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Development of an Evaluation System for Asphalt Pavement
Condition Using Fuzzy Set Logic
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Abstract

Since comprehensive examination of flexibel pavement is complex, evaluation of its con-
dition has been based on subjective judgements. Especially, qualitative measure of pavement
has been based on linguistic expressions which often cause misinterpretation. There has
been no such a criterion that can appropiately assess pavement status.

Therefore, this study was devised to develop an approach, using fuzzy set concept, for
evaluation of current and expected service conditions of flexibel pavement surface course.
An example study was conducted to verify its usefulness. Since arithematic operation of
fuzzy set can quantify the linguistic values and translate them into illustrative models, the
results shown in the example was easy for anyone to understand.
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7he 4 =R AuHE F detsta HEiijdll A8
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2. & (Fuzzy Set)
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2 A5 Azsn glow, Bidsn 23
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(a)General Set

(b)Fuzzy Set

18] 1. Description of Concepts for General Set
and Fuzzy Set.
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)8t A A5 (degree of surport)e] #A = FHs}
A ek
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o 7] 4
{R}=7FR#R AvHe H4E Uehiie &
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Agolrt
4 48 FY57) AMe P U
Aol Hasi <elo reAR (Fist (Gle o
A, 4 3282 YA ol e o] Ao
WA {FH{GY = {min[x(®), y()] | (+);

1<, jy<n} {
o A {F}#{G}={min[x@),y()] | (*));

1<, ) <n} (6)
WAl 1 {F}AG}={min [x(), y()] | (/7);

1<, ) <n} (7

ARG SleAA A7 e YxAle F
= clement algorithmol] ¢]&td B A7 AR
t}. clement algorithm& t}g9] F7}x A}8&
AA et Aok AA, i/ 93 %F
BEBOL obd AL AAGRY X, YA 9
& &% n¥Eo £33 yAgy,

2.3 ®M1L(Normalization)
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st ERILE MoFegA] ARE A Hopsy, 3
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Tl {Z}=NOR[X]e] 2},

{ZY={z()) | 1:1<i<n} (8s)
714,
z(1) =x(i) /max [x(1), 1<i<n] (8b)

24 Ranking index

Ranking Index (RI)® FWAAAHE 8% o
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Domain Element

8 2 Rl for an Arbitrary Selected Fuzzy Set {F},
where, AL.=4, AR=8, C=2 and Ri=4~2+8
=10.

RS 4 92 FEEH 0¥ 204 25y (F)
={0/1, 0/2, 0/3, 0/4, 05/5, 1.0/6, 05/7, 0/8, 0/9}0°]
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RI=AL—-AR+C (9)
7N (29 28R),
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HEHH,
AR=Universe ol /] membership function®] £-Z
Ha,
C=dH4% A9 <
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¥ 1. Main Criteria and Subcriteria for Evaluation of
Pavement Condition.

Main Criteria Subcriteria
WEANHRE | 1.o12BEZANEIREH
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12 3. PSI versus Service Life of Flexible Pave-
ment.
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3.2 #NE XY
9ol JdFE BAVIEEL He FHA wg
I HFol o 2AY FL Ao Y& F Utk
a822 RIS 1 Fasd wel ExE
o wphEMo) HHJ WEHAEL Fo] FWAE
A4rg FEE Hol Ak JEFO] /¥ o
go] B} & ojr=ARY FRHTGT HY 7|5
Fol AU WEXS FI Y 22 B
3 MEAL Fo| AT 5+ Utk
4. MWRE BT ¥ FMREHS AHNME2E

o| Wik

4.1 BMmee BE

Ztzte] JiEe H7LE s Y AA
AREL oW Hzo) o3ld FFoE §AH
A a2 FH0 HEmsle EMEscE 1Y
ook 3hr}

o] AFME SERHOE HHMESS 4H3)
Ht. o)5L& A, B, C, D, E2 U o]
AT AdE 23 49 2 1052 FHE
o714 Ae B BEL, Be #%, Co ¥4,
De XA, Ex f$XAEE YERITO, o &
MESY Hodre B d3xr £EE AR
A Bolu AbgAle] wA o ALA =
E o 0asA 438 FE Aok

