m 5 R—s35
5 deform. 3F PZ2C_S EWV dir. CDP-25MT | BCX200009 [ 440" 8.4 10m * 2 —s35
3 3F PZ 2C_N EW dir. BCX211008 64 10m £ A—s55
7 3F PZ2C_E NS dir. BCX160494 64 10m X A —r%
g IF PZ 2C_W NS dir. BCX180493 84 10m X A —r%
9 s Col.2C_E upper 6.6 10m A2 —/35
10 38 Col. 2C_W upper 6.6 10m XA —s37
1 as Col. 2C_E lower 6.6 10m X A —r%
12 s Col. 2C_W lower 6.6 10m A 2 —35
13 38 Col. 2C_S upper 6.6 10m 4 A —s37
14 3s Col. 2C_N upper 6.6 10m A A —vs37
15 s Col.2C_S lower 6.6 10m # A —s35
16 |cowmnend| 38 | cCol2¢ N lower ThL: Un-ﬁ:f 6.6 10m A A —7
17 | rofation | 4g Col. 2C_E upper CDP-25 1%10° 12.1 20m XA —/37
18 18 Col. 2C_W upper 1241 20m S A —s3F
19 18 Col. 2C_E lower 12.1 20m XA —/37
20 1S | col.2c W lower 121 20m XA —/37
21 18 Col.2C_S upper 1241 20m S A —s3F
22 18 Col. 2C_N upper 1241 20m A R —sv7
23 18 Col. 2C_S lower 121 20m XA —/37
24 18 Col. 2C_N lower 12.1 20m XA —ri3
25 38 | Col.2C_NE - ™L: Un;or:? 5.0 10m AR —s35
26 | coumn | 38 | col2c_sw - SDP-50ET 1x10° 5.0 10m A2 —r37
27 | sherten. | 15 | col.2C_NE - TML: 0.010 133 20m A R—r%5
28 15 | Col.2C_sw - SDP-50CT 1':::';5 133 20m AR —sF
29 | BRBaxial | 48 BRB 2C lower TML: 0.005 126 20m XA —/37
3g | deform. | 45 BRB 2C upper €DP-50 1,'?{3_’6 126 20m X A—r8F
31 3F PZ2D_S EW dir. BCX211001 54 10m £ A—s55
32 3F PZ 2D N EW dir. TML: 211002 0.002 54 10m A2 —ri%
mm/
33 Extemaljoint 3aF PZ2D_E NSdir. | CDP-25MT | 291004 1%10-6 54 10m X A —r%
34 IF PZ 2D_W NS dir. 211010 54 10m £ A—s55
35 3F | Beam 2-CD_S upper TML: 522677 0.002 5.7 10m A2 —ri%
38 3F | Beam 2-CD_S lower €DP-25 529728 1:11?6 5.7 0m # A —n~3
37 Beam force 4F | Beam C236-E upper 5FI1-??50 21
38 4F | Beam C23E-E lower LJCT-F
39 | BRBaxial | 15 BRB 2C lower TML: 0.005 11.9 20m ¥ A—s3F
4p | deform. | 4g BRB 2C upper CDP-50 1:‘1“3_’6 1.9 20m A7 —s33
41 4F | Beam C-12_W upper 8.3 10m X 2 —+ 2 +THasr — 70
42 4F | Beam C-12_W lowver 8.3 10m £ A—7F 2 +35Her — 2
43 4F | Beam C-23E_E upper 8.3 10m A X —F A +Ts -7
44 4F | Beam C-23E_E lower 8.3 10m AR—FR +FT|RT— T
45 | Beamend | 4F | Beam 2-CD_N upper ThIL: 0.002 8.3 10m AZ—FR +IRs — T
46 | rotation (1) | 4r | peam 2-cD_N lower CDP-25 1:‘1“3_’6 8.3 10m AR—FR +Z8y — 7L
47 4F | Beam 2-BC_S upper 8.3 10m AR—FR +FT|RT— T
48 4F | Beam 2-BC_S lower 8.3 10m A A—FZ +ZRs -7
49 3F | Beam C-12_W upper 8.9 10m AZA—ZF R +Zsiesr — 7L
50 3F | Beam C-12_W lower 8.9 10m AR—FR +FT|RT— T

202




Appendix C. CHANNEL LISTS OF 10-STORY SPECIMEN

Table C.9 Channels of Data logger 2 for Test 17~24

Floor Transducer / Strain gauge Cable
Ch# Item Sﬁ;'ry Location Discription Model No. gﬂ,gr. |;Z?:I{:1) Cable choice

51 3F |Beam C-23E_E upper 8.9 10m X A—7* A + 35—
52 3F |Beam C-23E_E lower 8.9 10m X A — 2 + 38T — b
53 | Beamend | 3F | Beam2-CO_N |  upper TML: Oﬁon?f 8.9 10m AR—F R +I5RT — T
54 | rotation2) | 3¢ | geam 2-cD_N lower CDP-25 1310 8.9 10m AR—F R +Z5BT — T
55 3F | Beam 2-BC_S upper 8.9 10m AR—F 2 + 345 — T )L
56 3F | Beam 2-BC_S lower 8.9 10m A A —F A +I5is — 'L
57 4F PZ2C_S upper - 6.5 10m (SG)

58 4F PZ2C_S middle - 6.5 10m (8G)

59 4F PZ2C_S lower - 6.5 10m (SG)

60 4F PZ 2C_W upper - 6.5 10m (SG)

61 4F PZ 2C_W middle TML: - 6.5 10m (SG)

62 | paneizane | 4F PZ 2C_W lower VEFRAB - . 6.5 10m (SG)

63 strain 3F PZ2C_S upper 5-10 - 7.0 10m (SG)

64 3F PZ 2C_S middle LJBT-F - 7.0 10m (SG)

65 3F PZ2C_S lower - 7.0 10m (SG)

66 3F PZ2C_W upper - 7.0 10m (SG)

67 3F PZ 2C_W middle - 7.0 10m (8G)

68 aF PZ 2C_W lower - 7.0 10m (SG)

69 4F Beam C12_E top flange - 9.1 10m (SG), cut off 20m

70 4F Beam C12_E bot. flange - 91 10m (SG), cut off 20m

71 4F | Beam C12_W top flange TML: - 7.7 10m (SG), cut off 20m

72 4F | Beam C12_W | botl. flange FLAB - 210 7.7 10m (8G), cut off 20m

73 4F Beam C23_E top flange -5-11-30 - 74 10m (SG), cut off 20m

74 4F | Beam C23_E | bot.flange LJCT-F - 74 10m (SG), cut off 20m

75 4F | Beam C23_W top flange - 8.1 10m (SG), cut off 20m

76 4F | Beam C23_W | bot.flange - 8.1 10m (SG), cut off 20m

77 4F Beam 2CD_S top flange ) - 8.7 10m (8G)

78 4F Beam 2CD_S bot. flange :ﬂLB - 210 8.7 10m (SG)

79 4F | Beam 2CD_N | top flange EJ1C1'I'1I-P - 7.3 10m (SG)

80 4F Beam 2CD_N bot. flange - 7.3 10m (SG)

81 4F Beam 2BC_S top flange ThL: - 71 10m (SG), cut off 20m

82 4F Beam 2BC_S bot. flange - 71 10m (SG), cut off 20m

83 4F | Beam 2BC_N | top flange _;I;:\_gg - 210 7.3 10m (SG), cut off 20m

84 | o e | 4F_| Beam 2BC.N | bot.flange LJCT-F - 73 10m (SG), cut off 20m

85 3F Beam C12_E top flange - 9.5 10m (8G)

86 3IF Beam C12_E bot. flange - 95 10m (8G)

87 3F | Beam C12_W top flange - 8.1 10m (8G)

88 3F | Beam C12_W | bot. flange - 8.1 10m (8G)

89 3F | Beam C23E_E | top flange - 7.8 10m (SG)

90 3F | Beam C23E_E | bot. flange - 7.8 10m (8G)

91 3F | Beam C23E_W | top flange T™ML: - 8.5 10m (SG)

92 3F | Beam C23E_W | bot. flange - 8.5 10m (SG)

FLAB 2.10

923 3F | Beam 2CD_S top flange -5-11-10 - 48 10m (SG)

