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Figure 1 (Color online) Several novel seismic metamaterials. (a) A clamped seismic metamaterial which consists of periodic columns clamped to
bedrocks for protecting buildings from seismic waves[zé], Copyright © 2017, IOP. (b) A low-frequency large scale phononic crystal which is composed
of periodic steel columns embedded in soil backgroundm], Copyright © 2019, APS. (c) A composite periodic foundation governed by a more-efficient
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Figure 3 (Color online) A periodic forest seismic metamaterial®*l. (a) A schematic plot of this structure and the basic properties of soil and trees. (b)
Frequency response of the system. (c) Displacement fields at different frequencies with observation of the trapped Rayleigh waves inside the trees and
conversion of Rayleigh waves into bulk waves in deep ground. Copyright © 2021, Springer Nature
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Figure 4 (Color online) An outer-shielded seismic metamaterial on the
ground[ss]‘ (a) A schematic plot of the whole structure with presentation
of structural dimensions and basic parameters, where the heights of local
resonance gradually increase from left to right. (b) Mode shape of the
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the taller end. Copyright © 2016, Springer Nature
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Figure 5 (Color online) An outer-shielded seismic metamaterial embedded in the ground[“]. (a) A schematic plot of this system and a local plot. (b)
The normalized Von Mises stress field map for shielded and non-shielded structures. Copyright © 2016, IOP

TEJZ R A R B R PAOR . 1A, XA AE
7.2 Hz AL B fhy A A J] ] J2= 22 1) B4 29 SO i e A
A, VAL I R X LA T A R A

BEH ek R G A e, BT Iia Y 2 2%
MRS AR A, I, 32 TR RORE S &
L% A E2020 4544 M A2 R RIS FH 82908 5538 11 4
et T A ROTHIE, MATRGEH T T =4S
A8 2Bl - = AR AR, IS A5t
IR T T R SRR AR I R S D8R
HOR, JEHEAT TR0, HIgn] UL, MR s Ay
ATRAN T TR AT, SRR PEACHE . 1
PR B HE M — LE AT DT BT R

2.2 ERPEERR

AEXTFH 18 5 e 2 s 52 AR, AR IR Y
PAE T ATET RGBS, 24 01k, RZxE
FRARHER R T SR IR AR R TR
. 20184F, ChengMIShil" MR TRy 242 &
IR AR A, A I B HES SR 45 #  ELR 30
SEFIE 0 DA, BT e, nEl6FTR,
La Salandra® A&t T —Fh =48 A RHERYE, B7E
WD T IR E Bh. AT B R WA IR EE S
S P T 8 SRR IR & T bl 33 0 L A ] 30 L Ak e
TG, FFRTE T IEAARARL b (1) L S0 A I A 47 114 B
B, AR T, B0 E T R — SRR AL X B
RIIARE. 2B, 20194, BasoneZE AV 2 0>

1270

THIAE LU SR EE AR oot — R Jry L IR A iy
MORLEERT, DA/ B TS 35 Y At R S,
20204F, Wenzel 55 A7V 7 i AR R L 6700 B
BEE, Bt —Fh I A RERY.  (EA T AR,
Ltk BAR G W AR IZ IR Y AL BT rh i 2,
BJEAE S bz I RN AT g bt . PRI, AT TR R G
PEAT T AR PERS B2 43T (nonlinear time history
analysis), & ISR AELMERN 2008 /0 ) R S i) 4%
HIERE. 20214, SunE NUMEE T BORHLH] (inertial
amplification mechanism)i& 1 T —FpE A1 KL IEAL, LR
DA BRI DAL A AN A, I a4 e 1 S5 A B
FEHBRRERE. MATIEXHZALE S RS AL
HRRGHAT T REIE SRk

AN, GBS SRt b R b 5 AL SRR AR
SRR RIS S AT U, D T o 1 2
AR, R B A y t AT LR A R T 2R v I A
P T =, X R A R R PR 5 =,
WFFEXT G238 B AL T2 23 (RN 1T S BT 5 ok Al 7Y
SEREE TR ZERE I, R P U R LR SR
K, LIRS T R E AR 20194,
Muhammad FILim"™ " BF5E T 5 76—l 7 250 o i R
MR AR IE DL, JF ot T R ROT R IE T E |
o TGRSR EE R, DusE AR
T I IR EE T ST A A -3, Bt
A svE MR RL, TR T S5 A AR 22 A DA S
RIAP A



P A

(a)

P

[T
l [ 111

o|FHRETT o HIRETo «

2}0 HRSTT o HiREIT/O L

(8] l [w]
—230 30

s

. 3000 « 3000 v
3 [stimes] [romes] |8
;!_} ey e |8

0 30

4

B 6 #SRGNIETIDBMRLESE AR a), LR ZR A RERL LIRS BRI A & (0)7. Copyright © 2017, Frontiers Media

SA

Figure 6 Concept of a 3D metamaterial-based foundation for a static system (a) and top-section and cross-section of the optimized foundation (b)US].

Copyright © 2017, Frontiers Media SA

3 S FREALEI 2

AT T AR, s AR AT DL B AR (Y
FEIRHLRI AT 702, BIA REAR O AL AR R
. PRI, by i K A S Ao n] UK T AT 23
2, AHRAY B IR T ik A AL S 200 bR bR
RIS, ST, R ARE A Y R SR B2 DT
AIMietB LRI AT, BT X A AE A 7 A X
TET XATRARASAT, A5 IR T SRR, X5
BRAEARARAS, BAA TSR BN E B A

3.0 AhEECHHLE]

SR AR RS O ML AL S T S A B R R A R
%, TES TR S H Y. W T
MR R, A IChA RS E e I - K OE TR
ERE L PMERIR A, S SEEIEITEY) bR
R FER . TR . R3] S a8 =X s
BEE. BRI, Mo a Rl o] DLt A s iR it
M R 2R A0 TARDIR.

