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Effect of Pavement Roughness on 

Vehicle Fuel Consumption 

FREDERIC R. ROSS 

Several published research reports have shown that vehicle fuel consumption 
increases as pavement roughness increases. The existence of such a relation is 
today of particular interest to state departments of transportation for use in 
cost-benefit analysis of potential highway improvement projects. For a variety 
of reasons, however, the results of the earlier studies are not readily usable in 
benefit calculations. Therefore, in 1980 the Wisconsin Department of Trans· 
portation conducted a local field study that sought to define, for practical ap­
plication, the relation between automobile fuel consumption and pavement 
roughness. Three different automobiles traveled on five pavement sections 
that, collectively, represented a wide range of roughness. For these pavements, 
roughness was expressed in terms of serviceability index, as measured by Wis· 
consin's electronic road meter. Fuel consumption was measured by a specially 
designed fuel meter mounted in each test vehicle. To minimize the influence 
of variables other than pavement roughness on fuel consumption, test condi­
tions and procedures were highly controlled. The collected data suggest that 
there is in fact a quantifiable, but very modest, increase in automobile fuel con· 
sumption as pavement roughness increases. Over the range of roughness typi­
cally associated with state trunk highways (serviceability values between 1.5 
and 4.5), this increase was (al about 1.5 percent, (bl linear, and (cl not related 
to vehicle size. For the entire range of roughness included in this study (ser­
viceability values between 0.9 and 4.41, the increase in fuel consumption was 
about 3.0 percent, which suggests that the overall relation between fuel con· 
sumption and pavement roughness may be nonlinear. 

Several research investigations in the past decade­
have indicated an apparent relation between vehicle 
fuel consumption and the roughness of the traveled 
pavement surface (.!.-ll. Specifically, these inves­
tigations have shown that fuel consumption increases 
as pavement roughness increases. The existence of 
such a relation has aroused considerable national 
attention because of the increasing costs of motor 
fuel and the interest in conserving energy. 

Two of these investigations, because of their 
thoroughness and their potential usefulness, are 
especially important. One was conducted in 1971 by 
Claffey under the auspices of the American Associa­
tion of State Highway and Transportation Officials 
(AASHTO) and the Federal Highway Administration 
(FHWA) (1); the other was conducted in the late 
1970s in - Brazil by the Texas Research and Develop­
ment Foundation (Il. Unfortunately, there is sub­
stantial disagreement in the findings of thes e two 
studies. Using normalized data from the two 
sources, Zaniewski and others (j_) have reported an 
indicated increase in fuel consumption between a 
broken asphalt pavement and a smooth surface of 30 
percent for Claffey's results compared with only 10 
percent for the Brazil results. Obviously, a dif­
ference of this magnitude creates serious problems 
for an agency interested in practical application of 
the findings. 

Despite such disagreement, Claffey's results have 
formed the basis for a number of publications that 
seek to dramatize the effect of deteriorated pave­
ments on fuel consumption. As an example, it has 
been reported that driving a car at 40 mph on a de­
teriorated paved surface can increase fuel consump­
tion by 56 percent compared with driving on a pave­
ment in good condition (2_). Conceivably, this 
figure represents an extreme si tuation--some "worst 
possible" case. But there is good reason to believe 
it considerably overstates the effect of pavement 
roughness on fuel consumption for the expected range 
of roughness on state trunk pavements. Obviously, 
an abandoned, disintegrated pavement would be inap­
propriate for practical fuel consumption studies. 

There are other difficulties in applying Claffey' s 
results. Only two levels of roughness were included 
in his study, and these were not defined by objec­
tive er i ter ia that would allow systemwide extension 
of the findings. Finally, it is not certain that 
the automobile Claffey used--a 1964 sedan--responded 
to pavement roughness in the same way as do today's 
smaller automobiles. 

Because of the apparent limitations in ear lier 
investigations, the Wisconsin Department of Trans­
portation (DOT) in 1980 contracted with Claffey to 
act as a consultant for an updated study that sought 
practical definition of the relation between fuel 
consumption and pavement roughness. This paper re­
ports the results of that study. 

FIELD STUDY 

Test Pavements 

Test pavements for the study had to be straight, 
level, lightly traveled, uniformly rough or smooth, 
all of one pavement type ( in this case, bituminous 
concrete) and a minimum of 5000 ft in length ( in­
cluding a 4000-ft test segment and 500-ft approach 
segments at either end). Following extensive 
searching, five 2-lane bituminous concrete pavements 
were located that satisfied these requirements and, 
in addition, had suitably varied levels of rough­
ness, as given below: 

Serviceabilit:t: Index 
Test Northbound/ Southbound/ 
Site Eastbound Westbound 
1 4.4 4.4 
2 3.6 3.5 
3 2.1 2.2 
4 1. 9 1.9 
5 0.9 

Rod and level measurements, taken at 200-ft 
intervals along the pavement surfaces, indicated 
that the selected sites were acceptably level. The 
maximum variation in any 200-ft interval at any site 
was slightly more than 1 ft, and the maximum varia­
tion over the 4000-ft test segment was 8 ft. 

Pavement roughness was measured in terms of ser-· 
viceability index (SI). Although there are more 
sophisticated measures of pavement profile, the ad­
vantage of SI is its universality. Furthermore, for 
a state such as Wisconsin, where periodic SI mea­
surements are obtained on the entire system of state 
trunk highways, the existence of a relation between 
fuel consumption and SI would enable systemwide ap­
plication of the results. For all five sites in­
cluded in this study, serviceability measurements 
were made in each lane with Wisconsin's electronic 
road meter prior to fuel consumption testing. As 
the table above indicates, directional SI differ­
ences were minimal. As a check on these initial 
readings, repeat serviceability measurements were 
made midway through the study. In both instances, 
the assigned SI values were based on multiple read­
ings. Values determined on the two dates were es­
sentially the same for all sites. 
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Equipment 

Three different sizes of automobiles were equipped 
with manual fuel meters constructed from schematic 
drawings prepared by Claffey. Details of the test 
vehicles are given in Table l, 

As Figure l shows, the fuel meters consisted of 
several buret tubes, an electric fuel pump, shut-off 
valves, and different lengths of rubber fuel-1 ine 
hosing. This apparatus was mounted on O. 75-in ply­
wood and attached to the automobile, as shown in 
Figure 2. Each test car was equipped with a tachom­
eter and a vacuum gauge, mounted in the driver's 
line-of-sight for ease of reading (see Figure 3). 
Other essential equipment included a thermometer 
(suspended in one of the burets) for measuring fuel 
temperature and a stopwatch for recording driving 

Table 1. Test vehicle data. 

Vehicle 

Item 2 

Manufacturer Chevrolet American Motors 
Model Chevette Concord 
Body type 4-door sedan 4-<loor sedan 
Year 1980 1980 
Engine size (in 3) 98 151 
Number of engine 4 4 

cylinders 
Rear-axle ratio 3.70 3.08 
Normal fuel pressure 4 4.5 

(psi) 
Tire type and size 1 'J ; ..... nA<.,,1 ! -:! ~n r:di:::! 
Nominal vehicle test 2550 3240 

weight 
Speedometer reading 

Start of testing 5600 8890 
End of testing 8450 11 700 

Figure 1. Wisconsin-type fuel meter. 
5/16" 0.0. glass 

stick- type thermo · 
meter ( for measuring 
fuel temperature) 

test hurct 
250 ml . 
(Kimble No . 

metal mounting 
brn.ckct 

5/16" I .n. 
rubber fue I ... 
line hosin~ 

3/4 11 plywood 
mounting hoard 
(painted black, 
cut to fit 
space avai l ahle) 

3 

Chevro let 
Impala 
Station wagon 
1979 
305 
8 

3.08 
7 

1 i.-_i n r .,n;.,J 

4560 

16 200 
19 400 

3- way va I vc 
(teflon coated) 
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time (i.e., average travel speed) over the test sec­
tions. An observation station, equipped with a 
thermometer and a recording anemometer, was estab-
1 ished at each test site. 

Test Procedures 

Operation of the fuel meter was quite simple. Well 
in advance of the test section, the driver stopped 
the automobile and the observer filled the two 
burets with gasoline from the automobile's fuel 
pump. After the level of gasoline in the test buret 
was noted and recorded, the auxiliary fuel pump was 
turned on, the hose from the automobile's fuel pump 
was shut off, and the three-way valve was adjusted 
to dispense gasoline from the reservoir buret. The 
driver started the car and accelerated to the 55-mph 
te s t speed before reaching the approach segment. 
The purpose of the approach segment was to stabilize 
vehicle performance at test conditions. On reaching 
the beginning of the test segment (plainly marked by 
traffic cones on both sides of the pavement), the 
observer quickly switched the three-way valve s o 
that gasoline was dispensed from the test buret. At 
the end of the test segment, the valve was switched 
back to the reservoir buret. Finally, the driver 
brought the car to a stop, and the observer recorded 
the fuel remaining in the test buret. Fuel used 
over the 4000-ft test length was calculated by de­
ducting the initial fuel reading from the final 
reading. The observer also recorded the temperature 
of the fuel and the elapsed time for each run. 
After these measurements, the driver turned the car 
around and the process was repeated in the opposite 
direction. 

Numerous runs were made by each car at each 
site. As recommended by Claffey, testing continued 
until fuel consumption readings from at least six 
runs in each direction were clustered within several 

to 

on/off switch 
(single nole, 
single throw 
toggl c) 

"" ' !:rburctor 
from auto ) 
fuel tank 

(through auto 
fuel pump) 
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Figure 2. Fuel meter mounted in test vehicle. 

Figure 3. Mounting of tachometer and vacuum gage in test vehicle. 

milliliters of one another and within several milli­
liters of the observed readings in the opposite 
direction, or until variations due to wind or driver 
fatigue became excessive (in which case, testing was 
abandoned), 

Field Testing 

Actual field testing proved far more demanding than 
had originally been expected. Rigid controls were 
placed on test conditions and procedures to minimize 
or eliminate the effect of variables other than 
pavement roughness. The most rigorous controls were 
placed on wind velocity, Claffey initially sug­
gested that testing be conducted only when winds 
were less than 3 mph, as measured by the recording 
anemometer and by cloth indicator flags posted at 
200-ft intervals along the test sections, However, 
it soon became apparent that acceptable results (as 
gaged by apparent directional differences in fuel 
consumption) could only be obtained during near-zero 
winds. Since such conditions were a comparative 
rarity, testing extended over a six-week period. 

Other vari ables measured and/or controlled during 
testing were fuel and air temperature, tire pres­
sure, engine vacuum and speed, elapsed test time 
(vehicle speed), vehicle test weight, and engine 
operating condition. In the original design of ·the 
study, an allowable air-temperature range of 10°F 

3 

was stipulated. But when it became apparent that 
this criterion and the wind criterion could not be 
met simultaneously, the temperature controls were 
eliminated, Instead, air temperatures were rou­
tinely recorded, along with fuel temperatures, on 
the presumption that they both could be statistical­
ly standardized after testing was completed. For 
the other variables mentioned, it was possible to 
meet the established controls, All testing was con­
ducted at a nominal speed of 55 mph, as indicated by 
elapsed time. For the Impala, individual test runs 
in which the travel speed deviated from the mean 
speed for all runs by more than l mph were elimi­
nated. For the other two cars, the allowable devia­
tion was ±0,5 mph. Constant monitoring of the 
tachometer and vacuum gage was required to ensure 
uniformity of travel speed and engine performance, 
Runs in which the engine vacuum varied by more than 
1 in were eliminated. Tire pressure for all cars 
was maintained at 32 ± 0,5 psi, as determined by 
readings before, during, and after testing at each 
site. Fuel tanks were maintained above the one-half 
level. Unleaded fuel from a commercial source was 
used throughout the study. To the extent feasible, 
a single brand of fuel was used. The vehicle test 
weights given in Table l are nominal weights, as in­
dicated. Actual test weight for each car varied 
from test to test and from run to run due to varia­
tions in the quantity of fuel in the gasoline tanks 
and, in several instances, to changes in crew per­
sonnel. However, efforts were made to keep these 
variations to a minimum, and in no case did they ex­
ceed 100 lb. 

As originally planned, a specific driver and ob­
server were assigned to each car, Extensive train­
ing was conducted to minimize possible idiosyncratic 
variations and to standardize procedures. Particu­
lar emphasis was placed on standardizing driving 
techniques. Drivers were warned against even the 
slightest acceleration or deceleration in the test 
sections and were instructed to monitor engine per­
formance gages constantly. For a variety of rea­
sons, several crew changes were necessary during the 
course of testing. However, these changes were ex­
clusively transfers from one car to another; in no 
case were untrained technicians used, In the final 
tally, a total of 18 tests were considered accept­
able (as used here, a "test" refers to the complete 
series of test runs by one car at one site on one 
date); the originally assigned crews were respon­
sible for 14 of these. 

The engines of all test cars were precisely tuned 
before any testing started, and no adjustments were 
made thereafter. No record testing was conducted 
until the engines were warmed up by driving at least 
20 miles at highway travel speed. As an additional 
precaution against cold engines, and to ensure that 
test procedures were stable before the start of 
record runs, the initial runs of every test were 
eliminated. 

Tes ting Considera·tions 

There were eight separate test dates, as indicated 
in Table 2, Note that in several instances multiple 
tests were made by a particular car at a particular 
site. Although it was not completely intentional, 
it is apparent that the three cars and five sites 
are distributed quite randomly over these dates. 
Thus, it is improbable that time produced a system­
atic variation in the results. Testing was at­
tempted on several other days, but these eight were 
the only ones for which wind conditions were judged 
acceptably calm. 

The study plan called for testing to be conducted 
in both directions at each site. Because the se-
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Table 2. Test dates and test conditions. 

Test Date Time (a.m.) Wind (mph) 
Air Temperatu re 
(°F) Chevette Concord Impala 

Oct . 9 
Oct. 20 
Oct . 21 
Oct. 22 
Oct . 29 
Nov. 5 
Nov. 11 
Nov. 18 

7:00-9:00 
6:00-7:30 
6:30-8:00 
6 :30-10: 00 
6:00-7:30 
6:00-8:30 
6:00-8:00 
6 :00-9 :30 

0-3 
0-1 
0 
0-1 
0-1 
0-1 
0-2 
0 

lected sites were all level and the winds at time of 
testing virtually calm, it was felt that systematic 
grade or wind variations would be minimal. More­
over, averaging directional results would tend to 
neutralize any variation produced by these sources. 
On four of the five sites, it proved to be possible 
to test in both directions. On the fifth site, be­
cause of an intersecting highway near the eastern 
terminus, it was possible to test only in the east­
bound direction. 

The test burets indicated fuel levels to the 
nearest milliliter, and it was possible, with 
practice, to read the burets this precisely. The 
three-way valves proved effective in abruptly start­
ing and stopping the flow of fuel from the burets. 
Presumably, since the valves were manually operated, 
some variation was introduced in the readings due to 
variations in the observer's response time, but 
these would tend to be neutralized by averaging the 
multiple runs at each site. 

Tn the operation of the fuel meter, the electric 
pump delivered fuel from the burets to the 
tor in surges. Therefore, a particular 
could theoretically vary according to the 
the surge. But these surges were small 
less than 2 mL), and, again, the effect of 
runs would be to neutralize the variation. 

Eliminat ion of u nacc epta ble Runs 

carbure­
reading 

size of 
(measured 
multiple 

In the final tally, the number of directional runs 
for any test ranged from 9 to 15, depending on the 
variables cited previously (wind speed, consistency 
of results, time available, etc.). When testing was 
completed, the raw data were examined and unaccept­
able runs were eliminated as noted above. Spe­
cifically, this process resulted in the elimination 
of 

1. All runs labeled "abort" at the time of test­
ing ( such as for deer in the road or for trucks 
passing), 

2. All first runs in both directions (these were 
considered "warm-up" runs), 

3. All runs in which a fluctuation in engine 
vacuum greater than 1 in was noted, 

4. All runs in which driving time varied from 
the mean time for each car by ±_0. 5 mph (±.1 mph for 
the Impala), and 

5. All "deviant" runs (deviancy here is defined 
as any lonP high or lone low fuel consumption read­
ing that varied from the next highest or lowest 
reading by more than 1 mL). 

After this process, 257 of the original 355 individ­
ual runs remained: 100 of 122 for the Chevette, 86 
of 133 for the Concord, and 71 of 197 for the Im­
pala. The number of directional runs for any test 
ranged from 4 to 13. 

Standardi zat i on for Dif ferences i n Fuel and AiI 
Temperatures 

The processed data were submitted to the University 

Site 2 Site 2 
Site I 
Site 4 Site 4 

34-46 
47-5 1 
32-42 
18-38 
12-21 
18-32 
20-28 
10-25 

Site 2/ Site S Site I Site 3/Site 4 
Site 3 Site 5 

Site I Site I 
Site 3 Site 5 

Site I/Site 5 

of Wisconsin-Madison Statistical Laboratory for 
analysis. The first step was to adjust the observed 
fuel consumption readings to some standard fuel 
and/or air temperature, since analysis clearly in­
dicated the existence of a statistically significant 
relation between these v,uic1L>li;s. Two methods were 
considered: (a) adjusting for fuel temperature via 
volumetric corrections developed by the Society of 
Automotive Engineers and then adjusting statis­
tically for air temperature and (bl adjusting sta­
tistically for fuel and air temperatures simul­
taneously. These methods were attempted for the 
three cars individually and for the three cars col­
lectively. The method finally selected is one that 
simultaneously adjusts for fuel and air temperatures 
for the three cars collectively and standardizes all 
readings to the average fuel and air temperature. 
The mathematical model is as follows: 

f, = f0 + 0.109 63 (tr -71.4) + 0.067 44 (t3 - 28.4) 

= standardized fuel consumption for any run, 
observed fuel consumption for any run, 
observed fuel t emperature for any run, and 
observed air temperature for any run. 

(1) 

The average fuel and air temperatures are 71.4°F and 
2B.4°F, respectively. 

This method generally yielded a high degree of con­
sistency among the readings. Credit for this con­
sistency properly goes to the equipment and the 
field operations, however, since the temperature ad­
justments were proportionately small. For all 257 
readings, the average adjustment was 1.14 mL and the 
standard deviation was 0.67. 

Directional Difference in Fuel consumption 

Despite efforts to eliminate systematic variations 
in the readings, as described earlier, examination 
of the data revealed systematic directional dif­
ferences in average standardized fuel consumption. 
These differences are summarized below ( "difference" 
is taken as the average standardized fuel consump­
tion for the eastbound or northbound direction minus 
the standardized fuel consumption for the westbound 
or southbound direction; * = slatistical signifi­
cance at the 0.05 level): 

Directional Differences (mL£'.'.4000 f t) 
Site Chevette Concord 1m12ala 
l -0.36 +0.25 -2.71* 
2 +2.43* -1.64 -2.95* 
3 +0.49 -0.02 +2.43* 
4 +0.26 -0.25 -4.43* 

Because of the difference in sign, these varia­
tions cannot be ascribed to directional variations 
in the road (e.g., in roughness or gradient). Con­
ceivably, they are related to prevailing wind, al­
though winds were virtually nonexis'tent during 
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Figure 4. Comparison of fuel consumption versus SI for three test vehicles. 
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Figure 5. Standardized fuel consumption versus pavement roughness for car 
traveling at 55 mph on Wisconsin state trunk highways. 
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record testing, But in fact these variations posed 
no major difficulties in treating the data, since, 
in accordance with Claffey's recommendation, the di­
r ectional averages were themselves averaged to pro­
duce a single figure for each site. 

Fuel Consumption Versus SI Readings 

Average standardized fuel consumption readings were 
converted from milliliters per 4000 ft, as given in 
the table above, to the more conunon units of gallons 
per mile. To compare the results from the three 
cars directly, the difference in fuel consumption 
between site 1 (the smoothest surface) and each of 
the four other sites is given below: 

Difference in Fuel Consumption 
[ (galL'.mile) X 10· 3 ] 

~ Site 2 Site 3 Site 4 Site 5 
Chevette +0.077 -0.056 +0.673 +l.18 9 
c oncord +0.098 -0.188 +0.154 +l.099 
Impala +0.206 -0. 293 +0.548 +l. 39 5 

Note that positive signs in this table indicate that 
fuel consumption for the particular site and car was 
greater than for the smoothest surface; negative 
signs indicate lesser fuel consumption than for the 
smoothest surface. 

It is evident at once that a similar pattern 
exists for the three cars, the principal features of 
which are the following: 

1, Substantially more fuel was consumed on site 
5 (the roughest pavement) than on the other sites. 

2, Less fuel was consumed on site 3 than on any 
other site. 

3, For sites 1, 2, 4, and 5 (i.e., from the 

5 

smoothest to the roughest pavement), there is a pro­
gressive (although irregular) increase in fuel con­
sumption. 

Site 3 presents analytical problems. For all 
three cars it runs counter to the pattern of fuel 
consumption indicated by the other sites, and it 
differs markedly from site 4, although measured 
roughness levels at the two locations are quite 
close. In seeking an explanation for the apparently 
anomalous readings at this site, one could look at 
(a) the assigned SI value, (b) the recorded air or 
fuel temperature, (c) the calculated temperature ad­
justment factors, (d) the possibility of peculiari­
ties in the pavement surface, or (e) the fuel con­
sumption measurements themselves, Since there are 
difficulties with all these explanations, it seems 
wisest simply to recognize the site as anomalous, to 
omit it from further analysis, and not to attempt a 
rationalization at this time. 

The data given in the table above for sites 1, 2, 
4, and 5 are plotted versus SI in Figure 4, Linear 
regression analysis using the plotted points indi­
cates slopes of -0.000 347 2, -0.000 269 3, and 
-0.000 368 7 for the Chevette, Concord, and Impala, 
respectively. Undoubtedly, better fit could be ob­
tained with some nonlinear expression, but the 
straight-line model is inunediately useful for com­
paring the results of the three cars. 

The consistently negative signs of the slopes and 
the general agreement in their size are significant; 
that is, fuel consumption for each car increased as 
roughness increased (or as SI decreased) , and the 
individual increases are of the same order. Clear­
ly, there are differences in the pattern of data 
points from car to car that cannot be explained by 
differences in vehicle size, since the lowest in­
dicated slope is for the middle-sized car (Con­
cord), Thus, for the three cars included in this 
study, the effect of pavement roughness was not an 
apparent function of vehicle size. 

When the three data points at each of the four 
sites are averaged, the results are as plotted in 
Figure 5. The dashed curve represents the indicated 
relation between SI and fuel consumption for automo­
biles at 55 mph over the range of pavement roughness 
included in this study. The data in this curve sup­
port the findings in earlier studies that fuel con­
sumption increases as pavement roughness increases. 
For SI levels above about 2.0, this increase appears 
quite modei,t; at lower levels it is more sign if i­
cant. Between the smoothest and roughest surfaces 
(Sis of 4.4 and 0.9, respectively), the indicated 
increase is about 3 percent. As a practical matter, 
however, SI levels below 1.5 are rarely encountered 
for project-length segments of the Wisconsin state 
trunk system. Thus, it would seem that the solid 
line, which closely approximates the dashed curve 
over the SI range of 1.5 to 4.5, reasonably depict s 
the apparent practical relation between fuel con­
sumption (Fs) and pavement roughness (SI). The 
regression model for this line is as follows: 

F,; 0.043 771 - 0.000 187 9 x SI (2) 

where Fs is in gallons per mile. 
Using this relation gives an indicated increase 

in fuel consumption of about 1.5 percent between Si s 
of 4.5 and 1.5, under the conditions of this study. 
For practical application, it appears that the slope 
of this line, 0,000 187 9, is appropriate for trans­
lating differences in pavement roughness into dif­
ferences in automobile fuel consumption. 

It should be noted that, even if one allows nor­
malizing results from different sources, the in-
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crease in fuel consumption on rough pavements re­
ported here is considerably less than the increases 
reported in some earlier studies. But since the 
curve in Figure 5 is distinctly nonlinear over the 
possible range of roughness, comparisons such as 
this may be misleading. For example, assignment of 
an improper objective roughness level to Claffey' s 
"badly broken and patched" surface could be of major 
consequence. Differences in objective roughness 
scales, as between SI and Zaniewski's quality index, 
could also be of major consequence. Therefore, com­
parisons of reported relations between fuel consump­
tion and pavement roughness require great care. 

CONCLUSIONS 

Based on an analysis of data collected in this 
study, and within the limits implied or expressed, 
the following conclusions are made : 

1. The effect of pavement roughness on automo­
bile fuel consumption, because it is proportionately 
small, can be overwhelmed by the effect of more 
significant var iables--e. g., travel speed, road 
gradient, driving habits, and wind velocity. In 
particular, wind can pose great difficulties in con­
ducting field tests on fuel consumption. For this 
study, reliable data were obtained only during vir­
tual dead-calm conditions. 

2 . To detec t t he rela t i vely small variations in 
fuel consumption produced by pavement roughness, 
equipment capable of very accurate measurement is 
essential. The manual fuel meter developed for this 
study and described in this paper proved capable of 
measuring fuel consumption accurately to 1 mL, which 
for the 4000-ft test segments used here is con­
sidered minimum acceptable accuracy. 

3, The collected data indicate that automobile 
fuel consumption increases as pavement roughness in­
creases, where roughness is measured in terms of 
SI, Between the smoothest and roughest pavement in­
cluded in this study (SIS of 4.4 and 0.9, respec­
tively) , the indicated increase was about 3 percent, 
which appears to be considerably less than has been 
reported by other investigators. However, since the 
relation between fuel consumption and pavement 

Transportation Research Record 846 

roughness determined in this study is distinctly 
nonlinear, comparison with results from other 
studies must be done with great caution. 

4. Al though the relation between fuel consurnp­
t ion and pavement roughness appears nonlinear over 
the range of roughness included in this study, for 
the pavements normally encountered on Wisconsin 
state trunk highways (Sis ranging from 4.5 to 1.5), 
the relation can be approximated by a straight line 
that has a slope of 0.000 187 9 gal/mile/SI. This 
study indicates that, for the conditions described 
here, an automobile traveling on a paved surface 
that has an SI of 1.5 consumes about 1.5 percent 
more fuel than it would consume traveling on a paved 
surface that has an SI of 4.5. 

s. For the three automobiles used in this study, 
the relation between fuel consumption and pavement 
roughness was not an apparent function of vehicle 

·size. 
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Rational Seasonal Load Restrictions and Overload Permits 

Bl LL Y CONNOR 

Seasonal load restrictions have been enforced in Alaska since the first paved 
road in 1950. The time frame and level of such restrictions have historically 
been based on the experience and judgment of maintenance personnel. This 
n,auh:. in a la1.i~ vf 1.u111.;11u;11.y f1v111 l"DH;"" tu ,u~:.., ... It. ..... , ....... 11 ..... d_ ...... +. i ... +inn 

policy has been developed based on the load-damage relations on a pavement 
structure. Deflection data are used to monitor the strength of the embankment 
and thus to provide the information on which to base the time frame and level 
of restrictions. A policy on overweight-vehicle permits is presented based on 
the ability of the roadway system to carry the load and the load-damage rela­
tions. The policy uses the philosophy that the user pays for any damage in ex­
cess of that which would be incurred by legal loading. 

The relation between vehicle weights and the per­
formance of the pavement structure has been recog­
nized for many years. Because of the large decrease 
in pavement life due to heavy vehicle weights and 

the rapid rise in maintenance costs, strict control 
of excessive truck weights has become imperative. 

The problem of controlling excessive truck 
weights becomes t;rucic1l when the stLess in the a~­
phalt layer exce eds the tensile st r ength of t he ma­
terial. When this occurs, failure is in\mediate. 
Failure due to high tensile stress is not likely to 
happen under normal conditions. However, for high­
ways in cold climates, this may well be the case if 
the pavement structure is weakened during the 
spring-thaw period. To protect these highways 
during the thaw-weakened period, a decision must be 
made concerning the level and duration of spring 
load restrictions. 

In Alaska, as in most other states, such deci­
sions have typically been made by maintenance eng i-



Transportation Research Record 846 

neers based on their experience and judgment. Stud­
ies based on deflection testing have shown that 
these decisions are sometimes inaccurate, which 
often results in premature pavement failure. In 
other cases, load restrictions have been imposed on 
roadway sections unnecessarily. A rational policy 
of seasonal load restrictions should be established 
to protect weakened roads. At the same time, the 
trucking industry should not be unduly burdened by 
unjustifiable load restrictions. 

Unfortunately, the problem of excessive truck 
weight is not limited to spring-thaw periods. Too 
many of the trucks traveling the nation's highways 
exceed state weight limits. The key reasons gen­
erally cited are lack of enforcement and fines that 
are too small to be a deterrent. The cost and dif­
ficulty of obtaining overweight-vehicle permits vary 
greatly. In Alaska, as in many other states, the 
cost is based on administrative costs and not on the 
damage to the roadway. The damage to the roadway 
surface by overweight vehicles is borne by all road 
users (.!) • 

EFFECTS OF WEIGHT ON PAVEMENT PERFORMANCE 

The effect of axle weight on the performance of 
pavements has become a common topic of conversation 
among transportation engineers. Because of limited 
highway and airport funding, pavement management has 
become imperative. The primary aim of any pavement 
management method is to optimize the life of a pave­
ment. Because the major factors affecting pavement 
life are the size and frequency of the loads imposed 
on the pavement structure, there is concern about 
the regulation of axle weights. Since the weight of 
the automobile is relatively small, the major por­
tion of fatigue damage can be attributed to truck 
traffic. In fact, the proportion of pavement damage 
that can be directly attributed to trucks has been 
estimated to be as high as 90 percent (1). 

Because heavy axle loads are responsible for such 
a large portion of the damage to the nation's high­
ways, their effect on pavement performance must be 
understood. Many empirical and theoretical studies 
have been undertaken to describe these relations. 
Because of the importance of weight-damage relations 
in seasonal load restrictions and overweight-vehicle 
permit policies, a detailed discussion is given here. 

Development of Weight-Damage Relations 

Several studies have been undertaken to delineate 
the relations between load and damage on pavement 
structures. Most of these studies use an equivalent 
axle-load factor (F), which is defined as the ratio 
of the damage caused to a pavement by a single pass 
of a given vehicle to the damage caused by a single 
pass of a standard vehicle. This relation can be 
mathematically represented as follows (]): 

F= Dx/D, (I) 

where Dx is the damage caused by a single pass of 
a specified vehicle and Ds is the damage caused by 
a single pass of a standardized vehicle. 

The American Association of State Highway Offi­
cials (AASHO) Road Test formula, which predicted 
this ratio, is 

F= [(W2 + l)/(W1 + 1))4.79 (2) 

where W2 is the axle weight of the vehicle in 
question (kips) and w1 is the axle weight of the 
standard vehicle (kips). 

Typically, a single-axle load of 18 000 lb is 
defined as a standard because it was the legal maxi-

7 

mum load in most states at the time of the AASHO 
Road Test (1958-1960). A 33 000-lb tandem axle load 
is usually assumed to have an equivalency factor of 
1.0. Figure l compares the equivalency factors 
derived from the AASHO Road Test with those from the 
Pennsylvania Department of Transportation (PennDOT) 
Test (3). The agreement is quite good. 

Rec;ntly, computer modeling has made use of mech­
anistic analysis to predict load-related damage. 
Since tensile strain at the bottom of the pavement 
layer is usually associated with fatigue cracking, 
the following equation was developed by Deacon to 
compute equivalency factors (~): 

(3) 

where 

Fi= equivalency factor, 
ei maximum tensile strain due to the axle-load 

configuration, 
eb maximum tensile strain due to an 18-kip 

single-axle load, and 
C = 5.5. 

Note that Equations 2 and 3 are similar; indeed, it 
has been shown that they compare favorably. 

Multiple Axles 

Most of the work in weight-damage studies has as­
sumed single axles and tandem axles only. In 1979, 
Havens, Southgate, and Deen (].) used a modified 
Chevron N-Layer computer program to predict damage 
to pavement from multiple axles. The following con­
clusions were reached: 

For most highway vehicles, the deflections caused 
by a set of dual tires will be influenced by the 
dual tires on the opposite end of the axle. Sim­
ilarly, the addition of another axle has a modi­
fying influence on the deflection bowl of the 
single axle. In a three-axle group, maximum de­
flection will occur beneath the inner tire on the 
center axle. However, fourth and/or succeeding 
axles are located far enough from the "center" 
axle of the triaxle group as to have almost no 
effect on the magnitude of the deflection, but 
such additional axles do affect the horizontal 
dimension of the deflection bowl. Thus, the 
total load on a given group divided by the number 
of axles indicates that, for four or more axles, 
the total load can be increased by approximately 
83.5 kN (18 800 lb) for each additional axle. 

Figure 2 (3) shows the damage factors for various 
axle groupings based on the ratio of work strain at 
any given load to work strain for the 18-kip axle 
load. It is obvious that, whenever possible, the 
use of additional axles should be encouraged, espe­
cially in lieu of overweight permits. 

Havens, Southgate, and Deen stress that the 
steering axle is a major source of damage. This 
damage has been shown to be especially large on 
pavements less than 2 in thick, such as those typi­
cally used in Alaska. The excess load on the steer­
ing axle should therefore be kept to a minimum. 

Because damage caused by increased axle loadings 
is not linear, as has been shown, loads should be 
distributed over as many axles as practical. For 
example, 34 000 lb carried on a tandem axle may 
cause only approximately one-twentieth the damage of 
the same load carried on a single axle. 

The steering-axle weight should be kept as low as 
practical because of the magnitude of the damage 
caused by heavy steering axles, especially on thin 
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Figure 1. Equivalency 
factors from AASHO and 
PennDOT Road Tests. 
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pavements. As Figure 2 shows, the damage factor for 
a legal 20 000-lb axle load on a two-tire front axle 
is twice as great as the same load on a four-tire 
rear axle. To be comparable, the legal front axle 
loading should be limited to 18 000 lb. 

SPRING LOAD RESTRICTIONS 

Structural damage done to pavements during spring 
thaw can result in very high maintenance costs. 
Spring l oad res Lr ictions a r e o f ten imposed during 
this per iod to limi damage to the roadway, which 
results in higher shipping c harges to the public. 
When load restrictions reach a level of about 50 
percent of the legal AXlP. load, the route is effec­
tively closed to most truck tra ffic. A balance must 
therefore be sought. 

Most state agencies currently base the level and 
duration of seasonal load restrictions on the expe­
rience and judgment of maintenance engineers. How­
ever, quantitative methods of establishing load 
restrictions can and have been developed by using 
measurements of vertical pavement surface movements 
under a standard load, commonly termed "deflection 
test data". These methods allow each roadway sec­
t ion to be analyzed to minimize economic losses to 
all parties . 

current Seasonal Load-Limit Policy in Alaska 

currently, spring-thaw load limits are set by the 
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regional maintenance engineer based on the engi­
neer's judgment and experience. To an increasing 
extent, these decisions are influenced by deflection 
testing, most of which was accomplished for research 
programs. In the past two or three years, the use 
of deflection testing has become more common on 
urban routes; however, rural routes have no testing 
other than that performed by researchers. 

Unfortunately, the maintenance engineer must give 
the trucking industry ample notice before setting 
load restrictions. Under the present policy, the 
maintenance engineer is forced either to wait until 
load restrictions are required before setting limits 
or to try to outguess the weather. However, as will 
be discussed later, this can be overcome by using 
deflection test histories for different roadway 
sections. 

Current Nat i onal Seasonal Load-Limit Practices 

A review of the literature shows that 42 states and 
Canadian provinces experience seasonal freezing of 
roadways (_!) • Of these, 17 impose spring load re­
strictions. Ten states rely solely on exper i ence 
and judgment, 5 use Benkelman deflection testing, 1 
state uses plate load testing and the Benkelman 
beam, and 1 uses visual inspection and the Dynaflect 
deflection test method. 

From the above summary, it is evident that pro­
cedures to establish spring-thaw load limits con­
tinue to be based on experience, even though quanti­
tative procedures for assessing pavement behavior 
under load during the spring-thaw period have been 
available since the 1969 publ1cat1on of NCHKP Report 
76 (?.l. Most procedures use pavement deflection 
and/or curvature to determine the seasonal var ia­
t ions in pavement response. By using these pro­
cedures, seasonal load restrictions can be deter­
mined simply and economically. 

Establishing a Spring Load-Limit Criterion 

Hardcastle and Lottman (4) stated an appropriate 
philosophy for implementing load restrictions: 

The maximum axle load allowed on a pavement while 
it is in a spring-thaw weakened condition should 
be restricted to the load that produces the same 
horizontal tensile strain in the asphalt stabi­
lized surface or base layer as is produced by the 
maximum axle load allowed on the pavement during 
the previous summer-fall (normal) period. 

The accomplishment of this objective can be di­
vided into three comprehensive tasks: 

1. Define the pavement structure and determine 
its response to maximum legal axle loads during non­
critical periods (summer and fall), 

2. Determine the response of the pavement struc­
ture to loading during ciiLical periods (spring 
thaw), and 

3. Deterrn:n.e the "'""v,Tnnm ;::1l lnw;:iihlP ,:1,xlP load 
that can be applied during weakened periods without 
exceeding the horizontal tensile strains that would 
be induced by the maximum allo wable axle loads 
during noncritical periods . 

Determination of Pavement Res ponse to 
Axle Loads 

Tasks 1 and 2 require the determination of the re­
sponse of the pavement structure to the axle loads 
imposed. This can be accomplished by determination 
of horizontal strains in the pavement but requires 
sophisticated computer modeling techniques and a 

-... 
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considerable amount of data 
properties. These properties 
the period in question. 

Deflection data allow the 

about the materials 
must be determined for 

in situ measurement of 
the pavement response without direct measurements of 
materials properties. Because of the ease with 
which deflection data can be obtained, deflection 
testing has become quite widespread. Three basic 
methods for obtaining deflection data are (a) static 
rebound (Benkelman beam), (b) vibratory response 
(Dynaflect and Road Rater), and (c) impact loading. 
Since the static-rebound methods have become stan­
dardized, the relations presented in this paper will 
be based on this method. Although correlations have 
been somewhat limited, standard practice has been to 
relate other methods to the static-rebound method. 

Maximum Allowable LOad During Critical Periods 

Protection of roadways from premature failure is the 
end goal of a procedure for establishing load lim­
its. However, this is no easy task. The maximum 
allowable axle load during critical periods must be 
determined to accomplish this task. If the philoso­
phy adopted is that of limiting damage to what would 
normally be expected, the damage that could be ex­
pected both in the spring-thaw-weakened condition 
and in the summer-fall condition for various loads 
must be established. 

As explained earlier, equivalency factors between 
different axle weights have been established by both 
theoretical and empirical approaches. Since the 
agreement between approaches has been good and since 
computers are not readily available to maintenance 
engineers, an empirical approach, based on deflec­
tion measurements, will be developed. Implied in 
this approach is the concept that the pavement de­
flection under a wheel load represents the strength 
of the pavement structure and that the strength of 
the pavement structure is directly related to pave­
ment performance (4). 

Figure 3 shows- the relation between equivalent 
axle loads (EALs) per day, maximum annual deflec­
t ion, and pavement life with no load limits as de­
veloped in Ontario, Canada (£.). As expected, the 
pavement life decreases at a fixed number of EALs 
per day, commonly termed design traffic number 
(DTN) , as the deflection increases. If, for ex­
ample, the DTN is 800 EALs/ day and the deflection 
level is 0.023 in, the life expectancy would be 20 
years. Should the deflection level be increased to 
0.031 in during the spring thawing period, the life 
expectancy would be reduced to 10 years. From Fig­
ure 4, a means of maintaining the 20-year design 
life at the 0.031-in deflection level would be to 
reduce the DTN to 390 EALs/day during spring thaw. 
TWO methods are available to accomplish this : (a) 
reduce the number of axles that traverse the pave­
ment or (b) reduce the maximum legal axle weight. 
The first method may cause hardships, since some 
vehicles will not be allowed to travel. The second 
method reduces for the freight industry the economic 
attractiveness of hauling over the highway system. 
When applied to spring load restrictions, the second 
method can be used most fairly and easily. 

The reduced maximum axle load must now be de­
termined. The ratio of the DTN at the higher de­
flection level to the desired deflection level is 
equal to the equivalency factor discussed earlier. 
Mathematically, this is represented as 

F = DTN (lower)/DTN (desired) (4) 

By equating this to the equivalency factor described 
by the AASHO Road Test, the following relation is 
formed: 

DTN(lower)/ DTN(desired)=[(W2 + 1)/(W1 + 1)] 4
·
7 9 

Rearranging the equation and solving for W2, 

W2 = { [DTN (lower)/DTN (desired)] 0 ·
209 (W1 + !) } -1 

Continuing the previous example, 

DTN (lower) = 390 EALs/ day. 
DTN (desired) = 800 EALs / day. 
F = 390/800 = 0.49. 

9 

(5) 

(6) 

Assume that w1 ~ 18 kips and w2 = (0.49)0,209(19) 
- l = 15.4 kips, the maximum allowable single­
axle load. 

Load restriction= 15.4 / 18, or 86 percent of the max­
imum legal axle load. 

The technique used above allows the calculation 
of axle weights that will cause (on weaker pave­
ments) the same damage as the heavier loads on 
stronger pavements. As has been shown, a single 
pass of a 15.4-kip load on a weakened pavement 
structure that has a Canadian Good Roads Association 
deflection of 0.031 in is equivalent to an 18-kip 
load on a pavement that deflects at 0.023 in. 

