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Application of Fuzzy Logic to Condition 
Assessment of Concrete Slab Bridges 

A. B. TEE, M. D. BOWMAN, AND K. C. SINHA 

There is presently no well -establ ished procedure for a bridge 
inspector to follow when asses ing the combined effects of mul
tiple Oa\ s or imperfections on n hridgc. onsequ nil th 
evaluation r an cxi ting bridge is based on a highly subjective 
procedure and usually uffer from imprecision and per ·onal 
bias. Different brid c inspectors may assess a given hridgc 
dilTcrcntly. Th• purpose of this art icle i. to examin ·the appli
cat ion of fuzzy logic fo r assessing the condition of concrete lab 
bridges. A number of factors that affect the condition of a 
bridge deck are examined. An example problem is presented 
to illustrate use of the proposed methodology. 

Bridge structures of today reflect the engineering experi
ence and research developments that have evolved over 
many centuries. An impressive amount of research has 
been conducted in the development of new technolo~y and 
materials for the design and construction of bridges during 
the last five decades . The use of welding, high strength 
structural bolts, epoxy-coated reinforcing bars, and pre
stressed concrete are examples of recent technological 
advances in the field uf lJiidge engineering (1). Neverthe
less, these technological advances have not precluded a 
number of tragic bridge failures. 

After a bridge has been buill, il must be kept in a ser
viceable state through regular inspection and maintenance . 
Unfortunately, it took the collapse of the Silver Bridge in 
Ohio in 1967, which claimed 46 lives. to arouse public 
interest and awareness of the importance of inspection and 
maintenance of bridges (2) . 

Unlike the design and construction stages, bridge inspec
tion is usually performed by a much smaller team ; com
monly by a single bridge inspector. The problems encoun
tered in this type of work are numerous and often complex. 
The inspector must be thoroughly famili ar with the various 
bridge design and construction features to be able to rec
ognize and properly interpret any structural deficiencies 
and evaluate their seriousness before making any appro
priate improvement recommendation (3). 

During a bridge inspection, information collected and 
perceived by the inspector can be divided into objective 
and subjective parts, respectively (4). The objective por
tion involves measurable information such as the remain
ing diameter of corroded reinforcement bars or the width 
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of cracks at specific locations, whereas the subjective 
portion involves the wisdom and experience of the 
inspector, who must evaluate the severity of the defi
ciencies and their combined impact on the overall struc
tu ra l in tegri ty. A lthough the impor tance o f the. ubjec
tive in fo rmali n i recognize I the I resent in. pect ion 
procedure does not have the capability to incorporate 
systematically the subjective information into the rating 
process. 

Consequently , a method that combines both the objec
tive knowledge and the imprecise ubjective wisdom of 
bridge inspectors to make logical and systematic evalua
tions would be very u fu l. One : uch technique lha t u e 
this wisdom i the fuzzy 1 gic appr ach. 

OBJECTIVE 

The primflry aim of this paper is to present a fuzzy logic 
approach for assessing the combined effects of imperfec
tions on the overall condition of a bridge . 

The imperfections discussed in this paper are the cor
rosion of steel reinforcement, and the scaling, cracking, 
and spalling of concrete . Membership functions describing 
the various states of structural condition for these imper
fections are presented . A simple example is also included 
to illustrate the application of the fuzzy logic methodology 
and to highlight the advantages and limitations of the pro
posed method for bridge inspection. 

BRIDGE DECK DETERIORATION 

The deterioration of concrete bridge decks along the nation's 
highways is a major problem for many states. The common 
structural deficiencies associated with the deterioration of 
bridge decks are the corrosion of steel reinforcement and 
the cracking, scaling, and spalling of concrete . 

The effect of these imperfections on a bridge deck is 
imprecise and subjective knowledge and can best be han
dled by employing the fuzzy logic via the membership func
tions . The central feature of the fuzzy logic approach is 
the membership function, which represents numerically 
the degree to which an element belongs to a set . Instead 
of using only 0 and 1 when dealing with objective infor-
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mation, the degree of membership can take on values 
between 0 and 1 to fully describe subjective concepts. The 
membership functions describe the various states of struc
tural condition as a result of the structural imperfection. 
This new system is a closer representation of the subjective 
information of the human cognitive process (5). 

