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Tab.1 Ground motion records parameters
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Fig.5 Average acceleration response spectrum of each gr-
oup of ground motion records

3 NVFIEEHERERRWBESRSHT

B 48 4 R 9 FBELJE H 59590
50 660 kg2 000 kN/m 1 5%, 2 H A2 ok 10 7 i
Bouc—Wen £ A | JiE I 5 NI & EE 0.1, JiE ARA2A% 12 mm.,
NVFLEE 3R 0.2, BRI 22 A5 5 0.1
F10.2 m, R RIH B S ke, Z2FT 582 0.02 m, 556
WIFE 15 kKN/m.,
1 BRI R

S R4 T T A 3 AL M R U A e B 7
(0.2g) i 472 (0.4g) L BB (0.6 fEF T,
NVFLBE IR A P T e 5t K
ST A 65



1 RIS, SR A R IR R S A BRI 25w TH RE R R PU ERE
55 4 1 XREIG 45 B B LR VR A TR ) AR BRI A AR TH B IR R PUR MR RE AT 65

80'-o.zg Bl 04 0.6g & )
< T a6 =50t ;§+25-
¥ 60} | o i
%‘5% 50+ EE( 10 R
B- 40 B30+ iy 150
2 & 2
= 30) = 5
z K 20 ﬁ 10+
¥ 201 it o

ol 10} st | ‘

i i ; I
0 ¢ b1 [y S LN == |17 <l LI v 7 0 b1 [ = LU N [y == | 231 S Ul LI 1ve /]
MRS MR MR
(a) MBI R (b) HRE IR (c) M Bk Z R

Ee6

MR AR B FRER

Fig. 6 Average damping ratio of structural maximum res-ponse

H1 P16 T 28 2 1) 7 AR ] 4 5 2l o skt B2 e i AR
XT3 AL R PR AT 5, B R (A% I AR R AL
TR R T JRE R A KNI T B - P4 I R AR 5 2) ik v L A
ISR VR A W &R - R e S D= | 3 QU L
HuRE , IR Bl BESS AR B RIS 1 s, oAk BT i
ok e TR i 75 50 M 37 44 7 B0 41 249 B 2R
ARk b R RV, Jok i B0 52 Sl A K b, 32K
Jk s R RS T SR LR K TR i R i hiA% , th
NVFELEA AR R , (A2 O, NV 7ok, %
ok b ZRY A 7 4 R A AR HE AR K o LT 5 3) B

e KAV RS | TARE LI Y X el R A Y S R
W 2P I8 M 52 B AR U B 5 TR T S AR ik
it 2 S A 3 W R By, Fe KA BT F U 22 S R
A i R Y- Y98 E R AR AN W IR S5 K
VR R T R, R B NVEL AR 5% 38 ik i 7Y b 75
S 1SR IR RIASOR
32 MERBEES

TEM% 7538 ik 11 Erzican . 3t W7 2 3E Ik o Imperial
Valley-06 .76 3% Kocaeli #1575 i /£ I T (0.62) , A ¥ 1
TP S5 i A2 A B I S B B R R 2 an 8T 7

B A LR SR WL P 3 R, B DT 2 ok o TR b 7R B F7R o
04 —— SDOF 02 — SDOF 06 0438 —-, —SDOF
02 —— SDOF-NVFI ol <0111 SDOFNVFL ‘ —— SDOF-NVFI
E £ £
R0 B0 B0
=l # H
0.2 -0.1 -0.3
0.4 s s s ‘ ' -0.2 . . Y
045 5 10 15 20 25 020770 20 30 40 30 60 "% 5 10 15 20 25 30
] /s Hif1a)/s A1) /s
Lor <—0905  ——SDOF 08 - 0413 ~— SDOF Lo —— SDOF
~ 05 ——SDOF-NVFI ~ (4| ' —— SDOF-NVFI ~ g5 —— SDOF-NVFI
£ g £ 9
= i i
® 05 : 05} e
~-0.590 ~0.408
1.0 , ‘ ‘ ' -0.8 S S . 1=—0.938 N
0 510 15 20 25 0 10 20 30 40 50 60 0 5 10 15 20 25 30
I al/s Hifa)/s Hif[a)/s
801 54— SDOF 6071 —— SDOF 8.0r —— SDOF
N ——SDOF-NVFI & .| —— SDOF-NVFI &, 0| 7.568  [*~ —— SDOF-NVEI
n 40 » 3.0 » 40 s
g ) )
= w0 i
ol b &
= =307 =
~— -5.896
B 70 15 20 25 % 10 20 30 40 s0 e % 5 10 15 20 25 30
] /s A 1a)/s A ) /s
(a) Erzicanif (b) Imperial Valley—-06 (c) Kocaelifl