20124F, Bao%5 A\ HI3AN AR HEA ) 7 )2 HE SRk
AT FI2E M LA, T — i 76 ) 30034 b 7 S A
20184F, Geng N"it T —Fh—24) 2 HuAZ bk,
TE R W) AR B 4 e s B HES,  RERS 7RI

TR N = A R B, LR AR AR ) 38 70 5 mT DL gk
— P SAFBIE . HE, XA R — s fR
(IR, 54, ARAT b R % Y Sl 25 T B R A R Y
IRGE R W BERAG, 38 A A R RHLE 2 3 3500 S 0k 14
PR D RS i B A SR L AE B, 4 se A1t
T AR B s M R R SRR, £E20 Hz L)
FRES AV 10 Hz A9 a2 elds,  H BB 0S5 30 4 il
Oroville i . WitartoZ AP T —Fp =4 &
HAPESERIAE A SR it I PR R 2 i, I T A
FHAF BRI LA AR 3 FAE G ik R 4 91 2 ik
A AT 3 SIS IR T % =4k I R RE vT LUK 3 eh A
SRR I BT B AR A BT, 20214F, Zhao%s A% —
Fp Z2 2 IR G 2 4 0 JE S e ettt AT 1 PR3l
BECES, R IR AR AE ] SR A0 T B L
B, S5F sl N B B A, (EAR R, 19
H, TERCTEOUT, TR A M A 0 X 23544 3l 77 )5
RN, MR, B2 S SEmt 0 & B, AR, XAE
SE B A AN AT HC

1C5 Mk, AN Z ARG B LS TR
SRR TAESY, RS T A Ross B LR T
RYFERE, AR BB B SRR A Y, S X
FERtAAR, (HIRARR T Rt R B s s AR, e hids
THCERS 700 Ml 768 A Rk 2 1 B B R A S /D, 8kl
PR

1271



MG 8B 202548 He67E F12H

3.2 JalsdtsRpLE

FHESFARRLAS BN B AR, o B Ry sl e P 72
FERHR A B — R 2 J PR A0 — b R 2R 1Y
PR BOFTHT B; —2 f B TR SR 7 AR
) RS AL IR I B, S AN B AR 5 Ry Sl L B
JUIY) HIRAIRAZ I BOCE ARSI, Bonas R AR, 545
Fay e (R A D R A T AR AR, AL, LU R
SRR IR A, TR SRR, ST LAk R
(g, AT LA AT A, A B o 3 G T
BRI REE, AP TR BB, iR
F RGO R R P R MR O,
FERTSCEANA, ARG IR TR A R AR Py B
o P b R A

20144F, FinocchioZ NPt T —Fh &5 bR ig
A1l (isochronous seismic metamaterials) eIl iz 57
VI k. 1558 7 )R il LR AL () i i 50 R 40
AR R, &% R GRS 8 S S LR A
FAHUE RN 25, XiaoZE A\ T —FA IR R
SRR A, 8 2 A R R A i T
JAPE RN RS T B & R G IRREAUR.
Zeng®i \WWFSE T —Fh 2T 2 1725 1 (matryoshka-
like) 25 1) () b R AR, AT ] BRI A5 AR REAT A8 Uit
FEFRIAE,  HA5H A B 5 B Uk T 1R 24k,
BRL I AT DA FH 33 B0 485 4 1) T AR AR 3R A T 4%
ZaccheriniZ A"Vt —Fi 2 2 R 9 K R4 BT
ZH R R R, S S RS A R AR PR AT ELES . 20214F,
Bursi® AUIF R T WA Z [ i SRR A
FEhli, JFAE AT L FEAE LA R W VR R G
17 7t

@) FHRINE0HER
wwERm | EEIREE
, DEOEOEOEOEORI - @ o7
A (i E%%%%g
N x t
7] sy T
= 140m " 30m’
h=60 m
225m
FELRR

IR IR AR IR LA, AR T A A
BT BUARAF, T 5 AR DX ] 7 AR AR AT P P )
FEAPEL (HZ T T2Fano U M52, SRR 12T B
AR LN TR, S BB A A
=3 BN GO P WP S e X

4 TR
MRS R A IRIE . AR AR AT 2 A e
RS M. A AR TR — R,

PR SEH6G 71k 3253 i RS % (scale model experi-
ment) Fl1 4 R 5L

4.1 GRS

TR AR A PR R 2% IRBLE R
A R A, PR e R S A 2 BT T AR Y
H45. 20164, Palermo A\ i — P AR B
AT B8R A AR AT X 3 X b = O ) R s R, AT
SeEH T R RA BRITEH I, aE 7R, WERT
RFRGAE10 Hz LA 500550 ] N RE Bk /D5 0% 14 b Thi
ol IR R BRTA R 225 my 160 m, 7ESL
B ARMESEER, TR T T — g REEE.
E 70, BEASSLSE B AR RS R Aan 258
PRALS RPds. L. SR A%, A1 A 7E H Bk
YIS PR R S YRR (polymer  resin)SE 55
AU FSLPR T, IR G Ei A0/ N R R
R C. XU ILR T 3H A d R NIEERAS . 3K
SSEANL4 gy i, Horh, B i 40 IR S
R, PRt AR AR . A =AY fik
HEA 1077, SARH B0 1.7 em. L3RBT 28
P, H B R SC 56 b ] S vk L i

(®) @ﬁiﬁ%ﬁ
=1

' Pz N = i

NG

B 7 (P4 RROR ) A LR B A 45 RSB ™. (a) F 1245 SEAR AR AL U — 4 SR AT BROTHRL. (b)) (o 2 2 A e IR S0k i 7k 3

Y3815 . Copyright © 2016, Springer Nature

Figure 7 (Color online) A scaled experiment for metabarriers!**. (a) A three-dimensional stripe finite element model with 12 lines of resonators. (b)
Experimental setup to measure the surface out-of-plane velocity wave field using a laser Doppler vibrometer. Copyright © 2016, Springer Nature

