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Damage Assessment According to Damage Types and Influential Factors
of Stone Pagoda Structure
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Abstract

Stone pagoda structures have continued to be aged due to the combination of various damage factors. However, some
studies on nonstructural damage have been carried out, but assessment studies on structural damage have not been done
in various ways. Therefore, in this study, structural and nonstructural influencing factors according to the damage types are
classified and the damage assessment according to the structural influencing factors affecting the behavior of the stone
pagoda structure is performed. In addition, the damage rating classification criteria for each type of structural damages or
damage locations are presented, and the damage index is calculated by providing the criteria for the classification of
damage according to the degree of damage to which the damage is caused. Therefore, this study can evaluate

quantitatively the damage status of stone pagoda structures.
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(Table 1) Classification of damage types for stone
pagodas

Damage types

(d) Protrusmn
Structural ¢) Break out and drop out
damage types | < rox
e) Inclination ® Settlement
g) Durability degradahon
Nonstructural ~ (a) Corrosion  (b) Efflorescence
damage types

(c) Discoloration (d) Lichen
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» Accelerates durability due to physical, = Settlement and Inclination due to

chemical and biclogical damage uneven distribution of upper load

= Causes secondary damage to the stone « Accelerate the deformation of the

structure
Crack and interval

+  Stress concentration is caused by = Failure to support upper member is a

ohstruction smooth flow of upper load major cause of collapse
« It cause stone break out or deformation +  Deformation is caused by lowered bond

of structure strength between members

Soft ground and settement

+  Stress concentration is caused by the = Differential settlement caused by soft
obstruction of smoath flow of upper ground
load = As a result of this phenomenon,

«  Deformation is caused by lowered bond

strength between members

deformation and cracks are created in

the upper structure

_ Structural influence

ARalysis of influential factors
gecording to damage types

Nonsturctural influence

Bialogical ealonization Artificial destruction

= Damage to the = View pollution by » Damage to the value of

aesthetic value of stone forming a biofilm on stone pagoda

pagoda the surface of stone = Damage to monument

= Acceleration of surface pagoda structures due to faulty repair and

weathered if neglected = Crack and interval are reinforcement methods

for a long time grown if neglected for

a long time
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(Fig. 1) Analysis of influential factors
according to damage types
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Categorizing damage types into two

|

Classification of main damage types

|

Dividing main damage types into

groups

LEVEL 3

individual damage forms

|

Classification of individual damage types

LEVEL 4 according to intensities (dimensions, size

and number) of damage

(Fig. 2) Step-by-step classification system
of damage types
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(Table 3) Classification standard of damage ratings according to structural factors of stone pagoda structures
Damage types

Break out

Exfoliation

Damage classification criteria

- Calculation of the area ratio of damaged part (Use the elevation area)

- Calculation of the area ratio of exfoliated part (Use the elevation area)

- Calculated as the ratio of the protrusion length to the width of the outermost
Group 1 member

Loss and break

out of stone Protrusion

material and drop out

Protrusion and drop out criterion =

Protrusion lenth
TR p— Width of outermost member

e

x 100

- The ratio of circle area that diameter is the crack length and the elevation area
of the member

Crack criterion = —< %100
=—=x
Crack rack criterion B

Aq= Circle area whose diameter is the crack /
length

. wertical erack Diagonal crack Herizental ermck
A, = Elevation area of member

- Calculated as the ratio of separation length to the length of member with a
small contact

_' Length of the
‘" Il Length of the part that is in -L | separated part

in a minimum amount

| contact with the upper member
‘ A B A>B

Lo
Separated

Separation criteria between right and left members =

Length of the part where the separation occurred
The minimum value of length in contact with upper member

Interval o] | N

L
Separated [T TT— —
Group 2
Structural Separation criteria between upper and lower members =
damage Separation length between upper and lower members
The minimumvalue of height of upper and lower members

Separation between left |
and right members

In case of straight joint, separation criteria
e - { Seraight jeint ] -
| C<D H 4 ] [ |