A=1{0/1, 0/2, 0/3, 0/4, 0/5, 0/6, 0/7,

0.5/8, 1/9} (10a)
B={0/1, 0/2, 0/3, 0/4, 0/5, 0.5/6, 1/7,
0.5/8, 0/9} (10b)
c={0/1, 0/2, 0/3, 0.5/4, 1/5, 0.5/6, 0/7,
0/8, 0/9} (10c)
D={0/1, 0.5/2, 1/3, 0.5/4, 0/5, 0/6, 0/7,
0.5/8, 0/9} (10d)
E={1/1, 0.5/2, 0/3, 0/4, 0/5, 0/6, 0/7,
0/8, 0/9} (10e)

99 23R ARE EZAd W@ RIGE
< 2|99 oj& AAats) B RI,=15, RIz=12,
RIc=8, RIp=4, RL=1¢-¢ ¢ & Atk o7

H1l% B9 19914 3 A

ey
0.5[ ol \
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Domein Elmant
jPegeeof Swpord

1 2 3 s 5 6 7 8 8
Domain Element

18| 4. Description of Fuzzy Sets A and E; C; B
and D.

A Ry ££(RI=168 AL)ol 771¢ && 7HA
¥ Rle £&[RI=0)9 7I71& g 7HE 4+
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42 Detafifo] R

Zk #ige] SRMRET B o Fuva,
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2o E 29| AUA £ 71EX TSRe| AMg-He
AAZTe GANA Loixl BEOZREH A3
At vigy A|lEES B3d 28 4 U3, }A
AP B 58 539 g & + Ak
SGRAFge Hag v5e dAge] FEoZE Fi
T3 1 o tiE o]EHd ¥]FE& ASTM
D2041e] #AAlE WHo 2 78 5 Utk

=2 aERe AANNT AFEH urs
APt AFAY B2 F4E AFHe] Y4dZ
100t migtelr|e sl Fo HHZEV IEER
28 250000 olelr|e ok zEERE AP
A @BEFY A& 200tfo]5E HAE3 F&
stod AT 60000 ol e ARMAE A-ERE
532 =k Ay ow A9E BgEMS A
< e Eddey v gol HAAHFe
B%oldog dala Ju ek or uL&r o
AL 20% 0907 REQIACE dEA] leng
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¥ 2 Rating Scale for internal Quality of Asphalt Concrte Criteria

Sub—criteria

Rating
Tensile Strength Density Thickness
A 1.0=<TSR! 0.95<SGR? 0.95<THR®
B 0.9<TSR<1.0 0.9=<SGR<0.95 0.90=THR <0.95
C 0.8<TSR<0.9 0.85<5GR <0.90 0.85<THR <0.90
D 0.7<TSR<0.8 0.80<SGR <0.85 0.80 <THR <0.85
E TSR<0.7 SGR <0.80 THR <0.80

1. TSR = (Mean tensile strength) /(Criticial tensile strength).
2. SGR=(Mean S.G)/(Theoretical maximum S.G.),
3. THR = (Mean thickness)/(Designed thickness)

¥ 3. Rating Scale for External Effects on Pavement. Criteria

Sub —criteria

Rating - - - : -
Average Daily Traffic Ratio of Heavy Vehicle Regional Factor
A TPL'< 200 HWT?<15 RGF*<1.0
B 200< TPL <1000 1IS<HWT <20 1.0<RGF=2.0
C 1000 < TPL <3000 20<HWT<25 20<RGF<3.0
D 3000 < TPL <6000 25<HWT <30 3.0<RGF=<4.0
E 6000 < TPL. 30=HWT 4. 0<RGF

1. TPL = Average number of daily traffic per lane,
2. HWT=Ratio of heavy weight traffic in TPL(%)
3. RGF =Regional factor by AASHTO design guide (6).

¥ 4. Rating Scale for External Quality of Pave-
ment Criteria

. Sub —criteria
Rating
PSI! AGE?

