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Abstract

Long-period ground motion caused large responses for high-rise buildings in Tokyo and Osaka area, which were far away
from the epicenter, during the 2011 off the Pacific coast of Tohoku Earthquake. In the near future, further extreme seismic
events such as Nankai trough earthquake are expected in Japan.

To reduce the seismic response of super high-rise buildings due to such destructive large long-period ground motion, a
tuned mass damper (TMD) in combination with pendulum and inverted pendulum has been developed. The newly
developed TMD with inverted pendulum (TMD-IP) has the following features;

- Particularly effective to reduce the continuously repeated response of super high-rise buildings caused by the
destructive long-period ground motions.

- The size including the height of the equipment is smaller compared to the conventional pendulum type TMD.

- The natural period adjustment of TMD-IP can be easily performed by mutually moving the weights between
the pendulum and the inverted pendulum.

- The installation can be done without closing the building, because there needs little reinforcement inside the
buildings.

- The safety of TMD-IP against unexpected large earthquakes is improved when equipped with the fail-safe
platform (FSP) as option.

In this paper, after the concept and the characteristics of the TMD-IP is described, the response control effect is discussed
using both exact and approximate numerical model. As results, in the design of the whole building-TMD-IP system, the
TMD-IP can be modeled as a linear one-degree-of-freedom model, and the conventional optimal design method of TMD
can be applied.

Also, newly proposed fail-safe system has been developed to prevent the huge mass of TMD from being overloaded and
damaged against larger seismic motion than design level. The developed fail-safe system mounts the TMD on the building
via the FSP instead of directly mounting the TMD on the building. This makes it possible to prevent damage to the TMD-
IP at the time of excessive seismic motion without sacrificing the response control performance.

To verify the dynamic characteristic of the TMD-IP and the performance of FSP, two-dimensional shaking table tests
were conducted using prototype scaled TMD-IP model. As results, it was confirmed that the dynamic characteristics of
the TMD-IP were obtained as equal to its theoretical values and the natural period of TMD-IP can be easily adjusted by
mutually moving the weights between the pendulum and the inverted pendulum. It was also confirmed that the increase
of TMD-IP displacement was suppressed by the operation of FSP with the increase of the building response. So, the FSP
was found to function as a fail-safe system against the excessive displacement.

Furthermore, to establish a method that can represent the complex behavior of inverted pendulum, finite element analysis
was performed considering geometric nonlinearity. As results, good agreement was found between the finite element
analysis results and the experimental results.
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1. Introduction

Long-period ground motion caused large responsekift-rise buildings in Tokyo and Osaka area, Whic
were far away from the epicenter, during the 20ffth® Pacific coast of Tohoku Earthquake. In tkeam
future, further extreme seismic events such as Alanbugh earthquake are expected in Japan.

One of the technologies to cope with this issuasglling tuned mass dampers (TMD) on the top of
those super high-rise buildings. Actually, sevéypks of TMD which are effective for seismic respemave
been applied for a newly constructed building [ddl @xisting buildings as seismic upgrade [2,3].

To reduce the seismic response of super high-ugddibgs due to such destructive large long-period
ground motion, TMD in combination with pendulum anderted pendulum has been developed. The newly
developed TMD with inverted pendulum (TMD-IP) hhae following features;

- Particularly effective to reduce the continuousipeated response of super high-rise buildings
caused by the destructive long-period ground metion

- The size including the height of the equipmeninmsker compared to the conventional pendulum
type TMD.

- The natural period adjustment of TMD-IP can belggsrformed by mutually moving the weights
between the pendulum and inverted pendulum.

- Theinstallation can be done without closing thiding, because there needs little reinforcement
inside the buildings.

- The safety of TMD-IP against unexpected large emdkes is improved when equipped with the
fail-safe platform (FSP) as option.

In this paper, after the concept and the charatitesiof the TMD-IP is described, the responsercbnt
effect is discussed using both exact and approeimainerical model. Also, newly proposed fail-safetem
has been developed to prevent the huge mass of it being overloaded and damaged against larger
seismic motion than design level. The developdesfe system mounts the TMD on the building v @&P
instead of directly mounting the TMD on the builglirThis makes it possible to prevent damage t@WMB-
IP at the time of excessive seismic motion withgadgrificing the response control performance.