1 Distance of separation between right and left members
[a<B ] |- A ~+'! | Minimum width of left and right

Durability - Evaluation of weathering index by ultrasonic velocity
degradation

Weathering index (k) = Ultrasonic velocity of fresh stone — Ultrasonic velocity of weathering stone
9 - Ultrasonic velocity of fresh stone

- Based on the measured settlement amount, calculate each angular displacement
for each member and then select the most vulnerable value

Angular displacement due to settlement = K
Settlement D

§: Vertical displacement (Using maximum variation value by longitudinal
member)
D: Width of stylobate
- Estimation of slope according to inclination of stone pagoda structure

0
Slope = N7
Inclination

§: Maximum horizontal displacement
(Use the maximum value of the top floor horizontal displacement)
H: Height of stone pagoda

sk @ZIAxetg|x| _ 91
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(Table 4) Classification grade according to damage types and locations of stone pagoda structures

1/250~1/150
1/150~1/50

Damage types Damage Damage locations
grade Stylobate Lower body Upper body Whole structure
0 Less than 5% Less than 10% Less than 15% -
1 5~10% 10~15% 15~20% -
Break out 2 10~15% 15~20% 20~25% -
3 15~20% 20~25% 25~30% -
4 20~25% 25~30% 30~35% -
5 More than 25% More than 30% More than 35% -
0 Less than 20% Less than 25% Less than 30% -

Group 1 1 20~30% 25~35% 30~40% -

Loss and Exfoliation 2 30~40% 35~45% 40~50% -
break out of 3 40~50% 45~55% 50~60% -
stone material 4 50~60% 55~65% 60~70% -

5 More than 60% More than 65% More than 70% -

0 Less than 3% Less than 4% Less than 5% -

) 1 3~6% 4~8% 5~10% -
Protrusion 2 6~9% 8~12% 10~15% -
anijtmp 3 9~12% 12~16% 15~20% -
4 12~15% 16~20% 20~25% -

5 More than 15% More than 20% More than 25% -

0 Less than 5% Less than 10% Less than 15% -

1 5~10% 10~15% 15~20% -

2 10~15% 15~20% 20~25% -

Crack 3 15~25% 20~30% 25~35% -
4 25~35% 30~40% 35~45% -

5 More than 35% More than 40% More than 45% -

0 Less than 3% Less than 4% Less than 5% -

1 3~6% 4~8% 5~10% -

Interval 2 6~9% 8~12% 10~15% -
3 9~12% 12~16% 15~20% -

4 12~15% 16~20% 20~25% -

5 More than 15% More than 20% More than 25% -

0 0 0 0 -

1 0~0.2 0~0.2 0~0.2 -

Group 2 Durability 2 02~04 02~04 02~04 -

Structural .

damage degradation 3 0.4~0.6 04~0.6 0.4~0.6 -

4 0.6~0.8 0.6~0.8 0.6~0.8 -

5 0.8~1.0 0.8~1.0 0.8~1.0 -

0 - - - Less than 1/900

1 - - - 1/900~1/750
Settlement 2 i ’ i 1/750~1/500

3 - - - 1/500~1/250

4 - - - 1/250~1/150

5 - - - More than 1/150

0 - - - Less than 1/750

1 - - - 1/750~1/500

L 2 - - - 1/500~1/250

Inclination 3

4

5

More than 1/50
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0 ‘ No visible damage [

| | Very slight damage |

Slight damage H

Meoderate damage |

Severe damage I

Very severe damage I

(Fig. 3) Classification of damage category
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(Table 5) Linear and progressive damage index

Dllin:
. (A O+ (B 1) +(C- 2+ (D3 +(E-4) +(F-5)
Linear 100
damage index 1

B+(C-2)+(D-3+(E-4)+(F-5)
100

DIl

. A0+ (B4 (C-27) 4+ (-3 E-4 F.5
Progressive [(A-0)+(B-1)+( 1:]5 PR A I8

damage index 1
[B+(C-4)+(D-9)+ (E-16) +(F -25)
y 100

prog —

A = Ratio (%) - damage category 0 D = Ratio (%) - damage category 3
B = Ratio (%) - damage category 1 ~ E = Ratio (%) - damage category 4
C = Ratio (%) - damage category 2 F = Ratio (%) - damage category 5