7 JAMTERRF BRI TR R MESIEZ (0.62)

Fig.7 Time-history curves of structural response under three seismic waves (0.6g)



66 TRER2ESH AR 5557 %

HITE 7 A7 D0 - 76 3 A B R R ONVFIE R . RS i A
PRI L ) R AR DBRRCR W Bhs AR U 3.3 NVFLFBRIFFE 24
PRI BRI TR RE 5 3T W72 ik o B M 72 S A 3 2 MR WA T NVELE ] i £ an &1 8 Frzs o
W% B i R AR AR L T AR Bk i B M 52 8, HL G P 8 I A1, NV 52 B H B S 14 (57 8% A1 OGP 722 B 5k
i AR B WA B, (2R R EERIINE AR 0 Il 2R AR 3.1 B AR

160 100 - 180
120 5F £
80 |- 50 + 90 -
£ af £ st Z ast
§—4g- @_2(5)_ g—o-
iy B g 45
-80 | =50 -90
-120 75 -135
_160 1 1 1 1 1 1 1 _100 1 1 1 1 1 1 7180 1 1 1 1 1 1
-0.02 0 0.02 0.04 0.06 0.08 0.1 -0.06 -0.04 -0.02 0 0.02 0.04 0.0 -0.12 -0.09 -0.06 -0.03 0 0.03 0.0
fi#/m i /m {7 #%/m
(a) Erzicanilf (b) Imperial Valley-06 (c) Kocaelif}

8 3EMERIEA T NVFIFE/Z(0.62)
Fig. 8 Hysteretic curves of NVFI under three seismic waves (0.62)
3.4 FEBERENOMR NVFUBOR SR SO 745K FR A TR, Rz A BE
TARLEFINVELGE R 2R RBUEREM BRI 7> F 2k NVFLFEHL, 451078 T AR 5 JC P4 A AH L Rt
BN 9FN10 Frzs . HE O M 10 IR Tzt b i /I, S5 KR TR IR A P B AR T, MR
Pk A RE B R A T FIBLEARRE s A4 S ARE S NVFLAGREHN 2 2 18] AR 25 fie /)N, W NVFI
R A RE R AN T IO 2N ORI T B TR EERREREIREACR .

i EAARE AR 2 0ME AR WL s EESHATE WL

o I Lt RERE W 2 2 Ve T

S5 REE FERE W L5 Bl

60
=245t
)
#230r
15t
00 5 10 15 20 00 5 10 15 20 e

f i) /s A li/s
(a) 0.2g (b) 0.4g

El9 FiEGEHRAFERERTIZHIZ%
Fig. 9 Cumulative energy dissipation time-history curves of uncontrolled structure

NVFIFERE

S B ARE  EENVFIAERE 20 (I SGmAGE  EEENVFIRERE 36 I AR = N
5 B g5 AR E FERE

A RS R A LRI R sl %

ﬁgl_\
E ZIHE

L_EROBIEE - 25 5
=
1% 18 +
=
12+
6 )
19 0 b) 10 15 20 OO ) 10 15 20
/s iGN /s
(a) 0.2¢ (b) 0.4¢ (©) 0.6g

El10 NVFUREEZR RN
Fig. 10 Cumulative energy dissipation time-history curves of NVFI damping system
3 AU R P AEA IR B V(AR T ONVFIEY) IR, NVFIEAERER LB B TR 3, X Tk
FEREAR (NVFLFERE S S ABEZ L) A& 11 Przs o th T8 Dk h Y 3 52 Sl 5O B R U B NVFL AU HIAE
P11 Al 3 T 3 AN RIS R AR I, NVFTEEURG 1 PR P 18 R 30 T2 Dk o L b 5 Sl e A BB B L AR T
50% LA_EAOFERERICR o IRl — IS MR, BEE M AINEE A8 I SERIGRMERE .



