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Abstract: In this paper, an energy-dissipating steel-hinge connection in a prefabricated joint was proposed, in
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which hole-opened weakened steel-plate dampers were its key parts. The axial reciprocating loading tests were
conducted on three different hole-opened weakened dampers to investigate the failure mode, the hysteretic
performance, skeleton curve, bearing capacity as well as the ductility. Then the effects of the weakened length and
width of the hole, the width-thickness ratio, and the thickness direction gap on the hysteretic performance of the
steel-plate damper were discussed. In addition, a simplified mechanical model of the weakened steel-plate damper
was established to derive the hysteretic constitutive model which was verified by the experimental results. The
results show that the weakened steel plate of the damper cracks or breaks at the hole-opened part, avoiding out-of-
plane buckling and achieving the controllability of plastic energy dissipation and failure mode. The hysteresis
curve of the dampers is full, the bearing capacity is higher than 297.31 kN, and the displacement ductility
coefficient is greater than 4.5, showing good energy dissipation capacity, bearing capacity and ductility
performance. Compared with diamond-shaped openings, the vertical slot-opening damper has better overall
mechanical properties. It is also recommended that the weakened length a/L of the hole is from 0.25 to 0.55, the
weakened width /B is from 0.2 to 0.5, the width-to-thickness ratio is from 12.50 to 15.63, and the gap in the
thickness direction cannot exceed 2 mm. The proposed hysteretic constitutive model can accurately simulate the
hysteresis performance of the hole-opened weakened steel-plate damper.

Keywords: prefabricated energy-dissipating steel-hinge connection; steel-plate damper; hysteretic performance;

axial reciprocating loading test; weakening by opened hole; hysteretic constitutive model

e 345 R B A PR o, TR S Y O PO A o AU [ DA AR R e TR S5 R Y B AR R
REETT T REWT ST . SR WIAERL B T B 08 2 E IR B b AE 2019 A BEAS PR RE A T 5 1 % , 418 1 SRR S 419
e e ST BE L AHEZLASH (0 SR A o A% B3 SF BT Y H iy i MR A P A A7 2 U TR B IR AT
S DU TERE R AF o AR 4E AR S HE T 00 2 TC 5 RC A 9 P T 540 J5 1 e, HC AR [ oty 2k S0 0t FERE RE ) R
o 8z S — ol 5 T B A R P L JE A 2E A 2 T 3 A 1 R T B AR 0T Y A B ] R E 4 o
TBEAEY A BT A7 AT R o R AR e TR 2 A R AR R SR Y R BRI A R B )
S BR AT 55 TR o B PE AR AE A Ry T 2 E AT Y A5 7R FE RE RE 7 MG P i B R Y A W EE IR Ak
58 AR AL DL B W S o BURE 25 55 7R H — P A S ) R R T R R W R R R BURE I
A, S TR R R R AR B o R ATAEYTE 1R 60% 4 R 2 ) 2 B HE AL b A I AT S 40 AR 7 0
N BB T S SR T  BR R T AR RAEBR R VAR TE T KB -AERERE 1 . Wang SEUVEIE HE Y A
BE N4 94T BURERE A% , IRITHAERE A% 00 S BUL AL X BT RR PR RE A2 M o L IR BF 5830 i Al A i 34 38 A AN
[F] A fft w2 T > OME 1 5 328 47 7 950 10 ) R, SR T, ik 2 2 T X 20 4 2 2 AR A R i 4 2 R B A OR
W o 40 M 18 5 5 [

SCH R — b BB e JR 5 R RO AT 4 5 R I | n B 5 0 2 T T U B R B B X G B A
I L #5555 B0 M BELJE i, A 400 g 0 52 i 1 o 28 a8, 255 5 T L ) 555 0 A BELJE % 1) 2R R00RE 265 5 i Il P B A
I Xt T 27 P RE foe I8 B89 I FL BELJE 3 I e 2 B o0 A, 3t S i [l A AR A8 R0 9 (R A 80k, S 23 T 0BT 280 49 AR 4 1Y)
TR I B8 R B LAl



26 TR K F F IR % 46 %

1 EEXTSNARERERE

e TC Y SR SRR A BCIE 4 AN RT 1 BT o BB RE BE Xk T LI 555 B AR BELJE L A e o A IR P A 5
FeFAL R, A 1 Ca) BT, A BTRE RE B IR S FT S8 AT A 3 o T LI 55 A BELJE 4% 6045 TT AL I 55 A AZ O
ZPRE R, WP 1(b) BT 7R o K B0 G RE 0 A1 B T 208 I COHE 240 ) 036 202 45 749 A DX ) AV 208 B e k355
PR AT S50 X AP RS 2 T 2 6 S5 A RE BRI SR AL, 5 R S A A AR AT BB UR AR b A T LI S A AR BELE A%
b YT AR, S B RS T R e RE RE R R SF I RE

