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Structural Optimization of SMA Sandwich Honeycomb Dampers
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Abstract: To address the shortcomings of traditional seismic dampers, such as large residual deforma-
tion and low energy dissipation efficiency after strong earthquakes, a novel nickel-titanium shape mem-
ory alloy (NiTi-SMA ) honeycomb sandwich damper was proposed. It adopted a three-layer composite
structure. The core layer was a superelastic NiITi-SMA honeycomb plate to provide self-centering ca-
pability, the intermediate layer was filled with high-damping rubber or rubber-steel plate composite
material for energy dissipation, and the outer layer was equipped with buckling-restrained steel plates
to ensure stability. A refined numerical model was established using ABAQUS to investigate the ef-
fect of different filling material configurations on its mechanical properties. The results showed that fill-
ing with high-damping rubber could significantly improve energy dissipation capacity, and it synergisti-
cally exhibited excellent hysteretic performance with NiTi-SMA. Filling with steel plates could en-
hance bearing capacity and initial stiffness, whose volume was positively correlated with the damper’s
performance without affecting the self-centering property. Circular steel plates demonstrated higher en-

ergy dissipation efficiency than hexagonal ones, and variable wall thickness and fillet optimization
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could effectively alleviate stress concentration and improve fatigue performance. Through multi-materi-

al synergy and structural optimization, this novel damper balances self-centering and high energy dissi-

pation characteristics, providing a new technical solution for seismic engineering.

Keywords: shape memory alloy; honeycomb structure; high-damping rubber; damper; quasi-static test

0 35

[l

B 5 Hb 7 3 Bl 2 0 R A B B AR
Shy B (1) 32 38 FE Al I, 7E M AR h o A2 IR H
F5CTE . ITAERESY R, 20 % ~40 % YA A LG Ry
SRR SRS AAE G EBEH, FEEZEA
REAE 5 ThBE , M 1590 AY 25 M o w46 2 28 1E 3 fdi
RS o N T A R M R X A S 4 R A o o B Y
VAT BR AR AR R o AR ) AL B sh s
il A o B 72 S e A R B A A B AR )
AEFEHLAE B A 25 M B g Iz L . AR,
I5c 3 FH A 1 3 BELJE #5 CGroks i BELJE 2  BE S8 R e
R ORGSR R S B BB R B L B [ g D
E 1, S B4t H 7E M 7R e ME LUK & IE W AL B
Je S IEF AT

TEARIEAZ A 4 (SMA) B H 0 s 1) 8 38 2 44 i
AR A A2 O BELE # B BLAR R R SMA B TE
7% BN AR AR T 5 K S A IR B AR T R S
FG A% [i) 114 T 36 AF A5 R #CRE B O RE M. SMAA M R
C 4l ik SMA 221 SMA FF  BR A7 % ) U b
RSO B AR A Oy Tz BT A E O R
A E WA . SR, SMA MR BR B4 fiE B RE LR
FIBR T A — A R AR R R S
SMA Jik b 7% 3% 8 KW A8 A8 T B 71 Tk i AR HCRE
1) J5 7 o

7N FA Y B a5 4k Al B e AR 9 B 5 A D bR
R ET . R A TRIVERIEIZE £
(SMA)FEREE RE BB 52 38 N T2, Z 0B 5% 31 5K
SMA 5 84 55 25 k4 1) B 6] 4 F AT SE B 6 5 fig ek
WS R G 2P R ST R FRATT R Y
FEHR s i BT A5 5] A SMA BHLJE 8% R 7E — R
JE LR T HFERERE J1 . R AZ B F SMA M RHE 55 1)
Il BE P R, SMA B 83 BHLJE 2% (SHD) 5 % I BHL 2 #%
AH HATS A7 7E P g 22 BE , 9 58 25 18 XF SMA FE fig e
BB TR A B . B AR S — Ah T DL S R T i e
SERG R EE 1) 05 351 R R i LR RRHE R A
WAL, o B ik S bR AR . B B

