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Asphalt Pavement Evaluation Using

Fuzzy Sets

D. J. ELroNn anp C. H. Juanc

A new method of asphalt pavement evaluation using fuzzy sets
is proposed. The purpose is to provide a simple, consistent,
cost-effective procedure for pavement evaluation, Consistent
pavement evaluation is needed for adequate pavement main-
tenance. The large turnover pending in the pavement engi-
neering field over the next five years will leave many pavement
agencies without adequate expertise to evaluate their pavement
systems. A computer program, Fuzzy Evaluation of Asphalt
Pavement Systems (FEAPS), is presented to facilitate the method.,
The program uses the fuzzy weighted average eperation to
combine distress ratings for five different types of pavement
tlistress (roughness, alligator cracks, transverse cracks, lon-
gitudinal eracks, rutting). A fuzzy set representing the pave-
ment condition is produced. This final fuzzy set can be trans-
lated to a natural langnage descriptor. A new function for
comparing the final fuzzy sets is described, allowing ranking
of the pavements. With FEAPS, the user can change the pave-
ment weights reflecting the local expert opinions to allow for
differences of interpretation of local pavement distress types.

Asphalt pavement maintenance is a very important issue fac-
ing the state and local highway engineer today (1, 2}, Proper
maintenance requires proper pavement evaluation., Unfor-
tunately, the wide variety of pavement types, leading con-
ditions, and soil types makes pavement evaluation a complex
task. Current effective pavement evaluation methods require
the services of a highly trained and experienced expert, which
entails significant costs in time and money. The methods pro-
posed by Shahin and Kohn {3) and the U.S. Department of
Transportation (4) are examples which, while effective, are
also time-consuming, expensive, and often unsuitable for many
agencies responsible for pavement maintenance and repair.
This paper proposes a new evaluation procedure that reduces
the need for an expert to perform the pavement evaluwation,
The procedure uses the experience of past experts and fuzzy
arithmetic. Fuzzy sets, introduced by Zadeh (), fuzzy arith-
metic, and fuzzy logic have been applied to many areas of
enginecring problems where the inputs are vague or ill-defined
(6-9). A recent National Science Foundation workshop at
Purdue University examined areas in civil engineering where
fuzzy sets could be applied and included pavement evaluation
as one of those areas (0).

Many large highway structures in the U.S. are reaching the
end of their design lives and thus are requiring more main-
tenance. The problem is exacerbated by the anticipated retire-
ment in the near future of large numbers of experienced pave-
ment engineers and experts (/0-12}. Many of these engineers
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were hired by highway departments at the start of the National
System of Interstate and Defense Highways, which was cre-
ated by the Federal-Aid Highway Act of 1956, Because the
interstate system has grown slowly, hiring and turnover rates
have been low. Consequently, few new pavement cngineers
have been available to become expert at pavement evaluation,
The low turnover in these positions has led to low job demand,
and many universities have removed pavement engineering
from their curricula. Finally, the dropping enrollments in civil
engineering curricula at universitics have reduced the supply
of potential pavement engineers (/3). These factors accen-
tuate the need for a consistent and simple pavement evalu-
ation procedure that reduces the need for an expert. The
procedure proposed here does not require an expert.

Pavement evaluation schemes are very local in character
and can vary even from county to county. Only local knowl-
edge of the relative importance of such factors as soil type,
weather, asphalt types, significance of distress types, and sea-
sonal variations and magnitudes of pavement loadings is use-
ful at a given location. Therefore, pavement evaluation pro-
cedures must be tailored to every locale.

The combination of these factors has created an impending
crisis in pavement engineering. In order to avert the crisis, a
methed of preserving the knowledge of pavement evaluation
experts must be found and impiemented.

A procedure employing fuzzy logic can be a great aid in
solving this problem. The procedure presented hercin can
capture local knowledge about the importance of various forms
of pavement distress in the form of weights for distress types.
This knowledge is stored in a computer program and can be
recailed. Each type of pavement distress is rated for severity,
which is represented as a fuzzy set and then combined with
the severity of other distress types, using fuzzy arithmetic to
produce the pavement rating. The procedure for capturing
knowledge and manipulating it is explained below.