94 3F | Beam 2CD_S | bot.flange LJCT-F - 48 10m (SG)

95 3F Beam 2CD_N top flange - 6.2 10m (8G)

96 3F Beam 2CD_N bot. flange - 6.2 10m (SG)

97 3F Beam 2BC_S top flange - 7.2 10m (8G)

98 3IF Beam 2BC_S bot. flange - 7.2 10m (8G)

99 3F Beam 2BC_N top flange - 8.3 10m (8G)

100 3IF Beam 2BC_N bot. flange - 8.3 10m (8G)

(SG): lead wire of strain gauge itself
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Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

Table C.10 Channels of Data logger 3 for Test 17~24

Floor Transducer / Strain gauge Cable
Ch# Item S?orry Location Discription Model No. ;ﬂlgil |ei3?:|{ri) Cable choice

101 45 Col 2C_E upper - 19.9 + 18 30m(SG) +B1 + 30m(l, T)
102 48 Col2C_W upper - 19.9 +18 3I0m({SG) + B1 + 30m(l, T)
103 43 Col 2C_E lower - 208 +18 30m(SG) +B1 + 30m(l, T)
104 43 Col 2C_W lower - 208 +18 30m(SG) + B1 + 30m(l, T)
105 4s Col 2C_S upper - 19.9+18 30m(SG) + B1 + 30m(l, T)
106 48 Col 2C_N upper - 210 19.9+18 3I0m({SG) + B1 + 30m(l, T)
107 48 col2C_S lower - 208 +18 30m(SG) + B1 +30m(, T)
108 43 Col 2C_N lower - 208 +18 30m(SG) +B1 + 30m(l, T)
109 38 Col1C_E upper - 202 +18 30m(SG) + B1 +30m(, T)
110 3s Col 1C_W upper - 202 +18 30m(SG) + B1 + 30m(l, T)
1M 38 Col1C_E lower - 202 +18 30m(SG) +B1 +20m(, T)
112 s Col 1C_W lower - 202 +18 30m(SG) +B1 +20m(l, T)
113 as Col 1D_E upper - 210 233 +18 30m(SG) +B1 +20m(l, T)
114 38 Col 1D_W upper - 233+18 30m(SG) +B1 +20m(, T)
115 3s Col 1D_E lower - 233 +18 30m(SG) +B1 +20m(l, T)
116 38 Col 1D_W lower - 233 +18 30m(SG) +B1 +20m(, T)
17 as Col 2C_E upper - 27548 30m(SG) +B2 + 16m(l, T)
118 38 Col 2C_W upper - 275+8 30mM(SG) + B2 +15m(. T)
119 3s Col 2C_E lower - 275+8 30m{SG) + +15mdl, T)
120 3s Col 2C_W lower - 27548 30M(SG) + B2 + 15m(, T)
121 3s Col 2C_S upper - 210 275+8 30m(SG) + B2 + 15m(l, T)
122 as Col 2C_ N upper - 27548 30m(SG) +B2 + 16m(l, T)
123 38 Col2C_S lower - 275+8 30mM(SG) + B2 +15m(. T)
124 as Col 2C_N lower TML: - 27548 30m(SG) +B2 + 15m(l, T)
125 | column | 3% Col 2D_E upper FLAB - 210 +18 30m(SG) +B1 +20m(l, T)
126 | force(l) | ag Col 2D_W upper 5-11-30 - 21.0+18 30m(SG) +B1 +20m(, T)
127 38 Col 2D_E lower LJCT-F - 21.0 +18 30m(SG) + B1 +20m(, T)
128 3s Col 2D_W lower - 210 21.0 +18 30m(SG) + B1 +20m(l, T)
129 3s Col 2D_S upper - 210 +18 30m(SG) +B1 +20m(l, T)
130 3S Col 2D_N upper - 21.0+18 30m(SG) +B1 +20m(, T)
131 3s Col 2D_S lower - 210 +18 30m(SG) + B1 + 20m(, T)
132 38 Col 2D_N lower - 21.0 +18 30m(SG) +B1 +20m(l, T)
133 38 Col3A_E upper - 24.9 30m (SG)

134 38 Col 3A_W upper - 210 24.9 30m (SG)

135 38 Col 3A_E lowver - 249 30m (SG)

136 38 Col 3A_W lower - 249 30m (SG)

137 3s Col3B_E upper - 21.9 30m (SG) +B4 +15m(l, T)
138 3s Col 3B_W upper - 219 30m (SG) +B4 + 15m(l, T)
139 3s Col3B_E lower - 210 21.9 30m (SG) +B4 +15m(l, T)
140 38 Col 3B_W lower - 21.9 30m (SG) +B4 + 15m(l, T)
141 3s Col 3C_E upper - 237+8 30m(SG) + B2 + 15m(l, T)
142 38 Col 3C_W upper - 23.7+8 30mM(SG) + B2 +15m(. T)
143 38 Col 3C_E lower - 23.7+8 30mM(SG) + B2 +15m(. T)
144 s Col 3C_W lower - 23748 30m(SG) +B2 + 15m(l, T)
145 38 Col 3D_E upper - 210 268+8 30mM(SG) + B2 +15m(. T)
146 38 Col 3D_W upper - 268+8 30mM(SG) +E2 +15m(. T)
147 as Col 3D_E lower - 26848 30m(SG) +B2 + 16m(l, T)
148 38 Col 3D_W lower - 268+8 30mM(SG) +E2 +15m(. T)
149 3s Col4A_E upper - 210 29 30m (SG)_+B_+3mil. T)

150 38 Col 4A_W upper - 29 30m (SG) +E_+3m(l. T}

B1~B4: bridge box 1~4

B: bridge wires directly
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(SG): lead wire of strain gauge itself

(1, T): extension lead wire of TML

(I, K): extension lead wire of Kyowa




Appendix C. CHANNEL LISTS OF 10-STORY SPECIMEN

Table C.11 Channels of Data logger 4 for Test 17~24

Floor Transducer / Strain gauge Cable
Ch# Item S?orry Location Discription Model No. :;Ttlg': IEEZ?:|(,-;) Cable choice
151 3s Col4A_E lower Fé-’:\? - a1 29 30m (SG)_+E_+3m(l, T
152 3s Col 4A_W lower -30LJCT-F - 29 30m (3G) + B +3mfl. T}
153 38 Col4B_E upper - 241+8 30mM(SG) + 57 +15m(l, K)
154 s Col 4B_W upper - 24.1+8 30m(SG) + B2 +15m(l, K)
155 38 Col4B_E lower - 241+8 30m(SG) + 52 +15m(l, K)
156 3s Col 4B_W lower Kyowa: - 241+8 30m(SG) + +15m(l, K)
157 3s Col4C_E upper - 249+8 30m(SG) + B3 +15m(, K)
158 3s Col 4C_W upper KFGS - 24948 30m(SG) + B3 +15m(l, K)
-5-120 2.04
159 s Col4C_E lower -1 - 249+8 30m(SG) + B3 +15m(l, K)
160 3s Col 4C_W lower L30M3R - 24.9+8 30m(SG) + B3 +15m(l, K)
161 as Col4D_E upper - 194 +18 30m(SG) +B1 +20m(, K)
162 3s Col4D_W upper - 194 +18 30m(SG) +B1 +20m(, K)
163 338 Col 4D_E lower - 194 +18 30m(SG) +B1 +20m(l, K)
164 38 Col 4D_W lower - 194 +18 30m(SG) +B1 +20m(l, K)
165 28 Col 2C_E upper - 203 +8 3I0mM{SG) +B3 + 15m(l, T)
166 25 Col 2C_W upper - 203 +8 30m(SG) +B3 + 15m(l, T)
167 28 Col 2C_E lower - 203 +8 3I0m(SG) + B3 + 15m(l, T)
168 28 Col 2C_W lower - 203 +8 30m(SG) + B3 + 15m(l, T)
169 Column 28 Col 2C_S upper - 203 +8 3I0mM{SG) +B3 + 15m(l, T)
170 | force (@ | 2g Col 2C_ N upper - 20348 30m(SG) +B3 + 15m(l, T)
171 25 Col2C_S lower - 203 +8 30m(SG) + B3 + 15m(l, T)
172 28 Col 2C_N lower - 24 203 +8 3I0m(SG) + B3 + 15m(l, T)
173 28 Col 2D_E upper - 284 +8 3I0m(SG) +B3 + 15m(l, T)
174 28 Col 2D_W upper - 284 +8 3I0mM{SG) +B3 + 15m(l, T)
175 28 Col 2D_E lower TML: - 284 +8 30m(SG) +B3 + 15m(l, T)
176 28 Col 2D_W lower FLAB - 284 +8 30m(SG) + B3 + 15m(l, T)
177 28 Col2D_S upper -5-11-30 - 284 +8 3I0m(SG) + B3 + 15m(l, T)
178 28 Col 2D_N upper LICT-F - 284 +8 30mM(SG) +B3 + 15m(, T)
179 28 Col2D_S lower - 284 +8 30m(SG) +B3 + 15m(l, T)
180 25 Col 2D_N lower - 284 +8 30m(SG) +B3 + 15m(l, T)
181 18 Col 2C_E upper - 28.9 30m (SG)
182 18 Col 2C_W upper - 28.9 30m (SG)
183 18 Col 2C_E lower - 289 30m (SG)
184 18 Col2C_W lower - 289 30m (SG)
185 18 col2C_S upper - 210 28.9 30m (SG)
186 18 Col 2C_N upper - 28.9 30m (SG)
187 18 Col 2C_S lowver - 28.9 30m (SG)
188 18 Col 2C_N lower - 289 30m (SG)
189 | BRE axial | 4S BRB 2C vertical TML: - 32+8 | 5m(SG)+30m(l, T)+B4+15m(l, T)
190 force 4s BRB 2C horizontal 21::"55 T - 209 32+8 5m(SG)+30m(l, T)+B4-+15m(l, T)
191 (empty) -
192 (empty) -
193 (empty) -
194 (empty) -
195 (empty) -
196 (empty) -
197 (empty) -
198 (empty) -
199 | BRE axial | 15 BRB 2C verical TML: - 276 5m (SG) + 30m(l, T)
200 force 18 BRB 2C horizontal _2_1::_ L;E JoT - 209 276 5m (SG) + 30m(l, T)

