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A Study on the Improvement of Condition Evaluation Method through Correlation
Analysis between Evaluation ltems of Reinforced Concrete Buildings

Hye-Sung Woo', Waon-Ho Yi%', Kyung-Ran Hwang’, Kwan-Hyeong Lee’

Abstract: In the case of precise safety inspection and precise safety diagnosis of a building, a condition evaluation must be conducted to determine
the safety grade. Since 2004, an evaluation method using fuzzy theory has been introduced for quantitative condition evaluation,and the relationship
and importance of reinforced concrete members using fuzzy theory have been applied. Generally, fuzzy theory is a method used to deal with ambiguous
expressions with unclear correlations, but at the time of development, it seems that it was developed by applying fuzzy theory as an alternative in a
situation where inspection and diagnosis result data were insufficient. Therefore, it is necessary to verify the relationship and importance of evaluation
items derived based on the current fuzzy theory using actual inspection and diagnosis result data.In this study, the correlation between the evaluation
items was derived by using the results of 19 precision safety inspections and 9 precision safety inspections and the performance score function formula,
and using this, a reasonable durability score calculation formula of the member was presented.

Keywords: Condition evaluation, Correlation, Evaluation method, Precision safety inspection, Precision safety diagnosis, Fuzzy theory

1. M 2 =, oo whet 4 = H|-g-o] Wshd 4= Q7] wiZol ok
Y AH S A2 o] 1L g ghstof of gt

AN ETFHEAYAN 2" 550 = 5= 7 TEAY LS A5 dHiHrtE Aol A

ol ASAEET 2FAEES 2020 1292 V& 3317 &) R o] &S 7uo & HI | HE Akste] 2004
71,5357 42019, o|F AFAEES 2,89671 4, A2EAHE WEE] BFSIATH(KISTEC, 1999; KISTEC, 2002a; KISTEC,
=2 68,0397 401t} Al FAEET] ARFTAEES A 2002b) LRFA o = HA|o] 22 FH¥AITE HEekA| ¥l
=9 P B FrA|deof] B3 SR of mhE ek A 2353 58S A W AHH=E o] HIPIHES e
9 AULARA TS A7 A o0& AASte]of sl AA] Al7] gAlo= Z=A4E A U A AR EEo] BZ3 43}

LL%HO

8l A5 eIl vt 2 Eh 5= A PIVEHE 71e] AaEAel Za T S8 Asty] ) ook
THES AFEY (W) E7E 71871 2 e, A 0% FWR|o|2S Hgd Ao AluHATk

H7F A7 E Fete] AR EH, e riel 71e7] B A wpeha] A™oldd A 9 Auold Xt AR e s o] 83
She SetAtet WA AokE TSt AAE, b o @A) miHo) g olgate] olE W1 qhe) R

SHSA~D7HA 5 SF o2 FERh A B YT w2 v g3k g=o] B ot}

71 ASH, B C5H, D - ESH 3732 o] 24 B ATE71,535704 A58 5 61,2967/ 42 9F85.7%E
193], Forh AZZata) ukala)A 2781 Qe ALZAZE X ASES THOE T
2439, Feistn A58} g, wAA A B x|o|2o] A 4% A=Eo] Ay} ubd, g+= 7o) A
A3l q, FEQTEY AL EA T2 7S R T ) oo o 1
43191, AHRANIEF) 714 B WA R TS s, dAlw AR gudid 2
*Corresponding author: whyi@kw.ac.kr bzt é-"]"%‘ ] :5]‘0:1 }\LEH'd7 ]’ 6]'%% o 7_71]‘%
lo)lceggaitriem of Architecture Engineering, Kwangwoon University, Seoul, B35l EAHLS = %;]_-7 A A7 A

, Korea -
o ol gk 0] 5 2021 79 31 9744 318 2 BUjFAI W 2021 8Y g Rel thsll A& sk

B0 BEARE AAgsklL U

Copyright © 2021 by The Korea Institute for Structural Maintenance and Inspection. This is an Open Access article distributed under the terms of the Creative Commons Attribution
Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0)which permits unrestricted non-commercial use, distribution, and reproduction in any medium,
provided the original work is properly cited.