METHODOLOGY
Use of Fuzzy Sets

Fuzzy set theory can account for the uncertainty associated
with the evaluation of engineering parameters. There is con-
siderable uncertainty in pavement evaluation, as is evidenced
by the unclear terms used to describe pavement condition.
For example, such general terms as “real bad,” “poor,” “good,”
and “excellent” are often used, and a range of pavement
conditions is associated with each descriptor. Fuzzy sets describe
that range well.



In conventional mathematics, a single numerical rating might
be assigned to each descriptive term. This number might rep-
resent the mean value, for example, when in reality some
range of values might all be classified with that same number.
Fuzzy sets can be used to describe this uncertainty. Rather
than assigning a single pumber to represent the pavement
rating, a fuzzy set is used. This is a set of numbers that describe
the “degree of belonging™ or “support” (14) to each level of
rating to which the particular pavement belongs. In this study,
a computer progeam performs fuzzy operations on the lin-
guistic assessments of the pavement condition to produce the
pavement rating.

Pavement Evaluation

Five forms of visual distress of asphalt pavements were selected
for this study: rutting, longitudinal cracks, transverse cracks,
alligator cracks, and roughness. All are indicators of structural
distress. Although safety conditions are also important in eval-
uating pavements and could be included in the procedure
proposed herein, they were not included, for the sake of
brevity and clarity. A more complete list of pavement distress
is given by the Asphalt Institute (15) and Turner et al. (16).

The various forms of distress were weighted to reflect their
relative importance, and the weights were determined through
the collection of expert knowledge. Several experienced experts
in asphalt pavement analysis were interviewed for this study,
in order to ascertain the importance of particular cistress
types. The experts used natural language terms, such as “‘not
important” or “very important,” which reflected the fuzziness
associated with pavement evaluation. Each distress type was
given a weight, shown in table 1, that reflects the experience
of the local experts and was incorporated in the Fuzzy Eval-
uation of Asphalt Pavement Systems {FEAPS) program.
However, the user can easily change the weights to accom-
modate his or her own experience. The weights reflect the
differing importance of the same distress in different locales.
For example, where the soils are very susceptibie to pumping,
small cracks in the pavement assume more significance. Sim-
ilarly, where the soils are very susceptible to the formation
of ice lenses, cracks allowing infiltration might have more
significance than in soils where ice lenses do not form. This
feature of the procedure aliows for important local variations
in soil types, weather, asphalt types, significance of distress
types, and seasonal variations and magnitudes of pavement
loadings to be incorporated in the methodology. Such flexi-
bility makes FEAPS very versatile.

It is important to note that the results obtained are a direct

TABLE 1 WEIGHT SCALE FOR PAVEMENT

DISTRESS
Distress Weight
Rutting important

Longitudinal cracks moderately important

Transverse cracks not important
Altigator cracks extremely important

Roughness very impertant
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function of the experts chosen to assign weights, While agree-
ment in the selection of experts is not likely to be unanimous,
some measure of expertise can be applied to aid in the selec-
tion of experts. Unfortunately, the profession still awzits a
perfect method to select and evaluate experts.

The pavement rating is assigned based on visual criteria
established by the agency conducting the survey. A trained
individual is required to identify the kind and degree of dis-
tress. The training for this task can be done in a short period
of time, wherens the training to understand the significance
of distress may take years and is expert knowledge. The com-
puter program described herein provides the pavement eval-
uation, a much more difficult task than distress evajuation.

Once the linguistic ratings are obtained, they are entered
into the computer program. The ratings are represented inter-
nally by fuzzy sects. The overall rating of the pavement is
determined from the fuzzy weighted average described below
and defined in equation 1 by Schmucker (/7) as

SR+ W,

R=—5w

(1)
where

R = the fuzzy set that represents the overall rating of the
pavement,

R; = the fuzzy set that represents the linguistic rating of &
particular distress i, and

W, = the fuzzy set that represents the weight (or refative
importance) of a particular distress i, as compared to
other distress.

The five major distress types have varying importance. The
weight of cach type is shown in table 1. The fuzzy sets rep-
resenting each weight are given in table 2. Note that the weight
indicates the relative importance of one distress type com-
pared to the others. The weight is not an absolute scale. Thus,
the table does not, for example, imply that transverse cracks
are absolutely “not important.”