1272



P A

YL N, (A B, TR R, WMk
BTRASRESL FRSE PR M FR I AT 5, PRI, At T3m
ST T IR AE R BT BR AT R AE 11.5~16.4 kHZzZ [1].
AR N e RS 194.9~7.5 Hz, 1ELTERN,
AR b R A ) T AR AR,

IR, A — 2 TR f b 2 A e g R sz 00,
20194F, ZengE N HE T W AE b BR My B S5 rh SR T
9 1:30 TR 4 RS2, SR BRUEAUIR A= A R Y
PEPEHE. TR R P KA KT U R, ] 2%
WS UF IR EAER, BTk Y S e B 24 LA
MRS AR, ChenE AU T B2 17,7 cm AN 45
HISTT3FNES, AT T RS, b
T AR ffy JECAE— VU A B T 5 14N
M. AT SEE A 4 RT SC b4 it 7 —2edg &
AR R AR T 2, AR, 48 RSk b i AR A
RIS BUDGE M SC AR T R, (A — R
ZREMEZE, Bt & 2 25 RS A0 (ray
bending effect). ZHEHH5EHNE . PRI ENE. 11
ARE T SebRiE T AT,

b 14y
(@) (b) / ;
B o e
MWERE il SN
s
W e
o s
3 HE  mgmss,
BR RE : 5xK200 m

NERE 530

B8 (MASHUE Q)X R B AR 2 ROF R ™, a) ahBd
T HLER . (b) SERIR R (o) MM EIZIG I . Copyright ©
2014, American Physical Society

Figure 8 (Color online) A full-scale experiment for seismic metama-
terials''”. (a) A seismic wave in an alluvium basin. (b) A sketch of the
experiment. (c) Photograph of the seismic metamaterial experiment.
Copyright © 2014, American Physical Society

42 RS

MESHTR, BraléE N"IF & T 48— T Hu sz
AR 4 R SE5G, A AR LB (R 8(b) A4S
SRAETR ) St 5 3 HEATIOAL, B—HEE 10
A, WES ()R, XEERFL HAEM0.32 m. RS m.
FLIRIHE R 1.73 m. PR 150 R AR AL ke, A%
4750 Hz, M1 4R 1R 40.014 m. 7ERIFLE 50, /s T
20/ EAR RS, FFIEAT T 2RI, S ZGIESE T ik ke
) AT LA TS TR b ) S B B 8 AT R W S0 Hz A2
SRR . ILIS, bR AR 4 RS2 86 4R W,
AR, 20214E, HuangZs A" T — A4 R
S SR I AR B R R PR R PERE, KT EE TSI A&
S0 o X 3 ) R S A A T FE S Y R I TR
e+ SRR CAL R E L : (1) — K HR2.44 miYy
KRB — K 1,22 mAYE RS, (2) AKE N
1.22 mP%E B, H AS7E T D0 P i 0 At B 4 B
XPEEAR R GE R RER . Al e St i — i sl 2%
BN T 2390 KBRBRAE AR, 05 T H I RZ 3l
B, A RS2 LK s A R B . R AAR
SRR L TR A

5 Mg

SEA PRI RDL B 2L HAERESE, fRaeshi
MEgh. Bgh. EES. REERFRERARC 2
XS, JFRENIH T2 AR TR it BT
HELIT S, MU H A BHR AP URE SUURT % 1) — P
HOR, B DPTUR. BUA IR 1 T AR AR AR
T LSRN R, SEPRAY 2 RS2 KD, 3
oAy BE— 2D ) TR SRR, Ot S BAR Z R H R
T ) AR D B R

(1) Ry A SRR HATFZ O e T RS |
AU T A Pk R 98 L DA — A 45 i [ ) 25 T b ke,
AT B A A7 TR L A LU B B 2 S 00 e AT
Mr. XAESEPRI I AN, A5 % R a1 2 i
AR L SR B —/ 2 Fh 3L R R AEL
Yo A eth FLBEE . AL S PEAE (AR

(2) HUFAAF. FFZHTTOR 2R T oy R =
REIE—JRIEUL, 1020 1 S2Brt o h H A i - 158
PRI, Blani FKOASE R . A R AR
TP RS SRR LA

(3) LHE-SERY S T EAE ], IR S G A

1273



MG 8B 202548 He67E F12H

HARMMOIRE 2558 T ILHAFE, (B MR
B BRI BT B A AT R, 2 AR A

(4) HIRPOEX M ZHEE. BT 2 Ha= A
A BETT AT 2 T R I Y B — o L BET T Y, (HOR AP
Wev SPE WFDL T P S5 AR S8 HE L BT B AN
b LD,

(5) JAFRIPREE RSN, BUAT AR DL R S B A 2 FHAR
PRl RIERD AR 2 (6] B A AT A 4, ER AR
TSR P I OLE R 2, 910 A ] ) s SR A R

(6) LJRfr 2. B IR AR ) T
Z RN HUR P BB, (R AR AT A AR LA
P AEIR R GRS E PR TR D

BRICZ AN, X T 1R AR —Se HAB R I,
BN AR R AR DT AL, i
AT KA, AR GRS  F N TR BE T A AE
R RO DT A A . FSL b, R
TGRS W R SR EAT R, (ERE i A
/B SR Nt | IDYARE DA E =55 S C X ENTT= I LV Y )
B FHFE . AR LUGE HIPE, RATRRHE

