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NON-LINEAR DYNAMIC RESPONSE CHARACTERISTIC OF SINGLE-DAMPED OUTRIGGER SYSTEMS
WITH OIL DAMPERS OR ELASTO-PLASTIC DAMPERS CONSIDERING DESIGN EARTHQUAKE LEVELS
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The damped outrigger system is in widespread in seismic area as a damping modification system. However, the relationships between the exact damping

performance and its seismic response reduction effect has not been deeply investigated yet. This paper investigated the non-linear dynamic response characteristic

of single-damped outrigger systems with oil dampers or elasto-plastic dampers considering design earthquake levels. The optimal damper design equations to

maximize 1st mode damping ratio were proposed, and validated through the application example of a Japanese super-tall building, and a design algorithm to

translate the optimized single damped outrigger to quad damped outrigger systems is proposed.
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Table 1 List of major specifications and design parameters

EI : core flexural stiffness ky= k + - ) : connection stiffness

* Cy @ initial viscous coefficient (LO, NLO)

*

* ko=

. initial axial stiffness of a BRB
" Joss stiffness of an oil damper (Caw)
3EL
I

: outrigger flexural stiffness

outrigger + perimeter column

* o : outrigger height ratio

Rap= 5> :damper-to-connection stiffness ratio

_ ki

be

ko

. connection-to-core stiffness ratio
El/h

_ E4 . . .
ke= == :perimeter column axial stiffness . . .
h (*: main operational design parameter)

Table 2 Member specifications
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64 (256 16 | 2.79x10" | 1.52x10° 0.22-0.50, 0.27-0.88, 0.31-1.42
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15 - 2 - - .
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Fig. 7 Modal dominant ratios in the seismic responses (32-story BRB model, mean responses of the Lv. 2 spectrally matched waves)

10 20 30
shearing force (10° kN)
(e) shearing force



0[O NLO BRB LO NLO BRB LO NLO BRB LO NLO BRB LO NLO BRB LO NLO BRB LO NLO BRB LO NLO BRB LO NLO BRB

(al) Damping ratio (a2) Peak SDR  (a3) OTM (b1) Damping ratio (b2) Peak SDR  (b3) OTM (c1) Damping ratio  (c2) Peak SDR  (c3) OTM
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Fig. 16 Seismic responses against KA1 (64-story NLO model)
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Table 6 Coefficients of the proposed damper design equation
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Fig. 19 Validation results of the proposed design equations.

BRI & 17 Feiili &7 o AR =WV 2 DA Lo 7 o N =R i

RIE LT ET VDT R 2R L, O~ — 0 — TR 27T,
RENT 1 RE— FRRLEZ BT 2 RIESY A —FEE BAFIC
HEETETRY, v—7ERERASERITE— 22 bk
IMEE TRIBTE TV 5D,

REKXZALV 400n HiBEE
51 EYHE

B, HARENTEBIEE S5 400 b B 5L % kf 5

RN E VT2 1 IRE — FIEE I 2 5 R b3 B i i i & i,
%wmém@%%%@ﬂﬁéoﬁgmmﬁ%ﬁwéﬁﬁoﬂ%@%
1349 100m WU 5 D 1E 5 T V-t & 9 % Bif i & 396m(70 J&) oD i e Jig
Wch s, KETIE, EHOOBEHI Y 0L FEERC, FRdmo
HEE, FEARA, MM AT AR VA DX =T
kU A —HEED 4 #H % 1 DICHIAT DM T 7 /LIS E# L C i
%, DM EF O A TEITIE T VET IO 2 T ER & SR EL &2
b2 %, a7 EOEEIT Fig20 OJKAEIC R $HESZ 7 7 YA
—rHR a7 REAMTHLEEZXSH, DM TTNO AT EILT 4 E Y
= aREECTETMLL, CAMERORBEEEETD, TU L
V=R S 3L 0 EFHEIZHEI L7 20m & L, [J-1000X60 DF
AWrE A % 3 B g L7 b ixmﬂmmumwmeﬁéo3$i
TOHMRIZESE, 77U M) —@St ol 0.6 &35, Faaxqt
1R A DO ANT) L ASVRIAT o CitEMRE & i i 5,
5.2 BE7OrIA—HBEL L TRERINT H5E

Table 7 {2 AT LA/t L7z fcii sk sHAF OFE T %, Fig.21 [ZH
W EHEZ BT 1 I — N - BIfR % <77, Table 7 @ XX-Lv.2
XL~V 2 OERBA ISR L CTH v 8—XX &kt L2356
BREMT 5, Fig2l Ot~ —n—IRT X IIZ, il Eo 1
YW LA E® Y ik Kb S TRY, —fITEbLbOD, 1%
AN 400m B EEEDICHEHA TE D Z ERHRTE 5.
Table 8 (Z &5 FHR D B — 7 HIFRIGA %, Fig.22 ICHIERZ O f S

EYo 1 RE— FREERKIE

— 156 —

396 m

PRSI
v -V

DRI

(a) Section

core brace and perimeter column
® 0-800x32
@  0-900x40
@ ©-1000x40
@  ©-1300x50
@  ©-1600%55
floor beam