B1~B4: bridge box 1~4
B: bridge wires directly
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(1, T): extension lead wire of TML

(I, K): extension lead wire of Kyowa




Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

Figures C.15~17 show the modifications of channels since Test 17.

7 ) |
E W
Y .
r Shear deformation
X in Y-direction
& ch 32
e
0 @_@
ch 33 ch 34
S N

Plan view of panel zone of Column 2D at 3F
Shear deformation
in X-direction

Figure C.15 Channels for shear deformations of Panel zones 2D [unit: mm]

X
AT N 735 )
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" ¢h 35 <_. -

ch36

%7 736 J

Figure C.16 Additional channels for south beam-end connecting with 2D [unit: mm]
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Beam force in Y-direction

Figure C.17 Modification of channels for beam forces in the Y-direction [unit: mm]
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Appendix D. BRIDGING OF STRAIN GAUGES

APPENDIX D. BRIDGING OF STRAIN GAUGES

Figure D.1 shows the circuits of strain gauges. Figure (a) represents that only one strain gauge is
connected in the 1/4 arm of the circuit, which is the most common case for a channel with one strain
gauge connected. Figure (b) represents two strain gauges are linked in series and then connected with a

resistance, Ro, and thus the two strain gauges and the resistance are bridged as a new “strain gauge”.

RS G2

RSGI

o 0
& &
@) ®)
o N O
(a) © Input o (b) o Input o

Figure D.1 Circuits of strain gauges:
(a) One strain gauge connected; (b) Two strain gauges connected.
Equation (D.1) expresses the relationship between the input and output voltages for the Figure (a) above.
Generally, as shown in Equation (D.2), the initial resistance of the strain gauge (before deformation
happens) and the resistances in other arms are identical. Equation (D.3) shows the change of the output
voltage when the strain gauge deforms, where the change of the resistance of strain gauge is converted

to the change of measured strain using a calibration factor.

Rgg1R3 — RyR,
Ve = V; D.1
o " (Rsg1 + R))(Rs +Ry) ™ (D-1)

R, = Ry = R, = Ry = 120 [Q] (D.2)

ARSGI ARSGI kViTL
AV, = — Ly V, =i A D.3
out = AR+ ARgg, ™ 4R, MM 4 °F (D.3)

In the above equations, V5, and V3, denote the output and input voltages, respectively; Rsqi the resistance
of the strain gauge 1; Ro, R2, R3, and R4 the resistances of the resistors 0, 2, 3, and 4, respectively; & the
calibration factor, which is provided by strain gauge manuals; Ag the change of strain measured by the

strain gauge.

Equation (D.4) shows the total resistance of the upper right arm in Figure D.1 (b), and Equation (D.5)

shows the change of the total resistance when the strain gauges 1 and 2 deform. Equation (D.6) shows
209
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the change of output voltage related to half of the strain increment averaged between the strain gauges
1 and 2 (i.e., (AgitAg2)/4). It should be noted that, only half of the averaged strain ((Agi+Ag;)/2) is
recorded if the calibration factor in strain gauge manuals is applied. In the shake-tables test, calibration
factors in strain gauge manuals were set for the bridged channels of BRBs, and thus the measured strains

of these channels were double to acquire the averaged strain ((Ag;+Ag;)/2)).

(Rsg1 *+ Rsg2)Ro

R, = (D.4)
"7 (Rsg1 + Rsg2) + Ro
AR, = (Rsg1 + ARsg1 + Rsgz + ARg62) Ry _p (ARs61 + ARs62) Ry
* " (Rsg1 + DRsgy + Roga + ARg2) + R * " 4R, + ARsg1 + ARsg, (D.5)
_ARg61 + ARgq,
4
1
AV = AR, v AR, _— (ARsg1 + ARgg2) o kVi, Ag; + As, (D.6)
out T 4Ro+ AR, ™ T 4R, ™~ 4R, Ty 4

In the above equations, R; denotes the total resistance of the arm with two strain gauges; Rsc2 the
resistance of the strain gauge 2; Ag; and Ae» the changes of strains measured by the strain gauges 1 and

2, respectively.

Figure D.2 shows how the bridging of two strain gauges is achieved. The lines B and C (without blue
line on the skin) of the strain gauge 1 and the line A (with blue line on the skin) of the strain gauge 2 are
jointed. A resistance with 120 Q is set between the line A of the strain gauge 1 and the lines B and C of

the strain gauge 2. Finally, a metal plate is set between the middle and lower spots of the junction box.

Figure D.2 Photo of bridging of two strain gauges
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APPENDIX E. DRAWINGS OF JIGS AND INSTALLATION
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Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture
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Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,
Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

Figure E.1 shows how the holders for the displacement transducers were assembled. Holders 1 and 2, 3

and 4, and 5 and 6 are geometrically symmetric.

Holder 1
PSD-4

PSD-2

(c) Holder 3
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PSD-4

PSD-16
Holder 6

(f) Holder 6
Figure E.1 Assembly of holders for panel zones

225



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

LSV o 1o64e) suoz [aued Jo B|qQUIBSSY| voorezoz A THRER . i
| . -1ob.ej] ‘ L-1ob.1e
25 il it M s ) ok U R ExRE =R
JUaWiaINseswW [apow AJO)s-(L YETHELY LYEEA
e oy :10} Bumelq
FHEL WPBET E¥
Z daquinp Z dagunp
Z-yebie] L-jebie ]
2 o _
o X
@ w w _ _
_ _ Z-asd \ L-asd
sno
o _ |
i _ |
Z-asd
_ _
oc or ol
O g-asd H g-asd g-asd O

226



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

1obie] auoz jaued jo Alquassy

sy G YONOEZ0Z | macims TEUEEE o
i B ket MB| g ) ft MO SR ERREE BRI
uswiainseauw [spow Ao YLETYELY LVEEI
) [apa «w.cw 210} Bumelqg
B WHET E %
| dagwinp or . Z dequinp
p-1ebie] ¢-19bi1e]
~
" [ _ "
o _ _ QZ_O/“/ (o]
| /
/-asd _ _
_ _ o
_ _ °
/-asd
_ _
ol oF oc
O G-asd s-asd H