The membership functions presented in this paper are 
developed on the basis of structural analyses and infor
mation extracted from the literature. It should be empha
sized that the membership functions, albeit reasonable, 
are subjective in nature and can be further enhanced through 
expert opinion or availability of additional information if 
necessary. 

Although corrosion, scaling, spalling, and cracking are 
not the only types of imperfections that occur on a concrete 
bridge deck, they represent some of the most common and 
severe problems. Thus, the development of membership 
functions described herein applies to corrosion, scaling, 
spalling, and cracking only. 

CORROSION OF REINFORCING STEEL 

Although several factors contribute to the deterioration of 
concrete structures, one of the primary causes is corrosion 
of the reinforcing steel. The repeated applications of de
icing chemicals on bridge decks and roadways during the 
winter months release large quantities of chloride ions that 
penetrate to the reinforcing steel level. In the presence of 
moisture, an electrical potential difference occurs and the 
corrosion process is initiated (6, 7). The corrosion process 
is accelerated by the presence of oxygen. The corrosion 
products increase the volume of the reinforcing steel, thereby 
creating tensile stresses in the surrounding concrete. When 
these stresses exceed the tensile strength of the concrete, 
the concrete cracks and eventually spalls or delaminates 
(8). 

Corrosion can also cause loss of hond between concrete 
and the reinforcing bars . When this happens, the tensile 
stress is decreased in the region of bond loss and the bond 
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stresses are increased in the remaining bonded regions . If 
this process continues, a loss of concrete cover will occur 
and the available strength of the bridge section will be 
reduced (9) . 

Development of the membership functions for evalu
ating the effect of corrosion on the structural condition is 
based on the ratio of the ultimate moment capacity to the 
service load moment at critical points of the bridge (10). 
For the positive steel of a continuous slab bridge, the crit
ical locations are assumed to be approximately at the 4/10 

point of the exterior span and the center of the interior 
span ; for a simply supported slab bridge , the critical loca
tion is at the center of the span. The critical point of the 
negative steel in a continuous slab bridge is at the interior 
support. In short, these critical locations are the points of 
maximum positive and negative moment along the bridge 
deck. The ratio of the ultimate moment capacity to the 
service load moment is taken to be the factor of safety. It 
should be noted that the reduction in reinforcement cross
sectional area is taken as the critical corrosion parameter 
in the present study. The effect of bond loss caused by 
corrosion was not included in the analysis for development 
of the membership functions. Consequently, a summary 
is presented in Tables 1 and 2 of the computed factor of 
safety corresponding to the percent reduction in the area 
of positive and negative steel, respectively. Different slab 
thicknesses were examined to illustrate the influence of 
slab thickness on the corresponding safety factors. 

From these tables, it can be observed that an increase 
in the slab thickness yields a slight increase in the factor 
of safety. It should be noted that in the analyses a thicker 
slab permits a reduction in the required area of steel for 
a given loading condition. However, a thicker slab results 
in a higher dead load moment, and the reduction in the 
required area of steel is not directly proportional to the 
thickness increment. 

It should also be pointed out that the area of steel pro
vided is slightly more than the area of steel required, 
depending on the bar size and spacing selected. For exam
ple, if the required area of steel per foot of slab width 

TABLE 1 FACTOR OF SAFETY CORRESPONDING TO 
CORROSION OF POSITIVE STEEL 

Slab Percent Reduction in Area of Steel 
Bridge" Thickness 
Type (in.) 0 10 20 30 40 50 

A 121/2 1.81 1.64 1.48 1.31 1.14 0.96 
14Y2 1.87 1.70 1.52 1.35 1.16 0.97 
16Y2 1.90 1.72 1.55 1.36 1.17 0.98 

B 12 1.87 1.70 1.52 1.34 1.16 0.98 
14 1.90 1.73 1.54 1.36 1.17 0.99 
16 1.93 1.75 1.56 1.38 1.18 1.00 

c 12 1.77 1.62 1.46 1.29 1.13 0.95 
14 1.84 1.67 1.50 1.33 1.15 0.97 
16 1.90 1.72 1.54 1.37 1.17 0.99 
18 1.92 1.73 1.55 1.37 1.18 0.99 