To verify the dynamic characteristic of the TMD-#ad the performance of FSP, two dimensional
shaking table tests were conducted using protagpked TMD-IP model. Furthermore, to establish hoak
that can represent the complex behavior of invegeddulum, finite element analysis was performed
considering geometric nonlinearity.

2. Outlineof TMD-IP
2.1 Basic theory of TMD-IP

Fig. 1(a) shows the basic dynamic model of TMD-tBpwsed in this paper. There is an example of TRID i
combination with pendulum and inverted pendulum f#here the pendulum and the inverted pendulum
connect each other with vertical springs and vartiiampers. However, the proposed TMD-IP has dasnper
installed horizontally between the rod of the ingdrpendulum and the base. This TMD-IP has follgwin
features;

- Dampers are installed horizontally to have TMD damgginear from small to large displacement.

- Dampers are attached to the rod of inverted pendidwer position than the mass of inverted
pendulum to have displacement of damper smaller that of mass. So, existing oil dampers can
be used and no need to develop long stroke oil desnp
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Fig. 1 — Theoretical model of TMD-IP

Here, the length of pendulum and inverted pendumenassumed to be equallaghe equation of
motion on pendulum angkeof this model for free vibration is described alows.

(my + my)LO + cga?L cos?0 -0 + (my —m,)gsing =0 (1)

wherem;: mass of pendulumn,: mass of inverted pendulury: damping coefficient of dampatl: the
hight of inverted pendulum rod where the dampettachedg: gravity acceleration. Also, it is assumed as
m, > m, for the system to be stable.

Since Eg. (1) includesin & andcos 8 , the system shows geometric nonlinear charatitsisTo
linearize the equation, it is assumed that the plend angle is small & < 30° andsin 6 = 0, cos 6 = 1.
Then, the equation of motion can be rewritten #evc.

(my + my)LO + cga®L -6 + (m; —my)gh =0 (2)

The natural period of the TMD-IP is obtained aofok.

T = 2 |Matmz L 3)

mi—-mz g

The Eq. (3) shows that the natural period of TMDER/ (m, + m,)/(m; — m,) times longer than that of

conventional pendulum, which i% = 2m,/L/g. So, in designing TMD-IP, the length of penduluan de
shorter and the whole system can be made compé&cedpecially effective for designing TMD forwsttures
with long natural period such as super high-risiédings.

Also, according to Eq. (3), the natural period™D-IP can be easily adjusted by changing the oate
my; andm, without changing the length of pendulum whichégded for conventional pendulum type TMD.

2.2 Optimum design of TMD-IP

Replacing parameters in Eq. (2) as follows:= m; + m,, ¢; = cga?, k, = (m; —my) g/L, x = LB, the
equation of motion of TMD-IP is described as EqQ.dd4d can be treated as single degree of freedodelmo
shown in Fig. 1(b).

mX +cXx +kex =0 4)
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Fig. 2 — Analytical model of the whole building altMD-IP system
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Fig. 3 — Comparison between exact and approxintdtgiens

Assuming the building model as single degree eédom, the whole building-TMD-IP system can be
expressed as two degrees of freedom model as sinokiig. 2(b). Then, the optimal tuning perig,. and
the optimal damping,,,; of TMD-IP can be derived from the following conwiemal TMD optimal design
method [5].

Topt =1+ Ts %)

hopt =/3u/8(1+ ) (6)

whereT: natural period of the building,: the ratio of mass of TMD-IP to that of the buildi
2.3 Seismic performance of TMD-IP and evaluatioambroximate model

The seismic performance of TMD-IP is evaluated gisieismic response analysis. Two cases are perfiorme
and compared. The first one is the exact solutfplying Eq. (1) directly to the analysis model.el$econd
one is the linearilzed approximate solution apmyiy. (4) to the analysis model. The building ideled as
single degree of freedom for both cases.

The parameters used in the numerical analysiasaf@lows: mass of the building, = 5000¢, natural
period of the buildingy = 4.5s, damping of the building, = 0.02, mass ratiq¢ = m,;/mg = 0.1, total mass
of TMD-IP m; = 500t including mass of pendulum, = 414t and inverted pendulum, = 86t, the length
of pendulum and inverted penduldm= 4.0m, the hight where damper is attaclwed 0.3. According to the
optimal design method of TMD, Eg. (5) and Eqg. ()% natural period and damping of TMD-IP are
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Fig. 4 — Basic Idea of FSP

determinded as followd}; = 4.95s, h; = 0.185. As for input ground motion, the artificial siteawe derived
for Osaka plain during expected Nankai trough eprdike (NKT), and Kokuji-ha wave (KKJ), which is the
design input ground motion generated accordingealesign spectrum of the Building Standard Ladapian
are used for the seismic response analysis. Themss without TMD-IP is also examined.