227



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

€8V () 1obie} auoz |aued jJo AlquassY | ro/L0/Ez0Z EME TSR |
#H o YRERD L T g-jobiey ‘'g-jabie) Zd
Juswainsesw |apow AIojs-(| YLTYLY LYEEIF
B WRET Ef] :10} Bumelq
l JdagquinN 2-asd M
91ebreL ST or ISt
[ ¥ ] — —
X ”
_——— ] — o W
il 8
w 2-asd ]
c - —
£-0Sd | equinpy o
G-1abie|
an|o
oc or

g-dsd

228



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

g8V W 1obie} gyg o Alquisssy | vonoiezoz s TE RS -
ok L] ket MB| g ) ft MO SR 19bIe} gud
JuswaInseswW [spow AIojs-gl VETHLY LYEEF
B WFET Ew :10} Bumelq
=74
[ | |
an|o
//
L <
w
[9]}
(=]
[e+]
(=]
=14 0l =T

09

229



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

lapjoy Jeonpsuel)
By (V) gyd jo Alquisssy PONORERE | Easittsk TEHHH Jap|oy J12onpsuel
ok HE ik MB| s b ft AE O BER e
JUSlIaINSESW |[apow AJo}s-0l BWLTHLY LYEEI
e oy :10} Bumelq
FiEA WRET B
0] 02 (o]
v‘f!l!]lr'l]]\l‘\ ——— [r—
W\..-Wt
™~ ano ann 7|
0L sz ge

230



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

Z'1=S

ld ) uonoRIIp I8MoYS Ul Sweaq 10} 2aIne | slicliccor | SEaaiftE T RREE ) )
9 (0L=0 '8°0=3 'FIN) JoUSEAR
L1 3 WEEE L O o
JUSWIAINSESW [apowW AJOIS-( L ﬁmmm,mm FVREF 2 (€1=0 ‘L=1 ‘9I) 1aysenn L (GZ-11-4daD L) J1epjoy onseld
L e B Lk € (#N) TN b (rd 19d) (9¥Ggx5g-1) Zisbie|
2 (gw) mN L (bd "Jo¥) (pX0EX06-7) Liebie L
‘ € ©OL.rIN) Yog b (rd 42d) J8jdnoD
‘AleAnoedsal ‘afue)l wesq pue aje|d-yoeq

910N L (0z.om)yeg z {L9-SHN) pue poy
z (0€.91) 30g b (05Z.9W) pol uolsualxg

uonYaJIP J8loYS

uoljoalip JaUoys 10} Jauslse uolj0alIp JaUoys Joj isi| Wed

Ul sweaq Jo} 80IAS(]

MBIA UOIIBAS|]

(2) (ON) Jeusepn
(2) (o) NN

sje|d Bununoly {(02+9IN) Jlog

(Z) (bIN) 19ysepp
(PIN) INN
(OL#WN) Hog

(L9-SHN) Pue poy  (gIy) Jausepn
(51L-9W) Jog

(oxgoxg9-1) L1ebiel
N\

AY

(2) (en) sousepn Kwu

(0£.9IN) Yog

(@) () NN

(§Z-L1-4daD “InL)
Japjoy 2nseld

L \
G
o)
(O ﬁ e ﬁ =316
/ |

00g

Ja|dno) QI INN

{Lnuinie ‘0529 PoJ Uoisusix3 (L9-SHN) pue poy

M3IA UE|d (rx05%05-7) Liebie]

(2) (o) NN

(2) (Q) Jeusepn

(§g-dad L)

Jsanpsuels | (oe.91) 3109

231



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

Zd wauvw uonoallp 1eBuo| u sweaq 1o} soneq | sucuzor | SIS TEREE . :
ey, g (01=0 '8'0=3 'vI) 1ausEM
H£E o ¥ WREEE HH
JUeWaINSEewW [epow AIGIS-0L e i (€1=0 '1=1 'OIN) JoUseM ! (SZ-11-4daD "“INL) Jepioy dnseld
fE wEET Gk € (PW) INN I (rd 19y} (9x59x59-T) giebie L
8 (9A) NN I (rd 1) (F%05%05-1) L1ebBle L
‘Rennoadsal ‘abue)) weasq pue aied-yoeq g (0L.FN) Hog ! (pd Joy) s91dnoD
Buiplam au} 0} payoepe ale g pue Ljabie] L (51.9W) 3o I (£d "Jow) areid Bununop
910N L (0Z.9N) yog z (L9-SHN) pus poy
14 (o€.0) Yog L (087.8N) pos uoisuaxg
uoljoalip ._mmco_ uonoalip 1abuoj 1o} 1ausisey uonoallp 126u0j 1o} 181 Hed
ul sweaq 10} adlAa(
M3IA UOCIIEAD|]
(0591
Jayse,
a1eid Bununoy (@ (o) Jausem Ja|dnon 9N INN

(2) (aW) NN
\ (02.9IN) 308

I

(Oniitle)

RN

(19-SHN) (
pus poy 9IN) JeuseA
(5149} Jog

(2) (PIN) J2ysepn
(#IN) 3NN
(OL.¥IN) 308

(9xgaxgg-1) Lyebie |

|
VoA (2) (ew) NN

!

(Wwnuiwnie ‘08k.9IN) PoJ UoIsusIxg

MBIA UB|d

(L9-SHN) pus poy

(bx06x05-1) L1ebuiel

(z) (o) 1NN

(6Z-11-4daD WL
18pIoy opseld

(2) () Jeusepn  (0S.ON) Nog

(sz2-dan L)
Jeonpsuel]

(oe.00) 108  (2) (Q) Jeysean

232



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

ed L:L=8
(€y) sped pue fjqwasse sje|d Bununoly  euziEzos | EeEE TEIRIETE
2E ek bl HH R LLRSHREE
JusLuBINSEsL [9poW AlO}S-01 BETHEY &VEEF
fEa HWEET [= 8
‘uonelnBiuoo oleWWAS B Jo) paddiy squea L ued 7
‘Bgz 1hoge BuiyBiam
dnmas uauno ‘ybiem sonpal o) WNuIWNe asn |
‘9I0N
1L
Alquessy 0z
1T ]
h _“_ / T “ T
s u%/ //mm
¢ Hed | Hed
0z 1L
S| [H & |
5 £ 5

é

£
miﬁ 1G
+

¢ Hed

‘g|Bue wWnuwn|e
¢x0¢02-71 98N

| Ued

sabpe aouaisjey

‘aloy peubisse sabps

2y} Wol} ainseay
‘ge|d wnuiwn|e
oI W 7 a8

(gL
L (7] H
T -1 P
N
¢ 5 5
-v -
F o = T& &
Zl
= (9)
!
(o]
Lo
c9
i 05 (9)

% ¢
i / Fai ) o —y =
Ly ~ foe) L/ H S H
= & \e -

m| -

. /_wf Oy -\ o
= rW/W”@; % >

Ty i m
o r._\_ H

vl IS

9 _
L 05 8

233



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

vd (&) 1aidnog pue ‘zyabie] ‘Ljebie| slzuezoe | EEMETHEHEE
25 Er] WREEE e R T
juswainseaw [9pow AIojs-0lL YETHEY &VREIF

e WZET ik

WWG| WUl —>
(L:] 8e2s) ziebue|

WbBlom aonpal 0} pawwily sem sifuy 2
‘2jedlidge) 0] 9XG9XG9-1 IS )"
‘910N

08

14

0l

Wi} wu

gq

0¢

2\

11 2

‘lo21s 2q pjnoys J2|dno2 Jo |eLisjew 9joN

(L:6°Z 9|eos) J9|dno)

oe

=——
™ an

(L1 8|e2s) |1ebie|

0G

LS

(c1)

0s

2)ealge} o}
pXQGX0G-1 8sn

0¢

[ 01
(oL

234



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

(ueid)

y:1=S .
b (ev) dv PUBJE OC Z'd  |gozizzor | EUMETAHEE
90IASP UOIELLIOJSP SUOZ [aued
g8 e wEEE L] I
Juswalinsesw [spow Aiojs-QL WETHEY EYEEIF
o WEET B¥

0T 'Z'd 1o} s1ebue

/

|-}obie]

¢-19b1e ]

Z-1ebie]

‘z-1obie ] swes sy} aleys ¢ pue z-1ep|oH ayL
(47 Jo4 € pue 4¢ Joj €) 9 :sjeble) Jo Jaqunn K4
(4t 1o} ¥ pue 4g Jo} ) g 'siep|oy jo JaquinN b

