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the trailing arm to the frame of the car in the 
standard profilometer. Such high-frequency vibra­
tions produce some error in the double integration 
of the vertical acceleration. This problem can be 
avoided by using noncontact probes. 
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Estimation of Pavement Loading from 

Limited Vehicle Volume Sampling 

A. T. PAPAGIANAKIS and A. T. BERGAN 

ABSTRACT 

A method is described for the approximate evaluation of pavement loading (i.e., 
EAL repetitions) from limited vehicle volume sampling. EAL repetition and truck 
volume data obtained from a weigh-in-motion (WIM) scale are analyzed. A time 
series model is fitted to the number of daily EAL repetitions. Strong seasonal 
trends are proven for the bi-hourly traffic volumes of five-axle semitrailer 
trucks during a period of 1 week (84 bi-hourly time spans). As a result, the 
daily traffic volumes of five-axle semitrailer trucks can be approximately de­
termined by sampling five-axle semitrailer truck volumes for several hours 
only. Total daily EAL repetitions can be calculated from the daily volumes of 
the five-axle semitrailer trucks by multiplying by appropriate factors. The 
method of calculation of accumulated EAL involves the evaluation of EAL repeti­
tions for several consecutive days and, subsequently, use of a regressive time 
series model developed to calculate future EAL repetitions. 

,Most highway agencies in North America use traffic 
volume and vehicle weight data as an essential input 
for their pavement management systems. Vehicle traf­
fic volumes are obtained by sampling the number of 
vehicle axles through a highway network: axle load 
data are evaluated by sampling heavy trucks using 

static weigh scales. Traditiona l ly, pavement load­
ing, indexed by equivalent axle loads (EALs), has 
been predicted on the basis of vehicle traffic vol­
umes, percentage of heavy trucks, and "weighted" EAL 
factors representative of the truck population in a 
jurisdiction (!_,pp.1-5; ~). This method of evalu-
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ation of pavement loading is not only fairly crude 
but also extremely inefficient in terms of labor and 
delay costs. Pavement planning design and management 
require more accurate and efficient data collection 
systems. 

Recent progress in weigh-in-motion (WIM) technol­
ogy made WIM scales suitable for nonstop axle load 
data recording (lril· Today WIM scales operate suc­
cessfully in many sites across the United States, 
Canada, and Britain, recording axle load data on a 
continuous basis (5,6). The cost associated with WIM 
scales, however, is- relatively high and precludes 
their installation at every point of interest in a 
highway network. Various alternative systems based 
on a limited number of WIM scales have been pro­
posed. These systems provide estimates of axle load 
data from pertinent vehicle character is tics such as 
vehicle classification or vehicle length (J_, 
p.III-1). However, the issue of hardware costs 
arises again when the classifier and monitor site 
required are considered. 

In this paper the idea of estimating pavement 
loading from limited vehicle volume sampling using 
statistical methods is presented. The analysis is 
based on time series modeling of historic traffic 
volume and axle load data obtained using a WIM 
scale. The WIM scale data are also processed to ob­
tain representative figures of pavement loading 
caused by various vehicle classifications. 

The analysis is divided into four parts. First, 
background information is presented related to the 
pavement loading caused by various vehicle classifi­
cations. Second, a time series model is developed to 
fit total daily EAL repetitions. Third, strong sea­
sonal trends are proven for the hourly traffic vol­
umes of five-axle semitrailer trucks. Fourth, infor­
mation from the previous steps is combined into an 
approximate method for EAL estimation. Finally, the 
proposed methodology is summarized and suggestions 
for its further refinement are discussed. 
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BACKGROUND: WIM DATA AND PROPOSED METHODOLOGY 

The WIM data are obtained from a scale located in 
the outside eastbound lane of I-494 in the outskirts 
of Minneapolis, Minnesota. The WIM scale has been in 
continuous operation since June 1981. Data from this 
particular site have been previously presented and 
their general applications discussed (6,7). The fol­
lowing discussion focuses on represent;;tive EAL fac­
tors and the proportion of pavement loading caused 
by various vehicle classes. 

The vehicle classification system adopted dis­
tinguishes 13 vehicle classes on the basis of axle 
number and spacing (Table 1). EAL factors for indi­
vidual vehicles are calculated from axle loads using 
the EAL versus axle load relationships proposed by 
the Asphalt Institute (!!_,p.161). Daily EAL repeti­
tions are calculated by summing EAL factors of indi­
vidual vehicles. Table 1 gives statistics on EAL 
factors, EAL repetitions, and truck populations for 
the various vehicle classifications. It can be seen, 
for example, that five-axle semitrailer trucks have 
a mean EAL factor of 0.983, they are responsible for 
65 percent of the pavement loading caused by the 
total truck population, and they comprise 35 percent 
of the total truck population. 