The results are shown in Fig.3 and considerativess follows.

- Applying TMD-IP, large response reduction performecan be obtained for NKT, which is long-
period ground motion, while TMD-IP is also effeetifor KKJ.

- The defferense between the exact solution modettadpproximate solution model are enough
small. So, TMD-IP can be modeled as linear singigree of freedom in the range where the
pendulum angle is less thage.

3. Outlineof FSP

If a building equipped with a TMD encounters anessive ground motion that exceeds the design lavel,
may lead to a serious accident such as an inciedmélding response due to damage to the TMD drog

of the TMD mass. Therefore, the fail-safe mechanisrimdispensable for the TMD as a countermeasure
against the excessive seismic motion.

As the fail-safe mechanism, a method has been pegbio which the additional mass is suddenly braked
when the TMD device is about to exceed the limfodeation [2]. In using such devices, the perforogenf
TMD may decrease after sudden braking, which mag te an increase in building response.

In this paper, a method is proposed to prevent Tidin being damaged in the event of an excessive
ground motion and to suppress the deterioratiosemic performance by mounting TMD in a building v
an FSP, instead of mounting TMD directly on thddiog.

3.1 Configuration of FSP

The FSP has a role of transmitting the verticadllothe TMD mounted on the upper part to the bogdand

of transmitting the horizontal control force betwmethe TMD and the building. Fig.4 shows a conceptua
diagram of the operation of the TMD and FSP inhbezontal direction. The FSP is composed of aspithg
and an FS damper and exhibits the fail-safe meshably being designed so that the sum of the ha@ton
forces of both devices does not exceed the maxicantrol force of TMD.
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Fig. 5 — Schematic of test specimen Fig. 6 — Photos of test specimen
Table 1 — Specfication of test specimen
(&) TMD-IP (b) FSP
Mass Pendulum: 4.46t FS mount Cross-shaped linear guide
IP: 1.74t +500mm 4 units
Total: 6.20t FS damper Oil damper
Pendulum Length Pendulum 2m +500mm 4 units
IP 2m Relief forceF,.: 5kN
. . Primary dampig: propotional
Linear natural period 4.29sec. to square of velocity
Maximum horizontal displacement +1000mm Secondary damping: 5kN/(m/s)
Maximum pendulum angle +30° FS spring Laminated rubber bearing

+1200mm 1 unit with 2 layers
Stiffness: 19 KN/mm / unit

3.2 Operation of FSP

Within the range of the design seismic motion, thege where TMD is less than the limit deformation
determined by the mechanism of the spring and #meper, etc., the FS damper keeps a substantizéy fi
state, and the FSP hardly deforms, and only the T@d&rates as shown in Fig.4(b).

When the building encounters excessive groundanaxceeding the design level and the control force
of the TMD approaches the maximum control forceR S&arts to deform reaching the relief area whiege t
damping coefficient of the FS damper decreasedewsinsmitting control force to the building a®®im in
Fig. 4(c).

Since the force acting on the TMD from the buitdiwhich is equal to the control force acting oe th
building from the TMD, is limited by the operatiofthe FSP, collision and damage due to excesesonse
of the TMD, and the rapid increase of building w@sges such as accelerations and story shear faiodse
prevented. Also, the energy is absorbed by the &8pér while the FSP is operating, so there is b ra
reduction in seismic performance of the building[6]

4. Experimental verification

In performing the detailed design of the TMD-IP idey it is necessary to confirm that the pendulunth the
inverted pendulum move as expected and have aahgieniod derived from the thoery described in Geap
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Fig. 7 — Natural period and damping due to TMD-i$pthcement

2. In addition, since the actual device has a timeedsional system that moves in two horizontaldioms,
it is necessary to confirm that there is no inteoaceffect from the orthogonal direction.

Therefore, a prototype scaled model of TMD-IP wkSP is manufactured and the dynamic
characterictics are verified by shaking table testre, the outline and the experimental resultslaseribed.