92



< FYt] Bk, el 7}9} 71 7Y B &
ZA} AU 2ALE 53] o] FoIRIL). o] F gEjHste) Az
B A BARS) B7), ST Bk AHE A 3
7k 59 SUAR o FolA Qlom], BrE UNT ) B

rO

Table 1 Conditions evaluation grade

Grade Condition by grade

A Best condition without problems

A minor defect has occurred in the auxiliary member,
B but there is no problem in functioning, and some repairs
are required to improve durability

Minor defects in the main member or extensive defects
in the auxiliary member, but there is no problem with
the overall safety of the facility, the main member needs
maintenance to prevent the durability and functionality
deterioration, or the auxiliary member needs simple
reinforcement

A defect has occurred in a major member and urgent
D repair or reinforcement is required, and it is decided
whether or not to restrict use

A condition in which immediate use is prohibited and
reinforcement or renovation is required because there is
arisk to the safety of the facility due to serious defects
in major members

Table 2 Judgment procedure for condition evaluation

Evaluation
stage

Evaluation Method

© Evaluation points are given for members according to
the degree of defects
o Reflects the importance of evaluation items for

Member C .
unit individual members
© The result is determined after synthesizing the
evaluation scores for each evaluation item by
member unit (wall, column, beam, slab, etc.)
© Considering the importance of each evaluation item
Floor unit  and member, the result is judged by synthesizing the
evaluation scores for each floor
g © Considering the above steps 1 and 2 and the
Building . . .
Condition importance of each floor, the result is determined by
. synthesizing the evaluation scores of the entire
Evaluation

building
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Fig. 1 Membership function of the condition evaluation grade fuzzy set
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Table 3 Indicators related to the condition evaluation grade. And
defining linguistic variable and membership functions

Membership function definition by
Indicators linguistic variable value

1.0 075 05 025 0

Linguistic

Grade variable

a verygood 0=<X<2
b good 2<X<4

well 4<X<6 always often
d poor 6=<X<8
e very poor 8<X<10

unspec

. seldom never
ified

(¢}

CA: Concrete carbonation
CL: Chioride cortert

CO: Rebar corrosion

CR: Concrete aack

DS : Concretestrength
SD: Surfaceaging

Fig. 2 Relationship between condition status evaluation items
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Table 4 Durability factor table

ARv= LRv=
DM| DM

CA a b ¢ d e CL a b ¢ d e
an (10 0 O O O a (1.0 0 0O O O
br |10 0 0 0 O bp [1.0 0 0 0 0
ca |10 O O O O c, (07510025 0 O
da 075 1.0 0.5 025 0 d. [0.250.75 1.0 0.75 0
ea |05 07510 05 0 e 0 025075 1.0 0.75

sRv= rRnRM=
DM| DM,

DS a b ¢ d e CRA a b ¢ d e
as | 1.0 0.060.06 0 O ar, |05 006 0 0 O
bs [1.0 0.060.06 0 0 bra [0.5 006 0 0 O
cs 10.750.250.25 0.25 0.25 Cra | 0.5 0.25 0.25 0.25 0.06
ds [0.75 0.5 0.5 0.5 0.5 drn [ 0.5 0.5 0.25 0.25 0.06
es [0.75 0.5 0.5 0.5 0.5 ern | 0.5 0.5 0.5 0.5 0.06

rRsRv= pRv=
DM| DM,

CRS a b ¢ d e D a b ¢ d e
ags |10 0 0 O O ap [0.5 0.06006 0 0
brs | O 1.0 0 0 bp |05 0.060.06 0 O
crs | O 1.0 0 O cp [0.5 0.250.250.25 0.06
ds | O O 1.0 0 dpb |05 0.5 0.250.25 0.06
ers | O 0 0 1.0 ep (0.5 0.5 05 0.5 0.06

oRv=
DM| b d

o a ¢ € DM : Fuzzy Set
a |10 0 0 0 0 CA : Concrete carbonation
b 0 10 0 0 0 CL : Chloride content
0 : CO : Rebar corrosion
co |0 0 10 0 O CR : Concrete crack
do 0 0 0 10 0 DS : Concrete strength

D : 12 i
e 0 0 0 0 10 S Surface aging
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Table 5 Analysis data of precision safety inspection and precision
safety diagnosis results

Precision safety inspection 19 cases
Precision safety diagnosis 9 cases
Total data number 11,871
Concrete strength 910
Field test Concrete carbonation 374
Chloride content 11
Concrete crack 5,823
Rebar corrosion 156
Scaling depth 462

Visual inspection
Spalling/Delamination 618

Surface aging
leakage and efflorescence 2,612

Rebar exposure 905

Table 6 Condition evaluation function for concrete strength and cracks
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Table 8 Condition evaluation function for concrete rebar corrosion and
scaling depth