A 40<PSI AGR=020
B 35<PSI<40 020< AGR <040
C 30=<PSI<35 040<AGR=055
D 25<PSI<30 055<AGR=<0.70
E PSI<25 | 070<AGR

1. PSI=Present Serviceallity Index
2. AGR = (Servoce Life)/(Design Life)

¥ ateke] ¥)& 15%—30%E "3 Tl 5
FHoE Wtk E 4% 98-S vshie
A . AASHIOSA 7T s A
A A4 (regional factor)& ofAola] ALE3tETh
oloflhgt FM T FHVIES F 37 Zrh
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olie] PSIghE 1 o] ] Ao ¥ ERFER
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MAIN PROGRAM
perfcrms FA operation
ead Input dat
Call SLH CaH SUBCRT CAH REQD
all PROD, “call BIvs

Parfcrm Normalization

Calculate RI
Print Output
o] | I
| L
. Subroytine SUBCRT |
performs FWA operatjon for subcriteria
Ca)l suM
i1 Be
&
Perform Norma‘ﬁzation
= | [ —
Subraﬂtine subroutme Subrrx)ugine Subroutine
rfarms erforms r orms rearranges
SEZZZU n production d v ggggy
Call REORD E 'ﬁ gEORD Ca 11 R ORD
| L‘___.__,._._J L | S | ]' I

%8l 5. Flow Chart of Computer Program Developed
for Fuzzy Weighted Average Operation for
Example Problems.

AEeL A 2 8 35Tl ARREU o] Aoy
€ B0 AlZste 9 AREE A9 2 RS
& o83t 7P HlFo] E ARE AHZ ARH
EAA 4, 54 %, F8 8 55 Fe2 Faqdch
P do.2 olgd A=olF U3 8, B=41%
3 £8,C=%2,D=49 %8, E=< F8¢& Y
Bhditt & 4 3ivk d¥olv o2 dojxe
Datas] 3¢ 2&%9] Datag} sloi: g7t 29
AR Eilfe] "ojAug {7} & Datasl of
o] P HE5EE F2E Y ok 29 ¥ 3
7 49t 2L 71 e AF e AR B
st I Foxd] meE e d FHEE Fol A E
+ ok

5. OMimEE FIFEH S| FF B

2 doMe v|=2 South CarolinaZe] 3 1
T8 YRE F REOE FESA 14 tig B}
d& BRAFIZ 3o} 7o FWAS At}
RIAAHE 913 Computer program$ 7N} th.
A8-# o= Fortrane]w] olo} ofgt 7fek3el
flow charty= 1% 5o)|A Reoda1 it

5.1 DATAE

B o) AlR" A8+ #BE South Carolina
Fol z2Fol FuUiel InterstateBhiFiEigol o
4E ZAME AT #£R19F —EE A18sisTh
E oAl ALeE =282 [-859]1 GerogiaF-9}
AR e zRE 177+ 0—35km(sectionl)®] 35km

|ILAE HF14H-19914 34

9} 2771 54—113%km%E FALE oUW MkmE
A 2% 45kan(section 2)8 ZZt FERsI7 2
o] R2& 44 HEHEKME A1TPTNL FYd =
Al7Y e MFRel, A2T ke shtel Al
2E A GEEAZ AFHE B4 gAY
th o] =2 tisted 4 xpAult) 05utdo] §A
¥ coringg HAIBIY o}APE T E] 5K
B 9 2AeAd e 4% #5e 44 stk
3% & d79 FWASiEd desle A" Ax
E& ¥ 59 #h

o] =28 ZHHA 1L e nEFH oy a}ge)
v &L Traffic Monitoring Guide®9] A8 & A}
g3t o, RG4S AASHTOA R 2o
T & AT 1% o] =FolA el FWAAA
of dasled WA AEEL E 63 Pt} oA
T2 g PSIgte =29 ZtF ZAE YR
ZAER e w29 AHML WEA(Overlay)d
AAT F Aad d5-E AMEEch o] xde
FAL BAIZRE 5dA A9 e 77 wA B
ge] AaHE F1 A4 159 xR FAbE
AABIATE £ =F e FWAA O ALgd =
BEES 8 79 #o

52 INPUT Data

A HM SHE AEEL 4% 2389 datad§
%ol ofsle] MK S FWAAA e INPUTES

¥ 5. Internal Quality of Asphalt Concrete of 1—85
in SC

Tersile Density
Sub- Strength
criteria | Mean | COV | Mean | COV | Mean | COV
ps | (%) | pf | (%) n (%)

Thickness

sec.l | 514 | 3402 | 1425 | 198 | 127 | 189
sec2 | 542 | 3851 | 1447 | 232 | 134 | 178

