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The pavement condition assessment (PCA) based on fuzzy set theory is presented. A method to
determine membership functions used in PCA is proposed. The effects of inclusion or omission, weight
changes and linguistic rating terms’ range values changes of pavement parameters on PCA using fuzzy
weighted average (FWA) operanon are analyzed. The proposed method is compared with the MCI model.

In developing this case, it is found that the proposed method gives more reliable results. Inclusion or
omission, weight changes and linguistic rating terms’ range values changes of pavement parameters can
cause the differences in PCA. The recommendations with respect to PCA using FWA operation are given.
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1. INTRODUCTION

Pavement Management Systems (PMS) are
widely used in the world to assist administrators of
pavement networks in making consistent and cost
effective decision about public investment in
highways. One of the basic and important features
of PMS is their ability to represent the condition of
pavement networks, and various pavement
condition indices, such as PCI, PSI, and MCI, are
used for this purpose. In recent years, the fuzzy set
theory that can account for human subjectivity and
impressions associated with the evaluation of
engineering parameters is used in pavement
condition assessment. Fuzzy Weighted Average
(FWA) operation has been used by several
researchers to assess pavement condition using
various combinations of selected pavement
parameters ).

The most important part of FWA operation is
determination of membership functions that
represent the linguistic rating terms and weights of
parameters used. Usually, some existing
membership functions are selected, and trial and
error procedures are used to determine the best
membership functions in the pavement condition
assessment and other applications™ ® 7. However,
more accurate results may be or not be obtained
using other membership functions.
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Shoukry et al.¥ mentioned that flexibility to allow
the inclusion or omission of pavement parameters
can be achieved in determination of pavement
condition through application of fuzzy set theory.
Elton et al.” and Shoukry et al.” also mentioned that
with application of fuzzy set theory, the weight of
pavement parameters that indicate their significance
to the overall condition could be changed according
to the policies of pavement agencies. However,
these changes could produce the differences in
pavement condition assessment results. In further
research on the PMS such as the development of
pavement deterioration models that can be applied
universally, the effects of these changes must be
carefully considered.

In Japan, the pavement surface condition
evaluation using fuzzy quantification theory and its
application to pavement surface condition data that
collected subjectively by pavement engineers and
airport administrators through visual survey have
been reported®. The concemn of our study is to
develop a pavement condition assessment method in
Japan using FWA operation, where the use of
existing pavement database and practical aspects are
the major considerations of the study.

The purposes of this study are: (1) to propose a
method to determine membership functions used in
pavement condition assessment based on experts’
opinions about the range values of linguistic rating



terms of pavement parameters; (2) to investigate the
effects of the inclusion or omission of pavement
parameters on pavement condition assessment, the
effects of weight changes of pavement parameters
on pavement condition assessment and the
sensitivity of linguistic rating terms’ range values of
pavement parameters on pavement condition
assessment using FWA operation; and (3) to
compare the results of pavement -condition
assessment determined using the membership
functions of proposed method with the results of
maintenance control index (MCI) model developed
by Japanese Ministry of Construction.

The rest of the paper proceeds as the followings.
Section 2 presents the methodology that used in this
study, section 3 discusses the analysis on the results
of pavement condition assessment, section 4
discusses the comparison of fuzzy pavement
condition index (FPCI) and MCI, and section §
summarizes the findings of the study.

2. METHODOLOGY

(1) Fuzzy pavement condition assessment

In this study, the FWA operation was used to
assess pavement condition. The FWA operation has
a simple mathematical form”:
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Where,

R : the fuzzy set that represents the final
assessment of pavement condition,

R;: the fuzzy set that represents the
linguistic rating term of a pavement
parameter i,

Wi  the fuzzy set that represents the weight
of pavement parameter i,

n : number of pavement parameter used.

The final assessment of pavement condition is
mainly depending on the membership function of
fuzzy sets that represent the linguistic rating terms
and weights of pavement parameters. The method to
determine more rational membership function of
fuzzy sets, rather than using existing membership
functions, was proposed in this study to get the
better results in pavement condition assessment.

In this study, pavement parameters used to assess

pavement condition were determined after
considering the most important aspects that
influence the pavement condition and the
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Fig. 1 Definition of fuzzy pavement condition index.

availability of pavement parameter data in the
Japanese database. Pavement parameters used were
cracking ratio, rutting and roughness (standard
deviation of surface profile).