JE R 00 B Ak IO T A ik B R R b n] L O
45 b 1) Hb 7R R 4 5 BE AR AR Y mBHE
R R B Y1) AR R v Ak RE AR )2 N T
Vol B Y R R N R O B2 A% LA
RAEE B RS R E  v BELE AR I 4 R
H 45 A T LAY ) 2E A7 Rl B REH X P M [ E
A1 24 0] LA SE a3 0 7AE B R} 4 258 R R AL R R i AT
7, A, SMA £ 45 B 8 T 3 98 5 L2 AR i BHL
JE AR MERE  F A B E ST TS #R E A g
F1E e SR, H AT T B AR R B i SMA BHL @
AvREEAERLRE I MF A AN A

ARWFGE B R T — R R B EA R AR R RE L
A 22 0 B8 7 R A g s e 28 & 1T,
SMA - Ifi # %5 A B 1k SMA 5 55 4 il (4 41
TR AN, LA R 3B 38 7 14 5 B P9 1Y 1R BELJE A 55 i B
JERR I SR B . I 3 T IRATT LA AE Y 5L 56 kAT
THUERL, UL T HHUE AR .  BELE AR R 4R L
TR T RE B BLAE J1 . SMA B RHE 25 MG B &
SO 1R RE 7, W6 6 45 A 68T 65 ) 0 A 0 B P R o k)
JEE R X S E S Al A AR ST R Y
L B R T B JE 2 P A S R AR A R R . AR S
SE AN Y B AR SRR BRI AR iR RS T
TEIRHL . SRJ5 L 33 S0 560 58U 45 & 19 =X, i
T MM R R PERE , BB R S s BE T
JH Abaqus £ B IC 4 HF FR0F e FFBUE B, £ X6 i 42
H A S A BELJE 2R EAT T T SR R RE A AT, O
1 O A 45 AL B T BHL 2 2% O B ARk RE . e L BFSE T
75 A0 MR 1 M B 5 T bR X6 BEL JE 28 B 11 444 98 ML 1
A 72 B R 78 X BELJE 28 1 R A i BRI

1 FHESMAKZIEREE

1.1 &R E

SMA et 8 55 BH Je 4% 9 0 i et , W&l 1 8T
718 I SMA 8 53 M e BELJe A5 B 0 (5] FE 0 A 114
PREIVE I, S B T s BE AR B L B A1 R R 3K
REJT . SMA B85 MU /E Sy #0440 HG e 3P
P, BB AR R AL E Je I A IS0 T L E A% A &

1465



FL AN FLSE L BE T 5 TR I 6 55 45 F 1) JL AT Al 2k P
P Al RE 05 15 K AL P it 4R (128 B 2 1), Il ik 5
e BEL JE A5 B 00 158 02 90 Al a2k — 2 g iR 45 4 9 7
PRI o BHL R AR B 7 52 1 552 T o A v
Ao B IR 46 A8 T R BLRE B, 25 4 T BH JE 4 i #E
REPERE o [BJE A09 Af ) 3 ok R o A5 I 30 ) e JE AR
By L 2540 R AR, JF 3 — 2 2 T BEL 2 4% 14 2 1A Y 2 A
HRALRETT o Be A, BHJE 4% Sh R BT W B BR A7 79
B, T 8 E P B A 1 5 B k- T S i Al B O B
Je AR AE R 32 B IR A B R R AR R E . XM 2
FERE 22 254 1) Bl [R] 30 T 745 B e 4% 78 7K 52 50 i
BRI, BB U8 = R AR AL AR i Im) I DR 45 4 1 FRE
PEAN A AR

TR |
(b) TAEHLHI
1 BRI R SMA 57 L2 2%
Fig.1 Rubber-reinforced SMA honeycomb damper

1.2 BERSMH

N PRE e T M FL AT H 0 1Y o O L A E
I RE T, FLRE A AR B i TR R AR o M)
B AR LA AR LR R T B T T SMA S B I
AR RE T o oty SMA B B e % 1 3 45 44 1L
e AT AT AR, O 38 50 i B JE AR R T e R
W SR E HE o H5 15 GE A I ff 3 63 B8 O 1 A, Dk
T RATE SR Ay DX Jey i R A2 A8 K, IS5 A4 T T 2k
— A THERE .

