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Analysis on rocking and racking behavior of traditional

multi-story pavilion-style timber pagodas

WU Yajie'*, SONG Xiaobin*
(1. School of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, P. R. China;
2. Department of Structural Engineering, Tongji University, Shanghai 200092, P. R. China)

Abstract: The structural design and seismic performance of Chinese traditional multi-story pavilion-style
timber pagoda persistently attract researchers’ attention. In this paper, a modeling method of pavilion-style
timber pagoda was proposed and verified by using the shaking tablet test results of a scaled seven-story
Tang-style timber pagoda. Based on it, the influence of structural swing component and lateral shear
component on the seismic performance of traditional multi-story timber pagoda was investigated. The
results show that increasing the lateral shear component could improve the structural stiffness and decrease
the displacement response under different earthquake intensities, and obtain larger acceleration
amplification coefficients and inter-story shear force of the structure simultaneously; The increase of the
rocking component will lead to higher nonlinear response under high intensity earthquake. With the increase

of the excitation intensity, the inter-story drifts and shear forces of lower floors increase and the
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acceleration amplification coefficients of upper floors increases first and then decreases.

Keywords: pavilion-style timber pagoda; seismic performance; rocking component; racking component;

modelling method
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Fig. 1 A traditional seven-story pavilion-style timber pagoda
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Fig. 2 Column jointing connection
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Table 1 The geometric dimensions of main

components of timber pagoda

[N JIRCINS
Gk $650 mm
M $500 mm
F3 340 mm>X510 mm
PERR G 224 mmX 336 mm
AR 224 mmX 224 mm

I 51 280 mm X 350 mm
HAb; 460 mmX 240 mm

F 2 AENTERARH MR R
Table 2 Material property test results of African padauk

- P B B Eij A sy
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fith/MPa #RJE/MPa  58%/MPa 5% /MPa
L (1)) 15 207 50, 44 101. 99

1218 1977 9. 35 3.53 10. 32
L

Y1) 1450 8. 96 2.83 11.71
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Fig. 3 Connection simulation of half tenon joints
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Fig. 4 Influence of elastic rotational stiffness of half tenon

joint on the internal force of wood beam
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Fig. 5 Modelling of floor beam joints
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Fig.7 Modelling of the lateral performance of beam-column

layer or strengthened layer
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Table 3 Parameter values of backbone curve of timber frames in each story of scaled model
2 FELR B Ao /mm Py/kN  ky/(KNemm ') A;/mm Pi/kN  k;/(kN+*mm!) As;/mm P;/kN
s 1. 39 0.19 0. 14 47.19 2.22
12 Ul 1.39 0. 09 0. 06 47.19 1. 09
[] JEG 1. 39 0.1 0. 07 47.19 1. 11
i 1. 07 1.12 1. 05 36. 62 4.47
2 2
- ns 1. 07 0. 56 0.52 36. 62 2.32
v g 1.07 0. 84 0.78 36. 62 4. 07
3z )
pukizs 1. 07 0. 47 0. 44 36. 62 2.16
i 1. 07 0. 67 0. 63 36. 62 3. 69 0 100 0
4)2
s 1. 07 0. 38 0. 35 36. 62 1.92
s 1. 07 0. 51 0. 48 36. 62 4.43
52
- his 1.07 0.29 0.27 36. 62 1.73
g 1. 07 0. 36 0. 34 36. 62 3.02
6 )2
= s 1.07 0.21 0. 20 36. 62 1. 56
s 1.07 0.22 0. 20 36. 62 2.71
72
- ns 1.07 0.14 0.13 36. 62 1. 39
e Po o NE B PrPs P L,
F 4 EINEREAEZRHUOE B2 N R EHEE
Table 4 Values of coefficients in defining hysteretic rules of timber frames
1 C2 3 Cy Cs C6 Cc7 & 0
0. 48 8.6 0.5 1.2 0.19 0. 34 0.4 0. 28 0. 85
®5 BREMEEIMT AN RBLESHIVE
Table 5 Parameter values of backbone curve of dou-gong connections in each story of scaled model
BE R Ay /mm Po/kN  ko/(kNemm 1) A;/mm Pi/kN ki /(kN+mm 1)  As/mm P;
his 1.52 0.6 0. 39 42. 86 1. 25
12 ¥ 1.52 0.33 0.21 32.89 0. 96
[a] JEg 1.52 0.2 0.13 26. 26 0. 87
his 2.04 1.53 0.75 87.3 7.85
2z .
s 2.04 0. 89 0. 44 68. 49 5.07
s 2.04 1. 32 0. 65 82. 8 6.2
32
= s 2,04 0.77 0.38 61. 34 3.43
s 2.04 1. 11 0. 54 79.23 4. 66 0 P,
45
i 2.04 0. 66 0. 32 57.76 2.63
s 2.04 0.91 0.45 72.07 3.2
52 _— _ _
s 2.04 0. 55 0. 27 55. 97 1. 85
s 2.04 0. 67 0.33 72.07 1. 87
6 )2
his 2.04 0. 46 0. 23 50. 6 1.12
his 2.04 0.2 0.10 33.73 1. 13
7 )
i 2.04 0.13 0. 06 22.53 0.9