The pavement condition assessment rating for a
particular pavement parameter was estimated using
one of the following linguistic terms: excellent, very
good, good, fair and poor. Similarly the weighting
of the pavement parameter was determined using
one of the following linguistic terms: extremely
important, very important, important, moderately
important and not important.

In this study, because experts’ opinions about the
range values of linguistic terms for rating the
pavement parameters were collected, pavement
parameter data can be directly classified into
suitable linguistic terms of rating. If the membership
functions of linguistic rating terms and weights of
pavement parameters are already determined, the
FWA operation to assess pavement condition can be
carried out.

The Vertex method'® was used to calculate the
FWA operation. A computational algorithm of this
method is based on the a cut representation of fuzzy
sets and the interval analysis.

The fuzzy pavement condition index (FPCI) was
calculated based on the final fuzzy set result of
FWA operation. The index model proposed by
Elton et al.” were modified and used. (See Fig. 1.)

Ar—Ar+1
Frer=A A4 1o @
Where,

A;:  the area enclosed to the left of the
membership function that represents
the final assessment of pavement
condition,

Agr: the area enclosed to the right of the

membership function that represents
the final assessment of pavement
condition.



B Engineers of consulting firms
O Engineers of contractor companies

Table 1 The linguistic rating terms’ range values of cracking

ratio.
Linguistic rating term Range value (%)
Excellent 0.00 — 3.46
Very Good 3.46 - 9.16
Good 9.16 — 17.12
Fair 17.12 - 27.88
Poor >27.88

Number of experts

31-35 36-4

6-10 11-15 16-20 21-25 26-30
Working years

Fig. 2 The distribution of working years of experts

In addition to the value indicated by FPCI, in this
study the final assessment of pavement condition
was also expressed in linguistic term. a-Level (o-
cut) distance'” was used to translate the final fuzzy
set result into appropriate linguistic term.

The a-level distance is defined as follows:

1.0
Z-\/(aa, min —ja, min)z +(aa, max —ja, max)2
a=0

d = 3
N
Where,
di : o-level distance between the output
fuzzy number 4 and the predefined
standard fuzzy number j,
Agmin ©  lower bound of the a-cut interval of the
fuzzy number 4,
Agmax: Upper bound of the a-cut interval of the
fuzzy number 4,
Joamin ©  lower bound of the a-cut interval of
the predefined standard fuzzy number
Js
Jamax ©  upper bound of the a-cut interval of the
predefined standard fuzzy number j,
N Number of the a~cut intervals taken.

The most appropriate translation is the linguistic
term whose fuzzy set has the smallest a-level
distance to the output fuzzy set.

The use of both FPCI and its linguistic term
expression in final assessment of pavement
condition is more sophisticated than the use of a
single index, because the linguistic term can directly
express the condition of pavement.

Table 2 The linguistic rating terms’ range values of rutting

Linguistic rating term Range value (mm)
Excellent 0.00 - 4.49
Very Good 449 — 9.53

Good 9.53 - 16.59
Fair 16.59 — 26.14
Poor >26.14

Table 3 The linguistic rating terms’ range values of
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roughness (0).

Linguistic rating term Range value (mm)
Excellent 0.00 — 0.89
Very Good 0.89 — 1.53

Good 1.53 - 2.21
Fair 2.21- 3.00
Poor >3.00

The effects of omission or inclusion and weight
changes of pavement parameters on pavement
condition can be clearly analyzed using linguistic
term expression.

(2) Membership functions determination

The proposed method to determine membership
functions that represent linguistic rating terms and
weights of pavement parameters, based on Japanese
experts’ opinions about the range values of
linguistic rating terms of pavement parameters, is
presented in this section. Using this method, the
output of pavement condition assessment could
be more accurate than using existing membership
functions, due to its ability to represent experts’
opinions in pavement condition assessment.

The first step of this method is collecting the
experts’ opinions about the range values of
linguistic rating terms of pavement parameters. For
this purpose, a questionnaire survey, written in
Japanese, was widely conducted to Japanese
highway engineering experts who have a sufficient
practical career in pavement condition evaluation.
Fifty-four highway engineering experts, who work
at contractor companies and consulting firms, were
surveyed. Their average working career as highway
engineers was twenty-one years. The distribution of
their working years is shown in Fig. 2.

The average values of experts’ opinions about
linguistic rating terms’ range values of pavement
parameters were used in this study. The linguistic
rating terms’ range values of cracking ratio, rutting
and roughness are shown in Tables 1 - 3,
respectively.



