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SUMMARY

A series of shaking table tests on a high-rise building are conducted in order to assess effects of retrofit using
steel or oil dampers. The specimen consists of a four-story steel frame and an upper substitute layers made of
concrete slabs and rubber bearings. Steel or oil brace dampers are attached to the steel frame. Long-period
ground motions and a design ground motion are used for the tests. Total input energies of the specimen
reasonably correspond to the estimations of energy spectra. The deformations of specimen are reduced especially
in the portion having dampers. In the moment frame, the energy is mostly dissipated in the steel or oil brace
dampers.
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1. INTRODUCTION

It had been pointed out that inter-plate earthquakes cause long-period ground motions in large cities of
Japan. They may have the large seismic energy which is exceeding the level of design assumptions
into high-rise buildings. When 2011 Tohoku earthquake (March 11, 2011) occurred, many high-rise
buildings which were constructed in Tokyo have kept vibrating for over 10 minutes.

In order to acquire realistic data on the damage, a series of shaking table tests on a high-rise building is
conducted by using 3-dimension full-scale testing facility, nicknamed "E-Defense" [1-3]. The adopted
test system consists of a lower part represented by four-story steel moment frame structure and an
upper part simplified by substitute layers made of concrete mass and rubber bearings. Long-period
ground motions and a design ground motion are used for the tests. In the tests using long period
ground motions, the specimen is subjected to large cumulative inelastic deformations as well as large
inter-story drifts. Such seismic loads are represented by total input energy to the specimen. The total
input energy from each test is plotted in the corresponding energy spectrum of the input wave,
indicating reasonable correlations. The beam ends dissipate ninety percent of the total input energy of
the steel frame. The results characterized by input energy and its distribution suggest the adopted
measuring methods reasonable. The seismic performance assessment in terms of input energy can be
developed not just for a seismic design but also for damage monitoring techniques.

In addition, this specimen is retrofitted by using steel or oil brace dampers, the shaking table tests are
carried out. Steel or oil brace dampers are attached to the steel moment frame. Total input energies of
the specimen reasonably correspond to the estimations of energy spectra. The deformations of
specimen are reduced especially in the portion having dampers. In the steel frame, the energy is mostly
dissipated in the steel or oil brace dampers.



2. OUTLINE OF SHAKENG TABLE TEST

2.1.

Test specimen

The specimen, shown in Figure 1 and Photo 1, consists of a lower part represented by four-story steel
moment frame structure and an upper part simplified by substitute layers made of concrete mass and
rubber bearings. To simulate energy absorption in upper part, the damper system which connection
steel damper and rubber bearing in series as shown in Photo 1(d) is placed
Steel or oil brace damper are installed in four-story steel moment frame as shown in Figure 1, it is
called as "Steel damper specimen" (H-09) or "Oil damper specimen” (V-09) respectively. In addition,
the specimen without dampers is called as "Resistant specimen" (F-07). The specifications of a steel
moment frame components, rubber bearing, damper system are listed in Table 1,the steel and oil
damper are listed in Table 2, 3.
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Figure 1. Plan and elevation of specimen (unit : mm)
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(a) Specification (b) Rubber bearing (c) Damper system
Column| CI1 [J-400x400x25 (gaurt;é(ti:r Thickness }ls(t){t{f&rlsgal Rubber bearing U-type damrperv
Gl H-600x200x8x19 Story Story | Outside 4. Horizontal| Horizontal Yielding
G2 H-400x200x8x13 (mm) (mm) (kN/m) diameter stitthess stitthess strength
Beam G3 H-500x200x9x16 S-3rdF| 500 124 700 (mm) (mm) (kN/m) | (kN/m) (kN)
G4 H-800x199x10x15 S-2nd F 600 117 1110 S-3rd F 800 90 4160 12500 348
S-1st F 600 135 1300 S-2nd F 900 90 4910 16600 464
S-1st F 1100 90 6430 19200 608
Table 2. Specification of steel damper Table 3. Specification of oil damper
Damper | Yielding 1% damping| 2™ damping | Relieve | Relieve | Compressio| Brace
Story stifness strength Story | coefficient ratio force | velocity| stifthess | stitthess
(KN/m) (kN) (kNs/m) &N) | (mfs) | (KN/m) | (KN/m)
F-4th F | 117000 361 F-4th F 12500 0.068 400 0.032 140000 551848
F-3rd F| 117000 361 F-3rd F 12500 0.068 400 0.032 140000 551848
F-2nd F| 117000 361 F-2nd F 12500 0.068 400 0.032 140000 551848
F-1stF | 98300 361 F-1stF 12500 0.068 400 0.032 140000 460237
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Photo 1. Overview of specimen
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2.2. Input wave

