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Abstract

In recent years, scholars have begun to focus and do research on the developments
and applications of seismic metamaterial structures which are composed of common
material and purposely designed to shield waves at a certain range of frequencies.
Compared with traditional seismic engineering technology, it protects a single structure
and also designated area from serious structural damage caused by earthquakes. Local
resonance occurs when waves at frequencies around and within the band gap propagate
to metamaterials, which prevents the propagation of waves and dissipates energy.

By reproducing the model results of previous research using finite element analysis
software COMSOL, we can verify the related parameter analysis and theory about unit
cell and also establish the numerical modeling detail. When we try to apply designed unit
cells to the global numerical model, however, it is observed that the boundary conditions
of them are partially inconsistent. Moreover, the numerical simulation model might be
too ideal and lack practical verification; thus, aiming to understand when and how the
mechanism is triggered and the difference of applied boundary conditions of the unit cell
and global model, pile-type seismic metamaterials with different height will be tested in
a lab-scale experiment under different planned sweeping sinusoidal input motions. The
experimental results demonstrate that responses at frequencies within the designed
bandgap are significantly reduced up to 80%-90%, which proved the effectiveness and
validity of the pile-type seismic metamaterials structure in attenuating pressure waves.
More importantly, the prediction accuracy of the numerical simulation results can be
further verified, and full-scale model and field test will be further discussed and schemed.
Keywords: Seismic metamaterial, local resonant, finite element analysis, band gap,
scaled structural systems, numerical simulation
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e A i Bk 1-10Hz 2 4 5 B4z 1 ’;T"j;'z*‘ﬁ/f% FAE R IAR O KB

®
EHE R FAIERE RAZ BR o BV A Mk RPN RIS B -
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12 myinfRe@my P
Amv A RH T2 A AR 2V Al SRR R BER
FroP g Ll FANEY LR N RS gEa e
A1 % (Brillouin Zone)2_ B 85 > 12 2 FPAEATY A2 4 2o F S HBAE ARHE
2 BAGREF - A A S BT B2 A 0 SERG AN SR F L Sl
FHZEE UPRFDTE MR R R R HE S A B
Ry P HAGERAI 2 RE ALY IR L E A R
P P32 RAZE ALK A RRRF S 2 HEA L PR
B2 BB RGE TR R E R URRE A LR SR R e
BHAD R RS A RRRERIY BRI R RERE > B84
H oA AT FR AR S RER L LR > IR H R ERREKNE
EPFAE- BT IR CHREFREFRE  BH SRR

w1 AR o

SRR B AR AB 1

2 AR IR B3R
WH R

'

B 170 4 e
ESE TS -
HEATHRR AT
R 2 3 E

S st AR
R4 Bt
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47 e R
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13 % #H

FHAH A sk ) o FH 2 AR SR IE R R LR AR

TRFEAS-BEE LF &P F LT
® - F -~ HH
AR ERHEBHTALFIHEWH PR PR ZATRE R R

ZBFRAGEA WP AT AT MELF PN G o
® B iR
TERMPELFREE A RAPMES ’i?ﬁﬁﬁﬁﬁﬁiﬁﬁéﬁ’%i

FLAMIR 35277 o

- B CAUR AL A T AL E R A M e
Mo 50T S SR OB R R SHCE T R UA 1 B RS E

2 H A F IR ATR] R T o

A 3R P g COMSOL € (7 45 ¢ Sl {oAlE B - 4734 8 ~ & ek
B Risier RREF 2 g YHEREFRIEMN S ZF &
B el E R BT AR B ERHGERRL A AR SRR R
FA% > MR RGN R o iE R .

® 5 F BB REEEHAEZ R
%ﬁﬁﬁﬁﬁﬁﬁiﬁ%éﬁ”@»%%ﬁﬁﬁ14§%ﬂﬁﬁﬁﬁé’%&

BreyEan A Tz M AR A AR AR T T o B S RIRAE ¢ L I
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BIRAF R MR RFIR R R B

% Bwmgdk
A2 FF N FEARFY - P F RS FREREREFERL

Sk A ERARE AR ER DR F o BB MY AR L

FlE - TG RERARTT S w2 Bk e
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IR pvE

AR YR ARE A L BV F AT AL L ATRE R o S A A
FIE R T 5 2 0 M 2 R B BTG A B R
T RAT2Z L& F ISR FE 2 RAAHE AR RAH
FHEF AP M v R B AR SRR RACHM P GRETE: FUESUIE SIS A €
EFF- HFRLT Fibo bil S8 Rw L) F o ROTE LR X8
B E A TR B FRE TRE
21 ¥ RAEHEEREE R R

TARMHR - FEAEY KA F - ARG AN AR FEOE M RS D
ALRhe 3 T RRF AR - RATEALHAF BB S eI A R R T

FlEB R AE VRS ST &0 IR BEA LN RIRE L B
7]

F57 8 it g B W 1 R I AT ¢ R e RATH O RALY E
& A5 o
R B E AR £ g 2 £ a4 (Veselago,1968) » H 4% 115+ 1 b P i3

% f & g B 5 (Negative Magnetic Permeability) fr § & e 4 § % #ic (Negative
Electric Permittivity) » 7&? o T R A F AL B ) 4755 (Negative
Refractive Index) » ¥ & Pendryetal.[2]%F A en% 4 & > HP 7 f B E T o g @
AT BT R ERET A E AR A HREY R TR s FL R

B R AR B

V"—‘%

FTE R AR R BB 0] S G R BRI
4ol G053 W RO S Pk B A AL S0 RSB R R enl 0 A A2 S (band
gap) » 7 A Bk BB LA L BT IR o R Bk npe g B p RS gy
# (photonic crystal) » &+ M 5 — fLit 3 2k @ eLensk B 242 P14 7 u ki