This can be expanded to spring-thaw conditions. 
If a pavement has a summer deflection level of 0.023 
in and the maximum legal axle weight is 18 kips, 
what load restriction should be imposed if the 
spring deflection increases to 0,031 in? If one 
applies the equal-damage philosophy, the maximum 
legal axle weight should be lowered to 15.4 kips, or 
86 percent of the normal. The results of this pro­
cedure are graphically shown in Figure 4. The per­
centage reduction in axle weight can easily be de­
termined by using Figure 4 and knowing the normal 
summer deflection level and the present deflection. 

Because deflection data on Alaskan highways have 
been measured on only 150 miles, an alternative 
method of determining the acceptable deflection 
level must be provided until such data are avail­
able. Figure 5 is an adaptation from the California 
design procedure and shows the acceptable deflection 
levels for various pavement thicknesses and traffic 
indexes (Tis). If one knows the TI and the thick­
ness of the constructed asphalt concrete pavement, 
the appropriate deflection level can be determined. 
For example, a route with a TI of 8 and a pavement 
thickness of 2 in would have an acceptable deflec­
t ion of 0.034 in. Again, it is better to have mea­
sured the normal summer deflection. 

To this point, the procedure implies that all 
roadways should be posted during spring thaw if the 
deflection level increases above the normal summer 
level. This is not practical nor necessarily de­
sirable. It is therefore necessary to establish a 
procedure by which routes that do not need load 
restrictions can be determined. 

Hardcastle and Lottman suggest that any route 
that has a fall deflection greater than 0.023 in 
should be posted in the spring. However, several 
c ases have been observed in Alaska where sections 
had very low fall deflections and very high spring 
deflections. Obviously, in such instances, a fixed 
fall deflection criterion would be unacceptable. 

An alternative procedure requires that the design 
deflection be used. If the spring deflection ex­
ceeds the design or acceptable deflection level, 
then load limits should be enforced. If not, the 
roadway need not be restricted. From Figure 5, the 
maximum allowable deflection level for a pavement 
thickness of 2 in and a TI of 8 would be O .034 in. 
Should the measured spring deflection exceed 0.034 
in, the load restriction applied would be determined 
by referring to Figure 4 and knowing the normal or 
acceptable deflection level. 
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Figure 3. Design deflection curve for 
various vehicle loadings. Ii 
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Figure 6 shows a flow chart that sununarizes the 
procedure for establishing the level of spring load 
restriction. To illustrate its use, consider the 
following example. 

The peak spring deflection of a roadway section 
has been measured to be 0.045 in. The pavement 
thickness is 2 in and the TI is 8. The normal sum­
mer deflection is unknown. Determine the level of 
load restriction that will be required. Since the 
normal sununer deflection is unknown, the allowable 
deflection level for a TI of 8 and a pavement thick­
ness of 2 in from Figure 6 is found to be 0.034 in. 
The meas ured peak spring deflection cf C.C4.5 in is 
greater than the allowable deflection (0.034 in). 
Therefore, load restrictions will be required. From 
Figure 5, the level of restriction required for a 
peak deflection of 0.045 in and an allowable deflec­
tion of 0.034 in would be 80 percent. 

Economic Impact of Load Restrictions on 
the Trucking Industry 

Whenever load restrictions are imposed, the economic 
impact on the trucking industry is substantial. 
However, any additional damage done by trucks during 
this period is in effect subsidized by the general 

public. Because the general public is also the 
consumer, it ultimately pays for additional costs to 
the freight haulers. A balance must therefore be 
sought between the costs to the trucking industry 
and the costs of repairing and prematurely replacing 
roads. 

Whenever load restrictions are in effect, truck­
ing agencies can add additional axles, split loads, 
or divert shipments to rail or air carriers. When­
ever additional axles are added, fuel consumption 
increases approximately 5 percent/axle, which adda 
about 4¢/mile to the cost. The cost of mounting an 

added during spring breakup, when loads that cannot 
be broken down must be hauled. 

Shipment by rail is less expensive than trucking 
any time of the year. The major complaint is that 
it takes two or more days longer to move freight 
from Anchorage to Fairbanks by rail than by truck. 
For conununities not in the rail belt, trucks are the 
only means of freight transport. 

Air shipment is much too expensive for heavy 
freight movement. However, in some instances the 
cost may well be justified. Again, conununities that 
do not have air strips capable of handling heavy 
aircraft must depend on trucks. 
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Figure 5. Acceptable deflection 
levels for various pavement thicknesses. -
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Figure 6. Flowchart for establishing 
spring load restrictions. 
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Interviews with several trucking firms operating 
within Alaska provided cost information for use in 
this study. These data are summarized below: 

Total Cost ($/ 

~ Condition truck mile) 
South of Fairbanks Paved 1.62 
North of Fairbanks Gravel 2.56 
Alcan Highway, Paved and 1.21 

Seattle to unpaved 
Fairbanks 

These costs include only operating costs--i.e., gas, 
oil, tires, and driver. The less tangible costs, 
such as safety, are not estimated here because no 
uniform method of estimation has been developed. 
When load restrictions are imposed, added trucking 
costs include the costs for additional trucks, 
trailers, and axles and the costs of transferring 
part of the load to the additional trailers. Figure 
7 shows the relation between the percentage load 
restriction and payload for a 3-S2 tractor-trailer 
combination. Notice that, when the road is posted 
for 30 percent of legal axle load, no freight can be 
moved. The cost relations are shown in Figure 8. 
Understandably, most trucking agencies stop hauling 
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NO REST RICTION REQUIRED 

NO RESTRICTION REQUIRED 

NO 

DOES MEASURED SPRING DEFLECTION 
EXCEED THE ALLOWABLE DEFLECTION 
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VES 

DETERMINE THE LEVEL OF RESTRICTION 
REQUIRED FROM FIGURE S USING THE 
APPROPRIATE "ALLOWABLE DEFLECTION 
CU RVE AN D THE MEASURED SPRING DE­
FLECTION 

when the load limits reach 50 percent because the 
cost becomes prohibitive. Similar plots for other 
truck types could easily be derived. 

To amplify the magnitude of these costs to the 
trucking industry, consider the total daily cost 
increases incurred during the period when 75 percent 
axle restrictions are imposed. The average truck 
traffic on the Parks Highway for March and April of 
1979 was about 140 trucks/day. Assuming that all of 
these trucks ace traveling full, the increased cost 
would be $33 000/day on the Parks Highway alone. 
The costs for the major routes within Alaska ace 
summac ized in Table 1, where they ave cage out to be 
$66/day / mile. 

cost to State If Load Restrictions 
Are Not Applied 

Whenever a fully loaded truc k travels a highway that 
is in a thaw-weakened condition, excessive damage 
occurs just as if it were o verweight. The damage to 
the pavement can be estimated by red e fining the 
"legal" load. For example, if restricting axle 
loads to 75 percent of the legal maximum is neces­
sary to protect the pavement (using Equation 2), an 
18-kip single axle would have an equivalency factor 
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Figure 7. Relation between payload and percentage restrictions for 3-S2 truck. 
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Table 1. Cost to trucking industry when 75 percent highway load restrictions 
are applied. 

Length 
Route (miles) 

Parks 360 
Sterling 139 
Seward 129 
Glenn 189 
Richardson 
Fairbanks-Delta Junction 97 
Delta-Glennallen 151 
Glennallen-Valdez 11 5 

Alaska Hieh way 
Border-Tok 93 
Tok-Delta 108 

Tok Cutoff 125 
Total 

No . of Trucks 
per Day 

140 
181 
228 
107 

68 
35 
61 

12 
22 
22 

Cost per Day 
($000s) 

33 
17 
19 
13 

4 
4 
5 

1 
2 
2 

100 

of 3.6~. If a 50 percent restriction is required, 
the equivalency factor would be 21.64. If one knows 
the ~•.1!!'be!'. of <" q11ivalent EALs, the cost to the state 
can be computed as follows. 

Based on construction costs in interior Alaska, 
the present cost (1980) of a 2-in hot asphalt over­
lay 24 ft wide in Alaska is approximately $13/ linear 
ft. A 2-in minimum overlay has been suggested in a 
recently completed study by McHattie, Connor, and 
Esch (2). The average peak deflection on the major 
routes within the state has been found to be 0.036. 
By using a 20-year design life and Figure 5, the 
current pavement cost to the state for each EAL-mile 
would be c = cost/mile/EAL life. From Figure 3, EAL 
life= 1 124 200. Therefore, c = 13(5280)/1 124 200 

$0.061/ EAL-mile. A single pass of a legally 
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loaded 3-S2 truck would cost $0.183/mile. If the 
same vehicle were to pass when 75 percent axle-load 
limits were required, the cost to the state would be 
$0.668/mile. The incremental cost would then be 
$0. 4 BS/mile/pass. Table 2 summarizes the cost to 
the state, which averages out to be $106/day/mile • 
The benefit/cost ratio for applying 75 percent load 
restrictions is then 1.6. It seems prudent, there­
fore, to apply load restrictions for the entire 
period required. 

sampling Frequency 

Because of the expense involved and limited avail­
ability of personnel and equipment, testing an en­
tire system annually would be impractical. A more 
practical method would be to determine those sec­
tions that are representative of a route through a 
deflection inventory. These sections could then be 
monitored during the spring thaw to determine when 
load restrictions should be applied. Care should be 
taken to select sections in each climatic region to 
ensure that load restrictions are not removed pre­
maturely. 

The inventory could also be used to establish the 
level of restriction required for each route. This 
would require management to establish what level of 
protection would be required for the routes in ques­
tion. For example, it may be decided that load 
restr ict i ons should be based on the deflection level 
below which 95 percent of all roadway sections fall. 

Summary 

A.1. enough che mechanism fOL Lhaw weakening is Leason­

ably well understood, prediction of the magnitude 
and the time frame still must be measured in the 
field if accurate information is required. The use 
of deflection data allows an in situ measurement of 
the strength of the pavement structure without 
direct measurements of materials properties . 

Relations between deflection levels and pavement 
1 ife have been developed by a number of agencies. 
By combining these relations with the weight-damage 
relations found in the A~SHO Road Test, the level of 
restriction can be ascertained. The underlying 
philosophy behind this determination is that damage 
allowed during the weakened period should be no more 
than the damage that would have occurred during the 
normal summer months. 

By monitoring the deflection levels of carefully 
selected roadway sections, the time frame for load 
restrictions can easily be determined. Since the 
benefit/cost ratio is in favor of applying load 
restrictions, it is suggested that load restrictions 
should be m.iintaincd until it has been determined 
that the embankment has regained its strength. 
Since trucking agencies know within a few weeks the 
time when load restrictions will be enforced, they 
should be encouraged to schedule around them. 

OVERWEIGHT-VEHICLE POLICIES 

Although it is recognized that overweight vehicles 
are necessary, they must be closely regulated to 
prevent pavement damage. Nationally, it has been 
found that illegally overloaded vehicles travel the 
highways with little fear of enforcement (!). As a 
result, pavement life is being drastically reduced 
without compensation to the state governments. This 
requires not only effective enforcement but also a 
fair permit policy. 

Any good permit policy should have three basic 
qualities: 

1. It must strongly encourage legal loads when­
ever possible. 
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Table 2. Cost to state when 75 percent highway load restrictions are not 
applied. 

Length No. of Trucks Cost per Day 
Route (miles) per Day ($000s) 

Parks 360 140 30.6 
Sterling 139 181 32.1 
Seward 129 228 37.5 
Glenn 189 107 25.8 
Richardson 
Fairbanks-Delta Junction 97 68 8.4 
Delta-Glennallen 151 35 6.7 
Glennallen-Valdez I 15 61 9.0 

Alaska Highway 
Border-Tok 93 12 1.4 
Tok-Delta 108 22 3.0 

Tok Cutoff 125 22 3.5 
Total 158.0 

2. Enforcement must be adequate to discourage 
movement of overweight loads without a permit. 

3. The fines must be sufficiently large to 
reduce the economic attractiveness of avoiding 
permits. 

Although there is little disagreement on the first 
requirement, lack of enforcement, low permit costs, 
and inadequate fines have been cited as primary 
reasons why so many overweight vehicles are operat­
ing on the nation's highways . 

The overweight-vehicle policy described in this 
paper is based on the "user pays" philosophy. The 
permit cost is based on the estimated cost to the 
state for the overweight vehicle, including costs 
for pavement damage and administrative costs. The 
economic evaluation of whether to break the load 
down, add more axles, or pay for overweight loads is 
borne by the trucking company. 

current Alaska Policy on Overweight Vehicles 

Under Alaska statutes (Section 19.10.060) , the Com­
missioner of Transportation and Public Facilities is 
authorized to regulate the maximum size and weight 
of all vehicle operations on highways under his 
jurisdiction. The Alaska Administrative Code (17 
AAC 25.0) stipulates the maximum vehicle weights and 
dimensions (ll• This section also states that 
"Police officers or specifically authorized em­
ployees of the Department of Highways are delegated 
the authority to enforce these regulations." 

The maximum axle loadings are given below: 

AXle No. Maximum Weight Minimum AXle 
or Groue (lb) seacing (ft) 
Single 20 000 10.0 
2-axle tandem 34 000 3.5 
3-axle tandem 42 000 3.5 
4-axle tandem 50 000 3.5 

The maximum gross vehicle weights are determined by 
the following equation: 

W = 500 { [LN/(N -1)] + 12N + 36 } (7) 

where 

W maximum gross vehicle weight to the nearest 
500 lb , 

L distance between the extreme axles (ft), and 
N = number of axles. 

The weight on any tire may not exceed 500 lb per 
inch of tire width. 

The maximum single-trip permit limits that may be 
issued by the district permit offices are given 
below: 

AXle No. 
or Groue 
Single 
2-axle tandem 
3-axle tandem 
4 -axle tandem 

Maximum Weight (lb) 
30 000 
50 000 
60 000 
70 000 
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Tire loading is 750 lb/ in, and gross vehicle weight 
(GVW) is 150 000 lb. Maximum GVW is 25 percent 
above the lowest posted weight limit on bridges. 

For overweight-vehicle permits that exceed the 
values in Table l, approval is required by the De­
partment of Public Safety through the State Permit 
Officer. There is no mention of designating routes 
that may be used. The fee schedule for overweight­
vehicle permits is given below: 

Category 
Single trip of 0-99 miles; less than 

150 000 lb GVW 
For 30-day permits; not to exceed 15 per­

cent over legal GVW 
Single trip of 100 miles or more; less 

than 150 000 lb GVW 
Single trip of 0-99 miles; for GVW of 

150 000 lb or more 
Single trip of 100 miles or more; for 

GVW of 150 000 lb or more 

Fee ($) 
10 

25 

25 

25 

50 

The total permit fee charged for any permit shall be 
the sum of the oversize and overweight fees as re­
quired. 

Overweight-Vehicle Policies of Other States 

A review of the overweight-vehicle policies of other 
states showed a wide variety of permit schedules. 
The policies can be summarized as follows: Eleven 
states have free permits, 22 have fixed fees, and 17 
have permit fees based on excess weight (4). Of the 
17 states that have graduated fees based- on excess 
weight, 6 vary the fees with both excess weight and 
mileage. 

Many philosophies exist concerning overweight­
vehicle policies. If overweight loads are con­
sidered a normal part of a roadway's function, then 
permits may be free. Other states feel that the 
permit cost should pay for the administration, 
usually $5 to $10. If it is felt that the cost of 
the damage incurred should be borne by the hauler, 
the cost will probably be based on weight and dis­
tance moved. Still others feel that permit opera­
tions should y ield revenue, in which cases the fees 
may be quite high. 

There is, however, a general consensus that per­
mits should be issued only when (a) the load is not 
readily reduced, (b) there exists no other reason­
able alternative mode of transportation that will 
not be excessively costly, (c) a reasonably large 
sector of the economy will benefit, or (d) damage to 
the pavement structure will not likely be any 
greater than ·any normally permitted moves. 

Enforcement varies from almost nonexistent t o 
very strict, as do the fines that are assessed. 
Legal weights vary widely from state to state, which 
causes problems with the interstate trucking in­
dustry. In some states, the legal load varies be­
tween Interstate and state highways, and this causes 
further confusion. Because of the confusion caused 
by such wide variation, every study reviewed recom­
mended uniformity of legal weights and permit pol­
icies. 

Rational Overweight-Vehicle Policy 

Whenever an overweight vehicle passes over a roadway 
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Figure 9. Cost per axle mile for overweight-vehicle permits. 

.9! 
:i 
0 

§ 
:s 
t; .. 
u. -"' 0 
CJ 
0. 
::, 
0 

c'5 
II> 

" < 

0.30 

0.20 

0 .10 

20 30 ·40 ~ M 

w.iQht on Axle Group 
(Kipe) 

70 

section, damage is done to the surface that exceeds 
the damage that has, in principle, been paid for in 
fuel and licensing taxes, If the owner of the ve­
hicle is not charged for this excess damage, then he 
or she is in effect being subsidized by all the 
users of the roadway network, It seems reasonable, 
therefore, to base permit costs on this excess 
damage, 

As was shown earlier, the average cost per EAL­
mile within Alaska is approximately $0.06. By using 
equivalency tactors, tne excess damage for any truck 
can be determined in equivalent EALs, By combining 
these two factors, the incremental cost to the state 
of an overweight axle group can be determined by the 
resulting equation: 

(8) 

where 

ci incremental cost for a specified axle group 
per mile of travel, 

W1 weight of the specified axle group (kips), 
w2 = legal weight of the axle group (kips), and 

k u $0.06 (cost/EAL-mile), 

By summing the cost of all axle groups and multiply­
ing times the distance, the permit fee can be de­
termined as follows: 

n 

Pc = i~I (c; d) + Ac 

where 

Pc~ permit cost, 
n number of axle groups, 
d = distance traveled (miles), and 

Ac~ administrative cost. 

(9) 

The administrative cost may include bridge struc­
tural analysis and, in some cases, even pavement 
structural analysis. Because there is an upper 
limit to the load a pavement structure can tolerate 
without exceeding its fatigue strength, it is sug­
gested that axle groups that have an equivalency 
factor greater than 6 be referred to the maintenance 
engineer or other persons in authority for approval. 

Figure 9 graphically shows Equation 9 for various 
axle groups. To illustrate the use of Figure 9, 
consider the following example. 

A permit is requested for a 3-S2 commercial vehi­
cle with the following axle loadings: front axle, 
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18 000 lb; drive axles, 47 000 lb; and trailer 
axles, 50 000 lb. The load will be moved from 
Anchorage to Fairbanks (360 miles). Determine the 
permit cost, assuming an administrative cost of 
$25. 00, From Figure 9, the cost per mile for each 
axle group is as follows: 

Axle G.rou12 Cost eer Mile !$) 
Front axle 0.00 
Drive axles 0.21 
Trailer axles 0.30 
Total 0.51 

From Equation 9, Pc z $0.51 (360) + 25 = $208.60. 
This seems like a fairly high permit cost, but 

remember that, by using three-axle tandems, the 
permit can be avoided. 

Summary 

The overweight-vehicle policy suggested in this re­
port adopts a "pay-as-you-go" philosophy , By using 
a current overlay cost of $13/linear ft of two-lane 
highway and the deflection-life curves developed in 
Ontario, a cost of $0.06/EAL-mile can be derived. 
By relating this cost to the weight-damage relations 
developed in the AASHO Road Test, a cost per mile 
permit cost can be computed. The resulting costs 
are shown in Figure 9. 

uf course, if the system is to work, enforcement 
will be a key factor. For this reason, enforcement 
will need to be strengthened. 

CONCLUSIONS 

Seasonal Load Restrictions 

1. A rational method of establishing load re­
strictions has been developed in this paper based on 
deflection data. It is recommended that Figure 4 be 
used in establishing load restrictions in Alaska, 

2, Since extensive deflection data are required 
to determine the level of restriction, a deflection 
inventory is desirable. This inventory could also 
be used to predetermine problem areas to be moni­
tored during the spring-thaw period to establish the 
time frame for load restrictions. 

3. Monitoring of thaw depths can be used to de­
termine when to begin deflection testing, 

4, It has been shown that load restrictions are 
justified, since costs of damage to pavement will 
exceed the additional shipping costs during the re­
stricted period. They should therefore be posted as 
long as required based on deflection testing, 

Policy on Overweight-Vehicle Permits 

1. Weight-damage relations dictate that over­
weight vehicles must be controlled to prevent un­
necessary reductions in pavement life. 

2, In order to recover the cost to the state for 
damage caused by overweight vehicles, it is recom-

traveled in excess of legal loads plus a fixed cost 
for administration. 

3, Whenever possible, additional axles should be 
required to avoid overweight vehicles. 

4, For obvious reasons, no overweight-vehicle 
permits should be issued during the thaw-weakened 
period. 
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State-Level Pavement Monitoring Program 
ROBERT L. LYTTON, MICHAEL I. DARTER, MOHAMED V. SHAHIN, AND J. BRENT RAUHUT 

A long-term pavement monitoring program consists of the identification of spe­
cific data elements to collect, their measurement (including equipment) , the sam­
pling frequency both over time and within a pavement network and project, the 
efficient storage and retrieval of large amounts of data, its analysis and evaluation, 
and the use of the data in daily policy-level decisions and project programming. 
This paper describes (a) data needs for state-level management, planning, and de­
sign functions; (b) temporary data-collection activities by various states; (c) sam­
pling strategies and data-processing strategies; and (d) key issues and problems to 
be considered in planning a long-term monitoring program. 

There are three levels of pavement data monitoring. 
They correspond to three principal activities in the 
process of managing a state pavement network. State 
program management is concerned with overall plan­
ning, budgeting, and the equitable distribution of 
funding to political subdivisions of the state. It 
also includes special case studies and research 
needs, such as for cost allocation and improvement 
of design procedures. State project programming is 
concerned with selecting specific projects for an 
annual maintenance and rehabilitation program as 
well as for development of a projected future work 
plan. Project design is concerned with selecting 
the proper materials, layer thicknesses, and treat­
ments for a specific project. Because the latter 
activity occurs on a project-by-project basis, it is 
not usually considered as part of a state's long­
term monitoring program and will not be considered 
further here. 

Long-term pavement data monitoring serves several 
important functions in state program management: 

1. It provides current information on pavement 
condition and documents performance history on all 
functional systems for administrative, planning, 
operational, and research purposes. 

2. It provides data for the projection of future 
funding requirements for various possible scenarios, 
including (a) keeping the pavement network in its 
current condition, (b) improving the condition of 
pavements on selected road networks, (c) determining 

the impact on network condition of a budget cut, and 
(d) keeping the pavement network condition stable in 
the event of changes in legal sizes and weights of 
trucks. 

3. It provides accurate information to the legis­
lature on current pavement conditions, costs, and 
accidents. 

4. It provides information for the equitable 
allocation of funds to all subdivisions of the state 
weighted by the traffic, functional class, and 
occasionally the economic impact of specific road 
networks such as those used for hauling important 
products and commodities. 

s. It provides information for a variety of 
special needs, such as studies of cost allocation or 
truck weight, requests from the public, state and 
national research projects, and data for use on the 
national level by the Federal Highway Administration 
(FHWA). 

Long-term data monitoring assists in project 
programming in the following ways: 

1. The determination of current condition and 
other information about specific sections of pave­
ment to allow prioritization of and estimation of 
costs for required maintenance or rehabilitation and 

2. The collection of condition and other data on 
a sufficient number of randomly sampled sections of 
pavement to provide the estimates and special stud­
ies that are required for state program management. 

These multiple uses of a monitoring system re­
quire several types of information to be gathered 
and to be updated frequently. The data need to be 
gathered efficiently, by using sampling techniques 
both in time and along the length of various func­
tional classes of highways. The purpose of sampling 
is to reduce to a minimum the effort that is re­
quired to collect the data. Although sampling is an 
essential element of a long-term monitoring program, 
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the method of sampling must be dictated by the 
purposes for which the data will be used (as dis­
cussed later in this paper). In all cases, the data 
must be collected by reliable methods, a large 
number of which are currently in use in a number of 
states. The data must be efficiently processed, 
analyzed, and stored so as to be easily accessible 
for the variety of purposes for which they will be 
used. 

DATA NEEDS FOR STATE PROGRAM MANAGEMENT 

In general, the following types of data will be 
required for state program management: 

1. Definition of the highway system, including 
designations of the functional classes of highways, 
a division of the highway network into standard 
11nifnrm ser:,tinns, ;an<'! ;, dPt.Prmin;ition of thP mile­
age, age, surface type, and pavement depth distribu­
tions within each functional class and other sub­
divisions (districts, counties, etc.); 

2. Traffic and capacity information, including 
the distribution of average daily traffic, 18-kip 
equivalent single-axle loads (ESALs), and volume/ca­
pacity (V/C) ratios for each functional class of 
highway; 

3. Climatic variables, including moisture and 
temperature data; 

4. Surface condition data, primarily the distri­
bution of skid number by functional class; 

5. General accident rates from existing accident 
record systems; 

6. Past histories on accident rates, inflation 
cates, cost indexes, 

__ .., 
auu unit cost distributicn8 cf 

maintenance and rehabilitation; and 
7. Pavement condition rating distributions by 

functional class, including riding quality [or 
present serviceability index (PSI)] and significant 
distress types (including composite distress index). 

The distributions of data should include a mean, 
a standard deviation, and the type of distribution 
(normal, lognormal, Beta, Poisson, etc.). This 
statistical information can be determined by evalua­
tion of results by a suitable sampling scheme. 

Special studies may require that additional 
detailed information be collected on a selected 
sample of test sections. These special studies may 
include the development of damage models for cost­
allocation needs, pavement design improvement, 
impact of quality control on pavement performance, 
and other research needs. The development of spe­
cial relations using multiple regression analysis is 
discussed in a report by Rauhut and others (!). 

DATA NEEDS FOR PRO,JECT PROGRAMMING 

Most of the same categories of information must be 
gathered for the purpose of project programming. 
However, the data must be collected on specific 
sections of pavement rather than on a random sam­
pling among sections. When this specific informa­
tion is stored and retrieved in a data base manage­
m~uL sy sL~m, it ~uuu.J..u Li::ma1.n identified by th~ 
pavement section from which it came. 

The types of data needed for project programming 
include the following: 

1. Definitions of the network by uniform sections 
of similar design, which should be categorized by 
functional class and traffic level; 

2. Traffic and capacity information; 
3. Skid condition data; 
4. Accident rate history; 
s. Pavement condition, including riding quality 

(or PSI) and distress; and 
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6. Average annual pavement maintenance expendi­
ture. 

Data items 2-6 must be updated periodically. An 
overall surnmary of these data, their level of impor­
tance, and sampling frequency is given in Table 1. 
The frequency of updating varies from item to item 
and also among pavement sections. Factors affecting 
the frequency include rate of change in the item, 
allowable maximum interval between observations, and 
allowable minimum value. 

SYNTHESIS OF CURRENT DATA-COLLECTION MONITORING 
PROGRAMS 

Distress 

Distress monitoring includes distress type, sever­
ity, c1ml d111ou11l.. Significant distress types for 
flexible pavements include rutting, alligator crack­
ing, transverse and longitudinal cracking, block 
cracking, potholes, bleeding, raveling and weather­
ing, and swells and depressions. Significant dis­
tress types for rigid pavements include: slab 
cracking, D-cracking and reactive aggregate deterio­
ration, pumping, joint deterioration, and blowups. 
Several states have developed distress identif ica­
tion guidelines; however, a standard distress rating 
manual should be used throughout the states to 
achieve consistency. The FHWA Highway Pavement 
Distress Identification Manual (I) is recornmended 
for this purpose. 

Di stress is currently monitored by several states 
for state-level program studies, project program­
ming, and project design. The State ot wasn1ngton 
performs distress condition surveys on a portion of 
every highway section once every two years. The 
distress data are then used to arrive at a struc­
tural rating (1). The State of California also 
monitors selected distress on each highway section 
once every two years (j_). The entire length ot 
highway is surveyed and the data are used to deter­
mine the extent of structural damage (percentage of 
shattered slabs and percentage of fatigue alligator 
cracking). Each section of highway in Ontario is 
rated at least once every three years, utilizing 
dis tress identification manuals but more frequently 
as rehabilitation becomes imminent (2.,&.l. 

The State of Florida procedure for flexible 
pavements is based on selecting and surveying a 
typical 100-ft-long by one-lane-wide section as a 
representative sample of the total pavement section 
evaluated (l). Only three distress types are re­
corded: rutting, cracking, and patching. For 
concrete pavements, a rating team measures and 
records pavement distresses while driving at a 
reduced speed. The rating team, however, is 
required to stop the vehicle at a representative 
location of the rated section and determine the 
surnmation of faulting for five consecutive slabs (l). 

A comprehensive distress survey procedure and 
dislress identification manual was developed under 
NCHRP Project 1-19 (8) for plain jointed, reinforced 
jointea: ~nn c0ntin11nn~ly rP.inforced concrete 
pavements (similar to the FHWA Manual for concrete 
pavements). A survey crew of two or three persons 
can survey a 2-lane-mile section in 0.5-1 h, 
depending on the amount of distress. A few distress 
types (such as swells and depressions and shattered 
slabs) are recorded along the entire project, but 
most are sampled in 0.1-mile sections randomly 
located within every mile. The data are recorded on 
specially prepared sheets that are coded for 
irnmediate keypunching and entering into a 
computerized data base. 

The U.S. Army Corps of Engineers procedure 
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Level of Sampling Relative Cost 
Table 1. Summary of data that should be collected for programming and 
project prioritization. 

General Data Item Importance Frequency (years) Level 

Description of pavement Normal _a Low 
Traffic volume Normal 2-3 Medium 
Traffic loadings Normal 2-3 High 
Skid resistance High 3-5 Medium 
Accident rates High 2-4 Medium 
Distress High 1-4 Medium 
Roughness and serviceability High 1-4 Medium 
Maintenance costs Normal 1-2 High 
Rehabilitation costs Normal 1-2 Low 

8 lllitial and after major work. 

considers all distress types and uses a 
comprehensive distress identification manual (9). 
Each pavement section is divided into sample units 
(about 100-200 ft long). The number of sample units 
to be inspected in each section is a function of the 
objective of the survey and the desired level of 
reliability (!.Q_). 

Distress has been traditionally measured manually 
by traveling slowly along the pavement. New photo­
graphic equipment now provides for rapid (40-mph) 
recording of all visible distress within a 12-ft­
wide lane on a strip photo and also rut depth and 
cross slope. The automated photographic system has 
significant advantages over the manual surveys, 
including cost, speed, and safety. 

Roughness and Serviceability Index 

Roughness is defined as irregularities in the pave­
ment surface that adversely affect ride quality, 
safety, and vehicle maintenance costs. The PSI is 
highly dependent on roughness. It is computed 
directly from roughness data by several states. 

There are several different indicators of rough­
ness, including (a) the roughness index (sum of 
vertical deviations of surface or car body), (b) 
wavelength-amplitude characteristics (actual profile 
measurement) , (c) slope variance, (d) vertical 
acceleration, and (e) subjective rating by a panel. 

Roughness is generally considered a very signifi­
cant parameter for state-level program management 
and state-level project programming. It is also of 
value at the project design level in determining the 
most cost-effective repair method. 

A number of mechanical and electronic devices are 
used by states to measure roughness. Long-term 
monitoring requires that the measurement equipment 
be stable over many years. Several of these de­
vices, particularly the car ride meters, change in 
roughness output over time as the car suspension 
system changes. Either careful year-to-year cali­
bration procedures must be developed, or a device 
that measures the actual profile must be used. 

Roughness data in California are measured with a 
car ride meter of the Portland Cement Association 
(PCA) type in order to identify when pavement cor­
rective work should be undertaken to improve ride­
ability (i). Critical levels of roughness were 
determined by use of rating panels. Raters were 
asked to judge whether the pavement provided a 
satisfactory ride or was so rough that it should be 
improved. A critical ride score was selected to 
identify those locations that should be considered 
for ride quality improvements. The ride score is 
computed separately for sections of pavement approx­
imately 1 mile in length ( this may vary from as 
short as O .1 mile to more than 1 mile) and for 
bridge approach ride quality (approximately 100 ft 
approaching and leaving bridge ends). Roughness 
measurements are taken on every section of highway 

(essentially every mile) every two years. 
Texas uses roughness to calculate a PSI. Mays 

ride meters are located in each district and per i­
odically run on pavement sections. The Mays meters 
are brought back to headquarters often, where they 
are run over a set of test sections for calibration. 
The General Motors (GM) Profilometer is used to 
measure the roughness on the calibration test sec­
tions periodically to ensure that they do not 
change. Functional relations have been developed 
between the profile measured with the GM Profilom­
eter and a large panel of raters. This approach is 
felt to be an excellent method of obtaining uniform 
roughness data over the long term. 

Minnesota develops an annual calibration or 
correlation between the PCA-type ride meters and a 
large panel rating. A potential problem with the 
approach is that the panel ratings may vary from 
year to year. 

Surface Skid Condition 

Skid resistance is usually determined based on the 
friction coefficient between the vehicle tires and 
the pavement surface. Methods for measuring the 
friction coefficient include trailers with locked 
wheels, trailers with unlocked wheels making a yaw 
angle with the direction of travel, trailers with 
rolling wheels in the slip mode, portable field 
instruments, and laboratory equipment. The locked­
wheel trailer, which complies with American Society 
for Testing and Materials (ASTM) standards, is the 
method most commonly used by the states. values are 
measured in terms of skid numbers (SN), which are 
measured at 40 mph or converted to equivalent 40-mph 
values and designated SN(40). 

The State of California is using the locked­
wheel-trailer method and has established procedures 
for a continuing skid-testing program. The fre­
quency of the skid tests is such that all Interstate 
highways are tested each year, other freeways and 
expressways are tested every two years, and all 
other state highways are tested every four years. 

Deflection 

Pavement response to loading (or deflection) is 
routinely used by many states to assess the struc­
tural adequacy of pavements. The following general 
deflection devices are in use by states (11): (a) 
static deflection (e.g., Benkelman beam), (b) vibra­
tory steady-state force (e.g. , Dynaflect, Road­
r a ter), and (c) impulse (e.g., Falling Weight De­
flectometer). Deflection results are most commonly 
used at the project design level and not often used 
at the state monitoring level. However, special 
studies for cost allocation or design verification 
may require deflection testing on selected sections 
over various seasons throughout the year. 



18 

Distress Composite Index 

A meaningful pavement condition index (PCI) can be 
obtained by combining the effect of the individual 
distress types into a composite index. The index 
provides several uses at all three levels: program 
management, project programming, and project design. 
These uses include overall pavement condition 
rating, determination of needed level of maintenance 
and rehabilitation, project prioritization, perfor­
mance modeling, computation of benefits for various 
repair alternatives, and budget optimization. The 
advantage of a distress composite index is that it 
indirectly combines in one number the weighted 
effects of important pavement condition indicators 
such as roughness, skid, and structural integrity. 
Such an index has been developed in various forms 
and implemented by states and agencies, including 
Washinytun, Texas, Flur itla, Ll1e U.S. Air Fuu.;e, aml 
the U.S. Army (l,i-l,.!Q.,12). For example, the PCI 
developed by the U .s. Army Construction Engineering 
Research Laboratory (CERL) (.!Q.) provides that the 
distress and level of severity be carefully and 
accurately defined to reduce field subjectivity. 
The distress deduct values are developed so that the 
computed PCI represents the collective judgment of 
experienced pavement engineers. Th is adds to the 
meaning and usefulness of the index. 

Traffic 

Four types of traffic data are required for long­
term pavement monitoring: 

1. Volume data for the 13 standard vehicle cate­
gories are typically provided by states as average 
annual daily traffic (All.OT) and average annual daily 
commercial truck traffic (AADTT), including a break­
down into the basic truck categories (buses; two­
axle, six-tire single unit; three-axle combinations, 
etc.). Typically, states sample the traffic stream 
annually at key locations along the highway network. 
These data are published as maps or in summary 
tables. 

2. Lane distribution of trucks is required, but 
states do not measure or report this information 
(except as part of a research study). This is a 
very important data element for use in pavement 
deterioration studies and must be included. 

3. With regard to axle weight distribution of 
trucks, states typically collect only a minimal 
amount of data on truck axle load (e.g., one 8-h day 
per year at weigh stations). These limited data are 
used to prepare the "W-4 tables". W-4 tables can 
normally be obtained for a given weigh station or 
over an average of all stations on a functional 
classification of highways (e.g., IR, IU) each 
year. There are typically so few weigh stations 
available that the axle-load distributions are 
averaged over an entire functional class of high­
ways. Data from the W-4 tables can be used to 
compute the mean loacl clistriuutiun (aclur (ur· 111ed11 
18-kip ESAL per truck). All states submit the 

u, ..... 1-, • .... r._,..,. ......... - ........ .-
,.,u.....,,1 .1.IU,t'.LVV,;111,;;;;11~ 

in this procedure of estimating axle-load distribu­
tions is needed for the long-term monitoring system. 

4. V/C ratios are determined by dividing the 
vehicle count by the capacity computed from the 
Highway Capacity Manual (.!1_). 

Accident Rates 

For long-term pavement monitoring, the main emphasis 
regarding accident rates is to identify locations 
that have high rates and determine whether pavement 
condition might be a cause. Most states have 
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well-developed accident reporting system outside the 
highway department. 

Many states have computerized roadway information 
files that can be matched with reported accident 
files to deve l op numbers of reported accidents by 
numerous roadway and traffic characteristics. This 
will allow the development of generalized accident 
rates for both programming and project development. 
These computerized accident and highway files can 
also be used to determine numbers of reported acci­
dents by year for specific highway sections. By 
sampling large numbers of sections that have differ­
ent pavement characteristics and numbers of acci­
dents, accident rates (by severity) can be related 
to pavement characteristics. Such statistical 
studies can be used to provide predictive relations 
for analyzing the benefits of alternative pavement 
strategies. In addition to general statistical 
analyses, computerized ac.:c.:iclent ( iles Lhdt can be 
matched with highway files can also be used to 
develop accident h istories on each seecific section 
of highway covered by the files. These data on 
specific sections can be used as inputs in specific 
pavement programming-level decisions. Data can also 
be developed for several years on specific accident 
types such as wet-weather ace idents, by severity. 
Because of the extra burden of incorporating acci­
dent reporting into a pavement monitoring system, 
only accident rates developed from existing accident 
record systems should be used. 

Maintenance and Rehabilitation Costs 

The details of systems for recording and reporting 
maintenance cost vary considerably trom state to 
state. In an NCHRP study reported in 1977 (1d.), 11 
states were surveyed and the following general 
character is tics were found. All states use auto­
mated data storage and reporting of routine mainte­
nance cost information, although none record the 
lane in which the maintenance was done or the type 
of pavement (flexible or rigid). States record 
maintenance activities either by milepost, highway 
segments of variable length, highway, or district. 
In order to be useful for project programming, 
recording by either milepost or highway segment is 
essential. Any of these levels of reporting are 
adequate for program management purposes, but even 
here the more detailed systems are preferable. 

Estimates of maintenance costs must be derived 
from unit costs of the various maintenance activi­
ties, the number of which varies between about 40 
and 500. The aggregated maintenance costs in 1977 
ranged between $1000 and $4500/lane mile or between 
$10 and $SO/vehicle/year. The approximate cost of 
the recording and reporting of maintenance costs was 
about 0.5 percent. Table 2 (l].l gives more detail 
on each state surveyed. 

The costs of major maintenance, rehabilitation, 
and other such activities can be obtained more 
directly from bid summaries or from specific project 
codes. In any case, average costs are deoirablc in 
order to make projected estimates of project and 
networkwi,:te f1_lnc'iri'] ne':'r:ls. ~ 

SAMPLING STRATEGIES 

It is essential to have a carefully planned strategy 
for data collection for each of the two state-level 
long-term monitoring purposes. The minimum amount 
of data that is necessary should be collected each 
year in order to reduce the amount of personnel, 
equipment, and other resources used in this effort. 

When a long-term monitoring program is initiated, 
there is a need to obtain detailed project program­
ming data on 100 percent of the entire highway 
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Table 2. Typical state maintenance recording systems in 1977. 

State 

California 
Hawaii 
Illinois 

Louisiana 

Minnesota 

Nevada 
North Dakota 

Pennsylvania 
Tennessee 

Washington 

Wyoming 

network within a reasonably short period of time, 
such as two years. This means that approximately 
one-third or one-half of the network will be sampled 
in any one year. once the initial condition of each 
section of the network is known, future sampling 
rates can be reduced based partly on numerical 
studies of sampling patterns and partly on exper i­
ence , as discussed later. Under any circumstances, 
the level of effort that can be maintained over the 
long term will necessarily be controlled by the 
level of funding and the number of trained personnel 
available for the survey. 

Once the initial condition data are collected, 
the sampling strategies for the two purposes become 
different. In general, the number of sections from 
which state program management data are drawn is 
considerably smaller than the number of sections 
needed for project programming. However, the state 
program management data must be collected in strict 
accordance with a carefully executed random, strati­
fied, or cluster sampling plan since every effort 
must be expended to eliminate bias in these samples 
of data. 

Data-Collection Strategies for Program Management 

Data collection for program management purposes must 
be done systematically in accordance with a sampling 
plan. careful attention should be applied to the 
design of the sampling process in order to gain an 
optimal compromise between the cost of collecting 
the data and the information gained from the survey. 