55 4 101 ORI, 26 A 5P AR TR JC U A B HEABA fH RE AR R RS MR RE 67

80 T H O S7 , B NVFLA Y T — M 25 2% (In-

erter) o XJ JCIE 454 | Inerter Jil AR 22 A NVFLJZ IR R

; 60 F S FEATXT EE AT , R Inerter Jii 12 28 46 % i KU %

i % R AR, 35 NVFLE SO0

% 40p FC o 3 NVFI A5 RIEE R 100 kN/m , BUT & L (B=my/
T m) B IX ]2 0~0.5,

3]
(=]
T

4.1 HEBRXIEE
L I | AT T2 A S R A T Jo i A A X R A
B 71 VP [T U LT 771i: ) | el L 77} SRS B A 12 A 13 s o R 12 1 13 /)

0

WA s R
E11 NVFIEiiEaEs AL AER R MR ZRAUWE R T, IR E A R Bl
Fig. 11 Average energy dissipation rate of NVFI PO R, VLR k52 A ik JEE méﬁﬁﬁ:{k%ﬁ%ii‘
K s I Inerter, NVFI B9 48 il 5500 8 o0 B I, HLFE
4 NVFISRE[RERRITL o4 o NIVt
Jo i FEHE R NVFL AL R ROR G A B 8., 3R]
24 NVFI B 58 KIEE A 0 1, U NVFI ) BELE %% H KR AR BE R BH JE FERE
. Zg EENVEERER 7 [ NV §4o I NV
# ool s 401 ey
> B &
=40t =307 *»Sf( ,,,,,,,,
B m 20
2% 2201 E
720 ey =
=10} w107 3"
0701 "02 03 04 05 0=01 702 03 04 05 0=01 702 03 04 05
SR SR it
(QOREEIE A& (OREEIER7E () T-E5 sk S Ul 7R %

12 EHEMBRER TREBLLTUIT ARG RO WA E

Fig. 12 Influence of mass ratio on damping effect under near-field earthquake

< oo EEINVFI EERE T mm e s < ¥ v s
5 5ol 5 o
E 40t §
g 30t p
& 20F
ot
0 0 0
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Jrinrdid Bit Lt Bikt Lt
(o) FHILLB MR (b) A WA (c) FHIMA A%

E13 ZiptRIER TREL TN BRI ROFMAE

Fig. 13 Influence of mass ratio on damping effect under far-field earthquake

4.2 RIAFEREXTLL Inerter Ji 7% 1K Z2 FII NVFI S E 1K 2 19 2FFERE R A2 il
11637 Kocaeli i /E F R & b4 914 0.1.,0.5 B, 2RI 14 #0115 s o
10 I A5 A i 8 I S5 ARE
[ InerterFERE [ InerterfEiE

8T W 5K o | I S5 7T R
o o M AEHIBLR HERE o | S FefE
T | = 4| W SHEhRE
=4 =
2t 2
0 0
0 5 10 15 20 25 0 5 10 15 20 25
FsF ] /s s [E] /s
(a) Ui L oH0.1 (b) Tt L M0.5

El14  Inerter B B {A R RINFERERTIZALZE
Fig. 14 Cumulative energy dissipation time-history curves of Inerter damping system



68 TRER2ESH AR

%57 %

YN Bl a
B NVFEERE S5 EnE
| . 2 A R

o0

0 5 10 15 20 25
Fif /s

(a) it HoO.1
I A E
[ NVFIFERE
I 4517 fig
I A B e AERE
=l BB

=)}

0 5 10 15 20 25
Fif /s
(b) ikt Hh0.5

El15 NVFURRERHRRAFEERTZHL
Fig. 15 Cumulative energy dissipation time-history curves of
NVFI damping system

P P 14 1015 AT 60 - 4525 2 AR FE B ZE B A
At (E 0 o EL 3, AR 28 RN VR 4 30K o A
—ERRRE PR T A5 R F PR E I, BRI R A R
AREA BT/ s Inerter AR 2 P, bR 46 A RE 222 1H
LEFASTEFERL; NVFLBUR R R b, 24 A BE 22 R
NVFIMZE AR TEAERL, PE— 2 B0IE T NVFI AR B 5
B B b B4 e REREAT R o

5 & »

ARSCAE AT {78 far 2 /E N NVFLER 3 Hi B0k
AR BB F T A RN B 1 R R B A 58 A |
fAIA T NVFL TAEHLELFN S 2B 6 NVFTLHL H i
FEWURIAR R I T T WUR GRS T it
HE AR X IR AR B S . LSBT .