XEFIE S I S5 BT, TR A7 AE AT
P g e 53 % 14 AR AR T A A R A AR IR B R R S

1466

HR O Al A AR T, RS 7 A AR (5 R ST ) o B
W BT R Ry — BN 1 2 TR 19 SMA B2 KB Ry [ BE
JE Ok ¢, B R AE R R AR AR R b R AR AR R B B R R 2k
— A RSB F AU B, YR 1 8 a5 S ) it R
7~ 32K H Euler - Bernoulli 2 i, 72 JR # AL bR R T,
FIGRE T AT — B A B ) AR W R O
e(x,y)=y(x)+ yk(x) (1)
o, R M B B2 b b AT — SR R 1) R AE R
B, e e R A il il R, AT DLl AR OR R

d dh
y(x)Z/(l—ﬁ—v)va()z—l 2)
dx dx
Chdo b du
pay=tr e dLdr
(1+—)y+(—=7

va X

H I, Y B R TR () ARy nl A5 NS A )
N(x)MELHM(x):

72
N(x)ZJ ady (4)

t/2

/2
M(x)ZJ oydy (5)

12

A, o 0 SMA B REAE il 1) B AZ T 1 1 F7 , AR 3
SRS 1Y O Rl E

2 SEwsRES 147 o e AR

Fig.2 Schematic diagram of mechanical behavior of honey-

comb walls

Lt A 1 1A S R T
é‘WZJl[N(x)@e(x)+M(x)é‘/e(x)]dx (6)

T W 55 N 70 1Y v BEL @ AR, FE T 24T SR mT I
PR Al P ZH B B AR . R ] Mooney-Rivlin
DA 3R AR B 5 e R {8 Prony 90 8GR i
Kl 5P AR RE RN, L AR I AE /N AR B 1 LA R 52 ) 3
IERIR N

—~
3
~

Flu,u)=FE,u+cu



A E, 2R BHLJE AR I B A R AR i o, R R AR
I O L 28 8 5 0 3205 A TG B 7 A 1 30
i F R R

Z R AERE ST, B A1 S B P9 R T vk ]
=5y

6Wﬁ=ﬂ(N(I%5dx)+AﬂI%8Hx)+

F (u,i)du)dx (8)
Z W TR 5 25 K0 1) 25 R AR AR

M,ZJ,E oydy + M, 9)
7

M, i Conway 4 VG e i Al 45

M, = 0.175 780b ( lcosd)’ (10)
o, o SR R R A il 1) VA R RSN T 50 R B

IE7S B BT R R A Ab i T LA 20 A2 4k, 25
U BI A AIE LS X OE B35 & N A B = e e GE TP
o s AR )4 AT DUAE BT AR A Ak R
B f it an &l 3 i .

Ve \_
P it IS

=~ =

P 3 et PN BE B A ST OR B

Fig.3 Schematic diagram of fillet design on inner walls of

honeycomb

KB MR R 1 Al AR R A -

]
0‘(.60|:10((ij) } (11)

K, R AR A 245 5 o M1 B A 38 1 52 56 08 5 AT PR
JC BLARAT MO T i 5 R T JL AR R i R AL
5, 45 B e A2 e Fn I8 ff AL 5 /) ik 2
T Hy
1+ a(R/)
1A
)
al =L
t

S, R 1 Aoy J2 308 3t A1 L 59 A 4SS ) 2 119 8 55 SMA

F(u912): ko +E. |u+t+

kl(l _'_

}LS +cu (12)

LRI EES B
158 £ D10 A i 719 i B PN R ) BTk T D

R\
[ 1+a -
14

s
(/
al —
1A

!
sw—|
0

-Z-&s(x)+ao<1+

-t—-é‘/e(x)vL(E,uﬂLcrd)-O“u

1 dr (13)

ydy+ M, (14)

2 RREEHEESRIRESHN

21 SMABEHEERAESARTEERZE

PR B IR AT T NITI-SMA 8 55 BHJE #5 Ul
e R g, R A O P 4 iR

(b)WY

(a)¥EE5HR

- AR
2r —RRER

72 1 1 1 1 1
-15 —10 =5 0 5 10 15
firs / mm
(DRI

M4 S BEoe S e g R

Fig.4 Overview and results of experiments

(c) A BRTTHLE

A5 5 K E A UL LE P AT LA 2 B Y
25 R 5 R 45 SR R B R A — EovE L,
TR A KRR T vk AT LA AL B A
TR i AR LA A FROT T (FEA) B R 255 %
IR % SR B | EE2-R e S G Sl
Sl AR A 4 R T 2 T B 3R T R oA O IS L OF
HETARE A NPEATE Lo B AR SMA &

