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Study on seismic performance and degradation law of

cracking damaged Dou-Gong bracket at columns
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Abstract; To study the impact of component cracking on the seismic performance of Dou-Gong (DG) brackets, the
DG bracket at columns of the Yihe Hall in Shenyang Imperial Palace was selected as the structural prototype, and
DG bracket finite element models with cracking in Da-Dou, Zhengxingua-Gong, Dan-Qiao, and San-Dou were
established respectively. The seismic performance of cracked DG brackets was simulated and analyzed by using the
volume loss rate to characterize the cracking degree of components The results show that the hysteretic curve and
skeleton curve of each DG bracket are similar under different cracking degrees. When the volume loss rate of Da-
Dou, Dan-Qiao, and San-Dou reaches 3% , the hysteretic curve diverges obviously at the later loading stage, and
the positive peak displacement of the cracked San-Dou DG bracket is smaller than other cracked DG brackets. The
positive stiffness of DG brackets with cracked San-Dou and the negative stiffness of DG brackets with cracked Da-
Dou change obviously with the volume loss rate. When the volume loss rate reaches 3% , the degradation rates of
the positive bearing capacity of DG brackets with cracked San-Dou, and the negative bearing capacity of DG
brackets with cracked Da-Dou are seriously degraded, with degradation rates of 16. 90% and 18. 61 % respectively.
Although component cracking reduces the bearing capacity and stiffness of the DG brackets, they still have good
deformation and energy dissipation ability.

Key words: ancient timber structures; Dou-Gong bracket at columns; cracking damage; seismic performance; nu-

merical simulation
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Tab.1 Development form and distribution law of cracks in

main components of DG brackets
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Fig. 5 Meshing and boundary condition of DG bracket model
2.5 THHEHEMSHRENE

&6 g kLRl R g Bk R, TEA K
AR L MEZ S PRRE R HT S T, A OROE N 2 72 80 AR
pach N S i a1 R = T e S E A R )
MO BEAT AR R DI RO T S Bk T
R A VT, I PRAE AR F] — KPR E. R
Vel AR R R R ERORE Sh ME E E BN B BT FEBE
AR EE RV b 2 T B L T gl 3 JREBR ] S} Bt B0 1%
] 2 4% K e gl . AH A BR ) H: 3 i 38 7 1) 6 K P
Bt

PUSEFFHLI

FHRE s B
AT 2R

]

|

[ s

' |
L : P s

——

Bo6 BEFAKBMEEKE

Fig. 6 Loading device of the pseudo-static test

SRBER) FAAE RCE LI 5. ERR AR B R AT Y
LR ARSI, JFRENN S
HRP-2, RP-3, MAZ2% i 5MAH X EMES
W, 2% K LMW U, =U, =UR, =UR, =
UR; =0. TEIE ORI B 47 i T B L 1 200, 24
WM =AN 7 [ #)-F 3 R fEsh B e, MU, =U, =
U; =UR, =UR, =UR, =0. " | fif 28 i 34 A5 4 3



5539

BERERH, 4. JFRERIUHE LR S BEGUTE E RE KR AL R T 637

£ 75 2t INAE A LT, R/ 0. 194 N/mm?
M FRFATE, B2 A RP-1 5P Hhs 76 0l %
EMEYNR, JEIEI%SH m LK 3

3 ARTERRIEIE

K SCHRL 21 T Y 2 38 25 2R 5 7R SO el 45 2R
BEATASEL, i Dol i 2R R 28 i 20t H 2 SR N & 7 B
N, E SR ZRA AR SO EE 4 SR LR 4.

40

R f
30F — — - U

-60 -40 =20 0 20 40 60
i #/mm
(@) i [l i 2% L 1]

—u— X fE
20 —a— BHUE

-30 ' : : - - ;
-60 -40 =20 0 20 40 60
fiF%/mm
(b) ‘B4 it 2%t L &

E7 HEMEAMBRMABEMUERSRBERLL

Fig. 7 Comparison of hysteretic and skeleton curves

between simulation and test results

x4 BRULFBESEHNESKEET
Tab. 4 Comparison of feature points of skeleton curves

between simulation and test values

. pIIE=4 Je R UEEAH 5

ik Jm P,/kN  A,/mm  P,/kN A,/mm
R A 17. 14 12. 17 27.09 40. 02
Wil 1Em 17.47 9.63 25. 33 40. 06
"%/ % 1. 94 20. 84 0. 10 6. 49
R gIE —16.21 —6.62 —27.28 —35.01
BUE il —16.93  —6.57 —24.87 —34.94
W%/ % 0.75 4.48 0.19 8. 86

e Py AP g SRR MR A BRI R A A A, A, S
SH) PR o R A R RO 67 8 5 58 98 = [ CBLALLRE — KB fi) /
IR ] X 100%6.

