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Fig.1 The example of mortise-tenon looseness in ancient

timber structures
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Fig.2 Test model and its dimensions™" (Unit: mm)
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Tab.1 Indices of wood
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MPa MPa MPa MR Mt PrT MPa MPa MPa
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Fig.3 Failure modes of intact ancient timber structure'""’
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Fig.4 Simplified model of mortise-tenon connection
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Fig.5 FEM of intact ancient timber structure

2.2 HEFALGHARTRENEIE

F 250 T A7 BR TR R TS B B R AR I
JA

Y2 2 A R, 58 A A B OB AU i = B A 4R R
MK M 0.53,0.53 F10.44 s, 538 5645 8 57 = B A IR
JAW (MM 0.49,0.49 F110.38 s R IR A2 7.5%,
7.5% F113.6 % ; S 4F A PR ICAL I AT = B [ HR AR AK
WA 1.89,1.89 fil 2.27 Hz, 5k 56 45 1Y [ = By A Ik
B E (MR N 2.05, 2.05 A1 2.63 Hz!™) 4 A 22
7.8%,7.8% M13.7% B E IR G .

T = 2 /m/ke W1, 16 H Al 5% 11— 2 B9 1 0
T LA BT A g 4R S e TR e B AL g R B
B PR A A B AR AR (1 I N 3k 6 A5E AR  Y
FE o X Hb A B TS 7R R 36 45 TR AT AE A B T
B i R v A 2 BB Sk S A X HE B M i 4 T Bl I
(RS2 ) TR 0 B A T8RS VR 45 - i ] Ak hy e B
JC AN JE T M E A BR T A 2 R P BE 1 R



1086 & 3 T

=2 i 36 %

R AR [MTHE X R SR A5 K 9 20 AR T (A RO
A% TR0 (1 8 A 2 b /D , 2 T 9% K T A BROT A B A 1
IR JE 3], B T G A AR AR

P06 45 1 52 S A R B2 L AH X 67 75 I A i
AT AE R A A5 R AR T AR R A
I KA X2 RS Y ) BL %)

H1 P 6 R, A A 2R A 2 2R AR b Ak
AW fe RN JEE e KA 37 2 2 A A ] — ik %1

AL FEATI B — B

gi bk A BROCHE B 55 4 g 455 R 118 70 A 45 R
SEAWY A, 2R W A 25 2 JOM Bl g i R R —
BHE T A BROCEAE T ik 5 A B AT A Y
IETE

®2 HHEHERNBIRMEREH

Tab.2 Natural frequencies and periods of calculation
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Fig. 6 Comparison diagram of calculated results and test results of intact model
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FEM considering mortise-tenon looseness
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DS-5 0.68 0.68 1.46 1.46

T T A0 T 53 530 A BROTAE BU T BB 19 4 R 30 5 £, 0 7, 20 ) D A BR T
AU B 1 454

0.70

BHIRAR /s
S o
3 A

@

W

Iy
T

0.50 1 1 L 1
0 4 8 12 16

AZ)&E / mm
(a) TR 15 R JR I BEAGE O FE SR TR AR BE O AR AL T 2%
(a) The variation curves of natural periods with damage
degree of mortise-tenon connections of the model

2.0

14 0 4 8 12 16

FA3)E / mm
(b) HERL B HRATR BEAE I B R AR B (7R A il 2
(b) The variation curves of natural frequencies with damage
degree of mortise-tenon connections of the model

P8 AT A IR JA] 30D 00K B D0 2 % i R 9 A2 e 2K
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Fig. 9 Acceleration time history curves of ancient timber structure FEM considering mortise-tenon looseness