JTFL I 555 409 Al BEL & % , 2 409 5 RE B¢ 1) T A% a0 o 2R T Y0 99 SO B B e v O TRl R HEL B
T I FL Y 5 R B A R A R e R 4k 1 AR o R BELJE # 09 7 SE R R A JTORE A B S
e 3BT 1Y 5 A% 0 55 SR R BE Y B I A, A 0 BT AN [R] T LR XA HI 55 A9 AR BELJE 2 2R AT 40 7 52 B 1)
AR5, 5 5 TT L #5549 A BHL e A 9 3 [ 44 RE L il A 2, 1A 2 ) BELJE 8 4 100 4 BE 19 2 B0, 57,
L ) AR R R

FFFLHI 55 PR

T AR
1E] Bt

(a) BACHT ALY R (b) FFFLIEI S5 AR BE e 4%
1 REXT R MRFEREREE

Fig.1 Innovative energy-dissipating steel-hinge connection in prefabricated joint
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Fig. 2 Dimension of the hole-opened weakened steel-plate damper (unit: mm)
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Table 1 Dimension parameters of the hole-opened weakened steel-plate damper
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G5 L/mm )% B/mm  L/mm [/mm  J# R L/mm I/mm a/mm b/mm  JEJ¥ t/mm
V1-10-100 650 125 370 140 10 125 100 50 10
V2-10-200 650 125 370 140 10 75 200 50 10
R-10-100 650 125 370 140 10 125 100 50 10
R-10-200 650 125 370 140 10 75 200 50 10
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Fig.3 Load-displacement hysteretic curves
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Fig.4 Load-displacement hysteretic curves
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Fig.5 Comparison of load-displacement skeleton curves
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Table 2 Bearing capacity and ductility factor of dampers
[ENGE TR A /mm A F¥{EH/mm  P/AN P SFRIMEHAN 4 /mm o A FE{E/mm P /KN P, CFEIE/AN u=4/4,
0.45 191.24 3.36 294.00

V1-10-100 0.455 198.91 3.365 304.22 7.39
-0.46 -206.59 -3.37 -314.44
0.44 188.41 6.91 292.43

V2-10-200 0.440 196.58 6.960 297.31 15.81
-0.44 -204.75 -7.01 -302.18
0.62 186.14 2.79 318.51

R-10-100 0.605 197.86 2.81 330.38 4.65
-0.59 -209.58 -2.83 -342.26
0.70 200.37 3.33 295.79

R-10-200 0.685 199.57 3.33 315.9 4.86
-0.67 -198.77 -3.33 -336.01
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Fig. 6 Finite element models
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Fig. 7 Comparison of failure modes between finite-element analysis and tests
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Fig. 8 Comparison of hysteretic curves between finite-element analysis and tests
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Fig. 9 [Effects of hole-opened size on mechanical properties of damper
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Table 3 Parameter analysis examples based on the change of hole-opened size

B=125 mm L=370 mm a/L
=10 mm g=1 mm 0.135 0.270 0.405 0.541 0.676
0.24 V1-X-1-1 V1-X-1-2 V1-X-1-3 V1-X-1-4 V1-X-1-5
0.32 V1-X-2-1 V1-X-2-2 V1-X-2-3 V1-X-2-4 V1-X-2-5
b/B 0.4 V1-X-3-1 V1-X-3-2 V1-X-3-3 V1-X-3-4 V1-X-3-5
0.48 V1-X-4-1 V1-X-4-2 VI1-X-4-3 VI1-X-4-4 V1-X-4-5
0.56 V1-X-5-1 V1-X-5-2 VI1-X-5-3 V1-X-5-4 V1-X-5-5

e 4 R IFALE 85 ROF X SEPE 20 24 T LI 55 98 BE b/B — 5 I, SiE P 2R 50 0 B A ) 55 4K BE e/ 1 R T 4
KL H A, a=50 mm(V1-X-n-1 25 ) I 19 4 M 280 uJ& a=250 mm(V1-X-n-5 %51 ) ) 48.6% ~ 60.8% , JF £L 1| 55
FRE X BH e i 00 A 1 R B R B o T LN 55 K a/L — E I, S 1 AR R BE A T LI 55 9 b/B 3G R
T W GG R, 1) 5383 6 B /B KT S 4 28 50 0 114 52 Wi AL LG 11 55 4K 88 /L £ 5% Wi /)N