A brief description and example of some of the 
available methods of survey sampling follow: 

1. Simple random sampling provides that every 
sample has an equal probability of being chosen from 
a population. For example, if all highways in a 
given geographic area were divided into equal 
lengths (segments), then each highway segment would 
have an equal choice of being chosen for the re­
quired sample size. 

2, Stratified random sampling is the sampling 
process whereby a population is divided into strata 
and then random samples are obtained within the 
described strata. For example, if a given state is 
divided into a number of highway department dis­
tricts and data estimates were required for each 
district, then each district could be considered a 
stratum and individual highway segments could be 
randomly selected within each district. 

3. In one-stage cluster sampling, elements within 
a population are first grouped together and then the 
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Maintenance Cost($) Percentage of 
No. of Maintenance Budget 
Maintenance Location Per Lane Per Vehicle for Recording 
Activities Identified Mile per Year and Reporting 

470 Milepost 3400 l I .40 0.4 
36 District 4550 20.90 
49 Highway 2100 13.30 0.6 

segment 
124 Highway 2400 41.80 0.4 

segment 
Many Highway 1800 21.60 0.5 

segment 
72 Milepost 1300 35.50 0.2 
63 Highway 950 29.30 1.0 

segment 
218 District 2660 29.50 

71 Numbered 1600 15.40 
highway in 
county 

373 Highway 2400 16.90 0.3 
segment 

46 Milepost 1160 51.00 0.5 

elements are randomly sampled . For example, if data 
estimates are required for a state, counties could 
be randomly selected throughout the state . Within 
each selected county, all highway segments would be 
sampled. The pavement segments surveyed are consid­
ered to be "clustered" within the selected counties. 

4. Multistage cluster sampling (multistage sam­
pling) is similar to one-stage cluster sampling but 
takes the process further. Multistage clustering 
allows for larger areas to be clustered together and 
then randomly sampled. The elements within these 
clusters are also randomly sampled. As in the 
previous example, if data estimates are required for 
a given state, counties within a district can be 
randomly selected and within those selected counties 
pavement segments may be randomly selected. This 
would constitute a two-stage cluster sample. A 
three-stage sample would involve randomly selecting 
highway department districts within a state, then 
counties within the selected districts, then pave­
ment segments within the selected counties. 

5. In systematic random sampling, every kth 
element of a set of data is sampled. The first 
element is selected at random between 1 and k. For 
example, data estimates are required for a state 
that has 100 counties. It is determined that 10 
counties should be surveyed. The interval k is 
determined as 100/10 = 10. The first county is 
selected at random between 1 and 10--say, 3. The 
counties to be surveyed are therefore 3, 13, 23, 33, 
.•• , 93. Within each county selected, all highway 
segments would be sampled in the data-collection 
effort. 

In addition, combinations of these five methods can 
be created. 

Each sampling survey method has its own formulas 
for estimating means and standard deviations of the 
entire population or of specific functional classes 
of highways. The formulas can be found in standard 
reference books on sampling techniques ( 14, 15) , It 
is advisable to perform a study of each data~ype by 
using actual data to determine the prec1s1on of 
different sampling rates before selecting a specific 
sampling rate. 

There are two approaches to determining the 
sample size. The first draws sample data from a 
small number of pavement segments in order to obtain 
a reliable estimate of the mean and standard devia­
tion of each functional class of highway. Changes 
in the condition of these classes may be predicted 
by using regression models of distress and perfor­
mance and a knowledge of the distribution of pave-
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Figure 1. Coefficient of sample variation versus sample size for 
Texas highway district 21 (1975 data). 
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ment age and traffic within each class. This ap­
proach requires sample sizes on the order of 2-3 
percent, as can be observed in Figure 1 (16), which 
is based on a detailed numerical study onPSI, SN, 
composite distress score or pavement rating score 
(PRS), and Dynaflect measurements (surface curvature 
i nrlPx). A~ Fig11r€' l ~how!5:- vi_rt1_1;::11ly no incre?tse in 
precision, as measured by the ratio of standard 
error to mean, can be expected with sample sizes 
greater than about 2 or 3 percent. The exception to 
this appears to be the Dynaflect data, which seem to 
reach a plateau at a sampling rate of about 5-10 
percent. 

The second method attempts to detect changes from 
one year to the next strictly by sampling without 
the use of regression equations as in the first 
method. In the second approach, the size of the 
sample is determined by the percentage change in 
pavement condition that it is desirable to detect 
and the level of confidence that is required of the 
result. The Highway Performance Monitoring System 
(HPMS) suggests that a 10 percent change in the mean 
value should be detectable at an 80 or 90 percent 
level of confidence (17). A simple formula for 
estimating the number of sections required is given 
by the following equations: 

1) = 110/[I + (r;o/N)] 

where 

n 

N 

number of samples required to detect 
a change in proportions (P1 - Pz) 
in a functional class of pavement; 
at time period t 1 , the percent-

(I) 

(2) 

age of the total mileage of a func­
tional class of pavement that has dis­
tress greater than an acceptable 
level, riding quality lower than a 
specified minimum, or SN lower than 
a minimum level; 
same as above for time period 
tz; 
percentage change that can be 
detected; 
total number of sections of pavement 
in a functional class; and 

p 

SIZE SAMPLE 

normal variable for a specific level 
of confidence, as given below: 

Level of 
Confidence 
(%) .! 
50 0 .. 00 
70 1.40 
80 1.29 
90 1.65 
95 1.96 

For example, for a 10 percent change in the mean 
value of distress with 90 percent confidence , 

1/o = (0.5)(1.65)2/(0.10)2 (3) 

Since z = 1.65 for a 90 percent confidence level, 
then no = 136. For a functional class that 
contains 500 sections of pavement, the sample size 
is n = 136/[l + (136/500)] = 107. If an 80 per­
cent confidence level is acceptable, the sample size 
drops to 71 sections. 

The more important functional classes of pave­
ment, such as urban principal arterials, should 
require a 10 percent change to be detected with a 90 
percent level of confidence. Other functional 
classes should require only an 80 percent level of 
confidence. This rule of thumb applies to all types 
of required data except climatic and traffic data. 

Climatic data should be sampled from among the 
weather stations in each climatic region in a state 
but from no fewer than three stations. The process 
of traffic data collection should recognize the fact 
that the coefficient of variation of traffic counts 
varies inversely with the traffic volume. The HPMS 
system provides an approximate method of allowing 
for this variation of traffic variance with traffic 
volume, and that method is suggested as a practical 
means of determining the sample size of the sections 
where traffic data will be collected. 

To summarize the two sampling methods described 
above, the first is concerned with making an accu­
rate estimate of means and standard deviations, and 
the second is concerned with collecting sufficient 
data to detect a change in the mean value of a 
specified percentage. The first method only re­
quires sample sizes of around 2-3 percent, whereas 
the second method, the HPMS method, may require 
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statewide sampling rates of around 5-10 percent 
(excluding locals). The first method requires the 
use of regression equations to predict future 
changes in pavement condition, but the effort re-
quired to develop such models may be recovered 
quickly in savings of personnel over the second 
method. 

Some numerical experimentation with the actual 
data will probably result in a reduction in the 
total number of sections where data must be col­
lected. The pavement condition data collected for 
the purpose of programming specific projects should 
provide more than enough data each year to make 
reasonable assessments of the changes that occur in 
each of the functional classes of pavement for the 
purposes of statewide program planning and fund 
allocation. 

Data-Collection Strategies for Project Programming 

Programming of individual projects requires accurate 
knowledge of the current condition of every pavement 
section in the entire network. In this case, sam­
pling takes on a different meaning. The data-col­
lection effort for project programming purposes must 
satisfy three requirements: 

1. It must provide data for use in state program 
management. 

2. It must systematically update the initial 
condition data collected at the start of the long­
term monitoring effort. 

3. It must collect current condition data on 
specific sections of pavement that are approaching 
the end of their satisfactory service life. 

The first requirement must be met by sampling in 
accordance with a carefully planned sampling plan. 
The second requirement is one that will ensure that 
the information on each section of pavement is 
reasonably current. This means that every section 
should be inspected every two to five years, even 
though it remains in good condition. The third 
requirement is to permit prioritization of pavement 
maintenance or rehabilitation projects. The pave­
ment sections that need to be inspected to satisfy 
the first two requirements can be designated on a 
map each year. 

An approximate annual inspection schedule to meet 
the third requirement can be generated by using 
regression models of pavement distress, performance, 
and skid and projecting them forward in time to the 
point where unacceptable levels of these pavement 
condition indicators are predicted. Because of the 
scatter that is inherent in regression equations, it 
is considered wise to record condition data on each 
section of road in the network every two to five 
years, regardless of condition. This will permit 
more accurate and useful annual inspection schedules 
and can help in planning the manpower effort that 
will be required in the annual condition survey. 

Pavement sections at locations where unusual 
numbers of accidents have occurred should be in­
spected as should those special sections of the 
network that are affected by a sudden increase of 
traffic or by a haul of economically important 
products and commodities. 

Obviously, the percentage of the highway network 
that needs to be inspected each year will depend on 
the overall condition of the pavements in the net­
work and the rate of deterioration. For a network 
in good condition, data may need to be recorded on 
no more than 20 percent of the sections. The per­
centage will increase as the overall condition of 
the network becomes poorer. 
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DATA PROCESSING, STORAGE, AND ACCESSIBILITY 

The data that are gathered will have multiple uses 
in both state program management and project pro­
gramming. Because of this, the data must be stored 
so that they are readily accessible in a variety of 
forms. In general, greater accessibility requires 
automation and a greater capital investment. Thus, 
the degree of accessibility should depend primarily 
on how frequently the data must be used. Data that 
do not change rapidly or are not used often may be 
stored in less accessible forms. 

The following methods of storing data are listed 
in increasing order of accessibility: 

1. Decentralized manual files, 
2. Centralized manual files, 
3. Punched cards, 
4. Magnetic tape, and 
s. Computerized data base. 

Because a substantial amount of financing and 
experience are required to build up and debug a 
computerized data base, it is best to regard the 
above list as the order in which a data storage 
system is developed. It must be realized, however, 
that the processing of large amounts of dat~ on the 
state level as well as the accessing of the data by 
other agencies essentially require a computerized 
data base management system. 

NCHRP Project 1-19, Concrete Pavement Evaluation 
System (COPES) (_!!) , used a hierarchical data base 
management system called SIR (17). The variables in 
the data base are grouped in records (historical 
data, distress, traffic, etc.), where each record 
owns many other records in a top-down or treelike 
structure. Data are recorded on specially prepared 
sheets that can be directly keypunched into a com­
puter file and then entered into the data base. 
Data retrieval and analysis are easily accomplished 
for SIR in either batch mode or interactive mode by 
using a remote computer terminal. The user sitting 
at a computer terminal can input and execute a set 
of SIR commands, retrieve data files in any desired 
format, conduct many kinds of analyses on the data 
by using statistical packages such as the Statisti­
cal Package for the Social Sciences (.!..!!), print out 
results, etc. Automated reports, such as a summary 
of pavement distress in a given district, can also 
be developed. 

The PAVER system developed by CERL is one of the 
best developed and implemented pavement data base 
management systems (10,15). The PAVER system in­
cludes a sophisticated~data base manager called 
System 2000, specially developed user interactive 
input-update-change routines, and specially devel­
oped COBOL and FORTRAN programs interfaced with the 
data base. The PAVER data structure is shown in 
Figure 2. The system currently offers more than 12 
preformatted reports with practically unlimited sort 
items. 

The Arizona Department of Transportation (DOT) 
recently developed a computerized pavement data base 
system called the Information Management System 
(IMS) (19). The data base contains eight segments: 
(a) route segment (location), (b) synthesized data, 
(c) common data (descriptive design information), 
(d) skid data (Mu Meter), (e) raw ride data (Mays 
Meter), (f) raw Dynaflect data (deflection), (g) raw 
cracking data, and (h) surface history (layers, date 
of construction, thickness, and type). The IMS file 
is hierarchical in structure. Remote computer 
terminals can be used to execute commands and obtain 
results. The data base is in place and being used. 
The Arizona DOT estimates that the computerization 
of the data base has resulted in large savings of 
manpower. 
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Figure 2. Structure of PAVER data base file. 

SUMMARY OF KEY ISSUES AND PROBLEMS 

Pavements are an essential part of the highway 
transportation system. The long-term monitoring of 
pavements at the state level is essential to the 
efficient management of this huge investment in 
public funds. This paper presents only a brief 
discussion of many issues and problems involved in 
the long-term monitoring of pavements at the state 
level. Many states have recognized its importance 
and are currently in the process of developing 
pavement management systems, which require a formal­
ized monitoring system. Some of the key issues and 
benefits involved in a state-level pavement monitor­
ing program are summarized as follows: 

1. A long-term pavement monitoring program con­
sists of the identification of specific data ele­
ments to collect, their measurement ( including 
equipment) , the sampling frequency both over time 
and within a network and project, the efficient 
storage and retrieval of large amounts of data, data 
analysis and evaluation, and finally the use of the 
data in day-to-day policy-level decision and project 
programming, 

2, The long-term pavement monitoring program is a 
large and costly effort that will require a firm 
commitment for continued support on the part of the 
highest level of management in the state. Many data 
elements are currently being collected, and they 
must be coordinated and brought together into a 
common data base (or at least compatible data bases), 

3. The data-collection effort can and must be 
reduced to a minimum by the carefully planned use of 
sampling surveys and regression equacions. The 
program should be closely coordinated with the 
federal HPMS, 

4, Long-term data collection and evaluation will 
permit better management of the overall state high­
way program. In-service information is needed for 
operational decisions concerning the many design, 
construction, and maintenance-rehabilitation aspects 
of a pavement system as well as for use in making 
reasonably accurate pavement performance predictions 
for planning, budgeting, and resource allocation 
purposes, 

5, There are numerous special studies for which a 
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long-term pavement monitoring program will provide 
the required data, including cost-allocation stud­
ies, analyses of pavement deterioration to assess 
the relative damage attributable to traffic and 
environmental factors, and determination of the 
optimum time to rehabilitate, 

6, Long-term monitoring data permit the use of 
optimization techniques to ensure that the most 
cost-effective funding and timing strategies are 
used on each section of pavement in the highway 
network, 

7, Finally, a difficult question needs to be 
considered for which no definitive answer is now 
available: can the expenditure of funds on man­
power, equipment, and computer hardware and software 
for a long-term pavement monitoring program be 
recovered from real savings that are realized in a 
more cost-effective use of available funds? At the 
present time, intuition and some experience indicate 
that such a system will pay for itself in a reason­
ably short time, once it is adopted on a consistent 
statewide basis. Nevertheless, this question should 
be considered by top management in each state before 
the state embarks on the task of developing a state­
level long-term monitoring program. It should be 
asked again once the program has been in operation 
long enough to show some tangible benefit. It is 
certain t hat a long-term pavement monitoring program 
can pay for itself only if it is integrated into a 
overall statewide pavement management process. 
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Data Requirements for Long-Term Monitoring of 

Pavements as a Basis for Development of 

Multiple Regression Relations 
J. BRENT RAUHUT, MICHAEL I. DARTER, AND ROBERT L. LYTTON 

A discussion is presented concerning how data from a broad, long•term pave­
ment monitoring study can be used to provide improved models for predicting 
damage to pavements, maintenance requirements, costs, etc., as functions of si!I' 
nificant variables defining the pavement structure, its environment, and the traf· 
fie loadings imposed on it. Specific items of data are recommended for collec­
tion, and sampling techniques and sample sizes are discussed. Special considera· 
tions related to pilot studies or other studies of limited size are discussed, and 
specific recommendations are offered. Results are presented for a study that 
had the following goals : (al to identify distress types that either generate main· 
tenance or cause loss of performance or safety; (bl to identify environmental 
and traffic factors, material and geometric properties, and other properties and 
conditions of a pavement structure that significantly affect performance and 
distress; (c) to describe multiple regression techniques for developing empirical 
relations and the characteristics of the data banks required for successful 
models; (d) to develop recommended approaches to establishing sample sizes 
for lon9'term pavement monitoring studies; and (el to develop recommenda· 
tions for a planned pilot study. 

The Federal Highway Administration (FHWA) and vari­
ous state departments of transportation (DOTs) are 

considering the implementation of _long-term pavement 
monitoring studies to support pavement management 
system data requirements and to produce data bases 
adequate for developing needed empirical relations. 
The r e lations needed include distress and perform­
ance prediction models and maintenance cost models 
for use in d e sign, programming funds, project pri­
o rit ization, and cost allocation. An initial pilot 
study is currently being implemented by FHWA in 
seven states. If this pilot study shows prom i se, 
funding for a much broader study may later be con­
sidered. The discussions that follow a re generall y 
i n terms of c omprehensive national or single-state 
long-term pavement monitoring studies, but compro­
mises and recommendations spec ific to pilot studies 
or o t her smalle r studies are al s o included. 

The purposes of this paper are 

1. To explore various approaches to long-term 
pavement monitoring; 
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2. To define the data needed for developing re­
lations between (a) pavement condition, (b) axle­
load weights and types and the number of each, (c) 
maintenance, (d) major repair, (e) environment, (f) 
construction costs, and (g) costs to maintain func­
tional pavements; 

3. To recommend specific data for collection to 
support development of multiple regression equations 
when long-term pavement monitoring studies are im­
plemented; and 

4. To make recommendations for planning and im­
plementing limited pilot studies. 

We have applied the experience gained in an ongoing 
FHWA research study, "Damage Functions for Cost Al­
location" ( for which we are the principal investi­
gators), to the definition of the data needs that 
appear in this paper. 

DEVELOPMENT OF RELATIONS AMONG PAVEMENT DISTRESSES, 
TRAFFIC LOADINGS, ENVIRONMENTAL FACTORS, AND 
OTHER IMPORTANT PARAMETERS 

The common procedure for defining the relations 
among a group of variables for which ample data 
exist is a statistical analysis called linear mul­
tiple regression. Nonlinear multiple regression 
techniques may also be used if the linear techniques 
do not produce a model of sufficient accuracy. Al­
though the use of multiple regression techniques is 
commonplace, their success depends heavily on the 
adequacy of the data base, consideration of the sig­
nificant variables, and the functional form of the 
models used in t-h,:i. m111r;pl,:i. r,:i.gr,:i.~c::inn . A SIJCcinct: 

but very thorough, discussion of the requirements 
for reliable predictive models may be found in a 
paper by Darter (!). 

One purpose of proposed long-term monitoring of 
pavements is to produce adequate data bases to sup­
port the development of mathematical equations or 
models that explain the relations among the signifi ­
cant parameters identified in the introduction. One 
purpose of this paper is to identify significant 
variables that should be included in such data bases 
and to suggest means of ensuring that the data bases 
themselves are adequate. The significant variables 
are discussed in the next section of this paper. 
Once they have been selected, it will be critically 
important to ensure the adequacy of their measure­
ment during the long-term monitoring process. 

The data base that results from a long-term moni­
toring program must have the following characteris­
tics if it is to provide reasonably accurate models 
for the relations desired: 

1. It must include data for all variables that 
are significant to predictions of distress or per­
formance, the maintenance or rehabilitation require­
ments that they generate, and the costs for that 
maintenance and/or rehabilitation. These variables 
will generally include (a) those required to define 
the geometry of a pavement section, (b) the en­
gineering properties of the materials within the 
pavement structure, (c) the traffic and axle-load 
distribution imposed on the pavement, (d) the en­
vironmental conditions in which the pavement exists, 
(e) the time since initial construction and signifi­
cant rehabilitation (such as overlays), (f) mainte­
nance and rehabilitation histories, including iden­
tification of the distress or other parameters that 
generated the maintenance or rehabilitation, and (g) 
costs. 

2. The selection of states to participate in 
national studies should be at least partly based on 
obtaining a representative sampling of the various 
environmental and geographic regions. The selection 
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of test sections should include a representative 
sampling of (a) urban and rural areas, (b) highway 
functional classes, (c) traffic levels, (d) types of 
pavements, and (e) distribution of ages since con­
struction or last major overlay. However, more 
limited pilot studies may only practically include 
(a) rural areas, (b) traffic levels, and (c) typical 
flexible and rigid pavements. 

3. The data collected should be reliable and 
uniform from state to state or from test section to 
test section. There would be some advantage to the 
selection of test sections for which historical data 
have been obtained in the past, but care must be 
taken before this information is used in a data base 
to ensure that it is consistent with the long-term 
measurements that are to be undertaken. Reliability 
of the new data can be promoted by (a) use of care­
fully developed procedures described in sufficient 
detail that individual biases arc hard to introduce, 
(b) sufficient training of survey crews to gain con­
sistency in data gathering, and (c) maintaining 
equipment and keeping it calibrated (for the same 
reason). 

4. Sufficient data should be gathered to satis­
factorily "explain" the relations to be developed 
from these statistical analyses. In determining the 
sufficiency of the data, one must consider the num­
bers of test sections, the lengths of pavements to 
be included in the test sections, and the numbers of 
measurements to be made within these lengths 
( "sample sizes" are discussed later in this paper). 
Darter (!) has also recommended some replicate data 
cases (pavements of identical construction, traffic, 
and climate) to gain an indication of "pure error", 
which is taken to be a combination of random varia­
tions and repeatable errors in test equipment or 
observation. 

A number of states have accumulated substantial 
data banks in pursuit of pavement management systems 
or improvements in programming and in project plan­
ning and design. Such data banks may offer valuable 
opportunities (especially if data collection is con­
tinued for a sufficient length of time) for multiple 
regressions to develop meaningful models within the 
inference space provided. That is, they apply 
strictly to that state or general environment only 
and to the range of variables included in the col­
lection effort. A data base that includes more than 
300 flexible test sections in Texas has been used to 
develop distress and performance predictive equa­
tions, as have others for rigid pavements (1). 

The following problems are common to available 
data bases: 

1. Historical data are frequently not available 
over a sufficient time period or have been collected 
sporadically. 

2. Significant data are often omitted. 
3. Apparently identical i terns of data are re­

corded in totally different units or are defined 
differently. Examples of this include roughness 
measurements made with grossly varying procedures 
and equipment; cracking that may be measured in \aJ 
square feet or square yards cracked in some area or 
length interval, (b) lineal feet of cracks, (c) per­
centage of total cracked, (d) percentage of slabs 
cracked, etc., and variation in definitions of cut­
ting and in the length of straightedge used to mea­
sure it. 

4. Traffic or loading data are inadequate. 
s. Definitions of present serviceability index 

(PSI) differ. Among the methods used by different 
states ace the American Association of State Highway 
and Transportation Officials (AASHTO) relation, 
modified AASHTO relations, rating panels, simple 
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equipment measurements correlated through the 
General Motors Profilometer to rating panels, and 
separate regression equations. 

DATA NEEDS F'OR DEVELOPING RELATIONS 

There are two broad categories of data to be col­
lected during long-term pavement monitoring 
studies. The first is basic inventory data, which 
includes those items that will remain constant over 
the monitoring period. The second is monitoring 
data, which inclua,s those items that will change 
with time and will require periodic measurements or 
updating during the monitoring period. 

The basic inventory data include those data 
necessary to (a) identify the test section, (b) de­
scribe the geometric details of its construction and 
the material properties of its structural cons tit­
uents, (c) describe the environment in which the 
pavement test section exists, (d) identify the ac­
cumulated traffic and axle-load data prior to the 
long-term monitoring effort, and (e) identify con­
struction costs and costs of subsequent maintenance 
and repair prior to the long-term monitoring ef­
fort. All of these data should remain constant 
throughout the monitoring period unless the pavement 
is resurfaced or rehabilitated during that period. 
If the pavement is resurfaced or rehabilitated, the 
test section becomes for practical purposes a new 
pavement structure with new surface conditions. The 
basic inventory data must therefore be revised to 
describe these new conditions while the original 
data are retained for reference and long-term cost 
analyses. 

The monitoring data include distress and service­
ability measurements, traffic and axle-load data, 
results of deflection testing, pavement maintenance 
costs, resurfacing costs, and restoration and re­
habilitation costs during the monitoring year. 
These data are to be collected on an annual or other 
periodic basis to provide a historical data base for 
developing relations among distress, performance, 
traffic and axle loads, age, maintenance costs, and 
repair costs. 

As discussed previously, these data must be both 
sufficient and reliable if satisfactory relations 
are to be obtained. In addition, special considera­
tion should be given to variables that are already 
used as a basis for decisions by state highway agen­
cies, providing that these variables offer suffi­
cient statistical significance. As a further prac­
tical consideration, the number of items of data to 
be collected should be limited to that necessary; 
data that require an unusual amount of work effort 
or sophisticated testing should be avoided wherever 
possible. Specific data needs and the possibilities 
for limiting the items of data to be collected are 
discussed later in this paper. 

Data That Have Significance in Multiple 
Regression Relations 

The first logical step in the selection of items of 
data to be included in the proposed long-term moni­
toring program is to develop an organized list of 
all variables that could reasonably be expected to 
have statistical significance in the development of 
the multiple regression relations. Three such lists 
have been developed and appear below. 

The following items of inventory data are used 
for test-section identification and/or have statis­
tical significance for multiple regression relations: 

1. Test-secton identif ication--Highway number, 
urban or rural, lanes included, functional class, 
and location of test section; 
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2. Geometric details and general information-­
Width of highway, number of lanes, thickness of 
layers, years when overlays or reconstruction occur­
red, identification of materials used in overlay or 
reconstruction, adequacy of drainage, underdrains 
provided, extent and severity of rigid slab cracking 
prior to overlay, width of shoulders, year original­
ly constructed, identification of layer materials, 
overlay thicknesses (or final layer thicknesses 
after reconstruction), year and details of roadway 
widened, joint spacing, dowel bar diameter, type of 
load transfer (aggregate interlock or dowels), and 
dowel bar spacing; 

3. Environmental data--General type of environ­
ment (dry-freeze, wet-no freeze, etc.), number of 
freeze-thaw cycles per year, highest mean monthly 
temperature, lowest mean monthly temperature, 
Thornthwaite moisture index, lowest mean solar 
radiation, highest mean solar radiation, annual pre­
cipitation, freeze index, ~ ----00-,- ---afWi· .. .. ,wi-fte 
~; 

4. Accumulated traffic and axle-load data prior 
to long-term monitoring effort--Mean average annual 
daily traffic (AADT) for prior years, accumulated 
18-kip equivalent single-axle load (ESAL) (AASHTO 
equivalencies), weighted mean of percentage trucks 
for prior years, accumulated number and distribution 
of tandem axles, and accumulated number and distri­
bution of single axles; 

5. Material properties--(a) For subgrade soil: 
soil type and classification, percentage passing no. 
200 sieve, 111Q;i.1,ture---~- ·-f--HN'l&E--·--W~·~, 
.amp.l.a---Ul.---~), . -IIIQ(WJ,u.......-Of ... ~~~ naetieR, 
plasticity index, dry density, E-€-&il4-ent 111e~u-s, 
and California bearing ratio (estimate from other 
data if not available); (b) for base and subbase 
layers (unbound): soil type and classification, 
1110i.~ce .. -eontent..-{~--~ --.. pa.U1, sample ~­
Ale£-M- --£e-&i-~-meGIH.-us, dry density, percentage 
modified AASHTO compaction, and percentage binder 
(passing no. 40 sieve); (c) for base and subbase 
layers (stabilized): type of treatment (cement, 
lime, etc.), untreated soil type and classification, 
dry density, reeilieRt meeh11-U5, percentage of sta­
bilizing agent, and percentage modified AASHTO com­
paction; (d) for asphalt concrete layers: asphalt 
grade, asphalt content, viscosity of asphalt, ~­
pet=at.a£e-·-&Y-pt-iili-l-i-ty-~f -a6phalt, original stabil­
ity, faUg11e lHe petenti,al, penetration of asphalt 
(at time of basic inventory data collection), 1n1-
tial air voids, type of coarse aggregate, polish ef 
swE&iaGe ~E~te-r ·· permaReM-- -0~fou11at-i-OR--pe~, 
wt~t.en&i-1&--~t.R ratie, and dynamic modulus; 
(e) for rigid layers: !l\00~-Gt- elasl:.ieity, per­
centage of steel in longitudinal direction, modulus 
of rupture (compute from compressive strength if not 
available), ~1- -- -=e.t.f-i-G-i-@nt..----Of---==~, and 
type of coarse aggregate; and 

6. Construction costs prior to long-term moni­
toring effort--Cost of initial construction, cost of 
each past overlay, cost of each restoration or re­
habilitation project, and accumulated pavement main­
tenance costs (if available separated from routine 
maintenance). 

The following items of monitoring data have statis­
tical significance for multiple regression relations: 

1. Distress and performance measurements--(a) 
For flexible pavements (with or without overlays): 
alligator cracking (fatigue), rut depth, roughness, 
raveling, lane-shoulder separation, low-temperature 
transverse or longitudinal cracking, low-temperature 
block cracking, skid resistance (to monitor reduc­
tions), and flushing; (b) for rigid pavements: slab 
cracking, D-cracking, joint faulting, pumping, lane-
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shoulder separation, skid resistance (to monitor 
reductions), roughness, blow-ups, and deterioration 
of transverse joints; and (c) for rig id pavements 
with flexible overlays: reflection cracking, rut 
depth, potholes in overlays, raveling, skid resis­
tance (to monitor reductions), roughness, flushing, 
and lane-shoulder separation; 

2. Traffic and axle loads--AADT, number and dis­
tribution of single-axle loads, number and distribu­
tion of tandem axle loads, 18-kip ESAL for year, 
accumulated 18-kip ESAL, percentage of trucks, and 
truck lane distribution; 

3. Results of deflection testing--Mean maximum 
deflection under load, basin parameters, and coef­
ficient of variation of maximum deflection; and 

4. Pavement maintenance costs per square yard of 
test section (exclusive of routine maintenance such 
as mowing, salting, snow removal, etc.). 

The following additional data items should be col­
lected if resurfacing, restoration, or rehabilita­
tion occur during the monitoring year: 

1. Cost of overlay per square yard; 
2. Description of overlay for addition to basic 

inventory data--Thickness of overlay, material in 
overlay, asphalt grade, viscosity and penetration of 
asphalt, type of coarse aggregate, ~--au-e­
eeptil»H.key----Gf - --aephal-t-,.----1,ota-a11an- -t-en&i-le st ,e~ th 
r-at-io-, cost of overlay (per square yard), asphalt 
content, stability of mix, initial air voids, 1n1-
tial skid number, f-a-t-i<j-ue---l-Ue-----{X)ten-t4-al, permaneM 
a-ef-0£111a-t-ie&--pot.-enti-al, --aM--pG±-i&b----Of---~aGe---a<j<j-Ee­
~ ; 

3. Cost of restoration or rehabilitation per 
square yard; 

4. Description of pavement structure resulting 
from restoration or rehabilitation--Identification 
of layer materials, joint spacing, thicknesses of 
layers, dowel bar diameter, and width of joint at 
dowel level; and 

5. Material properties--Items 5b, c, and d in 
the first list above for material properties of new 
or revised layers above the subgrade level. 

The selection of the items of data that appear in 
these listings ( including those marked through) was 
based partly on the experience of the project staff 
and partly on information reported elsewhere (2-5). 
The experience of the project staff includes- the 
results of multiple regression model developments by 
Lytton, Darter, and others that are quite similar to 
those proposed. These lists are intended to iden­
tify the entire range of variables that would rea­
sonably be considered for inclusion in the long-term 
monitoring project. They in effect represent a 
"shopping list" from which a more limited set of 
variables may be selected as necessary to the gen­
eration of the data bank required. 

In general, the variables in the first listing 
(inventory data) 1 with the exception of material 
properties, will not be too difficult to obtain and 
must only be obtained once. However, some may not 
be absolutely required and may be omitted. The 
material properties listed include variables that 
would be duplicative for explaining relations 
through multiple regression analysis. For example, 
the fatigue life potential of an asphalt concrete is 
largely explained by asphalt content, initial air 
voids, and dynamic modulus. Both permanent deforma­
tion potential and original stability explain the 
tendency of an asphalt concrete to rut. It should 
be possible to eliminate some data where other data 
are sufficient. This is explored in another section 
of this paper. 
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Considerations for Limiting Data-·col.lection 
Requirements 

The critical criterion for elimination of items of 
data from the monitoring study is the effect of 
their elimination on the sufficiency of the data 
bank or statistical base. It appears that all or 
most of the data that may be seriously considered 
for elimination primarily affect the development of 
relations between the occurrence of distress and 
other parameters. If this is so, decisions as to 
data for collection may be made on the basis of 
their significance to the prediction of distresses. 
Each of the authors has worked for many years toward 
development of relations between distresses and sig­
nificant independent variables and have applied this 
experience in evaluating the effects of data elimi­
nation. 

Table 1 lists as an example 13 of the 46 signifi­
cant distresses and performance measures considered 
for flexible pavements and flexible pavements with 
flexible overlays and also the variables on which 
occurrence or prediction of these distresses de­
pends. The intent in assigning these priorities was 
to recognize significance on the assumption that 
other data that explained much the same variance had 
not first been introduced into the multiple regres­
sion. Similar tables were also developed and 
studied for various types of rigid pavements. 

rt should be recognized that significance in the 
statistical sense is somewhat a function of the 
order in which the data are introduced into the re­
gression analysis. For instance, permanent deforma­
tion potential would not generally be as siqnificant 
to rutting distress if the stability of an asphalt 
concrete mix had already been included (due to ex­
pected correlation between permanent deformation 
potential and stability). Layer stiffnesses and 
other material properties would generally have only 
limited significance if they followed deflection 
measurements in a multiple regression analysis. 
Because of this, it is not enough just to decide 
that items with a priority of 3 may be eliminated 
and that those with a priority of 1 must be re­
tained. Although data items with a priority of 3 
for all distresses can probably be eliminated, some 
with a priority of 1 may also if other data explain 
similar variation (or correlate highly). 

Since there may also be several different com­
binations of variables that may each adequately ex­
plain the variation in a relation, some discretion 
(and a lot of experience) must be applied in the 
selection of the variable combinations to retain and 
the variables to be eliminated. For instance, the 
test programs used to develop the fatigue life po­
tential of asphalt concrete mixes are extremely 
sophisticated and costly~ Therefore, data for other 
variables that are more common and easily obtained 
would be favored if they adequately explain the 
nature of the asphalt concrete mix and its effect on 
the occurrence of fatigue in pavements. 

Data Recommended for Collection 

The considerations discussed above have been used to 
reduce significantly the recommended data require­
ments for long-term pavement monitoring studies. 
The items marked through in the list of inventory 
data are those data not considered essential, and 
those items not marked through are the inventory 
data recommended for collection. None of the moni­
toring data listed were selected for elimination, 
but some data i terns can be eliminated from the list 
of additional data and these have also been marked 
through. It should be noted that those items of 
data eliminated from the third list are in all cases 
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Table 1. Significant variables and their relative importance to significant distresses and PSI for flexible pavements and flexible pavements with flexible overlays. 

Significant Distress 

Significant Variable 

Layer thicknesses 
AC overlay 
AC surface 
Base 
Sub base 

Layer stiffnesses 

Fatigue 
Cracking 

AC overlay with temperature l 
AC surface with temperature l 
Base 2 
Sub base 2 
Subgrade 2 

18-kip ESAL l 
Time since construction 3 
Time since overlay 
Annual precipitation 

Reduced 
Skid Rut 
Resistance Depth 

3 
3 

I 
I 
I 
I 
1 
I 
3 

2 

Low­
Temperature 
Cracking 

Roughness 
due to 
Subgrade 
Volume 
Change 

3 
3 

3 

Raveling 

3 
3 

3 
3 

Flushing 

2 

Reflection 
Cracking 

1 
2 

2 

PSI 

I 
I 
I 
I 
I 
I 
2 
2 
I 

Note : 1 = essential data; 2 = moderately significant data; 3 = data have significance but explain only a limited amount or variance. 

items of data eliminated from the first list also. 
Whereas the resilient moduli of all other mate­

rials were eliminated, the dynamic modulus for the 
asphalt concrete layers was retained because this is 
a very important parameter that greatly affects the 
rutting potential and fatigue life of the pavement. 
In addition, it is not particularly difficult to 
obtain cores of this material when the inventory 
data are accumulated and to run dynamic indirect 
tensile tests on these cores to obtain the dynamic 
modulus. These tests should be run at a minimum of 
three temperatures that represent approximately the 
range anticipated. Tests should generally be con­
ducted on the same specimens to limit variability, 
and testing should start with the cold temperatures 
first. 

Data Not Recommended for collection 

It can be seen from Table 1 that less than half of 
the data considered was recommended for elimination 
from the collection effort. Although some of the 
data not eliminated may later be demonstrated to be 
statistically insignificant, it would not be appro­
priate to eliminate them at this time. Each of the 
items eliminated is discussed below. 

Cloud cover and wind speed affect asphalt con­
crete pavement temperatures, which in turn have a 
strong effect on the material properties of the as­
phalt concrete. However, it is believed that the 
mean daily temperature for summer months and winter 
months plus the solar radiation will sufficiently 
explain the variations in asphalt concrete tempera­
ture for the purposes of the proposed studies. 

The moisture contents for subgrade, subbase, and 
base layers were eliminated because these values 
would be very dependent on the time of year when the 
samples were removed and would be subject to con­
tinuing variation with time. Although moisture con­
tent has considerable effects on resilient modulus 
and permanent deformation potential, it is not con­
sidered practical to establish a requirement for a 
continuing sampling program on an annual or periodic 
basis. In addition, the effects of moisture content 
on the response of these layers to load will be 
represented satisfactorily by other material proper­
ties, annual precipitation, and periodic deflection 
measurements. 

The resilient moduli for the subgrade soil, sub­
base, and base layers were omitted partly to avoid 

sampling (assuming the other material property data 
are available from design and construction records), 
partly because the resilient moduli vary seasonally 
with moisture content, and partly because resilient 
moduli are also satisfactorily explained by other 
material properties and by the periodic deflection 
measurements. The modulus of subgrade reaction was 
also eliminated for essentially the same reasons. 

The fatigue life potential, permanent deformation 
potential, and Lettman tensile strength ratio are 
arrived at by relatively sophisticated test pro­
cedures for which few commercial or state materials 
laboratories are equipped. consequently, other 
means for representing these data are needed. For­
tunately, the fatigue life potential of an asphalt 
concrete has been found to be very dependent on 
three other material properties or factors that are 
included as data to be collected: dynamic modulus, 
asphalt content, and air voids. Other asphalt con­
crete material properties to be collected, such as 
viscosity of asphalt and type of coarse aggregate, 
may also offer additional "explanation" of the 
variation in fatigue life potential. As discussed 
previously, the permanent deformation potential is 
also correlated with the original stability of the 
mix used in design as well as with the other 
material properties discussed above. 

It appears, then, that it is possible to include 
essentially all of the information to be gained from 
the sophisticated test program through other data 
that should be available from construction records. 
If these data are not available from construction 
records, most of them can be obtained through ex­
traction tests on cores removed. 

Polish of surface aggregates is an important fac­
tor in the rate of loss of skid resistance, but it 
is a difficult property to determine in the labora­
tory and may be adequately represented by type of 
coarse aggregate and skid numbers from the monitor­
ing data. The modulus of elasticity of the concrete 
in rigid layers is important but does not vary over 
a large range, and its effects may be adequately 
"explained" by a combination of deflection measure­
ments and modulus of rupture. The thermal coeff i­
cient of concrete is important to volume change in 
concrete, but it is very difficult to obtain and is 
generally negatively correlated with modulus of rup­
ture. 

It should be noted that percentage of modified 
AASHTO compaction is specified for uniformity for 
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the base and subbase layers. Since standard Proctor 
or AASHTO compaction was frequently used for density 
control, it will be necessary to convert from stan­
dard to modified AASHTO compaction. For one lime­
stone material in Texas, maximum densities were 
determined for a range of compactive energies. The 
maximum density for modified AASHTO compaction was 8 
percent higher than that for standard AASHTO compac­
tion. It is believed that this is rather typical 
and that little error would result if the percentage 
of standard AASHTO compaction were simply divided by 
1.08 to convert to percentage of modified AASHTO 
compact ion, 

Temperature susceptibility of the asphalt was 
also proposed for elimination. It is of primary 
importance to the occurrence of low-temperature 
cracking and flushing but is not considered to be a 
strong parameter and will also be vc1ctly represented 
by other properties. 

DATA COLLECTION 

Uniformity of Data 

One of the biggest problems with the use of histori­
cal data (available in limited quantities in state 
DOTs) is the incompatibility of the data. As dis­
cussed previously, there are many methods in use 
among the individual states for measuring cracking, 
roughness, deflections, and other important pavement 
indicators. Without some means to successfully cor­
relate these diverse data, there is really little 
hope of using them to develop reliable relations. 
Consequently, it is critically important that the 
procedures and testing requirements for this data­
collection effort be uniform. It will not do to 
consent to a state, DOT using the Bureau of Public 
Roads Roughometer if an accelerometer-based rough­
ness system is selected for general use. Benkelman 
beam deflections are not adequate since they do not 
generally provide basin information. Pavements that 
have unusual characteristics (such as rigid pave­
ments with unusual load-transfer devices) should be 
avoided since they are not representative. If the 
proposed monitoring efforts are not to degenerate 
into ineffective exercises in trying to match 
"c1JJples and oranges", the inconvenience and extra 
expense for this standardization in the measurements 
must be accepted and implemented from the beginning. 