H-1000x400x19x40

perimeter column

core brace

97.2m

| outrigger

truss

(b) Outrigger floor framing plan
Fig. 20 Structure drawings (70 floors, 396m building height)
Table 7 Optimized model specification

|| EI ke k. s |z F ka Cy
) || @) | g | avimy | 41700 aony | gy [aoNsimm)
NLO-Lv.2 1.26 | 44800| 1.19x10°| 1498
6
NLO-Lvdl 1ot 50 1 o0 074104 001061 0.6 | 0,19 |22 1 76000 2.00x106 2521
BRB-Lv.2 5.05 | 38000|4.77x10°| N/A
BRB-Lv.4 8.77 | 68000 | 8.27x10°| N/A
NLO: C;(kNs/mm) = 300 900 1500 2100 2700
oy oM e o of
BRB: ks (10°kN/m) = 3.0 4.0 5.0 6.0 7.0
The model predicted by the proposed design equations.
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Fig. 21 1st mode additional damping ratio (Lv. 2)
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Table 8 Mean seismic responses of single damped outrigger
(a) Mean seismic responses against Lv.2 waves

Additional | Natural Roof Peak Roof
5 N X . OTM | Base shear
damping | period | displacement SDR | acceleration o 5
ratio (%) | (s) (m) (rad%)| (et |10 KNm | (107kN)
Free Core 0 7.93 2.05 0.75 6.62 42.4 331.0
Fixed 0 7.28 1.97 0.71 6.58 42.2 325.5
NLO-Lv.2 443 7.60 1.57 0.58 6.77 35.2 309.6
NLO-Lv.4 3.13 7.38 1.62 0.60 6.81 36.6 314.8
BRB-Lv.2 1.34 7.59 1.80 0.66 6.86 38.9 3183
BRB-Lv.4 0.84 7.44 1.89 0.69 6.87 40.5 321.1
(b) Mean seismic responses against Lv.4 waves
Additi(?nal Na@al ) Roof Peak ROOf_ OTM |Base shear
damping | period displacement SDR | acceleration 6 3
o (%) | © m || e |10 KIW] 009
Free Core 0 7.93 3.99 1.44 11.27 81.05 593.1
Fixed 0 7.28 3.68 1.33 11.49 79.05 597.1
NLO-Lv.2 3.54 7.80 3.32 1.22 11.46 70.32 557.1
NLO-Lv.4 4.42 7.59 3.06 1.13 11.55 67.43 559.5
BRB-Lv.2 1.35 7.71 3.51 1.28 11.71 74.26 578.3
BRB-Lv.4 1.49 7.57 3.38 1.23 11.71 72.66 575.7
NLO-Lv.2 BRB-Lv.2 FreeCore --------
NLO-Lv.4-------- BRB-Lv.4-------- Fixed ——
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Fig. 22 Seismic response distribution (optimized to Lv. 2 waves)
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Table 9 Mean seismic responses of quad d'amEed outrigger