"A = Simple-span reinforced concrete slab bridge (span length, 20 ft) ; B = 
• imple-span reinforced concrete slab bridge (span length, 15 ft); C = Continuous 
reinforced concrete lab bridge (3 spans 27-34-27 ft). 
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TABLE 2 FACTOR OF SAFETY CORRESPONDING TO 
CORROSION OF NEGATIVE STEEL 

Bridge Thickness 
Percent Reduction in Area of SteeJb 

Type" (in.) 0 10 20 30 40 50 

12 1.58 1.42 1.27 1.10 0.95 0.79 
A 14 1.71 1.54 1.37 1.20 1.02 0.85 

16 1.79 1.61 1.42 1.25 1.07 0.90 

"A = Continuous reinforced concrete slab bridge (3 spans 27-34-27 ft) . 
bReduction in area of steel at the first interior support. 

computed is 1.56 in2
, the selected steel will most probably 

be No.8 bars at a 6-in. spacing, providing an area of steel 
of 1.58 in2

• The area of steel provided per foot of slab 
width in this case is 0.02 in2 more than that required . Such 
minor variations in reinforcement provided cause the com
puted factor of safety to fluctuate slightly in these tables. 

The variation of the factor of safety with respect to the 
percent reduction in the area of steel for different slab 
thicknesses can be represented by a relatively narrow band 
or envelope , as shown in Figure 1. Membership functions 
describing the various states of structural condition with 
respect to the reduction in area of steel for slab bridges 
are presented in Figure 2. The safety factors shown in 
Tables 1 and 2 and the corrosion envelope depicted in 
Figure l were used as guidelines in the development f 
the va riou m mbership functionl>. ll sltuult.l be empha
·ized t ha t the po it.ion and magnitude of the member hip 
function , albe it rea!;unable , are subjective in nature . Thi 
can be further fine-tuned through the availability of addi
tional information or expert opinion . 
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CONCRETE DETERIORATION FACTORS 

Characteristics of Cracking 

Cracking is defined as an incomplete separation of con
crete into one or more parts , with or without a space between 
them (11) . A comprehensive review of the common causes 
and characteristics of cracks in concrete can be found in 
the report by Manning and Bye (12). 

Cracking was once viewed as a fault of design or work
manship (13) . However, it can be readily shown that under 
normal and reasonable stress conditions , reinforced con
crete members are already cracked and will generally per
form satisfactorily with respect to their load-carrying 
capacity. Cracks appearing at the time of construction 
because of shrinkage or settlement of the falsework are 
usually fine and do not adversely affect the performance 
of the bridge deck (13) . Conversely , pattern cracking 
resulting from the use of reactive aggregates may occur 
several years after construction, inc1eas1.:: i11 rnagnilut.li.::, 
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FIGURE I Factor of safety envelope for reinforcing steel corrosion. 
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FIGURE 2 Structural condition membership functions for reinforcing steel corrosion. 

and eventually result in complete disintegration of the con
crete . 

It is desirable to limit crack widths for corrosion pro
tection, leakage prevention, and aesthetic reasons. The 
concrete crack width classification proposed by Ryell and 
Richardson (14) is given as follows: 

Description 

Hairline 
Narrow 
Medium 
Wide 

Crack Width 

Less than 0.004 in. 
0.004 to 0.01 in. 
0.010 to 0.030 in. 
More than 0.030 in. 

Although the depth of a crack can be an important clas
sification parameter, it is generally neglected in most stud
ies. This is because the depth of a crack can be determined 
only by coring, except in those cases in which the crack is 
visible on the opposite surface of the member. Because 
coring samples are usually not taken during routine inspec
tion, the depth of cracks in bridge decks or structural mem
bers is not readily available. Thus , cracks are generally 
categorized using crack width as the only parameter (15, 
16). 

Membership Functions for Concrete Cracks 

Based on the classification of crack width previously 
described, it can be safely assumed that a concrete member 
having an average crack width falling within the 0.013- to 
0.020-in . range is in fair condition, provided that there are 
no other flaws. From the values given in the concrete crack 
width classification, it can be inferred that concrete mem-

bers having average crack widths greater than 0.030 in. 
are in very poor condition. Similar! y, a concrete member 
can be said to be in very good condition if it contains 
average crack widths of less than 0.004 in. The interme
diate ranges between very good and fair, and from fair to 
very poor are described using the linguistic variables "good" 
and "poor," respectively. 