HPE T a0, Jul 28 0 2R AT 1 AR, Bl
HRBHIE R, Hh 2 AL 45 R, Bk R

FRAF O FERERE 1. ALRLE 40 i 22 55 00 2R ith 2
FAR—, E I & 2 et 2 I BE & N2 AL 1 1
NIITE: 27 NI (8225157 =87 S0 0 NN B | E= R 2 Svigel|
—35 mm Al +40 mm B, 15K BB K.
PR TCAS LR 2 R R b ) s ke By B b A 22 2 Tm) B
DAL T AL s Dol i 2 5 AR, ) 4 W R R LA K
TR, BT, i Il i 2 28 h 22 00 B4
L SR e il R

HH T 2k Mt 28l 42 00 iH S Al A, PR T R A
i LA AR [ 3 0 0 o 2 b e J IR . X b
AL AR AEAE & B, I 1) i AR AL S A DL 4 SR 5
R ZE IR 25K 20. 84%, XA N R ICHE AN
FUAHALAE R R AR Z BT AE N T & 238 iR 25
SEUR RO SR 5 IR E R ER K. HARIE
T R AE 8 I BRI 4E SR 5 a4 SRR E N T
102, aHAA PR TSI SR 45 U

4 FRIMRIMULERS

4.1 [ i

S AT AL 3L B 3k Mt B R el ik 2, R BLAS 3
BETE A 5] (A B AT B30 [l oy e AH D). PRI, %
K3 TR R | S AN A R SR O 306 N
S A0 ol il R AT E AT, A 8 R

30
20
10
0
7 -10
-20
-30
-40
60 40 =20 0 20 40 60
i %/mm
(a) DG-A3(K3})

/KN

060 —40 20 020 40 60
HiF/mm

(b) DG-B3(IELJINAL)

40

30

20

10
0

=z -10
-20
-30

#R/KN

o

i

-40
~60 -40 =20 0 20 40 60

P/ mm
(d) DG-D3(#3}b)

B8 M EARIRLE A 3% ML HERY i B th 2k
Fig. 8 Hysteretic curves of DG brackets with 3%

-40
260 40 =20 0 20 40 60

{5 /mm
(c) DG-C3(¥i5)

volume loss of components

H B HT 51, 2% 45 [l 20 67 1) Y4 77 AR A 0
BT R, S5HABME AR, BERFR SR
SPEEIE ] I A 35 mm B 35 48 TR 7E R 2%
PR T, BEA A PF R ARG SR G, ) Mt er 28
BNRERS, ARBREJImas. M el B AL 4% i AR
F, A P, gk BN, 3
B2 Ty B AL T o My Be. Bl DL RS RR AR R,



638 [T = S N N

¥ RERPHEM) 556 &

s 1] P TT AR AS T 80, A A R A A AR B R R R
3%, MBI KT 30 mm J&, K3}, HEA
HICSF T3 S Mt B0 i Lol phh 25 0 Sl &, 4 ol B T AR
WERN, I B AR LAY R, SRR 3
SIS T 2R SE BN 25 39 ) Bk AR T BE T A
e MR IR T, FEREE LA g, X
SHAEENEE R,k Sk U0 A 2k 43 ) 3% B 48
SLMERISEA BT 80 55, Bkl ks, Sk
RS EAZTE, WHFE R R RE. Eo
JRBEGL T B AR 3f 2 [0), #2234t
RO N, SRR Zr 3 B, E O A A
LU, TR SCHT R 5 R TR LB 9
BE, KV iy 8 2 2 eh B8 S R 7 1) B A A 4y
H, PH I SR TE e O R BE B R, T A RE B
Gk
4.2 BEHZ

HI 1 9 WIn, 2% S MEAY 2 28 h 2 0E Fa i AR ALk
PR — 2, % b IE G0k 0 40 W R AR AR IR
FE WAL 1R IR 2008 B4y 453 W 88 ) S ey 52 /8. 24 i3
fF /N T 10 mm B, B S0 20K R S BENY, i
RAZRPEIG I, WA 46 I3 2} 4t 52 7 4k T siopk
WrBL, E/N. BT RB0 SF A TE 1) N 5
BN IR 2, 7R )5 PN 3 b #7 B e T R,
HATFREE S se i SRR, BIINEE — 35 mm
Fl4-40 mm I} 35 RS