= A 3t Bl en il YR (Wilcox 1978[3], Conca et al. 1995[4], Gazalet et al. 2013[5]) »
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RS AR S B S & 4 (Phononic Crystal) - @ John(1987) &
Yablonovitch(1987):% 5 e BH AT % 7 R it g X F4F ¢ F ¥ > 2 &8 gt 3 )
t AR %ﬁ'ﬁi?fjﬁ? YA T R e e TR AE A el 8 TI‘U%’J“ AL AR A Ar Rl
PR Rk 0 s TS S FRP I T R F e B d TR R RS
Ao feipiEd < o Ft F R P vy F SR e

B Pt F G R AL o mird S AR S R A e
WA SR blded JRIE T2 Sk o A P STl B @Y 5 &
VIAE ST 10Hz e & LSS RS 2R 4 o dr g FIL TR O kM
e d A h RBEFIR S EARMEMERIY AT Y A PFH L - o

30 . - :
S

3]
-

D
o

Frequency (Hz)

Wave vector k

B 2.1 %K+ & B[6]

PR AN N oA RIS e RS B I S BT R
(Bragg Scattering Mechanism)<{+ 53 & 2 g3 {2+ o > 38 @ 4F 28 F e v 1o
gl A 2 F M o 2013 £ Brilé et al.[7]fr€€€??%§ IR R & AP
TP AR T @?] MR F R F ISR IVF G T
AR e - kSR BRE AT AUERY Y M £ WP B E

ALY F P RAC ] i 5T o
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NS o N >0 %

By == —_— Y-
Sensitive three components Five meters deep Source :
velocimeters (green grid) 320 mm holes - Frequency : 50 Hz

- Horizontal displacement : 14 mm
W 2.2 gf3t 7o Al MR I 22 5% (8]

W RER T G EE P RATEE A R f“*}%uﬁ» B2 b A AL 00 -
ﬁ’%iﬁﬁﬁwﬁ££&@4éﬁaaﬂaﬁﬁjfﬁiiﬁﬁ’ft%%ﬁw%aﬁ-
W Y b - fie BAZH AL A 41—k $% % 3= (Local Resonation) e

B 2R 2 3RS 2000 # d Liuctal[O]FF 5 8- 5 W3 (OF (7 5 PO R 0 4 O

PRSBSOS RE A SR

34

£ R 4§ ALHT
SR Rk i B ROEM L BE2 BB RE R R AT R
FRHECA A WIS 4ol 2.3 bt RRAEE = B AT ]
Bom, §lesEa R i o T AT ot E ] Y A R I A B (Tuned

Mass Damper) °
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¥ ¢t > Colombi et al.[10]+ % & +h >3 Bk 3 37 e 0 B R 7] 5 iF »

FAE FIL N AT RS R F 2 RINLR HET R * ok
BT T BIFEFH R CF Ak g R aEA A e

BRHFRAED S IR RIS A AR B DR M EBE o Y 2
BELL A IR A SR B 2 L P E AR e T 4

o 5 A

Y
v
-
—
s
*
i
P
3
Wk

ERNRFZAFL R L3 EHEAS AL F 2 AR

g oom g Pt — AT A S 2 B AR A

oo F A AgF ok BB AT R A S en O TR M S8
5 58 o
B

PR AR R 2 N AR ERTE TR
PR B IRE SR L M Bt A kB k¥ -

PORE e A3F 5 FH Y 4 a2 o MR E I - A

"E RATE R

f R
AL RS TR B S s e B RBATE Y 7 2 TS

% = 4% 3% (Helmholtz Equation) % it 53 7 “7T¥ & - 3L A

TR RIS

(Snell’s Law) ~ #4+ &
ol 2

S X PR ] P AR e B TR
55’3&7«‘]’3‘&47%@_{—?;; s m «flj?r ﬂ'L" ;—g‘f\?’;ﬁr

— F 84
:Lm,ﬁ{,_g-

R0 S SRR ) S
% #p & (Transformation Crystallography) > 3%k %

FIHAL T R B 2R

R TR 2 5 B

2 kT R d B S WE S PRAAD Y

i RAZHK > 2 RIAEF KAEH o

FEE RBAHROE R RARMRO BT A S 2460 24 2.1
,\‘»ﬁ ag;.%_‘;;ij

»y
-n\

P ferh £ WEGAENE ST T LA Tl R ARA B i A
FEE ] A ] BN E RS AR E AT sk
F02.1 ¥ BATHR A

BE . kE R # J* #2475 (Bragg Scattering Mechanism)
VISl R 1 3% £ J=(Local Resonance)
VRS HEIER 14L& i % 4| (Transform Mechanism)
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22 RRHPEFEEH
221 HWEH

Gf AR BRI A R B LA LA A B AR

*m«

|
f

AR LA E R RMEHIRF R RY T BRI P IVRF A G VE R
M s TP AP IR R AP Ak > ok A SR LB 2.4

o R BRI R o S B R A7 P B (René
Just Haiiy - 1743 —1822) > §e 4 ¥ f3 2 it SIR A0S P 03] > £ M S 0 %
Fwadpa) o £ F 0 F L E RS s #78-¥ B (Max von Laue 0 1879—1960)%
WX SHAMEST D VR LM NS N e 2.5 ik BEEEL RS
e Bl Rt NP RGBT h ML B RESR X L S FRE
2tvf (Bravais Lattices) > iz it -z az e d - B 5 BRI e aik
PorA) s chg R B S BB SR P B R RO R A e B LR

FREFEGD Y - BEFES IR HRDA KR - BEEH P LRty

%\’ﬁ.‘%‘(z{\ﬁ"]’%/\%éggjﬁﬁﬁ Ay\‘%’?ll; l ngl?igﬂlgr@omﬂ\;{ﬁ 'Q*?F
SRR S SN RS Akt B12.6 5 FhRAEsE e 24