All condition surveys to obtain information on 
distresses must use the same rating forms and must 
generally report severity of the distress as well as 
the area affected. A number of state DOTs, such as 
Washington and Texas, use measurements of both area 
and severity, but many of the states do not. The 
selection of forms for conducting the condition sur ­
veys will require some study in order to ensure that 
the data are in a form directly useful for multiple 
regression analyses and may be practically obtained 
in the field. To the extent possible, these forms 
should be similar to those in conunon use. 

There is much variation in the perception of 
f:)c:tvemt:nt engineers and tachnclogists regarding the 
identification of certain distresses and assignment 
of severity levels. To reduce the variability in 
these perceptions, several manuals have been 
developed over the years. The latest and perhaps 
the most comprehensive is the manual developed by 
smith, Herrin, and Darter (il, which is recommended 
as a standard. 

centralized Collection of Some Data 

The usual approach to data collection at the na­
tional level is to levy requirements on the state 
DOTS and to provide some or all of the funding for 
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collection. This is the approach planned for an 
FHWA pilot study and may be the approach taken for 
any broad, long-term monitoring studies in the fu­
ture. Similar divisions of monitoring responsibil­
ities may be made through delegation to districts 
within states, but centralized data collection by 
teams mobilized for that purpose (in-house or by 
contract) should be considered. The primary advan­
tage of a centralized data-gathering effort would be 
uniformity in those data. It may be very difficult 
to get state personnel who are already committed to 
specific condition-measurement techniques and pro­
cedures to use some other method in a uniform man­
ner. The trade-offs between improved data for 
study, management of one or more teams instead of 
dealing with a number of states or districts, rela­
tive costs, and the politics involved should be as­
sessed during planning for individual rfat;,-r.ol l PC:­

t ion efforts. 
There are some data that are best collected cen­

trally in any event. These include environmental 
data, which are generally available in a centralized 
data base, and some traffic and axle-weight distri­
butions that are available from W-4 tables. Other 
traffic and axle-load distribution data will un­
doubtedly be required, but test sections for which 
traffic and weigh-station data are available should 
be used where possible. 

Centralized Data Management 

The data collected may be used by both state agen­
cies and FHWA. These data should be controlled and 
stored centrally at scate and/uc 11aLiot1al levels by 
suitable "data managers", which are software pack­
ages designed to store and process data so that they 
are available when needed and can be easily manipu­
lated foe the intended purposes. A number of sys­
tems are available and in use by both federal and 
state govecnments. 

Pavement Maintenance Costs 

Some explanation is required for definition of ac­
cumulated pavement maintenance costs as differenti­
ated from routine maintenance. The intent is to 
include those costs that can be related to axle 
loads or to the environment and that represent cor­
rection of distresses to the pavement itself. 

SAMPLE SIZES 

Leng-Term Pavement Monitoring Studies 

As with most sampling surveys, the goal for long­
term monitoring studies will be the selection of the 
smallest sample sizes possible that will still pro­
vide sufficient information of suitable quality to 
support the multiple regression analyses. 

Mahoney and Lytton (6) conducted studies to es­
tablish .:i cuitable sample s;ize for a network ;inaly­
sis for the state of Texas. Their purpose was to 
provide v~]id data for use by the state highway ad­
ministrator in allocating highway rehabilitation and 
maintenance funds. Al though the purposes of other 
long-term studies may be different, distress and 
performance measures are essentially the same and 
much insight can be gained from the Mahoney and Lyt­
ton studies. 

The type of sampling conducted was a stratified 
two-stage random sample over the entire state. Two­
mile highway segments were used, and approximately 1 
percent of the statewide total centerline mileage 
was sampled. Construction, traffic, climate , rough­
ness, visually determined condition, deflection, rut 
depth, and skid resistance are typical of the kinds 
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of information sampled for each of the highway seg­
ments involved. The stratification involved divi­
sion of the highway network into the 25 districts. 
The two-stage sampling was obtained by first ran­
domly sampling counties within each district and 
then randomly sampling the two-mile highway segments 
within each county. An average of four counties per 
district was used. There were a total of 250 test 
sections or segments, of which 21 were Interstate, 
109 were U.S. and state highways, and 120 were farm­
to-market roads. The percentage of centerline 
Interstate highway sampling was LB, that for U.S. 
and state highways was 1. 0, and that for farm-to­
market roads was O. 6. A mass inventory was also 
conducted of all the highway mileage in one district 
in order to study the effects of different sizes of 
samples. 

The random sampling technique applied to select­
ing the test sections within a county did not always 
produce all three of the types of highways nor even 
a distribution. Consequently, a larger sampling of 
Interstate highways was selected for subsequent 
studies. 

The simulation studies conducted on the mass in­
ventory for the one district indicated that the op­
timum sample lies between 1.5 and 6.6 percent of the 
centerline mileage, depending on the ranges of util­
ity weights applied to different attributes. As an 
example, the optimum sampling rate would be 1.5 per­
cent if the costs of conducting the survey were 
weighted three times as heavily as sampling vari­
ability. If both attributes were weighted the same, 
an optimum sampling rate of 2.3 percent would result. 

It appears that combinations of multiple strati­
fication and staged random sampling are appropriate 
for long-term monitoring studies. The first strati­
fication for a national study would logically be 
selection of all environmental regions, and then a 
random sample of the states within each region could 
be made. The next level of stratification might 
then be highway functional classes, and a third 
level would be urban and rural highways. The fourth 
level of stratification should then be type of high­
way (rigid or flexible). The selection of test sec­
tions could then be random and based on some se­
lected length. The test sections selected would 
then include combinations of geographic regions, 
states, functional classes, rural or urban loca­
tions, and types of pavements. For a single state, 
a random sampling of districts might be appropriate 
as the first step in sample selection. 

The overall sample size should ideally start at a 
relatively high level of the apparent required 
range--say, 5 percent of the centerline mileage of 
pavements within a state and of a specific func­
tional class, rural or urban location, and pavement 
type. Simulations of partial data could then be 
conducted to determine what the effect on the data 
would have been if a smaller sample had been ob­
tained the first year. After the second set of 
monitoring data has been received and the results 
are analyzed, it may be appropriate to cut the 
sample size down further to, say, 2 or 3 percent. 
For economic reasons, it may be necessary to start 
with a smaller sample and reduce it to, say, l per­
cent, although some loss in accuracy may result. 

The frequency of sampling for some data (such as 
deflection tests and cores) must also be established 
but will depend on test-section lengths and other 
considerations. Test-section samples of 10-20 per­
cent have been used successfully for condition sur­
veys. 

29 

Pilot Studies or Other Studies of Limited Scope 

FHWA is currently implementing a pilot study that 
was initially to include the monitoring of a minimum 
of some 50 test sections located in five states. 
The five states to participate (seven were actually 
selected) were to be selected on the basis of in­
terest, availability of useful existing data, pro­
posed approach to the monitoring task, and environ­
mental conditions. With only 50 sections and the 
further limitation that they be divided among five 
states, it is apparent that the sampling techniques 
discussed above for the broad study could not gen­
erally be applied. In addition, the limited size of 
the factorial requires that some levels of discrimi­
nation be determined. 

We recommended for this limited study that only 
rural highways be considered and that there be no 
direct consideration of functional class or location 
in a state. The actual distribution of the average 
of 10 test sections in a state could be in terms of 
type of pavement and combined traffic and axle 
loads. Assuming that only typical flexible and 
typical rig id pavements are included ( total of two 
types), an average of 5 test sections per state, or 
a total of 25, may be monitored for each pavement 
type. The selection of actual numbers of test sec­
tions for each pavement type within a state could 
also reasonably reflect the percentage of total 
mileage within that state for each type. 

The test sections for each pavement type should 
include a distribution of traffic levels and axle 
loads--i.e., highways with low, moderate, and high 
traffic levels and a more or less typical distribu­
tion of axle-load magnitudes. As traffic and axle­
load data are very important, test sections should 
be selected where relatively accurate and comprehen­
sive data exist. 

When a limited factorial is planned, the test 
sections selected should be "screened" to the extent 
possible to ensure that they are representative and 
will not reflect nontypical problems, such as strip­
ping of asphalt concrete or abnormal joint problems 
in rigid pavement caused by deficient design or con­
struction practice rather than loads or environ­
ment. In addition, only one type of rigid pave­
ment--jointed reinforced or plain jointed--should be 
included. 

An alternative approach to designing this limited 
study might have been selection of one state, a 
"cluster sample" in one part of the state, and a 
combination of stratified and random sampling within 
the cluster. Although this would have offered some 
advantages in testing sample design techniques and 
allowed consideration of urban test sections and 
functional classes, it would not have allowed any 
environmental discrimination or broad state partici­
pation. 

A rough approximation of precision for this small 
sampling may be evaluated by using Equations 1-3 in 
the paper by Lytton and others in this Record. As­
suming 25 test sections for a pavement type, the 
detectable percentage change in mileage of test sec­
tions that are experiencing unacceptable distress 
levels would be as follows: 

Level of 
Confidence 
{ %) 

70 
BO 
90 
95 

Detectable 
Change 
(%) 

14. 7 
18.2 
23.3 
27.7 
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SUMMARY 

Th is paper describes the requirements of long-term 
pavement monitoring studies to collect data for use 
in the development of multiple regression relations 
among pavement types, traffic loadings, environ­
mental factors, and other important parameters. The 
study approach for this paper is aimed specifically 
at defining data requirements that would support 
development of multiple regression relations, but it 
is hoped that a reasonable amount of the data might 
be common to data-collection activities for other 
purposes, such as identifying needs for maintenance 
or rehabilitation, project design, and budgeting 
funds for these activities. 
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Simplified Pavement Management at the Network Level 

R. DARYL PEDIGO AND W. RONALD HUDSON 

A simplified pavement management system at the network level is presented, 
and an example is provided to demonstrate how this framework can be applied 
to produce a priority ranking on a network basis. This framework has been 
specifically designed to be independent of the organization of any specific 
highway agency. The framework is organized around the flow of information 
on either management level, and three major subsystems are identified at each 
level. Essential features of pavement management systems are identified, 
and specific characteristics are described for the example models and outputs. 
Existing pavement management practices are reviewed to demonstrate several 
different levels at which pavement management activities are occurring in U.S. 
agencies. The findings of the study suggest that implementation of simple 
systems can probably best begin at the network level of pavement manage­
ment. These simple steps can be coordinated with later development work to 
recognize analysis of alternatives and optimization at the network level . A 
research plan and problem statements are included to address continued de­
velopment and implementation at both the network and project levels. 

Pavement management is a concept that involves the 
coordination, scheduling, and accomplishment of all 
of the activities performed by a highway agency in 
the process ot providing adequate pavements tor tne 
public. The systems approach to pavement management 
is a rational, highly structured process that at­
tempts to achieve the best value possible for the 
public funds expended to provide pavements. This is 
accomplished by comparing investment alternatives; 
coordinating design, construction, maintenance, and 
evaluation activities; and making efficient use of 
existing methods and knowledge (1). Of course, 
management decisions are made each day in the course 
of normal operations of highway agencies throughout 
the nation. The purpose of a pavement management 
system (PMS) is to improve the efficiency of this 

decision-making process, expand its scope, provide 
feedback regarding the consequences of decisions and 
the results of activities, and ensure the consis­
tency of decisions made at different levels within 
the same organization (2). 

Many agencies and - individuals have conducted 
research into the various component models and 
procedures involved in pavement management. A 
significant portion of this work has been summarized 
in two recent books (1,3), which suggest that there 
are several major underlying considerations in 
pavement management: 

1. Management decisions 
ranging from investment 
network to detailed design 
ual project level. 

occur at several levels, 
decisions covering the 

decisions at the individ-

2. Periodic, in-service evaluation of existing 
pavements is basic to the programming of rehabilita­
tion and maintenance, the updating of earlier design 
estimai.:t:H:i, and Lhe improvement vf models. 

3. A PMS must be capable of being adapted to the 
varying needs and resources of different agencies in 
order to be implemented. It must also be capable of 
serving the various management levels noted in item 
l above. 

These considerations led to the development of a 
general framework for PMSs during the first phase of 
research under this project (2). A major finding of 
this study is that most PMS development and experi­
ence to date have occurred at the project level and 
within the areas of design or maintenance. This 
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Figure 1. Basic steps in reha­
bilitation programming. 
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concentration of effort has produced many signifi­
cant results, and it has also created a void in 
network-level development. Consequently, the great­
est current need is for a comparable focusing of 
effort at the network level. This need derives 
largely from the concurrent need to preserve invest­
ments in existing pavements and to obtain the maxi­
mum value for limited available dollars. A major 
portion of these funds is required for rehabilita­
tion, which makes this a prime area for the concen­
tration of initial development. This is in conso­
nance with the findings of the Tumwater Workshop on 
Pavement Management (4). 

A PMS is a tool -for use in decisionmaking; as 
such, it is highly specific and particularly struc­
tured to the attitudes and procedures of the imple­
menting agency. Consequently, many of the details 
of a PMS must be fit or molded by the implementing 
agency. Nevertheless, significant portions of the 
development and implementation work involved in 
setting up and operating a PMS are potentially 
applicable to a wide variety of uses. 

SIMPLIFIED NETWORK-LEVEL PMS 

A simplified PMS for network-level rehabilitation 
programming (PMS-N), based on the framework and 
characteristics discussed above, is presented here. 
The system to be described represents a "bare-mini­
mum" PMS-N. However, this paper provides recommen­
dations and examples for upgrading this simplified 
system, as envisioned in Figure 1. 

The desired result for a PMS-N is a specified 
program of work to be performed annually, including 
rehabilitation and maintenance. Ideally, this would 
include a list of projects to be rehabilitated 
during each construction season over a period of 
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5-20 years. The simplified version considers pro­
grams one year at a time and provides a prioritized 
listing of projects to be rehabilitated during the 
last year of the program. 

The basic steps in a simplified programming 
scheme are shown in Figure 1. These represent the 
minimum procedures required for programming in a 
PMS-N and comprise a subset of the 15 steps in the 
priority programming process identified in a recent 
synthesis report (.~). 

Input Data for Candidate Projects 

The information required for the technical, nontech­
nical, and economic analyses to be carried out in 
subsequent steps must be provided for those projects 
that are candidates for rehabilitation during the 
programming period. The bare-minimum data required 
for the simplified PMS-N are as follows: 

1. Project identifiers--(a) Project limits (de­
scription) and (b) milepost or control section 
numbers; 

2. Project characteristics--(a) Length, number of 
lanes, and lane width, (bl pavement type and last 
rehabilitation, (c) functional classification, and 
(d) shoulder type and width; 

3. Engineering data--(a) All variables required 
for the calculation of the prioritization variable 
(PINDEX) (as a minimum, the serviceability index), 
(bl safety variables, if not included in item a (as 
a minimum, skid number of accident rates), and (cl 
traffic variables [as a minimum, average daily 
traffic (ADT)]; 

4. Nontechnical data--Identifier to flag "com­
mitted" projects; and 

5. Economic data--(a) "Average" costs may be used 
as a minimum, so that no data will be required for 
individual projects, and (bl eligible budget cate­
gory or categories. 

Candidate projects must be selected before pri­
oritization can be carried out. For a small highway 
network, it may be convenient to consider all pave­
ment sections as candidates, whereas for a larger 
network a screening process may be necessary to 
reduce the data-collection and analysis efforts. 
One possible screening method involves the routine 
monitoring of a simple variable, such as service­
ability, for all roadway sections. Then, based on 
the value of this variable, the "worst" 25-50 per­
cent of the existing pavements may be chosen for 
further analysis. Alternatively, each district 
could be charged with selecting candidates, or the 
agency may use its existing procedure for project 
selection. In any event, it is desirable that the 
candidate selection process be compatible with the 
prioritization analysis. For example, if roughness 
is to play a large part in determining rehabili ta­
t ion priorities, then the selection process should 
be designed to ensure that all very rough pavements 
are considered for inclusion as candidates. 

Once candidates have been selected, the project 
identifiers and project characteristics listed above 
must be recorded in the PMS data base. This data 
base may be a separate computer file or a set of 
data records exclusively for the PMS function, or it 
may be simply a master list that indicates where all 
of the necessary individual data elements may be 
found. In either case, the information must be 
readily accessible to the PMS staff, and such access 
is efficiently provided in a computerized data 
management system. 

The same type of information must be provided for 
all projects. For example, either mileposts or 
control section numbers can be used to identify a 
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project, but it is unacceptable to use milepost 
identifiers for some projects and control section 
numbers for others. In addition, all data must be 
keyed to the same identifier. Thus, if construction 
information is currently reported by control section 
and engineering data are reported by milepost, it 
will be necessary to convert from milepost to con­
trol section (or vice versa) in setting up the PMS 
data base. This can be a troublesome undertaking, 
but some states (e.g., Washington) have already 
accomplished such a conversion. 

The engineering data collected on each project 
must be updated on a regular schedule. Generally, 
data will be collected on each section each year; 
however, this requirement may be relaxed to allow 
data collection every other year or every third year 
on pavements that are known to be in good condition. 
Such decisions are made on the basis of budget, 
manpower, and equipment conotrainto, and it is 
preferable to carry out a limited monitoring program 
accurately and completely rather than to hastily and 
partially perform a more comprehensive survey. 
However, it should also be remembered that these 
data are to be used for overall judgments only and 
that those candidates that appear in the final work 
program will generally require further scrutiny 
before any rehabilitation activity is performed. It 
is therefore desirable to limit the scope of the 
data collected for the determination of the priori­
tization variable (PINDEX) and to gather more com­
plete data only on those projects that make the 
cut. Thus, the obvious or most simple choice (PIN­
DEX = the existing sufficiency rating) may not prove 
to be the best choice in every agency. 

For example, suppose that a sufficiency rating is 
currently performed in programming projects for 
rehabilitation. A typical sufficiency rating proce­
dure involves three factors (condition, safety, and 
service), and each factor requires the evaluation of 
approximately five variables (~). In addition, many 
states now include three other type factors (envi­
ronmental, social, and economic), each of which also 
involves several variables. This means that 15-30 
or more variables must be measured or assessed in 
order to arrive at a sufficiency rating. When faced 
with the prospect of gathering such information 
systemwide, an agency might well decide that it can 
only afford to carry out such a rating on one-half 
or one-third of the highway system annually. For 
prioritization purposes, the agency may feel that it 
is more important to have reliable, current informa­
tion of a less extensive nature on the entire net­
work each year. If this is the case, PINDEX should 
be constructed from only a few of the most crucial 
sufficiency variables. In fact, a single variablE 
may be chosen as the PINDEX if the agency feels that 
this variable provides enough information to allow a 
meaningful prioritization. We feel that service­
ability is the best candidate for a single-variable 
PINDEX but that it would also be preferable to 
incorporate other variables into PINDEX if resources 
are available to do so. 

Safety variables may, of course, be directly 
incur.poral:t:d in the calculation of PINDF.X. However, 
during the course of this research, we discussed 
this possibility with representatives of several 
highway agencies. The vast majority of those con­
sulted indicated a desire or preference for develop­
ing a separate program of safety-related projects or 
in any case to avoid assigning specific weights to 
safety variables in relation to pavement condition 
variables. Only a few persons indicated that it 
would be desirable to incorporate safety variables 
in the determination of PINDEX. Hence, we have 
developed a procedure that treats safety variables 
independently without impact on the value of PINDEX. 
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The prioritization procedure may be used with or 
without the safety module so that safety projects 
may be totally excluded from consideration in the 
simplified PMS-N if the agency so desires. 

Analysis of Data and Computation of PINDEX 

The prioritization procedure for the simplified 
PMS-N is summarized in Figure 2, which is an ex­
panded version of Figure l. The first element of 
this procedure is the development of a complete list 
of candidate projects along with the data on each 
project that are required for prioritization and 
economic analysis. Any candidates that have already 
been approved in other programs are deleted from 
further consideration. Those projects that have 
been held over from previous years, "promised" to 
local governments or other agencies, or otherwise 
previously committed for completion are assiqned 
highest priority and are not technically evaluated. 

Next, the remaining projects are evaluated. The 
value of PINDEX is calculated for each project from 
the input data according to the method selected by 
the agency. Any number of variables may be used by 
the agency in constructing the prioritization vari­
able PINDEX, but it is recommended that no more than 
three variables be used in the initial implementa­
tion of this procedure. The definition of PINDEX 
may be extended fairly easily to incorporate addi­
tional variables, if so desired, after some exper i­
ence is gained in the operation and results of this 
procedure. 

Once the value of PINDEX has been computed, the 
projects may be prioritized. However, as mentioned 
previously, an option has been provided at this 
point for the treatment of safety projects outside 
the framework of the PINDEX calculation. For this 
purpose, skid number (SN40 ), as measured by almost 
every state by using a standard American Society of 
Testing and Materials skid trailer, has been se­
lected as the safety variable. This choice was made 
for example purposes because this variable is almost 
universally recognized, is easily measured, and 
appears in the form of an easily understandable 
numerical index. Another safety-related variable, 
such as accident rate or wet-weather-safety index, 
could easily be substituted in this procedure should 
the agency so desire. 

The value of skid number recorded for each proj­
ect is compared with a fixed minimum value deter­
mined by the agency. If the minimum standard for 
safety is not met, the project is assigned highest 
priority and a minimum treatment to correct this 
deficiency is assigned. The agency must choose an 
appropriate minimum treatment, and it is recommended 
that several alternative minimum treatments be 
specified, depending as a minimum on the functional 
class of roadway involved and the level of traffic 
to be carried. 

If the minimum standard for safety is met or 
exceeded, the project is assigned a priority based 
on the value of PINDF.X. Tn the case of safety 
projects, all deficient projects received highest 
priority; however, for resurfacing or structural 
rehabilitation it will be desirable to assign high­
est priority to major roadways that have high traf­
fic volumes. Hence, priority is to be determined on 
the basis of functional class of roadway and ADT as 
well as PINDEX. 

At this point, a minimum treatment is assigned to 
each project on the basis of PINDEX, ADT, and func­
tional class of roadway. This minimum treatment 
represents the least costly action that can be 
carried out to return a deficient section to accept­
able condition or maintain an adequate section in 
acceptable condition. As before, in assigning such 
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Figure 2. Flowchart of prioritization procedure. 
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minimum treatments the agency should consider not 
o nly the condition of the pavement but also the 
functional class and level of traffic. However, the 
priority of the project should not have a direct 
impact on the nature of the treatment (it will, of 
course, ultimately determine whether or not the 
treatment is care ied out), The exception to this 
rule is that the lowest-priority projects will 
virtually always receive a treatment such as "no 
rehabilitation--continue routine maintenance". 

A list of example minimum treatment options and 
some example criteria for their application is 
provided later in this paper. 

Since a main purpose of the simplified PMS-N is to 
produce a prioritized program, the major output 
report must be a listing of this program of wo rk , 
It should be remembered, however, that the informa­
tion collected and the analysis performed may prove 
use ful for other purposes as well, Hence, several 
types of optional o utput may be prepared. For 
example, a listing of the total estimated quantities 
o f materials needed to carry out the program, or a 
listing of the average conditio n of the existing 
highway network by functional class, might be desir­
able . If the PMS-N is comp uterized, such output 
reports will be relatively easy to develop, produce, 
and modify, In fact, this flexibility in generating 
o utput is one of the major benefits derived from a 
computerized PMS. 

The exact nature of these optional reports will 
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be very agency dependent. The primary output report 
will, of course, also depend on the needs of the 
individual agency, but generally very similar types 
of information on the prioritized program will be 
needed by most agencies. It is, therefore, this 
primary output report that is treated here. 

The minimum information content of the primary 
output report on the prioritized program of work is 
as follows: 

1, Project identifiers--(a) 
scription) and (b) milepost 
numbers; 

Project limits (de­
er control selection 

2. Technical information--(a) Priority assigned 
to the project, (b) summary of the deficiencies for 
which treatment is recommended (as a minimum, a 
numeric or alpha-numeric code indicating the general 
nature of the deficiency or deficiencies) i and (c) 
recommended minimum treatment as a bare minimum 
( this may be a simple code, such as M = continue 
maintenance or R = rehabilitate) i and 

3. Economic information--(a) Cost of the proposed 
treatment, (b) allocation of this cost to eligible 
budget categories (a s a minimum, a simple list of 
eligible budget categories), and (c) cumulative 
c osts of this project and all higher-priority proj­
ects. 

In general, it is recommended that the projects 
be listed in order of decreasing priority and that 
projects of equal priority be listed in order of 
decreasing cost. This may, of course, be modified 
by the agency so that projects may be listed by 
district, budget category, functional class, or in 
any other useful arrangement. If a priority value 
is listed for each project, no information will be 
lost by reorganizing the output listing. 

APPLICATIONS, INTERPRETATION, AND APPRAISAL 

The findings of this project are now brought into a 
more practical focus . As an illustration of the 
applicability of the techniques discussed in the 
preceding section, a detailed sample problem is 
worked out. This sample problem is for illustrative 
purposes only and is neither totally representative 
of typical conditions nor directly applicable to any 
existing highway agency. 

Following the sample problem, a phased implemen­
tation plan for a network-level PMS is presented. 
This plan is intended to assist highway agencies in 
implementing the techniques described in this paper. 
Some specific guidelines for application of these 
principles are also discussed, and the current 
practices of several states are reviewed. 

Sample Pro blem 

The specific values quoted in this example problem 
were chosen on the basis of experience and discus­
s ions with representatives of various highway agen­
cies, The problem itself is worked out in suf f i­
c ient detail to provide step-by-step guidance for 
agencies that wish to develop their own systems 
along these lines. It must be emphasized that the 
specific choices of variables and values to be used 
in the simplified PMS - N are extremely agency depen­
dent. Consequently, the specific choices given here 
are not recommendations ; they are examples only . 
Each agency must assess its own needs and make its 
own choices regarding the relevant variables to be 
used, standards to be adopted, terminal values, etc. 

The input data for the eight candidate projects 
chosen for the sample problem are given in Table 1. 
These data are based on actual values taken from 
field studies, modified to produce the desired range 
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Table 1. Project input for sample problem. 

Lanes 
Milepost 

Project Width Pavement 
Identification Begin End No. (ft) Type 

5 l-FI-0356700-E 100.4 105.0 2 12 AC-overlay' 
54-MA-03 56712-S 16.3 18. 7 1 12 AC 
05-ST-0311130-S 6.5 8.0 2 12 AC 
26-C0-0356700-N 7.5 9.3 I 12 AC 
52-KI-0330000-W 43.8 46.5 2 12 AC-overlay' 
58-0A-0330001-N 27.3 30.8 I 12 AC 
75-AP-0330006-N 11.2 15.3 I 12 AC 
05-ED-0311130-S 9.4 12.7 I 12 AC 

Note: PSI= present serviceability index and AC= asphalt concrete. 
8Portland cement concrete. 

Figum 3. Calculation of Pl NDEX for sample problem. 
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of solutions. Since the significant variables, 
terminal values, and treatment options will vary 
with pavement type, only pavements with asphaltic 
concrete (AC) surfacing were chosen. Portland 
cement concrete pavements can of course be treated 
in a similar fashion. 

Arbitrary project identification codes were 
assigned to each project for illustrative purposes. 
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Fatigue Criteria 

Functional Avg Extent 
Class PSI Severity (%) ADT 

Principal arterial 2.4 None 6 000 
Local 2.6 Slight 30 500 
Minor collector 2.1 Moderate 60 1 400 
Minor arterial 1.9 Slight 10 4 200 
Principal arterial 3.1 Slight 5 12 500 
Maj or collector 2.9 Severe 5 3 900 
Minor arterial 2.7 Slight 15 4 000 
Local 2.0 Severe 60 600 

In practice, each agency will have its own coding 
system for identifying projects. Beginning and 
ending milepost values are coded according to an 
imagined state route milepost system. These proj­
ects range in length from approximately 1 to 5 
miles. Both twoand four-lane roadways are included1 
however, projects are defined in this sample problem 
according to the direction of traffic flow so that 
the number of lanes quoted represents the number of 
lanes in the direction of traffic flow. 

Since it will generally be necessary to consider 
programs that involve pavements of different func­
tional classes, the sample problem includes arte­
rial, collector, and local roadways. ADT levels 
range from 500 to 12 500. The average values of 
serviceability and distress recorded in Table 1 
.t: eprese,1L 
tion--i.e., 
bilitation. 

Loadways in less-than-desirable 
roadways that are candidates for 

condi-
reha-

The economic input required for the sample prob­
lem involves only average unit costs for potential 
rehabilitation actions, since this approach does not 
require project-specific cost calculations. The 
required values are specified below (SAM! = stress­
absorbing membrane interlayer): 

Rehabilitation 
Action 
AC overlay 
AC leveling course 
Place new AC 
Replace cracked areas with 

6-in AC 
cold plane 
Heater plane 
Heater scarify and compact 
Remove existing AC 
Full-depth AC 
Fabric in traffic lanes 
SAM! in traffic lanes 
Chip seal 
No rehabilitation, continue 

maintenance 

Avg cost ($/yd2/ 
unit of thickness) 
2.25 
2.32 
2.25 

19.20 

3 .25 
1.47 
0.60 
0.50 
2.25 
1.21 
2.00 
0.55 
o.oo 

Again, although these costs are believed to be 
reasonable for each listed activity, these values 
are included for illustrative purposes only and 
should not be used by any agency without independent 
verification. 

For simplicity, no safety variables are consid­
ered in this example, and no projects are prese­
lected as "committed", In addition, no attempt has 
been made to assign projects to different budget 
categories. 

For each of these projects, it is necessary to 
calculate a value of PINDEX. The logic for accomp­
lishing this calculation is illustrated in Figure 
3, Two variables have been chosen for use in calcu-

--
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lating PINDEX: PSI and fatigue cracking. These 
variables were chosen for illustrative purposes and 
are not being "recommended". We do feel, however, 
that PSI offers an inexpensive, reasonable, overall 
assessment of the adequacy of a pavement to serve 
traffic and, in conjunction with structural and/or 
condition survey variables, can be used to priori­
tize and derive generalized rehabilitation strate­
gies for programming purposes. Fatigue cracking was 
chosen as a significant condition indicator that 
could be used along with PSI in this fashion. Each 
agency must select a set of variables that is appro­
priate to its purpose and experience. For example, 
many agencies feel that deflection information would 
be very useful for such purposes, and this choice 
certainly could be used within the simplified PMS-N. 
In choosing an appropriate set of variables, it 
should be kept in mind that the methodology recom­
mended here is to be applied for programming pur­
poses only. It will be desirable to supplement this 
information with additional data in order to final­
ize the rehabilitation design for any particular 
project (and update the program accordingly) before 
work is actually carried out. 

The calculation of PINDEX in this sample problem 
involves the categorization of the condition of the 
pavement by values of PSI and the severity and 
extent of fatigue cracking. The categories chosen 
for this sample problem are given in the two tables 
below: 

Serviceability 
Category 
Very good 
Good 
Fair 
Poor 

Fatigue-Cracking 
Category 
Excellent 
very good 

Good 

Fair 

Poor 

PSI 
3.8-5.0 
2.8-3.7 
2.0-2.8 
2.0 

Severity 
Slight 
Slight-moderate 
Severe 
Slight 
Moderate-severe 
Slight 
Moderate-severe 
Moderate-severe 

Extent (\! 
10 
10-25 
10 
25-49 
10-25 
50 
25-49 
>50 

The specific values chosen to delineate these 
categories were developed on the basis of the expe­
rience of project staff. However, the number of 
categories and their specific delimiters are exam­
ples rather than recommendations. 

The values added to PINDEX in Figure 3, which 
depend on the specific PSI or fatigue category into 
which the project falls, were also chosen based on 
their experience. We believe that the values are 
reasonable, but, again, they are illustrative values 
only. These values were chosen so that pavements 
that fall into the "poor" category of either PSI or 
fatigue will achieve a relatively high priority for 
rehabilitation. Pavements that fall into the "fair" 
category for either PSI or fatigue will receive 
considerably less emphasis. 

The next step in the simplified PMS-N involves 
the development of treatment options and the assign­
ment of priorities. For this sample problem, all 
treatment options (with the exception of the option 
"no rehabilitation, continue maintenance") will 
provide a new surface for the roadway, thus auto­
matically improving any serviceability problem. 
Hence, the specific range of treatment options to be 
considered for a project will be selected on the 
basis of the severity and extent of fatigue crack­
ing. The logic for this selection process is shown 
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in Figure 4. Notice that PSI is considered only if 
the project falls into the "excellent" category for 
fatigue cracking and that, in this case, only those 
projects that fail to meet a minimum PSI standard 
will be rehabilitated. For example purposes, mini­
mum PSI standards of 2.5 for Interstate and arterial 
roadways and 2. 0 for all other roadways were se­
lected. These values were chosen for illustrative 
purposes only and are not to be considered recommen­
dations. 

The specific rehabilitation actions that make up 
each option list are discussed subsequently in the 
sample problem. 

The prioritization of projects of mixed func­
tional classes and varying traffic levels could 
hardly be carried out on the basis of the PINDEX 
obtained from Figure 3, since the values in Figure 3 
make no distinction between local roadways and 
Interstate highways or between roadways with low 
traffic and similar roadways with high traffic. In 
order to take such variations into account, the 
value of PINDEX may be adjusted to reflect the 
relative priority of projects with roughly equal 
serviceability and fatigue cracking in various 
functional classes and with various traffic levels. 
Table 2 gives a list of factors that may be multi­
plied by PINDEX in order to assign greater priority 
to the higher functional class and also to assign 
greater priority to roadways with high traffic 
levels within a given functional class. As with all 
numerical values in this sample problem, the values 
of this multiplicative factor were chosen to provide 
reasonable answers for illustrative purposes only. 
Similarly, the specific numbers of vehicles given in 
Table 2 are not intended to be representative but 
were chosen only for use with the sample problem. 

The logic of the prioritization process is shown 
in Figure 5. The value of PINDEX, as calculated 
through the procedure of Figure 3, is used as input 
to the procedure of Figure 5. This value of PINDEX, 
on a 0-100 scale, is multiplied by the appropriate 
factor for functional class and ADT to obtain an 
adjusted PINDEX. It is this adjusted value of 
PINDEX that is used in assigning relative priorities 
to the projects. For this example problem, projects 
may be classified as priority l, priority 2, or 
priority 3. It is important to note that projects 
will be ranked by the value of PINDEX within each 
priority class, so that certain priority-! projects 
will be of higher priority than other priority-! 
projects. The priority value is used merely as a 
rough indicator to separate projects into those that 
are very urgent and those that are in less immediate 
need. 

The prioritization and treatment-selection pro­
cesses described above were applied to each of the 
eight candidate projects given in Table l. The 
results are presented in Table 3 and the two tables 
below. Table 3 is a sample output report that 
contains a prioritized listing of the candidate 
projects based on the value of PINDEX calculated 
from the procedure illustrated in Figure 5. For 
each project, a set of treatment options has been 
selected according to the logic presented in Figure 
4. These options are described in the tables below. 
The first table gives sample problem rehabilitation 
options, and the second table gives option lists for 
the sample problem: 

Option 
1 
2 
3 
4 
5 
6 

Description 
Cold plane, 1.0 in; new AC, 1.5 in 
Heater plane, 1.5 in; new AC, 1.5 in 
AC level, 1.0 in; AC overlay, 1.0 in 
Remove existing AC; new AC 
AC overlay, 1.5 in 
Heater plane, 0.75 in; new AC, 1.0 in 
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Figure 4. Selection of rehabilitation option. 
Begin 

No 

Option Descc iftion 
7 Cold plane, 1.0 in: new AC, 1.0 in 
8 Cold plane, 1.0 in: SAMI; new AC, 1.0 in 
9 AC level, 1.0 in; fabric; new AC, 1.0 in 

10 Remove existing AC+ l.o in base; new AC 
11 Fabric; new AC, 1.5 in 
12 Heater plane, 0.75 in; new AC, 1.5 in 
13 Cold plane, 1.0 in: SAMI; new AC, 1.5 in 
20 Apply chip seal 
22 AC overlay, 1.0 in 
30 No current rehabilitation, continue mainte-

nance 

option 
List No. ~ O~tion No. 
1 >X 1,2,3,4 

.;X 5,6,7 
2 >X B,9,10 

,;x 11,13 
3 >X 8,9,10 

<X 11,13 
4 >X 1,2,3,4 

<X 5,6,7,12 
5 >X 22 

<X 20 

Cost figures are also presented for each project 
in Table 3. For each project, the minimum-cost 
treatment option was selected from the list of 
potential treatments, and the cost associated with 
that minimum-cost option was calculated by using the 

A 
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PHIN - 2. 5 far IH or arter­
ial and = 2. 0 for collector 
or local (by default) 

No Option 30 
>-----'IP'i No Rehabilitation 

Option List Il l 

Option List 112 

Option List 113 

Option List #4 

Option List 115 

Table 2. Example prioritization factors based on functional class and ADT. 

ADT 

Functional No. of 
Class Level Vehicles Factor 

Interstate High 1.00 
Medium 0.95 
Low 0.88 

Principal arterial High > 15 000 0.93 
Medium 5-15 000 0.87 
Low < 5000 0.80 

Minor arterial High > 12 000 0.83 
Medium 4-12 000 0.75 
Low < 4000 0.68 

Maj or collector High > 8000 0.73 
Medium 2-8000 0.65 
Low < 2000 0.60 

Minor collector High > 5000 0.60 
Medium l-5000 0.53 
Low < 1000 0.45 

Local High > 3000 0.55 
Medium 500-3000 0.45 
Low < 500 0.35 

values identified in the text table on page 34. 
This minimum cost is listed for each project in 
Table 3 along with a cumulative cost that assumes 
that the minimum-cost treatment will be applied to 
each project in order of decreasing priority. 
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Notice that there is o nly a single priority-1 
project among those in Table 3. This occurred in 
the sample calculation because the arterial roadways 
were found to be in relatively good condition and 
the prioritization factors listed in Table 2 auto­
matically reduce the emphasis given to collectors 
and locals. The selection of priority 1, 2, or 3, 
illustrated in Figure 5, is purely arbitrary and may 
be omitted from the PMS-N without changing the order 
of ranking based on PINDEX. 

It is also interesting to note that project 
52-KI-0330000-W is listed in Table 3 as requiring no 

Figure 5. Prioritization process. 

Begin 

Select Factor .8ased on 
Functional Class 

and/or ADT 

PINDEX • FACTOR • PINDEX 

No 

100 

Assign Priority 

Assign Priority "" 2 

'------ Assign Priority 

Table 3. Sample problem results. 

Milepost 
Project 

Ranking Identification Begin End Priority PINDEX 

I 26-C0-0356700-N 7.5 9.3 I 65 
2 05-ST-031 I 130-S 6.5 8.0 2 53 
3 05-ED-0311130-S 9.4 12.7 2 45 
4 5 i-Fl-0356700-E 100.4 105.0 2 37 
5 75-AP-0330006-N 11.2 15.3 2 35 
6 54-MA-0356712-S 16.3 18.7 3 27 
7 52-Kl-0330000-W 43.8 46.5 3 19 
8 58-0A-0330001-S 27.3 30.8 3 17 

3 Minimum-cost treatment. 

Avg 
PSI 

1.9 
2.1 
2.0 
2.4 
2.7 
2.6 
3.1 
2.9 
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rehabilitation, even though it has a higher priority 
than project 58-0A-0330001-N, which does requ i re 
rehabilitation. The former project retains a higher 
priority because it is a principle arterial with a 
fairly high traffic volume, whereas the latter is a 
major collector with a moderate traffic volume. The 
inclusion of such "no rehabilitation needed" proj­
ects will have no effect on cost factors associated 
with the program of work but will provide a flag for 
the decisionmaker when the proposed program of work 
is reviewed. The presence of a large number of such 
projects in the prioritized output list could indi­
cate that the prioritization factors in Table 2 
and/ or the treatment-selection process in Figure 4 
should be modified. In fact, the specific variables 
and values chosen by an agency in setting up a 
prioritization procedure should be subject to con­
stant review and revision in order to upgrade the 
value of the recommended programs of work at each 
iteration of the procedure. 

Finally, a comparative i::anking of the candidate 
projects in the sample problem on the basis of 
serviceability index alone is provided in Table 4. 
Notice that the order of the projects is by no means 
the same as in Table 3; however, the changes are 
generally shifts in order by only one or two places 
rather than between the top of the list and the 
bottom. This is to be expected, since the value of 
PINDEX is based on serviceability and on fatigue 
cracking and those pavements that have very low 
serviceability will also generally exhibit appreci­
able fatigue cracking. It should be noted, however, 
that those pavements in higher functional classes 
and with higher traffic levels (Table l) have moved 
up the list in Table 3 relative to their placement 
in Table 4. This illustrates the value of the 
weighted prioritization process in Figure 5 and 
Table 2. 

Implementation of PMS 

The simplified PMS-N descr i bed earlier and illus ­
trated in the sample problem may be adapted and 
implemented by pavement management teams from a 
variety of highway agencies. Implementation of a 
PMS is of necessity a unique and individual under­
taking related to individual organizational charac­
ter is tics, funding levels, and needs. The purpose 
of this project has been to present a generalized, 
simplified PMS that can serve as a guide for use and 
development in several state highway departments. 
In this section, some general background guidelines 
on implementation are presented, as well as a series 
of individual factors that can be used to benefit 
specific implementation plans. 