D HFEVEFT , NVFLIGZ 0 151 7l v] i As
BEJE J7, HAG R4 7 AR RV o R, S
HE IR s LR AL, v MR T AL S EE S BE JE AR R
FE TP O A 3 e 7 AT U 2 Pk o 7 e 7 X A
P H R AU E T R

2) FE T )2 ik o A ik op B 3 b SR AR R, X6
BEB T A MR  NVFLBUZ A R 090 5 U
T R 3 A BRI CR PR T R T
SE SRR T B L LA 57 38 ik v 760 e 7% ] HOA S B A
(B s AR, , LA Bt i TR N T 5

3) T AR X ) Ky 0~0.5 Bif, BAATR 25 25 HE AR

AN FEHICHD AR i ARE L (HLB BT A UG O, R A AR A

NVFI B G —E R FIE T 454 B IR A

TR 1A 25 1Y S A BEAT BT )N s NVFLIBUR R 2

Hb A BE 322 B NVFLFIZ5 A4 R TEAREHE , i — 2 10

HIE T NVFI S BE R 4 0 2EPE R A REAT R0

SE K :

[1] Tan Qian,Wu Wei,Zhang Yaoting.Seismic performance an-
alysis of multi-layer RC frame structures under extre-mely
rare earthquakes[J].Earthquake Engineering and Engineer-
ing Dynamics,2019,39(4):170—177.[ i, 515, K HLEE A%
TR T 2)2 RCHEREHFURZPERE I [1]. 3
e RS TR RES1,2019,39(4):170-177.]

[2] B SR b W G A2 S, ] ] SRR v A I 2
2> P R 5h 2 BX R 5] :GB 18306—2015[S]. At 5t
AR AR, 2016.

[3] Li Qiaoping,Zhao Min. The 4th anniversary of the imple-
mentation of China earthquake motion parameter zoning map
[J].Overview of Disaster Prevention,2020(3):19-21.[Z=15
P X o [ R 3 2 8 DR BT Tt AT 4 JA 4R 0] Bl K

%,2020(3):19-21.]

[4] Huang Xiao,Hu Zhixiang, Liu Yunlin,et al. Study on seis-
mic performance of TID—-LRB hybrid control system un-
der multi-level earthquakes[J].Buildings,2022,12(9):1465.

[5] Qi Qiming, Shao Changjiang, Huang Hui, et al. Transverse
seismic mitigation of railway continuous girder bridge with
double-column ultra-high piers based on BRBs[J].Journal
of Vibration and Shock,2022,41(7):182—192.[1 2 B, Al K
VL EORE, A5 T BRB BRI XU 2R 04 22 A
IR T IE[T]. SR8 whidi,2022,41(7):182-192.]

[6] Wang Yuxiang, Ye Kun. Seismic performance analysis of
LRB base-isolated multi-story structures subjected to mul-
ti-level earthquakes[J].Journal of Building Structures,2023,
44(11):1-14. [ EE0 R 290U BE R T LRBIREZ 2
SRR AT ] EEAS 4R, 2023,44(11):1-14.]

[7] Yu Zhongjun, Li Xin, Wang Jianfeng, et al. Seismic resil-
ience design of a super high-rise office building[J].Journal
of Building Structures,2022,43(8):45-55.[ 4 72 253k, T
I, S5 R R AN A BRES U FTIK AZ PERE B I].
AHLEMIE],2022,43(8):45-55.]

[8] Lv Dagang,Zhou Zhou,Wang Cong,et al.Uniform risk-targe-
ted definitions and decision-making of four seismic design
levels considering very rare earthquake[J].China Civil En-
gineering Journal,2018,51(11):41-52.[ B KR JFM, E M,
85 75 B R A DU R R A — BRI T [0 5 X
R AHT[I]. B TAR2E4H,2018,51(11):41-52.]