F
=100
A

0< D, <5 0<n,, <5

prog —

A8 &4 Age 4 &4 1ol uigk |4 v
S o] &35t AAAHQ £ HlES Yehl= v
o] 37 &4 AFE =& &4 9s&S UEith
A& E9] <Table 6>3} 29] A, B, C, D &F &2
A8 &4 AFE YeEIA, &4 17 932 A
= 74 &4 A5s AY &4 A9 st
a8y DY AS 73 &4 A58 ¥ &4 A
7F 124 = Zol7} WSt o3t zjol= e
#Y Ay & AFE 7 e A 7E &4 A
7V 245 BE g FeAY 3A4S Hrle)

(Table 6) Linear damage index and range of
progressive damage index for different proportions of
damage categories

A B C D
Damage category 0 - 40 60 80
Proportion of ~Damage category 1 100 30 10 -
damage Damage category 2 - 20 10 -
categories -~ Damage category 3 - 10 10 -
area (%) Damage category 4 - - 10 -
Damage category 5 - - - 20

Linear damage index (DI};,,) 1.0

Progressive damage index (DI,,,,,) 10 14 17 22
— g - -

Need/Urgency of preservation

Y3} <Table 5>2] 4]¢] A4t Azt w2 43
2 17 &4 A B 0014 5.0 Ale]e] ME
Ueht, o]2 ulelo 2 <Fig. 4>, <Fig. 5>9F 29|
ag=zz Jehd 4 goP

)

P
o

»

|
o

w

o om

Progressive damage index Dly,o4

=
n

]

o 1 2 3 4 5
Linear damage index DI;;,

{Fig. 4) Range of the relation between linear damage
index and progressive damage index
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Maximum difference between progressive
damage index and linear damage

B 1 2 3 4 &
Linear damage index DIy,

(Fig. ) Maximum difference between progressive
damage index and linear damage index
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Right side  Back side  Settlement  Inclination

Front side  Left side

| Elevation area *I Elevation area Y Hevatlon ares +* Elevation area ry Elevation area *I Elevation area
(Fromt side} (Left side) |__[Right side) (Back side} isettlement) {inclination)

[ ot area 0o ]

Linear damage index Progressive damage index

Dl = =

{A-D) + (B0 (T 2+ (- D)+ (E-4) +(F -5) LAY 1B VT Th e (D F )4 (E-FheiF - 5)
100 100

1 !
B (C-2p e -3+ (K- (F-5) [B41C )+ (D9} 4 (E-16) 4 (F . 29)

100 \ 100

A = Area ratio of grade 0
(Aren of grade 0 /Total aren)
I = Area ratio of grade 1
(Areq of grade 1 /Total areq)
C = Area ratio of grade 2
(Aren of grade 2 /Total aren)

D = Area ratio of grade 3
(Area of grade 3 /Total area)

E = Area ratio of grade 4 f) — 0
(Area of grade 4 /Total area) A

T = Area ratio of grade 5
(Area of grade 5 /Total ares)

(Fig. 6) Damage assessment plan using damage
index
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(Table 7) Damage rating based on damage index

Damage index 0.0< D, <05

Damage grade DO Damage degree No damage

Damage status No visible damage

Damage index 05< D, <15

Damage grade D1 Damage degree Very slight danage

Minor defects appear in the structure

Damage status and there is little damage

Damage index 1.5< D, <25

Damage grade D2 Damage degree  Slight damage
In the state where slight defect occurs,
requiring continuous observation by

the eye

Damage status

Damage index 25< D, <35

Damage grade D3 Damage degree  Moderate damage

Maintenance is not required
immediately, but precision investigation
or automatic measurement monitoring
is required
3.5< Dl, < 4.5