B 2.4 % "4 HWE7T L BR[12]
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B 2.5 & R4 & §25[13]

as ay

N
K
s

aj
. o
.
. . .
. . .
(a) Square lattice (b) Hexagonal lattice
|=11|= |a12|;(p:9'ﬂ° ‘allzlazl;qp:li‘()"
ay Ay a;
/. °
J7 7
3 2 %
.
ay .
. . .
[ ] [ ]
(c) Rectangular lattice (d) Centered rectangular lattice;
| a, | ,:%1 [; @ =90° axes are shown for both the

primitive cell and for the
rectangular unit cell, for

which | a;

B 2.6 adxHd i RdgzrdeF(l2]
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2.2.2 1§ $ & (reciprocal lattice)
#B%}'}’?J} e ﬁ’b’*ﬁﬁ T? ;’ft‘}":‘_,ﬁ '? 3‘; [ 7:?‘ Ba 'Eéle' 2 E‘JBBB ’]‘%’ﬁ ﬁﬁ’f’k‘g’"i

TE O R A EEE S A g b [ 2 5 SR g

et

o kR kA BRI R AN LR o RENE LRI HE
FRATEL > BHReEVUHERE A EEFE T Y M o3
o Hl Sl Rm s FiRaRR > HE ) 7 240 E AR E SR e 0 T i)
Pt B HREMF LW H IR I IR LR DTFIRM G KL
SRR EE E SRR 2 7 A AN AT IR I e R

R=ma,+ma,+ma, > #|ftte £ LT Hte2 B H584058 2.1 0

a, xa a., Xa d, Xa
b1:27742 bZ:Zﬂ#; b3:2ﬂ4 A2
al-(azxa3) a2~(a3><a1) a3~(a1><a2)

®.9®» © @ @

o S d e P I ___ L.
. 1/__:’—/ a L i =z ! \)
O O @) @ (] @

(a) (b)

) © o o (d) o

(2)

©) @
B 2.7%F "Lf#q Fa N BB’]{X( 4 )bbs i—']aa’hs'(_r )[14]

@A KR b)E > HRE>HRE (D 51
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223 *LH%

RIpALTATALENH R ELERALEEFELE > 7 HUEEF LR &
FhferzEY o TE- BHRBERT) ML RIEOLE T LG > G TG
@ﬁi?%{é“?i%m% FTEIANTHE BEERFATT EYPE TLERG AT
BEEZFY o KRENE A FARE R P G AT Dl engheng & B
W& B HEEY 25 Ei;ﬁ?»‘P\-% R R TR - #Eiﬁff\c °

ARP-FERERAPT UB N LG TR MH PR o BF B A
Mg o A PR g AN A TR R A

R b T A FIEhE BT #1F KT B E T oG > BT
Flend %= F 2% » FHEEBXTITMEREBENLE T A6 0 PEIDLFZF
DA T o BSEH S U SR A O] R 2.8 57 o R FFEF LT 156
A N TELWE RN TE - 2N E o R PHA Y

Ao UHRET - BH LT EM S LER SR ETR

FBZ
2nd BZ
3rd BZ
4th BZ

[ BN |

13

doi:10.6342/NTU202203527



[
»

(2) (b)

B29@z > Hhkbd Ht $-FLA%

® 7 ¥ Xit# 2% (Irreducible Brillouin Zones)
EH- T EAF T H RS, RS REZR Y Ry 2 W

Fo DD HSL AT G L D BT R B o

e

HPEBETFFTIUE F ""'Lf‘"ﬁ AR U - 2 2)): 8 @*3‘?" RS KWy A

A ¥

HFLMED TER Gl o T i e

m/a| 7 .M

-n/a

-Tt/a

Bl 2.10 v = & i3 $HRE 7 7 50 F 2 AT%[15]
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224 # AR

TIL S F R FHE TS AT AR D N B R I anbg e ¢
# & A% (Bloch wave) » 45 i F #p i iv 37 P fRajh Sl > X 2L G FIEAR

Bloch state) o # &A% T I2 H o4 5 fem U W oanib R 0 H s &
1 v l//k

exp(ik-r)e &2 xS, (r) 2 Ff > o8 2.2 29 > u (N &7 &b
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=
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.
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e
B
B
Ak
)
'I,‘
|

ﬁii’tﬂﬂ'ﬁ_ ’ "51‘-"3\: 2.3> a i %\‘ BBE’?_%’Z:'-?F%?

MEPHRBCHBET U 244550 B o nesE T E AR -

v (r)=u,(r)e*" X022
u, (r)=u,(r+a) £2.3
uaXn — Baxei(kxx—wt) _)uaxms — Baxei(kxx+ska—wt) ;\: 2.4

S B 211 7z Fl5 exp(ik-r)fs it S ? 3§ L6 B¢ B

BT o A Y SEFF U ()RR ETF PRI PES > AT RF TS R
5~%@ﬂ?ﬁﬂﬂoﬁ$# SRR L L N SRR A
HoP ol e B3 23V 2L B M Pl B BAR R o gt 232

S 3R AT TR SR L R R B R R E AR g

Bl 2. 11 7 & A%k 43 e ior & RI[15]
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225 FHHER

AETT N TR R Y R S R B A b R kAR
RS F LS Tt AR NEE T AP 2 E A ;u‘:é:‘:l;_jf#q'—,? s Hod
COMSOL 7 "I~ Z #ic#§ 7 > AP o7 * enficd fic’e & Floquet Theorem #1354

Floquet Periodic Boundary Condition » & /" fic s > #2355 58 W] 2 f335 f 4 77 43t 2.5
x=A(t)x 2.5

Hoe o At)E- B FEd sl Bl RIRE N - BRI 4ot 2.6
y=Q(t)x X2.6

2o Q(U4T)=Q(t) » » ri gk ST F F HAUL 5 B0 5 AR A

Fli @ TR AT - 5o

B2 12- e > ERIHHEERFEXE T R B
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2.2.6 #FiTd R

