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Abstract

This study addresses significant residual deformations in traditional seismic structures and the brittle
failure risks in non-ductile RC frames. It systematically investigates the synergistic optimization of
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three energy-dissipation technologies: SMA-friction composite devices, graded yield metal dampers,
and CFRP strengthening. Validated through theoretical analysis, numerical simulation (ABAQUS), and
engineering cases (e.g.,, Huangshan City Hospital, Shanghai Tower), the key findings and limitations are
highlighted. The SMA-friction device reduces residual displacements by over 60% via super elasticity
and friction but faces decay under high-frequency loads and corrosion issues. Graded yield metal
dampers utilize a series of dual-ring metallic units to achieve a staged energy dissipation mechanism.
The inner ring yields preferentially during minor earthquakes to provide initial stiffness, while the
outer ring activates in rare major earthquake events to dissipate energy jointly, thereby expanding the
area of the hysteresis loop. The graded yield damper employs dual ring units for staged energy dissi-
pation (75% efficiency) yet risks out-of-plane buckling. CFRP strengthening technology significantly
enhances the ductility and energy dissipation capacity of non-ductile frames by providing confinement
to concrete, yet the risk of interfacial debonding constrains its long-term performance. Optimization
strategies-material modification, intelligent algorithms, and industrialized integration-effectively re-
duce cost, improve stability, and enhance bond strength. These strategies demonstrate superior per-
formance in residual displacement control and life-cycle stability compared to traditional methods,
thereby providing a systematic solution for structural seismic retrofitting.
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Figure 1. Structural schematic diagram of a novel SMA-friction
1. $8 SMA BB S &R EFEHRERE
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2.1.2. SMA- BB E S R B R AR

SMA-JBE #5253 4 ¢ Bl TR 112 & 42 (SMA) I 8 5t M A8 T 5 B 8 28 A4 R 3 [R) F FH SR IR AE R AN 1 &2
PN E D)RE . TERIEAZA S (FRIFE SMA)E — Rl ) V2B LRI LD AL o Il 20 4F5K, BN AR Z %
X SMA 1S REHT TIRANRIBEAL, JRBih T 2 MR B2 e 25 8, B)a K SMA-BEE
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BT mT RN SMA-BERE & BHJE 25 0 [ AR 22400 (50 UE B0, 52491 S 2 B 1225 B mg Sl A ik
BAIF AR 60%, T KIS PRI EISAE AT R 1) 5% LA . SR R 28 2 BRI (18] 2), B3
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Figure 2. SMA-friction composite device “flag-shaped” hysteresis curve
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Figure 3. Structural schematic diagram of
graded yield metal
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A BAARFE NIRRT LB N EAE T NI R IROPARFEFIRES), B EUE/E R N AR
JiE AR RN P BR —HCFE ) AT S B 43 2 JiE ARFE RE A L1 B A e 3t , BT /N RIS Py AR AL T30 IR 2
AR R IR RN R ER PR AS), KRR N AN BRI 3R — 2 FERE)

B g A K 2 e AR Y 4 R FELJE 28 n ] T AR 0 (0 B0 R B H 1223 BB XUATE U TR AR
IS IR A B BEREREALA, /NEM BE (2 A2<3 mm)B I IR U TEFEREERIR R S TT 4 e ARkE e,  DAEREEI UG
NI FE (ML A 120~150 kKN/mm);  KFEM B (A7 FE>5 mm) Sh34 4 a8 B et & N RIS R R IR, 5 I A T AR
KE/NEUELR) 3.2 £, FERE 5 HUERF B 75%. LAY it [m] i 28 S A0 o1 T (6] 4). TARSCIER A,
[i5] Ji5 45 46 J2 TRV A% A BRAIG 57.8% (X A1) 61.7% (Y 1)), FRARNIAL IR HIEIGE AL 4% LA .

2% BAAEFIEME T (PGA = 0.4 g) AIEFFFEREL 1521, 24P JE tLRaE (e 0.35 LA L, Hyupk o5 kae
572000 VRIEH 5 M REIE 1L R <8%) 3340. it BIM T PR AR (R 2<1.8 mm)sZil TlibiE T, 72
Jii BELJB % 5 6 (I 4 R 52 2 /NI, 253 I A1 30% [6].
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Figure 4. Hysteresis curve of graded yield metal damper
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TRET 4E 1 55 &2 A #1 kL (Carbon Fibre Reinforced Polymers, fii#% CFRP)ELAG 40« ok i J ih 255 1,
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Figure 5. Construction diagram of carbon fiber reinforced polymer
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I i HEE 28 18 ] 28 s Yk 35 5 o R T AR M T 3 5 2 Tk s ) TR B %2451, K H €200 %Y CFRP
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R SALFE IR/ 22.6%~25.5%, Sk | CFRP A7 38 5 25 A TN BE S Bt 25 AR T I RO [8]. A I 2%
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Figure 6. Comparison of skeleton curves between CFRP-strengthened and unstrengthened
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BT TR S0 2 R SRR AT, G 2% e i 2R < i B 5 T A it vl 3 BURER IS0 0 B B I
FPiR 22 51 KL BOMERE AR T %, PAJZ CFRP JR RS 45 5 B A I REIR AL A5 B, AN 55 5 Y Jd 1o 75 e
Fi& Q. B RESIE IS TIACER Sl 2 H AR I BOAR R R A2 (9] -