B 6. External Effect on Pavement of |—85 in SC

Ratio of .
o Average Regional
Suberiteria | i Heavy
Daily Traffic] . Factor
Vehicle
Sectionl 2,270 26.50% 1.5
Section2 3,310 33.41% 1.5
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¥ 7. External Quality of Pavement of |—85 in SC

Subcriteria PSI Age
Sectionl 3.65 5
section2 3.30 5

2 A8 Hen O gES B 8% Hok(AA F
71%9 B IFWEE 65ps, AULE FFAE
151pef 28] AASFAE 15nchg® ®). A 5
712 gkl AMRRT 4 FUI1eQ S
e BEAS Uds] F83F AoE A X
o AR 71EQA Sl RRA ditde BRER
BE 3tk g1 AR FUEd Bxrled
HEL MEES T3 dolomz REMERES
SRS MENEHS 7o ulel BESRL Fo
Atk & AToA AT A F 7Ee] B
E{% B (coefficient of variation : COV)ol} w2 7
&9 FF& A:00VL10%, B:10% <COV=20
%, C:20%<COV=30%, D:30%<COV=40%,
E:40%<COVelr}t. FwiAet Aol WEAS
X7 O Fax0) wet £EE AA st
53 #ER| WA 3 EEE

& FolR il diste} Hrigt AT Lo
g ranking index& A4t F=& s ojlrh

283 ARE Yo Rl tig side o
4gof| Aol R3XF ARE ErlA9) Rlo) 2A5S
g3} o] st

14<RI: 9f-2-%3, 10<RI<14 : &3} &8,

6<RI<10: REH A 158, 2<RI<6: 4F
BRrys g YEgg Ri<2: 98 AERQ

¥ 89 input data® %W 3l computerAAtE 3}
o)W [-8BLETEY A1Tt] gy FWA 4
AAA7L 3 68 8] Hodx 1 qlch

FWAZg o2 <dolxl 3 1EMiEA(2] 49 (R}
o] ool #H2 {0/1, 0/2, 0/3, 05/4, 05/5,
05/6, 1/7, 05/8, 0/9}c] o3 @R 281
Rigko] o] 2o Bz Qith 2o q BE
o] A|1-77kell thgh RIghS 1124 Rieln|4t sf4o
9J3le] To] =2% HfE AU HEL g3l
e ol ok Sl el 2ol JeHe AR
of uwel 1 ol ETHA HER JdoB ANE
Fu #ag 3 #Honel MiEE 93 JH=
7H EAYS g Utk

Aol o8 computer programe QUTPUT Aol B FWALAAAL 2978 %
¥ 8 Information for FWA Operation Input
Criteria Section Tensile Strength Density Thickness
(Weight) TSR RATING SGR RATING THR RATING
QRT Section 1 0.79 D 0.944 B 0.85 C
(A) f Section 2 0.84 C 0.958 A 0.89 C
Weight for Subcriteria COV=36.5 COV=21.8 COV=18.6
D C B
Criteria Average Daily Ratio of Heavy Regional
(Weight) SECTION Traffic Vehicle Factor
I TPL RATING HWT RATING RGF RATING
EFC Section 1 2,473 C 26.50% D 1.5 B
(A) Section 2 3,310 D 3341 E 1.5 B
Wt. for Subcriteria A B C
Criteria . PSI Age
(Weight) Section PSI RATING AGE RATING
PCD Section 1 3.65 B 5 B
(B) Section 2 3.30 C 5 B
Wt. for Subcriteria B A
- 132 — KRB aR R



T2 3 78 9

4 5 6
Domain Element

RANKING INDEX = 4 - i + 8 = 1)
2 QG Bag gebE UA

18| 6. Descritption of FWA Operation Result for
Section 1 of 1—-85 in SE.