[9] Wang Cong,Lv Dagang.Parameter decision and parameter
influence analysis of risk-oriented ground motion[J].Jour-
nal of Building Structures,2020,41(Supp2):44—-52.[ £,
E R XRS5 1] 3 72 Bl 2 Bk 3 S S B e B (0],
AR LEA217,2020,41 (34 2):44-52.]

[10] Wang Cong,Lu Dagang. Analysis of risk-targeted decision
parameters of seismic ground motions based on seismic
design code and ground motion zonation map of Chinal[J].



%5414

ORI, 26 A 5P AR TR JC U A B HEABA fH RE AR R RS MR RE 69

Journal of Building Structures,2020,41(8):19-28.[ T\, &
RN THE = AL A 2 50 DX T g DXL 5 ) b 7= 8l
YRS BT[], A5 F 24 47,2020,41(8):19-28.]

[11] Xu Mingyang, Wang Cong,Dong Yao, et al. Study on uni-
form collapse risk design methods for building structures
under very rare earthquakes[J].Journal of Building Struc-
tures,2022,43(7):253-263.[#R FH, £, 3558, 55 i 518
HBRRAE T A SR A A — XU L B B T I iR ).
A LER2AR,2022,43(7):253-263.]

[12] Mao Chenxi,Wang Zhenying.Seismic performance evalua-
tion of a self-centering precast reinforced concrete frame
structure[J]. Earthquake Engineering and Engineering Vi-
bration,2021,20(4):943-968.

[13]Ji Xiaodong,Jia Ruofan, Wang Lijun,et al. Seismic design
and performance assessment of a retrofitted building with tun-
ed viscous mass dampers(TVMD) [J]. Engineering Structures,
2024,305:117688.

[14] Huang Xiao,Hu Zhixiang, Liu Yunlin,et al.Study on seis-
mic performance of TID—LRB hybrid control system un-
der multi-level earthquakes[J].Buildings,2022,12(9):1465

[15] Zhang Guanping,Liu Yanhui, Tan Ping,et al.Study on opti-
mization of passive viscous damper and passive hybrid
control seismic response[J]. Advanced Engineering Scien-
ces,2020,52(3):70-77. [k X M P A5 T 2 8)
PRI SR RIS f MR G BT IE )], TARER
5+:K,2020,52(3):70-77.]

[16] Lin Xuchuan,Chen Yian, Yan Jiabao,et al.Seismic behavior
of welded beam-to-column joints of high-strength steel-
moment frame with replaceable damage-control fuses[J].
Journal of Structural Engineering,2020,146(8):04020143.

[17] Zhai Zhipeng, Liu Yanhui, Guo Wei, et al. A seismic resil-
ient design method for structures equipped with two-level
yielding dampers,accounting for extremely rare earthqua-
kes[J].Engineering Structures,2023,294:116797.

[18] Pu Rui,Li Qiangian, Wang Jianze,et al. Performance study of
rotational-based metallic damper and engineering application
in a complex power plant structure[J]. Advanced Engineer-
ing Sciences,2024,56(2): 162—171.[i# 5, 2518, T AR,
S F AL BB JE A PERERIF T K AR FH ], AR
2 5 R 2024,56(2):162-171.]

[19] e AN R B Rk £ A0 . A 30T AR B R
WUFE:IGI 297—2013[S]. Abat: i 5 Toll i A, 2013,

[20] Qin Kai,Ge Dongdong,Li Pei,et al.Research on seismic re-
duction effect of super high-rise structure with amplified

viscous energy dissipation extension arm[J].Journal of Bu-
ilding Structures,2022,43(Supp1):196-204.[Z ¥, B 4 4,
20 A R i 2 TS AR O TR R 1 R A Ul e Ak
TRAFFE[T]. EEFTEEF2447,2022,43(H4 ) 1):196-204.]

[21] Miyamoto H K,Gilani A S J,Wada A, et al.Limit states and
failure mechanisms of viscous dampers and the implications
for large earthquakes[J]. Earthquake Engineering & Structural
Dynamics,2010,39(11):1279-1297.