IR XT A LR RN, P, RSB X A
AT

RPN

W

O 0 3 O

11
12

23

1274

TERTSEM A, FTE— 20 sl ST B R s 4 SR F 5

DRI AT B AL AR R I JE

Brillouin L. Wave Propagation in Periodic Structures. New York: John Wiley, 1946

Kushwaha M S, Halevi P, Dobrzynski L, et al. Acoustic band structure of periodic elastic composites. Phys Rev Lett, 1993, 71: 2022-2025
Wen X S, Wen J H, Yu D L, et al. Phononic Crystals (in Chinese). Beijing: National Defence Industry Press, 2009 [J&ELA%, JR ¥, ARE L, 5.
PR, dba: BB Tolk H A, 2009]

Liu Z, Zhang X, Mao Y, et al. Locally resonant sonic materials. Science, 2000, 289: 1734—-1736

Walser R M. Electromagnetic metamaterials. In: Complex Mediums II: Beyond Linear Isotropic Dielectrics. International Society for Optics and
Photonics, 2001. 1-15

Li J, Chan C T. Double-negative acoustic metamaterial. Phys Rev E, 2004, 70: 055602

Jin Y, Djafari-Rouhani B, Torrent D. Gradient index phononic crystals and metamaterials. Nanophotonics, 2019, 8: 685-701

Vasileiadis T, Varghese J, Babacic V, et al. Progress and perspectives on phononic crystals. J Appl Phys, 2021, 129: 160901

Zhou W, Wu B, Chen Z, et al. Actively controllable topological phase transition in homogeneous piezoelectric rod system. J Mech Phys Solids,
2020, 137: 103824

Zhang X, Qu Z, Wang H. Engineering acoustic metamaterials for sound absorption: From uniform to gradient structures. iScience, 2020, 23:
101110

Ma G, Sheng P. Acoustic metamaterials: From local resonances to broad horizons. Sci Adv, 2016, 2: 1501595

Zhou W, Muhammad W, Chen W, et al. Actively controllable flexural wave band gaps in beam-type acoustic metamaterials with shunted
piezoelectric patches. Eur J] Mech-A Solids, 2019, 77: 103807

Chen Z, Wang G, Zhou W, et al. Elastic foundation induced wide bandgaps for actively-tuned topologically protected wave propagation in
phononic crystal beams. Int J Mech Sci, 2021, 194: 106215

Chen Z, Zhou W, Lim C W. Tunable frequency response of topologically protected interface modes for membrane-type metamaterials via voltage
control. J Sound Vib, 2021, 494: 115870

Zhou W, Chen Z, Chen Y, et al. Mathematical modelling of phononic nanoplate and its size-dependent dispersion and topological properties. Appl
Math Model, 2020, 88: 774-790

Yang L, Yu K, Wu Y, et al. Topological spin-Hall edge states of flexural wave in perforated metamaterial plates. J Phys D-Appl Phys, 2018, 51:
325302

Bralé S, Enoch S, Guenneau S. Emergence of seismic metamaterials: Current state and future perspectives. Phys Lett A, 2020, 384: 126034
Torres-Silva H, Cabezas D T. Chiral seismic attenuation with acoustic metamaterials. J Electromagn Waves Appl, 2013, 5: 10-15

Bril¢ S, Javelaud E, Enoch S, et al. Experiments on seismic metamaterials: Molding surface waves. Phys Rev Lett, 2014, 112: 133901

Du Q, Zeng Y, Xu Y, et al. H-fractal seismic metamaterial with broadband low-frequency bandgaps. J Phys D-Appl Phys, 2018, 51: 105104
Bralé S, Javelaud E H, Enoch S, et al. Flat lens effect on seismic waves propagation in the subsoil. Sci Rep, 2017, 7: 18066

Shi N N, Kang Z K, Shao W A, et al. Principle and research progress of seismic metamaterials (in Chinese). J Funct Mater, 2019, 50: 09019—
09026 [f1rgF, TLAETE, AR E, 45 HERBAPR N ST . SIREAEL 2019, 50: 09019-09026]

Brilé S, Enoch S, Guenneau S. Role of nanophotonics in the birth of seismic megastructures. Nanophotonics, 2019, 8: 1591-1605


https://doi.org/10.1103/PhysRevLett.71.2022
https://doi.org/10.1126/science.289.5485.1734
https://doi.org/10.1103/PhysRevE.70.055602
https://doi.org/10.1515/nanoph-2018-0227
http://arxiv.org/abs/1812.09655
https://doi.org/10.1063/5.0042337
https://doi.org/10.1016/j.jmps.2019.103824
http://arxiv.org/abs/2009.04749
https://doi.org/10.1016/j.isci.2020.101110
https://doi.org/10.1126/sciadv.1501595
https://doi.org/10.1016/j.euromechsol.2019.103807
https://doi.org/10.1016/j.ijmecsci.2020.106215
https://doi.org/10.1016/j.jsv.2020.115870
https://doi.org/10.1016/j.apm.2020.07.008
https://doi.org/10.1016/j.apm.2020.07.008
https://doi.org/10.1088/1361-6463/aace49
http://arxiv.org/abs/1801.09558
https://doi.org/10.1088/1361-6463/aaaac0

24
25

26
27
28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48
49

50

51

52

53

54

55

56

57
58

Mu D, Shu H, Zhao L, et al. A review of research on seismic metamaterials. Adv Eng Mater, 2020, 22: 1901148

Muhammad, Lim C W. From photonic crystals to seismic metamaterials: A review via phononic crystals and acoustic metamaterials. Arch
Comput Method Eng, 2021, doi: 10.1007/s11831-021-09612-8

Achaoui Y, Antonakakis T, Bralé S, et al. Clamped seismic metamaterials: Ultra-low frequency stop bands. New J Phys, 2017, 19: 063022
Lee D, Oh J H, Kang I S, et al. Seismic phononic crystals by elastodynamic Navier equation. Phys Rev E, 2019, 100: 063002

Casablanca O, Ventura G, Garesci F, et al. Seismic isolation of buildings using composite foundations based on metamaterials. J Appl Phys, 2018,
123: 174903