F4 FrFLHIEE R~ E 4 R0
Table 4 Effects of hole-opened size on ductility

a/L
T L

0.135 0.270 0.405 0.541 0.676

0.24 3.94 6.00 7.01 7.89 8.10

0.32 4.97 6.07 7.31 8.41 8.52

b/B 0.4 5.07 7.05 7.61 9.28 9.08
0.48 6.29 7.10 8.20 9.61 10.37

0.56 6.39 7.19 8.42 9.73 10.50
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B0 A4 55 40 Wi ) T JRE JE =10 mom, 3R A A BRI 9 T B 565 2 2R 8 A AN A ITT 96 B=125 mim, 0E A R BR
T JEE 13 o PET 10 R AS [ 5 JE HE T 1 28 1 £ A 5, 36 6 R S [ 5 J52 EE OGS B2 % 1 A PR RE B S i . 45 LR,
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Table 5 Parameter analysis examples of width-to-thickness ratio

25 oL EUEIRE BmEEE IR — L HREE #mTEE LR
B/t t/mm B/mm  axb/mmxmm B/t t/mm B/mm axb/mmxmm

V1-K1-1 7.5 10 75 V1-K2-1 20.83 6 125

VI1-K1-2 10.0 10 100 V1-K2-2 15.63 8 125

V1-K1-3 12.5 10 125 100x50 V1-K2-3 12.50 10 125 100x50

VI1-K1-4 15.0 10 150 V1-K2-4 10.42 12 125

V1-K1-5 17.5 10 175 V1-K2-5 8.93 14 125
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Fig. 10 Effects of width-to-thickness ratio on skeleton curves
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Table 6 Effects of width-thickness ratio on mechanical properties of damper

WA W SRR Il FE ‘ SR Il #E
RKENF, MR - " WIGNIE K, REHF, TR -
LAY K, N REE, #2775 , B REE,
/kN Hou /(kN-mm™) /kN B

/(KN-mm™) /(KN-mm™) /(KN-mm™)
V1-K1-1 252.55 92.59 5.61 4 851.82 V1-K2-1 326.11 166.25 5.84 5104.34
V1-K1-2 406.04 189.69 5.80 6226.61 V1-K2-2 436.33 220.29 5.96 7 453.21
V1-K1-3 547.44 268.27 7.06 8173.51 V1-K2-3 547.44 268.27 7.05 8173.51
V1-K1-4 685.50 385.07 7.07 15421.07 V1-K2-4 656.66 302.48 7.40 12 260.78
V1-K1-5 822.13 464.76 8.01 23 981.77 V1-K2-5 766.70 391.04 7.95 18 198.29

R ARE B JE 2% R AF A R E R L 7E =10 mm AU O0 T, B BAS/N T 125 mm, BV 55 78 40 A 1) 58 & LE A
/NT 125, 76 B=125 mm AN RYIEBL T, 5 AL I 55 5 A A 1w 5 )5 LUk /)N | BELJE & 7R 48 00 8 e, 00 46 WIS K
FEPE SFERERE S BTR . X T Q235 T FL I 55 A M , 24 =6 mm I, V1-K-2-1 Y 7R 2% ) Im A%, B e U A /N T
8 mm, B 58 /E Aot 15.6,
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5 2 22 8] fig & A ARG I B (EHE () B 1 B 0 K 5 S SO LM 55 40 AR k2B il 52 BELJE g8 i Il M RE . R
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Table 7 Parameter analysis examples of the gap

FFALR
) W E R Bxt (1] Bt
4 axb ¢
/mmxmm /mm
/mmxmm
V1-G-1 0.5
V1-G-2 1
V1-G-3 2
125%10 100x50
V1-G-4 3
V1-G-5 4
V1-G-6 5
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Fig. 11 Effects of the gap on skeleton curves
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Fig. 12 Simplified mechanical model of hole-opened weakened steel-plate damper
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Fig. 13 Initial stiffness correction coefficient a
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Fig. 14 Fitting surface of initial stiffness correction coefficient a
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Fig. 15 Bearing capacity enhancement coefficient y
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Fig. 16 Fitting surface of bearing capacity enhancement coefficient y
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Fig. 17 Stiffness reduction coefficient
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Fig. 18 Fitting surface of stiffness reduction coefficient #
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Table 8 Numerical values of various parameters in the verification of the constitutive model

Y LIB bB  al a y B K, K, P, P, K, Ay A,
V1-10-100 3 0.4 027 0978 1.321 0.039 560.21  547.78 202.69 267.75 2136 037 3.41
V1-X-1-2 3 024 027 0990 1.299 0.049 609.16 60298 256.74 333.61 2939 034 295
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Fig. 19 Verification of hysteretic curves of the constitutive model
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Fig. 20 Verification of stiffness and bearing capacity of the constitutive model
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