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Abstract

We have learned many important things in seismic design and
engineering from both earthquakes on Northridge and Kobe. In steel
structure field, it is most impressive that moment resisting frames
(believed to be the most ductile and tough structural system for big
earthquakes) did not work as well as expected..

As a result, many structural engineers have changed their seismic
design concept. Energy dissipation capacity provided by plastic hinges at
beam ends is not sufficient for big earthquakes. One more important thing
is that we need many tests for structural members using actual size
specimen and under real time speed loading.

While energy dissipation systems using hysteretic steel dampers suffer
during big earthquakes, main frames composed of columns and beams can
remain inelastic if good seismic design is used. After a big earthquake,
the dampers can be checked and replaced if necessary.

In this paper, we discuss the results of an experimental study of
hysteretic steel dampers. Actual size specimens and real time speed
loading were used. The application of the results to the design of the tall
building is also discussed.

1 Introduction

This paper proposes a method of concentrating earthquake damage on
certain members while maintaining the main structure’s ability to support
a vertical load. After a large earthquake, the building can be used once
these damaged members have been replaced. This technology is
theoretically based on Prof. Connor's "Performance Based Design,"
which suggests that a more rational design can be achieved if each design
parameter individually corresponds to each design requirement.

In this new structural design method, vertical load supports remain
elastic during earthquakes, while input earthquake energy is concentrated
and absorbed by seismic members. This structure is called a "Damage
Tolerant Structure" because seismic members are subjected to energy
concentration and allowed to become damaged. We also call the seismic
members the "damage fuse,” and refer to an "easily repaired structure.”
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2 Hysteretic steel damper mechanism

We developed a new hysteretic steel damper “damage fuse”. called the
Steel Slit Damper (SSD). Its shape is shown in Fig.1. It consists of a
small steel plate with many vertical slits. The many small columns
between the slits will yield under a bending moment and, because of the
ductile characteristics of the steel material, absorb the seimic energy.
Because the mechanism is so simple, it is easy to control the hysteresis
characteristics of the steel damper.

The steel damper is mounted on a bracket provided on the main frame
beam. A T-shaped spring joint is attached to the top of the steel damper to
absorb vertical deformation and maintain a stable hysterisis loop.

3 Actual size and real time speed tests

3.1 Test apparatus and specimens

Many tests were performed to determine the hysterisis characteristics of
the SSD. These tests used actual sized specimens. The test apparatus is
shown in Fig.2. The posts are connected to the upper and lower beam
with pin hinge joints to avoid moment resistance. The point of loading
corresponds to the center of specimen. Three type of tests were
conducted: cyclic loading tests; fatigue tests; and real time speed loading
tests. The response of the T-shaped joint was examined in all tests.

3.2 Cyclic loading test

The loading program used in cyclic loading test is shown in Fig.3 and
the resulting load-displacement curve is shown in Fig.4. This figure
indicates that the SSD has a stable hysteresis loop and a tendency toward
hardening that will gradually increase the stiffness after yielding. The
effect of tension stress in the columns can be detected in the region of
large deformation.
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Fig.5 illustrates the relation between peak load and cumulative inelastic
deformation energy under the cyclic loading at amplitude of 10mm and
20mm. The cumulative inelastic deformation energy is defined as the total
strain energy until a 90% strength of the maximum bearing capacity is
reached. The cumulative inelastic deformation energy is 2291 tcm in the
10mm amplitude loading test and 2446 tcm in the 20mm amplitude loading
test.

3.3 Fatigue test

Fatigue tests used amplitudes from 4mm to 32 mm. The relation
between the maximum load and the load cycles is shown in Fig.6. The
Manson-Coffin formula fits the relation between the deformation angle
and the number of cycles as shown in Fig.7. The cumulative inelastic
deformation energy at each amplitude is shown in Table.1. It indicates
that the energy absorbing capacity decreases in proportion to the large
amplitude.

