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Probabilistic analysis of shape memory alloy modeling
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Abstract: Shape memory alloy (SMA) has "super elasticity", that is, it can recover original shape after
deformation and unloading due to stress, and dissipate energy in this process. It has broad application
prospect in seismic control of buildings and bridge vibration. The model parameters of SMA are often
determined through optimization and treated as deterministic for dynamic analysis of structures with SMA
based devices. In this study, the modified Metropolis-Hasting algorithm-DRAM algorithm, which is a
combination of delay rejection and adaptive sampling, is utilized to characterize the uncertainties in modified
Graesser &. Cozzarelli SMA model parameters. A series of SMA bars with the same geometric size and heat

treatment were tested under cyclic loads. The Markov Chain Monte Carlo (MCMC) method is applied to
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analyze the uncertainties of SMA in terms of model parameters and energy dissipation capacity. The

analysis provide insight into the underlying mathematical form of a model, suggest simplifications or

modifications and begin to indicate the relative significance of individual parameters, based on a limited set

of experimental data. Besides, research shows thatthe energy dissipation of the SMA bar could have up to a
relative error of 20% and 10% corresponding to the CDF of 15% and 85%.

Keywords: shape-memory alloy; uncertainty analysis; Markov Chain Monte Carlo; probabilistic modeling

FEARICAL A 4 (SMA) BB R, ix i AE
LD BRME L 28I J T e 3 in Bl o S 0K 52
JEAILART . B T B9 SMA 22 B 3 i & 4
ARSI | AR ) B P IR IR AR B9 AT D R Ol
PR Pty . SMA BIAk 2R 43 DA A 7= i Y
A AL B RS bRV BT B AT 2 S, A
A AT E T BOX A R A B BORS A 45 1
SMA P9 BB 17 o 3= 7 2% Wi o7 308 iy 81 (1 T TR 8
£k, JF HHA R4FHY A O RE T L RES FEHLAE /I
FIPEPR AT A PE ), Sk AR S M PR R L andig
st B | 2 AR A i B A 2 T A U A 3
JE N A AR B TIRA M., A
WFFE R, ST T SMA 2% B A Hb 5 i 1y 4SS 0L i
SMA R 2 $0i w3 o DAL B ke i e, AR
T BB AR ) 5 A AN T B 19 S 60 18 2 i 22 HE
b PR 2R 4] B O R S BB AR 7 AN
Wi 1, 0 T OB UL 4G R A R IR OF AT RE
KHET,

SR RSB 2 B AT MRS AR 0 T 1 L i
T SMA b9 52 50 808 - R S Y Graesser Al
Cozzarelli Bi% 5 MCMC B3k 9462k o B R A
B B WA VE R SO BEL S &, R
Metropolis-Hastings 5.9 % A4 liFE AR 2 804, # 7
T ZERIAR R M S B 1) R TE AR DG, JF A
RSB A BEF ST T SMA 50 o [ A5 A AN R
P KRR R BE HEFE HICRE 3 0000 (A4 5200

1 SMA HEEREE S

1.1 Bi#A Graesser & Cozzarelli 5
HTF Ozdemir BY—4E i LRI, Graesser Fll
Cozzarelli $H} T ik SMA () 72 WRE 77— 1 25 5 5
1 Graesser &. Cozzarelli #H) , HA =ik h
o=E[c—1e1(°5F)] D
B=aE {en+ fr |e|erfae) [u(—e)]} (2)

K co N—H4EN 15 8 I —4ET5 N ST 56 g —HERT N
AR5 ECRRPRHE SRR i Y S AR Y JE IR T 5 2
Bn P SMA P B BE i) Z8 P B B 8 i i ]
R QB R BUEVE R SO A B IE A5G 2
B PN IR PE B Bl [l 26 3R, o= E,/(E—
EDRE] A E, o i AR5 9 SRR s o 4 o
il [l I ZR R IR/ NI B 2 fr =0 I BEAAER
A5 [CRRAS R 1 SMA, Y f:=>0 B, #5551 AT A4
SMA [ HEHVE " 170 5 @ 24 1l 1R 2ol A Fh R R 6
PRI B 250 ¢ 2 P il ) 380 A vh ) B B
RERISEL (o) R X B B 9 — B 2450 w () F
erf () 7351 g AL R v K00 5 22 BRI K, B0 R ik
KXH