The reader who is expecting a step-by-step cook­
book on pavement management implementation will no 
doubt be disappointed in this paper. Experience 
shows that it is no more possible to develop a 

Fatigue Cracking 
Minimum Cumulative 

Extent Option Treatment Cost Minimum Cost 
Severity (%) List Options ($000s) ($000s) 

Slight JO I 5", 6, 7 42 ,8 42 .8 
Moderate 60 2 11 ° , 13 84.2 127.0 
Severe 60 2 8, 9° , 10 134.3 261 .3 

I 58 ,6, 7 218 .9 480 2 
Slight 15 5 223 64.9 545.1 
Slight 30 4 58 ,6,7,12 57 . 1 602.2 
Slight 5 303 0 602.2 
Severe 5 5 22• 55.4 657 .6 
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Table 4. Sample problem candidate projects ranked by serviceability. 

Milepost Ranking 
Project Avg in 

Ranking Identification Begin End PSI PJNDEX Table 3 

I 26-C0-0356700-N 7 .5 9.3 1.9 65 I 
2 05-ED-0311130-S 9.4 12.7 2.0 45 3 
3 05-ST-0311130-S 6.5 8.0 2.1 53 2 
4 51-FI-0356700-E 100.4 105.0 2.4 37 4 
5 54-MA-0356712-S 16.3 18.7 2.6 27 6 
6 75-AP-0330006-N 11.2 15.3 2.7 35 5 
7 58-0A-0330001-N 27.3 30.8 2.9 17 8 
8 52-KI-0330000-W 43.8 46.5 3.1 19 7 

single complete guideline for implementing pavement 
management than it is to write a simple, complete 
marriage manual that is :11ppli,..~hl.o .. r"\ .:i.11 

cases and all couples. 
The following listing presents the major items in 

a sununary implementation plan for major considera­
tion: 

1. Decision to start; 
2. Preparation of goals, objectives, and pre­

liminary budget; 
3. Commitment from top management (usually 

network level first); 
4. Preliminary work plan (form technical group); 
5. Establishment of a steering conunittee (admin-

istration); 
6. Development of a detailed work plan; 
7. Evaluation of hardware and software needs; 
8. Development of the preliminary system (net­

work and level); 
9. Testing and verification of the preliminary 

system; 
10. Demonstration of the second-stage system; 
11. Finding a home for the PMS group in the 

organization; 
12. Acceptance of the PMS for implementation; 
13. Routine operation of the system; and 
14. Improvement, upgrading, and maintenance of 

the PMS. 

Note that this sununary includes 11 items to be 
accomplished prior to routine operation of the 
system; these range from a decision to start to 
acceptance of the PMS for implementation. It may 
appear that some of the items are self-evident· 
however, making a specific overt decision at each of 
these points is extremely i mpor tant. Each of the 
points is discussed in more detail elsewhere (1.). 

SUMMARY AND SUGGESTED RESEARCH 

The experience and research presented in this paper 
point to a continued need for PMS development and 
impl ementation. This may sound all too familiar to 
the reader, but in this case much remains to be 
done. As highway budget levels shrink in the face 
of inflationary cost increases and growing traffic 
levels, it will be increasingly important to apply 
systematic pavement management in a comprehensive, 
coordinated fashion. 

Most PMS development and experience to date have 
occurred at the project level and within the areas 
of design or maintenance. Development has focused 
quite naturally and understandably on these areas, 
and this concentration of effort has produced sig­
nificant results. 

Currently, the major concerns in pavement manage­
ment lie at the network level. Consequently, the 
greatest current need is for a focusing of research 
effort at the network level. This paper has ad-
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dressed network-level PMS development, but substan­
tial additional effort is required to "catch up" 
with project-level technology. This effort would 
include extensive development of network-level 
subsystems and prediction models as well as trial 
implementation of network-level systems and combined 
project- and network-level systems. 

A PMS useful in decisionmaking is a highly spe­
cific tool that is particularly structured to the 
attitudes and procedures of the implementing agency. 
Consequently, many of the details of a PMS must be 
fitted or molded directly to the implementing 
agency. Nevertheless, significant portions of the 
development and implementation work involved in 
setting up and operating a PMS are potentially 
applicable to a wide variety of users. This type of 
work is most suitable for National Cooperative 
Highway Research Program funding. 

Thus, two general types of effort are needed for 
comprehensive PMS development: (a) the detailed 
work that must be done by individual states and (b) 
the more general development that can be effectively 
carried out on a conunon national scale. A plan for 
future research of general applicability, including 
suggested research activities at both the project 
and network levels and estimated costs, is trans­
lated into a specific set of problem statements in 
the Appendix of the report by Pedigo, Roberts, and 
Hudson (~). 
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Combined Priority Programming of Maintenance and 
Rehabilitation for Pavement Networks 

RALPH HAAS AND ALAN CHEETHAM 

Total expenditures for maintenance and rehabilitation of a pavement network 
should represent an optimum combination of the two types of activities. Under 
the usual situation of budget constraints, this requires the establishing of pri· 
orities. An integrated method for programming maintenance and rehabilita· 
tion for paved road networks for any chosen program period is described. It 
begins with a common inventory of condition, serviceability, structural ade· 
quacy, traffic, unit costs, and other information. The maintenance program· 
ming subsystem evaluates alternative treatments for different types, densities, 
and severities of distresses and produces a demand-based budget by using a 
maximization of cost-effectiveness. The rehabilitation programming subsys­
tem similarly evaluates alternatives, and a priority list of year-by-year projects 
over the program period, based on benefit maximization, is produced. The 
total of maintenance and rehabilitation costs for any given year does not 
exceed the total budget limit. A case application is provided to illustrate the 
method. It.uses the arterial street network of a small city, subdivided into 
100 sections. The outputs include section-by-section, year-by-year, recom­
mended programs of maintenance and rehabilitation work. An additional 
feature of the method is a capability for evaluating the long-term effect of 
various budget options on average network serviceability. Two rehabilita-
tion budget levels, representing the expected funding and a zero budget, have 
been tested for the case application. As expected, average network service­
ability was estimated to decrease significantly over the 10-year programming 
period for the zero budget case. Finally, it is recommended that year-by-year 
updates be carried out on the inventory and the maintenance and rehabilita­
tion programs. 

Should we be spending more money on maintenance and 
less on rehabilitation, or vice versa? What is the 
optimal combination of expenditure for maintenance 
and (capital) rehabilitation to get the best possi­
ble value for the total available funds? 

The overall objective of a public agency should 
be to obtain such a total best value. However, it 
is common practice to separately determine mainte­
nance and rehabilitation needs and prepare separate 
budgets that are separately administered. Coordina­
tion between the two is on a judgment basis. Quan­
titative answers to whether the individual programs 
and budgets for each represent the best balance can­
not easily be answered with present methodology. 

A better approach is one that starts with a coor­
dinated or combined inventory and inspection to 
establish the present status of the network. Main­
tenance needs and rehabilitation needs can then be 
identified by comparing this present status with 
policy variables such as minimum acceptable levels 
of serviceability and maximum levels of surface 
distress, and initial, "demand-based" budgets can be 
established. However, because the required funding 
is not usually available, various maintenance and 
rehabilitation alternatives, including deferral of 
the work, should be considered for each need and 
their cost and benefit implications should be 
analyzed. Then a final priority set of maintenance 
and rehabilitation alternatives and their timing are 
chosen by varying the individual budgets, within a 
total budget limit, to determine which combination 
gives the highest average serviceability for the 
network as a whole. 

The purpose of this paper is to describe a work­
ing procedure for obtaining coordinated priority 
programs of maintenance and rehabilitation for a 
paved road network. An example application to the 
arterial network of a small city is provided to 
illustrate the procedure. 

FRAMEWORK FOR COORDINATING BUDGETING AND PROGRAMMING 

Maintenance and rehabilitation expenditures should 
be programmed simultaneously to avoid incomratibili­
ties in an operational sense and to approach a truly 
optimum allocation of available funds. Figure 1 
shows an ideal framework for accomplishing this in a 
coordinated manner. 

Three levels of budgeting and programming have 
been identified in this framework. The first level 
represents a "first cut" at the programming of pave­
ment investments. The starting point is to conduct 
an inventory and to establish the present status of 
the system and the needs by considering policy vari­
ables such as acceptable levels of service. From 
these needs, it is possible to establish a "demand 
budget" that can then be compared with the total 
available funds. 

The types of inventory information required are 
simply categorized as to maintenance or rehabilita­
tion use in Figure 1 and are listed in more detail 
in Figure 2. Some of this information is specific 
to the type of programming, For example, structural 
adequacy is not usually considered in programming 
maintenance, since maintenance does not normally 
deal with strengthening operations per se. Although 
there is considerable overlap in the types of infor­
mation acquired, the intensity of the data or the 
specific parameters of concern may be different. 
For example, programming rehabilitation may require 
an indication of the overall condition of a pavement 
surface in the form of, say, a condition rating or 
index; on the other hand, programming maintenance 
requires specific details of the type, amount, and 
severity of distress, since this has a bearing on 
the type of maintenance activities that may apply. 

The second level of programming involves the 
establishment of programs for maintenance and reha­
bilitation based on the needs identified in the 
first level plus analyses of the performance and 
economics of various strategies for fulfilling these 
needs. These strategies include not only the reha­
bilitation and maintenance alternatives but also the 
timing of these alternatives. 

The determination of the budget allocations for 
maintenance and rehabilitation programs as well as 
the overall pavement budget levels for each year in 
the programming period are considered in the third 
programming level. By varying the total funds 
available in each year and also by altering the 
allocation ratio between maintenance and rehabilita­
tion budgets, the analyses of level 2 can be iter­
ated under different budget constraints to produce 
different profiles of average overall network ser­
viceability with time. This allows policy planners 
to study the effect of budget levels and allocations 
on the performance of the pavement network and, by 
considering another set of policy variables as de­
cision criteria, arrive at the most suitable budget 
allocations. 

The relation of most current maintenance manage­
ment systems to the framework of Figure 1 should be 
noted. Although these systems have generally 
achieved a high state of development, they only 
really take over after the programming has been 
done--i.e., they represent a "production control" 
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Figure 1. Framework for coordinating budgeting 
and programming for maintenance and 
rehabilitation. 

MAINTENANCE INVESTMENTS 

POLICY VARIABLES 

- Standards 
- Level of Service 

INVENTORY 
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type of process. The current methodology for pro-
g ramming of maintenance investments consists essen­
tially of establishing maintenance needs and devel­
oping the associated demand budget as shown in level 
1. The establishment of needs is based on attaching 
average unit volumes, weights, rates of application, 
c1me s , (depending o n t ype of mai ntenance activ ity) 
for different types of surfaces and road classes and 
then working out the total volumes or weights of 
materials and equipment and person hours required. 
These average volumes, weights, rates, etc., are 
themselves based on past maintenance management 
records. 

WORKING METHOD 

The following se~tinns present a working method for 
the framework shown in Figure 1. 

Pavement I nventory and Maintenance Alternatives 

Good inventory information (Figure 1), both acquired 
(such as traffic and unit costs) and field measured 
(such as roughness), is the foundation for effective 
programming of maintenance and rehabilitation. Of 
these, the surface condition survey (Figure 2) is 
perhaps the key item for maintenance. With informa­
tion from the survey on the types, extent, and 
severity of surface distresses, the most cost-e f fec­
tive maintenance alternatives can be identified. 

One of the most up-to-date approaches for ac-

complishing this has been developed by the Ontario 
Ministry of Transportation and Communications 
(l ·l) . This approach has the following major ele­
ments: (a) a condition survey to identify the 
types, severity, and density of distresses; (b) the 
alternative maintenance treatments available and 
their expected lives for each combination of type, 
severity, and density of distress; and (c) an eco­
nomic analysis to determine the most cost-effective 
treatments. Such an analysis makes it possible to 
prepare a direct demand budget, 

Figure 3 (1) shows how alligator cracking (one of 
the 12 types of example distresses in the Ontario 
method) is described and how its severity is estab­
lished and its density is determined. Photographs 
(not included in this paper) are provided in the 
method to assist field personnel in getting the 
right answers and being consistent. 

Table 1 gives the alternative treatments avail­
able and their expected effective lives. These 
lives, of course, apply to Ontario conditions and 
would have to be calibrated for other regions. Per­
formance standards, available elsewhere (l), have 
also been developed for the treatment alternatives. 

With cost information on the various items in the 
performance standards, plus the amount of mainte­
nance to be performed, unit cost calculations can 
first be performed for each treatment alternative: 

Unit cost= (manpower+ equipment+ materials)/accomplishment 
per day (1) 
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Figure 2. Types of inventory information required for maintenance and 
rehabilitation use. 

For 
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~~- w 
The most cost-effective alternative is the one with 
the least equivalent annual cost. 

A quantitative end-product illustration of the 
foregoing procedures is provided later in this paper. 

Pavement Inventory and Rehabilitation Alternative s 

The inventory information for rehabilitation pro­
gramming includes the acquired data items in Figure 
2 (such as traffic and unit costs), the condition 
survey previously noted for maintenance programming, 
and several additional key items from field measure­
ments. These include structural adequacy, riding 
comfort and skid resistance, and structural composi­
tion (from coring) if construction records are in­
adequate. 

Although information on the individual data items 
should be retained, a composite "pavement quality 
index" (PQI), on a scale of 0-10, has been found 
quite useful for rehabilitation programminq (i). 
This uses the Canadian riding comfort index (RCI), a 
structural adequacy rating (SAR) from deflection 
s urvey measurements, and a condition index (CI) from 
the condition survey measurements. RCI, SAR, and CI 
are all based on a scale of 0-10. 

Rehabilitation alternatives may include overlays 
of varying thickness, full or partial reconstruction 
(including recycling), and surface treatment. The 
set of alternatives available will vary with the 
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Figure 3. Example of distress-type description, severity, and density. 

Alligator Cracking 

Descrtpllon: Cracks form a network of mu lti-s ided (polygon) blocks resembling the 
skin of an all igator. The block size can range from 5 to 10 cm to aboul 
50 cm. The alligatored area may or may not be accompanied by distor­
tion In the form of depression, and may occur anywhere on the pave­
ment surface. 

Possible causes: 1. Insufficient pavement strength. 

Severtty: 

Density: 

2. Poor base drainage and stiff or brittle asphalt mix at cold 
temperature. 

Class. Guidelines (Base on appearance and surface distort ion) 

Slight Alligator pattern established with corners of polygon 
blocks fracturing 

Moderate Alligator pattern established with spalling of polygon 
blocks 

Severe 

Local: 

Polygon blocks begin to lift; may or may not Involve 
potholes. 

Less than 30% of pavement surface affected; distress 
spotted over localized areas only. 

General: More than 30% of pavement surface affected; distress 
spotted evenly over entire length of pavement section. 

network considered and the jurisdiction involved. 

Mai ntenance- Re hab i lita tion Pr99rarnrn i n9 System 

The general structure of the maintenance-rehabilita­
tion programming system is shown in Figure 4, in­
cluding the two main subsystems. The entire process 
has been computerized, and a detailed description, 
including the various subsystems, is given by 
Cheetham (a) • 

The first step in operating the system is t o 
collect the previously noted inventory data. To­
gether with the available maintenance and rehabili­
tation alternatives and their associated unit costs, 
analyses are then performed to select the most cost­
effective maintenance alternatives. In addition, 
through analyses of performance and a benefit max­
imization model, an optimized priority program of 
rehabilitation is determined. This priority pro­
gramming method for rehabilitation has been exten­
sively applied and is described by Karan and others 
(.§.-2) • Typical outputs of the system are provided 
in the case illustration given later in this paper. 
As an alternative, Cheetham (j_) has developed a 
ranking method, based on cost-effectiveness analy­
sis, for selecting a network priority program of 
rehabilitation. Although it represents an approxi­
mation, it is very efficient with respect to com­
puter time and give s essentially the same results as 
the optimization method (6-9). But it should be 
periodically calibrated with in optimization run. 

The maintenance programming subsystem analyzes 
the pavement network one section at a time. Figure 
5 outlines the subsystem, which has separate sub­
routines for the different types of pavements. 

The network inputs include the available mainte­
nance alternatives for each pavement type and their 
associated unit costs, the number of sections in the 
network, and the year of analysis. The sectional 
inputs that are read in the main line include the 
section number, pavement type, PQI, average annual 
daily traffic (AADT), traffic growth rate, number of 
lanes, lane width, section length, surface thick­
ness, and drainage condition. 

Each section can be analyzed as a whole or, for 
ease of condition inventory data collection, broken 
into subsections of constant length called "sta­
t ions". Once all of the sections in the network 
have been analyzed, total costs are calculated for 
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Table 1. Example of treatment 
alternatives for particular distress type: 
alligator cracking. Evaluation 

Severity 

Slight 

Moderate 

Severe 

8 Contract only. 

Figure 4. General structure of maintenance-rehabilitation 
programming system. 

Density 
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Local 

General 

Local 

General 
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Maintenance Function 
Classification 

Recommended Maintenance Treatment Routine 
Alternative Patrol Nonpatrol 

No action 
No action but monitor closely for future 

development 
Spray patch 1004 
Cold-mix patch 1001 
Hot-mix patch 1001 1002 

1002 
Hot-mix patch for rnu]tiJanes 1002 
Same as above but notify district office of 
situation and maintain close monitoring 

Cold-mix patch 1001 
Hot-mix patch 1001 1002 

1002 
Excavate, granular and hot-mix patch 1002 1002 
Improve drainage ( additional) -a _a 

Hot-mix patch for highways with AADT < 1002 
2000 and notify district office 

Mulching for AADT < 2000 1014 
Granular lift and surface treatment for 1017 

highways with AADT < 2000 
Hot-mix patch over selected areas and notify 1002 1002 

district office for further action [or high-
ways with AADT > 2000 

Outline of maintenance programming subsystem 

~tlino of rehabilitation programming subsystem 
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each of the maintenance activities and a sununary of 
the network costs is produced. A maintenance cost 
versus serviceability relation is then calculated by 

from the main line include the available maintenance 
alternatives and their associated unit costs, AADT, 
number of stations and station length, number of 
lanes in each station, number of lanes in the sec­
tion, lane width, and surface thickness. The dis­
tress inputs that are read into the subroutines 

using regression analysis. 
An outline of the maintenance 

flexible pavements is shown in Figure 
subroutine for 
6. The inputs 
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Figure 5. Basic structure of maintenance programming subsystem. 
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Figure 6. Outline of subroutines for maintenance analysis of flexible pavements. 
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include two vectors for each station: one that 
indicates the severity of each distress type and one 
that gives the extent of each type of distress in 
terms of an areal percentage, 

The stations are then analyzed one at a time, and 
the most cost-effective alternative is selected for 
each distress in each station, Details of dis­
tresses, required maintenance, and costs are written 
for each station for the section. 

The program considers 12 distinct types of dis­
tress for both flexible pavement subroutines (hot 
mix or asphalt concrete surface and surface treat­
ment). These 12 distresses are subsequently listed 
in the case example, The areal units used for 
extent of distress are either percentage area or 
percentage length, depending on the distress type. 
Severity codes are also subsequently listed in the 
case example, 

Subroutines for rigid pavements and for unpaved 
roads are included in the maintenance programming 
subsystem but are not covered in this paper, 

The number and type of maintenance treatment 
alternatives to be considered vary with pavement 
type and distress type. These are described in 
detail elsewhere (],.2_) i an example of the alterna­
tives available for alligator cracking has been 
given in Table 1, 

The rehabilitation programming subsystem uses a 
rationally based ranking factor for prioritization 
but retains the performance prediction method de­
scribed by Karan and others (.§.-1), The ranking 
factor was developed from a "calibration" procedure 
that used the optimization results of various net­
work analyses carried out for Canadian and U.S. 
jurisdictions according to the method of Karan and 
others (.§.-1). This method includes benefit maximi­
zation through a linear programming formulation. 
The ranking factor is a function of minimum accept­
able serviceability level, initial serviceability 
level, AADT, and length of section. It maximizes 
average network serviceability over the program 
period. Figure 7 shows the general structure of the 
rehabilitation programming subsystem. 

The rehabilitation subsystem uses a Markov chain 
model of order 1 (~) to model the performance. The 
model describes the pavement as existing in a cur­
rent "state", and subsequently the pavement under­
goes transitions to lower states during successive 
time periods, The state is defined by the level of 
serviceability, and the time increment used is one 
year. Since the transition from one state to an­
other is a stochastic process, the model requires 
transition probability matrices to function. 

The model also requires the definition of pave­
ment classes in order to include factors that affect 
performance, such as pavement thickness, subgrade 
strength, and traffic volume. The program defines 
18 pavement classes, each of which requires a dif­
ferent transition probability matrix. The 18 
classes are defined by three levels of pavement 
thickness (equivalent granular thickness for the 
structure), three levels of traffic (AADT), and two 
levels of subgrade type (strong and weak), The 
transition probability matrices have been developed 
under the assumption that "routine" maintenance is 
applied to the pavement. 

Transition probability matrices are also required 
for each of the rehabilitation alternatives, 

The rehabilitation programming subsystem has the 
capability of analyzing six different rehabilitation 
alternatives, These include three thicknesses of 
overlay, reconstruction, upgrading, and surface 
treatment. In addition, the program has the capa­
bility of analyzing sections with paved or unpaved 
shoulders and the addition of paved shoulders to 
sections that do not have them. The program allows 
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Figure 7. General structure of rehabilitation programming subsystem. 

START A 

Read Transition Probability 
Matrices, Network Inputs, 

and 
Sectional Inputs 

Generate Rehabilitation 
Alternatives and Perform 

Cost-Effectiveness 
Analyses for Section of 

Highes t Priority 

Recalculate 
Ranking Factors 
for Sections 
Still Requiring 
Rehabilitation 

Predict Performance and 
Estimate Maintenance Costs 

for the Section for 
20 Yea·rs 

Wr ite Detail..s Qf 
Section and 
Expected Petforrn.,nce 

Write De tails 
Yes for Section 

;;,,-~-----~ Performance, 
Rehab. Perfoma.nce 
and Costs 

No 

Calculate Average 
Network Serviceability 
for 10 Years With and 
Without Rehabilitation 

Write Details of Sections 
not Scheduled for Rehab. 
ann their Performance and 

Calculate Ranking 
Factor and Arrange 
Into Descending Order 

Co~.CS 

Write Network SUtM).(l?:Y 
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three reconstruction designs for different levels of 
traffic. 

The upgrading alternative is a relatively new 
innovation and is based on the idea of "betterments" 
used in some agencies. This is a form of staged 
rehabilitation that, because of various constraints, 
can only be done on certain sections. Some agencies 
use a form of upgrading on certain rural sections 
that have a low level of serviceability but cannot 
be rehabilitated by using one of the usual alterna­
tives because of limited funds. The upgrading or 
betterment strategy involves work over approximately 
three years, the first two of which are relatively 
low cost. This strategy involves shou l der and 
drainage work in the first year, the application of 
a few inches of granular material and a surface 
treatment in the second, and an overlay in the third 

year. Since so much new material is added to the 
structure, this alternative can only be considered 
on sections that do not have height limitations due 
to curbs or utility services. 

The sectional inputs to the program indicate 
which alternatives are to be considered for that 
section. Each desired strategy is then analyzed, 
and its subsequent performance and associated costs 
are predicted. Figure 8 shows typical performance 
curves for the six basic alternatives. 

After the performance analysis of each rehabili­
tation alternative, the cost-effectiveness is deter­
mined. This is done by calculating the present 
worth of all of the costs involved with each alter­
native, i.e., the maintenance costs plus capital 
costs of rehabilitation. Then the area between the 
two performance curves (performance for the rehabil­
itation and performance for only routine mainte­
nance) is calculated as a measure of the associated 
benefits. The cost-effectiveness of a given alter­
nat i ve can then be calculated by d i vid i ng the area 
between the curves by the present worth of the 
costs. The alternative with the highest cost­
effectiveness is then selected for implementation 
since it makes the best use of the available funds. 

In the case where insufficient funds remain in 
the budget to complete the project, other alterna­
tives are compared with the remaining funds. Since 
budget estimates are usually approximate, a project 
will still be programmed for implementation if the 
remaining funds cover 95 percent of the cost. If 
sufficient funds remain to complete a rehabilitation 
project on a different section but not on the sec­
tion being considered as top priority at the time, 
then other sections are considered and the process 
is repeated . 

The programming subsystem can operate in one of 
two modes, depending on the number of budgets used 
by the particular agency. If two separate budgets 
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are used (one for maintenance and one for rehabili­
tation), then the maintenance costs, although used 
in the cost analyses, are not subtracted from the 
total budget. In the case of a single budget, the 
maintenance costs are subtracted from the budget. 

ternatives, etc. Figure 10 shows an example of the 
input data, and the two tables below provide unit 
cost data used in the analysis: 

Two modes of operation are also available for the 
use of any remaining funds in the budget after proj­
ects are scheduled for rehabilitation in a given 
year. Since fractional projects are not considered 
in the system (as in linear programming), there is 
usually some amount of money remaining for a given 
year's budget. One mode of operation allows the 
remaining funds to be added to the budget for the 
following year, and the other mode simply leaves the 
remaining funds as extra. This choice of mode again 
depends on the agency involved and exists because of 
the approximate nature of future budgets. 

CASE ILLUSTRATION OF THE SYSTEM 

Activity 
Spray patch 
Sand or chip seal 
Hot-mix patch 

Manual 
Machine 

Cold-mix patch 
Manual 
Machine 

Deep patch 
Crack seal 
Surface treatment 

Alternative 
Overlay 

l 
2 
3 

Reconstruction 

Surface Treatment 

Unit Cost ($/unit) 
l.15/m 2 

1450.0/lane-km 

1. 7 5/m 2 

1. 20/m 2 

2.35/m 2 

1. 65/m 2 

6.80/ m2 

0.60/linear m 
1574.50/ lane-km 

Design 

19-mm dense AC 
38-mm HL3 AC 
51-mm HL4 AC 
38-mm HL3 AC, 51-

mm HL6 AC, 152-
mm granular A, 
305-mm granular B 

Single application, 
6-mm stone, emul­
sion binder 

Unit Cost 
($Llane-km! 

7 686.00 
8 198.40 
8 820.60 

56 766.60 

l 574.50 

The City of Cambridge in Ontario provides a good 
case illustration for the maintenance-rehabilitation 
programming system. The arterial street network was 
subdivided into 100 sections (see Figure 9 for typi­
cal listings), and a condition survey was conducted 
according to Ontario procedures (1). Other field 
measurements included a deflection survey, using a 
Dynaflect, at an average of 6 tests/ km, a roughness 
survey using the ARAN unit (10), and cores, at a 
minimum of one per section, for structural composi­
tion and subgrade characteristics. In addition, 
data were acquired on traffic volumes, unit costs 
for the various maintenance and rehabilitation al-

The system requires only entry of the inventory 
data and selection of various options (i.e., budget 

Figure 9. Section identification. 

Figure 10. Section input data 
for analysis. 
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limits); operation of the entire system is automated 
and includes the following output reports: 

1. Section-by-section summary of maintenance and 
rehabilitation costs--Figure 11 shows the final 
results for the case application, for 1980, where 
the most cost-effective maintenance program would 
cost $22 444 and the optimum rehabilitation program 
would cost $100 969. This latter number represents 
the maximum budget available for rehabilitation. 

2. Overall network maintenance summary--Figure 
12 shows the resu l ts for the case application, for 
1980, for the situation of no rehabilitation expen­
ditures. It may be noted for this situation that 
the cost of the most cost-effective maintenance 
program would rise to $27 667 compared with the 
$22 444 in Figure 11. The larger sum is of course 
due to maintenance being required in 1980 on all 
sections. 

3. Detailed record of section distresses and 
maintenance requirements--Figure 13 shows an example 
for section 55 in the network of the case applica­
tion. The record of distresses comes directly from 
the condition survey, and the maintenance shown is 
the most cost-effective. The recording of dis­
tresses and costs by station, within the section, 
allows persistent problem areas to be identified and 
simplifies the collection of distress data in the 
condition survey. 

4. Detailed record of section rehabilitation--
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Figure 14 shows an example for section 404. The 
optimum rehabilitation alternative is overlay 3 (51 
mm) , in 1981, for the budget level used. It should 
be noted that rehabilitation may be performed when 
the section reaches its minimum acceptable PQI level 
(i.e., in the year of need) or it may be accelerated 
or delayed. This timing is determined through use 
of the optimization model, which also determines the 
particular alternative. Both depend on the budget 
level specified for the optimization. Figure 14 
also lists the expected PQI for 10 years for the 
section for two situations: ( a) rehabilitation 
carried out according to schedule and with the 
alternative specified and (b) no rehabilitation 
(i.e., application of regular maintenance only). 
The latter case, as expected, would result in the 
section deteriorating to a PQI level of 2.5 at the 
end of 10 years. These expected performances are 
based on the performance prediction models incorpo­
rated in the system. 

A summary of the five-year recommended priority 
program of rehabilitation, by section and rehabili­
tation type, is provided in Table 2. 

Figure 15 compares the recommended sections of 
Table 2 with the needs (i.e., when the sections 
reach or fall below the m1n1mum acceptable PQI 
level). For example, section 404 has been "accel­
erated" for rehabilitation (i.e., rehabilitation 
does not become a need until 1982 but the section is 

Figure 11. Maintenance­
rehabilitation cost summary for 
1980. 
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Figure 12. Network maintenance cost summary 
for 1980 for no rehabilitation. 
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Figure 13. Example of detailed record of NOTE: THE ST.\TION-DIST~ESS MAT SIX FCR UCH S:ECTION SHOWS THE 
sectiondistresses(fromconditionsurvey)and SEVERITY LEV'lL AND EX·rrNT OF EACH CISTliESS TYPE FOR THE GIVEN STATIJ~. 
maintenance required for 1980. 

Figure 14. Example of detailed section 
rehabilitation requirements for 1981. 
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scheduled for rehabilitation in 1981). By compari­
son, other sections, such as section 59, have had 
their rehabilitation delayed. These accelerations 
or deferrals, and the actual rehabilitation type 
specified in Table 2, are a function of the budget 
level used, among other factors such as traffic 
volume, and are determined by the optimization model 
in the system. Higher budget levels would result in 
fewer deferrals, to some point where all the needs 
could be satisfied in the year in which they occur. 
Most, if not all, highway agencies, however, are 
faced with limited budgets. 

Figure 16 shows the results of a budget analysis 
for the case illustration. Two budget levels have 
been chosen: $100 000/year for rehabilitation and 
$0/year for rehabilitation. The first level repre­
sents that used in the analysis and would result in 
the program given in Table 2. With such a budget, 
the network would remain at a nearly constant PQI of 
7 over the first 5 years and this would drop only 
marginally over the last 5 years. However, with no 
funds available at all for rehabilitation, the aver­
age PQI of the network will drop to near 5 at the 
end of 10 years. A histogram of the distribution of 
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Table 2. Recommended sections and rehabilitation alternatives for Cambridge, Ontario, network. 

1980 

Section 

153 
254 
255 
407 
409 
653 
803 

Alternative 

3 
I 
3 
3 
3 
3 
3 

1981 

Section 

59 
60 
64 
78 

103 
106 
252 
404 
408 
601 
602 
806 
901 
951 

1982 

Alternative Section 

3 6 
3 153 
3 254 
3 405 
3 406 
I 578 
3 803 
3 
3 
3 
3 
3 
3 
3 

1983 1984 

Alternative Section Alternative Section Alternative 

3 5 3 II 0 3 
3 16 3 214 3 
3 55 5 252 3 
I 259 3 255 3 
I 262 5 257 5 
3 304 3 267 3 
3 407 3 402 3 

655 3 403 5 
801 5 552 3 

553 3 
652 5 
654 3 
806 3 

Note: Alternative L = 19-mm dense AC overlay, alternative 3 = 51-mm HL4 AC overlay, alternative S = surface treatment (single application, 6-mm stone, emulsion 
binder). 

Figure 15. Comparison of recommended 
sections and needs. 1980 1981 1982 1983 1984 

Needs Rehab. Needs Rehab. Needs Rehab. 
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Figure 16. Analysis of rehabilitation budget level for 53.6-km network in 
Cambridge, Ontario. 

a part of the rehabilitation subsystem and is more 
adequately illustrated elsewhere (j_). 
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PQis at the end of 10 years would show 38 sections, 
or about 35 percent of the mileage, at or below the 
minimum PQI level of 4.0. The use of computer 
graphics to illustrate quickly the effects of vari­
ous budget options (such as the two shown in Figure 
16) and the associated accumulation of deficient 
mileage (i.e., at or below the minimum PQI level) is 

PERIODIC UPDATING 

Although the system described in this paper can 
produce a 5- or 10-year program of work, periodic 
updating, preferably on an annual basis, is recom­
mended. This ls especially relevant for the mainte­
nance program, whereas the rehabilitation update 
could be biannual. 

Such updating involves two major aspects: update 
of the inventory and update runs of the maintenance 
and rehabilitation programs. The basic reasons for 
updating the inventory include the variations possi­
ble in predicting performance. The magnitude of 
uncertainty in predicting performance of course 
increases further along in the program period. Even 
next year's predictions of serviceability can be in 
considerable error if some unusual weather has 
occurred and/or if traffic volumes are significantly 
different from those estimated. Similarly, updates 
of the maintenance and rehabilitation programs are 
necessary (a) if the inventory reveals significant 
dif.ferences from earlier predictions, (b) if there 
have been unexpected changes in unit costs, and (c) 
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if the actual prices for last year's projects re­
sulted in substantially more or less work being done 
than originally programmed, 

SUMMARY AND CONCLUSIONS 

This paper is based on the premise that maintenance 
and rehabilitation programming for pavement networks 
should be integrated in order to achieve the best 
possible total value for total funds available. A 
working method for accomplishing this objective has 
been presented and illustrated with a case study. 

The working method starts with a common inventory 
of field measurements (e,g,, condition survey, 
roughness, and structural adequacy) and acquired 
data (e.g., traffic and unit costs). Separate sub­
systems for maintenance programming and rehabilita­
tion programming are included. These subsystems 
evaluate various maintenance treatment alternatives, 
for different distress types, densities, and severi­
ties, and rehabilitation alternatives for the vari­
ous sections for the various year s of the program 
period. The outputs are optimized programs of 
maintenance and rehabilitation whose total cost does 
not exceed the budget limit, 

The case example, which uses the arterial street 
network of a small city, provides a quantitative 
illustration of the method, It also shows how the 
method can be used to test the effects of different 
budget levels on the future average serviceability 
of the network, 

Finally, it is recommended that periodic updates 
of the maintenance and rehabilitation programs be 
carried out. This includes updating of the in­
ventory. 
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Arizona Pavement Management System: Phase 2-­
Verification of Performance Prediction Models 

and Development of Data Base 

GEORGE B. WAY, JOHN EISENBERG, AND RAM B. KULKARNI 

A pavement management system has been defined as "the systematic develop­
ment of information and procedures in optimizing the design and maintenance 
of pavements". Research conducted to verify and adjust performance predic­
tion models (equations) developed during the course of research on a pave­
ment management system in Arizona is described. The verification process in­
volved testing models against real data and determining the correlation. Ap­
propriate adjustments were made to enhance the final predictions. Results of 
this work indicate that the prediction models can reasonably predict the future 
ride and cracking condition for newly constructed, in-service, and overlaid 
asphaltic concrete pavements. The ability to predict future ride and cracking 
gives Arizona a powerful planning and programming tool. 

A pavement management system (PMS) has been defined 
as "the systematic development of information and 

procedures necessary in optimizing the design and 
maintenance of pavements" (l). Implementation of a 
PMS within the Arizona Department of Transportation 
(ADOT) has involved three phases: 

1. Phase 1--Develop a program to optimize the 
design of new construction and major maintenance 
completed by Woodward-Clyde Consultants in 1976 (l); 

2, Phase 2--(a) Verify prediction models with 
actual data and create a computerized data base, and 
(b) develop a functional PMS within ADOT (accom­
plished by ADOT staff by March 1981); and 

3. Phase 3--Develop a network optimization system 
(developed by Woodward-Clyde Consultants and tested 
by ADOT staff). 
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Phase 2 and 3 projects represent a joint effort 
between ADOT and Woodward-Clyde Consultants. Infor­
mation, highway condition data, and general overall 
direction of both projects were managed by a series 
of meetings between principal investigators. In 
addition, ADOT created a management steering com­
mittee composed of the following positions: chief 
deputy engineer (chairman), assistant state engineer 
traffic, priority program manager, maintenance 
engineer, materials engineer, and information sys­
tems project manager. This committee addressed 
important operational problems and recommended to 
the state engineer appropriate actions to be taken. 

The purpose of this part of the phase 2 project 
was to verify and adjust existing models and develop 
a suitable data base for the use of the phase 3 
program as well as design, maintenance, and manage-
ment. 

DESCRIPTION OF NEW MODELS 

In phase 1, Woodward-Clyde Consultants developed 
pavement performance prediction models by using the 
Bayesian method (1). Models were created by inter­
viewing knowledgeable highway engineers about their 
expectations of future pavement performance in terms 
of several variables. From these values mathemati­
cal models (equations) were developed. 

The above represented ADOT and Woodward-Clyde 
Consultant's best approximation of future ride and 
skid number. During two and one-half years of using 
these equations, it became obvious that a percent­
age-cracking prediction model was needed as well as 
an improved ride model based on real data. The 
skid-number prediction model, although technically 
correct, was always predicting no future problem due 
to aggregate abrasion; nevertheless, serious low 
skid numbers did occur, evidently for other reasons. 
Generally, these reasons were related to uncontrol­
lable factors at the construction si tc or mainte­
nance activity. With these historical experiences 
in mind, it was decided in this project to develop 
prediction models for both roughness and percentage 
cracking. Skid numbers would not be predicted but 
rather monitored closely to determine those miles of 
highway in need of fix up. It is hoped that his­
torical construction and maintenance data accumu­
lated as part of this project will in the future be 
able to identify and correct the reasons for low 
skid numbers. 

FACTORIAL DESIGN 

Since the results of the phase 2 work would be 
incorporated into phase 3, discussions were held to 
set guidelines for the new prediction models. These 
guidelines included the following: 

l. Models should be able to predict next year's 
ride and percentage cracking very accurately, since 
they would represent the condition at time ot over­
lay. Any prediction errors are corrected in the 
following year by performing the annual monitoring. 

2. Models should be able to predict reasonably 
well for a fourto five-year time frame. This would 
fit into the five-year plan, which ADOT must compile 
and present to the ADOT commission and the Governor 
for approval each year. 

3. Models should contain no more then five inde­
pendent variables, preferably fewer. In this way, 
the size of the network problem could be kept within 
reason. 

4. Models should predict in one-year increments. 

With these guidelines, a fractional factorial 
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experiment was designed by Woodward-Clyde Consul­
tants. Originally, only projects built since 1969 
were going to be incorporated into the project. The 
year 1969 was chosen because in 1969 a new set of 
specifications was published and also the design of 
asphaltic concrete (AC) changed. Since it was not 
possible to fill more than half of the cells, the 
sample was changed to increase the time frame from 
1963 to the present. The year 1963 was selected 
because it represented that time when the American 
Association of State Highway and Transportation 
Officials (AASHTO) Interim Guidelines (1) were put 
into practice. The selection process was widened to 
include any mile of highway built since 1963, and a 
mile could represent more than one cell as its 
condition changed with time. Unfortunately, the 
initial cell design was unsatisfactory in solving 
the prl"'lhlcam. !>. C!11hC!t-it-11f-o ,F.:::i,,-.f-1"'1,..; .:::i,l Qr,hom""" "--devised. In this new scheme, region and time were 
divided into three levels, 

Factor 
Region (AASHTO) 

Age of AC pavement (years) 

as given below: 

Level 
Desert 
Transition 
Mountains 

~ 
0-1.6 
1.7-3.0 
3.1-5.0 
0-5.0 
5.1-10.0 
10.1-15.0 

This produced nine combinations. For each combi­
nation, 15 different miles were randomly selected, 
which gave a total of 135 miles of new construction 
and 135 miles of overlays. Thus, each sample repre­
sented about 2.3 percent of the miles in the system. 
This was judged to be an adequate sample size. In 
addition, those miles where all data were present 
were also included. That is, if roughness, crack­
ing, and deflection data were present for years 
1973, 1975, and 1979, all of these years of data 
were included under the same milepost. 
included the following information: 

1. Route number, 
2. Direction, 
3. Milepost, 
4. Cell number, 

The data 

5. Record year (the year condition tests per­
formed), 

6. Regional factor (AASHTO regional factor, 
derived from elevation, rainfall, and climate zone: 
(a) 0.1 for each 1000 ft of elevation, (b) 0.1 for 
each inch of average annual rainfall, and (c) 0. 1 
for climate zones), 

7. Thickness of original AC surfacing in inches, 
8. Thickness of AC overlay in inches, 
9. Numbe r of 80-kN (18-kip) equivalent single­

axle loads (ESALs) in the year of record, 
10. Percentage cracking in the year of record, 
11. Percent.age cracking one year after t he year 

of record, 
12. Mays Meter inches of roughness in the year of 

record, 
13. Mays Meter inches of roughness one year after 

the year of record, 
14. Dynaflect deflections for all five geophones 

[all deflections were temperature corrected accord­
ing to the Asphalt Institute method (])], and 

15. Age of pavement according to the year of 
record (if the year of record was 1976 and pavement 
age was 8 years, then the pavement was built in 
l ?nR). 