EC Performance Concrete strength Concrete crack EC Performance Rebar corrosion Scaling depth
’ score (DS) (CR) ’ score (CO) (sc)
100% <ac=< 150% 0 <cw<0.1 0<E=200 0 <sc<0.25
< <
a 0= Pn<2 p, = 0.0dm, +6 p, = 20m,, a 0= Pn<2 p, =—0.01m, +2 D, =8my,
92.5% <ac< 100% 0.1 <cw<0.2 -200<E=0 0.25 <sc<0.5
< <
b 2=Pnd o 0266Tm,, + 28667 p, =20m,, b 2=Pn<d p, = 0.01m, +2 p, =8m,,
85% < ac <92.5% 02 <cw<03 -350<E=-200 0.5 <sc<1.0
<Pn< <Pn<
¢ A=Pn<6 o 0266Tm,, +28.667 p, =20m,, ¢ ASPESe o 0133m, +1.3333 p, =4m,, +2
% < ac < 85Y% 03 =cw<0.5 -500<E=-350 1.0 <sc<25
d 6<Pn<8 70% = ac <85% cw d 6<Pn<8 sc
p,=—0.1333m, +17.333  p, =10m_, +3 p, =—0.0133m, +1.3333 p, =0.0833m,, +5.9167
0% < ac <70% 05<cw=1.0 -650<E=-500 25 <sc =30
<Pn< <Pn<
e 8=Pn=I0 () 0286m, +10 p, =dm,, +6 e 8=Pn=10  oi3sm, 13333 p, =0dm, 2

Table 7 Condition evaluation function for concrete carbonation and
chloride content

Table 9 Condition evaluation function for concrete spalling / delamination
and rebar exposure

EC Performance  Concrete carbonation Chloride content EC Performance Spalling/ Rebar exposure
score (CA) (CL) score Delamination(sd) (ra)
T v e e P
b 2<pn<d 0‘251277’<:C;m§Ct 0.5D O.Zjn5:<1c;3;m()0;3 b 2<Pn<d ., :7;;:1; 150.25 0.5; ia;l}a.o%
¢ 4<pass O D:“C:t ;3'75 P p?‘i e dofg ¢ 4=Pn<6 p:sf().::;z_(g lgir:; o
Q eema OPRSOSUD  WeLZiaC 7 MId<n s0smeim
Comen WOIE IR cemen St 0T
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Table 10 Condition evaluation function for concrete leakage and

Table 11 Continue

efflorescence
EC Performance Leakage and efflorescence
score (Iw)
a 0=<Pn<2 0 <1w<2.5% p, =0.8my,,
b 2<Pn<4 25 <lw<5% p, = 0.8my,,
¢ 4=<Pn<6 5 <1lw<10% p, =0.4my, +2
d 6=<Pn<8 10 < 1w <20% Py =0.2my,, +4
e 8<Pn<=10 20 < lw < 40% p, =0.1my,, +6

Table 11 Calculate the result of precision safety inspection and
precision safety diagnosis as a performance score

S.L SD
No DS CA CL CO CR " ” - "
D6 0.63333.2771 - 1.00001.35141.0000 1.0000 1.0143 1.0229
0.28102.2000 -  1.0000 1.31291.0000 1.0000 1.0000 1.0102
0.87622.5600 - 1.0000 1.1463 1.0000 1.0000 1.0000 1.0068
0.66672.0000 - 1.00001.1980 1.0000 1.0000 1.0000 1.0068
D7 1.43830.6634 - 1.0000 1.8043 1.0000 1.0072 1.5072 1.0290
1.64291.9461 - 1.0000 1.0364 1.0000 1.0000 1.0000 1.0000

2295612980 - 1.00001.07551.0000 1.0000 1.0686 1.0000

D8

4.6769 1.2484 3.4833 1.0000 1.1070 1.0000 1.0000 1.1270 1.0071
0.47141.0462 - 1.58821.17591.0000 1.0000 1.0000 1.0550
0.4871 1.2523 3.3866 1.0000 1.3042 1.0000 1.0000 1.0000 1.0654
0.35241.3669 3.0933 1.0000 1.2110 1.0000 1.0237 1.0000 1.0557