The shape of the membership functions shown in figure 1
(as indicated by the fuzzy set) has been shown to have little
effect on the fuzzy weighted average operation used in this
study (/8). Figure 1 shows that the relative importance of
each distress ranges from 1 to 9, with 9 representing the domain
element of greatest importance. “Support” values, which
express membership, range from 0.0 to 1.0. Thus, for exam-
ple, in table 2 the weight “not important™ is fully supported
(1.0) at domain element 1 and also partially supported (0.5)
at domain efement 2. No support (0.0) is indicated at domain
elements 3 and above, indicating that there is no high level
importance associated with the rating “not important.”

TABLE 2 WEIGHTS USED TO EVALUATE PAVEMENT
DISTRESS

Height Symbol Fuzzy Set Representation
net important A {1.0/1, 0.8/2, 0/3}

moderately important B {6/1, 0.5/2, 1.G/3, 0.5/4, 0/5}

important C {0/3, 0.5/4, 1.0/5, 0.5/6, 0/7}
very important D {0/5, 0.5/6, 1.0/7, 0.5/8, 0/9}

extremely important E {0/7, 0.5/8, 1.0/9}
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FIGURE 1 (a) Model of the distress index. (b)
Comparison of fuzzy sets for the distress index
calculation,

As mentioned above, the rating of the evaluated pavement
was expressed in linguistic terms. Because rating of the pave-
ment by individuals is very subjective, use of linguistic terms
appears to be more natural and appropriate than use of single
numeric values. Consequently, fuzzy set representations of
these linguistic ratings have been used in the proposed eval-
uation procedure. Table 3 gives the fuzzy sets corresponding
to the linguistic rating grades used in this study. The domain
clements for these rating grades range from § to 9, with 9
representing the domain element of greatest severity. As before,
“support” values, which express membership, range from 0.0
to 1.0. Thus, for example, in table 3, the rating “stight” is
uasupported (0.0) at domain element 1, partially supported
{0.5) at domain element 2, fully supported (1.0) at domain
element 3, partially supported (0.5) at domain element 4, and
unsupported (0.0} at domain element 5. No support (0.0) is
indicated at domain elements S and above, indicating that
there is no high level severity assoctated with the rating “slight.”

Tables 1, 2, and 3 represent the opinion of the experts used
in this study, Other fuzzy sets could be used in the computer
program to describe the pavement rating and weights, as
desired. Once these opinions are in place, and the pavements

TABLE 3 RATING SCALE: QUALITATIVE RATING OF
THE DISTRESS

Rating Grade Symbol Fuzzy Set Representation

none A {1.0/1, 0.5/2, 0/3}

slight B {0/1, 0.5/2, 1.0/3, 0.5/4, 0/5}
significant C {o/3, 0.5/4, 1.0/5, 0.5/6, 0/7}
severe D {0/5, 0.5/6, 1.0/7, 0.5/8, 0/9}

extremely severe £ {9/7, 0.5/8, 1.0/9}

ratings have been obtained, equation 1 can be used to cal-
culate the final fuzzy set which represents the overafl pave-
ment rating.

Several pavements can be rated with this method, and their
finat results compared, resulting in & ranking of pavements
for use in maintenance strategies. This comparison is a rationa
way to establish the repair priority of each pavement, based
on structural evaluation of the pavement. The comparison is
facilitated by the establishment of a distress index, explained
below.

DISTRESS INDEX FOR COMPARISON OF
PAVEMENTS

Pavements can be compared using a ranking index based on
the fuzzy sets representing the pavement condition. This index
is a quantitative measure of pavement distress. The ranking
index, here called the distress index (1), can also be used
as an absolute measure of the pavement condition, based on
local criteria.