All of the data are contained in Appendix A of a 
report by Way and Eisenberg (i), which could not be 
printed in this paper due to space restrictions. 

A number of regression runs were made to deter-
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mine correlation with either roughness or percentage 
cracking directly from the other variables. New 
variables were created, including spreadability 
index, surface curvature index, and base curvature 
index. Direct correlation of all variables to 
either the magnitude of roughness or percentage 
cracking gave very poor results. An approach simi­
lar to the 1976 equation was attempted that included 
the use of the change in roughness (6R) per year. 
This approach developed reliable equations that 
represent the new predictive equations based on real 
data. 

NEW MODELS 

The models developed represent prediction of future 
roughness and percentage-cracking conditions based 
on past data. These models are intended to be used 
in conjunction with annual pavement condition sur­
veys. The models predict future ride and cracking 
conditions; that is, given what happened, they 
predict what will happen. The following predictive 
models for new and in-service construction were 
developed and represent ADOT future predictive 
models. 

Pe r c entag e Cracki ng 

The predictive model for percentage cracking is as 
follows: 

t:.o/oC .. = 0.55 (t:.%Cp) + 0.031 (t:.o/oCp •roe)+ 0.0 l (Rg) 2 + 0.05 (R, *o/oC) (l) 

- 0.0059 (%C)2 + 0.186 R2 = 0.70 

SE= 0.64 

F = 84 

where 

6%Cn change in amount of cracking during 
next year, 

6%Cp change in amount 
previous year, 

of cracking during 

%C present amount of cracking, and 

Rg regional factor. 

As an example, given that 1976 percentage crack­
ing = 10 and 1977 percentage cracking = 15, change 
in percentage cracking = 5, and regional factor = 
2.0, find the 1978, 1979, and 1980 percentage crack­
ing: 

Year 
1976 
1977 
1978 
1979 
1980 

Change in 
Percentage 
Cr acking 

Percentage 
Cracking 
10 
15 - -

5 

20--
5 

27 - -
7 

Roughness 

The predictive model for roughness is as follows: 

R11 =O 1.18(R)+'.! .65(R")2 -0.047(R•*R)-0.125 R2 = 0.54 

SE=l0.4 

F = 38 

(2) 

where Rn is the change in 
next year and R i s present 
roughness: 0-165 = smooth or 
fair, and > 2 56 =rough). 

As an example, given that 
and the r egional factor= 2.0, 
and 1979 roughness: 

roughness during the 
roughness (Mays Meter 

good ride, 165-255 = 

1976 roughness = 100 
find the 1977, 197 8 , 

~ 
1976 
1977 
1978 
1979 

Change in 
Roug hne.ss Ro ug·hness 
100 
u s --15 
130 ---lS 

147--
17 
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Naturally, each year new roughness and cracking 
values would be measured in the field; thus, the 
starting value or seed value would change to reflect 
the real-world value. 

Pe rce ntage Crack i ng with Ove rlay 

The model for percentage cracking with overlays is 
as follows: 

t:.o/oC11 = 0.5 l + 0.069 (%C) + 0.52 (t:.o/oCp) - 9,9934 (DL)2 - 0.003 (%C)2 (3) 

+ 0.068 (t:.o/oCp)2 R2 = 0.68 

SE=0.71 

where all symbols mean the same as before except 
that one new term has been added. DL is the index 
to the first year of cracking, a factor that repre­
sents the relative amount by which each overlay and 
overlay plus treatment delays the first crack. 

The following levels were used in deriving the 
index values: 

~ Level Value 
Traffic (ADT) Low 2000 

Medium 2001 to 10 000 
High >10 001 

Region Desert 0.0-1.7 
Transition 1.8-2. 7 
Mountains >2.8 

Table 1 gives the index values for all treatments, 
as de r ived from the performance data base. 

It should be noted that immediately after an 
overlay both %C a nd 6%Cp are set equal to zero 
to predict the cha nge in cracking in one year. The 
term DL accounts for the benefit derived by usinc;, 
various treatments to prevent reflective cracking 
and is similar to the use of the term CRH in the 
1976 Woodward-Clyde model. The percentage cracking 
of the existing pavement and the traffic level are 
considered by the designer and incorporated into the 
ADOT network optimization program in such a manner 
that only feasible designs are considered. 

As an example, given a 1976 existing highway 
with regional factor 2.0, traffic 4000 ADT, 
present cracking = 20 percent, and change in crack­
ing last year= 3 , and if a 64-mm (2.5-in) AC over­
lay would have an index to ficst crack of 6.5, find 
the percentage cracking in the years 1977-1984: 

Change in 
Percentage Percentage 

Time Year Cracki ng Cr ac king 
Before overlay 1976 20 3 
Overlay 1976 0 0 
Years after overlay 

1 1977 0 0 
2 1978 1 1 
3 1979 2 1 
4 1980 3 1 
5 1981 4 1 
6 1982 5 1 
7 1983 6 1 
8 1984 8 2 
9 1985 9 1 

Roug hness 

For an overlay, the roughness change was found to be 
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Table 1. Index to first year of cracking. 

Low ADT Medium ADT High ADT 

Treatment Desert Transition Mountains Desert Transition Mountains Desert Transition Mountains 

SC 1.67 1.17 1.00 1.17 1.00 1.00 1.00 1.00 1.00 
ACFC 3.00 2.50 2.00 2.83 2.50 2.00 2.83 2.50 2.00 
ACFC + AR 7.50 6.50 5.50 6.50 4.50 3.SO s.so 4.SO 4.SO 
ACFC + HS S.50 4.SO 3.SO 4.50 3.50 3.00 3.50 3.00 2.SO 
38-mm AC 7.SO 6.SO 5.50 6.50 4.50 3.50 5.50 4.50 4.5 0 
38-mm AC+ AR 11.50 10.50 9.50 10.50 8.SO 7.SO 9.50 7.SO 7.00 
38-mm AC+ HS 7.50 6.SO 5.50 6.50 4.83 4.00 S.SO 5.00 5.00 
64-mm AC 9 50 8.50 7.50 8.50 6.SO 5.50 6.00 6.00 5.50 
64-mm AC+ AR 12.50 11.50 10.50 11.50 9.50 8.50 11.50 9.00 7.17 
64-mm AC+ HS 10.83 9.83 8.83 9.83 7.83 6.83 7.17 6.SO 6.17 
89-mm AC 11.67 IO.SO 9.SO 10.50 9.50 6.83 8.50 8.00 7.SO 
89-mm AC+ AR 13.50 12.83 11.83 12.83 11.83 10.83 12.50 10.83 9.83 
89-mm AC+ HS l l.83 10.83 9.83 10,83 9.83 8.83 9.50 8.83 8.00 
114-mm AC 12.SO ! I.SO ID.SO 11.SO IO.SO 9.50 9.50 9.00 8.50 
140-mm AC: 13,83 12.83 11 .83 12.83 11.50 10.50 11.83 IO.SO 9.50 
Recycle 16.50 15 .50 14.50 15.50 14.50 13.50 14.50 13.50 12.50 

Notes: I mm = 0.039 in . 
SC= seal coat, ACFC = AC friction course, HS= heater scarification, AR= asphalt rubber , and recycle= combination of AC plus new AC overl ay (total 

AC thickness of nominal 102 mm). 

related to the roughness before overlay: 

RN= 65 .29 - 0.78 (Rs) - 0.]055 (TH) R2 = 0.9379 

where 

change in roughness one year after an over­
lay (typically a negative number, which is 
added to R3 to find the roughneAB nne year 
after overlay) , 
roughness before overlay, and 
thickness of overlay in millimeters or 
-7.76(TH) for inches of thickness. 

(4) 

If calculated roughness after overlay is less than 
50, roughness is set to 50. 

After an overlay, the in-service equation is used 
to perform future calculations. As an example, 
given a 1976 pavement with roughness= 200, regional 
factor= 2.0, and overlay thickness of 64 mm of AC, 
find roughness for the years 1977-1985: 

Change in 
Model Time Year Rou9llness Rou9hnes s 
Roughness Before 1976 200 

o•,erlay 
Overlay 1976 

In-service After 
roughness overlay 

1 1977 90 llO 
2 1978 104 14 
3 1979 120 16 
4 1980 135 15 
5 198! 152 17 
6 1982 169 17 
7 1983 197 18 
8 1984 20S 18 
9 1985 225 20 

For both roughness and percentage cracking, the 
actual amount one year after construction will be 
monitored. To test the accuracy of future predic­
tions, a verification process was undertaken. 

MODEL VERIFICATION 

Twenty-nine miles of new construction or in-service 
pavements as well as 24 miles of overlays were 
randomly selected from the ADOT file. A verifica­
tion test was conducted by comparing expected future 
predicted roughness and percentage cracking with 

actual measurements. In addition, the predicted 
1976 roughness derived from Woodward-Clyde's origi­
nal equation was also calculated. 

To test the equations, it was necessary to con­
duct two separate calculations: 

1. Case 1--Given a mile of highway built in 1970, 
assume a new ride of 50 and O percent cracking (* = 
assumed): 

Ride Percenta9e Cracki n9 

~ Actual Calculated Actual Calculated 
1970 42 50* 0 O* 
1971 57 55 0 1 
1972 63 60 1 2 
1973 70 65 1 3 

2. Case 2--Given some existing ride or percentage 
cracking condition, calculate ride or percentage 
cracking in a future year. As an example, given a 
mile of highway, find the actual measured ride and 
the percentage cracking for a given year. Use this 
measured value to calculate ride or percentage 
cracking in a future year: 

~ 
1972 
1973 
1974 
1975 

Year 
1973 
1974 
1975 
1976 

Calculated Ride 
Actual Given Given Given 
Rou9hness 1972 1973 1974 
69:::----_ 
75--- - 77 
86 --- 90 -- 87 

103 ----- llO ---205 ---100 

CaJ.r,ul<it<;!d 
Actual Percentage Crackin9 
Percentage Given Given Given 
Cracking 1973 1fil... 1975 

~ ---- 8 
9 ----12 ----10 

15 ---- 16 ---- 14 ---13 

To interpret the results of the above analysis, 
regressions between the actual and calculated ride 
and percentage cracking were performed. This is 
quite straightforward for case l; for case 2, how­
ever, actual and calculated values were grouped by 
year. Thus, all one-year predictions were grouped 
together. Likewise, all two-year, three-year, and 
so focth. 

For the sake of brevity, case 1 is not discussed 
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Table 2. Correlation between predicted future ride in years 1-7 based on cur­
rent measured ride. 

Coefficient 
Future of Variation 
Year N R2 SE A B (%) 

I 195 0.8922 25.4 9.2 0.90 12 
2 169 0.8622 28.7 12.6 0.84 14 
3 139 0.8327 31.4 12 .9 0.80 16 
4 111 0.8144 33.4 15.8 0.75 17 
5 82 0.8047 34.8 16.0 0.73 18 
6 53 0.8066 34.6 19.7 0.70 17 
7 25 0.8085 36.6 5.9 0.74 18 

Note: A== intercept and B = slope. 

Table 3. Correlation between predicted cracking in years 1-6 based on current 
measured percentage cracking. 

Coefficient 
Future of Variation 
Year N R2 SE A B (%) 

I 163 0.9186 4.0 1.8 0.89 12 
2 136 0.8266 6.0 4.5 0.72 18 
3 107 0.6435 9,0 8.0 0.55 28 
4 79 0.6158 9.7 10.2 0.53 30 
5 49 0.6068 10,0 12.8 0.45 31 
6 20 0.7091 8.5 13.2 0.42 26 

Table 4. Correlation between predicted future ride in years 1-7 based on cur-
rent measured ride: overlays. 

Coefficient 
Future of Variation 
Year N R2 SE A B (%) 

I 161 0.6555 20.9 16.5 0.75 22 
2 138 0.6107 22.6 16.7 0.71 24 
3 115 0.6607 21.7 8.7 0.74 22 
4 92 0.5777 25. 1 I l.7 0.66 26 
5 69 0.5944 25.8 10.9 0.66 26 
6 44 0.5952 23.5 25.6 0.54 21 
7 23 0.6760 22.4 11.6 0.56 21 

in detail in this paper. In the study, however, the 
case 1 type of prediction for roughness and cracking 
was found to be quite good considering the uncer­
tainties in site-specific prediction. 

Since case 2 represents the model currently in 
use in the ADOT network optimization program, this 
paper concentrates on this case. 

Case 2: Prediction Given Existing Condition in the 
Field 

For all miles of highway, a predicted expected 
future roughness or cracking was determined for each 
future year based on an existing condition. 

Roughness 

Since roughness measurements have been taken since 
1972, only those actually measured values were used 
in this part of the interpretation. Table 2 summa­
rizes the results of this work. The values given in 
this table clearly show that the PMS equation is 
very good in predicting the future roughness condi­
tion given the present existing pavement condition. 
The coefficient of variation is less than 20 percent 
from one year to seven years, which is also very 
good, considering the uncertainty of the future. It 
should be noted that the slope (B) decreases with 
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time. This is similar to the trend for case 1. In 
order to equate the predicted values more closely to 
the actual in terms of magnitude, it is suggested 
that an adjustment factor be used that is equal to 
the slope up to four years and is set equal to 0.70 
for five or more years. 

In general, the PMS equation is capable of 
predicting future roughness extremely well given the 
existing condition of the highway. Predictions of 
cracking with small standard errors (less than 20 
percent coefficient of variation) are at best very 
difficult to make due to large increases in cracking 
that can and do occur in one year. With this in 
mind, the present PMS equation is considered to be a 
very good prediction model, as Table 3 indicates. 

R2 values, although lower than the roughness 
values, are still quite good. The standard error 
and coefficient of variation are greater than 20 
percent, an indication of how dramatic increases in 
cracking can occur in the field. The slope value 
decreases with time and should be used to adjust the 
predicted cracking values back down to magnitudes 
closer to those observed in the field. For those 
years beyond five, an adjustment factor of 0.40 is 
suggested. 

In summary, the new PMS equations for both 
roughness and cracking for both cases 1 and 2 can do 
a very good job of predicting future pavement 
distress conditions. This is possible because the 
models are of a recursive form. The logic behind a 
recursive model is that a future condition is 
dependent on a past condition. Thus, more roughness 
or cracking accelerates the rate of progression to 
still more and more roughness and cracking until the 
pavement has lost its desirable serviceability and 
structural characteristics. To demonstrate still 
further how the recursive model emulates the real 
world, additional investigations were performed. 

Roughness for Overlays 

Table 4 summarizes the results of the case 2 
calculations of roughness for overlays. Although 
the R2 is lower than for new construction, the 
other values would indicate a good correlation. 

Since the slope changes only slightly with time, 
it is suggested that the average slope (0.66) be 
used as an adjustment factor for all seven years. 

Cracking for Overlays 

Table 5 summarizes the various case 2 correlation 
statistics for cracking with overlays. Although the 
correlation values fall off by year four, the error 
terms are not excessively large and the slope value 
is still good. Predictions for four or more years 
should be adjusted by using a O. 75 value to give 
more reasonable answers. 

In summary, both the roughness and cracking PMS 
equations for routine overlays appear to do a good 
job of predicting the future expected conditions. 
As an additional reinforcement of the recursive 
equation mode, two additional overlay equations were 
examined. 

Special Treatments wi t h Over l ays 

Over the years, ADOT has used either heater scarifi­
cation or asphalt rubber to improve the roughness 
and cracking performance of overlays. Generally 
such treatments have been used when unusual amounts 
of cracking (greater than 10 percent) have been 
present in the existing road. In addition, they 
have been used when no other conventional material 
or process short of reconstruction appeared capable 
of providing satisfactory performance. Therefore, 
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Table 5. Correlation between predicted future percentage cracking in years 1-5 
based on current measured percentage cracking: overlays. 

Coefficient 
Future of Variation 
Year N R2 SE A B (%) 

1 124 0. 7520 1.82 0.3 0.98 15 
2 103 0.6810 2.14 0.4 0.96 17 
3 79 0.5316 2.74 0.8 0.91 22 
4 57 0.3587 3.49 1.8 0.74 28 
5 34 0.3514 4.04 1.9 0.76 32 

Table 6. Ride and cracking statistics for asphalt rubber. 

Case Average Ride Cracking 

R2 0.5777 1.0000 
SE 12.6 0.0 
A 44.3 0.0 
B 0.70 1.00 
Coefficient of variation 17 o.o 

2 R2 0.3238 1.0000 
SE 31.3 0.0 
A 39.0 0.0 
B 0.53 1.00 
Coefficient of variation 33 0.0 

Table 7. Ride and crackir,g statistics for heater scarification. 

Case 

,. 

Average 

R2 
SE 
A 
B 
Coefficient of variation 
R2 
SE 
A 
B 
Coefficient of variation 

Ride 

0.6239 
13.6 
-7.2 

1.23 
17 
0.4489 

22.3 
35.6 
0.57 

23 

Cracking 

0.8993 
0.4 
0.1 
0.95 

18 
0.9257 
1.2 

--0.7 
1.1 

16 

when either conventional-overlay or special-treat­
ment performance is observed, it should be recalled 
that generally both heater scarification and asphalt 
rubber were used where the degree of difficulty in 
improving performance was indeed much highe r than 
that for a routine conventional overlay. It should 
also be mentioned that extensive use of special 
treatments as part of routine overlay design strat­
egies is relatively new, which means the data base 
on field performance is limited. Numerous special 
research reports have been issued that document 
performance (1-J). Indeed, Gonsalves (.!!) reports on 
the performance of all asphalt rubber projects. 

The results of this analysis are grouped 
treatment and case. 

Asphalt Rubber 

by 

The ride and cracking statistics for asphalt rubber 
for cases 1 and 2 are given in Table 6. The ride 
values are not too good, primarily due to the lim­
ited nature of the data. Only five years of data 
have been collected up until now. The range of ride 
values is very limited. The standard error and 
coefficient of variation values are reasonable and 
indicate that the model is performing as intended. 
Values of Bare smaller than one, which indicates a 
longer-than-expected life; however, curr ent expected 
lives already are predicted to be 20 years. Given 
that the current performance trend represents only 
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five years of actual data, it is felt that adjust­
ments at this time would be unwise. The cracking 
prediction for the five-year period is remarkably 
good. The cracking equation predicted no cracking, 
and up until now there has been none. 

Heater Scarification 

Statistics for cases 1 and 2 for heater scarifica­
tion are given in Table 7. As in the cracking case, 
the ride values are not too good; however, a maximum 
of only nine years of ride history is known. In 
addition, the fact that virtually all of the ride 
values are still in the good range restricts the 
size of the numbers considerably. The PMS equation 
seems capable of giving good ride correlation in the 
future. Cracking statistics are very good for both 
ca::;cG, which indicate::; that the PMS cracking equy-
tion has good prediction capabilities. 

In summary, the special-treatments portion of the 
PMS overlay equations appears to be a reasonably 
good approximation of the future performance of 
these materials. As additional ride and cracking 
data are collected in future years, the equations 
can be updated and certainly improved. 

CONCLUSIONS 

It has been demonstrated that the PMS models (equa­
tions) can reasonably predict both future ride and 
cracking for AC pavements (new, existing, and over­
lays). Many suggested minor adjustments should be 
made to produce an improved set of models. It 
should be recalled that this is a start; no doubt 
future verification calculations will make addi­
tional adjustments that will improve the models' 
ability to predict the future. 

RECOMMENDATIONS 

The new PMS prediction models, with adjustments, 
should become part of the PMS network optimization 
program. A similar verification process should be 
repeated about once every four years to test the 
equations and evaluate new designs or construction 
techniques, such as recycling, sulfur asphalt, 
overlays with special treatment, and grinding and 
overlaying of concrete. Additional special investi­
gations that woul d determine why some mi l es of 
highway have not performed as expected are also 
encouraged. 

ADOT has available to it a valuable prediction 
tool not available in any other state at this time. 
This valuable tool should be implemented and used as 
much as possible within the context of pavement 
management, design, and research in Arizona. 
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Overview of PA VER Pavement Management System 

M.Y. SHAHIN AND S.D. KOHN 

A brief overview of the PAVER pavement management system and the capa­
bilities it offers its users is presented. PAVER is designed for use by military 
installations, cities, and counties. The system capabilities discussed are data 
storage and retrieval, pavement network definition, pavement condition rating, 
project prioritization, inspection scheduling, determination of present and 
future network condition, determination of maintenance and repair needs, per­
formance of economic analysis, and budget planning. 

PAVER is a pavement management system designed for 
use by military installations, cities, and coun­
ties. The system was developed and tested over the 
past 10 years and is currently being implemented by 
several agencies, including Fort Eustis, the Great 
Lakes Naval Training Center, and the City of Mesa, 
Arizona. This system was developed by the U.S. Army 
Construction Engineering Research Laboratory under 
the auspices of the Office of the Chief of Eng i­
neers, U.S. Army Corps of Engineers. It has been 
extensively tested prior to its implementation. The 
objective of this paper is to provide an overview of 
PAVER with emphasis on what is available to system 
users. Details of the system's development and re­
sults of an economic analysis of its implementation 
have been documented in a paper by Shahin and Kohn 
(!) and a paper by Kohn and Shahin in this Record. 

PAVER provides the engineer with a practical de­
cisionmaking procedure for identifying cost­
effective maintenance and repairs on roads and 
streets. The System 2000 is the data base manager. 
Th is system and other - "interface" programs provide 
the user with report generation capability for crit­
ical information. This information allows objective 
input to the decisionmaking process. 

PAVER provides its users with many important 
capabilities. These include data storage and re­
trieval, pavement network definition, pavement con­
dition rating, project prioritization, inspection 
scheduling, determination of present and future net­
work condition, determination of maintenance and 
qipair (M&R) needs, performance of economic analy­
sis, and budget planning. This paper describes 
these capabilities and presents example reports for 
each area. 

DATA STORAGE AND RETRIEVAL 

The PAVER data base is a custom-designed data struc­
ture defined on a commercially available computer 
data base manager called System 2000 (System 2000 is 
a registered trademark of the Intel Corporation). 

The data structure consists of 12 data groups 
that are linked together to form a tree structure 
(see Figure 1). Storing the data in this structure 
enables the user to retrieve information based on 

its connection to other data in the data base. 
Space is available in each data group to store spe­
cific items related to that data group. The Pave­
ment Structure data group shown in Figure 2 is an 
example. 

The data can be stored and retrieved through spe­
cial "interface" programs (FORTRAN or COBOL) or 
through the access language of the data base man­
ager. Since these programs are interactive, the 
user has immediate access to the data base. The 
programs are designed to supply the information in 
useful format. 

DEFINITION OF PAVEMENT NETWORK 

An installation's (city's) pavement network consists 
of all surface areas that provide access ways for 
ground or air traffic (airfield pavements). This 
network must be divided and identified in order to 
use the data base. Networks are divided into 
branches, sections, and sample units, which can be 
briefly defined as follows: 

1. A branch is any identifiable part of the net­
work that is a single entity and has a distinct 
function, such as an individual street. 

2. A section is a division of a branch that has 
consistent structural ·, composition, construction 
history, and traffic volume. 

3. A sample unit is the smallest unit of the 
network and is an area of the pavement section used 
during inspection. 

The data base provides information on the pave­
ment network through reports such as "lists" or 
"inventories". Figure 3 shows a typical output of 
the inventory report. This report provides general 
information about specific branches or sections, 
thus providing the user with overall inventory in­
formation. 

PAVEMENT CONDITION RATING 

A key component of any pavement management system is 
a condition rating procedure. The PAVER system uses 
the pavement condition index (PC!), a composite 
index of the structural integrity and operating 
condition of the pavement. It is a numerical index 
from O to 100, where 100 represents excellent con­
dition. The PCI is determined based on quantity, 
severity, and type of distress, as shown in Figure 
4. The PCI was developed to agree closely with the 
collective judgment of experienced pavement engi­
neers. 

The PCI has been divided into seven condition 
categories, ranging from "excellent" to "failed", as 
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shown in Figure 5. These categories are useful for 
developing maintenance policies and guidelines. 

The PAVER data base uses reports such as PCI, 
Inspect, and Sample to provide PCI information. 
Figure 6 shows a typical output of the Inspect re­
port, which provides the user with PCI and distress 
inf o r mation. The report can be used to prepare desk 
estimates of repairs and to determine history of 
pavement condition. 

PROJECT PRIORITIZATION 

Project prioritization is an immediate payoff of 
pavement network definition and pavement condition 
rating. The PCI report can be used for this pur­
pose. It lists pavement sections in an increasing 
order of PCI. Figure 7 shows an example report out-

Figure 1. PAVER data structuro . 

Figure 2. Pavement Structure data group. 

2500• PAVEMENT STRUCTURE (RG IN 1000) 
2501• DATE CONSTRUCTED <DATE IN 2500) 
2502* LAYER CATEGORY CNAHE X(10) IN 2'5001 
2503* LAVER MATERIAL CODE C INTEGER NUMBER 999 IN 25001 
2504-11- LAYER MATERIAL (NAME X (20) IN 2'5001 
2505• LAYER THICKNESS (DECIMAL NUMBER 99. 9 IN 25001 
2506* TYPE OF COATING (NAHE X(10l IN 2500) 
2507* LAYER COMMENTS CNON-KEY NAME XC39l IN 25001 
2508'11- PAVEMENT STRUCTURE UPDATE CNON-KEY DATE IN 2500) 
2509• FACTOR 2509 (NON-KEY DECIMAL NUMBER 918) . 99 IN 25001 
2510• FACTOR 2510 CNON-KEY DECIMAL NUNBER 918).99 IN 2500 1 
251111- FACTOR 2511 (NON-KEY DECIMAL NUMBER 9(8),99 IN 2'500) , 
25124 FACTOR 2512 (NON-KEY DECIMAL NUMBER 9(8).99 IN 2~00J 
2513• FACTOR 2513 CNON-KEY DECIMAL NUMBER 9(8).99 IN 2:500 > 
25l<l* PSTR-CONCAT (NAME X(l9) IN 2500) 
3100* LAYER MATERIAL PROPERTIES IRG IN 2500) 

3101-R- TEST DATE <DATE IN 3100) 
3102il' TEST TYPE (NAME XC31) IN 3100) 
3103* TEST VALUE <DECIMAL NUMBER 9(5).9999 IN 3100) 
3104+ TEST UNIT (NON-KEY NAME X < 13) IN 31001 
3105• FACTOR 3105 !NON-KEY DECIMAL NUMBER 9(8).99 IN 3100) 
3106• FACTOR 3106 (NON-KEY DECIMAL NUMBER -9(8) . 99 IN 3100) 
3107* FACTOR 3107 (NON-KEY DECIMAL NUMBER 9(8).99 IN 3100) 
3108* FACTOR 3108 (NON-KEY DECIMAL NUMBER 9(8).99 IN 3100) 
3109• FACTOR 3109 CNON-KEY DECIMAL NUMBER 9(9l.99 IN 3100) 
3110• LMAT-CONCAT CNAME X<261 IN 31001 

Figure 3. Example output of Inventory report. 

REPORT DATE- 02/18/82 

IWASN WASHINGTON NORTH 
SECTION 01 
FROH- ROUTE 105 

INVENTORY 
NON-FAMILY HOUSING PAVEMENTS 

SURF BRANCH 
TYPE USE 

PAVEMENT 
RANK 

AC ROAD1,JAY PRIHARY 

TO- CL MADISON AVE 

SECTION 02 AC ROADWAY PRIHARY 
FROH- CL HADISON AVE 
TO- N"LY SIDE HINES CIR 

SECTION 03 AC ROADWAY PRIMARY 
FROH- S'LY SIDE HINES CIR 
TO- CENTER OF SOHERVELL 

SECTION 04 AC ROADWAY PRIMARY 
FROM- CENTFR nF snHFRVFI I 
TO- N'LY EDGE TAYLOR 

SECTION 05 PCC ROADWAY SECONDARY 
FROH- S'LV EDGE TAYLOR 
TO- N'LY EDGE WILSON 

TOTAL BRANCH AREA 

TOTAL AREA OF SELECTED NON-FAMILY HOUSING PAVEMENTS 

AREA 
<SY> 

4007 

6651 

4000 

6340 

4453 

25451 

25~451 
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put. The information in the report can be sorted 
based on pavement surface type, pavement rank (func­
tional class), traffic type and volume, PCI range, 
or a combination of factors. Therefore, the report 
can be used to prioritize projects based on the 
user's policy. 

INSPECTION SCHEDULING 

The Inspection Schedule report has been developed to 
maintain current condition data with efficient in­
spection level. Th is repor t produces a plot and 
list of the pavement sections to be surveyed for the 
next six years for any type of branch use (roadway, 
parking, etc.) and surface type (asphalt, portland 
cement, concrete, etc.). 

The schedule is based on two er i ter ia. One is 
the minimum PCI that a given pavement type is al­
lowed to reach, and the second is the rate of de­
terioration (loss of PCI points per year). The user 
inputs the minimum PCI values and the years allowed 
between inspections for various deterioration 
rates. The PCI for the selected sections is then 
predicted by a straight-line extrapolation based on 

Figure 4. Steps for determining PCI of a pavement section. 

STEP I DIVIDE PAVEMENT SECTION INTO SAMPLE UNITS 

STEP 8 DETERMINE PAVEMENT 
STEP 2 INSPECT SAMPLE UNITS DETERMINE DISTRESS T'fp£S CONDITION RATING 

AND SEVERITY LEVELS ANO MEASURE DENSITY. OF SECT ION 
L,ghl LaltralllTroruvern Crac~1ng 

L//~~"··--~ ,~- · .. v~ 

STEP'I COMPUTE TOTAL DEDUCT VALUE (TDV) a+b 

STEP 5 ADJUST TOTAL DEDUCT VALUE ... 

!ClJi •ot • lo c:ii, 1tl0 
IQl.a:.1, KOUr;T v• -.1,11[ 

STEP 6 COMPUTE PAVEMENT CONDITION INDEX (PCI) 100-CDV FOR EACH SAMPLE 
UNIT INSPECTED 

STEP 7 COMF\JTE PCI OF ENTIRE SECTION (AVERAGE Pei's OF SAMPLE UNITS l 

Figure 5. Correiation of 
M&R zones with PCI and 
condition rating for air­
field pavements. 

M SR ZONE 

ROUTINE 

ROUTINE, 
MAJOR, 

OVERALL, 

MAJOR, 

OVERALL 

OVERALL 
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Figure 6. Example output of Inspect report. 

REPORT DATE- 09/28/81 PAVEMENT INSPECTION 

- -------------------------------
BRANCH NANE - WASHINGTON NORTH SECTION LENOTH - 2301 LF 
IRANC#i NUPISER - I WASN SECTION WIDTH - 24 LF 
8ECTION N.A1SER - 04 SECT I ON AREA - 6340 SY 

INSPECTION DATE - 11/06/79 PCI • 76 RAtrNG= VERY OOOD 
CONDITION- RIDING-C2 SAFETY-Cl DRAINAGE - Cl S HOULDERS-Cl OVERALL-Cl 

TOTAL Nl.lf1BER OF SAMPLES IN SECTION• 
NUl'IBER OF SANPLES SURVEYED~ 
RECOJ'l'ENDED SAl'PLES TO BE SURVEYED• 

24 
11 
17 

STANDARD DEVIATION OF PCl BETWEEN RANDOM UNITS SURVEYED- 1~. 3 

EXTRAPOLATED DISTRESS QUANTITIES F'OR SECTION-

DISTRESS TYPE SEVERIT Y OUANTI TY DENS J TY-PCT DEDUCT-VALUE 

ALLIGATOR CR HEOIUl1 5 92 SF 1.03 21.4 

DEPRESSION LOW , SF 0. 0 0 4 .0 

EDOE CR HJ:OH 8 LF 0 .01 7.4 
EDGE CR LOW 13 LF 0.02 0.2 
EDOE CR HEDIUM 30 LF 0.05 4.0 

JT REFLECT CR HIGH 74 LF 0.12 2,6 
JT REFLECT CR LOW 128 LF 0.22 o.o 
JT REFLECT CR MEDIUM 278 LF o. 48 3.8 

LANE/SHLDR DROP LOW 49 LF 0.08 2.0 
LANE/SHLDR DROP l'lEDIUM 2:, LF 0.04 4,0 

LONO/TRANS CR LOW :,12 L.F 0.89 1.6 

PATCH/ UTJL CUT LOW 192 SF 0.33 0.0 

RR CROSSING LOW 2 70 SF o. 47 2,0 

RUTTING LOW 150 SF 0.26 2.0 
RVTTJNO MEDIU/'1 72 SF 0.12 4,6 

---------------------------------

Figure 7. Example output of PCI report. 

REPORT DATE- 09/28/81 PC I REPORT 

llRANCH BRANCH SECTION SURFACE SECTION 
NUIIBER USE NUMBER PC! RATING TYPE AREA/SY 

PBENE PARKINO 01 10 FAILED AC 440 
12/04/79 [FROM] PARKING AREA [TO] BLDO 1002 

PBENE PARKJ:NO 03 10 FAILED AC 440 
12/04/79 CFROl'tl PARKING AREA NR BLD [TO] G 1001 

PSTER PARKING 03 13 VERY POOR PCC 868 
10/17/79 CFRONJ PARKINO LOT [TO] BLDG :515 

PBENE PARKING 02 18 VERY POOA AC 440 
12/04/79 CFROl'll PARKING AREA NR IILD CTOJ 0 1004 

!BACK ROADWAY 01 21 VERY POOR AC 5155 
02/11/81 CFROf"ll E EOOE HARRISON RD CTOl W EDGE MULBRY 

PBEHE PARKING 04 2'5 VERY POOR AC 440 
12/04/79 CFROtll PAAKINO AREA NR BLD [TQ] G 1005 

PCOND PARKINO 01 2'5 VERY POOR PCC '50 

PAVEHENT 
RANK 

SECONDARY 

SECONDARY 

TERTIARY 

SECONDARY 

TERTIARY 
IS RD 
SECONDARY 

SECONDARY 

Figure 8. Example case of PCI prediction when PCI was previously determined. 

60 

•o 

~o 

0 
0 10 

' ·~, 

K2•¥•6PTSl'rEAR 

K1•~•~?TS1'rE11R 

1(2 >K1 USE K2 
'll't tl,i'(D1C:T 

' ' ' 
zo 

TIME, YE.AR5 

the maximum slope from either the last inspection or 
construction-overlay date (see Figure 8). Sections 
reaching the minimum PCI within six years of reach­
ing the time limit based on the rate of deteriora­
tion are s_elected for inspection in the appropriate 
year. 

Figure 9 shows a typical Inspection Schedule out­
put with plot and list of cases. The example shown 
is for 'primary roadways with asphalt concrete sur­
faces. By using this report, the engineer can keep 
the pavement network data base up to date with min­
imal effort. 
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Figure 9. Example output of Inspection Schedule report. 

INSPECTION SCHEDULE REF-llRT 
REPORT DIHE i SJ /09 / '28. 

~ANCH USE: ROADWAY 
PAYE.NE NT RANK I P 
SURFACE TYPE: AC 
FAl"IILY HOUSING• B 

NO. FY TO 
SEC. INSP. 

5 1981 

7 1982 

1 1983 

2 1984 

I 
:••••• 
' ' , .......... . 
' 11 198:5 1 ....................................................... . 

11 1986 

·-------- ------- -·-------·-------
37 

NO OF SECT JONS 

LIST OF CASES IN 
INSPECT I ON SCHEDULE REPORT 

FY TO INSPECT : 1981 NO , OF SECTIONS 5 
BRANCH BRANCH SECT. PAVE. SUT SEC FROM 
NUMBER USE NO. RANK AREA 
ILEEB ROADWAY o, p AC 7688 W' LY SIDE ANDERSON 
lNUl.8 ROADWAY 02 p AC 125:51 N EDOE WILSON AVE -
IWASN ROADWAY 02 p AC l>-6:51 CL P1ADISON AVE 
lWASN ROADWAY 03 p AC 4000 S'LY S10£ HINES CIR 
JWASN ROADWAY 04 p AC 6340 CENTER OF SDf1ERVELL 

TOTAL NO. OF' SECTION• 37 
SECT. NOT NEEDING REPAIR• 0 
NO. OF 11ISSINO VALUE• 

12 

TO 

HINES CIR 
ENTR PINES OOLF CLB 
N'LY SIDE HINES CIR 
CENTER OF SOMERVELL 
N' LY EDGE TAYLOR 

Figure 10. Example output of PCI Frequency report for January 1982. 

PC l FREQUENC V REPORT 
REPOR T DATE: 81/09/28. 

BRANCH USE• ROADWAY 
PAVEl'1ENT RANK: P 
SURFACE TYPE: AC PCC 
FAP"IIL. Y HOUSING! B 

YR• 1992/01 

NO. 
SEC. CONDITION 

2.50Y. FAILED l *** 

C) o.oor. V.F'OOR 

0 0.00:1. POOR 

4 10. 00;(. FAIR 

J 4 35. 00;(. 0000 

14 :Js.00:1. v.0000 ••••••••••••••••••••••••••••••••••••••••••••••••• 

7 17. :507. EXCEL •*•••••••••*•*****•***** 

·----- ------•--------1-------· 
40 0 8 J2 J6 

NO. OF SECTIONS 

LIST OF SECTJONS IN 
PC I FREQ REPORT 

mANCH BRANCH SECT, 
NLH1BER USE NO. 
IWASN ROADWAY 04 
ILEEB ROADWAY o, 
IWASN ROADWAY 03 
INULB ROADWAY 02 
IWASN ROADWAY 02 
JWASS ROADWAY 01 
IWASN ROADWAY 01 

TOTAL NO. OF SECTION: 
AVERAGE PCII 
NO. OF '11SSJNO VALUE1 

YR• 19:32 / 01 

CUA PRO 
PC I PCI 

29 0 
6S 47 
64 49 
"7 "2 
68 S2 
82 "6 
72 "' 

40 
70 

1 

---FROM---

CENTER OF SOMERVELL. 
W' LY SIDE ANDERSON 
S ' LY SIDE HINES CIR 
N EDGE WILSON ' AVE 
CL MADISON AVE 
ROUTE 105 
ROUTE 105 

DETERMINATION OF PRESENT AND FUTURE 
NETWORK CONDITION 

--TO-

N'LY EDGE TAYLOR 
HINES CIR 
CENTER OF SOMERVELL 
ENTR PINES GOLF CLB 
N'LY SIDE HINES CIR 
BUS STA ENTRANCE 
CL MADISON AVE 

An overall PCI Frequency report has been developed 
to help plan future M&R and to inform management of 
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Figure 11. Example output of PCI Frequency report for January 1983. 

8RAfOf USE& ROADWAY 
PAVEf'ENT RAN< I P 
SURFACE TYPE• AC PCC 
FAl11LV H0USJN01 B 

NO. 
SEC. CONDJTION 

PCI FREQUENCY REPORT 
REPORT DATE: 91 /09/28. 

YR• 1983/01 

2.:50Y. FAILED •u• 

0 O. 001. V. POOR 

I 
2.:50,:. p(W)R • • •• 

7 17 .:501. FAIR !••·········· .. ··········· 
1 O 25. 001. 0000 !••••··········· -=··················· 
15 37.SOX V,OOOD !•••••••••••••••••••••·••••••••••••••••••• •••••••••••• 

6 1S. OOY. EXCEL ! ••••••••••••••••••••• 

40 

TOTAL NO . OF SECTIONa 
AVERAGE PC J 1 

NO. OF HISSING VALUE1 

l ------------- • -------------' -------------1-------------' 
0 12 16 

40 ., 
NO. OF SECTIONS 

Figure 12. Flow diagram of decision process for determining M&R needs. 

PCI 
Oitlr•11 
Ro11 or Dn,,l'o,rollon 

Identify All Ffl>tible M 8 R 
"ltt.rnoltvu in ~Clbloi:ito , 
EalttinQ Malnlenonc1 Policy 

Complete Povtmtnl 
S1C1ion EYC1luation 
Summary 

the network condition. The report shows an esti­
mated frequency of condition (based on the PCI 
scale) for the year requested. The pavement sec­
tions included in the report can be selected based 
on branch use, pavement rank, and surface type. 

The frequency is estimated as in the Inspection 
Schedule report by using a straight-line extrapola­
tion of the PCI. Figures 10 and 11 show typical 
outputs of this report. These two figures show the 
estimated frequency of occurrence for the same set 
of pavement sections for two different years. The 
extrapolation presumes that no major repairs (such 
as slab replacement or overlay) have occurred be­
tween the last inspection and prediction dates. 
Thus, the impact of performing no major repairs can 
be seen. 
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Figure 13. Example output of Condition History report. 

c:mmJTJDN HISTORY 

BRANCH PWEI WASHINOTON NORTH 
BAANCH USE• ROADWAY 
SECTION tU'll£1l1 04 
fl'AYEPCHT MHl( 1 PR lhARV 
Slff'ACE TYPE I AC 

Pel 

CONST /OVERLAY 
INSP 
INSP 
PRED 

100- 4 • 

so-• 

40-1 

20-' 

o-• 

DATE 
75/0b 
79/lJ 
81/02 
1991 

PCI 
JOO ,. 
29 

0 

REPORT DATEI 81/0P/29, 

_, ---!--- ' --- I --- ' --- I --- I --- • --- 1--- I --- 1---1 --- • ---1---1 ---

7!5 7b 77 79 79 80 Bl 82 83 

FISCAL YEAR 

DETERMINATION OF M&R NEEDS 

A decision process has been devised for determining 
the M&R needs of a pavement section. Figure 12 
shows a flow diagram of this process. A first-level 
decision can be made, based on the PCI value, type 
of distress, and deterioration rate. PAVER provides 
reports such as PCI and Condition History to help 
the user make the first decision. The PCI report is 
an ordered listing of sections ranked by PCI (Figure 
7). The Condition History report can be used to 
determine the rate of deterioration; the report 
plots the PCI over time for a given section. The 
plot shows the PCI at each inspection date and 
linearly extrapolates a point five years beyond the 
last inspection date. Figure 13 shows an example of 
this report. The type of distress can be determined 
from the inspect report, shown in Figure 6. 