‘9]0N
O¢ 'Z'd 10} sisp|oH
-19pIoH
i 9uo e
7 > ZYo dp
¢ /) G Yo :de
LYo 4y
-~ €-18pIoH
|-19pIoH
(o] ‘D ] (o]
0 5\
Z-19pIoH
8o :d¢ LYo 4e
¥ Yo 14y eYo 4y

235



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

o (uonens|3)
Al vﬁmﬂvm 8_>m“_vcﬂ”mm m__moo% M“MM _w“Mn_ coizzeor | EEMiE TSNS ‘wbeiydelp wopoq ale siap|oy Jo aduaisal ay | 2
. - ISP LoReLIopep _ éwm@a o w7777 'Pepulb eq pinoys eale speys 8yl |
MEL) HLATLREE :8JON
Juswainseaw [apow A10ys-01 YETYEY HYEHEIF
kB WEET EE
(3se3a) 0z 'Zz'd
Z-yebue] g z-1ep|oH 051
(WoN) Oz 'Zd | — . 7 L ——
¢-19bie] B H-J9p|oH 1O N b1
3 -19pIoH © 2-19pIOH
_Y Q 0.0 :
L £r+
001 |
| 1 @ 1 lmoialg
Bo| #
?Wm“mwr. r al10jaq pajeisul ﬁ“hw_u_m”un“ N”_w_mmﬂ_“c_
1opIot nseld LWGZ-dad
) LINSZ-dad S~
2 mm N ¢-1obie] wr! o mm z-1ebie)
i [ 2,
— JE—
A A
(yinos) oz 'Z'd (3sem) 02 'Z'd
Z-)ebie 3 ¢-1eploH |-}obie] 3 |-1ep|oH oSl
_ ] e e Y Z |
1o} il R
©
8 T 8PIoH |-19ploH ——
O O
= % 2 _
i |
€-JopIoH —3r i 00l H—pi- O g _m oft
puIyaq pajeisul SR
lm oft Japjoy onseld
a1040q pajlejsul === LNGZ-dad
_m.__w"\““No._M_wM_m_ 2 — ViebreL |-10b1e | —f—
e N
Z-1ebie] E | o m 1l o
] [ ]
[ —

236



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

pii=S W
el (ev) 4€ ' 0CZd  |gozizzor | EUMETAHEE
80IABP UOIBWLIOSP 8UOZ [auBed
2x v yemm L1 U777 ‘pepuub aq pjnoys esie speys ay] ¢
Juswainsesw [spow AIojs-0| YETUEY &YEEIF "g-19bJe| swes ay) aleys / pue 9-Jop|oH syl
ok WBET B% ‘(Ajuo 4¢) ¢ :syebuey jossquinN 2
‘(Aluo 4¢) ¢ siep|oy jo JaquinN b
:8]0N
az 'Z'd o} syebie] ac 'Z'd 4o} sisp|oH
9-48PIoH Ze W i4e LE U0 i€
O panowss gyg Jepy panowsal gyg Joyy S
/-19p|oH ° |ig DW G-18p|oH
G-19b1e ] p-10b1e ]
AN ERE S
y - o s e
\\\\ N/V/ \\\\ N&\
08 U0 ¢ 08
panowal gyg Jeuy
62 4o ¢
! )y panowal gyg Jeuy )y
K27 2 K27 24
o ] — ] ——" 3
\ o
9-19b1e ) I
N g-1ap|oH
M 3

237




Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

vi1=S (uonens|3)
vl ey w0l >mﬂv:ﬂﬁm__m&ww e “MHMM_ sorziceoe | EUMETHHER ‘wbelydelp Wojoq aJe SIap[oy Jo aouaisyelay] 2
2B Ve wEEE L1 I w7777 Papulb aq pinoys eale apeys ay | ‘1
Juswainsesw [apow AI0js-0| WETHEY #YEEF ‘8JoN
BE WEET k3
(UMoN) @z 'Z'd (1se3) az 'z d
ool | G-1961e] @ /-19p|OH -1961e] @ G-JopjoH o8]
I T il ] p e f gzl
Ji | ol .%CC _
08 2
L-13p|oH
G-19PIOH —{-
m_ﬁ of —1 g-19p|oH
- ‘||
e 1% alelon
puiyaq pajjelsul -
1aploy onseld & ®
1NG2Z-ddd puiyaq pajjejsul
Iaploy onseld
A LINGZ-dad
106
G-jebie) . 1 probuey B2 R
Eil o 9] Eil o
1 ] 1 1 | —
S S
A L€
(3sem) az 'z d
oct §-1epIoH G-jebie] g 9-1ep|oH ros |
_ _“\ 7 %| 4_% _ ] _ﬂ \r .%mm-w|
© ©
g-19p|oH +—
L ] |~ 9epioH
(yinos) az 'z'd 1
9-1eb.e] @ g-19p|oH ol 7 o4
. ol @ f
puiyaq pajjesul ﬁlwmumﬂ
Jap|oy onseld puiyaq pajjelsul
LINGZ-dad Japloy onseld
LINGZ-dao
o Il e 9-1ebie] o1ebie; b zlis G-jobie
_ — = [ — =
JS— —
JAS JAS

238



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

]
=
-~
O -~
‘papulB aq pinoys (,-axD) saifue [33)s yoepe o} seale a8yl g - w mﬂ_\_U
"30BLINS ULUN|0D pue gyg jo wbeiydeip w ¥
‘au0z |sued o whesydep woyog a1e suiod adusisyel 8y L
‘310N =
@
£
N——8S M — 3 o
>
(isea) Oz uwnied (ypou) DZ uwnjod S| 8.
£ m S
— w
[ ) [] c 5
| S
e z 2l et
4 e @ | £E
: Ply 33
;2288
= = = — = H i
s | ' > %
— g
S
yd m = =
S R R
o sy I
N BR
st [s -aud 5 \ L-aug PO
e —W‘7 ﬁ 1-ayd _|ﬂu B\_ ® u.am HI“
L & odr P A BH o
=
['s} [Fe)
« «©
['s} w
gL Yo LL YWY (]G Yo ZL W BL US| [] LW
52400 \\\.\wh_ 52-400 I\s\\\w
-a¥d il Z-0u0 il
06 odL R X
{ook) {oo1)
- N —
(0o1) (ool
odL 001
z-auo W &aEo
=
PL U 6 HA [|EL YO gL yo L yo 6 Uo
szdan 52-da0
'y} [Te)
« o«
['s} w
(0oL)
5-Q¥0 o1
0l 8]} 1Y-Q40
LY-YD Q ! &Wv
T—6oe —— vauo §080 f _
A = =14
\sm: \ \

239




Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

‘papulB aq pinoys (,-ayD) ss|bue |e9)s Yyoepe o) sease syl g
*30BLNS UWIN|OD pue gyg Jo wheiydelp

‘auoz |aued jo wheiydeip woyog a1e sjuiod agualaal ay | i
910N
N——S§ M — 13
(1ses) Oz uwnp) (ypou) 5z uwnjoy
N
7/_ 5 N/ i L3
4
£ . L VERe L
v e . ql
- D
bs et
st _ : el £-au0 X \ / ba¥
ﬂw _n ”“ “ “ 1-04¥0 gv_~
L~ @6 001 dis 001
R
(ooL) (0oL}
w w
=] v}
[ts] w
v uo) gL ug [ €CH2 0z yo vz yo| 161 u°
6z-dad .\\.\lr $2-4ad
Q49 Nt z-au2
2-ad _\ _A _s _\
705 001 05 001
(oo1) {001
{ool) . {001}
G001 5 001
Z-aud ﬂ - [
A | Ly [z ho 8L yo ZZ W[ |21 U2
szda) — 52-d@9
w w
Q o
[ts] w
(cow)
G-Qud 000
0 _ ol Ly-Qu0
-Qud %PH
:\ m_v.A 0tL ! Ly-au0 ¢-Qyd
\ (og1) \ \