e Po SONER B PrPs R AR
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Table 6 Values of coefficients in defining hysteretic rules of dou-gong connections

(&1 C2 C3 Cy Cs

Co c7 c8 6

0. 95 6 0.03 1.7 0.16

0.28 0.5 0.9
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Fig. 9 Jointing details of the brace
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Fig. 10 Numerical model of the scaled seven-story

pavilion-style timber pagoda (shear elements hidden )
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Table 7 Comparison of natural frequencies of scaled

pagoda and numerical model

FRAY f1/Hz f2/Hz f3/Hz f1/Hz
EINESR A 0.990 3 2.849 7 5.245 1 7. 691
BUEA Y 0.795 8 2.219 8 4.230 2 5.981 3
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Fig. 11 Comparison of acceleration amplification coefficient distribution under SHW2

1/500 1/250  3/500

emax
(a)0.07g

1/250 17125 3/250

omax
(b)0.2g

Bl 12 SHW2 # R TEBRMAB RS

—o— ALy

1/100  1/50 3/100
0

(¢)0.44g

Fig. 12 Maximum inter-story drift distribution along model height under SHW2
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Fig. 13 Comparison of dynamic responses of the fourth floor
under SHW2 with rarely-met intensity(0. 44g)
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Table 8 Typical timber pagoda structures with different

rocking and racking components
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Table 9 Design surface load of typical timber

pagoda structures

TH#/ T/

W X I
RE (kN+em2) (kNem2) i
AEIE
i/ FLim 2.08
T Ay £,
g U RR T 1 2.5
o 1 2

3 i B HY ZE A AR O 3% H2 AR HE R S| AR 45
PO PERES B BIH T3 10 M 11, RARIESEH
I BCAAE S AR 2 + 27 a5k A B XL 45
PRI A AR HEZR AN S SRR S B0 T 3R
12 f13 13,

IS /3 A A5 5 B U0 7 C U X 45 A Bt
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Table 10 Parameter values of backbone curve of external timber frames in each story of typical structures