+1 =0

ulx) = {
0 xx<<O

eriCo) = 2 "¢ ar (3)
ﬁ 0

E 2 AR TGy AR L SMA Hh B LG AR AR [
FCAARMR S A ¢ U B R 1 7 B4, BIVAA L Y 5
PR B 8 SR 1 K, FR A SMA 1Y I [ AR 1 4
AT X — HF P, Qian ZEUOT 4R T o gE
Graesser &. Cozzarelli #8, HAF R AR N

"—;5 0 —1(“—;5)] )

B=aEen + fr el erflae) [u(—e)]+
fule —ewsgn(e) ] [ulee)] [ul|e|—ew)] (5)
Uk I AT (D, 2D HSEn A
RIS AT B 0 SR80 S (i S B AN S PR 2 AT
FIHNHTIARY fr U m SRy S G AR Ak B Bz i
LINSE e 1 SMA He 4k Ry 4 I [C AR B A 1 7% 5
sgn(x) T R B Rs o

&:E@—u\

[4—1 x>0
sgn(x) =<0 =0 (6)
—1 x<<O0

T2, GBI T ik o FAARRE AL Y



114 I RE5xE e

FROF E O

% 42 %

Feikal, 7E SMA #F A b [CARRE Ak B BE R, 3% 355
0, i (5) 5 (2) 5E 4]
1.2 SMA B# AR IR

KR T B AL (PSO) 77 L0 45 3] {45575 H
2 RAFLE ORI S EUEANE WG S0, K
A3 — 2 SMA H b 1 06 FRFr Al 328 %) 52 I £k
P . R PSO J7 45 2R A i o S . i
SRR AR B 12 mm 84k SMA Fpt, 5
A2 A e 1 s . BRI T T B TR A 3
B 5535050 B4R 6 mm . (- TEER B AR, 0 &l 1
(D) iR, HAAEBEAGIREE N 400 °C, FpLipt i) A 15
min, 1R K5 . WL EURE i Bt AR (8745 S 4 {4,
WE 1(b) (o fin, ARy X E 1(dD fr
TR TERRAL B2 A, S XA A AT I N AR N 7%
AU RSP - 0 A0 B, b ) PN 0 it AR 285 4 T
BrHES A BT HAERE A A AbFRES R L ik
FEAET 3. 8 U B AR AE

F1 SMARHFRFHIBLFER S
Table 1 Chemical composition of the testing SMA bar

f%  ERE ERL | E ART AL
% FR/ %% R/ % % R/ % FR/ %%
Ti 43. 96 44,75 N 0 0. 003
Ni 55.21 56.01 H 0 0. 006
C 0 0. 009 O 0. 024 0. 027
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Fig. 1 Cyclic tests of SMA bar
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Fig. 2 Loading protocol and comparison between

experiment results and PSO methods
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Table 2 Model parameter values from cyclic tests of

SMA bars using PSO method

E/MPa Y/MPa a ¢ fr
34 641. 69 662. 83 57.73 0. 003 6 1.233
a M emi m n

0.023 23 609.67 0.0177 3. 649 1. 216

2 MCMC RHEESS

2.1 MCMC F3&

R T] RS2 R % (MCMO) & — il i 1k 8 57
S S G TR COR S B N E VN PN (53
RBUNTREA S 7k, MCMC ikl i E D



% 6 M

FEM,F TR A2 BALAL R 09 7R A 2k o5 A7 115

IRAT S TR 1/ 2 (X0 M. Al TR
J5 KA R 45 0 SR £ AR T A () B
E. f WAt QRIS IA Sy By IR AT R AR W0 o 28 A5 2]
- BRI 25 B I3 A5 1 By R AT R A A S,
EP,I/néf(Xi)ﬁﬁv MCMC ¥, i % MCMC
SRR T 1 T e EL R TE 2 4 A 1