T6

™
=
o)
e e S0
t4 h »
-
o
@
£
o
=
w
g s
€ 35
— =27
@ =
-
o .mw.
e 20
> Z¢
o s C
£l. 5§
e Ple 22
o |lw 88
i — |3 OO
H |
@O
2
q
= = 8
4 a &
2
T
N B
bx ¥
K ik ﬁ
a8 0]
ey
KE B
28 B
Smo ™

A0S 1S

E 4

240



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

35

© w fem
s g
QO o —_
. N
[OR) ~
o) - m
1
100 28 aa]
-- a&
403 S5
R
N
<«+| 28 100
o™
——
£
jui
S
15 o
o
S
[ E Z
<
<
=]
BN
c (2]
£ £
= =
o O
o =2

Glue

2155
8 -
3 — —_— [=
N 2 ANT§
2 < B
_ SSSIINER
O e
2
[}
v 5
< 9 "(7';
o
: k)
- O
==«
E | | -
N o -l §
3 R, - 3
3 Nt 8
> g
L |
— _E;g
O »
T+
—
M ~—
i
3 ,—C’D
o —_
N 5
< NTT §
" o
< E=1
____________ — e 5 5
' =]
T il 3
|1 s
'.P .‘::'
é vy 8
o
[ea)
57 | E
a <
L- < d L_m‘JV“ 3
a o
2155

(33 IRFH LR
LA ASE_PE 10-story model measurement
#RETEMFY M [ HaEt i =g
I Column shortening device {A3)
RERETRYEE K
- 2023:0107 Column 2C, 3rd and 1st story | §=1:10 T7

241




Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

8l

E&

¥:1=8
(ev)
B

Kiols yip pue pig is|
S0IASP UOIBULIOSP [eIXe gy

WEEE

80/¢1/2e0c

1a:]

2

Juswainsesw |opow Aio)s-0|
YEET

E¥

EXENETRHEF

MECSHLREUEREE
YETYEY Y

inoA o} aoey} pjnoys
ook} apisul 9|buy T

gyg-19pIoH —ecit -} —{— =

uonew.oep |eixe gyg Joj aoinaQg

uoneas|3

08

— /'\
©
I\
-/

7

I\
\—/
Va\
©

gyg-iebie]

‘sladnpsuely
JO si8s 7 sey gyg auQ

(9 JeqwinN) painseaw aq 0} g49g

3| (AINO s¢€)
| ac 949

(AINO S€)
gz 949

7 (AINO Ss€)
O¢ gayg

(sv 'se ‘si)
0c¢ 949 .

242



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

61 ¥1=S fio)s Yy pue pig ‘I1s|
(sv) S21A3P UOIBWLIOP |BIXE gXg
LTz L] YEEE 3L
juswiainseaw [gpow Alo)s-0|
T WeET E#

s0rzliceos | EdEMETRRBEE

MB) HLAGLHER
WETUHY FYEHIF

AI01S 181
® @

llll_H_||||||||l||||||

6E U9 emoT

O Yo Jeddn

Aio3s plg

@ /€ Yo 1amon] GE Yo UsmoT

8¢ Yo Jaddn 9¢ Yo 1addn
|__||.+m_|||||||||||||||
== ————

€€ Yo usmon L€ Yo Jamon

€ Yo Jaddn Z€ Yo Jaddn

€),

©

Jaonpsuely saddn

190NPSUBI] 19MOT]

Aioys Yy
LT- e
=X = C—C—rr—r—re—rr—rr—r
62 Yo 1amon
0€ Yo 4addn

@

©

243



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

di pue 4¢

OKL v?_u‘ﬂvw (pua 1s8M) Z).0 Weeg ‘uopoalp 1a6uoT 80/zlicede | ERSMIETREEE
20IASP UOIEJO. Wesg
58 L A2EE B8 R LB SER
swa.inseaw [gpow AIojs-gL WETYEY EYTHIF
HE WeET ¥ q9-9 V-V
L-aug,
Buipjam Jo 0g 0S
ajeid-yoeg 17 77772, y A
‘abpa abue|} pue adeLNS UWN[OD 0§ Yo 4¢ _
aJe sjulod 9ouslgel dunsesw 8y 7 _ﬁm B z-aug iy ]
"801|ds 8|ppIW 8y} 4O 8pIS pesy sy} L
Ul poJ|eisul @9 p|Noys siaonpsuel | L
S10N 6% U0 :4¢ [ ]
B Ly Uo 4t |
_ £-Qyg
"\ A V. L. A
 —
oS
1-qug
(yuou) Oz uwnjod d |_ v |_
(pus 1s9M) 7D Weag
_ ] J
0SL 0¢/
0¥X05%05-1 — _
z-qug ot L SimiEi ~
—] T 1] 4
A A N A 3 2
o )
/ 0ZX05X05-T 6z-4d0 0exgoxG9-1 = 09
€-ayd 1-ayd N |
0gl . o
Omi o [I7To
M M &
] T T /— —
0G. 0¢

244



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

vil=S d¥ pue 4¢
bl (V) (pua jse8) £20 Weeg ‘uooallp 186uoT 80/zLige0e | EEMETRHEE
20IASP UOIEJOI Wesg
22 L s A T W
Juswalnsesw [spow A10js-g YETYEY EYEHIF
e YIET B
Buipiam jo d-4d V-V
aje|d-yoe
-‘abpa abue|} pue aoeLNS UWN|OD yeleoea - , _ o\m .
ale syulod adualsal ainseaw ay | Z . / 76 U ‘e
.mmcm_m weaq eyl spisino g 5 P U0 dp
. uIp|oMm 4o
pajlejsul 89 p|noys siaonpsuel | L e
‘910N
L-ax8 /x/
49 Jo Jausyis
g [RRVRE]
£-qyg £F U0 4y
vz 7 7 ’ 7|
1-qyd
(yinos) Oz uwno) (pue Jse0) £Z0 Weag
d A4
[ |
0rX05%05-1 0sZ g
7-Qug
—
FN
[8)]
N aug Jo Jousgis
0ZX05X05-1 0EXGOXGe-1 [ [ \
5z~ w
€-ayg ¢ ao\o laug S [K
- O
00/ o
o ()
N
— - ] &
| L
062 0¢

245



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

4¥ pue 4¢

¥'l=8 ‘
428 (ev) {pua ypiou) 0T Weag ‘UCHIBIP JBHOYS | g0 ) oo
Q0IASP UONE)C) Weayg
] Ve WEERE HH
jusWaINSeaW |[opow AIo)s-0|
S WPET L)

EUNETRHBE

MBS HLATLHER
WETUEY FXRHIF

"obpa abuely pue a0EHNS UWN|OD
aJe sjulod aouslalal ainsesw sy |

L
=N

€-ayga 0S

P

(o)
N,
Ke1}

4 Buipjam jo
ajeld-yoeg

S Ud 4
9P Yo dp

€5 Uo 4e
Gy Uo 4y

Vv 1 )|
| I
0S
£aud 1-a¥g
(pus yinos) 0gz weag (1ses) oz uwnpEy g 1_ (pus ypou) qoz weag v |_
0cs
= _
&
K
T T
0ZX0GX05-1 . 0EXGOXG9~T
/ ¢-aug §¢dao 1-aug Nl /
\ & |©
00S m
N
(6]
— ]
g

0c¢s

246



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

EUNETRHEE

bl=8 d¥ pue 4¢
gl (ev) (pua ypnos) DgZ Weag ‘UoHoBIIP ISHOUS| o o oo
20IA3P UOIEJ0I Weag
E:1v] L YEERE 153=]
jusWainseaw |apow AI0)s-0L
o WIET SR

MBS HLAGLHER
WETUEY FYRHF

0S €-ayg

MmN

‘abpa abuely pue adeuns UWN|od
aJe sjujod aousIajel ainseaw ay |

}
810N

(pue yinos) 0gg weegq

©
&L 1D

B

T

¥ [VaN|

0cs

| E—
0S
€-aug

(1ses) Oz uwnjon

(pus ypou) oz wesg

06€
9ec

0EXGOXG9-1
/ L-ayg

§¢-ddo

_‘D

02xQ05x05-1

006

|
-

I

0¢s

A\
e
.