Table 4 Membership fimctions of the fuzzy sets that represent

the linguistic rating terms and weights
Linguistic
rating term Membership function f{x)
and weight
A fix) =5 (x-0.80), 0.80<x<1.00
B fix) = 5 (x-0.60), 0.60 <x <0.80
fix)=1-5(x0.80), 080<x<1.00
C fix)=3.85 (x-0.34), 0.34<x<0.60
fix)=1-5(x-0.60), 0.60<x<0.80
D f(x)=2.94 (x), 0.00<x<0.34
fix)=1-3.85 (x-0.34), 0.34 <x<0.60
E fix)=1-294(x), 000<x<0.34

A: Excellent/Extremely Important; B: Very Good/Very
Important; C: Good / Important; D: Fair/Moderately Important;
E: Poor/ Not Important

Table § The weights of pavement parameters used
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Important; C: Good / Important; D: Fair/ Moderately Important;
E: Poor/Not Important

Fig. 3 Graphical shapes of linguistic terms’ membership

No. Pavement parameter Weight functions determined by proposed method.
1. Cracking ratio Very Important
2. Rutting Extremely Important
3. Roughness (7) Very Important
Table 6 The examples of FPCI calculation
Cracking Rutting Roughness ( o) a — cut distance from Linguistic
No Section ratio FPCI term of
(%) LT (mm) LT (mm) LT A B C D E FPCI
1 5+1800 - 5+1900 0.7 A 4 A 1.48 B 8.99 007 0.13 04F 075 1.02 A
2 74200~ 7+300 41 E 17 D 4.94 E 1.78 098 0.79 051 0.19 0.13 E
.3 37+600 - 37+700 0 A 5 B 3.23 E 6.20 043 023 005 039 067 C
: Very Extremely Very Important
Weight
igh Important Important

LT: Linguistic Term; A: Excellent; B: Very Good; C: Good; D: Fair; E: Poor.

These opinions were then used to determine the
membership functions of linguistic terms used in
the pavement condition assessment. The procedure
is described as follows:

1 Normalize the linguistic rating terms’ range
values of each pavement parameter, ranging
from O for poor to 1 for excellent.

2. The average of the maximum normalized value
of each linguistic rating term of all pavement
parameters is determined as the maximum point
of membership function (membership function
= 1) of each linguistic rating term that used to
assess pavement condition. If linguistic
rating terms’ range values of pavement
parameter are a decrease from maximum value
for excellent to minimum value for poor,
minimum normalized value of each linguistic
rating term is used to substitute for the
maximum normalized value. The average
maximum normalized value of excellent, very
good, good, fair and poor is 1.00, 0.80, 0.60,
0.34 and 0.00, respectively.

3. The membership function shape has usually a
triangle, a m curve, a bell shape or other shapes.
In this study the triangular shape was used.

The final membership functions were used to
characterize the fuzzy sets that represent linguistic
rating terms and weights of pavement parameters.
Their graphic shapes are shown in Fig. 3. The final
membership functions, which were determined
based on their graphic shapes, are defined in Table
4. The reliability of this method will be discussed in
section3.

The weights of pavement parameters were also
asked in the survey. The average values were used,
and these are shown in Table 5. '

(3) Data used

The pavement data from the database of
Hokuriku Region pavement management support -
system were used in this study. The data contained
in this database include pavement condition data,
maintenance history, pavement material types,
traffic, pavement geometric, and road map. 1920
pavement sections data of route 8 in Niigata
Prefecture were retrieved and used. The local
influence in Hokuriku Region is not extreme. In
this study, we assume the local influence is not
significant, and we don’t take into account the local
influence in the FPCI calculation.
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Fig. 4 The final fuzzy set of section No. 1