3.4 Real time speed loading test

It is very important to know the behavior of the hysteretic steel damper
under actual seismic motion. Therefore, the real speed loading test was
performed using the response of relative displacement at the 10th floor of
26 story steel structure, under the carthquake force given by Building
Center of Japan. Fig.8 shows the time historical displacement to the SSD,
and Fig.9 indicates the cumulative inelastic deformation energy based on
the time historical loading. The real speed tests were conducted four
times. The maximum amplitude of the first test was Smm ( 25% of the
actual maximum response) and the remaining three tests used 20mm as the
maximum amplitude. The cumulative inelastic deformation energies were
77 tcm, 1240 tcm, 1156 tcm, and 371 tcm respectively. During the fourth
test, a crack was generated and the loading decreased. The sum of the
cumulative inelastic deformation energies of the first three tests is 2473
tcm. This value is very similar to the result of the cyclic loading test
(2446 tcm) under the maximum amplitude of 20mm.
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Fig.3. Cyclic loading program  Fig.4. Load-displacement curve
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4 Application to the tall building

4.1 Outline of the building

A building provided with the SSD is now under construction in
Sapporo, the northern island of Japan. The perspective view of the
building is shown in Fig.10. The building, which will be used mainly as a
hotel, has 26 stories above the ground and a single story under ground.
Above the 4th floor, the building’s shape is a slender rectangle. The
lower floors have the shape of an extended triangle, which is effective
against the overturning moment. Because gravel appears near the ground
surface, the foundation system is a mat slab under the tall portion of the
building and footing under the rest of the building. The main construction
system is steel structure. The substructure and lower floor use SRC.

Based on the concept of “Damage Tolerant Structure”, the structural
system consists of two elements. One element is the frame structure that
supports the vertical load, and the other is the SSDs that absorb seismic
energy. SSDs are provided in the steel post bracket at the well-balanced
position of each floor over the 4th story. The SSD mounted at the site is
shown in Fig.11.

Each SSD can be replaced if necessary after a severe earthquake. Each
SSD weights about 20kg and can be easily installed manually. Most
dampers are located at the service core in a well balanced position. When
an SSD is located in the partition wall, a maintenance window is
provided.

Fig.10. Perspective view of building Fig.11. SSD mounted at the site
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4.2 Seismic design criteria
In the cases of moderate and severe earthquakes, SSDs will dissipate
energy by yielding and absorbing seismic energy. The main frame will
perform generally as the elastic element and continue to support the
vertical load. SSD shall be checked and replaced if necessary after the
earthquake. We consider two levels of seismic design criteria as follows
Level 1 Main frame Elastic
SSD Yielded
Cumulative inelastic deflection ratio is less than 100
Level 2 Main frame Elastic mostly
SSD Yielded
Cumulative inelastic deflection ratio is less than 300

Based on our test results, the calculated cumulative inelastic
deformation ratio for the SSD is 900, that is defined as the ratio of the
cumulative inelastic deformation and the yielding deformation. We
adopted the value of 1/3 of the maximum cumulative inelastic deformation
ratio of the SSD to the criteria for Level 2 earthquake considering the
safety factor.

4.3 Dynamic analysis

It is meaningful to control the balance of stiffness and shear force
between the SSD and the main frame. Although the hysterisis curve is
given by the test results of single element, the reduction of the stiffness
caused by the bracket frame and T-shape joint should be taken into
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account. In addition, the SSD will absorb the seismic energy only by
shear deformation between the floors. Bending deflection should be
removed from the total story deflection.

A mass-spring model may be used for the main frame, including the
bending and shearing deformation. The SSD is incorporated as a shear
spring with tri-linear hysterisis characteristics. The inherent viscous
damping factor is assumed to be 1% for the main frame, but not for the
SSD. .

The 30% share of the story shear to SSD is shown to be most effective
by trial calculations. As a result, the total number of SSDs is 884 pieces
in the long direction, and 990 pieces in the short direction. The
comparison of the first natural period with and without SSD is as shown

below.

Long direction Short direction
Main frame without SSDs 2.22sec 2.46sec
Main frame with SSDs 1.68sec 1.85sec

The comparison of the dynamic response with and without SSDs is
shown in Fig.12. The dynamic response with SSD is reduced relative to
the response without SSD. The response in the long direction is much
more reduced than in the short direction because of the priority of shear
deformation.

The energy response over time is shown in Fig.13. and it indicates that
the seismic energy was absorbed finally in the ratio of 48% by hysterisis
damping of SSDs.
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Fig.13. Time historical energy response
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5 Conclusion

1. SSD has a sufficient energy absorption capacity and can be used as a
energy dissipation element. After severe earthquakes, SSDs shall be
checked and replaced if necessary

2. The energy absorbing capacity of SSD decreases in proportion to the
large amplitude. The response deflection SSD shall be limited in a small
deflection.

3. According to the result of real time speed loading test, the cumulative
inelastic deformation energy is similar to the result of cyclic loading tests
under 20mm of the maximum amplitude.

4. In the case of 26 stories tall building, the seismic response is reduced
by the hysteresis damping of SSDs. About a half of total seismic energy
is absorbed by SSDs.
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