9G Yo '4¢
8% Uo 4y

L ERE
JAQERE )4

1-ayq

247



Numerical Simulation of Steel Moment-Resisting Frames Considering Panel Zone Yielding,

Local Stiffening due to Bracing Connections, Beam Local Buckling and Fracture

. 4
¥-1=8 .
PLL puS Ynos) A0z Weag ‘uoiosIIp 1SHoYS = - -
(ev) aoop UonEI0! taoet gorzuzeoe | EMMETRHHE g9-9 V-V
7] Ve BEEE BH - 1-ayg
W8S ALAGLHER 0S €-Qud j
juswainseaw [ppow A1ojs-0| EMHE%K EYRHIF . / - 05
wE YPET B t ]
B _olw_ ¥e U0 1dg
paAowal gyg Jeuy
-obpa abue)j pue aoeHNS UWN|OD u
aJe spulod souslsjal ainseawi ay] |
: 9
‘8)ON f €€ U0 4
paAowal gyg Jayy
Buipjam jo
aleid-yoeg mm E
“\ Y _\/_ Z £ XJ
1 ]
05 0S5
¢-Qud 1-axg
_| v (pus ynos) qoz wesg _| q (yses) gz uwnjo)
0€ 0G.
|%/. [
N [s)
o o
+— |t o 01
w  |NOEXSOXGOT . 02ZX05X05-1
N S S 1-aus 9¢dao ¢-qug
o0 /
— Wﬁ_.\wrﬂm_uﬂ uW 004
N
[8)]
) |
0¢ 0S. _
Y d

248



Appendix E. DRAWINGS OF JIGS AND INSTALLATION

Figure E.2 and Figure E.3 show the installations of holders and targets for Panel zones 2C and 2D. The
holders and targets were glue to the diaphragm plates of panel zone by Metal Grip made by 3M

Corporation.

Holder 2 ! 1 Holder 1
i S

Holder 3

Holder 4

Col. 2C South & East Col. 2C North

Figure E.2 Holders and targets for Panel zones 2C at 3F and 4F

Holder 8 S]
E w
[ Holder 7
e NG N
Holder 5~ “ Holder 6

/7

Target 4

gomm

Col. 2D East Col. 2D North & West

Col. 2D South

Figure E.3 Holders and targets for Panel zone 2D at 3F
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Figure E.4 shows the installations of the devices to measure column-end rotations, using the Column

2C of the 3rd story as an example. The installations for Column 2C of the 1st story were similar.

Be careful of
the direction
- - ‘-—’f
= \0‘“‘“
& &
= 3
u § 3 CRD-A1
g 3| =
Under the panel
zone diaphragm
-
South North
(a) Upper location, north and south
B ¥ CRD-3
(symmetric for
CRD-1)

poJ wwQOge

b POJ WWOGE

i 1%~ Be careful of
South North the direction

(b) Lower location, north and south
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Be careful of
the direction

| | CRD-5
-—‘fp: (symmetric for
‘ the opposite side)

! w w | T

: : ;

3 3

3 3 '
i g g

On the side of panel
i zone diaphragm
West East

(c) Upper location, west and east

POJ WWQGE
poJ wwOGe

West East

(d) Lower location, west and east

Figure E.4 Devices of column-end rotations for Column 2C of 3rd story
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Figure E.5 shows the installations of the devices to measure column axial deformation, using the Column

2C of the 3rd story as an example. The installations for Column 2C of the 1st story were similar.

o5

Upper
34mm
Northeast EELINT] Lower
(a) Northeast
Upper
Lower

Southwest
(b) Southwest
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Figure E.5 Devices of column axial deformation for Column 2C of 3rd story

Figure E.6 shows the installations of the devices to measure beam-end rotations. It should be noted that
the extension rods along the Y-beams were longer than along the X-beams, because the beam lengths

along Y were longer than X i.e., plastic hinges of Y-beams might be longer than of X-beams.

Be careful of
the direction

20mm Beam C-12 Beam C-23E

(a) Beams along the Y-direction

o
20mm  Beam 2-CD Beam 2-BC C

(b) Beams along the X-direction
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200

(c) South end of the Beam 2-CD connecting to 2C (Tests 17~24)

Figure E.6 Devices of beam-end rotations for beams connecting to 2C

Figure E.7 shows the installations of the devices to measure BRB axial deformations. A pair of
transducers were fixed at the upper and lower locations of the BRB restrainer. The distance between the
timber block and the edge of BRB restrainer was 20 mm, and the vertical edge of the steel angle of target
was aligned with the splice of BRB.

Lower Upper

Figure E.7 Devices of BRB axial deformations
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APPENDIX F. DRAWINGS OF 10-STORY SPECIMEN
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. - . This drawing is extracted from materials provided by E-Defense,
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1. Introduction

Numerical simulation based on beam-column elements
cooperated with fiber sections has been widely applied in
structural analysis and design due to its high efficiency in
computation. In Japan, moment-resisting frames (MRFs) are
generally constructed by square hollow-structural-section
(HSS) columns and I-section beams. Seismic behavior of
panel zones in such columns is typically complicated by many
factors, such as interaction of axial force and biaxial bending
moments, stiffening from brace connections, and presence of
composite slab, etc., and thus modeling of panel zone
considering these factors is one of the challenges. Furthermore,
steel MRFs subjected to extremely large or repeated
earthquakes may suffer from beam local buckling and low-
cycle fatigue. Significant losses of structural stiffness and
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Fig. 1 Numerical model of 4-story specimen (unit: mm)

strength usually accompany local buckling and low-cycle
fatigue, which may result to excessive story deformation or
even total collapse. Therefore, this study focuses on modeling
schemes for steel MRFs taking account of panel-zone yielding,
stiffening from brace connections, and beam local buckling
and fracture, and examines how closely recorded responses of
shake-table tests can be reproduced.

2. Shake-table tests on a 10-story specimen
Panel zone responses for this study were measured from
shake-table tests on a nearly full-scale, 10-story steel MRF.
Fig. 1 shows the dimensions of the specimen. The specimen
was subjected to the 3D JMA Kobe motions (Kobe-NS to Y-
direction, Kobe-EW to X-direction, and Kobe-UD to Z-
direction), scaled from 25% to 100%. Yielding of the interior
columns and column panel zones was expected from the
relative proportions of the columns and beams. At grid point
2C, responses of such interior column, panel zones, BRBs and
connecting beams were instrumented to understand the
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Fig. 2 Numerical model of 4-story specimen (unit: mm)



interaction among the members under combined cyclic
loading. During the 100% JMA Kobe motion, the 10-story
specimen yielded in the 1st to 8th stories developing
maximum story drift ratio of 0.020 rad and 0.017 rad in the
two orthogonal directions. Fig. 2 summarizes the maximum
story drift ratios and maximum story shears for the Y- and X-
direction. As expected, the columns and panel zones in the
interior grid point yielded under biaxial forces, while the
connecting beams remained elastic.

3. Shake-table tests on a 10-story specimen

Fig. 3 shows the processes to compute the panel-zone
shear force in the X-direction. Positive bending moment (slab
in compression) was decomposed using the method proposed
by Kishiki et al. [1]. As shown in Fig. 3(b), positive bending

moment was decomposed into bending moment developed in

stresses converted to equivalent shear force, Vy.

Fig. 5(a) and (b) shows the Y- and X-responses of the panel
zone at the 3rd floor measured during the 100% motion. The
measured elastic stiffnesses agreed with the theoretical value
K,, which validated the described force deduction scheme. The
panel zone showed notable plastic deformations in both
directions. The maximum shear force in the Y-direction was
lower than the plastic shear strength ¥V, per AlJ [2]. Fig. 5(c)
shows the biaxial shear forces of the same panel zone
normalized by ¥, during the 100% motion, where the plastic
limits was constructed using the plastic analysis method
proposed by Arakida et al. [3]. Points A and B marked the
times when the X-panel developed the maximum negative and
positive deformations. At Point A, because of the large shear
force developed in the X-direction, the plastic strength in Y-
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direction decreased from V), to V,r4 in Fig. 5, which might
explain the Y-panel developed notable plasticity with shear
force smaller than V. A similar behavior was observed at
Point B.