(4) Example application

To demonstrate the procedure used, the
calculation examples are presented. Three pavement
sections data of route 8 were used, and Table 6
shows the summary of their FPCI calculation. The
calculation procedure is described as follows.
1. Classify the pavement parameters into suitable
linguistic rating terms. The experts’ opinions
about the range values of linguistic rating terms
of pavement parameters, as shown in Tables 1
to 3, are used for this purpose. For section No.
1, cracking ratio is classified as excellent,
rutting is classified as excellent and roughness
is classified as very good. The weights of
pavement parameters, as shown in Table 5, are
used.
Translate the linguistic rating terms and weights
of pavement parameters into fuzzy sets by using
membership functions. The membership
functions, as shown in Fig. 3, are used.
Calculate the fuzzy set representing the
condition of each section by using FWA
operation defined in Equation (1). The Vertex
method'® is used to calculate the FWA
operation. The final fuzzy set of section No. 1 is
shown in Fig. 4.
Calculate FPCI using Equation (2). For section
No.1:
AL = (0.717x1.00) + (0.50%(0.938-0.717)x1.00)
=0.828;
Ag =(0.50%(1.00-0.938)x1.00) = 0.031;
FPCI = (0.828-0.031+1.00) x 10/2 = 8.99.
Translate the final fuzzy set into appropriate
linguistic term. This process involves the
determination of distance between final fuzzy
set and fuzzy sets representing linguistic terms
expression (Fig. 3). The a-level distance'”
defined in Equation (3) is used. The a values of
0, 0.5 and 1.0 are used. As shown in Table 6,
the final fuzzy set of section No. 1 has the
smallest o-distance with fuzzy set representing
excellent. Therefore, the linguistic term
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Fig. 5 Graphical representation of linguistic term’s membership
functions used by Juang et al.? ?

1.00
x
-
g
-1
& € »\ j«— D—>\[€-C
2 0504
L
4
3
£
@
3
0.00
0.00 025 0.50 075 1.00

Normalized Parameter X

A: Excellent/Extremely Important; B: Very Good/Very
Important; C: Good / Important; D: Fair /Moderately Important;
E: Poor/Not Important

term’s

Fig. 6 Graphical representation of linguistic

membership functions used by Juang et al.®

expression of pavement condition of this section is
classified as excellent.

3. ANALYSIS ON THE RESULTS
OF PAVEMENT CONDITION
ASSESSMENT

(1) Reliability of proposed method
To evaluate the reliability of the proposed

.method, the linguistic term expressions of pavement
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condition assessment results determined using
proposed membership functions were compared
with the results determined wusing existing
membership functions. Existing linear membership
functions used by Juang et.al.” ” and non-linear n-
curve membership functions used by Juang et
al.®, as shown in Figs. 5 and 6, were selected.
The pavement parameters used were cracking ratio,
rutting and roughness.



Table 7 The differences in pavement condition assessment

results.
e The pavement condition assessment
Embszrsni results that are not in the same
INO. ﬁgem {‘;_ linguistic term expression with the
ctions (MF) results determined using MF of
proposed method.
Number of (%0)
sections
1 Linear MF 27 307 307/19207 x100%
=15.99 %
2 Non linear MF® 307 15.99 %

71920 is the number of pavement sections that were evaluated

Table 7 summarizes the number of pavement
condition assessment results determined using
selected existing membership functions that are not
in the same linguistic expression with the results
determined using membership functions of
proposed method.

From Table 7, it can be seen that there are
significant  differences between the results
of pavement condition assessment determined using
both selected existing membership functions and the
results determined using membership  functions
of the proposed method. From the evaluation
results of 1920 pavement sections, there are 307
pavement sections with different pavement
condition assessment in both cases. This indicates
that the use of the inappropriate membership
functions could lead to the wrong assessment of
pavement condition networks.

Table 8 summarizes the combination of
pavement parameter data that have different
pavement condition assessment results. In a
combination, the pavement parameter data have the
same linguistic rating term of cracking ratio, rutting
and roughness. The pavement condition assessment
results determined using selected existing
membership function and proposed membership
functions were analyzed by comparing the linguistic
term expression of the results and using the pairwise

comparison method (PCM)'?.  The membership

functions being more accurate and appropriate to

assess pavement condition were considered as the

best membership functions.

The results of linguistic term expression
comparison of final pavement condition assessment
results indicate that the use of membership
functions of the proposed method can give more
reasonable and appropriate pavement condition
assessment results rather than using selected
existing membership functions. The followings can
be seen from Table 8:

e Pavement sections in combination No 1 that
have excellent condition of cracking ratio, poor
condition of rutting and fair condition of
roughness, are better or more reasonable to be
classified as fair rather than good because the
pavement that have poor condition of rutting
and fair condition of roughness can not be
classified as good. The similar indications are
found from pavement sections in combination
No. 2 and 3.

e Pavement sections in combination No 4 that
have excellent condition of cracking ratio,
excellent condition of rutting and poor
condition of roughness are better to be
classified as good rather than very good because
pavement has poor condition in roughness. The
similar indications are found from pavement
sections in combination No. 5.

e Pavement sections in combination No 6 that
have excellent condition of cracking ratio, good
condition of rutting and good condition of
roughness are better to be classified as good
rather than very good because although the
pavement sections have only a little amount of
cracking, these sections have only good
condition of rutting and roughness.