If a pavement section does not require further 
analysis, routine maintenance practices can be con­
tinued. Routine maintenance includes practices such 
as spall repair and crack filling. By using main­
tenance guidelines for specific distress types, such 
as those given in Table 1, the user can input a 
repair policy. This policy is used in a program 
called MRG (Maintenance and Repair Guidelines) to 
estimate the type and cost of routine repair to 
specific sections. The MRG report can also be used 
t o compute the cost of overlay after distress re­
pair. Figure 14 shows an output of the MRG report. 

If a section requires further analysis, an evalu­
ation summary is completed for the section. The 
evaluation is based on structural capacity, rough­
ness, skid problems, and other relevant factors, as 
shown in the top half of Figure 15. complete guide­
lines for performing the evaluation are presented 
elsewhere (l). Feasible M&R alternatives are iden­
tified based on the results of the evaluation, as 
shown in the bottom half of Figure 15. This figure 
is an output of the Evaluation Summary report that 
was developed based on input from many experiences 
(maintenance engineers). The output from the report 
is general. Therefore, the engineer needs to select 
specific alternatives and perform the design based 
on the user agency policy. This may include using 
nondestructive testing. 
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PERFORMANCE OF ECONOMIC ANALYSIS 

Several repair (or construction) alternatives may be 
considered feasible for any given pavement section. 
To help select the appropriate alternative, an Eco-

nomic Analysis program has been developed and added 
to the system. The program allows the user to input 
initial costs, periodic maintenance costs, and sep­
arate future maintenance costs. Figure 16 shows a 
typical input, and Figure 17 shows a corresponding 

Table 1. Maintenance guidelines for asphalt pavement distresses. 

M&R Method 

Partial- Full- Apply Apply Sur- Apply Apply 
Do Crack Depth Depth Skin Pothole Heat and face Seal Rejuvena- Aggregate 

Distress Type Nothing Seal Patch Patch Patch Filling Roll Sand Emulsion tion Seal Coat 

Alligator cracking M,H L L 
Bleeding L L,M,H 
Block cracking L L,M,H L L,M 
Bumps and sags L M,H M,H M,H 
Corrugation L M,H M,H 
Depression L M,H M,H M,H 
Edge cracking" L L,M M,H M,H 
Joint reflective L L,M,H H 

cracking 
Lane-shoulder L 

drop-offb 
Longitudinal trans- L L,M,H H L L L,M 

verse cracking 
Patching and L M He He 

utility cut 
Polished aggregate A A 
Potholes L L,M,H L,M,H 
Railroad crossing L L,M,H 
Rutting L L,M,H M,H L,M,H 
Shoring L M,H 
Slippage cracking L L M,H 
Swell L M,H 
Weathering and L H L,M L M,H 

raveling 

Note: L = low severity; M = medium severity; H = high severity; and A= has only one level of severity. 

~lf rredomlmu,I, ct.pply shoutdar seal, e.g., aggr<:igote seal coat. 
c ~,:.:i:~~;!'~•:,~~' l<:,'t'cl orf shoultier and apply 111.;r,regate seal coat. 

Figure 14. Example output of MRG report. 

Figure 15. Example output of Evaluation 
Summary report. 

IIIPOIIT DATE - 81/10/0S, 

IMIN11DWCE - REPAIII OUIIIR.I,_. 

- - - -INOTON-™ 

-- -I-laCTION - - 04 

elCTION .__TM -
elCTION WIDTH -
IICTION -

IECTION l'CI 

zt07 II 
24 II _., 

DISTM:SS 
~ 

DIS DIST-QTY ~ 
SEIi --QTY TYPE 

PIATL ~ ~ IMT'L EQUIP' TOT& 
CODE - COSTt COSTt COSTt coan - ---·-----------------------------· 

AU.IOATOR CR ,. 1682 SF 
1682 SF SHALLOW PATCH 120 841,0 10092 

LONO/TII- CR ,. 978 LF 
978 LI' CRACK FILLING 171 o.o - 0 

0\/EIILAV 120 

TOTIIL Ml,O I-
CURRENT VALUES ARE AS FOLLOWS•= 

I PCI •- 29 
2 LOCAL VARIATIONIY/Nl •• N 
3 SYSTEMATIC VARIATIONIY,N) •• N 
4 SHORT TERM RATE OF DETERIORATIONIL,N,H>•- L 
3 LONO TERM RATE OF DETERIORATIONIL,N,Hl I• H 
6 MAJOR SOURCE OF DISTRESSILOAD,CLIMATE> •= L 
7 LOAD CARRYINO DEFICIENCYIY,N) •• Y 
8 SURFACE ROUGHNESSIL,M,H> •• L 
9 SKID/HYDROPLANING PROBLEMSIL,M,H> •= L 

10 PREVIOUS MAINTENANCE(L,N,Hl •= N 
SELECT<A-D) :i= 

I>C 

DATE•= 18 FEB 82 FEASIBLE M~R ALTERNATIVES 

336 1 .. 7 131. 

0 0 .. I-

BASE•• MY SHAHIN FEATID I• WASH PCII= 29 
FEATNM •• WASHINGTON BLVD M~R REPAIR ZONE•= MAJOR-01/ERALL 

***** RECOMMENDED MAINTENANCE ALTERNATIVES***** 

1 •= RECONSTRUCTION 
2 • • OVERLAY STRUCTURAL AC 
4 • - OVERLAY PCC 

11 I= RECYCLE STRUCTURE 

***END*** 
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Figure 16. Typical input to Economic Analysis program. 

- IICTlYlTY DaC 
I 6 IN -. tlO/TIIN 
2 PRINE ,e,27/SV 
3 4 IN AC , t30/TON 
4 A£P 2 ll\,t,S INT COST 
S PATCH• IWIINT,.OS/SV 
• ~ SEAL .e.11sv 
7 SURF -. , e.1/SV 

CWT 
32630,00 

3802,00 
38704,00 
37",00 

704,00 
1408.00 
1408,00 

TI .. -Sl'ACIND 
0 
0 
0 
s 
I 
0 
0 

Figure 17. Economic Analysis output for input shown in Figure 16. 

DATE1- 82/02/18. PROJECTED COST ANALYSIS 

SECTION ID1-TW 

<DETAIL> 

ALTERNATIVE•- 4 IN AC/ 6 IN ORAN SECTION AREA<S.V.>•• 14080.0 
LIFE OF ALTERNATIVES• 20 INTEREST RATE•• 10.0 INFLATION RATE•• 0.0 

M"R ACTIVITY VEAR COST(S) PRESENT VALutC•I 

6 IN GRAN.SlO/TON 1982 32630.00 32630.00 
PRIHE.$.27/SY 1982 3802.00 3802.00 
.; ii-4 .......... 30· .......... 1?32 ee70~.cc se7o"!. 0-0 

TOTAL• • 125136.00 125136.00 

REP 2x.1.s INT COST 1987 3754.00 2330.94 
PATCH .. HAINT,.05/SV 1988 704.00 397.39 

PATCH .. MAJNT,.05/SV 1909 704.00 361.26 
SURF SEAL ••• 1,sv 1909 1408.00 722.!53 

TOTAL& • 2112.00 1083.79 

PATCH & HAJNT •• 05/SY 1990 704.00 328.42 
PATCH .. HAINT •. 05/SY 1991 704.00 298.56 

REP 21.:.1.s INT COST 1992 3754.00 1447.33 
PATCH .. HAINT •. 05/SV 1992 704.00 271.42 

TOTAL1a 4458.00 1718.75 

PATCH .. HAJNT •• 05/SY 1993 704.00 246.75 
PATCH .. HAINT,.05/SY 1994 704.00 224.32 
PATCH .. HAINT,.05/SV 199.5 704.00 203.92 

PATCH .. HAINT,.05/SV 1996 704.00 105.39 
SURF SEAL., S • .l/SY 1996 1408.00 370.77 

TOTAL• • 2112.00 556.16 

REP 2:<..1.~ INT COST 1997 3754.00 898.60 
PATCH .. HAINT,.05/SY 1997 704.00 168.!53 

TOTAL•- 4468.00 1067.21 

PATCH .. HAJNT •• 05/SY 1998 704.00 153.21 
PATCH .. HAINT,.05/SY 1999 704.00 139.20 
PATCH .. HAINT,.05/SV 2000 704.00 126.62 
PATCH .. HAJNT,.05/SY 200.l 704.00 115.11 

INITIAL COST($):= 12!5136.00 
PRESENT VALUE($)&= 134126.43 
EQUIVALENT UNIFORH ANNUAL COST<•>•- 1~754.44 
EUAC PER SQ. VD. ($):= 1.12 

----------- - END OF REPORT-----------

output. As shown, the user is provided with the 
initial cost, present value, equivalent uniform 
annual cost, and equivalent uniform annual cost per 
square yard. The Economic Analysis program allows 
the user to vary interest rates, inflation rates, 
repair costs, and timing so that their effect on 
alternatives can be easily analyzed. 

BUDGET PLANNING 

A budget planning report was developed to provide an 
estimate of the rehabilitation dollars required over 
a 10-year period for a given level of condition. 
The report is based on the user's input of minimum 
PCI levels for various branch uses and pavement 
rank. The user also inputs unit repair costs based 
on pavement surface type and the PCI scale; i.e., 
the cost of repair can be varied, depending on the 
PCI value. Thus, the increased cost of differing 
rehabilitation can be anticipated. The program also 
takes into account the inflation rate. Figure 18 
shows an example output of this report. 

This program predicts, for each pavement section, 
the year in which the minimum PCI is reached and 
calculates the cost of repair, The prediction is 
the straight-line prediction procedure explained in 
the Inspection Schedule report. 

SUMMARY 

This paper has presented a brief overview of PAVER, 
a pavement management system for military installa­
tions, cities, and counties. PAVER assists engi-
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Figure 18. Example output of Budget Planning report. 

BUDGET PLAHNIN(, REPORT 
R£PORT DA TE: SJ/09/28. 

BRANCH USE1 ROADWAY 
PAVENENT RANK: P 
su:tFACE TVPEI AC 
UFLATION RATE: 10.00 
FAttIL Y HOUSING1 B 

COST FV TO 
REPAIR 

384. 6J 1981 , •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

' 
132.10 1982 •••••••••••••••••••• 

12.07 1983 

o.oo 1984 

60.21 1985 !•········ 
' ' 

178.01 1986 • ••••••••••••••••••••••••••• 

11.22 1987 ... 

' 3.60 1988 I • 
l 

91.03 1989 ····-··········· 

45.12 1990 • ••••••• 

o.oo 1991 

·-----------,------!------! 
917.99 96 192 298 

COST l N THOUSANDS 

UST OF CASES IN 
OUO PLANtfJ NO RE.POAT 

FY TO BRANCH BRANCH 
REPAIR NUHBER USE 
1981 IL&:EB ROADWAY 
1981 IMULB ROADWAY 
1981 I PERS ROADWAY 
1981 IWASN ROADWA't 
1981 IWASN ROADWAY 
1991 IIJASN ROADWAY 
1981 !WASH ROADWAY 

TOTAL rro. OF SECTION: 20 
SECT. NOT NEEDING REPAIR I ~ 

NO. OF t1ISSINO VALUE= 

t1fNU1U11 PC'I TARl.E 

p 
ROADWAY 6~ 

SUT UNIT COST TABLE 
SUT • COST /SQVO 

SECT. PAVE . 
NO, RANK 
05 p 
02 p 
03 p 
01 p 
02 p 
03 p 
04 p 

SUT 

AC 
AC 
AC 
AC 
AC 
AC 
AC 

Pel 0-20 21-40 41-60 61-80 01-100 
AC 12.00 10.00 e.oo 1.00 3.oo 

SEC 
AREA 
7689 

12551 
1917 
4007 
6651 
4000 
6340 

384 

COST TO 
REPAlR(.lOOO"S) 
55. 74 
96.02 
13.80 
26.45 
47.22 
29.20 
64 .03 

neers and planners with pavement management by 
providing the data base and computational capabili­
ties, These capabilities are data storage and re­
trieval, pavement network definition, pavement con­
dition rating, project prioritization, inspection 
scheduling, determination of present and future net­
work condition, determination of M&R needs, per­
formance of economic analysis, and budget planning. 
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Economic Analysis of Field Implementation of 

PA VER Pavement Management System 

S.D. KOHN AND M.V. SHAHIN 

The results of an economic analysis of the performance of the PAVER pave· 
ment management system at a military installation are presented. PAVER was 
developed by the U.S. Army Corps of Engineers over the past 1 O years for use 
by military installations, cities, and counties. It provides the user with practi­
cal management tools, including data storage and retrieval, pavement network 
definition, pavement condition rating, project prioritization, inspection sched­
uling, determination of present and future network condition, determination 
of maintenance and repair needs, performance of economic analysis, and bud­
get planning. The economic analysis was performed based on data collected 
during a prototype evaluation test (PET), which consisted of PAVER data 
gathering for the entire installation and monitoring of the use and cost of use 
of PAVER by the installation personnel. Although the PET took two years, 
the official cost-monitoring period was four months. The monitoring team 
consisted of 21 pavement engineers. Two economic analyses were performed: 
(a) the "PET data comparison", an analysis based strictly on the data collected 
during the four-month PET, and (b) the "estimated data comparison", an 
analysis based on estimated times and costs for expected annual use. The re­
sults of the PET data comparison showed that the annual cost of pavement 
management with PAVER is approximately half that with the current op­
erating method. The results of the estimated data comparison showed that 
the annual cost of PAVER is approximately 30 percent that of the current 
method. 

PAVER is an automated pavement management system 
that provides the user with practical management 
tools, including data storage and retrieval, pave­
ment network definition, pavement condition rating, 
project prioritization, inspection scheduling, 
determination of present and future network condi­
tion, determination of maintenance and repair (M&R) 
needs, performance of economic analysis, and budget 
planning. PAVER uses the System 2000 (a trademark 
of Intel Corporation) as the data base manager. 
This system and other "interface" programs allow the 
user to generate preformatted reports of critical 
information. This information allows objective 
input to the decisionmaking process. A complete 
description of PAVER is provided in a paper by 
Shahin and Kohn in this Record and in another paper 
by the same authors (l), 

This paper presents an economic analysis of PAVER 
based on a full-scale field prototype evaluation 
test (PET) at a U.S. military installation. The 
official PET monitoring was started on February 16, 
1981, and ran through June 15, 1981. The pavements 
of the military installation under study are equiva­
lent to 212 lane miles. The test was monitored by 
21 pavement experts from Major Command Headquarters 
of the U.S. Army Corps of Engineers and several 
installations. Two analyses are presented, one 
based on the PET data only and the other based on 
the PET data and estimates. 

DESCRIPTION OF PET 

The PET was started by letting a lump sum contract 
in September 1979 to collect all the necessary 
information to create a full data base on the study 
pavements. This contract included the following 
items: 

1. Divide the pavement network into branches and 
sections and provide maps documenting the division. 

2. Perform a pavement condition survey on all 
paved areas: roadways, parking areas, motorpools, 
helipads, runways, taxiways, and aprons. 

3. Collect pavement structure information from 

as-built drawings and core borings. 
4. Collect all information regarding drainage, 

secondary structures, and shoulders. 
5. Input data into data base and verify the input. 

The total contract price of the data collection was 
$91 437, Breakdowns of the amount of pavement 
surveyed and the contract cost are given in Table 1 
and in the table below, respectively (1 lane mile = 
7330 yd 2 ): 

Item 
Inspection 
Coring 
Keypunch 
Data verification 
Contract overhead 
Total 
Additional computer input 
Total 
Cost per lane mile 

Total 
Inspection 

Cost ($) 
64 800 
15 650 

1 650 
9 000 

____]fl 
91 427 
.....!......QQQ 
92 427 

436 
306 

Based on the data given in Table 
inspection was calculated to be 
Th is reflects the inspection cost 
rate of 51 percent. 

1, the cost of 
$306/lane mile. 
for a sampling 

It was learned from the PET that the initial 
sampling rate need not be this high for the initial 
implementation to provide adequate information on 
pavement condition. It is anticipated that a sam­
pling rate of approximately 15 percent would be 
sufficient. By using this reduced sampling rate, 
the estimated contract cost for full-scale implemen­
tation given below was derived: 

Activity 
Inspection 
Keypunch (or input) 
Data verification 
Computer time 
Coring 
Terminal equipment 
Total 

Contract 
Cost ($} 
19 100 

500 
2 600 
1 000 

15 650 
-----2QQ 
39 350 

Table 1. Amount of pavement surveyed. 

Branch No. of No. of 
Use Branches Sections 

Roadway 94 188 
Parking 75 224 
Motorpool 2 7 
Runway 1 1 
Taxiway 0 0 
Apron 4 4 
Helipad 1 1 
Total m 425 

Equivalent Total Section 
Lane Miles Area (yd2) 

78 569 862 
88 648 500 
25 181 569 

4 26 431 
0 0 

16 121 875 
1 7 147 

212 1 555 384 

Note: A branch is an easily identifiable entity of the network, such as "Washington 
Boulevard"; a section is a portion of a branch that is uniform in construc­
tion h lst<1 ,y 1 structure com f)011oi tion, traffic, etc.; a sample unit is an inspec­
Uon unii o f approximately '2:51;] 0 ft2 ror asphalt sections anti 20 slabs ror 
jointed concrete pawments. The total number of sample units was 5198, 
and the total numher of samples inspected was 2637, ror a sampling rate 
of SO. 7 percent. 
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These values were obtained by linearly interpolating 
the contract prices for the 51 percent rate. 

During the PET, the form shown in Figure 1 was 
used to record the computer time and person hours 
associated with using PAVER and to provide an esti­
mate of the time involved in performing each task 
manually. A portion of the data from the returned 
forms is given in Table 2. The hours recorded for 
M&R project development given at the bottom of the 
table were estimated by the Engineering Planning 
Division at the installation. The 120 h shown were 
used with PAVER information in planning a total o f 
3 6 projects when end-of-year money was available. 
The, figure of 480 h is an estimate of the time 
required to do the same work without the aid of the 
PAVER system. The installation personnel indicated 
that without the PAVER system several projects would 
hat,e had to be i:.l imin:::.+'on due to lack of time. 
Thus, the installation would not have been able to 
obligate the full amount of money available. 

A review of the data indicated that the principal 
time savings occurred in developing long-range 
plans, budget information reports, M&R cost estimat­
ing, and economic analysis, The savings come from 
the extra computing power offered by PAVER that is 
not available under the current operating method. 
By p r ojecting the totals given in Table 2 over a 
one-year period, the following totals are estimated: 

Category 
PAVER time 
PAVER computer time 
Current method time 

Time 
525 person-h/year 
17 391 ccu's/year 
1748 person-h/year 

The ccu' s given above were incurred both interac­
tively and through the PAVER "batch process" proce­
dure. Interactive runs cost about $0.12/ccu: the 
ccu cost in the batch process can vary from $0.015 
to $0.075/ ccu, depending on the selected priority. 
To d evelop a weighted average cost for computer use, 

Figure 1. Form used to record time and cost data during PET. 

NAME : 

ACTIVITY DESCRIPTION: ----------

RESOURCES 

COMPUTER COST 

LABOR HOURS , RATE 

PAVER PREVIOUS 
METHODS 

Table 2 . Summary of PAVER use and 
estimated current system time. 

Date 

6/3/8 I 
6/8/81 

REMARKS 

Activity 

Develop $200 000 bids 
List of work requirements 

Edit cost in work requirements 
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the costs and percentages of use given below were 
used: 

CCU Cost Use 
Pr i or i t):'. ill ill 
POl 0.015 20 
P02 0.025 
P04 a.as 
P06 0,06 30 
PlO 0.075 10 
Pl.5 0.1.2 40 
Weighted avg 0.0765 

These percentages of use were verified with the 
chief of the Buildings and Grounds Division. The 
resulting average cost based on this table is 
$0.0765/ccu. The Buildings and Grounds Division 
chief indicated that, as installation becom€'5 
more familiar with PAVER, it is likely to use more 
of the lower priority (i.e., POl) than the PET 
indicates. This will result in a reduced computer 
cost. 

The data presented in this section are used in 
the economic analysis in the following sections. 

ECONOMIC ANALYSIS 

General 

The economic analysis of the PAVER system and the 
current operating method is developed in the follow­
ing two ways: 

1. The alternatives (i.e., the PAVER system and 
the current method) are compared based on the PET 
data projected annually , An inherent assumption in 
this comparison is that the activities performed 
during the four months of the PET represent normal 
annual operations. This compariso n is referred to 
from now on as the "PET data compari son". 

2. The alternatives are compa r ed bas ed on e s ti­
mated times and costs for expected annual use. The 
data used for this analysis are based on Table 2 and 
additional input from the chief of the Building s a nd 
Grounds Division at the study installation. This 
comparison is referred to from now on as the "esti­
mated data comparison". 

The analysis method used 
analysis that used a life of 
PAVER system. 

was a present-worth 
eight years for the 

As s umpt i ons 

The economic analysis presented here is based on the 
following assumptions: 

PAVER 

Time 
(h) 

4 
0.25 

1.5 

Computer 
Charge 
Units 

135 .56 I 
217.222 

23.110 
598 .786 

Current 
Time 
(11) 

6/13/81 

6/20/81 
6/14/81 
6/20/81 
6/20/81 
6/22/8 I 
G/24/81 
7/81 

Generate work-requirements reports and a<ld sections to work required 
Develop construction projects 

I 
0.25 

258.12 I 
l 87.407 

Develop BMA R plan 
Generalc work requirements 
Generate areas 
Inspection 
[nspection 
Phase I and II of M&R project development 

Nott:: BMAH. == baeklo~ muintenanct: anll repair . 

0.5 
0.5 

120 

l 16.445 
29.177 

I I 

2 
2 

480 
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l. The installation was selected as an average 
installation so that the cost of the PET should be 
representative of the costs of implementing the 
system at other installations of similar size. 
However, the selected installation has used a manual 
management system over the past years. 

2. The data processing equipment necessary to 
operate the automated system (ASCII terminal and 
acoustical modem) is purchased by the installation. 
The terminal cost is distributed over the systems 
supported by the terminal. 

3, The data base is maintained for all installa­
tions by a single organization. The costs of man­
agement are split between installations for unit 
cost purposes. 

4. No additional employees are needed at the 
installation level to operate the system, 

5, PAVER offers the user more information and 
procedures than are currently available. These 
items are here considered benefits. 

Constraints 

'l'he following constraints on the analysis should be 
noted: 

1. The use of PAVER during the four-month PET is 
not necessarily proportional to a full year's use 
because different types of activities are required 
at certain times of the year. Therefore, the two 
analyses are performed as indicated under the head­
ing "General" above. 

2. Time estimates of activities during the PET 
were made while the PAVER system was in use. Thus, 
a true dichotomy of tasks was not possible. 

Current Operating Method 

The current method of operation at the installation 
is a manual card-file procedure. This method has 
been developed by the installation personnel and has 
been in operation for several years. The procedure 
basically consists of a card catalogue of pavement 
sections in which information on pavement structure 
and past major maintenance is recorded. 

PET Data Comparison 

The costs based on PET data for the current method 
consisted of 582. 5 person-h (Table 2). These hours 
were split among three engineers, which resulted in 
an average rate of approximately $15/h, If one uses 
the total hours given in Table 2, the current method 
cost is calculated to be $8737 for four months, or 
approximately $26 200/year. 

Estimated Data Comparison 

Activities performed during a normal year have been 
categorized into six groups. The time and costs for 
these categories are given in Table 3. The total 

Table 3. Estimated data comparison of annual activities and costs for current 
operating method. 

No. of Avg Hourly Cost 
Activity Hours Rate($) ($) 

Periodic pavement inspection 160 13.44 2 150 
Determination of M&R re- 240 .I S.74 3 778 

quirements and setting of 
M&R priorities 

Validation of M&R projects 80 15.00 I 200 
Annual work plan 80 14.26 I 141 
Long-range planning 160 15.74 2 5 I 8 
M&R cost estimating 480 13 ,44 6 451 
Total 1200 17 238 
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estimated annual cost is $17 238/year. These costs 
are based on discussions with the Buildings and 
Grounds Division chief at the installation and the 
breakdown of the costs in Table 2. 

Benefits 

There are no tangible benefits associated with the 
current method of operation. However, there are 
certain intangible benefits associated with its 
continuation: (a) The current method is a local 
method that is user acceptable, and (b) no sophisti­
cated equipment is required. These benefits, how­
ever, are particular to the test insta·llation stud­
ied, since most other installations have no manual 
system. 

Risks 

If the current operating method continues, the 
following risks should be considered: 

1. The number of projects not funded will most 
likely continue to rise, and the total dollar re­
quirement for pavement maintenance will increase. 

2. No common ground of communication will be 
established between the installation engineers and 
Major Command engineers. 

3. No objective procedure for pavement 
will be established, which will reduce the 
for division of maintenance money based 
condition of the pavements. 

rating 
chances 
on the 

4. Continual backup of work and inconsistent 
evaluation procedures will decrease pavement life. 

Automated PAVER System 

The PAVER system was fully implemented at the in­
stallation (i.e., all paved areas were inspected). 
The initial inspection and data input were performed 
under a lump-sum contract. The actual cost of this 
initiation along with operation costs from tbe PET 
will be considered. 

PET Data Comparison 

The "operating" costs from the PET for PAVER, as 
given in Table 2, are 175 person-h and 5796 ccu' s 
for computer use. The cost of a person hour is 
again the average of $15/h, which results in a 
four-month cost of $2628, or approximately $7886/ 
year. The computer cost used was $0. 0765/ccu, as 
computed earlier. This yields a computer cost of 
$443 for four months, or approximately $1330/year. 
This is the actual computer time cost; there are 
also support costs associated with computer use. 
These can be itemized as follows: 

Item 
Connect time 
Tape storage 
Disc storage 

Communication line (telephone) 
Computer paper 
Equipment (terminal and modem) 

Unit Cost 
$8.50/h 
$0.25/day 
$22/1000 sectors/ 

month 
$29/month 
$21/box 
$1500 

The connect-time costs are based on Boeing Computer 
Service rates (the Corps of Engineers vendor at the 
time of the PET). The computer connect time for the 
PET was approximately 15 h. Based on the $8.50/h 
rate, the connect time is calculated to be $129 for 
four months, or $387/year. 

Tape storage was not used during the PET, so no 
tape charges are included for the PET analysis. No 
tapes were used in the PET as a matter of conve-
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Table 4. Summary of PAVER costs from PET data 
comparison. 

Item 

Labor 
Computer ccu'sb 
Computer connect 
Disc storage 

Person 
Hours3 

175.25 

15.13 
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Cost($) 

Avg Hourly Four 
Rate($) Months Annual Initial 

15.00 2629 7 886 
443 I 330 

8.50 129 386 
1 848 

Communication line (telephone) 
Paper 

348 
21 

Terminal equipment 
Initiation cost 
Total 

aFour months. 
bAt $0.0765/ccu. 

Table 5. Estimated data comparison of annual activities and costs for PAVER 
system. 

Time Avg Hourly Cost 
Activity (h) Rate($) ($) 

Periodic pavement inspection 160 13.44 2 150 
Determination of M&R require· 96 15.67 1 504 

men ts and setting of priorities 
Validation of M&R projects 40 15.00 600 
Annual work plan 40 14.26 570 
Long-range planning 24 15 .74 378 
M&R cost estimating 120 13.44 I 613 
One person year of FESA I 600' 

support, all bases 
8415 Total 

Computer support 2 948 
Total 480 11363 

Note: FESA = Facilities Engineering Support Agency . 
aTwenty-five installations requiring one person year (GS-12) -$26 951 x 1.5 

(overhead) = $40 000 per base = $40 000/25 base installations = $1600/ 
installation. 

nience. The current disc storage charge is $22/1000 
sectors/month, The installation data base is ap­
proximately 700 sectors of disc space. This results 
in an annual charge of $1848, 

Since the Autovon telephone lines of the study 
installation will not support teleprocessing equip­
ment, a commercial telephone line was necessary, 
The monthly charge for the service was $29, or 
$349/year, No long-distance service was required 
since the computer vendor has an "800" telephone 
number. 

The terminal equipment for the PET was a Teletype 
43 terminal with a 30-character/ s acoustical modem. 
This equipment can be purchased for $1500. Since 
the terminal supports three systems (two in addition 
to PAVER), only one-third of the cost was assigned 
to the PET as an initial cost ($500), Approximately 
one box of paper per year is needed to support the 
PAVER system, at a cost of $21. These costs are 
summarized in Table 4. 

Estimated Data Comparison 

In the case of the current operating method, the 
activities performed during a normal year have been 
categorized into six groups. The costs for these 
groups (see Table 5) were estimated through discus­
sion with the Building and Grounds Division chief 
and the breakdown of costs and times given in Table 
2, The annual cost has been divided into $8415 for 
labor and $2948 for computer costs. The computer 
support costs are calculated as follows: 

Tape loading: (2 times/week) (52 weeks/year) ($6/ 
mount) = $624, 

Update tape: (2 tapes) (35 times/year) ($6/mount) 
= $420. 

$624 + $420 = $1044. 

500 
92 437 

TT8T9 92927· 

Tape storage: 
= $183. 

( 2 tapes) ($0. 25/day) ( 365 days/year) 

On-line storage (disc space): $22/1000 sectors/month. 
Average data base size is 8000 sectors. Assume 
tape loaded to disc 2 months/year. Annual cost 
= ($22) (8) (2) = $352. 

$1044 + $183 + $352 = $1579. 
Phone line cost= $348, 
Paper cost= $21, 
Computer time cost= $1000, 
Total cost= $1579 + $348 + $21 + $1000 = $2948. 

To reduce overall costs, a tape mount system was 
assumed to be used in normal annual operation of the 
PAVER system, 

Estimat~d costs for PAVER implementation can thus 
be sununarized as follows (the initial costs are 
based on the initial cost of the PET given earlier 
in this paper): 

Category Cost ($) 
Initial cost 39 350 
Annual labor cost 8 415 
Annual computer 2 948 

support cost 

Benefits 

Tangible 

Analysis of specific projects indicated that the use 
of PAVER could reduce the cost of maintenance and 
have an effect on long-term cost avoidance, One 
specific project was the Branch IWASN Section 04 
(Washington Boulevard) • As obtained from the in­
stallation Contracting Office, the bid price for 
reconstruction of this section was $50 417.25, This 
section was scheduled for an overlay; however, based 
on its rate of deterioration (from a second pave­
ment-condition-index inspection), it was estimated 
that the overlay would last only 5 years. The 
reconstruction, on the other hand, was estimated to 
have a design life of 25 years. The overlay price 
would have been approximately $12 173 based on 
current competitive bid prices. Over the design 
life of the reconstruction, five overlays would have 
to have been placed, which would have resulted in a 
total cost of $60 865 without inflation. This 
represents a cost avoidance of $10 448. Other cost 
avoidances are likely to occur due to timely mainte­
nance through the use of readily available informa­
tion from PAVER, To quantify this cost avoidance, 
however, several years of data are needed, There­
fore, a conservative cost avoidance of only $10 500 
is estimated to occur on an annual basis. 

intangible 

One of the major benefits of using the PAVER system 
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Table 6. Summary of economic analysis. EUAC per 
Inflation Present EUAC per Total Present Value Lane Mile 
Rate Value EUAC Lane Mile Benefits - Total Bene- Including 

Method (%) ($) ($) ($) ($) fits($) Benefits($) 

Estimated Data Comparison 

Current 0 101 160 18 962 89 0 
5 117 850 22 090 104 0 

10 l 37 904 25 849 122 0 
15 161 955 30 358 143 0 

PAVER 0 106 027 19 874 93 84 000 22 027 20 
5 l 17 027 21 936 115 84 000 33 027 29 

10 130 246 24 414 115 84 000 46 246 41 
15 146 099 27 385 129 84 000 62 099 55 

PET Data Comparison 

Current 0 153 752 28 820 136 0 
5 179 120 33 575 158 0 

10 209 600 39 288 185 0 
15 246 156 46 140 218 0 

PAVER 0 162 286 30 420 143 84 000 78 286 69 
5 173 729 32 565 154 84 000 89 729 79 

10 187 479 33 142 166 84 000 I 03 479 92 
15 203 969 38 233 180 84 000 119 969 106 

Note3: EUAC = equivalent uniform annual cost. 
Data based on interes t rat e of IO percent and analysis period of eight years. 

Figure 2. Comparison of annual pavement management cost per lane mile: 
(a) PET data comparison and (b) estimated data comparison. 
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is that the Major Commands have a uniform method of 
comparing the pavements at all installations. This 
will help determine the distribution of maintenance 
funds and help establish an overall level of service 
for the installation. This uniform rating will also 
increase the communication between the Major Com­
mands and the installatio n engineers. In addition, 
the pavement user will experience greater safety, 
comfort, and reduced vehicle maintenance because of 
better overall pavement condition. 

At the installation and Major Command level, the 
PAVER system also adds a great deal of analytic 
power through programs such as ECON and the M&R 
Guidelines (.!). From the PET data, it appears that 
a time savings of about 2.5 h can be expected for an 
economic analysis calculation. This reduced compu­
tation time is a benefit to the user. Increased 
accuracy of the analysis is also expected. 

Maj o r benefits experienced at the installation 
during the PET were that the work-requirements and 
M&R guidelines reports were of great use in devel­
oping contract documents. These reports provided 
quantities and cost estimates of the maintenance 
activities, which could take a considerable amount 

of time to calculate by hand. The quantities were 
then used in the project preparation phase. The 
time savings are reflected in the last inputs in 
Table 2. It was felt that it would have be en impos­
sible to turn out the required number of year-end 
projects (36) without the PAVER system. Having the 
data stored saved a considerable amount of time in 
locating documents and reduced the time of field 
measurements, since only spot checking was necessary. 

PAVER also offers the user access to factual data 
about the condition of the pavement system. Under 
the current system, these data are the subjective 
opinion of the pavement engineer. Provision of the 
objective data allows for more accurate calculations 
and sounder management decisions. The PAVER system 
will also provide a means for a new pavement eng i­
neer to become familiar with the overall network 
condition and inventory in a short time. 

Results 

The results of the economic analyses for the PET 
data comparison and the estimated data comparison 
are presented in Table 6. The present-worth analy­
sis was performed for an eight-year analysis period, 
assuming a 10 percent interest rate. The analysis 
was repeated for inflation rates of 0, 5, 10, and 15 
percent, respectively. The following is a brief 
definition of the terminology used in Table 6: 

1. Initial cost--A one-time cost realized at the 
beginning of the analysis period, 

2. Present value--The cost in today's dollars of 
the initial cost plus the discounted amount of 
future costs, 

3. Equivalent uniform annual cost (EUAC)--The 
present value amortized over the analysis period 
(present value multiplied by capital recovery fac­
tor), 

4. EUAC per lane mile--The EUAC divided by the 
total number of lane miles of pavement inventoried, 
and 

5. Total benefits--The total amount of tangible 
benefits (in this case, cost avoidance) realized 
over the analysis period (the total benefits are not 
di scounted) . 

SUMMARY AND CONCLUSIONS 

This paper presents an economic analysis of the 
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PAVER prototype evaluation test at a military in­
stallation. Two analyses were performed: (al an 
analysis based strictly on the data collected during 
th~ four-month PET (PET data comparison) and (bl an 
analysis based on average annual estimated data 
(estimated data comparison). The estimated data 
were based on the PET data and input from the Build­
ings and Grounds Division chief at the study instal­
lation. 

The results of the economic analyses for the PET 
data comparison and the estimated data comparison 
are given in Table 6. Figure 2 graphically summa­
rizes the results of the two methods of data com­
parison for an analysis period of eight years, an 
interest rate of 10 percent, and an inflation rate 
of 5 percent. The results of the PET data com­
parison clearly show that the annual cost of pave­
ment management with PAVER is approximately 50 
percent of the cost of the current system. The 
results of the estimated data comparison show that 
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the annual cost of pavement management with PAVER is 
approximately 30 percent of the cost of the current 
system. 
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Development of a Statewide Pavement Maintenance 

Management System 

KAMRAN MAJIDZADEH, MICHAELS. LUTHER, AND MICHAEL LONG 

A framework for a statewide pavement maintenance management system 
(PMMS) is presented that describes the general system approach, criteria for 
monitoring pavement conditions, methods and types of data to be collected 
routinely to define pavement conditions, suggested computer data systems 
needed to support and implement the PMMS, and a system for establishing 
project priorities. The overall objective of such a system is to develop and 
implement maintenance management schemes for optimum selection of various 
repair strategies based on cost-effective analyses that consider repair needs 
and priorities. In this PMMS, criteria are applied to determine what portion of 
the total state network is likely to need maintenance and therefore should be 
monitored. Monitoring parameters in the form of maintenance needs indica­
tor! or "trigger values" are identified. These indicators-present serviceability 
index, skid number, age, and traffic-are also used to develop recommended 
sampling or monitoring frequency intervals. Procedures have been developed 
for nondestructive testing and analyses of structural remaining life for pave­
ments that show structural distress of a certain extent and severity. These 
pavements are classified by using a visual pavement condition rating system, 
which provides a uniform method for assessing pavement conditions on a state­
wide basis. Finally, the PMMS includes a framework for establishing project 
priorities based on need and condition and presents guidelines to aid in formu­
lation and evaluation of maintenance alternatives. The proposed system uses 
roughness, skid resistance, deflection, and traffic data currently maintained 
by most state transportation agencies. It is structured to facilitate implemen­
tation with minimal difficulty to a user agency and makes maximum use of the 
experience and judgment of agency engineers. Finally, it is modular, per­
mitting easy future modifications and improvements to various aspects of the 
system as they become available. 

Highway departments across the nation are exper i­
encing serious monetary problems as aging highways 
and increasing rates of pavement deterioration are 
placing larger demands on pavement maintenance 
requirements. The nation's pavements are deterio­
rating faster than they are currently being rehabil­
itated, which results in increasing numbers of 
pavements needing repair. This situation is aggra­
vated, to a large extent, by obsolete state funding 
structures that are unable to yield sufficient 
revenue in times of high inflation and reduced 
1-0tor-fuel consumption as well as budgetary cutbacks 

at the national and state levels. As a result, many 
states have been forced to defer such repair, thus 
allowing many pavements to deteriorate to an even 
poorer condition that makes future rehabilitation 
more extensive and costly. 

In light of such fiscal pressures, most state 
transportation agencies have recognized the need to 
establish a systematic, rational procedure for 
identifying pavement repair needs and priorities and 
selecting cost-effective design alternatives. The 
pavement maintenance management system (PMMS) frame­
work appears to be providing a solution to highway 
agency problems, and many agencies have already 
developed and implemented such systems as a manage­
ment tool to aid in prioritizing those projects that 
are in need of rehabilitation (1-4). A PMMS also 
provides a medium for feedback in -which the conse­
quences of past actions can be incorporated into the 
decision processi it facilitates consistency and 
uniformity in funding allocations to optimize and 
achieve the best values possible for public funds 
and provides improvements and cost savings by means 
of improved organization and coordination of activi­
ties. 

Al though the primary benefit of a PMMS is eco­
nomic, in that improved maintenance management will 
provide greater values for dollars spent, the system 
also enhances the opportunities for optimal, correct 
decisions; this leads to improved technology and 
efficiency for various activities and provides 
capability to defend funding allocations. It is 
intended to provide a means for presenting informa­
tion on in-service pavements that can be used to 
identify needs and program investments as well as 
design and construction requirements. 

The essential requirements of a PMMS include the 
capacity for updating and modification as new data 
and better models become available, incorporation of 
alternative strategies, identification of optimum 
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alternatives, and the capability for making deci­
sions based on rational procedures. A thoroughly 
sophisticated and rational system can be formulated 
so that it provides its own lists of feasible strat­
egies. A PMMS should provide the means for strategy 
evaluation and optimization and/or comparison of the 
consequences of the individual strategies. 

Another major requirement of any PMMS is to 
identify condition parameters of a pavement system 
or network. In the system developed for the Ohio 
Department of Transportation (DOT) , the parameters 
are skid number (SN), deflection, roughness, tex­
ture, and visual distress. The PMMS will provide 
information on the effect of maintenance activity on 
the condition parameters as well as the current 
values of these parameters. The condition param­
eters must be evaluated reliably and economically. 

In a sophisticated PMMS, decisions are based on 
quantified standards and constraints and data base 
and information subsystems are an important part of 
the system. The information subsystem must separate 
the information needed for the network-level analy­
sis from those data essential to project-level 
management. caution is needed and steps must be 
taken to ensure that the PMMS is not drowned by the 
volume of data. One cannot expand project-level 
data bases to encompass the network. 