%2 HELR B Ao/mm Po/kN  ky/(KNemm~!) A;/mm Pi/kN ki /(KN*mm~!) A3;/mm P3/kN
i 4.11 5.0 1.22 139. 65 107
1)2 s 4,11 2.50 0.61 139. 65 52. 4
@y 4.11 2.63 0. 64 139. 65 58. 2
i 4.11 43. 43 10. 57 139. 65 203. 35 0 500 0
2 )z
s 4.11 26. 07 6. 34 139. 65 112.0
rhigs 4.11 35. 17 8.56 139. 65 183.2
3 i 4.11 21. 40 5.21 139. 65 175. 3
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%2 FELL B Ao/mm Po/kN  ko/(kNemm~!) A;/mm Pi/kN ki /(KN*mm~ ') Az;/mm P3/kN
rhigg 4.11 27.38 6. 66 139. 65 164. 3
4 )2 N
s 4. 11 16. 79 4. 09 139. 65 89. 3
s 4. 11 19. 96 4. 86 139. 65 146. 2
52 . _
hiE 4. 11 12. 30 2.99 139. 65 78.5
0 500 0
s 4. 11 13. 14 3. 20 139. 65 129.7
6 )=
= hE 4. 11 8. 20 2. 00 139. 65 68. 95
s 4.11 6.73 1. 64 139. 65 114. 24
7E
= his 4.11 4. 24 1.03 139. 65 58. 85
T Py CREREL PP s
F 11 BBZEHRHNEST SRS RM LS HEE
Table 11 Parameter values of backbone curve of external timber frames in each story of typical structures
Bz R A= Ay/mm Po/kN  ky/(kN+ mm~!) A;/mm Pi/kN £ /(kN+mm™!) Az/mm Py
rh s 7.9 5.0 0.63 77.03 107
1)2 pukizs 7.9 2.50 0. 32 38. 5 52.4
[ JEg 7.9 2.63 0.33 40. 5 58.2
s 7.9 43.43 5. 50 116. 89 203. 35
2 JZ
= his 7.9 26. 07 3. 30 92. 63 112.0
i 7.9 35.17 4,45 108. 47 183.2
i 7.9 21. 40 2.71 83. 21 175.3
s 7.9 27. 38 3. 47 104. 26 164. 3 0 500 P,
4 )3 .
i 7.9 16. 79 2.13 79. 04 89.3
s 7.9 19. 96 2.53 100. 05 146. 2
52
= s 7.9 12. 30 1. 56 76. 89 78.5
s 7.9 13. 14 1. 66 95. 84 129.7
=
= T 7.9 8. 20 1. 04 70. 58 68. 95
s 7.9 6.73 0. 85 93.73 114. 24
72 N
hs 7.9 4. 24 0. 54 65. 32 58. 85
s Py SN B PLP3 i A
F 12 KRELEH I FOEINEZEAERIN SR ESHEEE
Table 12 Parameter values of backbone curve of central timber frames of structure II
w2 HEZRNL B Ay/mm Po/kN  ko/(kN+emm™ 1) A;/mm Pi/kN k1 /(kN*mm 1) A;/mm P3/kN
22 4. 11 40. 2 9.78 139. 65 195. 5
3= 4.11 32.91 8.01 139. 65 177.78
4 )2 4.11 25. 35 6.17 139. 65 161. 85
ZERE PR 0 500 0
52 4. 11 20. 06 4. 88 139. 65 146. 77
6 )= 4.11 14. 22 3. 46 139. 65 129. 65
7 4.11 7.86 1.91 139. 65 118. 54

T P sl B PP,
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Table 13 Parameter values of backbone curve of central timber frames of structure I

®E R A¢/mm Py/kN  ko/(N+mm™1)  A;/mm Pi/kKN  k/(WN+mm™!) A;/mm P;
22 7.9 54. 4 5.50 126. 77 219.4
32 7.9 47.15 4. 45 119. 23 206. 31
42 7.9 39. 65 3.47 110. 42 190. 04

SEH N 0 500 Py
52 7.9 31.9 2.53 106. 37 181. 16
62 7.9 22.31 1. 66 84. 65 176. 87
72 7.9 12.73 0. 85 93.73 114. 24

TE: P2 iy PPy HERY P AR

3.1 FHBEREE

FMAURBE S R) A IR RS TR 14, T
BT A R HE SRR AL A W BE L AR BE A I Y
FRPER R T ARG 1. ARIELH 1 A —Br A 4k
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68 1) i 28 P 8 R S0 00 T 32 364 29544 2R AR 1)
JEAT W A