REREUELETRUE RN S A P S RS L R S il
FEVUEINRPE A AR R BEEREER e R AR DM ST K
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FHod bt e er B e AR B AT R S B B R 5 AP A
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23 HAM ARHPEE A2 F ] v AR
PRV ¥ AHE  BEEY A RS RARER S NeiFXRG F 8
THEF P 2 B ERE > BERMPREPPRE LRI AL BN E R T
bk A Bk SRR TR s R R b rE 5EN R
WP RRE S R L iR FRERE D 2LE - S 4oR 2. 14
REAER O Pl ITE RS FF OB AT MR LU e B
AR o
FREBAHLZPEAN 3w > FAL- 8282 =4 4oB 2. 135 A kEE
BARMEEY A5 ¥ B-H o L A # A (Foundation) £ B F 7| (Barrier) » H ¢ A #
AH A S A H AT R o R BB AA MRz - &
W RIN6] 0 Frd IR EE w2 R R E PR o S f 2 R
2 ARAN6] i F Rl ek B R D E N AL 2 KPR E R R
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FAB ¥ R TR ARG ER YRS T UL AT AR
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F

PR v B R A 3 SR EARR A IARRY Ko oA o AN 4T
At ARAF ARMP  FREZFT A -

By BATHALE o 3 2 1@ 4 5 d Achaoui[17]% 4 2016 & 3 01 5 s d] &
AR BRI PRGN A e FEF R IREFT N AR 2.16;
Miniaci[18]% A Bl ) BHIR ¢ B dp R B RE3 R B 5 L2 i~
¥ @D 10Hz U p chF AR > v BA B R K G P I IFRER
Achaoui % % [8]4 ** 2017 # 4% S it » R E ¢ 0 T LAeit R AT RN MICE

Baez BAEF B 7% E 10Hz 7 2 Mg > 4oBl 2. 170 F 40§ f Ak =

Eﬁé

oo RaRart o BREEF I REZT AT E B

F A R -

A FROE RERAMEH AL Z B AR Y R RE S 0 XA S g
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BEHERME  F SR BRI BERE T R 2 0nE o F A
g o BPE ] LRtk R FRIKY T RS R AT A
F e oo ERCAE 4T E 2k o 4p M 2R e Witarto[6]3F 2018 & 1% Mdm e g kg
PR - a2 2 aldAr RARMA LY > T g atRE L e ERE HE L
BEEIRIEF AL LFELE RTER B RFEFZRFR BEET S
WP e RF T BFITR O oW 2.19 977 g FAF B E R B v
Pu % A [19] 41* 7= PVC ¢ (T2 {3 BIREA T Y > B b5 r T A
gt FREFAF TR 5 @ Chen & 4 [20]F $RiE 7 55 ¢ B ] » K3 -
O RIAFZF B B FEEN T EAN AN RBE e R -HETHR
BoRBRT FETBE AP R BRI SR e id R S RO IR
FREERMRE 83 g B AT 85 r 8~ B R R g
REGEEBE LA HRERC FREBIAREH B LT FIE FE > Zeng ¥ A [21]
S AP REFEFER I AR RO RREECR 2,22 B RHR2Z BRE
BEBEHHEF WFEFFRFLFLB e AR AR P EE R R
hod ARG WA FRALIEEI NG TR FI G MR S8k 2

),% v A 3222 §81 334 & ¢ EAeiERt o

(a) (b) (c)
B 2. 13 3k 8 £ 5] & 48 4 #(a)— 4a(b)= H(c)= &[6]
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B 2. 14+ Az e sk @7 3 RI[16]

1,750 kg additional mass
uniformly distributed
on the roof

8,500 kg
additional
mass uniformly
distributed on
the steel floor

1D periodic foundation e

— i 6] = A R A [6]
Bl 2. 15 A #A B BA MR

Bl 2. 16 2R AJAHHF R B 0 A AR VA il B & RI[16]
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Buildingto be protected
(with its foundation)

RayleighR

RayleighR
Surface wave

Surface wave

Protected
region from R,
\'soil P and S waves

Bedrock
[=—————] =

Columns clamped to bedrock

B 2. 17 % » & & 2 A4k T R B8]

70

60

o
o

Zero frequency
band gap

Frequency (Hz)

Zero frquency 9

r X M I X M T
B 2. 18 7% » Ak £ 2. BAA AT F 548 F H[8]
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3D periodic foundation structural system
Top of 3D periodic Steel floor of
Earthquake ?:;:te RC base pfuw;duﬂ:ll superstruslure Roof of superstructure
(z) @ Acc(g) | Reduction (%) [ Acc(g) | Reduction (%) | Acc(g) | Reduction (%)
Anza 0.4 04120 | 0.0421 89.77 0.0435 89.43 0.0508 87.68
Bishop 0.4 0.3925 | 0.0303 92.28 0.0301 9232 0.0439 88.82
Gilroy 0.4 0.4088 0.0397 90.28 0.0424 89.63 0.0479 88.29
Oroville 0.4 0.4154 | 0.0258 93.80 0.0277 93.33 0.0273 93.42
Loma Prieta 0.4 0.4057 0.1407 65.32 0.1430 64.75 0.1666 58.93
Imperial Valley 0.4 0.4010 0.3150 21.45 03172 20.89 0.3193 20.37
Northridge 0.4 0.4055 | 0.1212 70.12 0.1196 70.50 0.1730 57.32
San Fﬂ“‘]’;‘:;)wm‘m 0.4 0.4057 | 02357 41.89 0.2355 41.96 0.2656 3453
Ancona 0.4 04075 0.0334 91.80 0.0349 91.44 0.0303 92.57
Helena 0.4 0.4088 | 0.0414 89.88 0.0391 90.44 0.0724 82.28
Whittier 04 0.4025 0.0400 90.05 0.0405 89.93 0.0352 91.26
San Fernando (St. Anita) 0.4 0.4057 | 0.0627 84.54 0.0636 84.33 0.0758 81.33
Kobe 0.4 0.3981 03712 6.77 0.3757 5.63 04026 | -1.12 (amplify)
Code Anza 0.4 0.3967 | 04017 | -1.27 (amplify) [ 0.4014 | -1.19 (amplify) | 0.3981 | -0.35 (amplify)
Code Imperial Valley 04 0.3988 0.3408 14.53 0.3424 141371 0.3747 6.0260
Code San Fernando 0.4 0.4032 | 0.3436 14.7694 0.3420 15.1673 0.4292 | -6.44 (amplify)