Ungureanu B, Achaoui Y, Enoch S, et al. Auxetic-like metamaterials as novel earthquake protections. EPJ Appl Metamater, 2015, 2: 17

Brilé S, Ungureanu B, Achaoui Y, et al. Metamaterial-like transformed urbanism. Innov Infrastruct Solut, 2017, 2: 1-11

Feng Z, Wu B H, Zhao Y X, et al. Invisibility cloak printed on a photonic chip. Sci Rep, 2016, 6: 28527

Yablonovitch E. Inhibited spontaneous emission in solid-state physics and electronics. Phys Rev Lett, 1987, 58: 2059-2062

Muhammad, Lim C W, Reddy J N. Built-up structural steel sections as seismic metamaterials for surface wave attenuation with low frequency
wide bandgap in layered soil medium. Eng Struct, 2019, 188: 440451

Zhang K, Luo J, Hong F, et al. Seismic metamaterials with cross-like and square steel sections for low-frequency wide band gaps. Eng Struct,
2021, 232: 111870

Tsakmakidis K L, Boardman A D, Hess O. ‘Trapped rainbow’ storage of light in metamaterials. Nature, 2007, 450: 397-401

Zhao X P, Luo W, Huang J X, et al. Trapped rainbow effect in visible light left-handed heterostructures. Appl Phys Lett, 2009, 95: 071111
Krodel S, Thomé N, Daraio C. Wide band-gap seismic metastructures. Extreme Mech Lett, 2015, 4: 111-117

Palermo A, Vitali M, Marzani A. Metabarriers with multi-mass locally resonating units for broad band Rayleigh waves attenuation. Soil Dyn
Earthq Eng, 2018, 113: 265-277

Muhammad, Lim C W, Li J T H, et al. Lightweight architected lattice phononic crystals with broadband and multiband vibration mitigation
characteristics. Extreme Mech Lett, 2020, 41: 100994

Chen Z, Zhou W, Lim C W. Active control for acoustic wave propagation in nonlinear diatomic acoustic metamaterials. Int J Non-Linear Mech,
2020, 125: 103535

Pu X, Shi Z. Surface-wave attenuation by periodic pile barriers in layered soils. Constr Build Mater, 2018, 180: 177-187

Lu LY, Lin G L. Improvement of near-fault seismic isolation using a resettable variable stiffness damper. Eng Struct, 2009, 31: 20972114
LuLY, Lin T K, Yeh S W. Experiment and analysis of a leverage-type stiffness-controllable isolation system for seismic engineering. Earthq Eng
Struct Dyn, 2010, 39: 1711-1736

Tsang H H. Seismic isolation by rubber-soil mixtures for developing countries. Earthq Eng Struct Dyn, 2008, 37: 283-303

D’Alessandro L, Zega V, Ardito R, et al. 3D auxetic single material periodic structure with ultra-wide tunable bandgap. Sci Rep, 2018, 8: 2262
Liu X N, Hu G K, Huang G L, et al. An elastic metamaterial with simultaneously negative mass density and bulk modulus. Appl Phys Lett, 2011,
98: 251907

Sridhar A, Liu L, Kouznetsova V G, et al. Homogenized enriched continuum analysis of acoustic metamaterials with negative stiffness and double
negative effects. J] Mech Phys Solids, 2018, 119: 104-117

Neil T R, Shen Z, Robert D, et al. Moth wings are acoustic metamaterials. Proc Natl Acad Sci USA, 2020, 117: 3113431141

Huang L, Duan Y, Dai X, et al. Bioinspired metamaterials: Multibands electromagnetic wave adaptability and hydrophobic characteristics. Small,
2019, 15: 1902730

Colombi A, Roux P, Guenneau S, et al. Forests as a natural seismic metamaterial: Rayleigh wave bandgaps induced by local resonances. Sci Rep,
2016, 6: 19238

Lata T D, Deymier P A, Runge K, et al. Topological acoustic sensing of spatial patterns of trees in a model forest landscape. Ecol Model, 2020,
419: 108964

Liu Y, Huang J, Li Y, et al. Trees as large-scale natural metamaterials for low-frequency vibration reduction. Constr Build Mater, 2019, 199: 737—
745

Muhammad, Wu T, Lim C W. Forest trees as naturally available seismic metamaterials: Low frequency Rayleigh wave with extremely wide
bandgaps. Int J Struct Stab Dyn, 2020, 20: 2043014

Muhammad, Lim C W. Natural seismic metamaterials: The role of tree branches in the birth of Rayleigh wave bandgap for ground born vibration
attenuation. Trees-Struct Funct, 2021, 35: 1299-1315

Colombi A, Colquitt D, Roux P, et al. A seismic metamaterial: The resonant metawedge. Sci Rep, 2016, 6: 27717

Zhu J, Chen Y, Zhu X, et al. Acoustic rainbow trapping. Sci Rep, 2013, 3: 1728

Kacin S, Ozturk M, Sevim U K, et al. Seismic metamaterials for low-frequency mechanical wave attenuation. Nat Hazards, 2021, 107: 213-229

Xu R, Muzamil M, Fan L, et al. Broadband seismic metamaterial with an improved cylinder by introducing plus-shaped structure. Europhys Lett,