Damage status

Damage index

Damage grade D4 Damage degree  Severe damage
Defects occurred in the main members,
urgent repair and reinforcement is
Damage status

required and it is necessary to decide
whether to restrict use or not

Damage index 4.5 < Dllin < 5.0

Damage grade D5 Damage degree Very severe danage
Conditions requiring immediate repair
and reinforcement or dismantling
Damage status

restoration due to serious defects in
major members
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(Table 8) Damage types of three story stone pagoda
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(Table 9) Damage evaluation sheet of three story
stone pagoda in Mungyeong Naehwa-ri

in Mungyeong Naehwa-ri Location Assessment of damage
0 1898 %
Damage types 1 36.95 %
Classifi- Loss and break out of stone material Front side 2 372 %
cation - Protrusion and (South west 3 1342 %
Break out Exfoliation o
- ‘ drop out side) 4 0.00 é
ront side 5 2694 %
(South 6 3 2 Linear dargage index 2229.%9?
e | 1 3735 %
Nooth g 5 5 Left side 2 429 %
( ort (North west 3 2582 %
%egit S;id;g side) ‘é (9)2(1) Zf’
(South 9 3 1 Linear damage index 171
east side) 0 1697 %
Back side . . 1 26.04 %
(North 5 0 2 Right side 2 821 %
cast side) (South east 3 35.02 %
Total 28 9 8 side) é 105;0707 //
Classifi- Structura.l.damage . Linear damage index 216
. Durability ~ Settle-  Inclina- 0 4.06 %
cation Crack Interval . . 1 30.68 %
degradation  ment tion Back sid b0 o
Front side CK side 2 1212 %
(South 1 9 11 (North east 3 3922 %
west s@de) side) é Z% 120)
Left side Linear damage index 2.33
(North 2 6 13 Settlement  Grade 5 (Angular displacement : 1/42)
west side) 1 1 Inclination ~ Grade 4 (Angular displacement : 1/51)
Right side 0 1051 %
(South 3 9 13 % 2417%6 0;%)
east side) A
Back side Whole 3 1883 %
(North 3 8 1 structure g %g.ég é)
east side) Linear damage index 2.90
Total 9 32 8 1 1 Progressive damage index 3.39
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(Table 10 Damage mapping of three story stone S\ 21.86%, 25w 470%, 35w 1883%, 45w
pagoda in Mungyeong Naehwa-ri 18.26%, 557 25.83%% Yehdt) Wkl uE &
[ Joudeo| |Grdet 77 Grade2 Grade 4 [ Grace 5 AE BEMoMe 4537 5579 &4 595 7
' 21 BA7F Ao} Agt HA | gt &A% PGt
ME 45F3 5579 Hgo] 2 Uehin ok
H3te} 710l gel tie W Hgo] 1667%2 =

7l Wil & &4 ses 7H Hstet 71e0d

o Qo] 2 Aoz BAT) ol me} Ag A

Aol Pzt A8 £4F 24 290, 7 &4 AF=
C 3392 Ushgth o714 48 &4 A%t A

Settlement

e w0l
go] %7 wjEo] 2oz} th=
& Ao} FA £ A

s RE U9 Zans 2

~ fru

br

| | 7 ol 97] 2AF 2 AW ok
Front side Lot side Ag AR, 2 72 BAREe glot H71H
(South west side) (North west side) AZF #EE 53 A BYEHY = A0 &

: " : Zo] Basithe Zog Hol A7) A E A ¢
= ‘ e > A G ARE 4T FHe) D gk @
o T o md 29T BNS S8 27 use 4
2Age] EAEE BN A5 &4 A5} 2900]

B2 D3SE YEpsit ol wet 7 Wste] A

Righ sic Bk side R S e e e e
(South, east side) (North east side) 24D b e AARE Hlawel & A3 25 D3

(Table 11) Damage assesment comparison results

o o Stone pagoda in

Aol JFE A GFS 712k wEle] A A Name Mungyeong Nachwati
g AAo BEHoE sy oL 1 HE o] A Linear damage index 290
A 3l FRAOFE F JEE VAR Lot &4 A Progressive damage index 3.39
4 ol e vIAA Sk Ao wekad, o
T Aete] el &4 AFE 2A doy 23 linear damage index and 049
SN Fdo] HAAEE A3 47/AANA FA T progressive damage index
SRong 23 SR ik Fo7F Bad Ao Damage grade D3
= dedd: Regular survey results D3

Mg AAlol g SA=E Hrke 29, A" A Precision safety diagnosis D3
A w3 &4 55 vled 05 1051%, results

96 _X 18 M2z SA 723, 2018. 6
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