The pairwise comparison method'® was done by
comparing the result of existing MF with the result
of proposed MF at a time for their accuracy to
represent the pavement condition with respect to a
particular combination. If linguistic term of

Table 8 The combination of pavement parameter data that have different pavement condition assessment result.

Pavement Condition Assessment PCM Results
Number  Cracking ratio Rutting Roughness (o) Using Using Using MF .
Com. of (%) (mm) (mm) linear nonfinear of E’“i}g‘% Pro-
No. section MF 27 MF® proposed MF m$d
in Com. method
Data Data Data
range LT  range LT range LT FPCI LT FPCI LT FPCI LT
1 6 0 - 34 E 29-40 P 2.25- 3.0 F 38 G 38 G 425 F 0.0 1.0
2 72 0-34 E 17-26 F 3.06-562 P 404 G 402 G 442 F 0.0 1.0
3 9 173-276 F 7-9 V 322-737 P 391. G 381 G 426 F 0.0 1.0
4 38 0 -34 E 2 -4 E 301-764 P 667 V 682 V 676 G 0.0 1.0
5 105 0 - 34 E S5 -9 V 224-298 F 648 V 663 V 68 G 0.5 0.5
6 717 0 —-33 E 10-16 G 154-221 G 630 V_ 641 V__695 G 0.0 1.0
Com.: Combination; LT: Linguistic Terms; E: Excellent ; VG: Very Good; G: Good; F: Fair; P: Poor; MF: Membership Functions,

PCM: Pairwise Comparison Method.
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Fig. 7 The effects of omission or inclusion of pavement

parameter on pavement condition assessment.

pavement condition is judged to be more accurate
than the other, a score 1.0 is assigned to the accurate

one, while a score of 0.0 is assigned to the other one.

If there is no obvious choice both entries are
assigned a score of 0.5. The pairwise comparison
method results are shown in Table 8. In general,
the results also indicate that the use of membership
functions of the proposed method can give more
reasonable and appropriate pavement condition
assessment results rather than using selected
existing membership functions

The results indicate that the use of existing
membership functions can cause the wrong
assessment of the pavement section condition. This
may lead to the miss interpretation of pavement
section maintenance needs.

There is no difference between the results of
pavement condition assessment using existing linear
membership functions and non-linear 7 curve
membership functions. Both membership functions
have the same range values. If we compare them
with the range values of membership functions of
the proposed method, it seems that the range values
of membership functions have greater effect on the
results of pavement condition assessment rather
than their shape.

(2) The effects of the inclusion or omission of
pavement parameters

To investigate the effects of inclusion or
omission of pavement parameters on pavement
condition assessment, the linguistic term
expressions of pavement condition assessment
results determined using cracking ratio, rutting and
roughness were compared with the results after
omission of cracking ratio, rutting or roughness
respectively.  Fig. 7 shows the differences in
pavement condition assessment results after
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omission of cracking ratio, rutting or roughness,
respectively.

From Fig. 7, it can be seen that the omission of
roughness has more effect on pavement condition
assessment than the omission of cracking ratio or
rutting. The omission of roughness, rutting and
cracking ratio respectively caused 56.67 %, 33.96 %,
and 24.53 % differences in pavement condition
assessment results.

Clearly, the results indicate that omission or
inclusion of pavement parameters in pavement
condition assessment using fuzzy weighted
operation can cause the differences in pavement
condition assessment results. This finding is not
consistent with the statement by Shoukry et al.”
who mentioned in determination of pavement
condition, flexibility to allow the inclusion or
omission of pavement parameter can be achieved
through the application of fuzzy set theory. It
could be happen because linguistic term expression
of final pavement condition assessment, which
can clearly indicate the effects of inclusion or
omission of pavement parameters rather than use an
index, was used in this study.

Pavement condition assessment results are the
basic information that used in the network level
priority analysis of PMS. The different results of
pavement condition assessment can lead to the
different results of network level priority analysis.
The Dbest assessment of pavement condition
using fuzzy weighted average operation could be
achieved by using all important parameters that
influence pavement condition®. However, in order
to get the results that can be applied universally,
using the same pavement parameters in pavement
condition assessment is recommended.