1275


https://doi.org/10.1002/adem.201901148
https://doi.org/10.1088/1367-2630/aa6e21
http://arxiv.org/abs/1701.08841
https://doi.org/10.1103/PhysRevE.100.063002
https://doi.org/10.1063/1.5018005
https://doi.org/10.1103/PhysRevLett.58.2059
https://doi.org/10.1016/j.engstruct.2019.03.046
https://doi.org/10.1016/j.engstruct.2021.111870
https://doi.org/10.1038/nature06285
https://doi.org/10.1063/1.3211867
https://doi.org/10.1016/j.eml.2015.05.004
https://doi.org/10.1016/j.soildyn.2018.05.035
https://doi.org/10.1016/j.soildyn.2018.05.035
https://doi.org/10.1016/j.eml.2020.100994
https://doi.org/10.1016/j.ijnonlinmec.2020.103535
https://doi.org/10.1016/j.conbuildmat.2018.05.264
https://doi.org/10.1016/j.engstruct.2009.03.011
https://doi.org/10.1002/eqe.1005
https://doi.org/10.1002/eqe.1005
https://doi.org/10.1002/eqe.756
https://doi.org/10.1063/1.3597651
https://doi.org/10.1016/j.jmps.2018.06.015
https://doi.org/10.1073/pnas.2014531117
https://doi.org/10.1002/smll.201902730
https://doi.org/10.1016/j.ecolmodel.2020.108964
https://doi.org/10.1016/j.conbuildmat.2018.12.062
https://doi.org/10.1209/0295-5075/133/37001

MG 8B 202548 He67E F12H

59
60

61
62
63
64
65
66

67
68

69

70

71

72
73

74
75

76

77

78

79

80

81
82

83

84

85

86

87

88

89

1276

2021, 133: 37001

Hajjaj M M, Tu J. A seismic metamaterial concept with very short resonators using depleted uranium. Arch Appl Mech, 2021, 91: 2279-2300
Colquitt D J, Colombi A, Craster R V, et al. Seismic metasurfaces: Sub-wavelength resonators and Rayleigh wave interaction. J] Mech Phys
Solids, 2017, 99: 379-393

Wootton P, Kaplunov J, Colquitt D. An asymptotic hyperbolic-elliptic model for flexural-seismic metasurfaces. Proc R Soc A-Math Phys Eng Sci,
2019, 475: 20190079

Pu X, Palermo A, Cheng Z, et al. Seismic metasurfaces on porous layered media: Surface resonators and fluid-solid interaction effects on the
propagation of Rayleigh waves. Int J Eng Sci, 2020, 154: 103347

Liu W, Yoon G H, Yi B, et al. Ultra-wide band gap metasurfaces for controlling seismic surface waves. Extreme Mech Lett, 2020, 41: 101018
Palermo A, Krodel S, Matlack K, et al. Large scale metasurfaces for seismic waves control. J Acoust Soc Am, 2018, 143: 1713

Meng L, Cheng Z, Shi Z. Vibration mitigation in saturated soil by periodic in-filled pipe pile barriers. Comput Geotech, 2020, 124: 103633
Miniaci M, Krushynska A, Bosia F, et al. Large scale mechanical metamaterials as seismic shields. New J Phys, 2016, 18: 083041

Achaoui Y, Ungureanu B, Enoch S, et al. Seismic waves damping with arrays of inertial resonators. Extreme Mech Lett, 2016, 8: 30-37

Qin K Q, Liu Z, Yu G L. Partially embedded barrier for broad band attenuation of surface waves in low frequencies (in Chinese). Earthq Eng
Struct Dyn, 2020, 40: 187194 [Z&JL, XU, TH: 2. BA RIS 58 s 3 o A ORI B 32 TR 5 TREHR 30, 2020, 40: 187
194

Mandal P, Somala S N. Periodic pile-soil system as a barrier for seismic surface waves. SN Appl Sci, 2020, 2: 1184

Chen Y, Qian F, Scarpa F, et al. Harnessing multi-layered soil to design seismic metamaterials with ultralow frequency band gaps. Mater Des,
2019, 175: 107813

Li T, Su Q, Kaewunruen S. Seismic metamaterial barriers for ground vibration mitigation in railways considering the train-track-soil dynamic
interactions. Constr Build Mater, 2020, 260: 119936

Cheng Z, Shi Z, Palermo A, et al. Seismic vibrations attenuation via damped layered periodic foundations. Eng Struct, 2020, 211: 110427
Tsang H H, Tran D P, Hung W Y, et al. Performance of geotechnical seismic isolation system using rubber-soil mixtures in centrifuge testing.
Earthq Eng Struct Dyn, 2021, 50: 1271-1289

Cheng Z B, Shi Z F. Composite periodic foundation and its application for seismic isolation. Earthq Eng Struct Dyn, 2018, 47: 925-944

La Salandra V, Wenzel M, Bursi O S, et al. Conception of a 3D metamaterial-based foundation for static and seismic protection of fuel storage
tanks. Front Mater, 2017, 4: 30

Basone F, Wenzel M, Bursi O S, et al. Finite locally resonant metafoundations for the seismic protection of fuel storage tanks. Earthq Eng Struct
Dyn, 2019, 48: 232-252

Wenzel M, Bursi O S, Antoniadis I. Optimal finite locally resonant metafoundations enhanced with nonlinear negative stiffness elements for
seismic protection of large storage tanks. J Sound Vib, 2020, 483: 115488

Sun F, Dai X, Liu Y, et al. Seismic mitigation performance of periodic foundations with inertial amplification mechanism considering
superstructure-foundation interaction. Smart Mater Struct, 2021, 30: 025018

Colombi A, Zaccherini R, Aguzzi G, et al. Mitigation of seismic waves: Metabarriers and metafoundations bench tested. J Sound Vib, 2020, 485:
115537

Muhammad, Lim C W. Elastic waves propagation in thin plate metamaterials and evidence of low frequency pseudo and local resonance
bandgaps. Phys Lett A, 2019, 383: 2789-2796

Du Q, Zeng Y, Huang G, et al. Elastic metamaterial-based seismic shield for both Lamb and surface waves. AIP Adv, 2017, 7: 075015
Romero-Garcia V, Hladky-Hennion A C. Fundamentals and Applications of Acoustic Metamaterials: From Seismic to Radio Frequency. London:
John Wiley & Sons, 2019

Bao J, Shi Z, Xiang H. Dynamic responses of a structure with periodic foundations. J Eng Mech, 2012, 138: 761-769

