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1. High-rise building by substructure testing

2. Sensing technology with the industrial
3. Soil structure interaction highly inelastic

4. Detailed simulation with the industrial



1. High-rise building by substructure testing



Japan’s National Issue

80% of more than 2500 high-rise buildings
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Inside Fragility
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Upper part tested partially @

Floor response of Kobe
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Long duration (2007 2008, Upper part)
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Not just down time
- but casualties
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Complete mechanism of beam hinging
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Seismic loading (2009, Beam hinging)
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RC floor slab, anti-symmetric M-distribution
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Real time scale—2>Input ground motion
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Long Period Ground Motion
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Strain concentration
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Total input energy in a long duration
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Seismic and collapse behavior of existing high-rise steel buildings under

long-period earthquakes
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Keywords:

High-rise steel building
E-Defense shaking table test
Cyclic pushover analysis
Long-period ground motion
Beam-column connection

Fatigue fracture

ABSTRACT

This work presented the experimental and numerical evaluation of the seismic and collapse behavior of Japanese
existing high-rise steel buildings subjected to long-period ground motions (LPGMs). Initially, the experiment (E-
Defense, 2008) was performed by the full-scale shaking table tests on a typical 21-story steel frame substructure.
Accordingly, a nonlinear rotational spring model was used in the numerical modeling. In consideration of the
stiffness,/strength deterioration and fatigue fracture of beam-column connections, the cyclic pushover analysis
was ufilized to account for such effect using seismic response data from system-level testing. Subsequently, the
numerical model parameters were derived and validated with the initial experiment on the high-rise steel frame
substructure. Herein, a well agreement on the seismic failure behavior between simulation and experiment was
found in this situation. Furthermore, both field-welded and shop-welded connections on the seismic performance
were included for comparison. For the 21-story prototype steel building (built before 1970s), a series of nu-
merical collapse analyses were performed. The above revised model using nonlinear static pushover analysis and
time history analysis were conducted to simulate and compare the effects of connection details and composite
slabs on the 21-story prototype building. Finally, a cyclic loading protocol for simulating LPGMs was proposed,
and the related ultimate failure behavior of the high-rise building was analytically discussed. Critically, this work
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Fig. 17. Numerical model of 21-story steel moment resisting frame (prototype building).
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3D FEM analysis on steel frame structure

Nagoya university

Nagae LAB.
PH.D student
Tianhao Yan

FE modeling

Mesh sensitivity analysis

1500
-
1000 "“«\‘
g 1
Zz 500
%
= 0
E e Mesh size 10 mm|
5 -500 o Mesh size 20 mm
= Mesh size 30 mm
-1000 e Mesh size 40 mm|
- Mesh size 50 mm
-1500

-0.06 -0.04 -0.02 0
Rotation (rad)

“|
Mesh size:16mm

s

0 0o

Uy Uy Uy
[ex 8y 9:]

1: Retained

0: Free
¥
P
1 0 1
Cyclic [
[0 0] II loading 0

Specimen C5

S=
o

0.02 0.04 0.06

Transition region
Mesh size:50mm

lo

0
0

Moment (kN-m)

o

1500
1000 -

~1000 Hewe

-1500
0

A

Mesh size 10 mm

Mesh size 20 mm

h size 30 mm

Mesh size 40 mm

- Mesh size 50 mm
T

6

Weld access hole

35R,10R

High strength bolts

F10T,M22@60

12 18 22 24
Number of cycles

Finer mesh size:*8mm

Mesh size:50mm

E — Mesh size:16mm

= Transition
__— region:*30mm

5 a5 TaR

Specimen C3

Future work (2008 high-rise frame structure E-Defense test)

26

Solid element

e e T e

Curved shell element

14

Connection 4

Momoent [kN*m]

R
S/ JI
’ 7 = S!g!-—,

Rotation [rad]

Crack distribution




Future work (2008 high-rise frame structure E-Defense test)

26

Curved shell element




R mIERER (BB RIIKF)

August, 2023
Shigeta ffrom Nageya University

-1 O [
: el | e 7T
: — 4} l\ 4 ,‘ ".’5
TR =
| L |

e——— L |

April-September, 2024
Students of Nagoya University




TR BT R AR IS FEMAZAT [ it

PH.D student

FE result ( von-Mise stress distribution) Tianhao Yan 12
2022 repaired A 2022 repaired B
+0.04 rad -0.04 rad +0.04 rad -0.04 rad

Concentrated at the end of Concentrated at the web away
the top flange from the beam end

L---

Due to contact




8 country meetlng arranged by the Triangle
q@m I

w- TS

I]i!'”!.