4.1 Outline of test specimen

The test specimen was designed assuming a buildthga primary natural period of about 4 secondbew
trying to realize a TMD with a period of 4 secongsng only a pendulum, the length of the penduluala/

be 4 m. However, by using an inverted pendulumedoTMD-IP, the test specimen was realized with a
pendulum length of 2 m, which is half the lengtttofventional pendulum type TMD.

Fig. 5 shows a schematic diagram of the test spati and Fig. 6(a) shows the appearance of the
specimen. Table 1 summarizes the specificationtiseofest specimen.

The pendulum mass of 4.46t is supported by fospsasion wiresg2.4mm) with length of 2m from
the upper frame. The inverted pendulum mass oft 1s/@upported by four inverted rodg60.5x4mm) with
length of 2m from the lower frame. The pendulum #relinverted pendulum are integrated horizontayly
cam followers arranged on the four sides of thedpkmm and the inverted pendulum frame, allowingtieé
movement only in the vertical direction as showkign 6(b). Universal joints are inserted at batdsof both
the suspension wire and the inverted rod so tleatiévice can move smoothly in two horizontal diets.

As the damping of this TMD-IP, two oil dampers e/@rstalled in each of two horizontal directions, f
a total of four. These oil dampers are attachedbalbbearings to a damper rod that does not stipipedoad
of the inverted pendulum provided in the centethef inverted pendulum frame as shown in Fig. 6{be
attached position of the oil damper in the vertdia¢ction is 0.6 m below the lower part of the Zamper
rod. As a result, the required damper stroke isn®f8r the designed maximum stroke of the pendusunach
the inverted pendulum of 1 m where the pendulunteaisg30 °, resulting in a compact damper design.

As for fail-safe mechanism, an FSP is providedweahe lower frame and the entire frame is supgabrt
by cross-shaped linear guides. Relief type oil dammmre used to switch the operation of the FSP and
laminated rubber bearings are used as the restoratechanism. The characteristics of the relieétgp
dampers are such that it has the largest possibtgithg characteristic up to the relief load by gsihe
characteristic proportional to the square of thioaigy, and the damping coefficient becomes as kaml
possible after the relief load.
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4.2 Results of experiments
4.2.1 Natural period and damping

Fixing the FSP mechanically, the shaking tablessilated with single sinusoidal wave with a periafd4
seconds which is near the natural period of TMDHEch peak value of the amplitude is extracted ftioen
free vibration wave of the pendulum displacement| @ne relationship between the amplitude level ted
natural period, and that between the amplitudel land the damping are obtained. Fig. 7 shows thelte
The figure also shows the results of the naturdbpgeand damping when the weight of 240 kg is miljyua
moved between the pendulum and the inverted pendirthm the standard mass distribution of the pemaiul
and the inverted pendulum in Table 1. Each satid indicates a theoretical value obtained by udiegexact
solution of Eq. (1).

As results, when the pendulum amplitude is less th@0 mm, the natural period is short and the
damping increases due to the influence of the aalower friction, etc., but for larger amplitudds,was
confirmed that the natural period and the dampietj agree with the theoretical values. It was alsofirmed
that the period could be easily adjusted by muguathving the weight between the pendulum and therted
pendulum.

4.2 .2 Bi-directional movement
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Fig. 12 —Time histories of input acceleration

The shaking table was excited with a sinusoidalevaith a period of 4.5 seconds which is near tharah
period in two horizontal directions in phase antaiyphase with 90 °. It was also excited with eliéint period
of 4 seconds and 4.5 seconds for each directign8Fshows the time history and the horizontalikeational
displacement Lissajous when excited by an in-plsasesoidal wave with a period of 4.5 seconds. It wa
confirmed that the TMD-IP moved smoothly even i taorizontal oscillation.

4.2.3 Performance of FSP

Steady sinusoidal wave with a period of 4.5 secowdiéch is near the natural period, was appliedht
shaking table and the relationship between inpeetlacation and TMD-IP displacement and FSP disphace:
was confirmed. The results are shown in Fig. 9.

As shown in Fig. 9, when the FSP is fixed mechdlyicavithout fail-safe system, the pendulum
amplitude increases in proportion to the increaseput acceleration. However, when TMD-IP equippéith
FSP, the FSP operates and displaces with an ircireagut acceleration, resulting in suppressiaincrease
in TMD-IP displacement. So, itis confirmed that ffroposed FSP functioned as a fail-safe mechaagsinst
excessive displacement of TMD-IP.