SL SD
No DS CA CL CO CR P E—
DI 1 1541713818 -  1.00001.3018 1.0000 1.0020 1.0489 1.0083
2 121593.1932 - 1.79821.6623 1.0000 1.0050 1.1635 1.0223
32352409630 - 1.00001.2393 1.0000 1.0027 1.0916 1.0009
4 1281009105 -  1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
5 1.54293.4605 - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
6 2.02861.5547 - 1.0000 1.1487 1.0000 1.0000 1.0000 1.0000
D2 1 1.48530.76755.52671.0000 1.1922 1.0000 1.0000 1.2044 1.0000
2 1.54150.5922 5.8400 1.0000 1.1849 1.0000 1.0000 1.0876 1.0000
3 1.81440.551749133 - 1.2676 1.0000 1.0024 1.0803 1.0000
4 1.94732.12824.5633 1.0000 1.0521 1.0000 1.0032 1.0626 1.0033
5 1.96553.2104 4.7600 1.0000 1.0706 1.0000 1.0068 1.0285 1.0034
D3 1 1.21143.0030 - 1.03821.24701.0000 1.0214 1.0893 1.0393
2 091432.0824 - 1.01951.15261.00001.01621.1169 1.0162
3 1.36011.3714 - 1.07141.0000 1.0000 1.0000 1.0000 1.0000
4 0.96191.9856 - 1.21401.00001.0000 1.0000 1.01721.1089
5 1325713733 - 1.0000 1.0000 1.0000 1.0000 1.0000 1.0173
D4 1 1.75560.0000 - - 1.1449 1.0000 1.0046 1.0457 1.0000
2 223210.0000 - 3.00001.19711.00121.00351.11351.0012
3 2.72220.0000 - 3.00001.1943 1.0000 1.0000 1.1509 1.0000
4 1.84740.0000 - 2.33331.1766 1.0000 1.0046 1.0737 1.0023
5 2.38020.0000 - - 1.14151.0000 1.0000 1.3958 1.0082
6 2.79380.0000 - - 1.1041 1.0000 1.0047 1.0751 1.0036
D5 1 1.68831.7631 - 1.0000 1.6484 1.0000 1.0000 1.0217 1.0087
2 1.18382.3556 - 1.00001.8319 1.0000 1.0000 1.0545 1.0210
3 1.50321.8625 - 1.00001.6530 1.0000 1.0000 1.0177 1.0000
4 1.70484.9550 - 1.00001.3111 1.0000 1.0000 1.0000 1.0000
5 1652433158 - 1.00001.5500 1.0000 1.0000 1.0000 1.0000
D6 1 1.11320.4206 - 1.00001.3411 1.0000 1.0000 1.0000 1.0014
2 1.07620.0000 -  1.0000 1.5809 1.0000 1.0000 1.0103 1.0015
3 1.80165.6000 -  1.0000 1.1004 1.0000 1.0000 1.0024 1.0024
4 1.00953.7160 - 1.00001.2257 1.0000 1.0000 1.0000 1.0129
96 BHFIFZSTICHIX|M2|ZeE =27 M 253 M3%(2021. 6)

5
6
7
8
1
2
3
1
2
3
4
D9 1 1.22141.74404.63333.66542.5833 1.0000 1.0000 1.1667 1.0417
2 0733325091 - - 3.45451.10961.13692.2973 1.0811
111 1.10242.1948 - - 1.39661.0000 13275 1.6034 1.6034
2 1 - 11234 - - 1.08011.0000 1.0000 1.0000 1.0000
2 1547617154 - - 1.04531.0000 1.0000 1.0000 1.0000
3250002.0259 - - 1.00931.0000 1.0000 1.0000 1.0000
3 1 168891.1938 - - 1.23481.0000 1.0000 1.0740 1.0049
2 2276716691 - - 1.07461.0000 1.0000 1.0461 1.0132
3 1308306426 - - 1.00871.0000 1.0000 1.0252 1.0319
4 1 1654206513 - - 1.63071.00001.0000 1.0555 1.0000
2 0904824637 - - 1.58721.0020 1.0020 1.1263 1.0080
3 0.81900.8108 - - 1.00001.0000 1.0000 1.0000 1.0000
4 1098436727 - - 1.0000 1.0000 1.0000 1.0000 1.0000
I5 1 1938912187 - - 1.19741.00001.0263 1.1579 1.0000
2 198671.0718 - - 1.28531.0000 1.0000 1.1239 1.0207
3 1911116927 - - 1.08761.0000 1.0050 1.1146 1.0034
16 1 2104828803 - - 1.05081.0000 1.0000 1.0061 1.0000
2 2241715667 - - 1.06791.0000 1.0000 1.0062 1.0021
17 1 1931920954 - - 1.16261.0000 1.0000 1.1313 1.0000
2 3633337714 - - 1.05111.0000 1.0000 1.0032 1.0065
I8 1 0964618076 - - 33500 - - - 24500
2 08724 - - - 1350 - - - 19500
3 1200013849 - - 25000 - - - 13333
19 1 1725619254 - - 1.12151.00001.0031 1.2367 1.0111
2 1.60382.8980 - - 1.16981.0000 1.0000 1.07061.0331
31551925329 - - 1.13881.0000 1.0000 1.0032 1.0866
4 1625031411 - - 1.32181.0000 1.0000 1.0172 1.1089
110 1 0.04890.0000 - - 2.26321.40684.01691.81364.1525
2 L17227.0098 - - 1.80411.26172.5420 1.74772.0935
11 1 0360029605 - - 1.58191.00001.65553.17391.6555
2 1300094941 - - 1.03971.1060 1.3178 1.2384 1.5695
30241700000 - - 1.34782.21732.73913.17393.2609