The large number of vehicles sampled suggests 
that the mean EAL factors computed are fairly repre­
sentative indexes of the pavement damage caused by 
individual vehicle classes. The standard deviation 
of the mean EAL values, however, suggest a fairly 
large variability in the EAL factors of a given ve­
hicle class, if a normal distribution of EAL factors 
is assumed. Fortunately, this is not the case. Fig­
ures 1 and 2, respectively, show frequency distribu­
tion of EAL factors for vehicle Class 4 (i.e., 
three-axle straight) trucks and Classes 8, 9, and 12 
(i.e., 97 percent five-axle semitrailer) trucks. 

These are approximately F-distributions with the 
largest population of trucks concentrated around the 

TABLE 1 Representative EAL Factor Statistics, June 1981 to Jwie 1982 

STANDARD COEFFICIENT RELATIVE 
VEHICLE VEHICLE DEVIATIQ!'>l OF VllRI/\TION % NO.OF 

TRUCK 
EAL % TOTAL EAL 

CLASS DESCRIPTION EAL OF MEAN EAL OF MEAN E~L VEHICLES POPULATION 
REPETITIONS REPETITIONS 

1 Passenger Vehicle 0.00 4,243,972 

w/trailer 0.00 59,386 

J 0 0 0.123 0.033 26 . 80% 163,453 41. 20% 20,105 9. 54% 

t 0.639 0.115 18.15% 40,387 10.18% 25,807 12.29% 0 00 

+ 1. 932 0 .997 5 1.60% 2,183 o.55% 4. 218 2.00% 0 000 

0 
0 + 0 0.133 0.097 72 . 90% 18,249 4. 60% 2' 4 28 1.15% 

0 00 0 0.304 0.066 21.71% 21,307 5 . 37% 6. 4 77 
::=:::::=.. < o*o 

3,28% 
0 0 0.191 0 . 301 157 . 80% 2,353 0. 59% 449 

t o*o 0.983 0 . 184 18. 7 2% 138,274 34. 85% 135, 923 64.47% 0 00 

0 + 00 0 0 1. 741 0 . 517 29 , 69% 2' 7 88 0.70% 4,854 2.30% 

0 o*o o!o 0.867 0 . 352 40.62% 3,497 0.88% 3,032 

< 
0 o!o oto 1. 4 26 62 0,00% BB > 10 + 2. soi 
0 0 000 0.165 0 .118 71 .)4 % 251 0.00% 41 

0 o!o 0 0 1. 820 1, 16 3 0, 29% 2,117 

11 0 o!o o!o 3.984 32 0 . 00% 128 o .ooi 

0 0 0 0 0 6. 47 5 211 0 . 00% 1,366 
12 < oto 0 . 00% 

~ 0.66~ 
0 0 0 0 0.106 24 3 26 

13 Other 1. 642 1. 2 9 7 8. 51% 2,303 0.60% 
~ 1. 79% 

210,841 
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low EAL factor values. Nevertheless, the calculated 
mean EAL factors could be regarded as representative 
only for large vehicle populations. 

Estimation of pavement loading, that is, EAL rep­
etitions, is accomplished by sampling traffic vol­
umes of one vehicle class only. The vehicle class 
selected for sampling should have a relatively low 
population and be responsible for a large fraction 
of the pavement loading. It comes as no surprise 
that Vehicle Class 8 (i.e., five-axle semitrailer 
trucks) is the most suitable f or this purpose. 

Calculation of the total EAL repetitions from the 
EAL repetitions estimated for the Class 8 vehicles 
is accomplished by applying an appropriate factor. 
Considering the data given in Table 1, the number of 
EAL repetitions from five-axle semitrailer trucks 
must be multiplied by 1/0. 644 7 to yield the total 
number of EAL repetitions. A detailed outline of the 
method of estimation is included at the end of the 
presentation. 

DAILY EAL REPETITIONS AND TIME SERIES MODELING 

Analysis of the total daily EAL repetitions experi­
enced at the site reveals interesting trends. In 
Figure 3, the total daily EAL repetitions are 
plotted versus the day of the week for a period of 2 
typical summer months and 2 typical winter months. 
The general trend observed here is seasonality; that 
is, the number of daily EAL repetitions has a weekly 
pattern that is more or less repeated week after 
week. 