5. Veification of numerical analysis method

The proposed system has been confirmed to belsagrpected by the prototype scaled model experiment
However, experimental verification using a scakest specimen cannot be performed every time TMX-IP
designed. Therefore, it is necessary to establisietnod that can reproduce complicated pendulum and
inverted pendulum behavior by analytical simulation
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Fig. 13 —Time histories of TMD-IP displacement without FSP
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Fig. 14 —Lissajous of TMD-IP displacement without FSP

Since the behavior of the TMD-IP has a geomefnialinearity due to large deformation, analysis was
performed using a finite element analysis considethe geometric nonlinearity. In this analysi® #xact
solution of Eq. (1) is solved for bi-directionalrimontal input motion.

In this chapter, based on the experimental resulfhapter 4, the validity of the numerical anaysas
examined by comparing the results with that of sigkable tests for the inputs of the seismic resps at
the top of the high-rise building.

5.1 Parameters of the analytical model

The analytical model simulating the shaking tabkt bf TMD-IP with FSP is shown in Fig. 10. Eachnnber
of the analytical model was modeled by wire elemeahd the specifications used in the analysis Were
same as in the shaking table test shown in Taldkede, the F-V diagram of the oil damper is showifrig.
11, where the primary damping of the FS dampeiideted by linear approximation. The boundary cdionis
were set appropriately simulating the joints.

As the input wave to be used, it is assumediigaT MD-IP is installed at the top of a high-rigeling,
and response waves in two X and Y directions atdheof the building with a primary natural perioti4.0
and 4.5 seconds are used. Two cases are studieds @sing a response wave to the Nankai troughzake
(NKT) and the other is a response wave to the Uanfaalt earthquake 3B (UMF), which is one of thegest
expected near fault earthquakes in Japan. Fiid@sstime history of the acceleration response asedputs.

5.2 Analytical study on TMD-IP

10
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Fig. 15 —Time histories of TMD-IP and FSP displacement
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Fig. 16 —Lissajous of TMD-IP displacement with FSP

Fig. 13 shows a comparison of the time historiesveen analysis and experiment for the TMD-IP
displacement response, where FSP is fixed mechbni€ay. 14 shows its Lissajous. As shown in these
figures, the analysis values and the experimemtales are well agreed, and it was confirmed thafTiD-

IP experiment could be analyzed with high accuracy.

5.3 Analytical study on FSP

As described in Chapter 3, the FSP has been dkatsa mechanism to prevent excessive deformatithe o
TMD when an earthquake larger than the design levelirred. Here, the response reduction effect tiem
analysis and experiment is studied using the samés as previous section.
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Fig. 15 shows a comparison of the time histdritsveen analysis and experiment for the displacemen
response of the TMD-IP and the FSP. Fig. 16 shtsigssajous. As shown in these figures, the amalsue
of the displacement of TMD-IP and the experimewddie are well agreed, but not as well for the ldispment
of the FSP. This may be due to the dispersion®R8 damper used in the experiment and the effabeo
linear approximation model of the primary dampirighe FS damper. However, the response of the BSP i
smaller than that of the TMD. Therefore, the eff@ised from such errors on TMD-IP response igéuini

In addition, comparing the results of the TMD-Hlahat with FSP, the effect of the FSP on prewenti
excessive deformation of the TMD-IP can be confaireeen under nonstationary input motion.

6. Conclusions

TMD-IP has been developed to ensure the safetyighf-fise buildings in response to long-period gmbun
motions expected during such as Nankai trough gastke. In addition, an FSP was proposed as a
countermeasure against an excessive earthqualteefeafety of the TMD-IP. The findings obtainedbtigh
theoretical studies, prototype scaled model expnts) and finite element analysis are summarizéxhbe

- Since the same natural period can be realizedanstiorter suspension length than the conventional
pendulum type TMD, it is effective for downsizingetequipment.

- Natural period of TMD-IP can be adjusted by théeritistion of the mass on the pendulum and the
inverted pendulum, so the natural period can bigyemdjusted even after completion.

- In the design of the whole building-TMD-IP systdime TMD-IP can be treated as a linear single
degree of freedom system model, and the convenfiaviB optimization method can be applied.

- As a countermeasure against an excessive earthquakaling the proposed FSP can prevent
damage to TMD-IP without sacrificing the responsetml performance.

- The complex behavior of pendulum and inverted pemdiwcan be accurately reproduced by finite
element analysis considering geometric nonlinearitg can be used for detailed design of TMD-
IP.
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