Table 11 Continue

SL SD
No DS CA CL CO CR PETEE—
112 1 0369509530 - - 1.71061.0067 1.0000 1.0611 1.0067
2 0521416320 - - 1.78601.00001.0000 1.1131 1.0083
30657111303 - - 1.25401.0000 1.0000 1.0000 1.0000
113 1 0725403848 - - 1.48601.01171.00581.2991 1.0293
2 0830212118 - - 1.12871.02021.0303 1.0303 1.0707
3 1.63491.1708 - - 1.07871.03151.03141.0000 1.1575
4 1190509528 - - 1.11301.02261.02251.03391.1243
114 1 0438108971 - - 3.46701.0000 1.0000 1.0471 1.0126
2 0.74761.1547 - - 3.45951.00001.0000 1.0217 1.0109
30 - - - - 3.83331.00001.0000 1.0507 1.0145
4 1657135769 - - 3.27781.00001.00001.04301.1053
115 1 0719039514 - - 24569 - - 1.44071.0183
2 1299016617 - - 1.82981.0000 - 1.0000 1.0000
30 - - - - 11235 - - 1.0494 1.0000
116 1 094863.7664 - - 1.01551.00001.00001.0337 1.0024
2 0.80632.8397 - - 1.11411.00001.0000 1.0302 1.0000
30933323938 - - 11969 1.0000 1.0000 1.1275 1.0201
4 - - - - 1.03051.0000 1.0000 1.0334 1.0020
117 1 1373112004 - - 1.01381.0000 1.0284 1.0000 1.5225
2 1375606425 - - 1.11641.00001.01531.18541.1179
118 1 1141702316 - - 1.06251.0000 1.0000 1.0000 1.0000
2 1.75561.0680 - - 1.28571.00001.0000 1.0000 1.0000
31744427112 - - 1.10431.0000 1.0000 1.0000 1.0000
119 1 2449% - - - 1.57141.0000 1.0333 1.0000 1.0000
2 2059 - - - 1.35771.00001.0000 1.0388 1.0388

Table 12 Correlation analysis of inspection and diagnosis results
(Field test items)

DS cA CL
Coefficient of
L 0.0248 0.0928 0.0079
determmatlon(Rz)
Correlation
coefficient(R) 0.1575 0.3046 0.0889

Table 13 Correlation analysis of inspection and diagnosis results
(Visual inspection items)

SD
CO CR

sc sd Iw ra

Coefficient of

determination(R?) 0.1646 0.2030 0.0018 0.0818 0.0076

Correlation

coefficient(R) 0.4057 0.4506 0.0424 0.2860 0.0872
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Fig. 3 Correlation between Rebar corrosion and Concrete strength
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Fig. 4 Correlation between Rebar corrosion and Concrete carbonation
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Fig. 5 Correlation between Rebar corrosion and Chloride content
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Fig. 6 Correlation between Rebar corrosion and Concrete crack
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Fig. 7 Correlation between Rebar corrosion and Scaling depth
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Fig. 8 Correlation between Rebar corrosion and Spalling/Delamination
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Fig. 9 Correlation between Rebar corrosion and leakage/efflorescence
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Fig. 10 Correlation between Rebar corrosion and Rebar exposure
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