30 ——DG-1 30 —— DG-1
20} —DG-A1 AFTEN 20l — DG-B1 TN
z 1o} __poaz f z 1ol DBz 7
Z DG-A3 Z DG-B3
2 0 2 0
i ~10 iE _10
-20p Ngz” “20F A
ol 3
=60 -40 =20 0 20 40 60 =60 -40 =20 0 20 40 60
i /mm fF%/mm
(a) K3IFZL (b) LR TFZY
30 ) 30
——DG-1 ——DG-1
20l —DG-cl A 20l —DG-DI TN
ol —7DGC2 o —DGD2
§ 1 DG-C3 é 1 DG-D3
X 0 & 0
T 10 ‘ E-10 }
-20F Rget™ —200 Sz
-30 -30
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
i F%/mm {3 #/mm
() MR IFZY (d) HH PR

9 FHRIAMBEBBRME

Fig. 9 Skeleton curves of cracked DG brackets
4.3 RIERNL

X R 20 4 BT Rl R, B LA /AN T 10 mm
B, A3tz Sy BEAR AL T o Pk B By, T WD AR W 2
BREBLG; HNEALFE T 15 mm B, WIEIF 4R
MBI PR SEESH LB RT 15 mm i %
FEEE AR NI IR AL AL, A 10 Brow.

1.75 ——DG-1 1.75 ——DG-1
) —DG-Al ——DG-B1
‘E 1.50 N 2 ——DG-A2 ‘E 1.50 N
E 1.25 DG-A3 £ 125
z 1.00 z 1.00
= / -
= 0.75 / \ = 0.75
N / A\ N
= 0.50 / 3 ];;‘ 0.50 /'/

0.25 * PE— . ! 0.25

-60 =40 -20 0 20 40 60 -60 -40 -20 0 20 40 60
{7 F%/mm {5 #/mm
(a) K3IFR (b) IE T

1.75 ——DG-1 1.75 ——DG-1
fp ——DG-Cl ~ ——DG-D1
‘E 1.50 ——DG-C2 ‘E 1.50 ——DG-D2
E 1.25 DG-C3 £ 125 / ‘\ DG-D3
z 1.00 \ z 1.00
-ﬁ( 0.75 / F':T’( 0.75 \
= 0.50 = 0.50F 4
B= o<

0.25 0.25

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

13 #/mm
(d) HEHFRL

{7 F%/mm
(c) HH PR

B 10 FFR I HEy R ER L g2k
Fig. 10 Stiffness degradation curves of cracked DG brackets

MR 10 Fir 7 8 FF 24 21 Ak R 2 AR Ak il 42 0T 50 -

(1) MAFEFRSECHE R AT H TR, SRR
FOMBALHR T, A W B2 Rl A4 1 AR 400 % 2 1) 38
JINTT 2 o/, LW AR A R 2 B 2%

(2) K3 205 3 Ak 1F 671 1) B B2 52 e b 45 B
B M RHEBR I Ky 300, Sh Mt IE 1] K EE Y
IR, meRIBAE L 14,50 %0, i H e K EE
ERGBCE R, mRIBLEN 18. 6605

(3) IE/CoJIBEFF 4 3] A Y 97 i) W) 35 I JF 24 7 2
BEMRAL BN 221, I 15) W Rl F SRR 3 iR
PE AW 5

(4) 0wy 0 Bl T 58 S HE W 2 A g i SR A R
eI, (HREE JF R Rk, WIERALBLR
W, MM KT 25 mm 5, HIFRLHE
0 7 i) W R I s B 45 2R 2R B LB AL BLR A W)
e, 1El 5 Z AL

(5) HMEBALFE AT 35 mm B, B F R}
L A7 i) W) 5 Rl A R 5 0 A0 IR AL B R 3. i
BEORAR 25 6 W B IR AL Bk 2218, e RIBAE RN
10. 34 %, MMEALBE KT +25 mm J5, K& BCH
PR ARG K, IE 18] W AR AR B 2, 35 B AR IR
ARSI R BB AL AR 16. 4800,

ik, IR AR, kTR R W R RE
R R AL W e, ) B, R IR
P LR R EERE R BUUR R AR O . X
Sy XE G 1) far AR LT AE LB SR BEEY 52 T AR AE 2
IE T MBS, B SPRR BRI, SEME
Z B W R AR S, I IF SRS H AR TR SN
b, PR MR B A B A O R AR A AW . e
BN, SREAR N R TSR A 8 T 3 AR TR
SRAEARTE LK 3E 5 P Aoy ) A N TR 3,



5539

BERERH, 4. JFRERIUHE LR S BEGUTE E RE KR AL R T 639

MR 3b3Z IR ., Bl & PR B R B 8,
3 B AR T 0 M B AR AY B .
4.4 EHNEBWK

B 11 A 45 S Mt IE B i) 2K 28 0 il AL A T SR B
WAL A, TRLEW, fEH B mRET,
oF TE 1] AR 2 7 52 W) 48 K B A AR AR A 3 R 3E
TR IRHE | BGR, Se B7m) AR R T R A K Y B
MR K 2E . B Bk O )AL, HR#E
T ¥ E 2 FA) A P B A % 2 0 1 N0 N, IR K
LA .