[22] Wu Xiaoli, Guo Wei, Hu Ping, et al. Seismic performance
evaluation of building-damper system under near-fault ear-
thquake[J].Shock and Vibration,2020,2020:2763709.

[23] Shi Wenlong, Zhang Haobo. Research progress of friction
dampers[J]. China Earthquake Engineering Journal, 2022,
44(1):1-16.[ 41 3T 3K . FEE 45 RELJE 25 O W9 HE e 0]
% T A31R,2022,44(1):1-16.]

[24] Zhang Yumin, Gu Yuzhen. Research on the application of
friction damper in building structure vibration reduction[J].
Building Structure,2018,48(Supp2):387—-392.[ 7k T #{, &
KRR JE 45 70 AL S E AL IR ] 0 BURBIFFE 0],
AFILEH,2018,48(1E 1] 2):387-392.]

[25] Liu Yunshuai, Han Jianping, Wang Xiaoqin. Investigation
on seismic performance of bridge with self-centering friction
dampers[J].Advanced Engineering Sciences,2018,50(6):77
—83. X = i S AP R e E L HL [ A EEARE R A
R EREDTIE[)). TRER - 54K ,2018,50(6):77-83.]

[26] Jaisee S, Yue Feng,Ooi Y H. A state-of-the-art review on
passive friction dampers and their applications[J].Enginee-
ring Structures,2021,235:112022.

[27] Gagnon L,Morandini M,Ghiringhelli G L.A review of fric-
tion damping modeling and testing[J]. Archive of Applied
Mechanics,2020,90(1):107-126.

[28] Christopoulos C,Filiatrault A.Principles of passive supplemen-
tal damping and seismic isolation[M].Pavia:IUSS Press,2006.

[29] Chen Jiachuan, Zhao Guifeng, Ma Yuhong, et al. Develop-
ment of non-preload variable friction damper and dynamic
characteristics analysis under harmonic excitation[J].Earth-
quake Engineering and Engineering Dynamics,2023,43(2):
212-221. BRGNSk B 2 4 TOTI 5 7 738 R4 AL
Je g BT A S TR IR T RS R A (0], R TR
5T HRIRS1,2023,43(2):212-221]

[30] Hatzigeorgiou G D,Pnevmatikos N G.Maximum damping
forces for structures with viscous dampers under near-sou-
rce earthquakes[J].Engineering Structures,2014,68:1—13.

Seismic Performance Analysis of Energy Dissipation Building with Non-preload Variable Friction Inerter

Under Extremely Rare Earthquake
ZHAO Guiﬁzng1 , LIU Weiz’3, MA Yuhongz’s*, KONG Sihua“, CHEN Jiachuan' S CHENZhaosheng4

(1.School of Civil Engneering, Guangzhou University, Guangzhou 510006, China;

2.Earthquake Engneering Research & Test Center, Guangzhou University, Guangzhou 510006, China;

3.Guangdong Provincial Key Laboratory of Earthquake Engneering and Applied Technology, Key Laboratory of Earthquake Resistance,
Earthquake Mitigation and Structural Safety, Ministry of Education, Guangzhou 510006, China;

4.Qingdao Construction Engneering Management Service Center, Qingdao 266071, China)

Abstract:

Objective Traditional energy dissipation technologies provide an effective solution to mitigate the seismic responses of buildings. There are two

types of energy dissipation devices based on their operational characteristics: velocity-dependent dampers and displacement-dependent dampers.
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Friction dampers (FDs), as a category of displacement-dependent energy dissipation devices, exhibit several common advantages, such as good
energy dissipation capacity, satisfactory mechanical performance, and ease of fabrication and installation. Therefore, they have received extensive
attention from researchers in recent years. Buildings can require large damping forces under extremely rare or near-fault earthquake events, which
necessitate that existing FDs apply a high preload to deliver sufficient reaction forces. However, introducing an excessive preload force can be im-
practical and uneconomical for current FDs. For example, the damping force of existing FDs can need to reach 1 000 kN for buildings subjected
to a severe or near-fault earthquake event, resulting in a required preload force of 10 000 kN when the friction coefficient is assumed to be 0.1. In
addition, FDs with a specified preload force still face durability issues such as cold bonding, cold solidification, and preload relaxation. Therefore,
this study aims to develop a non-preload variable friction inerter (NVFI), which provides satisfactory damping force and significant energy dissi-
pation without relying on preload force.