(3) The effects of weight changes of pavement
parameters

To investigate the effects of weight changes of
pavement parameters on pavement condition
assessment, linguistic term expressions of pavement
condition assessment results determined using
initial weight of pavement parameters, as shown in
Table S, were compared with the results determined
using combinations of weight after 1 level weight
change of 1,2and3 pavement parameters. The
combination of weight changes is shown in Table 9.
Fig. 8 shows the differences in pavement condition
assessment results after weight changes of
pavement parameter. Table 10 shows the average
value of these differences.

The differences in pavement condition
assessment results, as shown in Fig. 8, vary
significantly depending on the combination of
weight used. The average value of the differences in



Table 9 The weight combination after 1 level weight change

Number of Pavement parameter weight
‘Z‘:ﬁh . pmei:,er Cracking ~ Rutting ~ Roughness
) weight ratio
change

Initial
Weight VI EI VI
Com. 1 EI* EI VI
Com. 2 * EI VI
Com. 3 1 VI VI* VI
Com. 4 VI EI EI*
Com. 5 VI EI I*
Com. 6 ¥ VI* VI
Com. 7 EI* VI* VI
Com. 8 It EI e
Com. 9 EI* EI *
Com. 10 2 I* EI EI*
Com. 11 EI* EI EI*
Com. 12 VI vI* I*
Com. 13 VI VI* EI*
Com. 14 | VI* I*
Com. 15 3 EI* VI* EI*
Com. 16 EI* Vit I*
Com. 17 I* VI* EI*

* One level weight change; Com: combination; EI: Extremely
Important; VI: Very Important; I: Important.

Table 10 The average value of the differences in pavement
condition assessment results.

Number of  Number . .
The differences in pavement
parameter of diti Its (%
usediin weight condition assessment results (%)
weight combi- ~Ave- Std Min Max
change nations rage Dev
1 5 7.80 8.26 0 17.81
2 8 9.27 679 021 17.66
3 4 9.52 .71 1.09 1979

pavement condition assessment results increased
with increasing the number of pavement parameter
used in weight change, but the increment were not
significant.

The results indicate that the weight changes of
pavement parameters can cause the differences in
pavement condition assessment results. In pavement
condition assessment, however, the weight of
pavement parameter can be changed according to
maintenance policies of any highway agencies.

(4) The sensitivity of the linguistic rating terms’
range values of pavement parameters

To investigate the sensitivity of the linguistic
rating term’s range values of pavement parameter
on pavement condition assessment, sensitivity
analysis was done by comparing the results of
pavement condition assessment  determined
using initial linguistic rating terms’ range values, as
shown in Tables 1 — 3, with the results determined
after gradually increasing and decreasing the
linguistic rating terms’ range values of roughness,
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Fig. 8 The effects of the weight changes on pavement condition
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terms’ range values of pavement parameter on
pavement condition assessment results.

rutting or cracking ratio, respectively. Figs. 9 and
10 respectively show the differences in pavement
condition assessment results after increasing and
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decreasing the linguistic rating terms’ range values
of pavement parameter.

The results indicate that the change of the
linguistic rating terms’ range values of roughness
gave more effect on  pavement condition
assessment results than the change of the linguistic
rating terms’ range values of rutting or cracking
ratio. 10 % increment of the linguistic rating terms’
range values of roughness caused 8.65 %
differences in the pavement condition assessment
results, and the same increment of the
linguistic rating terms’ range values of rutting and
cracking ratio caused only 3.75 % and 125 %
differences in the results, respectively.” 10 %
decrement of the linguistic rating terms’ range
values of roughness, rutting and cracking ratio
respectively caused 9.06 %, 6.82 % and 1.04 %
differences in pavement condition assessment
results. The cracking ratio has low sensitivity to the
change of its linguistic rating terms’ range values.

From Figs. 9 and 10, it can be seen that the curves
of the differences in pavement condition assessment
results, caused by increment or decrement of
linguistic rating terms’ range values of rutting
between interval 5% and 10 %, are not smooth. It
happened because in this interval increment or
decrement of linguistic rating terms’ range values of
rutting gave no or a little effect in the changing of
linguistic rating terms of rufting data.

4. THE COMPARISON OF FUZZY
PAVEMENT CONDITION INDEX (FPCI)
AND MC1

To investigate the correlation between FPCI and
MCI, a comparison analysis was carried out.  The

Table 11 The findings that are revealed from FPCI and MCI
comparison.

