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/ ABSTRACT /

Recent earthquakes in Korea caused some damages to stone pagodas and thereby awakened the importance of earthquake
preparedness. Korean stone pagodas which have been built with very creative style of material use and construction method are worthy
of world heritage. Each stone pagoda consists of three parts: top; body; and base. However each tower is uniquely defined by its own
features, which makes it more difficult to generalize the seismic assessment method for stone pagodas. This study has focused on
qualitative preliminary evaluation of stone pagodas that enables us to compare the relative seismic performance across major aspects
among many various Korean pagodas. Specifically an analytical model for multi-block stone pagodas is to be proposed upon the
investigation of structural characteristics of stone pagoda and their dynamic behavior. A strategy for seismic evaluation of heritage stone
pagodas is to be established and major evaluation factors appropriate for the qualitative evaluation are identified. The evaluation factors
for overall seismic resisting behavior of stone pagodas are selected based on the dynamic motions of a rigid block and its limit state.
Numerical simulation analysis using discrete element method is performed to analyze the sensitivity of each factor to earthquake and

discuss some effects on seismic performance.
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Table 1. Functions of stone pagoda components
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Category

Component

Function

Central mast

Top

Top ornamentation

Nonstructural ornamentation

Central mast

-Reference pole

Top
Ornamentation

- Load collector

Story eave - Diaphragm
. Roof
Body -Complementary diaphragm
&
system Story prop -Member positioning eave & prop
-Gravity load resisting
Story body -Horizontal load resisting Body
system "
1%t story
_Ni eave
Cover stone for upper base Diaphragm o.f.up.per base 1+ sto
-Member positioning " ry
1 bs?fy prop
ody
Upper base members -Gravity load resisting Cover stone
(pillars & walls) -Horizontal load resisting ‘_—-—"d:“‘*‘——_‘
Upper base
Base -Diaphragm of lower base i PP
Cover stone for lower base . pillar
System -Member positioning Lower base
. e Base = =
Lower base members -Gravity load resisting ( ]
. . L system face
(pillars & walls) -Horizontal load resisting [ [ [ | wall

Base spread

-Positioning of stone pagoda

Fig. 1. Anatomy of stone pagodas
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Fig. 2. Variation of heights and number of stories of stone pagodas in Korea

Table 2. Natural Frequency of Stone Pagodas

St dald Height Measured Approximate
one pagoda eight (m) frequency (Hz)[9] | frequency (Hz) 14 # Measured frequency Approximate frequency
i Mooryangsa-3 story ¢ Ta = 0045(]7)34
Jeonglimsa-5 story 8.9 45 4.31 12 (measured 13Hz)
s
Mooryangsa-5 story 74 13 4.95 5 10
8 Uy
Heungbubsa-3 story 38 8.3 8.16 2 " .
a 6 (approximate 4.95Hz)
Sunlimwon-3 story 47 6.9 6.96 = 4 ¢ @ g
S
Seojungri-9 story 59 26 5.87 z 2 h
Sungjusa-5 story 6.3 49 5.59 0
0 2 4 6 8 10 12
Sungjusa-3 story 4.0 77 7.86 Pagoda height (m)
. ) Fig. 3. Natural frequency of stone pagodas
Uiseongtapri-5 story 9.6 4.0 4.07
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Table 3. Damage patterns of damaged stone pagodas due to recent earthquakes in Korea(1,2)

Pagoda name—No stories Damage Tower height (m)| No bases shape/composition
Ssanygyesa-5 story falling of top stone 3.0 1 * slender/single stone body
' + 1% story body-framed
Junghaesa-13 story lateral displ. of 13 story eave (5cm) 5.9 1 « greatly tapered
Bogyungsa-5 story movement of top ornamentation 5.0 1 * slender/single stone body
Bulgulsa-Dabotap drop out of hand rail connection 10.4 irregular « framed/irregular pagoda
Chunryongsa-3 story seperation of 3 story body 7.16 1 * single stone body
} | * previous history of severely damaged
Wonwonsa E.-3 story breakage of story eave-W.N. corner 6.04 2 « 2 story baseJsingle stone body
. E. pagoda 6.73 * column shape carved
Chungoondong E.W.-3 story breakage of top ornamentation W. pagoda 7.72 2 « single stone body
Namsan Yeombulsa-3 story dilatation of 3" story body 7.0 1 * slender/single stone body
. p o
Changlimsa-3 story drop out of some part of eave 7.0 2 shallow 1" base/upper bas(interior pillar)
* single stone body
. st : : .
Yongmyungri-3 story detachment of body member 5.6 2 shallow 1" base/upper base(interior pillar)
* single stone body
E. pagoda —dislocation of top ornamentation * column shape carved
Woonmunsa E.W.-3 story W. pagoda-inclined, crack of body 54 2 * single stone body
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Fig. 5. Possible motions of rigid block
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Fig. 15. El Centro earthquake
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