10 25t 1 A W) b 52 AR T 25 08 O i 42 fn 0.6 1
Bl oy A SRR 2 R A PR e AR A A R A 2 TS 4 Jn & 2
FEFEWE . 76 5911 T R [ 40 R T 251 MR O < o4 ; *
TR0 Bl 00 iy A SR AR 5 A8 A7 B O ASE 7R A R A 4 TR % 3
0 B W 0 = 0o ” o5
FH &L 10 RN 3R 5 AT %0, Bifi A O 3% 422 5 P 7 B 1Y) 1 # // fggfi
K A B TSR £ R A R 2 T 30 e 1S B . , , . DS
W/ 5 B PG A I, R 7 B 50t 029080 v B G
WEE LAY o AN T3 K . S PGA D 0.07g B, 5 58 4f (a) HE RIS 0
éﬁ*’@fﬁ # DS-1 A . DS-2. DS-3. DS-4 Fil DS 5 fy 020 (a) Peak accelerations of column bottom
FE i s R 06 {4 N e/ 1.4%,4.2%,5.6% F %
8.390 , FL k40 TOU 6 I i W {4 3 390 0 /s 4397, 2 0.15] A
10.6%,14.9% #119.1% ; 24 PGA i 0.62g i} , 5 58 ﬁ A v
B 45 K BB DS-1 1 H , DS-2, DS-3, DS-4 il DS-5 20T - .
A FE 0 25 BB 2.0% ,6.0%% ,16.0% E sk 5 BEtE
23,04 . o HE 4 96 I I 0005 0 2.6.% g | " D3
13.5%,23.9% F140.0% . 55 HJEA , 3 52 4y Bl 0 R
ﬁ?ﬂﬁ?ﬁﬁ%?ﬁﬁfﬁﬁ@ij&*%?ﬂii%lﬁﬂ ) 42 fie T AR (b)mgg;%ugﬁgué{a
AN W va /0N HE D134 422 1) B5 2 W R ke /N | 3 A (b) Peak accelerations of column top
T g o A RIS T U /S L G O R A N L B P10 S EOME U BE R B A i A SR 4 M A BR T AR i ik
PGA {4k , 45 g I BE W 57 A5 /1 ) 72 BE ok LW

Wk Fig. 10 Peak accelerations of ancient timber structure FEM
1125 T R TR T 22 5 M 0 i 2 s considering mortise-tenon looseness

TR FUR G A ROCBE AL FE R TR A DR R B O KA I L RS PGA Y L

i ALk 1% I B2 S 0 AR K 8, G e A% S AL A 1P 11T, B PGA YR R, 25 i O 3% 42 F



Bal

ThRRAR, 45 2 IO DIVAA 210 31 2 SR 45 ) 3t 52 i 17 2

1089

By A vy T SRR 5 R A R T AR R e R R R R B B
AR /0N ik T M R D A, TR A I A M O i
P IBPE AL B S| A 1 AR BT A 45 R B 0 )
W MG, FE BB A0 1 R o R DI 3 42 5 401 R R 4 0

R, A BROTARE 7Y ) Jon 3k J38 e sl R B B i A2 /.
b, BB FE B THOHR 3 1 R Jre K, S b Ak B IR IR 2
HERAL 3 1 W i /), 2 WD RE 28 T3 7 i 72 VR JH v sk
RO Rl S 2 R A 22

R5 EEREIEZERINGTERALENHE RITEEMNEEIEE

Tab.5 Peak accelerations of ancient timber structure FEM considering mortise-tenon looseness
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Fig. 11  Acceleration attenuation coefficients of damaged ancient timber structure FEM
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gzz t Vk(z,):z::mkak(z,) (1)

3 : SR VL) my B () 55 9 2,06 2055 00 465 k)22

ll ¢ B 7 A X

BT o s P 2 M U 1 2 s 90 1 7 e A 4% A R T

st A B3 SR D R T R 3 4 M 5 57 ) R 6 A A
L . - DS'5 S 3 T 99 05 B, 75 ) o 72 4 11 A BTG A
’ 2 bealg  ° F G BT 7 P-Jat 36 AR X RS A F W I 28, 15

(2) B KA XSRS

(a) Maximum relative displacement of column bottom

BR

g1 W I 15 T, 2% PGA=0.07g B, 5 22 36 4
2 ool Yy {318 (O, 3B IR 0 13 3 A 2 AT, 4 B
c ~, ] £ 2L L BB/ 5 24 PGA=0.20g I, Bl M 70 J2
£ oo # AL R RS 1K JUIE G B 1 TF 6 4y B 4R M3
5 - R 1 28 P LB PG A =007 g iE 47— 7
80 4 D3 B 5 % PGA=0.40g . B IS8 /¢ 3 b G 85 69 3
Bl i e SCIEIESY Jy PARSE AE R 4 B A