B 2. 19 = A #H AR F R 5 % [6]

TS (dB)

— 4 rows vlr 4’

_45 L 1
60 80 100 120 140

Frequency (Hz)

metamatenal accelerometer

dynamic analyzer

- <]

Bl2.21 55° AR ¥ Rpe & & BI[20]
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Frequency(Hz)

— - SIL 2 Pows

Exp. 4 rows
- w Sim A rows

Transmission{dB)

B 2.22 8~ & RRME g % KR e i (21]
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3

R
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% 5 200 2 300 ==

L TSRS T'S S

BB HA o Flt X G pF[14]F L R
BBB’}%« > 1
» B3]

Lo HEg o HeRRTspd

Y e AR E A 2 AR B

A T ACE 2.24 T L3RR

ety s 0.lm 2 A IFFIBA R > Rd > B 5ox e o B 2 SR Sliho R 2.2 2

SR R WK 0 hom 2,25
Bl2.23 » & {4 5 & BI[14]
2.2 TR pF[14]K 3 & S R Sl £
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~hted B sz EH -

A, Magnitude

+2.708e+00
- +2.482e+00
+2.256e+00
+2.031e+00
+1.805e+00
+1.579e+00
+1.354e+00
+1.128e+00

+2.256e-01
+0.000e+00
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+3.837e-01
+1.918e-01
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n(1)=2 freq(13)=6.2 Hz  Surface: Displacement magnitude (m)
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n(1)=2 freq(18)=6.7 Hz  Surface: Displacement magnitude (m)
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n(1)=2 freq(32)=8.1 Hz  Surface: Displacement magnitude (m)
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n(2)=3 freq(15)=6.4 Hz  Surface: Displacement magnitude (m)
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n(5)=6 freq(13)=6.2 Hz  Surface: Displacement magnitude (m)
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f0=50, n=3 Time=0.0618 s syrface: Acceleration magnitude (m/s?)

m/s?

A 1.3x10°
x10°

1.2

0.8

106 B 0.4

0.2

> 08 ¥ 0.04

B 4.28 = g @ics 47(F ) S0Hz ) 4o & 3

f0=50, n=3 Time=0.0656 5 Surface: Acceleration magnitude (m/s?)

m/s?

A 1.3x10°
x10°

1.2

0.8

| 0.6 B 0.4

0.2

B 4.29 = s 47(F M ) SOHz to 4o s & 3
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f0=50, n=3 Time=0.0618 s  Surface: Displacement magnitude (m)

A 8.45%x107°
%107
I 8
Ll 7
6
5
4
0.8
3
0.6
| 0.4 2
0.2
1
¥ 3.34x107

B 4.30 = e 47(F M) SOHz 6 =43 3

f0=50, n=3 Time=0.0656 s  Surface: Displacement magnitude (m)

A 8.45%107°
x107®

B 4.31 = @ 8cA 17(F B ) ) S0Hz to 45 3
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f0=50, n=3 Time=0.0618 s Surface: Equivalent deviatoric strain (1)

A 217

1.8
1.6
1.4

1.2

10811 g8

0.6

0.4

0.2

¥ 0.98x10°°

B 4.32 = #4595 4 ) S0HZ ) e % 3

f0=50, n=3 Time=0.0656 s Surface: Equivalent deviatoric strain (1)

A 217

1.8
1.6
1.4

1.2

0.6
0.4

0.2

¥ 9.98x10°"

B 4.33 = A A 5CY M) S0Hz 0 b %3
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f0=50, n=3 Time=0.0618 s Surface: von Mises stress (N/m?)

N/m?
A 5.36x10°
%x10°

5
4.5
4
3.5
3
2.5

L 2

1.5

0.5

B 4.34 = aptc 47(F M) SOHz 6 /s # 3

f0=50, n=3 Time=0.0656 s Surface: von Mises stress (N/m?)

A N N/m?
N A 5.36x10°
x10°

5
4.5
4
3.5
3
2.5

L2

1.5

1

0.5

B 4.35 = a3t #ica 45 (3 ) SOHz © s 4 3
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f0=65, n=3 Time=0.061846 s syrface: Acceleration magnitude (m/s?)

m/s?

A 1.3x10°
x10°3

1.2

0.8

] 06 BH 0.4

0.2

Bl 4.36 = A $5(F B oh) 65Hz t) 4eid B 3

f0=65, n=3 Time=0.065692 s syrface: Acceleration magnitude (m/s?)

m/s?

A 1.3x10°
x10°

1.2

0.8

106 B 0.4

0.2

B 4.37 = s #icA 45 (3 B h) 65Hz & 4o 38 B 3
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f0=65, n=3 Time=0.061846 s Surface: Displacement magnitude (m)

A 8.45x1073
x107
8
7
L1 6
L 15
L1 a
0
0.8
L1 3
0.6
0.4 2
0.
2 1
0

> 06 }
> 0.4 ¥ 3.34x107
0.2

m

B 4.38 = e 47(F M ¢h) 65Hz 6 43 3

f0=65, n=3 Time=0.065692 s Surface: Displacement magnitude (m)

A 8.45%x1073
%1073

B 4.39 = s 47(F M eh) 65Hz to 43 3
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f0=65, n=3 Time=0.061846 5 Surface: Equivalent deviatoric strain (1)

A 217

1.8
1.6
1.4

1.2

081 1ps

0.6
0.4

0.2

¥ 0.98x10°°

Bl 4.40 = S e 47 (% M 7)) 65Hz t i % 35

f0=65, n=3 Time=0.065692 s Surface: Equivalent deviatoric strain (1)

A 217

1.8
1.6
1.4

1.2

0.6
0.4

0.2

¥ 9.98x10°"

Bl 4.41 = apdes 47(F B o) 65SHz 0 s % 35
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f0=65, n=3 Time=0.061846 5 syrface: von Mises stress (N/m?)