1467



3 AR % e BELJE AR e =2 T 1 4 fh T 3% o o A
Hodr vk A Sk SR AR 2 1 AR 5T < R k4SS AR )
147 A 3k F A BE AR A | JRE 488 R Bk Ry 1 =0.05
S AT e SMA ¥ w3 BHLE 2% 41 1R 1) A O
Sy B — TR AT AR (W] B PR BA TLART 3 AR R IR
PE, IR SMA 5188 2 1] 2 BRAECRS G R 3 fE
27 T A XK ik 24 ORI D 43 BT BT R
TR K

IRl AR SR E A K, T A B s Y
e A8 fr it o0 a7 2, far 28K A 0 A A% R 3 i oy A oK i
SLAR G A RN B S 2 05 . R i A L St |
AR A 35 R A 25 A A Kl 4 R S TR B 0T F
B Hod BB SMA SB4F R FH — By 8 5 ik
P 45 W B 43 B0 (C3DSR) |, 55 BHLJE #5821 — By
S IR A8t (C3DSH) . i i M 4% 20 1L BF
I, FEARAIE 25 5 w0 vk 0 ) B A A TS RIOR N
Ji S AR 2k 43 B B AL T 0T 5 A BO(E A AL L

22 ETILHERMMML

IR 2 B AR 6 G 2R b A B B B Y I
K AE A 8.91% o F &l 5 AT UL, Wi 24 4 457 T e 5 Mt
NI N B TR . S BT M LB,
Abaqus #4) 2 w5 R 0F 4 RSP R R (P 4(c)) B
TR — 8 380 AR A B A A
12.41 mm (&R B 48 8.56 %0 ) Bt 24 . #4045 3R
AR, P RS 35 12 mm B, B 245 A S 3 N AR A
14.01% , 3 8 SMA ¥ 8E 7 %6 598 BR Al K &2 0 48, IE
SRR T R W R A

(b) BRI
CIEIRNENTE S SES

Fig.5 Images of specimen fracture

W T 0 BT R WD PR O T R T F R R
o R EUE T BRI, 5 NITi-SMA J% 57 R 809
JEAT AR o i D < D B T 2R T B Y 7 R R A

1468

FEAE R AH AR AE R 58 00 B 58 B0 P T i 248 5
T, I8 RGP B W 28 THT 5 oK B 55 2R 4% B AT PR
P T AP IR W 2 TR DS U e I R SR T B A
BUPEYEAR . 235 W7 IR 25 5 B E A T A, AR A
INWAE SOV S €S SRR N Ik W SU s
HOLPFIBT R

B e 5 4 R A A IX IR g 4R R TR, A F 5
P 7 — R AL B O ik R A AR O TR £ O SR
JH I 7 e 3 BE R AR Al 1) A B B SMIA B 45 4
WAL 6 JIr 7 o B T SR " 0 U L v ] 9
5 TE W AR S 7 4 b 200, 418 v 45 4 RT S, DA T it
P BHJE A% AR 788 B g 4 vp i R R 1) A oA
AR LR, R Abaqus SR SE T A5 A i
A ROCE Y . ST A5 R AN 7 B 19 AR BT
FlaE TR R B A A DX IR R AR AR KL
WAL 500, Jm 8 die 0 A8 R 28 8.19 %0 o LAk, B A
BT 0] 36 3 B A W B2 R e /N A AT 8 2 ik L g A
R R, DREE T 45 R A R BRE )RR E T