Finding Location

Number
of
section

of data in
Fig 11
(Box no.)

%

No Condition

Pavement sections are
classified as excellent in
FPCI model but have MCI
value less than 8.
Pavement sections are
classified as good in FPCI
model but have MCI
value greater than 8.
Pavement sections are
classified as very good in
FPCI mode! but have MCI
value less than 6.
Pavement sections are
classified as good in FPCI
model but have MCI
value less than 4.

The results of FPCI model
are in agreement with the
results of MCI model.

42 2.19 22

40 2.08 11

44 2.29 18

0.49 14

4’ 8’ 9’
12,13,
16,17,21

1785 9297

Total 1920 100

comparison was obtained by floating FPCI versus
MCI as shown in Fig. 11. FPCI values are
classified from excellent to poor, and MCI values
are classified from A to E according to Handbook
of Pavement Testing Method, 1988'>. Examination
of all data points reveals several findings. These are
summarized in Table 11.

As shown in Table 11, the results of FPCI model,
which are not in agreement with the results of MCI
model, are found in finding No. 1 to 4. There are
135 pavement sections found in these findings. To
determine which index gives more reliable results,
pavement parameter data and their pavement
condition assessment results determined using FPCI
model and MCI model were analyzed. The
pavement parameter data and their pavement
condition assessment results are summarized in
Table 12.

The results indicate that MCI values for the
pavement sections in findings No. 1, 2 and 3 do not
reflect their true condition. The followings can be
seen from Table 12:

o In case No. 2 of finding No. 1, pavement sections
are classified as excellent by FPCI model
because they have excellent condition of
cracking ratio, excellent condition of rutting and
very good condition of roughness, but in MCI
model these sections are represented by low
index values between 6.63 and 7.99. The similar
facts are found in cases No. 1, 3 and 4 of finding
No.1.

In case No. 1 of finding No. 2, pavement
sections are classified as good by FPCI model




Table 12 The pavement parameter data and their pavement condition assessment results

The example of pavement section that represents the finding Total
ﬁ;ding Ca  Cracking ratio Rutting Roughness ( o) FPCI . :amzf MCI \mnfber
0. se ry MC inthe o

No (%) LT (mm) LT (mm) LT LT section "ang;sg section
1 1.40 E 4 E 0.88 E 9.50 E 7.14 1 7.14
1 2 3.20 E 4 E 1.40 VG 8.99 E 6.63 37 6.63 -7.99 42
3 0.90 E 6 VG 0.48 E 8.90 E 7.14 3 6.16 -7.89
4 4.30 VG 4 E 0.87 E 8.99 E 6.49 1 6.49
1 0 E 3 E 5.62 P 676 G 8.71 14 8.53 -8.93
2 2 0 E 5 VG 2.39 F 68 G 8.33 14 8.11 -8.33 40
3 0 E 6 VG 3.08 P 620 G 8.11 12 8.11-8.33
1 3.40 E 9 VG 1.64 G 775 VG 599 1 5.99
2 3.40 E 10 G 0.85 E 808 VG 596 1 5.96
3 2.30 E 15 G 1.37 VG 763 VG 5.67 3 5.63 -5.73
4 8.60 VG 3 E 1.72 G 78 VG 5.5 1 5.75
5 8.40 VG 4 E 2.79 F 7 VG 578 1 5.78
3 6 170 VG 6 VG 1.33 VG 80 VG 576 7 5.51 -5.98 44
7 8.80 VG 7 VG 2.21 G 731 VG 548 21 5.34-5.95
8 8.70 VG 14 G 1.46 VG 7.18 VG 482 5 4.82-5.72
9 9.40 G 4 E 1.19 VG 78 VG 563 1 5.63
10 1470 G 4 E 1.94 G 7.18 VG 5.01 1 5.01
11 10.90 G 5 VG 1.42 VG 731 VG 543 2 5.00 -5.43
1 1.40 E 33 P 2.09 G 510 G 3.76 1 3.76
2 2750 F 8 VG 2.03 G 580 G 3.97 1 3.97
4 3 24.10 F 15 G 1.92 G 499 G 3.69 3 3.69-3.92 9
4 13.70 G 19 F 2.03 G 4.83 G 3.94 1 3.94
5 42.10 P 9 VG 1.73 G 510 G 3.15 3 3.15-3.95
1 0 E 3 E 1.45 vG 8.99 E 8.83 8.00-9.03
2 0 E 4 E 1.61 G 831 VG 857 6.68 - 9.02
3 0.50 E 4 E 2.26 F 745 VG 748 6.56 —8.82
4 0.90 E 5 VG 1.48 VG 844 VG 7.16 6.14-8.33
5 2.60 E 11 G 1.99 G 6.95 G 5.94 542-1729
6 2.40 E 12 G 2.74 F 610 G 5.85 527-1729
5 7 0.30 E 19 F 2.49 F 5.12 G 5.76 4.62 - 6.08 1785
8 0.70 E 4 E 5.19 P 676 G 7.25 6.51-7.97
9 12.40 G 12 G 4.99 P 4.30 F 4.55 3.91-4.95
10 11.60 G 19 F 2.40 F 4.01 F 4.07 3.54-441
11 2470 F 17 F 3.63 P 251 © F 3.41 2.89-3.70
12 29.50 P 12 G 422 P 2.75 F 3.64 2.37-3.64
13 0.10 E 21 F 3.50 P 4.42 F 5.45 4.54-5.92
14 41 P 17 F 4.94 P 1.78 P 2.74 2.74