N/m?
A 5.36x10°
%x10°

5

4.5

4

3.5

3

2.5

L 2

1.5

0.5

B 4.42 = e A $5(F M) 65Hz t 4 3

f0=65, n=3 Time=0.065692 s gyrface: von Mises stress (N/m?)

Tl S N/m?
A 5.36x10°
x10°

5
4.5

4

3.5

3

F1 2.5

L] 2

1.5

1

0.5

B 4.43 = aptc 47(F M eh) 65Hz o 5 4 3
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=6 6.3-7.4, 7.6-8.1Hz 58-73Hz
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SPECIFICATIONS

T

o
HYDRAULIC SCHEMATIC

SWIVEL MOUNTING
PATTERN

TYRACAL ROTH W

B S5.3RRY < 24411 &b B4

% 5.1 ASTM A36 1 * Ak 4L 48

E K5 250MPa
PR 400-550MPa
WE S >20%
AR Shore D 83
FURR 55 B 11000psi
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Window Help

70 &) 7

&

E ]ijlf é‘@m? 1 Type Name Start Intemupt
= Duell Co
5 Sweep Command 1 [Tmed Acauistion 1 <Procedure> Start
g gﬂ:ﬁ: Comnand | ] [owet Command 1 <Procedure> Start
¢ Segment Command 1 % ] [Sweep Command 1 Dwell Command 1.Done
%[ [Profie Command 1
@ [Cyclic Command 1 Dwell Command 1.Done
X Z [Segment Command 1

Procedure is done when [Cyclic Command 1.Done
Cyclic C: 1 - Cyclic Ci P:
Command| Charnels | General|

Segmert Shape: [Sine |
[Frequency =] 10000 [(Ha) |
¥ Count [ 200 [eycles i1 |
Adaptive Compensators: [ None |
I~ Do Not Update Counters

I Relative End Levels

Channel [cn ==
Control Mode: [o |
Mbsolute End Level 1. | 8.0000 [jmm) |
Apsolte End Level 22 | 20000 mm

Phase Lag: 0.0000 | |

Ready

(a) procedure editor

B

File Display Applications Tools Help
MTS EE@@ @ - | @ - - | |Calibration hd ﬂ
. MPT Station Controls
q 0 = -
A o) wez/w 2|8 x| Olmixe <3|
,_l’ Test Progress
Run Time: Faused MPT
ﬁ!, Specimen
¥ [spec12 = u L -
Procedure Mame: |NTU_514.000 Master Span
Procedure State: |Done Span
Power K O R R L
To Run: |High Q1 LU
Channel Counters Limits B
BEme i Channels Signals
Interock 1 Reset
Program 1 Reset/Ovemide
Sequence Counters Gate 1
Name Curr... | Tar.. C-Stop 1
HSM T10-J28A:
(2022/8/16 TUTE 05:41:10) Waming [Stmar] Ch 1 D Abs. Emor — Inner Limit Tripped A

(2022./8/16 TUE 05:41:10) Waming [Stmar] Ch 1 D Abs. Emor - Quter Limit Tripped
(2022/8/16 =UBE 05:41:10) Waming [Stmar] Intedock 1 - Software Interdock
(2022/8/16 =UBE 05:41:10) Emor [MPT Runtime] Procedure Intedocked: Hydraulic intedock is set.
Running Time: 00:00:00
Channel Counters:
Chi- 1 Cycles
(2022//8/16 TLIBE 05:41:10) Emor [MPT Runtime] Procedure Intedocked: Hydraulic intedock is set.
Running Time: 00:00:00
Channel Counters:
Chi- 1 Cycles v

C\MTS 793\Projects\Project 1

(b) station manager

B 5.4 MTS FlexTest GT Controllers & $t3-#4] 4 &
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(2) (b)
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mlxr--ma:yx

TIORRD IRCRETII
2. cassmarn wasascsi gy

a”

(a) (b)
B 5. 13:R5& 2 Flioe g% 4
(a)F 4 B 2R & RIALE] (b) B A1 TR § A5 4 F #)[29]
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5.2 R RPN 4 4

E=L R £ mm % mm & & mm
1:20 30cm % 350 300 10
1:10 35cm % 650 350 20
1:10 65cm & 650 650 20
1:10 85cm & 650 850 20

Hard-
ness
IRHD * 2

30
35
40
45
50
55
60
65
70
75

% 5.3 BIRA B 22580 ¥ fcenid 3 (Lindley 72%)[32]

Young's modulus Shear modulus

MN/m2

VN A WN MR

Eo

.92
.18
.50
.80
.20
.25
.45
.85
.35
.40

G

MN/m2

NHERPRPRPOOOOOO

.30
.37
.45
.54
.64
.81
.06
.37
.73
.22

104

k Bulk modulus
numerical E,
factor MN/m2
0.93 1000
0.89 1000
0.85 1000
0.80 1000
0.73 1030
0.64 1090
0.57 1150
0.54 1210
0.53 1270
0.52 1330
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D 1 1 1 1 1 1
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1400 [ |

1200 |

1000 |

800 |

oor y = 104.46x - 1601.1 |
400 t

200

12 14 16 18 20 2 24 26 28 30
(%)

B 5.20 BB P X R2Z 64 B#Y M ocurve 2 MW F %

Bl 5.21 % XS5 HoR )
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Bl 5.23 #3742 30cm*x35cm
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> KBRS A REA
L RRAFHE A% 0 4k

R I I L e

RALR S B AR F R AL FE D SRR
v £

J:,b o%’#%@% 2 ’if"g

o

¥4
24 1 5.