Hence, the structural condition membership functions 
for concrete cracks were formulated using the crack width 
classifications. These are shown graphically in Figure 3. 

Characteristics of Scaling 

Scaling is the flaking of surface mortar often accompanied 
by the loosening of surface aggregates. Scaling is believed 
to be caused by freezing and thawing, poor workmanship , 
or inadequate curing of the concrete (17, 18). When con
crete cools below the freezing point of water, there is an 
initial period of super-cooling during which ice crystals 
form in the large capillaries. Because water in the cement 
paste is in the form of a weak alkali solution, the alkali 
content in the unfrozen portion of the solution in these 
capillaries increases . An osmotic pressure is created, and 
water migrates from the unfrozen pores to the frozen cav
ities. The combination of pressures caused by ice accretion 
and osmosis causes the paste to crack. 

Since the introduction of air-entrained concrete, the 
incidence of scaling has been reduced to minimal propor
tions (18). Heavy and severe scaling, where it occurs, may 
be corrected by using a thin epoxy mortar patch to water
proof the area and prevent penetration of water to the 
reinforcing steel. 
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Membership Functions for Scaling 

Scaling is described qualitatively in terms of its depth, as 
reported in a number of studies (2, 15, 16, 18). A classi
fication of scaling as a function of its depth, which was 
reported in a cooperative study by the Bureau of Public 
R ads and the Portland Cement Association (18), is given 
as follows: 

Description 

Light 
Medium 
Heavy 
Severe 

Depth 

0.0 to 0.25 in. 
0.25 to 0.50 in. 
0.50 to 1.0 in. 
More than 1.0 in. 

Membership functions describing the various structural 
condition state cau ed by scaling were developed using 
the value. in thi scaling clas ification table as general 
guideline . Becau e the average depth of medium-to-heavy 
eating is approximately 0.5 to 0.6 in. the tructural con

dition that corresponds to scaling having a depth of between 
0.5 to 0.6 in. can be described using the linguistic variable 
"fair." On the other hand, the structural condition for 
scaling with a depth in excess of 1 in. can be described as 
very poor. The poor classification is, of course, between 
the fair and very poor range. Similarly, the structural con
dition for scaling less than 0.25 in. in depth is classified as 
very good. The classification "good" falls between the clas
sification "very good" and "fair.' The hape, po ition, 
and magnitude of the membership functions for structural 
inadequacy when scaling is present are shown graphically 
in Figure 4. 
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Characteristics of Spalling 

Spalling is the breaking loose of pieces of concrete, and 
oft n occurs initially near the top reinforcing steel (9, 16, 
18) . Spalling results from large tensil . tresses within the 
concrete that are usually cau ed by corro ion of reinforcing 
bars and freezing of the concrete member. The products 
of corrosion exert stresses within the concrete that cann t 
be supported by the limited plastic deformation of the 
concrete, thereby causing the concrete to disintegrate. Al o, 
when a structural member is frozen , eparation of cement 
and the reinforcing bars can occur and lead to the for
mation of cracks and spalls. 

Membership Functions for Spalling 

The classification of spalling, as reported in the U.S. Army 
Corps of Engineers bridge inspection brochure (16) is given 
as follows: 

Size Description 

Small A roughly circular or oval depression 
no more than 1 in. deep and 6 in. 
in diam. 

Large A roughly circular or oval depression 
more than 1 in. deep and 6 in. in 
diam. 

The membership functions describing the various struc
tural condition states for spalling are expressed as a func
tion of the spalling width, as shown in Figure 5. 

MEMBl!lllSHIP FUNCTION - CRACKING 

o.e 

0.7 
IA.I 

3 o.s 
~ 
0.. 
J: 
(/) 
a:: 
IA.I 
ID 
:.:E 
IA.I 
:.:E 

0 2 

GOOD FAIR VERY POOR 

6 10 14 18 22 26 30 

CRACK WIDTH IN ONE-THOUSANDTH INCHES 

FIGURE 3 Structural condition membership functions for concrete cracks. 
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FIGURE 4 Structural condition membership functions for concrete scaling. 