261

3-
25 DG-B
—+—DG-C
24+ DG-D
£
R 23 10.89%
f;f 212.10%
& 12207%
221
) 5
19:05% 14.55%
21
-16.90%
20 . !
0 1 2 3
PRTRIAR %
(a) IE 7R Ty
-20r
DG-A 18761%
ol ——pG-B
T DbGC 112.25%
ool DG-D
> 22 9.51%
& o
R il 6.79% 9.97%
g P
24t
=25
-26

1 2
EBRR %
(b) I 7R T

B 11 FFRMIE S E R ML
Fig. 11 Positive and negative bearing capacity degradation

curves of cracked DG brackets

S22 AL 1 IE B 18] 2R 3K T 52 W LR A [+
A B A 20

NREIY) | E= A B i 1Y B e BV N A ]
REED, Wk R H A WAE R, el
TR, XFIE R AR 3 0 8 K Skl i 1 Sk
M B 457 HE A 5~ B A ) B9 JBE B 4IR UK P T 8, K
SRR, BESE T BN, kAR BT 5 45 O W
B ERATET, REMAMRREHERE, &
FOE O M 55 508 P75 A AR TR, TN e 5 4k
XF P B AR B T R W B . AR ) BT,
 SHRR LB K B A2 B R B A TR R
Wil SRR B, R G X R 3
A R332 18 Sk M ) B AR TE LG OE 18] £ 3T
A, OISR S BB oF R AR I, i B R H

ZATRE ST, T AR T RERCH B R AH G IE 1]
K, Funfar 3T, SRR A E O A ) AH X AR B
BOMEA R, M ez K, K2 KT IES
JRAL B 28 S BUH KB ) AL b T O JICHERE s

P ARBRIR AR R N 1008}, & S BER 28 7 iE B
TR, ERARIE BRI ANE] KKK 1. 75%
(). 3.94% (IEO)JRHE) . 5.87% (K=3H).
7.35% (BL=3k), Sl 7R 3 IR 4k 2/ B R Ak ik
Hp1.04% (IEORAHE) . 2.90% (#3k). 5.08%
() . 6.79% (K3b). BEBURK RN 3%,
3R MR B RIEE T RE, K3 IEO R, 3
TR TF 24 2 Kt OF ) 7K 250 A b 5 B 3k
S w BEAR T 14.55% . 12.07% ., 10.89% Al
16.90% , 1 In] 7K 3, 7 #H 4% 58 47 2 4t 4 I RE AR T
18.61% . 7.04% . 12.25%F19.97%.
4.5 FEsERE

SRR R L Ao B8 05 B B M ST S A 1Y)
FERERE 1, HAELBR K A Mt R FERE RE o, &
12 SR 25 R ML S5 2 i BEL S R 2L A B AL
R AR dh 42, W R, AT, &R
M SRR e REMHIE, MERAES;
MEAFERKT 15 mm J5, HEHHHBX A, F
SLLHER) SR P R REOY R T e bF 3k, %
HHJF 25 A F B SR T 8L B I FERERE 1. X2k
TR/ T AR A 2032 AR, 23 I 55 H R B
BRI AL A A AR ) 8 AL, B R AT
W, Ml £ ae &, RI HFERERE
K 5.

%
)

——DG-1
——DG-Al

——DG-1
——DG-B1

o
o

N
N

<
o

SR ELIE R e,
2
.
o

SRR R Eh,

0.0 0.0
0 10 20 30 40 50 10 20 30 40 50
i #/mm v F/mm
(a) KHJFRL (b) TEOy KA T2
s 081 ——pGi <08 . pga
R —— DG-BI B ——DG-D1
Rih\; 0.6r ——DG-B2 ~ \Qg 0.6f ——DG-D2 “
Y DG-B3 _— w DG-D3 7
=04 _, e =04 ——t
A <o
%& 0.2 & 0.2
# 0.0 # 0.0
0 10 20 30 40 50 0 10 20 30 40 50
fi#/mm . fiA%/mm
(c) HITF R (d) #p IR

B12 FRAMEZFWERERY
Fig. 12 Equivalent viscous damping ratio of cracked DG bracket
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