Three input waves, 1940 El Centro which is adjusted for PGV = 50 cm/s (EL2), Higasi-oogijima wave
(HOG) and Sannomaru wave (SAN), are used in this study. HOG and SAN are simulated long-period
ground motion at Tokyo and Nagoya site generated by subduction zone source models in southwest
Japan. Figure 2 shows the time histories of the input waves of Y direction. The velocity response

spectrum Sy and the energy spectrum V7 of these input waves are respectively shown in Figure 3 and
4.
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2.3. Energy calculation

Input energy for specimen £(f) can be calculated from Eq.(2.1) [3].
N t . ..
E(t)= _Z‘ [ i (Om (0 2.1)

where, N : the number of story, x,(¢) :the relative velocity, Z,(z) : the shaking table acceleration.
The equivalent velocity Vg is defined as follows [3];

Vv, = /2E(t0)/§:mi (2.2)

where, #, : the duration time of input wave.
The total absorbed energy by specimen W(¢) is expressed by Eq. (2.3)

W)= W) (2.3)

The absorbed energy at i-th story W(¢) can be calculated by using i-th inter-story deformation (¢) and
an absolute acceleration X (1) as follows;

w0)=[" 0.0ds . 0.0 =-Xm¥, (24a,b)

W{t) include the absorbed energy by structural damping because it uses the absolute acceleration
X .(t) as show in Eq. (2.4b). The absorbed energy in moment frame [ (¢) which means the damage
of the frame is expressed by Eq. (2.5).

=0, W) (3)

1

where, ;W () : the absorbed energy by the dampers which can obtain by the area of the hysteresis loop
of damper.

3. EVALUATION OF RESPONSE AND DAMAGE REDUCTION
3.1. Maximum response

Figure 5 shows the maximum inter-story drift angle of the moment frame structure which is the lower
part of this specimen as shown in Figure 1. In case of the resistant specimen, the maximum inter-story
drift angle at the 2" story subjected to the EL2 wave is small than 1%. However, the maximum
inter-story drift angle at the 2™ story is over than 1% when subjected to SAN wave. As installing
dampers in the moment frame, the maximum inter-story of the steel damper specimen and of the oil
damper specimen has decreased approximately by the effect of the dampers. Figure 6 shows the
maximum absolute acceleration of the moment frame structure. The acceleration response reduction
by installing dampers is smaller than the deformation response reduction which is shown in Figure 5.
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3.2. Effect of dampers

The relationship of damper deformation and force at the 2nd story obtained from the steel and oil
damper are shown in Figure 7. Figure 8 show the relationship of damper velocity and force of the oil
damper at 2nd story.

Figure 9 shows the relationship of the inter-story drift angle and the equivalent damping ratio at 2™
story. The equivalent damping ratio can be calculated by Eq. (2.1)