The proposed distress index is based on a model proposed
by Juang and Kalidindi {{/9}. Referring to Figure 1a, the dis-
tress index is

DI = A{.. - AR + C 2
- 20 ( )

where

DI = distress index,
Ap = atea to the right of the membership function which
characterized the finai fuzzy set,
A, = area to the left of the membership function which
characterized the final fuzzy set, and
C = a constant, equal to the area enciosed by the
universe,

The distress index value ranges from 0.0 to 1.0. A low index
indicates better pavement condition, while a high index indi-
cates worse condition. For example, pavements with overall
ratings represented by fuzzy sets E and J, given in figure [b,
are readily compared as follows:

E = {03, 0.5/4, 1.0/5, 0.5/6, 0/7}

For E,

3-3+8
2(8)

J o= {05, 1.0/, 0.5/7, /8}

DI = = ()50

Thus, the pavement represented by fuzzy set J is in worse
condition than the pavement represented by fuzzy set E,

The distress index can be translated back into the natural
language rating, if desired, by assigning natural language
descriptions to “standard” fuzzy sets represeating different
pavement conditions. The DI for each of these fuzzy sets is
calculated, and the D/ of the pavement under consideration
is compared to the DI of the standard. Tabie 4 gives standard
fuzzy sets that might be assigned the natural language descrip-
tions shown there,
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TABLE 4 NATURAL LANGUAGE TRANSLATION OF THE

DISTRESS INDEX (DI)

Final Evaluation Fuzzy set DI
Descriptor
no distress = {1.0/1, 0.5/2, 0/3} 0.06

moderate distress = {0/1, G.5/2,

H

distress

severe distress

total distress

FUZZY WEIGHTED AVERAGE

The fuzzy weighted average (FWA) operation is defined in
equation 1. The summation, multiplication, and division in
equation 1 are fuzzy arithmetic operations and are defined
by Schmucker (17) as follows:

First, let
X=u@) | i;l=i=n}
Y=00) | Jil=j=n

where i, j and » are integers, and x{i) and y({} are membership
functions that characterize fuzzy sets X and ¥ respectively,
Then, fuzzy addition is defined as

X+ Yo dmin (@), (D] 1 G+ )

154 j=n) (3

The fuzzy summation is simply fuzzy addition repeated. Fuzzy
multiplication is defined as

X+ Vo= {min [x(0), y(N] | (E*))s

Lastly, fuzzy division is defined as
XY = {min [x()), y()] | (@D:1=ij=n (3

The implementation of fuzzy addition and multiplication is
straightforward; fuzzy division, however, is less s0. For many
applications, the Clements algorithm may be sufficicnt to solve
this problem. Mullarkey and Fenves (20} consider this algo-
rithm to be the best for fuzzy division.

The Clements algorithm involves two assumptions: {1} any
division (£/f) not resuiting in an integer is deleted, and (2)
any division resulting in a quoticnt greater than r is discarded.

Another concern in the implementation of equation 1 is
whether the fuzzy “‘normalization” should be conducted after
each fuzzy operation {addition, multiplication, or division).
Eatlier studies ({7, 20) have indicated that more reasonable
results can be obtained with normalization than without nor-
malization. Fuzzy normalization is defined by Schmucker (/7)
as follows. Let

Z = NOR [X]
then

Z = {201 = i=n) {6)

{6/3, 0.5/4,
{6/5, 0.5/6,
{a/7, 0.5/8,

1.0/3, 0.5/4, 0/5}  0.25
1.0/5, 0.5/6, 0/7}  0.50
1.6/7, 0.5/8, 0/93  ©.75

1.0/93 0.94
where
z(f) = x(iYmax [x(i), | =i = n] (N

Fuzzy normalization was used in this study,

COMPUTER PROGRAM

Created to perform the pavement evaluation, the FEAPS
program was written in FORTRAN 77 and, using the
WATFORTY7 compiler (21), runs on IBM PC and IBM-com-
patible microcomputers,

The simplified flowchart for the program is shown in fig-
ure 2. The first part of the program accepts information from
the user. The program then allows the user to tailor the eval-
uation by assigning linguistic weights to the five different dis-
tress types, based on his or her experience. The user can also

Information Acquisition

Through User Interface

|

internal Fuzzy Se! Representation

of Collacied Informalion

FWA OQperation

Compuiation of Distress index

§
FEAPS Recommendallon

FIGURE 2  General flowchart for FEAPS.
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TABLE 5 CASE STUDY 1: FOUR PAVEMENT RATINGS

Distress

Rutting 8
Longitudinal cracks C
Transverse ¢racks b
Alligator cracks 8

Roughness B

Bistress Index

Pavement
3 [
¢ D
C c
B c
E 3
C 0

0.32 9.43 0.60 0.74

& NOTE: pavement ratings made accerding to the following scale -

- none
- slight

- significant

- severe

- extremely severe

Mmoo

select default weights embodied in the program, whick arc
expressed in linguistic terms (or phrases) for ease of use.
Similarly, the rating of any pavement evaluated according to
cach of the distress criteria is expressed in linguistic terms.