R 14 ABKEENBIRMERT L
Table 14 Comparison of natural frequencies

of typical timber pagoda structures

AL f1/Hz f2/Hz
AREEEEH T 0. 37 0. 92
ARIEEER T 0. 38 1.01
AR T 0. 42 1. 14
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Fig. 14 Comparison of acceleration amplification coefficient of the typical timber pagoda structures
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Fig. 15 Comparison of inter-story drift distribution of the typical timber pagoda structures

1r 7 1r
6[ 6 6
5r 5 5r
I 4T I 4 e 4T
] ] ]
3r 3 3r
2r 2r 2r
—o—AME 1 ——AM 1
1 Tr g T L a1
—a—AKEI —a— KM
0 0 0
50 100 150 200 90 180 270360 450 300 600 900
VIkN VIkN VIkN

(a)0.07g

(b)0.2g
B 16 FHHBKELZHEBRE D HXTEE

(c)0.44g

Fig. 16 Comparison of inter-story shear force distribution of the typical timber pagoda structures

4 Zig

A o AR 2 AT S A BTy e 1 2 F g
AR T HEIR ST SN DY oy B0 RS S Bk
RERIRZIR , LB UE

D ARIE S5 T3 o0 S5 00 5 73 i 5 HR
e far AR HLREA2 5 00 5T 70 HORE WA R 38 25 44 114
PURRTERE.

2) HETINA R #9005 - RE I 56 25 A B DI JEE L A
T/ INEE R AN () 7 5 32 ) 52 S N L[] s
SHE RGBT P TR 28 KR 2 [ 5

3) HEINES R B RS R 2 NS R IR = A AR 2L

2

=

PSSOV o JACTTT 55| 3B 45 40 J2= 8] 5 A% 0 FOMI 38 B T K 2%
B AT AU A RS < Bt M R R A B 45 4 R
PR IR LR FAE R, e 2 J2 (8] 5% 11N 5 25
a1 IIBENE 0 ONEY  E S e PN RN < R
TR S22 (8] 3 00y AR RSS2 R 8] 5T 3K

S 230k

L1 a5, dt, mfh, 4 H SR FREME Y fidt
P Re & RN I w5 [T, EE A 2,
2015, 36(3): 112-120.
XIE QF, DU B, XIANG W, et al. Experimental study

on seismic behavior and size effect of dovetail mortise-



118 I RE5xE e

FROF E O

% 44 %

tenon joints of ancient timber buildings [ J]. Journal of
Building Structures, 2015, 36 (3): 112-120. (in
Chinese)

C2 1 RD5, ki, BT, & SRS S

-5 RS ()], TR 1%, 2016, 33(8):
39-44,
XIE Q F, DU B, QIAN C Y, et al. Study on the
moment-rotation model of the dovetail mortise-tenon
joint of ancient timber buildings [J]. Engineering
Mechanics, 2016, 33(8): 39-44. (in Chinese)

[ 3] B, TiH, BRI, & @SR HH I 25z Tk

RELC 90 F 7 [T, ST 45 H 24 4. 2017, 38 (8):
141-149.
HE ] X, WANG J, YANG Q S. Mechanical property
of column footing joint in traditional wooden structure
by quasi-static test [J]. Journal of Building Structures,
2017, 38(8): 141-149. (in Chinese)

[ 4] B05%, T8, MKW, HIEE R M A R E5 MR

ge e s s [1]. LTS, 2018, 51(3): 27-
35.
HE ] X, WANG J, YANG Q S. Experimental study
on lateral resistance capacity of column in traditional
timber structures considering effects of height-diameter
ratio [J]. China Civil Engineering Journal, 2018, 51
(3): 27-35. (in Chinese)

[ 5] CRAYSSAC E, SONG X B, WU Y J, et al. Lateral
performance of mortise-tenon jointed traditional timber
frames with wood panel infill [ J]. FEngineering
Structures, 2018, 161: 223-230.