Geng Q, Zhu S, Chong K P. Issues in design of one-dimensional metamaterials for seismic protection. Soil Dyn Earthq Eng, 2018, 107: 264-278
Wang W C, Liu Z, Yu G L. Periodic barriers with cruciform trenches for seismic surface waves (in Chinese). Eng Mech, 2019, 36: 144148 [ L4
o, X, TR R I R R B, TR 1%, 2019, 36: 144-148

Witarto W, Wang S J, Yang C Y, et al. Three-dimensional periodic materials as seismic base isolator for nuclear infrastructure. AIP Adv, 2019, 9:
045014

Zhao C, Zeng C, Huang H, et al. Preliminary study on the periodic base isolation effectiveness and experimental validation. Eng Struct, 2021, 226:
111364

Huang H W, Wang J, Zhao C, et al. Two-dimensional finite-element simulation of periodic barriers. J] Eng Mech, 2021, 147: 04020150
Meseguer F, Holgado M, Caballero D, et al. Rayleigh-wave attenuation by a semi-infinite two-dimensional elastic-band-gap crystal. Phys Rev B,
1999, 59: 12169-12172


https://doi.org/10.1016/j.jmps.2016.12.004
https://doi.org/10.1016/j.jmps.2016.12.004
http://arxiv.org/abs/1608.01792
https://doi.org/10.1016/j.ijengsci.2020.103347
https://doi.org/10.1016/j.eml.2020.101018
https://doi.org/10.1121/1.5035578
https://doi.org/10.1016/j.compgeo.2020.103633
https://doi.org/10.1088/1367-2630/18/8/083041
https://doi.org/10.1016/j.eml.2016.02.004
https://doi.org/10.1016/j.matdes.2019.107813
https://doi.org/10.1016/j.conbuildmat.2020.119936
https://doi.org/10.1016/j.engstruct.2020.110427
https://doi.org/10.1002/eqe.3398
https://doi.org/10.1002/eqe.2999
https://doi.org/10.3389/fmats.2017.00030
https://doi.org/10.1002/eqe.3134
https://doi.org/10.1002/eqe.3134
https://doi.org/10.1016/j.jsv.2020.115488
https://doi.org/10.1088/1361-665X/abd58e
https://doi.org/10.1016/j.jsv.2020.115537
http://arxiv.org/abs/1908.02056
https://doi.org/10.1016/j.physleta.2019.05.039
https://doi.org/10.1063/1.4996716
https://doi.org/10.1061/(ASCE)EM.1943-7889.0000383
https://doi.org/10.1016/j.soildyn.2018.01.028
https://doi.org/10.1063/1.5088609
https://doi.org/10.1016/j.engstruct.2020.111364
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001891
https://doi.org/10.1103/PhysRevB.59.12169

90
91
92
93
94

95
96

97

98

99

100

101

102

103

104
105

106

107
108

109

Pu X, Meng Q, Shi Z. Experimental studies on surface-wave isolation by periodic wave barriers. Soil Dyn Earthq Eng, 2020, 130: 106000
Liu Z, Dong H W, Yu G L. Topology optimization of periodic barriers for surface waves. Struct Multidisc Optim, 2021, 63: 463-478

Wu X, Li Y, Zuo S. The study of a locally resonant beam with aperiodic mass distribution. Appl Acoust, 2020, 165: 107306

Varma T V, Ungureanu B, Sarkar S, et al. The influence of clamping, structure geometry, and material on seismic metamaterial performance.
Front Mater, 2021, 8: 106

Zeng Y, Xu Y, Deng K, et al. Low-frequency broadband seismic metamaterial using I-shaped pillars in a half-space. J Appl Phys, 2018, 123:
214901

Xu Y, Xu R, Peng P, et al. Broadband H-shaped seismic metamaterial with a rubber coating. Europhys Lett, 2019, 127: 17002

Cai R, Jin Y, Rabczuk T, et al. Propagation and attenuation of Rayleigh and pseudo surface waves in viscoelastic metamaterials. J Appl Phys,
2021, 129: 124903

Finocchio G, Casablanca O, Ricciardi G, et al. Seismic metamaterials based on isochronous mechanical oscillators. Appl Phys Lett, 2014, 104:
191903

Xiao L, Sun F, Bursi O S. Vibration attenuation and amplification of one-dimensional uncoupled and coupled systems with optimal
metafoundations. J Eng Mech, 2020, 146: 04020058

Zeng Y, Xu Y, Yang H, et al. A Matryoshka-like seismic metamaterial with wide band-gap characteristics. Int J Solids Struct, 2020, 185-186:
334-341

Zaccherini R, Palermo A, Marzani A, et al. Mitigation of Rayleigh-like waves in granular media via multi-layer resonant metabarriers. Appl Phys
Lett, 2020, 117: 254103

Bursi O S, Basone F, Wenzel M. Stochastic analysis of locally resonant linear and hysteretic metamaterials for seismic isolation of process
equipment. J Sound Vibr, 2021, 510: 116263

LiJC,HuSY,LiQ S. Comparative study of full-scale and model-scale wind pressure measurements on a gable roof low-rise building. J Wind
Eng Ind Aerodyn, 2021, 208: 104448

Lirola J M, Castafieda E, Lauret B, et al. A review on experimental research using scale models for buildings: Application and methodologies.
Energy Build, 2017, 142: 72-110

Palermo A, Krodel S, Marzani A, et al. Engineered metabarrier as shield from seismic surface waves. Sci Rep, 2016, 6: 39356

Bretaudeau F, Leparoux D, Durand O, et al. Small-scale modeling of onshore seismic experiment: A tool to validate numerical modeling and
seismic imaging methods. Geophysics, 2011, 76: T101-T112