\ //
) I— AT 1 \,)E—\/\(
/7 \ 78D\
// N NN AN
—/\ S T \ AR RE LU // "
) ————( —

F6 B INBEIR AL )R 7R &
Fig.6  Schematic diagram of optimized inner walls of honey-

comb

[ +i95k—02
+3823e—02
+21652e—02
+1561e—02
+4295¢—03

(a) PRALRTIRAFHGE W R

(b) AL /R IR HA TR Y
I} BRI R AR S3 A AR 53 A

7 PRALT R BL T 2 A L

Fig.7 Comparison of stress contour maps before and after

optimization

3 SHEHW
3.1 SEEB#HBEIEESMAEEEESR
ST R A AT M FE i e AR R X SMA B4 5 B



JE 2§ B A , 7E Abaqus2021 B b i~ T i BB 12
Jig e s SMA %65 BHJE % (SRHD) BLAY 38 1 X kb
o 3 7 v BHLE AR 19 25 0 SMA B 53 BHJE %% (SHD)
4 B R ADL 25 R, 43 v BEL JE A 118 i s e g ko
SHD Jj 1 58 1Y 521

w8 fir s, FH T YE 7 1 5 BHLJE AR i B 45 4 15
TT5 SHD 2220 #8431 Be , OB R IE T IE S B 4544
el i, B A0 6 IE S T B R A o i dk
KB 60° 242 R 5 mm B RIR L W R R S
TG 1 B 45 100 D22 A T ity A A ) 45 AR 5°
LS I g 46 v ) . e BH @ AR e B i AT AR AR
fhat fE, H 7 T REHE 56 it & T SHD 1 N 45 .0
DX, AT B - b e 47 LA 5 4 v i A

FEXT SHD HEAT A AR 2 B % F T 3858
BHLJE A2 B I B 45 51 il 9 i o AL E IR R

S

/
©
/

FI8 g PH R i Je it SMA B 5 BHLJE £ (SRHD)
Fig.8 SMA honeycomb damper with high-damping rubber
sandwich (SRHD)

HFE B AR IS, SHD 1 fic KK & 1 DL X i
e I 38 B4R T SMAZSMKT 1Ak e
BB ) A 2O RE T, 2 3d R IE I e B JE AR AT
REM A = IRt IR . BT B e 8B, SHD 1Y fiE
i FE ORI B KK S 3 B AR T BRI 2 TR T
AR $ TR AL a0 dn 6 1R, ol LU B, JO5Efl
SHD Iy B FERERE J1 $2 7t T 6.53 % , fe KK & J1 42 Tt
T 244100 0 4 Wy B i 1k RE £ 0 AR AT R Y B
W, IR 1 BT bR A 52 IR AN A AR
THT SR EIE SRERAERGE 1. /£ SHD b K
VoA AE 22 S, T 46 B B e BEL TR ASUBE 7N B 52 9 53 i
REZE AL BRI, R BT B, S A IR AR R
HZ5 TEZMZ ™. 1ok, SMAME A &
TE JE 46 5 AR AT S v, I8 g 0 728 ) 7 S B X R
P AR ¥ BUFE T REOR T X R 22 5

15
12r ---SHD o
—— SRHD i
9r e i
' !
z o i
~ -
R 3T ==
O.
—3F /,//__<<
o -
-15 —10 -5 0 5 10 15
1% / mm

K19 SHD I SRHD 1 g Xt
Fig.9 Comparison of performance between SHD and SRHD

#*1 SRHD 4gtiRAMWEHL D

Table 1 Quantitative analysis of performance improvement of SRHD

5 58 i AE bt 5T )5 AE bt fe B AEHL I3 Al R s )5 ek T KW Ty
FEHL/T FEHL/T =T/ % W F1/kN W 1 /kN T/ %
P AT B B 43.56 46.04 5.69 12.93 13.85 7.14
JE 45 Bt 25.81 27.86 7.94 5.52 6.87 24.41
Ecfup 69.38 73.91 6.53 — — —

HE— 25 53 BT AN [R50 8% B B 1) T AE AL ol 45, ¢
/NS B B, v BELJE AR 6 A L AE v I I B T 4 At
15 BELJE B R 1 S oK SR M A 0 R R RE AT ) -
BERF , SMA b T 2 1 3P B B, 3 22 1) il 2 4 4L W1
BT MR R AL B Y B, SMA HE AR 30 [ BE L AR 58
R 0 W i 0l gl 26 E AT RERE . S UL RIS,
BH JE A% B 78 3% — 3 B2 of LB IR B W B ol e T
SMA (RIS, — & M E YR, AR S T %
MWK 52 1 e S FE R )