4. Beam-to-column joint model stiffened by
brace connections

A BRB-to-beam-to-column joint model was calibrated
based on 2-D pushover analysis of a fishbone model (Luco et
al. [4]) in the Y-direction. As shown in Fig. 6(a), the fishbone
model consisted of Column 2C, half-length of the east and
west beams, and the left BRBs. Fig. 6(b) shows the details of
the joints. All panel zones adopted the modeling proposed by
Gupta and Krawinkler [5]. At beam-to-column joints with
BRBs connected, the gusset plate was simulated by an elastic
steel truss with the same thickness as the gusset plate and
width of a. times the diagonal length /., The BRB was
modeled by an elasto-plastic truss, two elastic beams and two
rigid bars connected in series. The lower end of the BRB was
rigidly connected to the panel zone. The columns and beams
outside the joints were modeled by force-based beam-column
elements with 6-point Gauss-Lobatto integration. Pushover
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at the 2nd to 4th stories between experiment and simulation.
Time history analysis in the followed part adopted a.; = 0.2 to
match the measured elasto-plastic panel zone response.

Fig. 6(c) shows the model comprising one exterior frame
(Frame D) and one interior frame (Frame C) for time history
analysis. Rigid trusses were assigned between Frames D and
C at each floor to simulate rigid floor diaphragms. The same
modeling schemes as in the pushover analysis were adopted.
Rayleigh damping with a critical damping ratio of 0.02 was
assigned to the 1st and 3rd natural periods. Analysis was
executed continuously using the measured 25%, 50%, 75%
and 100% table motions. The simulated responses are plotted
in Fig. 2 against the measured responses. The model
reproduced the measured story drift ratio with a good
precision. Fig. 7 compares the simulated and measured
response of the panel zone of Column 2C at the 3rd floor
during the 100% motion. The simulated response agreed with
the
deformation, but the simulated shear force was somewhat

expected elastic stiffness and measured plastic
larger and the shear deformation was smaller than measured,
presumably because the model did not consider strength

reduction due to force interaction.
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0.006 0.012
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Fig 5. Panel zone responses in 100% motion: (a) Y-direction; (b) X-direction; (c) Biaxial shear force.
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5. Simulation of beam local buckling and
fracture

Local buckling of beams was simulated by the Hysteretic
material model in OpenSees. Fig. 8 shows the backbone curve
of the Hysteretic model, which adopted a bilinear model in
tension and a trilinear model with degradation in compression.
Low-cycle fatigue of beams was simulated by the Fatigue
material in OpenSees [6], of which the fatigue limits based on
a linear cumulative damage rule. Fig. 9(a) shows the Coffin-
Manson relationship in log-log space, where the € in vertical
axis is constant strain amplitude and Nyis the number of cycles
that material can sustain in that amplitude, where log(e) is
related to log(Ny through intercept log(eo) and slope m.
Damage accumulates with cyclic loading, and after the
cumulative damage factor reaches 1, fiber stress is drops to
zero. Fig. 9(b) shows the fiber section for the quarter beams
and the fatigue parameters to be calibrated. From the shake-
table tests and subassemblage test, fracture initiated at the
edge of the beam flange near the CJP groove weld, and
subsequently propagated through the flange and finally into
the web. Therefore, gy of the Coffin-Manson relationship was
taken smaller at the flange edge, as €y min, and larger by factor
ng at the middle of flange, with a parabolic
transition. At the beam web, the same value
as the middle of flange was assigned. log(e)

The above material models were calibrated

log(eg)
(g, 0)

by

by cyclic loading tests on beam-and-column subassemblages
extracted from a 1:2.5-scaled, 4-story steel MRF. Fig. 10
shows the numerical model for calibration, which represents
one of the subassemblages. The beam was separated into two
parts: the segment between the beam end and quarter point
was modeled by a force-based beam-column element with 4-
point Gauss-Lobatto integration, and the segment between the
quarter point and inflection point was modeled by an elastic
beam-column element.

Hardening ratio b; of the Hysteretic model was determined
by a cyclic coupon test on steel of JIS grade SS400. Because
crack happened and propagated at beam upper flange,
parameters related to local buckling were calibrated by
matching the response in the third quadrant (upper flange in
compression) to the first ratcheting excursion from -0.05 to -
0.125 rad before fracture happened. The parameters of the
specimen shown in Fig. 10 were determined as g, = -0.0135,
by =-0.0024E,.

The fatigue parameters were determined to match the
gradual degradation in measured stiffness and strength as well
as observed crack propagation in the asymmetric loading
excursions of 0 to -0.125 rad. Figs. 11 compares the
experimental and simulated responses where the latter adopted
the final parameters including €. = 0.24 and ny = 2. The
simulation traced the measured degradation beyond the range
shown in Fig. 7(a). Fig. 8 compares the crack propagation in
the upper flange observed from test against stress distribution
obtained from simulation. The stages when crack in the beam
flange propagated to 25%, 50%, 75% and 100% of the flange
width are marked by A, B, C and D in Fig. 7(b), with subscript
‘e’ for experiment and ‘s’ for simulation. Fig. 12 compares the
simulated fiber failure and crack propagation in the test.
Because the 2D model enforces symmetric behavior with
respect to the minor axis of the beam section, simulation
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Fig 8. Backbone curve of Hysteretic model
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Fig 9. Fatigue model: (a) Coftin-Manson relationship; (b) Beam fiber section.



traced cracks occurring and extending simultaneously from
the outer edges of the beam flange. Otherwise, the initiation
and propagation of the simulated crack nicely matched the
experimental observation.

6. Time history analysis of a 4-story specimen
To verify how closely the proposed modeling scheme can
reproduce the responses measured from shake-table tests. A
numerical model was built in OpenSees to simulate shake-
table tests on a 1:2.5-scaled, 4-story steel MRF conducted in
2021. Fig. 13 shows the numerical model, which consisted of
a MRF and a gravity frame. The horizontal degree of freedom
of each pair of quarter points at the MRF and gravity frame
were constrained to simulate rigid floor diaphragm. The
beams of the MRF adopted the same modeling scheme as the
calibration. Gravity load of each floor was distributed to the
quarters nodes of the MRF and gravity frame according to the
tributary area, and the floor mass was evenly assigned to the
quarter points of the MRF only. The 4-story model was
subjected to the measured excitations JMA Kobe-NS from 10
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Fig 10. Subassemblage model for calibration
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to 100%, where the 100% motions were conducted for 4 times.

Fig. 14 compares the simulated and measured maximum
story drift ratio during the 50%, 100%-1, 100%-3 and 100%-
4 motions. The simulated maximum story drift ratio
underestimated the experiment since 100%-1 motion,
presumably because ideal constrains were applied to the
column bases of the model, while rotations of column bases
were observed from the test.

Fig. 15 compares the bending moment and rotation of the
exterior right beam end at the 2nd floor. Bottom flange of this
beam end fractured during the 100%-3 motion in the test. The
simulation successfully reproduced fracture at beam bottom
flange and resulted to an obvious decrease of bending moment.
The simulated elastic stiffness after fracture was also
consistent with the measured value.

7. Conclusions

Panel zone responses were measured from shake-table tests
of a nearly full-scale, 10-story steel MRF with BRBs. Method
to derive panel-zone shear force was proposed, and a plastic
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analysis was adopted to studied interaction effect on plastic

strength. A BRB-to-Beam-to-Column joint was proposed, and

it reproduced the measured responses with acceptable
precision. Material models to simulated beam local buckling
and low-cycle fatigue was calibrated based on a proposed
beam model. Same modeling technique was verified by time
history analysis of a 4-story MRF.

For studies related to panel zone, key findings are
summarized below:

(1) The presented method based on equilibrium derived
reasonable shear forces of panel zones, which agreed with
the measured shear force and theoretical stiffness of the
panel zone;

(2) The measured response of the panel zones was clearly
affected by force interaction due to bidirectional loading.
When the panel zone developed significant deformation
and shear force in one direction, the shear strength in the
orthogonal direction reduced substantially;

(3) The simple modeling of panel zone represented stiffening
due to bracing connections by a short truss between the

elasto-plastic panel-zone responses.
For studies related to beam local buckling and fatigue
simulation, key findings are summarized below:
(1) With calibrated parameters of Hysteretic and Fatigue
model, the beam model reproduced strength degradation
at both loading sides, and the simulated fiber failure

agreed with the crack propagation observed in
subassemblage tests;
(2) The 4-story model of time history analysis

underestimated the measured story deformation before
fracture happened. With the same modeling of beam and
material models, the simulation showed consistent
strength degradation at the same location and same
excitation with the test.
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