Huang J, Shi Z, Huang W, et al. A periodic foundation with rotational oscillators for extremely low-frequency seismic isolation: Analysis and
experimental verification. Smart Mater Struct, 2017, 26: 035061

Zeng Y, Xu'Y, Deng K, et al. A broadband seismic metamaterial plate with simple structure and easy realization. J Appl Phys, 2019, 125: 224901
Bralé S, Guenneau S. Past, present and future of seismic metamaterials: Experiments on soil dynamics, cloaking, large scale analogue computer
and space-time modulations. C R Phys, 2020, 21: 767-785

Huang H W, Zhang B, Wang J, et al. Experimental study on wave isolation performance of periodic barriers. Soil Dyn Earthq Eng, 2021, 144:
106602

1277


https://doi.org/10.1016/j.soildyn.2019.106000
https://doi.org/10.1007/s00158-020-02703-3
https://doi.org/10.1016/j.apacoust.2020.107306
https://doi.org/10.3389/fmats.2021.603820
https://doi.org/10.1063/1.5021299
https://doi.org/10.1209/0295-5075/127/17002
https://doi.org/10.1063/5.0042577
https://doi.org/10.1063/1.4876961
https://doi.org/10.1061/(ASCE)EM.1943-7889.0001786
https://doi.org/10.1016/j.ijsolstr.2019.08.032
https://doi.org/10.1063/5.0031113
https://doi.org/10.1063/5.0031113
https://doi.org/10.1016/j.jweia.2020.104448
https://doi.org/10.1016/j.jweia.2020.104448
https://doi.org/10.1016/j.enbuild.2017.02.060
https://doi.org/10.1190/geo2010-0339.1
https://doi.org/10.1088/1361-665X/aa5dd1
https://doi.org/10.1063/1.5080693
https://doi.org/10.1016/j.soildyn.2021.106602

MG 8B 202548 He67E F12H

Summary for “HiZEA R M HARZEHWBIF A T8

A review on seismic metamaterials: From natural to
artificial structures

Zhenyu Chen"”’, C. W. Lim"*" & Fan Shi’

! City University of Hong Kong Shenzhen Research Institute, Shenzhen 518057, China;

? Department of Architecture and Civil Engineering, City University of Hong Kong, Hong Kong, China;

} Department of Mechanical and Aerospace Engineering, Hong Kong University of Science and Technology, Hong Kong, China
* Corresponding authors, E-mail: zhenychen8-c@my.cityu.edu.hk; becwlim@cityu.edu.hk

In the recent three decades, the breath-taking discoveries of phononic crystals in conjunction with research advances in
acoustic metamaterials have far-reaching implications in many science and engineering branches. These new discoveries
can be traced to the fundamentals of wave manipulation and wave attenuation, etc., within a very wide frequency spectrum
from ultrahigh electromagnetic wave frequency to very low seismic frequency ranges. Inspired by electromagnetic and
photonic crystals, these newly designed artificial structures are able to control acoustic/elastic waves at relatively low
frequency ranges. In periodic systems, Bloch waves are formed by reflection, refraction and scattering of De Broglie,
electromagnetic/light and acoustic/elastic waves. These waves contain marvelous band structures which allow
transmission or lead to attenuation. Frequency domains for transmission and attenuation correspond to passbands and
stopbands, respectively. There exist many studies that materialize the idea of designing metadevices at will by utilizing
wave band behaviors. Generally, the mechanism for forming stopbands contains two parts, i.e., Bragg scattering and local
resonance, that can also be used to identify phononic crystals and acoustic metamaterials. Especially, a Bragg scattering
type metamaterial prohibits waves with a wavelength of the same order as the lattice constant from propagating through the
structure. It results in a large-scale structural dimension for a low frequency bandgap. Comparatively, local resonance type
metamaterials allow the generation of bandgaps at low frequency ranges with relatively small dimensions as their
properties rely primarily on the local resonance.

The study of seismic wave propagation in civil engineering has been reinvigorated due to the new, exciting concept of
seismic metamaterials. The spectacular designs provide new approaches to control seismic surface (Rayleigh and Love)
and bulk (pressure and shear) waves for civil and structural engineers. This review traces the state-of-the-art developments
of seismic metamaterials and establishes a link between photonic crystals at nano/micro scale and seismic metamaterials at
macro scale. We present a survey of more recent developments in seismic metamaterials in terms of geometry, physics (i.e.,
the mechanism for forming stopbands) and experimental approaches which range from natural sources to artificial
structures. A variety of mathematical and physics tools can be extended from photonic crystals to seismic megastructures,
such as effective media theory, Brillouin zone, reciprocal space, rainbow trapping, etc. The development of finite element
methods provides the possibility to simulate and analyze these complex artificial designs numerically. A school of forest
trees as natural seismic metamaterials is a focal point in this review, which enables attenuation of seismic waves using
natural resources and also inspires the discovery of seismic metasurfaces. For artificial structures, designs are generally
made based on locations (i.e., metabarriers and metafoundations) or mechanisms (i.e., Bragg scattering and local resonance
mechanism). Some metamaterial-like transformed urbanism or cities are also verified to work as seismic shielding or
cloaking. Further, similar to experimental methods in other disciplines, scale model experiments and full-scale experiments
have been explored to validate the efficiency of seismic metamaterials in wave attenuation. Although research in phononic
crystals is moving towards extreme frontiers, metastructures working at low frequencies with stability, high bearing
capacity, high ductility, wide bandgap and efficient attenuation zones remain substantial challenges. Besides soil-structure
interactions, the combination of various components of seismic waves, ground conditions, soil properties, effects of
groundwater table, structural nonlinearity or other ineluctable factors is yet to be fully considered. Ultimately, the
emergence of seismic metamaterials broadens the horizons for seismic isolation and seismic vibration control. This review
will help future researchers witness the continuous development of seismic metamaterials and comprehend the current
challenges in this promising, potential and exciting research.
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