Degree of Support

1

I 2 3 4 5 6 { 8 9
Bomain £ lement

RANKING INEX = 3 - 1.5 + 8 = 8.5
g pgm 84 W REHA

8] 7. Descripption of FWA Operation Result for
Section 2 of |—85 in SC.

st HeAn glck. FWAAE 3 23§24
o] {Rhe] #ko2el B8 L {0/1. 0/2, 0/3, 05/4,
1/5. 1/6, 05/7, 05/8, 0/9}o]e] o]t & @R 12
3 Rigks A177¢3} apgd7bA] A0 2 o] 1go
2 HdX 1 gtk Rl & 95022 o] R&+= #
£ FEHoE WIMIEE adle YAR 39 A
173 Boke o B8 el it shlt 1
I FEA oA YHE YA EF R HEFER
€ 322 3 g3elg & & Uk

6. Y X R

£ @WolAe miEs FEe Ko HE ¥ #
HEHES A8t 7MY Fadttn AR kA
F Pl sl bz MpERe Hest
Aok 282 old] ZAH3Y HES aEMoE F
Vet #ESE FRE ENRs REE FHN
RRIAT B W ENES BEE BB K
By HE 3 HREHEEC] ER RS BREsH) §
T EEER g Aoz HEsble olF o B
& Y &A7F Uet A FEEe] FEE &'
eSS EHe South Carolinaie] 1855 #EK

w114 H 1% -19914 3 4

o] Aol &4 FRMET 2, 3WUA FHiko| W
B WEHRLS FE AU £E] HRoE ¥
EF Holth. kA HH3] FF &L vHEE AR
+ 2AH4E 4 = I Holdh WY WAL
A7) 93l 714§ Computer Program$ o]
2314 flEE FUed 228Y dojl #HRE
ST R, 7 Ae ol B R =29
157 0=8
L dole] slsko] Wd ¥/ JeERE HERiE
4¢] Membership Functiong 1SS0y ¥
RoZ AUE 5 Ao 2o g Rigte
ERH EEE HES] THETS B F3Ad.
2. Yo A3 MBS Membership Func-
tiong YO E VEPNEZH HEgRE 2l
o|Al HERIET DIERAY EHRF A Eslo
Hr} oj#ldly] A& 4N FHE IAHY
o}
3. Folde] EHE H¥k FRY RigrezR
B EEH e dedl e Rl
ol 8-& w4 fasich
4. IEHESS] FHE W AES Y Mem-
bership Functiong © t%stA] 8la, Ri7|
TE MLt 2ok A gA o] sled
Aold, REAE Yo AxE By} t] HE
o] @RE A9YE o WS o fEE A
ot}

HAR) 2

B A7E 1986-1990d 7|2 Clemsondi &t EE
#%3 Dr. Buratiofdl 4§¥@ National Science
Foundation®] Presidential Awardd71]9] B2 Z]
HE Holn =¥ L& AUdgae Aldg o} 8st
AgUth old FMAI=grith

¥ 2 g 3

1. Zadeh, L., “Fuzzy Sets,” Information and Con-
trol, Vol.8, 1965.

2. Juang, C.H. and Kalidindi, S.N., “Development
and Implimentation of A Fuzzy System for
Tender Evaluation on Micro —computers,” Pro-
ceedings, North American Fuzzy Information
Proceesing Society Workshop— NAFIPS 1987,

— 133 —



Purdue University, IN, 1987.
. Juang, C.H. and Kalidindi, S.N., “BETS Pro-
gram Documentation,” Engineering Report, De-
partment of Civil Engineering, Clemson Univer-
sity, Clemson, SC, May 1987.

4. Kim, K.W. and Amirkhanian, S.N., “Evaluation

of Effctiveness of ASAs using Fuzzy set pro-
cedure,” Inpress for Transportation Research Re-
cord, National Research Council, Washington,
D.C, 1991.

Kim, K.W. and Burati, J.L,
Approach

“Probabilistic

to Evaluating Critical Tensile
Strength of Bituminous Surface Courses,”
Transportation Research Record 1171, National

Research Council, Washington, D.C., 1988.

— 134 —

. Van Til, C. J., et al, “Evaluation of AASHO In-

terim Guides for Design of Pavement Struc-
tures,” NCHRP 128, Washingtion, D.C., 1972.
Yoder, PJ. and Witczak, M.W., Principle of
Pavement Design, 2nd. Ed., John wiley and
Sons, Inc., 1975.

Burati, J.L. and Kim, K.W., "Coring of I—85,”
Final Report, Submitted to south Carolina De-
partment of Highways and Public Trans-
portation, Departement of Civil Engineering,

Clemson University, Clemson, SC, 1987.

. Traffic Monitoring Guide, U.S. Department of

Federal Ad-
ministration, Office of Highway Planning, June
1985

Transportation, Highway

(44 :1990. 10. 29)

Kt ARERCR