’ szm% 06 28 0, [ T AL AR PGA=0.20g I A 52 K B9 38 i, HL

G il Ay i G DG

(b) Maximum relative displacement of column top
613 GRA0 It H SRR G540 A R T AR R i R X 32 7
Fig. 13 Maximum relative displacement of damaged ancient

timber structure FEM

4.4 FEOFERESMH

FhT S SR 445 A 7 R AR DR AR ) g ST
SR A TR 10

BE PGA YRR, 25 A O 3% He 0 2l 1 oty L SR
SEFAT FROTAR Y L i BT ) K S =8 A e R A B8 AN I 72
IR i P 2 A D A, TR S 37 A W )
T IR BT g M R R A A AR K. BEME U i
TR A B Y 8 R, A5 2R R R B ) AN I/ R
ot Ab e LR T W R o R IR O B O A
TR FE B 48 T, AR 0 322 5 1) 5 0 ) JRE S T D ) A6 Y
HE RN BB AS BT Ui /0N /0N T R A R T A



ThRRAR, 45 2 IO DIVAA 210 31 2 SR 45 ) 3t 52 i 17 2

1091

®o EEHINEEMIVEERREMNARTEEZTKEXLE

Tab. 6 Maximum relative displacements of ancient timber structure FEM considering mortise-tenon looseness
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Fig. 14 Maximum relative displacement of ancient timber structure FEM considering mortise-tenon looseness

2 4 5
1F 2r 2.5¢
% of g ol g o
y Ry DS-1 Ry
-1F -2t Bg:% -2.5¢
DS-4
N 4 i i DS-5 s —~+ ; DS-5
=10 -30 -15 0 15 30 =80 -40 0 40 80
A/ mm A/ mm
(a) PGA=0.07g (b) PGA=0.20g (c) PGA=0.40g
(a) PGA of 0.07g (b) PGA 0of 0.20g (c) PGA of 0.40g

PBI15 25 FE e O 22 42 0 )y 14 vl 2 ST 254 A FROCASE Yl [0 i £

Fig. 15 Hysteretic curves of ancient timber structure FEM considering mortise-tenon looseness
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Seismic responses of ancient timber structures with

looseness mortise-tenons

MA Lin-lin"*, XUE Jian-yang’, ZHANG Xi-cheng®, GENG Shao-bo'
(1.Department of Civil Engineering, North University of China, Taiyuan 030051, China;
2.School of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China)

Abstract: Shaking table test of an intact historic timber structure was carried out, and its failure modes, acceleration time history
curves and relative displacement time history curves were obtained. On the basis of validity of Finite Element Model (FEM) of the
test model, the looseness FEMs were established. The influence of looseness mortise-tenon connection on the dynamic characteris-
tics and responses of ancient timber structures was analyzed by the dynamic response analysis of the looseness FEMs under earth-
quake action. The results show that the natural frequencies of the looseness FEMs are lower than that of the intact FEM, and the
natural frequencies of the looseness FEMs decrease significantly with the increment of the damage degree of mortise-tenon connec-
tion. The acceleration responses of column base and column frame, displacement response of column base and base shears of loose-
ness FEMs are smaller than those of the intact FEM, and all of them decrease with a larger looseness of mortise-tenon connection.
The displacement responses of column frame of the looseness FEMs are larger than that of the intact FEM, and the responses in-
crease with a larger looseness of mortise-tenon connection. In addition, the cumulative energy dissipation (CED) of the looseness
FEMs increases continuously with the increase of peak ground acceleration. With a larger looseness of mortise-tenon connection,
the CED of each structural layer of the looseness FEMs increases gradually, and then decreases when the looseness exceeds a cer-

tain value.
Key words: damaged timber structures; looseness mortise-tenon connection; seismic response; FEM
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