~

% 5.4 BER MR G4 B AL F A4 4 (28]

SRR ER 20 ~ 48

e IEPER 60 ~ 48

B (cps/25°C) 25000~30000
3% % B 4 (kgf/cm?) 1.2

PH & 5.0~7.0

> BRAITRI AR A

B AT 5 e 4% F RI(H AR ab )i B A

oS A 30 AT AN A 0 B SRR BTk i R

R > mtit M2 apbrif M o FHmp@H 2T 4550

255 BRI B R F RS LT 5 R
i 1T 4 48 (38 25°C)
B ER 100°C
g 1.01
AR Shore D 83
TR B R 11000psi
e R 5700psi
BEFWAR 2400psi
g R 12500psi
L 3.5%
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Bl 5.24 1/20 &5 = AZH #1328 =2 = §

523 MFESERECREEHPRER

0 B dE Y TSR BRI KF g B (LRB) b At @
Foofz %G oAz AR R B R DR 0 B LN A Rk 4 mr R g
Bl BERARHE LB EY 0 MF S FF 2 e 0 ARl S

25 -

B 5.25 Bt F ﬁq‘%ﬁﬁ‘,‘i'}?fﬁv R E R Scm
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524 ERREBEETREERE
SRR LR R AT R AR E NI A RE A
A B2V B 0 4ol 50310 10 E Ag R > 4o 50150 i

7 7 ¢ input motion T Z_4vif B BB 0 R E L PR BAoT

\\\Xr

1.PCB #vif R BB (IR P ek TR S FwBi-r ¥ %4 B 5273
B 5.30 Bl? i d FIRET & 4 doif 20)
2.%% B(Iv 5 R KiR)
3.PCB #vit B 5D & B
4.5 FF B~ F ( Model 6032, 4-Channel Strain/Bridge Transducer Amplifier-Filter-
Digitizer)

H P > 4rig 2% PCB Piezotronics 2 @ i 2_ ) 55 W352C65 #rA] |7 7K 4 ig
oo e 5.32 REFERMF 4 F 5 0.8Hz-10Hz » * 721 & RIFH X JRpFehdeid &
JEPE o @ FALEEES ko iz ool & 5 10kHz 0 3% 2 R R R G 0-50g o H
P Flhei i s R PR EE @mINA e A R GBdR L 4o Rl S,

260 @B R 2 beiE A BT alicoedidod 5.8 0 F UL X b i B o
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~ Calibration Certificate ~

Model Number: 483C05 Customer:
Serial Number: 772
Description: 8 Channel Signal Conditioner PO
Manufacturer: PCB Method Comparison Method (AT 104-30)
Calibration Data
Temperature: 74 *F (23°C) Humidity:  42%
Channel Volts Current Gain Gain
A Gain X1 X10 X100
7 4. 1.001 N/A NIA
y .7 4 1.000 NIA N/A
3 7 408 1.000 N/A N/A
4 .7 410 0.985 N/A NIA
257 417 1.000 N/A NIA
257 4. 1.000 N/A NIA
26.7 4.1 1.000 N/A NIA
8 26.7 4.1 0.950 N/A NIA
Condition of Unit

As Found: nla
As Loft New unit, in tolerance

Notes

1, Calbration is N.1.S.T. traceable through PCB control number QC-726.

2. This cantificate shall not be reproduced, except In full, without written 8pp: | from PCB Pi

3. CaRuration is performed in compliance with 1SQ 10012-1, ANSUNCSL Z540.3 and ISO 17025,
4, Measursment uncertainty (95% confidence lovel with a coverage factor of 2) for the sensitivity reading s +- 0.2 %
5. See Manufacturer's Specification Sheet for 3 detailed Isting of parformance spacifications.

Technician: Mark Moorhouse S Date:_03/30/18
Due Date:

inc.

o CpPCB PIFZ0TRONICS”

Ocfbrabes Cint 3002,01 3425 Wakden Avesus
Depew, New York 14043
TEL: $83-634-0013 FAX: 716-635-3836 www.peh.com

Poge | of |
—
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z € > O Input surface

X 0.6
Y 0.4
0.2
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Bl 5.27 4vig R 7 LB 80m A A H K EM xz e

m

, % Input surface

X \T/v — . 0.6
Y 0.2
0
B) 5.28 4cig 2% 77 & B 80m F%Y Akl i x @
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B 5.32 35k @ * ped Seid
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525 #FHARS Bk LHK

BRACH A E L b g &Y 2 F 0 2 A 1% 42 4F (Sine Sweep) » tw i
(Adaptive Sine Sweep) - T #7 (Single Frequency Sine Wave)z_ £ ;3 » H ¢ jodfig g
%%@56’iﬁ%%%@5ﬁ°fﬁ<*$ﬁ%ﬂ$$’Vﬁﬁﬁﬁﬁ%&ﬁ
ok Fmi ia"nvii“'% Fldok 5.7 c B22A R BV 4% i 100Hz » ezt
HMa G T oA kE ﬁ*]“‘ RERA M REAeE B2 MR ARAcE S,
35 2 B 5.37 -

A2 B E TR AR 5,34 0 B BRI g L MR TR (7 R RS

2 FRF & 45 » @34 Hfe £ £ 497 AR 2 R 7 odf » B 87 TR X
Lﬁﬁﬁ»’ﬁm&E%%iﬁ$T%ﬂ%%ﬁﬁ%%i%%%%’%*w%@
(T 5 960 3 ~ £ FPF 35 f2 B EPE TRk S0 B A RE AT 2 3
Btk atimd i e SREIFR S0 e R AL KRR E @

BB R G o o FR AR 5.6 977 o Gy { HAJEF Rikdy o B E%R

i3

al.