The second part of the program translates the input lin-
guistic expressions into fuzzy sets. Once the required data are
input and translated into fuzzy sets, the FWA operation is
performed. The result is a final {wzzy set that represcnts the
pavement rating.

Finally, the distress index of the final fuzzy set is calenlated,
and this process is repeated for cach pavement evaluated. The
pavement with the lowest DI is in the best condition.

CASE STUDIES

The procedure explained above was evaluated by selecting
and rating four pavements. The default weights shown in table
1 and the rating scale shown in table 3 were used.

Case 1

Four pavements are shown in table 5: each exhibited a dif-
ferent combination of distress. Pavements with different degrees
of distress were chosen to show how the proposed procedure
could be used to differentiate among them. Pavement 1 ratings
intuitively indicate good condition. In particular, the small
amount of alligator cracks indicates good condition. Visual
inspection of the ratings for pavements 2, 3, and 4 indicates
that the condition of these pavements decreases with increas-
ing pavement number.

Evaluation using FIEAPS was performed. The D/ for each
is shown in table 5. As expected, pavement 1 is in the bese
condition (lowest D), while pavement 4 is in the worst con-
dition (highest D). Pavements 2 and 3 are arranged in order
of decreasing condition.

Case 2

Four more pavements are shown in tabie 6, cach again exhib-
iting a different combination of distress. Intuitively, pavement

8 is in better condition than pavement 5, the only ditference
between the two being the lower rating given for alligator
cracks for pavement 5. Pavement 6 is i worse condition than
pavement 5, since all the ratings for pavement 6 are less than
or equal to the rating for pavement 3, except for the alligator
cracks. Although pavement 6 has a better rating for aliigator
cracks than pavement 5, the overall rating is less, because of
the lower ratings for several other distresses (particularly
roughness, which is heavily weighted). The FEAPS evaluation
ranks the pavements 8, 7, 5, and 6 from best to worst, as
indicated by their respective distress indices.

Pavements 2 and 7 had very similar distress indices. How-
ever, they had different amounts of distress. Although pave-
ment 2 had a much better rating for longitudinai cracks {which
were weighted as “moderately important™), it had a stightly
tower rating for alligator cracks (which were weighted as “very
important”). This heavy weight resulted in the lower overall
rating, The similarity in DJ with pavement 7 indicates that
FEAPS was able 10 weight longitudinal and alligator cracks
properly. Pavements 1 and 8§ have different amounts of trans-
verse cracks and roughness distress, but similar distress indices,
This indicates that FEAPS was able to weight these types of
distress properly.

CONCLUSION

A computer program for the structural evaluation of asphalt
pavements has been presented that captures the knowleclge
of experts and puts it in a fuzzy framework. The pavement
ratings, also represented by fuzzy sets, are used as program
input. The knowledge and the ratings are combined using the
fuzzy weighted averaging technique in the computer program
FEAPS to produce a fuzzy set that represents the pavement
condition, "The program provides a consistent, reliable, and
facile method of evaluating pavements. As such, it provides
a tool that many pavement agencies— especially those with
limited resources—can use to reduce the impact of the loss
of expertise during the next few years.
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TABLE 6 CASE STUDY 2: FOUR PAVEMENT RATINGS
Distress Pavement
5 6 1 8
Rutting B b ¢ B
Longitudinal cracks C D E C
Transverse cracks A A £ A
Alligator cracks E D B 8
Roughness C D B C

Distress Index

0.5 0.70 0.41 0.35

& NOTE: pavement ratings made according to the fellowing scale -

none

stight
significant
savere
extremely severe

MO
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