(a) Mean seismic responses of BRB models against Lv.2 waves
BRB, Additi(?nal Natgral ) Roof Peak ROOf_ O™  |Base shear
Lv.2 input damping | period |displacement| SDR | acceleration 10° kN 10° kN
] o) | ©) @ |eadw)| sy [0 KNm] ACKN
Single-Lv.2 1.34 7.59 1.80 0.66 6.86 38.86 318.3
Single-Lv.4 0.84 7.44 1.89 0.69 6.87 40.53 321.1
Quarter-Lv.2 1.39 7.64 1.80 0.65 6.68 38.18 311.1
Quarter-Lv.4 1.11 7.48 1.83 0.66 6.62 38.76 308.6
Half-Lv.2 1.26 7.42 1.79 0.64 6.52 37.93 302.2
Half-Lv.4 0.26 7.25 1.87 0.67 6.62 39.72 312.2
Fourfold-Lv.2 0.24 7.19 1.86 0.66 6.55 39.40 308.6
Fourfold-Lv.4 0.00 7.12 1.91 0.68 6.74 40.50 322.2
(b) Mean seismic responses of BRB models against Lv.4 waves
BRB, Additi(?nal Natgral ) Roof Peak ROOf_ O™ |Base shear
Ly inout damping | period | displacement| SDR [ acceleration 105 kN 10° kN
P o) | ) @ J@dw| sy |10 Nm) A0TEN)
Single-Lv.2 135 7.71 351 1.8 11.71 74.26 5783
Single-Lv.4 1.49 7.57 3.38 1.23 11.71 72.66 575.7
Quarter-Lv.2 1.26 7.74 3.56 1.29 11.44 74.19 568.2
Quarter-Lv.4 1.55 7.62 336 122 11.36 71.36 560.6
Half-Lv.2 1.78 7.57 3.27 1.19 11.41 70.18 562.6
HalfLv.4 1.43 7.39 331 119 1141 71.18 565.9
Fourfold-Lv.2 | 1.45 732 3.27 118 11.30 70.53 560.0
Fourfold-Lv.4 0.46 7.18 3.50 1.24 11.35 74.58 573.2
(c) Mean seismic responses of NLO models against Lv.2 waves
NLO. Additi(?nal Na@al . Roof Peak ROOf. OTM  |Base shear
Lv2 inout da@mg period | displacement| SDR | acceleration 10° kN 10° kN
P o (%) | (9) M |Gad%)| ey |10 N 0TKN)
Single-Lv.2 443 7.60 1.57 0.58 6.77 35.18 309.6
Single-Lv.4 3.13 7.38 1.62 0.60 6.81 36.59 314.8
Quarter-Lv.2 4.47 7.68 1.57 0.57 6.26 33.35 279.4
Quarter-Lv.4 3.95 7.43 1.55 0.56 6.39 33.90 289.3
Half-Lv.2 4.32 733 1.49 0.54 6.23 32.61 279.4
Half-Lv.4 2.55 7.22 1.63 0.58 6.40 35.45 295.2
Fourfold-Lv.2 2.56 7.15 1.60 0.57 6.32 34.90 291.5
Fourfold-Lv.4 1.61 7.12 1.66 0.59 6.47 36.14 303.2
(d) Mean seismic responses of NLO models against Lv.4 waves
NLO, Addili(?nal Nat!.lral _ Roof Peak ROOf_ OTM | Base shear
Lv.4 inout damping | period | displacement| SDR [ acceleration 10 N 10 kN
P | miocs) | © m  J@dw| sy |10 Nm) 07N
Single-Lv.2 3.54 7.80 332 1.22 11.46 70.32 557.1
Single-Lv.4 442 7.59 3.06 113 11.55 67.43 559.5
Quarter-Lv.2 2.76 7.86 3.51 1.27 10.89 71.33 529.5
Quarter-Lv.4 3.70 7.80 3.29 1.19 8.06 67.30 478.1
Half-Lv.2 5.23 7.63 2.94 1.06 10.54 62.39 502.5
Half-Lv.4 5.34 7.56 2.93 1.06 7.67 61.36 456.0
Fourfold-Lv.2 3.60 7.20 2.93 1.05 10.88 64.39 535.1
Fourfold-Lv.4 2.60 7.15 3.15 1.13 8.46 67.85 514.5
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The damped outrigger system is in widespread in seismic area as a damping modification system for tall buildings.
While Smith and Willford who are the proposers of this damped outrigger system recommend to confirm the modal
damping ratio in the design, the relationships between the exact damping performance of the non-proportional system
and its seismic response reduction effect has not been deeply investigated yet. Therefore, this paper investigated the
non-linear dynamic response characteristic of single-damped outrigger systems with oil dampers or elasto-plastic
dampers considering design earthquake levels. In section 2, the model parameters and the numerical simulation
methods are briefly explained. Both Japanese spectrally matched waves and a long period earthquake considering the
soil structure in Tokyo area are adopted in this study. In section 3, the non-linear dynamic response characteristic of
damped outrigger systems is deeply discussed, focusing on the damper property, the building height, the design
earthquake levels and the flexural stiffness of outrigger truss. In section 4, optimal damper design equations for single
damped outrigger system to maximize 1lst mode damping ratio are proposed and validated against the numerical
simulation results in section 3. In section 5, the design equations are applied to a Japanese super tall building, and a
design algorithm to translate the optimized single damped outrigger to quad damped outrigger systems is proposed.

In summary, the following results were obtained:

1) The single damped outrigger system is efficient particularly for 1st vibration mode where natural period is
shorten and damping ratio is increased independently of the damper property and the damper non-linearity, and the
structural design to increase the 1st mode damping ratio as much as possible is recommended for single damped
outrigger system.

2) The maximized 1st mode damping ratio of non-linear oil damper is over than 10%, and is decreased by the
design earthquake level and the damper nonlinearity. While that of BRB is about 5.0% which is half to one-six
from that of non-linear oil damper, the damping ratio is not decreased. The response reduction effect of non-
linear oil damper is better than that of BRB. Nevertheless, the difference between BRB and non-linear oil
damper is approximately 10 to 20%.

3) The optimal outrigger height ratio //is 0.6 for the additional 1st mode damping ratio, and 0.7 to 0.9 for the peak
story drift ratio, independently of the damper property, the building height and the design earthquake levels. The
optimal damper amount is dependent on the target seismic responses and the seismic inputs. Nevertheless, the
ductility demands of BRB to maximize 1st mode damping ratio are 8 against Level 2 waves and 15 against Level 4
waves, the plastic strain demands of BRB are 1.0% against Level 2 waves and 2.0% against Level 4 waves.

4) Optimal damper design equations to maximize 1st mode damping ratio considering the design earthquake levels are
proposed, and are validated to a Japanese super tall building. The design examples suggest that the maximized
damping performance considering a specific design earthquake level is not guaranteed against different earthquake
levels. The optimized single damped outrigger system can be translated to the quad damped outrigger system where
the half or quarter of the structural performance of the optimized single damped outrigger is assigned to each

damped outrigger.

(2021 47 6 A 1 HIERE-ZBE, 2021 4 8 7 17 HERMUE)
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