It can be noted in the spalling classification table that 6 
in. is the dividing width between small and large spalls. In 
other words, the structural condition of concrete members 
with spall widths of 6 in. can be described as fair. The 
other two extremes, the very good and very poor structural 
condition classifications, were assumed to correspond to 
spall widths of less than 2 in. and greater than 10 in., 

respectively. Similarly, the intermediate stages, the good 
and the poor classifications, fall between the very good 
and fair, and fair to very poor classifications, respectively. 
Obviously, considerable extrapolation of the results in the 
spalling classification table was used; additional informa
tion and expert opinion on spalling can be used to improve 
these membership functions. 
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FIGURE 5 Structural condition membership functions for concrete spalling. 
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ILLUSTRATIVE EXAMPLE 

In general, the condition of a reinforced concrete deck can 
be reasonably estimated by evaluating the severity of var
ious imoerfections such as corrosion of the reinfnrr.ino h~r' " - - - --- - - - --- - - - - ---o - -·- - ' 

and cracking, spalling, or scaling of the concrete and 
assessing their combined seriousness. The combined effect 
of these deteriorations on the deck is generally difficult to 
assess objectively and consistently . However, with the 
development of fuzzy logic, there is now a method to han
dle this problem. 

As an illustrative example to demonstrate the use of 
fuzzy logic as a potential tool in modeling the interaction 
between concrete quality and corrosion, the following 
imperfections are assumed present on a concrete bridge 
deck: 

Concrete Average crack width = 0.029 in ., 
quality: Average scaling depth = 0.70 in., and 

Average spalling width = 9.50 in. 
Steel quality: Average degree of corrosion = 45 per

cent. 

The overall reinforced concrete quality in this hypo
thetical example can be modeled based on a combination 
of the characteristics for the flaws. The method for com
bining the flaw evaluations is to examine a range in the 
characteristics that corresponds lo 1:i tlie1 110 iu te1 acliun or 
complete interaction of the flaws. This fuzzy logic method 
has been suggested for evaluating metals fatigue by Bow
man et al. (20). 

Let A , B, C, and D stand for the fuzzy sets representing 
cracks, scaling, spalling, and corrosion, respectively. The 
effect of each imperfection acting separately is obtained 
by the union of fuzzy sets A, B, C and D, and the effect 
of all flaws acting jointly is given by the algebraic sum of 
A, B, C, and D. Thus, the grade of membership in a 
particular structural quality level, represented by fuzzy set 
E, can be evaiuated as follows: 

where µA, µ 8 , µc, µ 0 , and µE are the grades of mem
bership in fuzzy sets A, B, C, D, and£, respectively. 

By using the corrosion and concrete quality parameters 
in conjunction with the membership functions, the overall 
deck condition resulting from the combined effect of all 
parameters can be obtained. To illustrate this procedure, 
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consider the "very poor" structural condition. From Figure 
3 it can be observed that a 0. 70 membership grade for 
"very poor" structural condition is indicated for a 0.029-
in. crack width. (Note that the same 0.029-in . crack width 
gives a 0.30 !Tiembership grade for upoor" Structural con
dition and a 0.0 membership grade for "fair," "good," and 
"very good" structural conditions.) Proceeding in this 
manner, the "very poor" condition can be evaluated for 
all of the imperfection severities as follows: 

µvp (A) 0.70 

µvp (B) 0.00 

µvp (C) 0.50 

µ vp (D) 0.50 

Using these values, the very poor structural condition eval
uation can be bounded as follows : 

µAusucuv =max (µvp(A), µvr(B), µvp(C), µvp (D)] 

= max[0.7 , 0,0.5 , 0.5] = 0.7 

µ/\ + /J + C + D = 1 - [l - µvp(A)][l - µvp(B)] 

X [1 - µ vp(C)] [1 - µvp(D)] 

= 1 - (1 - 0.7)(1 - 0)(1 - 0.5)(1 - 0.5) 

= 0.925 

Consequently, the membership value for very poor struc
tural condition classification falls in the range: 

0.7 < µ ""(£) < 0.925 

The lower and upper bound in this range can be viewed 
as the degree of "belief" that the overall structural con
dition is very poor when the effects of flaws are acting 
separately and when they are acting jointly, respectively. 

