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Hysteretic behavior and restoring force model of Q960 high strength
steel weakened beam-column joints
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Abstract: To study the hysteretic behavior of a new kind of high-performance steel produced by HBIS(Hebei-Iron-
and-Steel), three beam-column joints with different connection forms were designed and tested under quasi-static
loading conditions. The experimental results show that the “taper weakened” joint exhibits fully developed
ductility and excellent energy dissipation capacity, while the “composite” joint shows significantly improved
seismic performance. Based on the test results, a trilinear restoring force model considering stiffness degradation
was established, with the skeleton curve fitted to key experimental feature points.The hysteretic curve expression
was derived using an exponential differential equation. The reconstructed model achieved an analytic error within
10%, effectively capturing the hysteretic response of the jonts.
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Table 1 Mechanical properties of steel plates

AN JE B /mm E /MPa f,/MPa £, /MPa L &, 1% 0 1% Z /%
8 210 286 655.09 761.95 0.86 0.075 3 225 65.9
12 210 483 985.99 1 032.05 0.95 0.044 5 16.6 65.7
16 212 762 742.82 899.98 0.83 0.050 5 18.9 70.7
*2 BHMREBLIEAENSERE
Table 2 Chemical composition of base metal and welding wire %
ok C Si Mn Cu
) 0.07 0.29 1.41 0.012 0.34
VS Fe 0.10 0.45 1.80 0.009 0.71
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Table 3 Design list of beam-column joints
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Fig.1 Design principle of “taper weaken” joint Fig.2 Schematic diagram of “transition plate” joint
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Fig. 4 Test loading system
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Fig. 5 schematic diagram of displacement meters
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Fig.7 Failure of JD2
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Fig. 8 Failure of JD3
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Table 4 Experimental results
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Fig. 9 Hysteretic curves of HSS joints
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Table 5 Ductility coefficient of HSS joints

SRR R0,/ W% 0, /
G5 iz oy 1w Y u B
(%rad) (%rad)

E 2.73 4.92 1.80

D1 1.79
il -2.73 -4.87 1.78
i 3.10 6.78 2.19

D2 2.16
i -3.20 -6.80 2.13
1E 2.79 5.86 2.10

D3 2.36
il -2.61 -6.83 2.62
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Fig. 11  Stiffness degradation curve
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Fig. 12 Cumulative energy consumption curve of joints
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Table 6 Comprehensive evaluation of HSS joint seismic performance

% SR A TREI# %5 S, BHJE L A, LI AR KL
D1 1.79 1.04 0.11 1.146
JD2 2.16 1.07 0.26 1.296
JD3 2.36 1.08 0.28 1.435
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Table 7 Fitting formulas of three-fold skeleton model
hnk oy ) Jma B Be Ry @ ity £ st LR E R
bk PIP, = A/A, 1.0 0.95
iE ] S P/P,=0.118 - A/A, + 0.882 0.118 0.90
beiRis P/P,=-0222 - A/A, + 151 -0.222 0.96
e P/P, = A/A, 1.0 0.98
B 1R R P/P, = 0.125A/A, - 0.875 0.125 0.92
B4k P/P,=-0.171 - A/A, - 1.41 -0.171 0.89
=8 EMERIERKAE
Table 8 The stiffness degradation equation of each stage
Ky 4B iRk 27 R AH X R R*(COD)
(a) AB P /P, = 6371 "™ 4+ p, 0.83
(b) BC P,/P, = 0.948 - "™ + p, 0.84
(¢c) B'C' P[P, =0.527 - """ + b, 0.90
(d) CD P,/P,==2.528 - " PN 4 p, 0.82
(e) DA P,/P,=-0.948 - & """ 4 p, 0.84
(f) D4’ PJK,=-0527 - """ + b, 0.80
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3.2 RBVGIE

W HSS 5 0110 12 56 i 171 11 28 5 0% FH iR W 52 7 A o Ny 1 i 2 2 W I 1S, PR A2 T A R A v R A
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HE o

S HE— 2D B E AR R A R L T SR TY 1 FE R AU g S PR AR REAE XS LL o BETL Y 4% N 2R AR e
i E, Gl S PRAE AR it E LR AR, iR 9 TR o & SR BB A R BT IR 22 B/ T 10% , U EE T30
132 BRI BRI G 2 R 5 e 25 R W) 6 AR A R T AR S R AT T S S A A T 1 A -1
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Fig. 15 Validation of restoring force model
x9 HEGHEEBEMKKEELR
Table 9 Comparison of model values and test values
k=R R AL fE i 50 FE fE HAXF R 22/ 3
i B
O/rad E_/kJ E/KkJ % A X 15 22 /%
-0.05 8.65 8.09 6.88
D1 8.94
0.05 11.03 9.94 10.99
-0.06 23.17 19.50 18.84
D2 9.84
0.06 21.85 21.74 0.51
-0.06 15.00 15.80 -5.08
D3 1.87
0.06 20.51 19.93 291
3.3 RENRRE
TERE A SR ) Y B 52 B N TR AR AT
Step 1 AR i 1= 34 o 5 8 19 s A 3G KB E R R IR S M By
Step2 : AR Hhi 1H1 TS AL AR K AR il A 0 A8 S Bk A B R A0 2 AR B, R A0 i ] R 223 1 4K 52 ) A

TN L

Step3 : Pk 52 73 KA HE 01K A0 R < Xof 75 s R AT AR N M A8 R A A5 IR A ) I R ) 2 4T 0,(01)
BEAT , W BE 2 0 40 oy PR W Ko AR BB Bk A A8 T N AP0 DA ) 2 AR 1 2 U {7 R A S 2
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PR X IO A 5 U P ), A BRI R I B G A S A R P 2 M R 0 e Y A R — B
Step4: R i ECCS #4901 2k Wi B2 18 Ak B8 1303 s il A9 25 280wt IR ) P A2 280 IR 82 3% A, 138 3 A
TR S PR [l 2k
AR b3 20 B m] A 3 i 6 B0 SR A Y A A I AL AR T B[] il 2

4 4 it

SCR BT BT T 0 55 A R 0 R R A AT s R TR M RE AT T B 5 AT, 7 s S A
ST TR IR A E DL R 458

1) N HSS 5 s B FR %% #1 0, JEVE 2 B R i 4 S, 55 2R HiF BELJE LG b A B ) LU 38 B0 1) 25 AR 95
PR AR I3 AT R, &1 RUAE M KR 3 ) 1 2 56 IR ATSC 341-16 R RLAE o

2) JE 4B T AN S0 P R S W R A W T 55 T T AR T W BRI A R T A A
T FERE ARy Bl X B ZH JD 1 19 1.13 4% .

3)“HEIE + i AR S A R D3 25 A T SR A b 0 55 AR 0 HR LA B BT R RR L RE BERCR
J7ID1 1.254%

4) T 45 AR HSS 1y AR IR R L Yl RO R R B B AR M 2k 2 W) R R AL 1Y
A7 2 A T A TR 2 R O T A R AT 15 2 A 10% LAY BE G S il g b SR A Y 5L AR A
oo AR FH T B TR
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