oo WA BEFXx e 2 B EFRK OFBErEE Y x w2 2RI HE 17Hz

FIE AR B 0 (T FFT S A T A7 3 A2 F g -

| | I | | | [ I
08+ | | “\ | ‘II I "I .‘" “I\ I
0.6"‘ | ‘\ [ ‘\ |
o4l |||

02 |

Amplitude(m)
o

02 | I | | | L | | A
|| || | || : . |‘ | | | ||
oar L T T
| | | | | | | | | |
N N N R R
| ‘I ‘I " | ,‘ " I‘ | “ “ “ | “ “ “ | ‘I ‘I "
osr UL Y
M0 o1 02 03 04 05 06 07 08 09 1
Time(s)
B 5.33 2 & 24 10Hz it 5% & 45 fF PF )
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ActuatorAsRiE R 718 Sme BB EHEEEFE
B g Actuator
. . E# AT R
FAE ERL A Aoik i,
P ! 3“ e
R (53825 54 A3h)

[ A <

B 5. 34 :F%ALE f§ B

MApRE. A5
(FEBH A, TRARE)

F. 5.6 i E R

e w - = = 7

e 120 4 ¢ 1/10 &5 ¢ 1/10 & < 2

BaetE | AR | Al

AZ AL 15x15x30 30x30x30 30x30x60 | &L kEAE -

(£ xFxE) (2 4) (>4 (2 2) 2.5mx0.6mx0.8m
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% 5.7 % ﬁﬁ%l » F=# 1258 X Direction

Single Frequency
Sine Sweep Adaptive Sine Sweep
Input Sine Wave
Duration(sec)
Motion | Range Range Range
Af Af Af
(Hz) (Hz) (Hz)
-26.67
100-20 3
Casel Hz/sec
1/20 -13.33
50-10 3
30cm Hz/sec
40-20 -1 Hz 2
-23.33
80-10 3
Case2 Hz/sec
1/10 -2.5 Hz/sec,
80-10 2
30cm Af=5Hz
80-10 -1 Hz 3
-23.33
80-10 3
Case3 Hz/sec
1/10 -2.5 Hz/sec,
80-10 2
60cm Af=5Hz
80-10 -1 Hz 3
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doi:10.6342/NTU202203527



-26.67
100-20 3
Hz/sec
Cased -2.5 Hz/sec,
80-10 2
soil Af=5Hz
40-10 | -1Hz 2
80-40 -5Hz 2
: L5UEELE) 2
Performance curve(Just Plant Loading) ’
—— SR
100
10
(@)
g 1
< /
01 |—
0.01
1 10 100 1000

Frequency, Hz

B15.35 8 B4eid B 1 o
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1000

100

Velocity, cm/s
S

o Displacement, cm
© [
= = o

o
=

o
o
S
-

_ 1SS B
Performance curve (Just Plant Loading) gy 5e

=

10 100 1000
Frequency, Hz

Bl 5.36 58 Bif B i b A

Performance curve (Just Plant Loading) Lo
— SIFEE) S
TN
10 100 1000

Frequency, Hz

Bl 5.37 26 B A8 fhin o &

119
doi:10.6342/NTU202203527



F05. 8 4vid A G R R AKX MILER A

beid BB B mv /g 1mvg Bk Gl
126610 101.4 10.34 al
110963 101.9 10.39 a2
112323 100.2 10.22 a3
103226 108.2 10.52 a4
126611 99 10.09 as
112320 99.9 10.18 a6
126569 99.1 10.11 a7
114578 100.6 10.26 a8
126568 97.5 9.94 a9
126566 100.6 10.26 alo
103224 102.6 10.47 all
126612 102.8 10.43 al2
LW246494 1
LW246506 2
LW244087 3
LW244086 4
LW246502 5
HARKIHFEL D
LW246418 6
LW245759 7
LW246500 8
LW246512 9
LW245760 10
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LW244085 11

LW246524 12
103222 1/20 X
112322 1/20 X,

AR R4

112324 1/20 X5
103223 1120 Z,
112325 1/20 2
112321 1/20 Z3
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FAE PREFAEERIEREVR

6.1 #FHR%

RFRRE R HZT o b KRG BUAEAE TG PR TR T MR E
FAEELE T B R TR BLE R BRARR S5 W6 42 H 65 TF
R BR T SRR BT R TR LA B ] F
FFT fdkie (7o i TR 0 52 598 FFT 3 S % 4R 6.3 K& B fB R x
(W 6. 4) FFT f4 & % 4o 6.5 > L iv PP B WA 5 P imig 7 4off ) > Flot e
FAR 2 Bk % T A h S HAE > BB S R B R R
T AR S AR T B RS EF - HRE -

e TR AR 4 R 0 RERBALY P A I 0 SRR et T A

\)

FRERBHEF 2L > ARa 2 1T ER ML RF 284 Sk ErR
BT F LS Sl W HE - R AR B A E R

e EEERER -

“

0.5 1 1.5 2 2.5 3 3.5
time (s)

% 6.130cm ;%47 10-80Hz fe#Fdf 2 & F 4 & fEPF

-\:}

Force (kN)
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Acceleration (gal)

0.5 1 15 2 25 3 3.5
time (s)

B 6.2 30cm ;#%8 10-80Hz #e 4747 2. ¥ 43 # 4 % v & R FE P

140 T T T T

120

100

80

60

40

20

0 10 20 30 40 50 60 70 80

W 6.3 72 {8 I 5% )L 447 10-80Hz FFT % %
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displacement ratio

displacement (mm)
o

2tk
-3 | 1 1 1 1 1
0.5 1 1.5 2 25 3 35 4
time (s)
B 6.4 30cm ;FHEH A FIE RS B -4
25 T T T T T

10 20 30 40 50 60 70 80
frequency (Hz)

Bl 6. 5 30cm 3R A0 35 4r 554 3 B B 45 Fr ¥ FFT % %
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(2)

(b)
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FHPM s ZARMEEIEAR R I ELNLT IR ERETPE R
Moo F RS IR IREE YR 2 e RFPES R E IR 4o 6,17 22K 6. 18
EPEEIL AR AU b ABEL o T A MiRAEIEGR S % A I ARTYS & A o ratio (Y0) 1%

Bl4o® 6. 19 /B 6.20 c LA S B B2 BF) 0 FRE ARG 2 TF > 72
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