To verify the seasonal trend visually detected, 
daily EAL repetition data were analyzed using the 
computer program IDA (9). The autocorrelation func­
tion and the partial ~utocorrelation functions of 
the daily EAL data are shown in Figures 4 and 5, re­
spectively. Indeed, the autocorrelation function 
shows a definite pattern with pronounced spikes at 
gaps of 7, 14, 21, and so forth. This shows clearly 
a seasonal pattern with a period of 7 days. The par-
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0 JAN 4 '82 TO MAR I '82 ( 2 TYPICAL WINTER MONTHS l z 
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FIGURE 3 Total daily EAL repetitions for 2 summer and 2 winter months. 
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S, E, 
!iUTO- RANDOM 

Of:DER CORR, MODEL -1 - , 75 - , ~O - , 25 .25 .50 ,75 tl ADJ,B-P 

0.187 0.052 
-0.032 0.052 
-0.151 0.052 
-O.t51 0.052 
-·0,054 0,052 

0, 426 0.052 
0.801 0.052 
0.415 0.052 

Q -0.048 0.052 
10 -0.155 0.052 
11 -0.153 0.051 
12 -o. 066 0.051 
Ll 0.:189 0.051 
jq 0.779 0.051 
15 0.388 0.051 
16 ··0.069 0.051 
17 -·0,173 0.051 
18 -0.179 0.051 
19 -0.081 0.051 
20 0.351 0.0~;1 

21 0.717 0.051 
22 0.370 0.051 
;>3 -0.067 0.051 
24 -0.17•1 0,051 
25 -0.179 0.050 
26 -0,098 0,050 
27 0.337 0.050 
28 0.713 0.050 

:---- :---- :----: ----: ---- :----: ----: ---- ! 
+ : + 
H: t 

H : t 
*+ : + 
u: 
+ + 
+ : + 
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H: t 
*+ : + 
u: + 
+ + 
+ : + 
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H: t 

H 

* + 
* + + 
+ + 

u: + 
H + 

* + + 
* + + + 

: ---- !----:----: ----: ---- :----!----: ---- ! 
-I -.75 -.50 -.25 .25 .50 ,75 tl 

: nLJTOrQRRELATXOHS 
: 2 STANDARD ERROR LIMITS <APPROX.) 

86 .90 
87 .28 
95. 70 
104.2 
105.3 
172.9 
414 .2 
478.6 
479 ,4 
488. 4 
497. 2 
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556.2 
787 .4 
844. 8 
846.6 
858.1 
870.5 
873 .3 
920. 8 
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1174. 
1176. 
1188. 
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1204. 
1249. 
1450. 

FIGURE 4 Autocorrelation function of the daily EAL repetitions. 
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-0. 0339 
0.!167 
0. 3393 

-0 .1950 
-0. 0294 
-0.0191 
-0. 0622 

0 .03BO 
-0' 0441 
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-0.0164 
-0.0120 
0.0179 

-0. 0270 
0.0103 

27 0.0664 :* 

* 

28 0.1301 * 

* 
* 

FIGURE 5 Partial autocorrelation function of the daily 
EAL repetitions. 

tial autocorrelation function has a damped-sine 
shape indicating an autoregressive process. 

The observed trends allow the time series model­
ing of the daily EAL data. A seasonal autoregressive 
process of Order 2 is selected. The coefficients of 
the model are determined by a Box and Jenkins scheme 
(10) performed by IDA. The mathematical equation 
best fitting the data was selected to minimize the 
residual sum of squares of the prediction errors 
(£) is 

EA11J = 118.0 + 0.50 EALo-7 + 0.34 EALo-14 + £ (1) 

where 

EALo EAL repetitions of day D to be 
determined; 

EALo-7,EALo-14 EAL repetitions of same day for 
the 2 previous weeks, respec­
tively; and 
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e = prediction error with a mean 
value equal to zero; the standard 
deviation of £ for the specific 
set of data is equal to 204 EAL. 

The regressive form of Equation 1 provides a 
means of calculating daily EAL repetitions provided 
that initial EAL values are known for each day for 
the previous 2 consecutive weeks. The prediction er­
ror (£), which has a mean value of zero, is of 
minor importance in the prediction process. This is 
because the ultimate goal in predicting daily EAL 
repetitions is their accumulated number rather than 
the accuracy of the individual predictions. 

The degree of accuracy of the proposed time se­
ries model is given in Table 2, in which the actual 
daily EAL repetitions, their predicted values, and 
the prediction errors are tabulated. Table 2 also 
gives a comparison of the actual accumulated EAL 
repetitions and the predicted accumula tea EAL repe­
titions. For a sum of 30 observations the difference 
is close to 10 percent. Furthermore, the autocorre­
lation function of the prediction residuals (Figure 
6) shows no definite pattern. This illustrates the 
randomness of the prediction error and suggests the 
suitability of the proposed methodology. 