Methods The proposed NVFI mainly consisted of a ball screw, rotational plate, friction plate, spring, and two thrust bearings. One terminal of the
ball screw was fixed to the structure using an ear plate. The ball screw of the NVFI generated axial motion when the structure reciprocally shook
under seismic earthquakes, and the springs were driven to reciprocal motion, resulting in a variable positive pressure of the friction plate. There-
fore, the butterfly-shaped hysteretic behavior of the proposed NVFI was found based on the friction mechanism mentioned above. Then, the re-
storing force formula of the proposed NVFI was further established. Then, seismic performance mitigation of a single-degree-of-freedom (SDOF)
system under different hazard levels was conducted to evaluate the effectiveness and advantages of the proposed NVFI quantitatively. A 5%
damping SDOF system with a mass of 50 660 kg and elastic stiffness of 2 000 kN/m was adopted as the analytical model. A Bouc—Wen elasto-
plastic model was employed in the SDOF system with a yield strength of 24 kN and post-elastic stiffness of 200 kN/m. The SDOF system with
and without the proposed NVFI was considered and denoted as SDOF-NVFI and SDOF, respectively. Three groups of different ground motion re-
cords, including far-field, near-fault pulse, and near-fault non-pulse ground motion records, were selected to perform the nonlinear dynamic analy-
sis, and the peak ground acceleration (Pg,) scaled to multiple intensity levels was 0.2g, 0.4g, and 0.6g for design level earthquake (DLE), maxi-
mum considered earthquake (MCE), and extremely rare earthquake (ERE), respectively.

Results and Discussions The results illustrated that NVFI significantly reduced the displacement, velocity, and acceleration responses of the
SDOF systems subjected to different earthquake records at different hazard levels. The average displacement reduction ratios were 46%, 56%,
and 34% for the SDOF—-NVFI subjected to far-field, near-fault pulse, and near-fault non-pulse ground motions at the DLE hazard level, respec-
tively. Similar reductions were also observed in the velocity and acceleration results. Compared to the results of the far-field and near-fault non-
pulse ground motions, the displacement and velocity responses of the SDOF systems subjected to near-fault pulse ground motions were more ef-
fectively decreased using the proposed NVFI while maintaining a basically approximate acceleration mitigation effect. This is attributed to the
fact that the proposed NVFI exhibits good energy dissipation capacity, which was induced by its unique friction mechanism. The satisfactory and
variable friction force made the NVFI more suitable for buildings under seismic earthquakes with strong uncertainty, especially for near-fault
pulse-such as earthquake events. On the other hand, the seismic input energy of the SDOF system was also decreased through the proposed NVFI.
The seismic input energy of the SDOF-NVFI system was less than 15 kJ at the MCE hazard level, while the seismic input energy of the SDOF
system was greater than 24 kJ. This indicated that the fundamental frequency of the SDOF system can be effectively shifted from the dominant
frequency of external disturbance by introducing the proposed NVFI, thus improving the overall performance of the structure. Finally, the param-
eter analysis of the SDOF-NVFI systems considering different inertance-to-mass ratios was further performed to reveal the influence of the in-
erter mechanism from the proposed NVFI. The results illustrated that increasing the inertance-to-mass ratio of the proposed NVFI has a signifi-
cant influence on the velocity and acceleration responses of the SDOF systems at the DLE hazard level while showing a slight but visible influ-
ence on the displacement response. Specifically, more than a 10% increase in the velocity and acceleration responses of the SDOF systems sub-
jected to far-field ground motions at the DLE hazard level was observed, with the inertance-to-mass ratio increasing from 0.1 to 0.5.

Conclusions The results indicated that the energy dissipation of the SDOF system primarily depends on the superior energy dissipation capacity
of the NVFI due to the effectiveness of its variable friction mechanism, whereas the inerter serves only to transform the seismic input energy.

Key words: non-preload; variable friction; inerter; extremely rare earthquake; seismic performance
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