3.2 WRKEEERKER I EIEE SMA = fé 33

ik — R TF SRHD B PERE , 5R HUTE & B JE 44
JBE 7S i B o A RO BUSEAY J7 56, W 10 B
AR T SRHD BB I, i SR I SE M AR B 0 5
JEms BLE R I O EE A o W 11 TR, A AR
YD IB A2 5 BT AR 3R A0 3 (9 N VD IR 42 R
f AR, Bl A=r/R. @ id it — R K
7S HA G A, X B S AN (] 0K A A ) s BEL JE AR I

1469



BI10 BRI B AR I e th SMA 55 B2 2 (SRSHD)
Fig.10 SMA honeycomb damper with synergistic sandwich

structure composed of high-damping rubber and steel

plates (SRSHD)

EI11 2 CHLEE

Fig.11 Diagram of A definition mechanism

FEJG (9 SMA # %5 BiLJe % (SRSHD) #E 17 5 i 52 1
I %F B3 A, DABIF 5 3 58 0 A R/ 3 SRHD 1 B 9

ferent sizes

AL S

XiF Eb 3B FE R R 3 4 B A SRSHD A9 5 (i 455 40 45
Ho B2 FEn SR A B 3 R FE T SRHD
HIEARPERE . T A5 A= 0.7 /S BN IRG AT
SRHD, SRSHD 1 J& 4 B B¢ (% e KWK T4 T+ 1
104.4% , R s AEHUAE T+ T 57.75% . SRSHD P gk
B MR RS AR Ak P R B T S A 3 BT LR 2 Rk 3,
JE 45 By Br SRSHD 4 fitg B 89 A R~ 385 K 09 42 T
£, AR PE A 7 5 BHLJE AR B I, BE A A B B i 42 T
P — A, HEFEYPEGE S SRSHD R4 kg 2
() 1 S BR M AR 4 T B B B o Sy B AR Y

20

15

10

—15 : .
—15 —-10 —

5 10 15

5 0
fi% / mm
12 SRHD il SRSHD # g Xt Ho
Fig.12 Comparison of performance between SRHD and

SRSHD

x2 AREWHERTEFRESRSHD Figge NiRAMWEL S

Table 2 Quantitative analysis of enhancement in energy dissipation capacity of SRSHD after filling with steel plates of dif-
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21=0.65 58.2 3.32 39.22 6.92 97.42 4.72
A=0.7 60.38 3.75 43.95 12.06 104.34 7.10
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Table 3 Quantitative analysis of enhancement in maximum restoring force of SRSHD after filling with steel plates of differ -

ent sizes
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A=0.7 15.88 2.55 14.03 16.66
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Fig.14 Comparison of SRSHD performance before and after

optimization of steel plates of different shapes and sizes
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Table 4 Quantitative analysis of enhancement in energy dissipation capacity of SRSHD after optimization of filled steel

plates of different sizes and shapes

gE| R B RE ERERL/T WA/ Y EEmBRERFERL/T A/ U SRR EAEEL/] B©F/ %
2=0.5 53.98 34.27 88.26

6.28 13.74 9.18
R,=0.5 57.37 38.98 96.36
A=0.6 56.33 36.68 93.03

4.85 10.82 7.20
R,=0.6 59.06 40.65 99.73
1=0.65 58.2 39.22 97.42

3.32 7.45 5.01
R,=0.65 60.13 42.14 102.3
A=0.7 60.38 43.95 104.34

2.30 5.67 3.98
R,=0.7 61.77 46.44 108.49
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Table 5 Quantitative analysis of enhancement in maximum restoring force of SRSHD after optimization of filled steel

plates of different sizes and shapes

i/ P B B de KK AL 1 /KN #®I/% FE 47 B B e KAV &2 1 /KN w"H/ %
A=0.5 14.86 9.4
5.06 —0.73
R,=0.5 15.61 9.33
2=0.6 15.16 10.76
5.69 —7.48
R,=0.6 16.02 10.01
A=0.65 15.48 12.03
7.12 —8.62
R,=0.65 16.27 10.57
A=0.7 15.88 14.03
9.63 —10.38
R,=0.7 17.40 12.71
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