The 2022 August The 2022 November



& HOR

MILAN www.wiee2024.it

3-D DETAILED FINITE ELEMENT ANALYSIS OF FULL-SCALE SHAKING
TABLE TEST ON A 10-STORY STEEL BUILDING

J. Fujiwara’, T. Nagae®, T. Yan?, J. Jin?, J. Li®, T. Okazaki®,
A Kishida', R. Nishi' & K_ Kajiwara'

" National Research Institute for Earth Science and Disaster Resilience, Miki, JAPAN,
j-fujiwara@bosai.go.jp
*MNagoya University, Nagoya, JAPAM
2 Hokkaido University, Sapporo, JAPAN

Abstract: In February 2023, a three-dimensional dynamic loading test was conducted on a full-scale 10-story
steel frame structure af E-Defense, NIED, Japan. This fest aimed to gather data for the advancement of
seismic structural technology and serve as an exceptional case study for the development of new numerical
modeling methods. This research proposes a 3-D full-scale finite element modeling approach, taking into
account the nonlinear characteristics of steel and concrete floor slabs. in this finite element madel, columns,
beams, panel zones, and concrefe floor slabs were all modeled using curved shell elements. A comparnison
was conducted befween the numerical simulation and the experimental resulfs regarding their dynamic
characitenstics and seismic response in the fransverse direction (moment resisting system). Subsequently, the
local responses of caomponents such as the panel zone shear rofations, stress distribution in beam-column
connections, and the development of floor slab cracks under JMA Kobe 100% excitation were compared and
discussed. The findings indicated that the 3-D curved shell model replicates reasonable simulation of the
overall behavior, and offered reasonable predicfions of the plastic behavior of local compeonents.

Keywords: E-Defense shaking table tesf, 3-D full-scale finite element modeling, Nenlinear response hisfory
analysis

1. Introduction

In performance-based seismic design frameworks (FEMA-355E, 2000), the commenly adopted approach
involves conducting a series of nonlinear time-history analyses using plastic hinge models to predict the
response of buildings at various seismic intensity levels. Subseguently, the predicted seismic response is
compared to acceptance criteria defined based on target performance levels. However, some past
experimental studies (Nakashima et al. 2007, Matsumiya et al. 2010} have indicated that the actual seismic
response of structures, such as the effect on the stiffness and strength of the concrete floor slab to beam
members and floors, is greater than anticipated in design practice. Therefore, in perfformance-based seismic
design methods, it is vital to establish a sensible and authentic numerical moedel for the precise evaluation of
building performance and earthquake-induced damage.

In recent years, with the advancement of finite element software, ereating 3D finite element models capable
of simulating warious strong nonlinear effects has become increasingly straightforward. Howewer, the
application of refined finite element modeling has primarily been centered around individual structural
components (such as beam-column connections), with only & minority of researchers conducting detailed finite

3. Modeling methodology

Based on the experiment dimensions and material properiies mentioned above, a 3-D full-scale curved shell
finite element model was constructed using the finite element analysis software DIANA10.6 as shown in Figure
3. This section will provide a detailed explanation of the methods and conditions used in setting up the

numerical model.
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Figure 3. Finite element model.
WCEE2024 Fujiwara et al.
numerical model effectively captures specific phen observed in the experiments, notably the significant

shear deformation of the 2C panel zone. Future work will focus on evaluating the seismic response of the
lengitudinal direction including BRBs and the biaxial effects of the test specimen.
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Figure 10. Von-Mise stress distribufion of the 4th floor Figure 11. Crack of the 4th floor slab

(maximum response under JMA Kobe 100%). (under JMA Kobe 100%).



Recent high-rise steel building test




Continued Testing in Aug. 2024 (M2 EHKE, RIWXFEFhs

Test Objective

-Pendulum base-isolation testing to verify the impacts towards NSCs
- Check the effect of vertical motion on non-structural components

- Check Pendulum base-isolator behavior for loss assessment

Test1: with Pendulum base-isolator
Test2: without Pendulum base-isolator
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3. Soil structure interaction highly inelastic
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Requirement of connection reinforcement (2000),
as a result enhanced strengthcapamty double

Preliminary exterior frame test
(Curtaln waII company FUJI SASH)