The quality of a PMMS depends on the quality of 
the data and information available. A viable system 
should make optimum use of the types of data that 
are maintained or can be acquired by the user 
agency, including (a) field and laboratory data, (b) 
default values, (c) equipment and manpower, and (d) 
geometric, traffic, condition, unit cost, and mate­
rials data. 

A PMMS is also considered a management tool for 
performance analysis and is designed to solicit 
subjective user responses. Therefore, the perfor­
mance analysis is based, in part, on users' subjec­
tive views of the facility. This analysis is asso­
ciated with serviceability-performance measurements 
and models. 

FRAMEWORK FOR A STATEWIDE PMMS 

In the current processes used by many state trans­
portation agencies for programming pavement mainte­
nance and improvement, engineering judgments and 
available funding are key elements. In many in­
stances, no guidelines are available to district 
personnel regarding levels of deterioration, alter­
native repair strategies, or types of economic 
analyses to be considered in preparing maintenance 
recommendations. Standard repair policies or tech­
niques have become accepted over the years without 
the use of documented performance data to indicate 
that the standard repairs perform satisfactorily. 
Criteria for identifying when nonstandard repair 
techniques should be considered are often lacking. 
Assessment of maintenance needs is sometimes nonuni­
form, since the judgment of one state district 
regarding pavement conditions may differ from that 
of another. This can result in maintenance not 
being performed for pavements where needs or cost 
benefits are the greatest and can thus produce 
nonuniform pavement conditions on a statewide basis. 

The Ohio DOT has for more than a decade sponsored 
activities to develop and implement a comprehensive 
PMMS to minimize and/or eliminate the types of 
problems outlined above. Its primary research 
efforts have been directed toward developing a 
pavement monitoring system and prioritizing mainte­
nance needs. As part of this research program, a 
recently completed study sponsored by the Ohio DOT 
(1) developed a proposed maintenance management 
program, shown in Figure 1, which incorporates the 
following components: 

Figure 1. Framework of proposed PMMS. 
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1. Application of 
portion of the total 
nonroutine maintenance 

criteria to determine what 
network is likely to need 

and therefore should be 
monitored; 

2. Procedures for nondestructive testing and 
analyses of structural remaining life for pavements 
that show structural dis tress of a certain extent 
and severity; 

3. A framework for identifying alternative main­
tenance options and evaluating, when appropriate, 
standard maintenance options; 

4. A methodology for selecting optional alterna­
tives; and 

5. A procedure for establishing project priori­
ties. 

The guidelines used in formulating the PMMS shown in 
Figure 1, which are considered essential to the 
development and implementation of a viable statewide 
PMMS, include the following: 

l. The proposed system should use currently 
available user agency data, including roughness, 
skid resistance, deflection measurements, and traf­
fic. 

2. The proposed system should be structured so 
that it can be implemented with minimal difficulty 
by the user agency. 

3. The system shall make maximum use of the 
experience and judgment of agency pavement engineers. 

4. The system shall be modular to permit easy 
future modifications and improvements to various 
aspects of the program as they become available. 

PMMS COMPONENTS 

The PMMS developed as part of the Ohio DOT study (2.) 
included four primary components: 

1. Development of network monitoring criteria, 
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including monitoring parameters, maintenance-needs 
indicators or "trigger values", present service­
ability index (PSI) and SN testing requirements and 
deterioration rates, and other parameters to be used 
for monitoring criteria: 

2. A pavement condition rating (PCR) system, 
including a system for rating visual distress, field 
verification of the PCR, and identification of the 
need for structural investigation: 

3. A system for determining project priorities 
and selecting the optimal repair method, including 
prioritization based on condition, formulation of 
maintenance alternatives and economic analysis, and 
selection of optimal maintenance alternatives: and 

4. Suggested data systems, including pavement 
section files, pavement condition files, and sched­
uling. 

These components are discussed briefly in the fol­
lowing sections. 

Development of Network Moni t o r ing Cr i teria 

Monitoring criteria constitute that methodology or 
logic for deciding which portion of the total road­
way network has deteriorated to the point where it 
is likely to need maintenance. Those criteria are a 
crucial part of the overall PMMS, since only those 
pavements identified by the monitoring er i ter ia as 
being deteriorated will be considered by subsequent 
steps in the program. The criteria establish the 
type of pavement condition data to be collected for 
the network, identify data-collection intervals, and 
establish the magnitude of the data-collection 
program needed to support the management program. 
Two important aspects of the monitoring criteria are 
evaluating pavement conditions on a systemwide basis 
and defining unacceptable pavement conditions in 
terms of the parameters used to evaluate the pave­
ments. 

The PMMS included the identification of monitor­
ing parameters and, as a key part of establishing 
monitoring er i ter ia, a pavement evaluation and 
rating procedure was developed for defining unac­
ceptable pavement conditions. Maintenance-needs 
indicators or trigger values were identified as SN, 
PSI, age, and traffic. Although it is not the 
principal purpose of a PMMS to identify slippery 
pavements, an SN of less than 30 was suggested for 
use in the monitoring criteria. 

The research investigation indicated that PSI is 
a fairly reliable maintenance-need indicator or 
trigger parameter. The trigger values of PSI were 
selected on the statistical correlation of the 
estimated need for maintenance by district engineers 
and PSI values (based on roughness measurements) for 
various pavements in that district. Eighty-eight 
test sections were formed by combining continuous 
sections from roadways that had the same surface and 
base types and similar average daily traffic (ADT). 
Other criteria in defining the sections included a 
length of 1-4 miles, whether maintenance had been 
performed since the last PSI measurement (sections 
or portions of sections were omitted where overlays 
had been placed since the last PSI measurement), and 
a definite change in the visual condition of the 
pavement. In field visitations, district engineers 
were asked to answer yes, no, or maybe to the ques­
tion, Will the pavement probably require some type 
of nonroutine maintenance within the next two years 
in order to maintain an acceptable level of service­
ability and/or structural integrity? Based on the 
statistical relation between this estimated need for 
maintenance and measured PSI, trigger values for PSI 
were developed by using 1980 PSI data, as given 
below (an asterisk indicates facility types not 
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studied, for which data were extrapolated from data 
for high-type, two-lane roads): 

System 
Interstate 
Multilane and high-

type, two-lane roads 
Low-type, two-lane 

roads (ADT < 1000)* 

PSI by 
Rigid 
3.30 
3.10 

2.90 

Pavement Type 
composite Fiexible 
3.40 3.40* 
3.20 3.20 

3.00 3.00 

Since PSI and SN were to be used as the basis for 
roadway monitoring, these parameters must be rou­
tinely collected on an inventory basis for the 
entire network. Suggested sampling intervals or 
moni toeing-frequency intervals were established by 
studying the decline of PSI and SN with traffic and 
age, as illustrated in Figures .l-... Representative 
deterioration rates of PSI and SN were defined for 
each pavement type, and these rates were used to 
establish suggested sampling intervals by calculat­
ing the required amount of time needed to produce a 
"statistically significant" change in mean PSI and 
SN values by using the Student's t-test to calculate 
that time interval. The recommended test intervals 
for PSI and SN data collection developed in our 
study (~) are given in Table l. Monitoring-fre­
quency requirements should account for climatic and 
traffic variations experienced in different regions 
of the state. Finally, since many states do not yet 
have a fully implemented PMMS and obtaining and 
compiling PSI data for a statewide roadway network 
takes considerable time and funds, parameters other 
than PSI might also be used in the monitoring er i­
ter ia. In the study cited above, it was found that 
age and traffic volume "B + C" could be used as 
trigger parameters in the absence of PSI data. For 
rigid pavements, it was found that traffic volume is 
a better indication of maintenance needs than age. 

By incorporating PSI and SN deterioration rates 
into the PMMS, corrective action can be initiated 
for pavements with high deterioration rates before 
they decline to a poor condition and pavements with 
low deterioration rates can be investigated to 
identify designs that produced good performance. 
Deterioration rates can be analyzed on a district or 
statewide basis to identify those regions or routes 
that are experiencing the highest deterioration and 
to obtain an estimate of the magnitude of future 
maintenance needs. A summary of the monitoring 
criteria is presented in Figure 5. 

PCR System 

The monitoring phase of a PMMS program involves 
evaluation of the current physical condition of 
pavements in the field. A rating procedure, identi­
fied as pavement condition rating, was developed (5) 
that reflects the physical condition of the pav;­
ment. The PCR method is based on visual inspections 
of pavement distress and includes standard descrip­
tions of distress types and the process for defining 
distress severity and extent. The Ohio DOT PCR 
system was developed after a review of visual rating 
systems developed by other agencies (l,6,7). 

The PCR system yields a numeri~.tl - index that 
reflects composite effects of distress types, sever­
ity, and extent on the overall pavement condition. 
The computation of PCR is based on the summation of 
deduct points for each type of observable distress. 
Total deduct l,)ulnti; an, sul.Jlracled from 100 to yield 
the PCR. The scale used for PCR is shown in Figure 
6. A PCR of 100 is assigned to a pavement that has 
no observable distress . The deduc tion for each 
distress type is calculated by multiplying distress 
weight times the weights for the severity and extent 
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of the distress. Distress weight is the maximum 
number of deductible points for each different 
distress type. The PCR is calculated as follows: 

n 
PCR = 100 - ~ deduct; (1) 

i=l 

where n is the number of dis tress types and de­
duct i = weight for distress x weight for severity 
x weight for extent. 

Figure 2. PSI deterioration. 
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Figure 3. SN deterioration for asphalt-surfaced pavements. 
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The proposed PCR method developed (5) reflects 
the judgment of Ohio DOT engineers polled in the 
study and has been implemented in Ohio. However, as 
it becomes implemented on a statewide basis, ex­
panded studies will be undertaken to measure test 
uniformity among PCR raters and to develop necessary 
adjustments to deduct values. 

The Ohio DOT has incorporated a procedure through 
which the PCR system is used to identify and inves­
tigate pavements that may have inadequate load­
carrying or structural capacity. Pavement sections 
that exhibit a certain degree of structural-related 
distresses and whose overall condition has reached a 
certain level of deterioration are investigated for 
structural integrity. The results of various re­
search studies we have done over the past decade 
allow for the nondestructive evaluation of the 
structural condition of a pavement. The proposed 
PMMS program provides an opportunity for implementa­
tion of these nondestructive evaluation techniques 
(.l!_,2_). Diagnostic investigation criteria developed 

Figure 4. SN deterioration for concrete-surfaced pavements. 
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Table 1. Recommended sampling intervals. 

Maintenance 
Classification 

Interstate 

Multilane 

Two-lane 
High type 

Low type 

PSI 

Each direction every three 
years 

Each direction every four 
years 

Alternate directions every 
four years 

Alternate directions every 
five years 

SN 

Each direction every two 
years 

Each direction every three 
years 

Alternate directions every 
four years 

Alternate directions every 
five years 

Figure 5. Summary of monitoring criter 
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[',~ 'liili!.e. 

~ 
1 Trigger value 

~ 2 Trigger value+ 0.10 
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last PCR >61 I 
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as part of the Ohio DOT study (~) are ~iven below: 

System 
Inters t a t e 
Multilane and high-

type, two-lane 
Other two-lane 

Sum of De­
duct Points 
for Structural­
Associated 
Distress 
>25 
>25 

;,, 30 

PCR 
<60 
<55 

,;; 50 

System for Determining Project Priorities and 
Selecting Optimal Repair Method 

Priority prO<)ramming is probably the most important 
aspect of the PMMS. According to the proposed 
method, maintenance priority is established in terms 
of the condition parameters roughness (PSI), skid 
resistance (SN), and distress (PCR). Our research 
study (2) concluded that pavement distress should be 
considered most important in the priority system and 
roughness and skid resistance somewhat less impor­
tant. Traffic is also considered as another param­
eter in the priority system. Urban districts gen­
erally consider traffic to weigh heavily in pri­
ority, whereas rural districts are less concerned 
about it. 

The prioritizing procedures establish a mainte­
nance urgency category (MUC), which is a simple 
method that simultaneously considers distress, 
roughness, and skid resistance to establish prior­
ity. Figure 7 shows the project prioritization 
criteria, and Figure 8 shows the determination of 
MUC. The table below defines the PCR groups: 

Group No . PCR Value 
l <40 
2 40-55 
3 56-64 
4 65-74 
5 75-89 
6 90-100 

Figure 6. PCR scale. 

Figure 7. Project 
prioritization criteria. 
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For sections within the same MUC category, traffic 
is used to establish priority. For sections within 
the same PCR group, MUC, and traffic category, the 
actual values of PCR and, if necessary, the PSI are 
used to establish final section priority. The data 
given in Table 2 illustrate the priority system. 

Suggested Da t a Systems 

Implementation of both monitoring criteria and the 
condition rating aspects of a PMMS would require 
collection and analysis of large amounts of data . 
New data banks and additional programming efforts 
may be needed in some states to manipulate these 
data effectively and fully implement such a PMMS. 

Three data files--the pavement section file, the 
pavement condition file, and the priority mainte­
nance file--can constitute the orimarv data storaae 
and retrieval program for a PMMS as described her;. 
The pavement section file would contain data on 
section location, pavement type, traffic, age, and 
maintenance performed. Much of this information is 
usually available from current user agency files. 
The pavement section file would require program 
logic to create permanent sectioning of the roadway 
network: the logic should be similar to that cur­
rently used by the agency to define sections for 
skid testing and other purposes . Age of surface and 
maintenance class would also be contained in this 
file, which can be updated in the future as records 
of major maintenance performed are computerized. 

The pavement condition file contains the PSI, SN, 
PCR, and deflection data for each roadway section 
and also program logic to determine PSI and SN 
deterioration rates for each section based on gen­
eral trends. The pavement condition file would 
contain location data from the pavement section file 
and all information needed to identify pavement 
sections for monitoring, determined by using the 
monitoring criteria presented previously. 

One important use of the pavement condition file 
would be to generate reports to assist maintenance 
engineers in evaluating repair needs. Such a report 
might essentially summarize all information col-

Figure 8. Maintenance urgency category. 
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Table 2. Sample priority list for maintenance class 1, 
Section ADT PCR Traffic Interstate. No. per Lane SN PSI PCR Group MUC Category Ranking 

1350 5 000 40 2.5 80 5 8 B 14 
1352 9 000 33 1.6 57 3 2 B 3 
1354 3 000 53 2.2 69 4 8 C 12 
1356 7 500 23 1.6 49 2 1 B 1 
1357 2 200 59 2.6 71 4 8 C 13 
1359 10 000 28 2.5 72 4 6 A 8 
1360 3 500 57 2.5 74 4 8 B 10 
1362 5 500 49 2.4 62 3 2 B 4 
1364 6 100 29 2.2 68 4 6 B 9 
1366 7 200 42 2.5 64 3 4 B 7 
1367 4 200 54 2.0 53 2 2 B 2 
1369 1 700 36 1.6 60 3 2 C 5 
1381 2 900 55 2.2 67 4 8 C 11 
1383 12 000 29 2.3 59 3 3 A 6 

Note: Assume 10 percent PSI= 2.10. 

lected by the maintenance management program about a 
particular roadway section. 

The priority maintenance file would contain a 
listing of pavement sections and maintenance priori­
ties established in accordance with the system 
presented previously. Section priorities can be 
assigned on both a statewide and districtwide basis, 
and sections should be listed by route so that 
district engineers can formulate maintenance proj­
ects by grouping together continuous sections of 
similar PCR groups or priority ranges. This file 
can be easily assembled by taking data from the 
pavement condition file and computing the priority 
by using the criteria shown in Figure 6. There 
should be cumulative mileage calculations for prior­
ity listings to enable early identification of total 
state or district network mileage for each PCR group 
or any given priority. Such listings should be 
completed by late fall or early winter of each year 
and be given to district personnel, together with 
the recommended trigger value of statewide priority 
ranking for maintenance planning, so that agency 
personnel can begin planning maintenance projects 
for sections that have priorities above the 
established value. 
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Prediction of Pavement Maintenance Expenditure by 
Using a Statistical Cost Function 
SUE McNEIL AND CHRIS HENDRICKSON 

Effective management and control of pavement maintenance expenditures are 
becoming increasingly important as the magnitude of these costs increases. 
The use of a statistical cost function as a means of inexpensively and quickly 

forecasting the level of pavement maintenance expenditure is described. The 
statistical cost function predicts the level of real expenditures as a function of 
(a) traffic levels, measured in equivalent single 18 000-lb axle loads, and (b) 
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pavement age, measured as the number of years since the pavement was last 
resurfaced. Calibration of the cost model was performed for several turnpikes 
in the northeastern United States. The function was found to yield average 
errors of less than 10 percent in application to a turnpike section from 1956 
to 1979 and also to an entire turnpike in 1980. Application of the cost 
function to different regions or roadway types may require parameter recali­
bration to reflect these different conditions. 

In recent years, there has been a greater concern 
with planning and control of expenditures for road­
way maintenance. There are several reasons for this 
interest: 

1. Such expenditures are large, approximately 
$94 billion was spent on highway maintenance and 
operation by all units of government in 1978 (ll• 

2 = The paued highwfiy syst~m is not expanding as 
rapidly as in the past, so the average pavement is 
becoming older and, presumably, more expensive to 
maintain. 

3. Budgets have been restricted in recent years, 
and this has spurred efforts to improve maintenance 
practices. 

A critical element in the planning and control of 
maintenance expenditures has been the preparation of 
cost estimates. Traditionally, an engineering cost 
estimate of maintenance expenditure is used for 
estimating budgets and planning. Such estimates are 
obtained by summing the products of input quantities 
and their unit rates. For example, an organization 
might use the average cost per mile for shoulder 
maintenance multiplied by th,a number or miles of 
shoulders as part of an estimate of maintenance 
costs. These cost rates are derived from observed 
costs and quantities, are intended to be specific to 
a given situation, and rarely take into account fac­
tors such as weather, pavement age, and vehicle 
use. These cost estimates are calculated with the 
implicit assumption of linear proportionality be­
tween the input factors and the total cost. 

A statistical cost function is an alternative for 
estimating maintenance costs for budgets and plan­
ning. This paper investigates the use of a statis­
tical cost function for routine roadway maintenance 
based on turnpike data. This cost function relates 
roadway expenditures to traffic levels and pavement 
age, although other explanatory variables are con­
sidered. 

Appropriate and accurate statistical cost func­
tions would be quite useful in roadway management. 
First, they can be used to prepare cost estimates, 
Second, organizations are frequently faced with ex­
plaining large cost overruns, and a cost function 
may be used to indicate the orig in of these over­
runs, such as particularly heavy traffic. Cost con­
trol may also be facilitated by checking that costs 
are not accumulating faster than scheduled or that a 
particular section of road does not have unwarranted 
costs, possibly due to mismanagement. Finally, the 
insights provided by a cost function are difficult 
to obtain any other way. The function captures the 
marginal effect of a change in any of the explana­
tory variables (such as roadway traffic) and the re­
lations between such variables. 

Despite these advantages, statistical cost func­
tions have some limitations. The functions cannot 
be reliably extrapolated outside the range of the 
data used for calibration. When variables are not 
explicitly included, the transferability of the 
model is severely limited. For example, the use of 
turnpike data in this paper restricts the applica­
tion of the cost function because each turnpike in 
the sample is always maintained to a high standard, 
maintenance is rarely deferred, and there are few 
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problems of underdesign or overloading. The model 
is only reliably transferable to roads that are com­
parably managed. Similarly, the model might not be 
directly transferable to areas that do not have cli­
matic, topographic, or soil conditions similar to 
those of the areas used for calibration. However, 
coefficients may be estimated for these conditions 
with appropriate data. 

The cost function presented in this paper for 
roadway routine maintenance models the aggregate 
costs of such activities as joint cleaning and seal­
ing, crack filling, drainage maintenance, and minor 
patching. Essentially, these costs pertain to the 
road surface. Drainage maintenance is included be­
cause of the interrelation between the maintenance 
of adequate drainage and a good pavement surface. 
The data were obtained directly from turnpike 
records and inclnde lahor, materials, supervision, 
and equipment costs. 

In this paper, these costs are modeled as an al­
gebraic function of a series of explanatory var i­
ables that influence the extent of maintenance 
required. Broadly, the objective was to develop a 
function that can be used for forecasting routine 
maintenance costs and gives some insight into the 
relations between costs and explanatory variables. 
The model is also used to test the following hypoth­
eses: 

1. Maintenance 
creases, measured 
heavier axle loads. 

2, Maintenance 

costs increase as 
as larger vehicle 

costs increase as 
surface becomes older. 

traffic in­
volumes and 

the pavement 

3, Maintenance costs increase in years or loca­
tions with more severe weather. 

Although these hypotheses are widely accepted, esti­
mation of cost models can yield numerical estimates 
of the amount of cost increases due to increases in 
traffic, pavement age, and roadway area. 

The organization of the paper is as follows: (a) 
an examination of the trends in routine maintenance 
costs over time with and without inflation, (bl a 
discussion of the model formulation, including the 
appropriate factors to be included and the sources 
of data, (c) a description of the estimation results 
and their implications, (d) a description of the use 
of the model for prediction and some experiences in 
validating the model; and (e) conclusions. 

TRENDS IN MAINTENANCE EXPENDITURE OVER TIME 

Pavement maintenance expenditures have increased 
rapidly in recent years, but the extent to which 
various factors are responsible for this increase is 
not clear. The solid line in Figure 1 shows the 
cost per lane mile of maintenance for a 30. 2-mile 
section of the Ohio Turnpike between 1956 and 1979. 

-With few exceptions, the cost of maintenance has in­
creased nearly every year. Over the 24-year period, 
expenditure increased by more than 500 percent, from 
$644/lane mile in 1956 to $3917/lane mile in 1979. 

One major cause of this cost increase has been 
inflation in the prices of the labor and materials 
used in the maintenance process. The extent of this 
inflation can be seen in the increase in the Federal 
Highway Administration Highway Maintenance and 
Operation Cost Index (FHWA MOC) (,1). This index in­
dicates the relative costs of typical maintenance 
inputs in terms of the cost of these inputs in a 
base year, 1967. The price of these typical inputs 
has increased more than 260 percent during the pe­
riod from 1956 to 1979. 

Although inflation has been a major cause of 
maintenance cost increases, it has not been the only 
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Figure 1. Maintenance cost per lane mile for section of Ohio Turnpike from 
1956 to 1979. 
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factor responsible. If the effects of input pr ice 
inflation are removed by multiplying the costs in 
any year by the ratio of the FHWA MOC index in 1967 
to the FHWA MOC index in that year, then maintenance 
expenses are converted to constant 1967 dollars. 
The broken line in Figure 1 shows the resulting 
trend in maintenance expeditures per lane mile in 
constant 1967 dollars on the same section of the 
Ohio Turnpike. Like the curve in which the effects 
of inflation are not removed, the costs tend to in-
crease over time but at a much slower rate. Over 
the 24-year period shown in Figure 1, costs increase 
by 68 percent rather than by the 500 percent that 
occurs when the effects of input price inflation are 
not removed. In addition, the variation of these 
real costs is quite large from year to year. 

Clearly, factors other than inflation influence 
the level of maintenance expenditure. For example, 
if the traffic that uses a section of road is found 
from historical records and converted to the number 
of 18 000-lb equivalent single-axle loads (ESALs) 
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that use the road by using the appropriate factors 
(~) to account for the relative damage caused by 
heavier vehicles, the cost of routine maintenance 
tends to increase with increasing ESALs, as shown in 
Figure 2. Unfortunately, graphical analysis is in­
sufficient to capture the simultaneous effects of 
several factors: therefore, multivariate statistical 
techniques are used here to model the effects of 
various factors on maintenance costs. 

STATISTICAL MODEL OF PAVEMENT MAINTENANCE COST 
EXPENDITURE 

Numerous factors could be postulated as affecting 
the amount of pavement maintenance expenditures. 
Among these factors might be the current state of 
the pavement (including age, pavement type, and the 
adequacy of past maintenance), stress on the pave­
ment (including traffic and weather effects), the 
procedures used for maintenance (including the 
amount of mechanization and the type of materials 
used), and various institutional factors (including 
type of management structure, availability of funds, 
and wage levels of workers). Due to lack of data 
and knowledge, it would be difficult to include all 
of these various factors in a cost model. Accord­
ingly, only a few of the most important of these 
factors can be included. Other factors are either 
assumed to be constant (so that their influence does 
not change from one year to the next) or are of 
lesser importance in determining costs. 

For the statistical cost model, the only explana­
tory variables used are those representing the traf­
fic-related stress and the age of the pavement. As 
noted above, it is hypothesized that maintenance ex­
penditures will increase with increases in either of 
these two explanatory factors, which are denoted AGE 
and ESAL. AGE, the age of the pavement, is measured 
by the average number of years since a pavement sec­
tion was last resurfaced. This variable is a proxy 
for the deterioration of the pavement over time due 
to the action of the weather. ESAL, the number of 
equivalent 18 000-lb axle loads, is used as the mea­
sure of traffic-related stress. The axle-load 
equivalency factors (ESALs) represent the relative 
effects on the pavement of axle loads of different 
weights (].) . The number of ESALs reflects the ef­
fects of both increased vehicle volumes and heavier 
axle loads. 

Several other factors and different measures of 
traffic were explored as additional or alternative 
explanatory factors. A later section in this paper 
describes the results of these alternative model 
forms. As noted above, a major problem with adding 
these additional factors is obtaining adequate data 
and variation in the explanatory factors to identify 
their actual effects. 

In order to calibrate the model of maintenance 
expenditure, detailed data on expenditures, traffic 
volume (in ESALs), and pavement age were required, 
even without considering additional factors. Un­
fortunately, the accounting practices and volume­
counting programs of many highway agencies do not 
report these three pieces of information at a suf­
ficiently disaggregated level to permit meaningful 
model estimation. Fortunately, many turnpikes rou­
tinely gather the required information. Traffic 
volumes by vehicle types and pavement sections are 
recorded as part of toll-collection records. Main­
tenance expenditures and dates at which resurfacing 
is undertaken are also available by section since 
the original construction of the turnpikes. The 
various sources of the calibration data are given in 
Table 1, where observations are assembled for each 
year and each roadway section. McNeil and Hendrick­
son (]) include a detailed description of the 
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Table 1. Sources of turnpike data. 

Total No. of 
No. of Years of No. of Length Observa-

Turnpike Sections Data Lanes (miles) tions 

Ohio 8 1956-1979 4 241 192 
Pennsylvania 5 1978-1979 4 469 10 
West Virginia I 1955-1979 2 88 25 

sources and the preparation of the data. 
The choice of a model form is also necessary in 

specifying a statistical cost function. A linear 
and a log-linear functional form are used for the 
cost function presented here. These forms may be 
interpreted as first-order approximations to any 
function, but both forms have some disadvantages. 
The linear function implies that there ace constant 
marginal effects that are independent of the level 
of any variable. A marginal effect in this model is 
the change in real maintenance cost associated with 
a unit change in traffic or pavement age. The log­
linear form, so called because it is linear in the 
logarithms of the variables, does not allow any of 
the variables to take a zero value. 

ESTIMATION RESULTS 

The models were estimated as follows: 
linear equation, 

For the 

COST= 596 OH+ 3525 WV A- 476 PA+ 0.0019 ESAL + 21.7 AGE (1) 
(1.50) (5.29) (0.35) (3.93) (1.93) 

and, for the log-linear equation, 

Qn(COST) = 4.22 OH+ 4.94 WVA + 4.58 PA+ 0.37 Qn(ESAL/100) (2) 
(7.19) (8.71) (7.44) (5.38) 

+ 0.066 Qn(AGE) 
(2.06) 

where COST is the cost per lane mile (in 1967 dol­
lars) for routine pavement maintenance: OH, WVA, and 
PA are dummy variables: and the remaining variables 
are as already defined. OH, WVA, PA take on the 
value one if the data refer to the Ohio, West Vir­
ginia, or Pennsylvania Turnpikes, respectively, and 
zero otherwise. For example, if the data are for a 
section of the Pennsy l vania Tu rnpike, then OH = o, 
WVA = O, and PA = 1. The t-statistics are shown in 
parentheses under 
above equations. 
was 0.88. 

the appropriate coefficient 
For both models, the R 2 

in the 
value 

To account for variables not included and random 
effects, an error term is assumed in Equations 1 and 
2 for calibration of the coefficients. These error 
terms were assumed to be first-order serially cor­
related (4). A first-order serial correlation im­
plies that errors in one period carry over to the 
next. various physical or economic effects cause 
this serial correlation. For example, the influence 
of bad weather in one year increases expenditures in 
that year and subsequent years. Similarly, the 
general economic climate may cause a reduction in 
expenditures from year to year, Statistical tests 
on preliminary estimates of the models indicated the 
existence of a first-order serial correlation of 
this type. The correlation coefficients for succes­
sive error terms were 0.93 for the linear model 
(Equation 1) and 0.78 for the log-linear model 
(Equation 2) in the final model. These correlations 
are useful for prediction, as described later in 
this paper. 

Several of 
above indicate 
models. The 
relatively high 

the estimation statistics reported 
the statistical Properties of the 

R2 or goodness-of-fit measure is 
(R 2 = 0.88) for both models, which 
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indicates a reasonable level of explanation for 
variations in costs. With the exception of the con­
stants for Pennsylvania and Ohio in Equation 1, the 
hypothesis that the coefficient equals zero (imply­
ing that no relation exists) can be rejected with a 
95 percent confidence level for all coefficients 
based on the values oft-statistics. 

The partial derivatives of Equations 1 and 2 with 
respect to each of the variables give the greatest 
insight into the model. For the linear model, these 
derivatives represent the change in cost for a unit 
change in the variable. In all cases, the signs of 
the partial derivatives are positive: so, as ESAL 
and AGE increase, the cost of maintaining a section 
increases. This result is consistent with the first 
two hypotheses proposed in the introductory section 
of this paper: the third hypothesis is discussed in 
the next section. The equations do not permit econ­
omies of scale to be assessed with respect to the 
number of lanes and the length of the section, since 
multicollinearity prevented the separation of these 
effects. 

The constants may be interpreted as fixed costs, 
such as supervisory costs. Different constants were 
estimated for each turnpike to represent the dif­
ferences in management and scale. In the case of 
Pennsylvania, the low t-statistics for the constant 
and the fact that only 10 observations were avail­
able prevent any reliable conclusions being made re­
garding the differences in constant costs between 
the turnpikes. 

The equations indicate that, as the age of the 
pavement increases, and the road is subjected to the 
cumulative effects of weather and time, the cost of 
maintenance increases. Simply stated, the linear 
equation (Equation 1) implies that, for each addi­
tional year of pavement age, the maintenance costs 
increase by $21.7/lane mile. In the log-linear 
equation (Equation 2), the marginal increase in 
maintenance cost varies with the pavement age, the 
length of the section, and the traffic, but an X 
percent increase in age will result in an increase 
of 0.066 x X percent in cost. For example, suppose a 
section is four years old and costs $2000 annually 
to maintain. Without considering serial correla­
tion, one would expect that in another year the 
maintenance cost would increase by $22 if the linear 
equation were used and $33 if the log-linear equa­
tion were used, due to increased pavement age. 

Figure 3 shows the cumulative increases in main­
tenance costs over 10 years due to the increase in 
age alone for initial maintenance costs of $1000, 
$2000, and $3000 annually. Figure 3 also shows the 
disadvantages of both the linear and log-linear 
forms: The linear form has constant slope whereas 
the log-linear form is only valid for pavements that 
are more than a year old. In effect, the linear 
model represents the effect of age on average pave­
ments, since no interactive terms between age and 
other variables are included. 

Similarly, the equations also indicate that main­
tenance cost increases with increased vehicle 
weights and volumes, expressed in terms of ESALs. 
Figure 4 shows a graph of the maintenance cost for 
the linear and log-linear equations for an arbitrary 
section of the Ohio Turnpike over a range of typical 
ESALS, 

Both the linear and log-linear equations, as ap­
proximations to the true functional form of the cost 
function, verify the first two hypotheses as origi­
nally proposed. The graphs included in this section 
illustrate the implications of the functional forms. 

ALTERNATIVE MODELS 

In estimating Equations 1 and 2, several alterna-
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Figure 3. Cumulative increases in maintenance cost due to age. 
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Figure 4. Maintenance cost versus traffic determined by using linear and log­
linear equations for maintenance costs. 
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tives to ESAL values were used as indicators of 
traffic and additional variables were also included 
to account for weather. The models represented by 
Equations 1 and 2 gave the most reasonable fit, but 
the alternatives warrant some discussion. 

ESALs were chosen as the best single measure of 
traffic that accounts for increases in both traffic 
volume and traffic weight. The total number of 
vehicles and the number of passenger-car equivalents 
(PCEs) using the pavement were also used. The model 
that used number of vehicles did not produce a good 
fit, and, although the fit with PCEs was comparable 
to that with ESALs, ESALs were believed to be a more 
appropriate measure of traffic. One reason for the 
comparable fit with ESALs or PCEs was that these two 
traffic measures were highly correlated in the cali­
bration data set. 

The problem of choosing a single measure for 
traffic could be overcome by estimating specific 
coefficients for each vehicle class. Unfortunately, 
there was insufficient variation in the data to per­
mit accurate estimation of such coefficients. ESAL 
miles of travel seems to be a reasonable traffic 
measure, since it reflects both pavement stress and 
amount of traffic. 

Equations 1 and 2 were also estimated so as to 
include two variables to account for weather ef­
fects: the number of freeze-thaw cycles (FR) and 
the amount of precipitation (PR) in each year. These 
variables were estimated from records of meteorolog­
ical stations near each pavement section. Although 
the coefficient estimates had the correct signs and 
good t-statistics for these variables (except for FR 
in the log-linear equation), the R2 only improved 
marginally (an increase of 0.006 for the linear 
equation and O. 008 for the log-linear equation) and 
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large changes in FR and PR resulted in only small 
changes in cost. Typically, a 10 percent change in 
either PR or FR implied less than a 1 percent change 
in cost. The variables FR and PR were not included 
in the final mode because they pose a prediction 
problem for forecasting and show very little var i­
abili ty in the data used for calibration. Most of 
the variation in FR and PR occurs between states and 
is accounted for by the constants. 

In addition to the two factors included in the 
final model--pavement age and traffic--other factors 
might also be expected to affect the level of pave­
ment maintenance expenditure. Several of these fac­
tors were described earlier. Unfortunate~y, addi­
tional factors could not be added to the cost model 
because of the unavailability of data or the lack of 
variation of these factors in the calibration data 
set. In the latter case, the effect of the factor 
could not be distinguished from the constant term in 
the cost models. In transferring the cost models to 
different reg ions or pavement types, parameters in 
the model should be recalibrated to ensure good fit 
because these constant factors might be expected to 
change and thereby affect the amount of maintenance 
expenditure. 

PREDICTION WITH THE COST FUNCTION 

Prediction with either the linear or the log-linear 
equation may be carried out in two ways. The first 
method is the most obvious: Substitute for the ex­
pected values of the explanatory variables, AGE and 
ESAL, and obtain the predicted maintenance cost, as 
illustrated in the following example. 

Suppose that an estimate of maintenance costs for 
section 1 on the Ohio Turnpike is required for 
1980. In 1979, the average pavement age on section 
1 was 4. 8 years and the traffic level was 500 300 
ESALs. In 1980, the pavement will be one year older 
(AGE= 5.8), and we shall assume that the same level 
of traffic occurs (ESAL z 500 300). With these 
values, the predicted maintenance expenditure in 
1980 is 

COST= 596 + 21.7 *AGE+ 0 .19 x 10-2 ESAL = $ 1672 (3a) 

by using the linear Equation 1 and, taking exponen­
tials on Equation. 2, 

COST= 12.4 ESAL0 ·37 AGE0 ·006 = $1789 (3b) 

by using the log-linear equation. 
Simply substituting for ESAL and AGE resu:l.ts in 

predictors that are unbiased but not "best" in the 
sense that the variance is large. This method does 
not account for serial correlation of the error 
terms (i.e., "carry-overs" from year to year), but 
it is inappropriate for a "ball-park" figure. 

A more refined prediction estimate may be ob­
tained by considering the serial correlation, but at 
the cost of more computational effort. Assuming 
yearn was the last year for which actual costs are 
known, the predicted cost in year i (COSTi) is 
given by 

when the linear equation is used and by 

when the log-linear equation is used, where 

COSTi = best linear unbiased estimate 
of cost in year ii 
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COSTi and COSTn 

COSTn 

p 

predicted values of cost in 
the appropriate years, obtained 
by substituting for the explana­
tory variables; 
observed value of cost in 
year ni and 
correlation coefficient. 

For the example described 
that p = 0.93 for the linear 
the log-linear equation and 
by using the linear equation, 

above, if it is known 
equation and O. 7 8 for 
COST79 = $1354, then, 

COST 79 = $1354, COST80 = COST 80 + p(COST 79 - COST 79 ) 

= $1672 + 0.93 (I 351- 1656) = $1391 

and, by using the log-linear equation, 

QnCOST 80 = QnCOST 80 + p(QnCOST 7 9 - QnCOST 79 ) 

= 7.49 + 9.78(7.21 -7.48) = 7.48 

or cosT80 = $1454. 
After the functions were calibrated by using the 

data summarized in Table 1, two additional sets of 
expenditure observations were used to test the pre­
dictive ability of the models. Observations from 
1956 to 1979 for the last maintenance section on the 
Ohio Turnpike (section 8) were kept as a hold-out 
sample to test the transferability of the model to 
locations similar to those used for estimation. 
Similarly, observations for all eight sections for 
Ohio for 1980 were obtained to test the usefulness 
of the model for forecasting maintenance costs for 
the sections used for calibration. 

For section 8 of the Ohio Turnpike, fitted values 
were obtained by using the method described above 
and assuming that the actual cost in the previous 
year was known. The linear form resulted in an 
average absolute error in prediction of 9.5 percent 
for section 8 over the 24-year period. Similarly, 
the log-linear form resulted in an average absolute 
error of 8.5 percent. These errors indicate that 
the model is transferable to sections that have 
similar climate, traffic, and maintenance standards 
and that both equations produce similar predictions. 

Two types of fitted values were calculated to 
compare with the 1980 data. The first is an estima­
tion of the cost given the traffic in 1980, and the 
second is an estimate based on expected traffic for 
1980. In practice, the latter method would be used 
since traffic levels are not known in advance. For 
illustrative purposes, a linear trend based on the 
traffic in 1978 and 1979 is used to estimate the 
1980 traffic. 

The average percentage prediction error and the 
average absolute percentage prediction are simple 
measures of the goodness of fit of the equations. 
The average percentage prediction error is an over­
all measure of the predictive ability. It is cal­
culated by averaging the percentage difference be­
tween the actual and predicted values. The average 
absolute percentage prediction error is a measure of 
the magnitude of the expected prediction error in 
each section for each year. It is calculated by 
averaging the absolute value of the percentage dif­
ference between the actual and predicted values. If 
the equations underpredict some sections and over­
predict others, then the average error of predic­
tions will tend to be zero, whereas the average ab­
solute error of prediction indicates the actual 
magnitude of the errors. 

Assuming the traffic was accurately predicted or 
known, the average absolute error in predicting the 
maintenance cost was found to be 5 .4 percent com­
pared with an average absolute error of 9.6 percent 
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in the Turnpike budget estimate (converted to 1967 
dollars). All of these reported errors have been 
calculated by using the linear equation, but similar 
results can be obtained by using the log-linear 
equation. 

By using the predicted traffic, the average ab­
solute error of prediction is 9 .1 percent and the 
average error of prediction is 8.1 percent. These 
errors are lower than those of estimates made by the 
Turnpike authority, which indicates that the model 
can be used successfully to predict maintenance 
costs. When either the known or the predicted traf­
fic for 1980 was used, the average error of pred ic­
t ion was also below the error in the Turnpike budget 
estimates. Results are similar for both the linear 
and log-linear models. 

The comparison of errors described here is in 
terms of real (1967i dollars. In practice, fore­
casts of the rate of inflation are also uncertain, 
so budget forecasts in current dollars have an addi­
tional source of error. For 1980, however, a simple 
quadratic projection of the FHWA MOC to 1980 re­
sulted in a negligible error, and the errors re­
ported here would be similar for real or current 
dollar forecasts. 

CONCLUSIONS 

This paper has discussed the possible uses of sta­
tistical cost functions, described the trends that 
have occurred in routine pavement maintenance costs 
on the Ohio Turnpike over the past 24 years, and 
developed statistical cost functions for routine 
maintenance expenditures. The cost functions may be 
used to forecast expenditure in real dollars based 
on the age of the pavement and the level of traffic 
on the roadway. The linear and log-linear model 
forms gave comparable results. 

In addition to traffic levels and pavement age, 
there are numerous other factors that influence the 
level of maintenance expenditure. However, several 
validation exercises suggest that the simple cost 
function may be adequate for many managerial pur­
poses. When used to predict expenditures on a sec­
t ion of the Ohio Turnpike and to forecast expendi­
tures on all sections of that Turnpike, cost func­
tions yielded average absolute errors of less than 
10 percent. Recalibration of the model parameters 
may be necessary in applying the models to different 
roadway types or circumstances. 

Our conclusion is that statistical cost functions 
can be an effective mechanism for predicting main­
tenance costs. Highway agencies may consider ac­
tions to gather appropriate data and estimate simi­
lar models. 
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