1 AW
e, = (3.1)
ar W,
| Elevation-A | | Elevation-B | | Elevation-A | | Elevation-B | | Elevation-A | | Elevation-B |
F 500 F 500 ya 500] & 500] +F 500+ +F 500+
1 i | |
L T T —0 T T / 7 1 T 4 7 1
“ | .0.02 002 002 002 -0.02 002 002 002 -0.02 0.02 -0.02 0.02
j j M M M
-500 -500 -500 -500 -500- -500-
F 500} v 500} pa 500} ra 500% & 500+ A& 500+
8 ) T 7 ) T T )| ) 1 T ¥ J 1
-0.02 } 002 002 } 002 -0.02 J 002 002 } 002 0,02 002 -0.02 0.02
-500 -500 -500 -500- # -500- *
(a) EL2 (b) HOG (c) SAN
Figure 7. 2™ story damper deformation — force relationship ( unit : kN, m )
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Figure 8. 2™ story oil-damper velocity — force relationship ( unit : kN, m/s )
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Figure 9. Equivalent damping ratio of 2" story

where AW, : the dissipated energy in one cycle, W,; : the maximum potential energy. We see from
Figure 9 that the equivalent damping ratio increases by yielding of the beam connection when the
inter-story becomes 1% in the resistant specimen results. In case of the steel damper specimen, the
equivalent damping ratio is the same level as the resistant specimen when the inter-story drift angle is
smaller than 0.5% which is the elastic range of steel damper. As the inter-story increases, the
equivalent damping ratio increases because the steel damper can absorb the energy. For the oil damper
specimen, the equivalent damping ratio is high in small range of the inter-story because the oil damper
can absorb even if the damper deformation is small.

3.3. Estimation of the input energy

Figure 10(a), (b) respectively show the time history of the input energy of the steel damper specimen,
the oil damper specimen, and of the resistant specimen subjected to SAN. In case of the steel damper
specimen, it can be seen that SAN has about 7 times the input energy of EL2, and that SAN has about
10 times the input energy of EL2 in case of the oil damper specimen. Figure 11 shows the comparison
between the energy spectrum as shown in Figure 4 and the test results which are calculated by Eq.
(2.2) and using the natural period of the each specimen. From Figure 11, we can see that the total input
energy of specimen can be reasonably estimated from the energy spectrum.
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3.4. Evaluation of the damage

Figure 12 show the relationship of (a) the deformation - frame & dampers shear force, (b) deformation
— dampers shear force, (c) deformation — frame shear force at 2™ story, respectively. The absorbed
energy at 2™ story W, can obtained from the area of the hysteresis loop as shown in Figure 12 (a), the
absorbed energy by dampers ,//, be able to estimate from the area of the hysteresis loop as shown in
Figure 12 (b). The absorbed energy by the frame J#¥, can obtained from the area of hysteresis loop as
shown in Figure 13 (c), /> becomes small because the input energy are almost absorbed by the
dampers.

The relationship of the bending moment and rotation of the beam obtained from the steel damper
specimen and the oil damper specimen subjected to SAN wave are shown in Figure 13. These are
comparing with the resistant specimen results. As in Figure 13, the maximum rotation decreases by the
effect of the dampers.

Figure 14 (a), (b) are show the time history of the absorbed energy in the moment frame ;4 obtained
from the steel damper specimen and the oil damper specimen, respectively. The absorbed energy of
the steel damper specimen subjected to SAN becomes half in comparison with the resistant specimen,
and the absorbed energy in the oil damper specimen becomes 0.8 times.

Figure 15 shows the absorbed energy allotment in the moment frame of the resistant specimen, the
steel damper specimen and oil damper specimen. In case of the steel damper specimen subjected to
SAN wave, the absorbed energy by damper accounts for about 80 % of the absorbed energy in the
moment frame In case of the oil damper specimen subjected to SAN wave, the absorbed energy by
dampers accounts for about 90 % of the absorbed energy in the moment frame. The absorbed energy
by the frame has greatly become small by installing the dampers.
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Figure 12. 2" story deformation — force relationship ( unit : kN, m )
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4. CONCLUSION

A series of shaking table tests on a high-rise building when subjected to the long period ground motion
are carried out to assess the effects of retrofit using the steel or oil dampers. In this paper, the damage
of the specimen and the effects of dampers are estimated by using the energy balanced. Total input
energies of the specimen reasonably correspond to the estimations of energy spectra. The deformations
of specimen are reduced especially in the portion having dampers. In the moment frame, the absorbed
energy is mostly dissipated in the steel or oil brace dampers.
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