3.2. SMA-EBESRKEMRK

SMA-FEHE A4 B A EE R T MR S SR EBEE: R 50 um /£ TiN iRJ2f1 SMA #%
JE IR R B 40%, 10 FIRBEHAN A1 R<8%; HEL 012 mm KEAE SMA A4 ki AHAZ i RZ (] 2 0.5 s
(H LT 50%); Fe-Mn-Si &4 B4 NiTi R 0K A FEK 60% (80/kg—80/kg—32/kg) IR FF AT Pk &2 %A%
>6.5%[10]. FAESIEIIE T, #T LSTM MM % sh & EEREGRE +5%), Khi#MES SMA
BOEA R ZIEAEZE 0.7 mm, [FIN 45 & B AS R (MRF) & N 2 G0 w407 4 RE RS SE A8 B A 15%. 6
HEJ7 727845 ABAQUS A5 41k S B T B (TR A A1 £1<0.05%)2 1) S Fe-Mn-Si & 44 A= iy J& A il A xet
ELar (117,

3.3. REREEEEERML

o2 i R 4 B B8 I AR SR A T B i A 38 5 2 B BURERE DD R B0 TE: SR INSh I 5 XUE & 413K
ik AP, (S RERE U TEARAR ZE = R IE IR R T AN TE R 80%, AR E ) 3k 5 HI7E 8% LAN[12];
T AL T e PSS BRC T,  AERORRARI JiE R B e YA R AR BB ), PR RS AR 35% LA |
BERHI AT AT B0 REPEAS R (0 JRBR, R IBORG T PELJE B e M Be B FE R, (F 25 A PH Je Eh3e Tt 22 0.4, AR ii%
Jithi, FF LSTM &M shAS AL A SRR RO AL RMEGR Z £ 0.3 mm), H450 B BUBISG IS 1712 2 R 45
% 0.5mm, I BFERE AR 42%. BAF 7 VEAHE ABAQUS A5 414k ST B ITALAIL(2000 A G M fE
B AL R <8%) Fe 4 A= iy J LA X L 23 BT (Q23 5 A A BE A 30%) [13].

3.4. CFRP ME%#fi4t

CFRP Jin[E 45 ¥ K A 1 BE AL AL LA S T 384k A% 0. [RE i3 CFRP A 5 VR E - 541 2 R A B,
SR R, SR A ) e (G CFRP U R4 B it - 2R T W D R AL AL B, il R TR 45 5 B 3R T 40%
PLE[14]. Wbkl T 28 VR Rk R IHLRE FE Ra > 50 um, 28 KORGS5 TF 45%; 45 12% S ALTER
YRR ERD I 2 200 VRIS IR G M REFE DR <8%. #Hi[E 2 40K F CFRP U M4 4 [ (I B 200 mm)$E T+ 5+
THIPUBY 5 40%, i 32 544% % £ <0.3 mm.

4. HLE5RE
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KRILRGHTL T SMA-BEEES SR E . g e I8 &8 e #5 & CFRP InfE R =8 AUFERESL B
AR S TREEF . SMA-BEHR T £ 2% Bl o i g i AR AR 5 BRI FERE D [F) S B “HERE - ALY )
BE, FRARNIFEBFMK 60% LA I, (BAFLE Siifer 2 T FERE R I(A2F% 12 mm B 22 30%) /& NiTi & SMA %
AR AN BELJE 23 14 3~5 fi5) B JRBR[15]s 432 e Al 2L 4 s FELJE #5388 5 XU T 4 J 50 B B SR I B B AR
AE(NEA 3 mm JE AR MK 5 mm BEAFERY), i (o] il 2R 1306 (S5 R0 B Eb>0.35), Bl o 1 BEAL (2000 7Kk
TEIR BRI <8%), HICKTHLMEA R AN R, (H 7450 H A0 i XS & 2 B BOeE i PR (R E T <+
0.5 mm) [16]; CFRP Jif il 4% A 25 32 74 AR i VEAE 28 A M S AR RE e )1 (S RPH B L3R &1 97%), (H TR 2
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SR E YA Z B BRI T PRI, (HA A M E: SMA-EEHEE: B S H T iR
P B SR S 13 e (B e« B8 rhoCe ), AF RS U 2k e AT 28 S JoF PR 85 s 23 2 IR AL 4 s FELJE B8 2 U 1
Q235 MHARE 30%). PUk o7 HERER W, TG w2 A Bt KR8 & Tl Akt T/ K[17];
CFRP Jin & %F JELE P RC AEZE i R B3, (H 75 S Ak ST 4 ] (0 U TR A3 T+ BT 5 5 40%) LAOR B A< 1]
PERE[18].

43. L BESRESE

ot ER R, SRR S MRS, Fe-Mn-Si A 4 #48 NiTi & SMA FEA 60%, 44
K STOLIEUAS 1 1)l P T A 5 88 e SRV TR 2 T, LSTIML 148 X 4% T 4 4 B BB i P 1% 22 % 0.5 mm,
PETF I BB RE AR 42% [19]; Tk ALSE 7 T, BIM Tl B HoR (1R Z£<1.8 mm) it T 2R 2T 40%,
i Ja LB #8 SE 4 N [A)<2 /NI o AR T E— PR R 2 R FR G Re AL, ¥ & 0& H T Fe-Mn-Si % SMA
MEHE SRS T KL BRI R 5 25 A T 7 vk, il B T AL 21 (a0 LSTM. W28 1) 73 20 e i
BELJE 28 73 B BSOS SER P 1 g, @i P2 3) & 1R 50 50 EHL AR AN [F) 10 78 ZhHn N T (2 A 5 e vk
DA KA T oK PR PR AR AR 1) CPRP-VRABE T F1H A e 5 BB B, DA B A 1~ B S TH
F G ST W MDRE S A RERAS, 1800 58 B W IRl B Va4 &R [20]
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