The same procedure is repeated to define the upper and 
lower limits of the remaining structural condition classi
fications. The grades of membership for fuzzy set A, B, 
C, and D, and the upper and lower limits of fuzzy set E 
are shown in Table 3. Based on the tabulated results, it 
can be concluded that the strongest membership for the 
condition of the reinforced concrete deck caused by the 
combined effect of the various flaws is most closely asso
ciated with the "poor" classification. 

It should be noted that in this fictitious example it is 
assumed that each flaw has equal impact or importance 

TABLE 3 STRUCTURAL CONDITION GRADES OF MEMBERSHIP 

Cracks Scaling 
0.029 0.70 Spalling Corrosion Algebraic 

Membership m. in. 9.5 in. 45% Union Sum 

Very good 0 0 0 0 0 0 
Good 0 0 0 0 0 0 
Fair 0 0.35 0 0 0.35 0.35 
Poor 0.3 0.75 0.5 0.5 0.75 0.956 
Very poor 0.7 0 0.5 0.5 0.7 0.925 
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when computing the overall deck condition. However, in 
reality, this may not be true because certain flaws may be 
more important than others. If a flaw were to influence 
the overall deck condition differently, then an importance 
coefficient denoted as alpha (a), a number between 0.0 
and 1.0, must be assigned to the flaw to reflect its influence 
on the overall structural integrity. For example, a small 
alpha value would be assigned to the flaw that is relatively 
unimportant. Conversely, for "important" flaws, their alpha 
values would be nearly equal to 1. If all flaws are to have 
equal importance (as in the example given), then the alpha 
values would be equal to 1. 

The alpha value merely modifies the grades of the mem
bership of a flaw . The alpha value of each flaw may be 
obtained through expert opinion survey or from structural 
analyses. The remaining computational steps will still be 
the same as in the algorithm previously mentioned . The 
limitation here is that the alpha value cannot be a fuzzy 
number (a number described by a fuzzy set). 

The proposed approach selects the condition classifi
cation that has the highest membership range as the overall 
condition rating. The remaining condition classifications, 
which have lower membership ranges, were ignored. In 
some instances, this approach may not yield satisfactory 
results. For example, if the severity of corrosion shown in 
Table 3 were to be 5 percent instead of 45 percent, then 
the strongest membership for the overall condition of the 
bridge deck would be associated with the " very good" 
classification, even though the characteristics of all other 
flaws remain the same. (Note that 5 percent corrosion level 
gives a membership value of 1 for the "very good" con
dition classification and a 0.0 membership grade for the 
rest of the condition classifications.) 

A more desirable approach would be to consider the 
membership limits of all condition classifications in deter
mining the final condition rating. The lower and upper 
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membership limits in Table 3 can be graphically repre
sented as intervals, as shown in Figure 6. These intervals 
can be further depicted in the form of a modified histogram 
with unit cells, as shown in the same figure. The resultant 
condition classification can thus be obtained by computing 
the first central moment of area of this histogram. Using 
this approach, the final condition assessment resulting from 
the combined effect of the various flaws is found to be 
closely associated with the "poor" classification. 

The major limitation of this approach is that it is not 
suitable for computation by hand. However, with the advent 
of the computer age, this limitation should not prevent the 
application of this approach to real-world inspection prob
lems. 

CONCLUSIONS 

The procedure for rating an existing bridge structure requires 
a careful evaluation of many complex and often conflicting 
factors. Such evaluation is frequently based on the per
sonal judgment, intuition, and perhaps experience of each 
inspector. As a result , different inspectors may assess a 
given bridge differently. Hence, a logical assessment pro
cedure capable of incorporating both objective knowledge 
and engineering judgment systematically would be desir
able. The theory of fuzzy mathematics offers a technique 
that can be employed to formulate such an assessment 
procedure. 

A number of factors are known to affect the overall 
quality of a reinforced concrete member. The factors 
reported herein are cracking, scaling, and spalling of con
crete and corrosion of reinforcing steel. Because of impre
cise knowledge concerning the severity of these imperfec
tions, linguistic instead of numerical rating variables are 
used to describe their condition. Successful use of this 
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procedure depends on the development of adequate mem
bership functions. The membership functions presented 
herein are developed on the basis of information extracted 
from the literature and structural analysis. They can also 
be formulated or improved th1 ough expe1 i upiniun. 
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