Real deep soil layer




First phase conducted in advance
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Shear Force Coeff.
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Sliding and Collapse; Statistical Approach
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Friction tests in DPRI from 2007
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Cast iron is sliding on mortar
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JMA-Kobe 50%, Several centi-meter

JMA-Kobe 100%, A few hundreds centi-
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Current design code and JMA-Kobe 100%
=Stable global response




Beam-Column joint failure mode
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4. Detailed simulation with the industrial
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Setup of Twin Specimens
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First mode response vs SDOF analysis

m 1st mod A~
7L

1st mode response at center of floor 2"

2000+

—
(=3
(=3
<

—
(=3
(=3
<

Shear force [kN]
(=)

-3000

! -300 200 100 0 100 200 300
Disp. [mm] Disp. [mm]
(a) Test result =200]
E ]
= 07
Skeleton curve A
Q 5 8-200-

p2 - 1

22 24

g 16 _ 18 20 _ 22 18 20
th@“‘éalculatlons well trace
e ucy.(a;/al) (d) Compar{ﬁ%pt%f C %%s: -0.4) urlng JMA-

30007 Moment ‘ obe-1 |
Unloading slope '
SI56F system based on Takeda
(b) Dynamesieésponse
analysis Dp et isp. [mm]

=200 i
The fitted skeleton £, Imar ’
curve 2 200 el

e Titted unloading

TR A%,
Time [s]
SITpe JMA-Kobe le) Comparlson o "sltgcl:ls en tFy— -0.9) during JMA-Kobe-100°
ANNO/

Aot




ATC numerical simulation manual
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Modeling verification, given OpenSees

Chapter 4

Four-story Frame and Wall
Test Structure

4.1 Overview

This chapters presents benchmarking studies for a 4-story reinforced concrete
structure tested on the E-Defense shake table in Japan in 2010, shown in Figure 4-1.
Ground motion records and response parameters are available since the structure was
tested on a shake table. In this chapter, computed responses for analytical models
and predieted damage are comparad with measured responses and observed damage
for strong motion records from Southern Hyogo Prefecturs Earthquake of January 17,
1995

0 " T

Figure 4-1 Two structures tested at E-Defense shake table, study sfructure is on
the left side of the photo. (Magae et al., 2015).

The structure was evaluated in accordance with the nenlinear and linear dynamie
procedures of ASCE 41-17. Nonlinear models were developed using OpenSees and
Perform3D software with nonlinear and linear elastic joint elements. Linear models
were developed using ETABS software. The medels were constructed per details
presented in Appendiz A, unless otherwise noted.

Raotatsonal spring using
hodIMEPeakOniented
Material

N

\

Y

-

Elastic
Jount
elements

Figure 4-12 OpenSees LP model with material model listed for the nenlinear
zero-length springs.

e 7)

DhErTbated plastic iy ehrament
with & imtrgrasisn poimts S ——

Retational s slip spring Rotationsl plastic hinge

& .

Figure 4-13 Element topology for fiber section {left) and lumped plasticity (right)
models.

For the fiber section elements, sections were discretized and assigned material
models Conerete02 for unconfined concrete in the column and wall cover and wall
web, Concrete(4 for confined conerete in the column core and wall boundary
elements. and Steel 02 for reinforcing bars. Basic parameters of the stress-stram
curve for concrate in compression were calculated using the model by Mander et al.
(1988a). The stress-strain relationship (Figure 4-13) was regularized to prevent
localized deformations after concrete entered the descending branch of the stress-
strain curve. Strain at 20%: of the peak stress was calculated using the relationship
proposed by Coleman and Spacone (2001) for constant fracture energy:

GCR 22-917-50 4: Four-story Frame and Wall Test Structure

G 0&f
= -t Eq. 4-1
0 fLE o 4
GCR 112-917-50 4: Four-story Frame and Wall Test Structure 411



The 2015 and 2018 ten-story structures

Chapter 5

Ten-story Frame and Wall
Test Structure

5.1 Overview

This chapter presents benchmarking studies for a 10-story remforced concrete
structure tested at the E-Defense shake table in Japan in 2015 (Nagae et al., 2015),
shown in Figure 5-1. Ground meotion records and response parameters are available
since the structure was tested on a shake table. In this chapter, computed responses
for nonlinear medels of the building and predicted damage are compared with
measured responses and observed damage for strong motion records from Southem
Hyogo Prefecture Earthquake of January 17, 1995,

ﬁ B ‘*-‘.'

Figure 5-1 10-story structure tested at E-Defensze shake table in 2015 (photo
courtesy of J. Wallace).