[6] =)y, Wb, ¥k, & NEARRE S HBALK 8B 5T
V. dREH 2. 2011, 32(7): 66-72
YUAN J L, CHEN W, WANG J. et al. Experimental
research on bracket set models of Yingxian Timber
Pagoda [J]. Journal of Building Structures, 2011, 32
(7): 66-72. (in Chinese)

L7195, =0, FEZ, & W E@ESURSH AL AT

SR A REEUE A T[], BRI S PR TR,
2017, 39(5): 9-15.
PAN Y, YUAN S, WANG H Q, et al. Numerical
analysis of mechanical behavior of Tou-Xin-Zao and Ji-
Xin-Zao Tou-Kung in Chinese ancient timber structures
[J]. Journal of Civil, Architectural & Environmental
Engineering, 2017, 39(5): 9-15. (in Chinese)

(8] MtE, mffh, i, & WSS SO =3 it
WaEbUERERIKE IR EAR TR, 2015, 48
(8): 19-28.
XIE QF, XIANG W, DU B, et al. Experimental study
on seismic behavior of fork-column®“Dougong”joints in
timber structures of Chinese ancient buildings [ ]].
China Civil Engineering Journal, 2015, 48(8). 19-28.
(in Chinese)

[ 9] FUJITA K, SAKAMOTO I, OHASHI Y, et al. Static

and dynamic loading tests of bracket complexes used in
traditional timber structures in Japan [ C]//Proceedings
of the 12th World Conference on FEarthquake
Engineering, Auckland, New Zealand, 2000.

[10] WU Y J, SONG X B, LI K. Compressive and racking
performance of eccentrically aligned Dou-Gong
connections [ J]. Engineering Structures, 2018, 175:
743-752.

[11] RWAS, RIGE, BREAR. B TR 5 57 U E 1 3| 4t

5B A - L B B [J/OL ). #2545 1 2% 4.
https: //doi. org/10. 14006/j. jzjgxb. 2020. 0480.
WU Y J, SONG X B, GU X L. Lateral load-
displacement model of dou-gong connections based on
rocking and racking coordination[ J/OL]. Journal of
Building Structures. https://doi. org/10. 14006/].
jzjgxb. 2020. 0480. (in Chinese)

[12] FUJITA K, KAWAI N, MINOWA C, et al. Shaking
table test and earthquake response monitoring of
traditional Japanese timber pagoda [ C]//Proceeding of
the 9th World Conference on Timber Engineering,
Portland, 2006.

[13] PRIEE ., RIEA, P, 55 L5 XA B R 3h
HIREIE)]. ESLE R, 2017, 38(2): 10-19
SONG X B, WU Y J, LUO L, et al. Shaking table test
on a traditional pavilion-style wooden pagoda [ ] ].
Journal of Building Structures, 2017, 38(2): 10-19.
(in Chinese)

[14] SONG X B, WU Y J, LIK, et al. Mechanical behavior
of a Chinese traditional timber pagoda during

construction [ J]. Engineering Structures, 2019,
196 109302.

[15] LUO L, SONG X B, WU H B, et al. Experimental
study on mechanical performance of wood pegged semi
mortise and tenon connections [ C]//Proceedings of the
14th World Conference on Timber Engineering,
Vienna, Austria. 2016,

[16] WU Y, SONG X, VENTURA C, et al. Modeling
hysteretic behavior of lateral load-resisting elements in
traditional Chinese timber structures [ J]. Journal of
Structural Engineering, 2020, 146(5): 04020062.

(17] RWAR. G2 @) 2R AARB SRR (D). |
T [PFRA, 2020.

WU Y J. Seismic performance of traditional multi-story
pavilion-style timber pagodas [ DJ]. Shanghai: Tongji
University, 2020.

[18] CHANG W S, HSU M F, KOMATSU K. Rotational
performance of traditional Nuki joints with gap I:
Theory and verification [ J]. Journal of Wood Science.,

2006, 52(1): 58-62.

(3 I HH)