2.1.1 DRAM 7% RH MCMC JFEFHAE
BTk g5 A BIZE IR FE 45 75 (DR 5, Delaying
Rejection) Fl H i& W & # (AM £, Adaptive
Metropolis Samplers) , fij # i DRAM Jy ke
DR i i & 35 4 4 & 45 #fE Metropolis-Hastings
(MHED 53k vp B 7R ] SR A — 20 v 4R 1000 A ok 42
5 MCMC B FHI0% . AM B F By mr
Y 7 SR BRI A . YR AT ) 7 22 3AE
/NI FRifE MH Sk 5 LA/ D H AR 53
AT T IS A ROHAR ZARAS 2 (8], HAEAS 55055 A1 i F%
FEARZS [ L, P2 i 2% . Haario 285 (5% 1E B
T AM J5 I Be S D PR R VG R B a6 B AR s
] (R [ R, DR 5 ¥ BB 8% fiff e e A4 vh o7 i B
FEA S [A] L B9 [0 A, T DR AL AM B9 4145, B
DRAM J7 7 0] L [a] B figf ke 33 A )

2.1.2 MR PURKECE LS ERN—HZS
BT BRSNS R S E — SR, dn]
D AR Ay 5 5 3000 7 SE% 26 0 e =2 ] 1Y) 15 2 ME R
ss PRECERUA sREH — 3853, T TR IH — 15 1Y
R SR PRI ss BREA R

Lj:exp[—0.5><(%>] "

i} (f;D—F" (4))?
ss; = A — €))
D1 (F ()
KLy S DR USR BRI ss; SAEE 5 AP IIE
— AR ZEME s n Ry SEI B B sS4 00 i
BV ZE, FHPARRE ss RN B () N AERTE]
St WSEER MR S5 £ () WA 5 AT ERTTR) A 1,
A ABE Y L
DRAM B 7 15 AR AR Al 3 B, R H
MATLAB 42 I #8548, AR LR B (N BB R
2X10°WK , R T 5 3 BB N AN A s 1, 51
7% o* N0, 027,

/O ASEH 77

i @yﬂ%&&ﬁlﬁ(ﬂyﬂycxﬁp o fys SMf’m;")T, 61%3%12.39{]%&@
By AHLEAE B [0, 11 TR EALEL 26 B R FEIR P BT

E 3 DRAM EHlF kiR REE

Fig.3 Flow chart of simulation process
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Table 3  Prior of model parameters

24 WIRE TIRE LIRE RE iz
E/MPa 34 641.69 1.5X10* 5.0X10"
Y/MPa  662. 83 400 1200
a 57.73 0 500
c 0.003 6 0 0. 04
fr 1. 233 0 5
NaN Inf
a 0.023 0 0.1
v 23 609. 67 0 1.0X10°
emi 0.017 7 0 0.1
m 3. 649 0 100
n 1. 216 0 4

7 :NaN 2y MATLAB H“JE4({E ") IEEE@F AR ER ;
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Table 4 Moments of model parameters

28 HfE brifEZE i FZ
E/MPa 3.570X 104 6 229. 640 7 0.2911
Y/MPa 611.118 50. 072 4 0.235 9

a 277. 056 128.087 7 0.497 2
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fr 1.348 0.882 7 1. 208 4
a 0. 047 0.024 6 0.533 2
fm 5. 414X 104 2.803 4X10* —0.093 2
emr 0.019 0.0126 0. 695 8
m 4.110 0. 496 2 —0.568 4
n 2.197 0.833 0 0.492 4
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Fig. 4 Histogram of model parameters
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Fig. 5 Correlation between the simulated parameters
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Fig. 6 The results based on the energy dissipation analysis
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