The structura was evaluated in accordance with the nonlinear dynamic procedurss of
ASCE 41-17 and ACI 369.1-17, Standard Regquiremenis for Seismic Evaluation and
Retvafit of Existing Concrete Buildings and Commentary (ACL 2017). For the
evaluation of wall elements, proposed updates for the ASCE 41-23 wall modeling
parameters have been included. Nonlinear models were developed using OpenSees
and Perform3D software with nenlinear wall, beam, and column elements, and with
nonlinear and linear elastic joint elements. The models were constructed per details
presented in Appendix A, unless otherwise noted.

This chapter also provides results of a fragility analysis showing the collapse

Axial loads used in caleulating ASCE 41-17 modeling parameters for joints and
acceptance criteria for all structural elements were obtained as the maximum
compressive axial demands developed in each element from a pushover analysis of
the building out to initiation of loss of lateral load carrying capacity using a first
mode lateral load distribution. Slab out-of-plane bending was not modeled explicitly
but was rather accounted for through effective flange widths assigned to the beams.

The maximum compressive axial load (due to gravity load and earthquake effects)
did not exceed 16% of the columm gross sectional capacity, 4, f', throughout the
height of the building. Typically, the moment frame columns in the bottom six
stories had axial loads greater than 0.1.4_f". Itis noted the modeling parameters are
computed for maximum compression axial load determined from pusheover analysis
using the first mode lateral load distribution, whereas column yielding generally
occwrred during the analysis at minimum axial load; therefore, the reported ratios for
columns are likely on the conservative side. All columns were expected to respond
primarily in flexure as they had relatively high levels of confinement, such that their
shear strength exceaded the shear demand asseciated with flexural hinging by a
significant margin. Therefore, gross elastic shear stiffness was used for frame
members, as recommended by ASCE 41-17.

All beams were likewise expected to respond primarily in a flexure mode. Beam
sections included an effective flangs width determined based on ASCE 41-17 Section
10.3.1.3 (Figura 5-12). A biaxial mesh was used to model beams and columns, as
shown in Figure 5-12.

Elastic beam

{0381
T

Beam (Typ.]

| Rigid column

o) BT, > 12

ASCE 41-17
5104.2.2

Calumn (Typ.|

£

Figure 5-12 Moment frame element modeling approaches.

GCR 22-917-50 5: Ten-story Frame and Wall Test Structure 5-1
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Core wall and MRF dual system of high-rise building
- Widely adopted in the current practice
2> TEST VERIFICATION was highly required
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New collaboration based on NFEES, Tianjin University
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Option2: 50% scale high-rise test structure

Three six-story partial frames were assembled in series
- Collapse capacity would be the target
- The construction cost will be lower than the Option 1.
—> This 2013 steel test is the reference.
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Abstract
This paper focuses on the ultimate state of three-story wood dwellings
with high aspect ratios, which are increasing in Japan's urban areas. Using
shaking table test results from the 2019 full-scale shaking table test, a
t study is d d on the of g ultimate
state lhmugh the story shear failure mode at the first story, the tension
fracture mode at the wall base of the first story, and foundation sliding mode
on the soil. Methods evaluating the dynamic response behaviors of the
building systems are also investigated. In the test, the current Japanese
seismic design guidelines were applied, and two Grade-3 buildings
were prepared. One adopted the Post-and-Beam structure (A-building),
and the other the Shear-Wall structure (B-building). A series of tests
planned very different physical boundary conditions surrounding their
i d (RC) mat found The sills, column bases and wall
bases of the upper wood structures were anchored to the RC foundations by
steel anchor bolts, according to the current Allowable Stress Design (ASD)
requirements. In the first stage, A-building equipped a Base-Isolation
system, while B-building represented a generic foundation constructed on a
L5 m-height real soil ground by preparing a rigid soil box (Foundation-Soil
system). In the second stage of A-building and B-building, the foundation
was firmly fixed (Fixed-Foundation system), and shaking table motions
were fully applied to the foundations. The entire test system was setup on
the large shaking table facility at E-Defense, and a series of tests were
conducted using JMA-Kobe motion and JR-Takatori motion recorded in the
1995 Kobe earthquake as Maximum-Considered-Earthquake motions.
Confirmed was the change in the structural mechanism due to the upper
structural systems and the foundation boundaries. Regarding the upper

‘This is an open access article under the terms of the Creative Commans Atiribution License, which permits use, distribution and reproduction in any medium, provided

the ariginal work is properly dited.
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