LT : Linguistic Term; E : Excellent ; VG : Very Good; G : Good; F: Fair; P : Poor.

but they are represented by high index value
between 8.53 and 8.93 in MCI model. These
sections are classified as good, because even
they have excellent condition of cracking ratio
and rutting, they have poor condition of
roughness. The similar facts are found in cases 2
and 3 of finding No. 2.
¢ In case No. 6 of finding No. 3, pavement sections
are classified as very good by FPCI model
because they have very good condition of
cracking ratio, rutting and roughness, but in MCI
model these sections are represented by low
index value between 5.51 and 5.98. The similar
facts are found in other cases of finding No. 3.
The above facts could be happen because MCI
model was developed by specific pavement
database. It is possible that this model fail to give
appropriate pavement condition assessment in some
sections in other pavement database.
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In finding No. 4, the FPCI model gave the
appropriate pavement condition assessment in cases
No. 2, 3, and 4 because the good conditions of
pavement sections are represented by low index
value in MCI model. MCI model gave the
appropriate pavement condition assessment in cases
No. 1 and 5. In these cases, the pavement sections
that have poor condition of rutting or cracking ratio
are represented by low index value in MCI model,
but they are classified as good in FPCI model.

In finding No. 5, it was found that the results of
FPCI model are in agreement with the results of
MCI model. There are totally 93 cases in this
finding, and 14 cases that represent all the facts
found are presented in Table 12.

In general, the results indicate that FPCI model
results are in agreement with the results of MCI
model. In some sections, however, FPCI model
gave more appropriate pavement condition



assessment comparing with MCI model. The FPCI
model gave the appropriate pavement condition
assessment in 99.8 % of pavement sections, and
MCI model gave the appropriate pavement
condition assessment in 932 % of pavement
sections.

5. CONCLUSIONS

A method to determine membership functions of
linguistic terms used in pavement condition
assessment based on expert’s opinion data were
proposed and evaluated. The effects of inclusion or
omission, weight changes and linguistic rating
terms’ range values changes of pavement
parameters on pavement condition assessment using
fuzzy weighted operation were analyzed. Pavement
condition assessment results using the membership
functions of proposed methods were compared with
the results of MCI model. The major findings and
the recommendations to get the better results of
pavement condition assessment are summarized as
follows:

e The membership functions of the proposed
method can provide more reliable results in
pavement condition assessment. The better
results can be found because the proposed
method can accommodate the experts’ opinions
about the linguistic rating terms’ range values of
pavement parameters that used to assess
pavement condition.

Inclusion or omission of pavement parameter can
cause the significant differences in pavement
condition assessment results. In order to get
pavement condition assessment results that can
be applied universally, we should use the same
pavement parameters.

The weight changes of pavement parameters also
can lead to the different results in pavement
condition assessment. In order to get pavement
condition assessment results that can be applied
universally, we should use the same pavement
parameters weight for specified condition of
pavement or policies of highway agency.

The differences of the linguistic rating terms’
range values of pavement parameter can also
cause the changes in pavement condition
assessment results. In order to get the best
results of pavement condition assessment, these
values must be determined based on the
information collected from the experts of
pavement condition evaluation.

The FPCI model seems to be able to give better
results in pavement condition assessment
compare with existing MCI model.
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