TABLE 2 Actual Versus Fitted Daily EAL 
Repetitions 

ROW EAL 
I t 8'?3, 00000 

B50.0000<) 
942. 00000 
BRO, 00000 
7~2 .00000 
179 .00000 

~ t 20B, 00')00 
959 .00000 

• 9 I I 11 !. OOOOf• 
10 J B00,00000 
II I ~·43.00000 

1~ 190 t 00000 
13 • 8~.00000 

11 109.00000 
j 5 738. 00000 
I/, ~ 7.>6.00000 

• 17 t 0 ?8.00000 
t 18 I \lid .00000 

19 t l?J0.00000 
·<o I 19,00000 

• '.'I • '.'04.00000 
• 2: 1022 .00000 
i ·.'3 I 878. 00000 
• ?1 l 767.00000 

25 I I 054 , 00000 
?t. ! t 0~5. 00000 
'.'7 ' .182. 00000 

:i ?A :, 21>2.00000 
t 29 1395. 00000 
' 30 s 957. 00000 

SUM 21389.00 

BOXFIT ERRORS 
810.99322 B2.00678 
826.~~~89 ?3.7~6.11 

796.85158 1'!5.11!8'12 
710,16001 169.61396 
o5R.75.H8 163.24852 
7"7 .. \1560 -13B.61560 
30B.6817B -100.6817B 
835.9351:1 123.0.\457 
~24. 69?01 2B6. 30299 
850, 18168 -50. 38468 
779 .13J09 -236. 13309 
i'.3(. 16207 -412' 46207 
:'23,00575 -13B.00575 
~78.71132 -l.'-i9.71132 
877.72121 -139.72121 
939.10177 -173.10177 
814.BB065 163.!l935 
,\63,?9818 195.70152 
~35 .074B4 794. 92516 
180.91880 -6!.919BO 
219.B0966 -15.80966 
789' i'.6012 212. 3~958 
8~·5 I 3419R 2:2. 65802 
R55, 60048 -RB, 60048 
859. 71928 
774, I 9631 
J B'.'. 98861 
233 .. 11936 
R56, 52019 
791.03951 

19022.00 

194 .28072 
280 .B0349 
199' 01139 

?8. 35064 
538.47981 
162. 96046 

2367.00 

PREDICTION OF DAILY EAL AND TRENDS IN 
HOURLY TRUCK VOLUMES 

The analysis presented so far demonstrates the need 
for actual prediction of EAL repetitions for several 
consecutive days. It will be shown that it is possi­
ble to obtain this information from a limited vehi­
cle volume sampling. To develop a methodology for 
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S.E. 
AUTO- RANDOM 

OR!•ER rDRR. HODEL ,-l -,75 -.SO -.25 0 .25 .50 ,75 tl ADJ,F-f' 

0,390 0.057 
0.15~ 0.057 
o.oeo 0.057 
a.to? o.os7 
0.082 0.057 
0.149 0.057 

-0 .051 0' 057 
-0.00'. 0.057 
0.025 0.057 

10 0.029 0.057 
1l 0.083 0.056 
12 0.03B 0.056 
13 -0.006 0.056 
14 -0.071 0.056 
15 ·-0.077 0.056 
16 -0.079 0.056 
17 -0.080 Q,056 
IB -0.091 0.05/. 
19 -0.051 0.056 
20 -0' 071 0' 056 
21 -0.107 0.055 
22 -0.010 0.055 
:'3 -O.OOB 0.055 
24 -0.049 0.055 
2~ -0.070 0,055 
26 -0.068 0.055 
27 0,03f1 0.055 
28 0.115 0.055 

: ---- :----: ----: ---- :----: ---- :----: ----: 

t * 
t :-t 
n: t 
• :1 t 

t * t 
+ :H 

~ : * 
+ :*t 
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n: t 

* t 
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t t. t 
H: t 
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:-- --; - . :-.-..... :- --:---- :----:----:----: 
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FIGURE 6 Autocorrelation function of the residuals e of 
Equation 1. 
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91. 73 
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this purpose, the trends in the hourly volumes of 
five-axle semitrailer trucks are studied. 

The seasonality of the truck volumes is apparent 
(Figure 7). In this case, however, the autocorrela­
tion function reveals a textbook-type example of a 
seasonal time series (Figure 8). Strong correlation 
can be seen at gaps of 84, 168, and so forth 2-hr 
periods (i.e., 84 = 12 2-hr periods x 7 days); that 
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is, the weekly pattern of the hourly volumes of the 
five-axle semi trailer trucks is repeated week after 
week. This implies that, for a given site, the dis­
tribution of the truck population within a day is 
approximately repeated week after week. Furthermore, 
for a given site, the truck traffic volume in a cer­
tain time period (e.g., 2 hr) will be approximately 
a constant proportion of the total truck volume in 
this day. A typical distribution of the number of 
five-axle semitrailer trucks for 2-hr time intervals 
is shown i n Figure 9 fo r 7 consecutive days of the 
week. Considering the seasonal trends demonstrated, 
the distributions shown in Figure 9 are assumed to 
be representative for the given site. 

Availability of representative distributions such 
as those presented in Figure 9 allows the calcula­
tion of the total volumes of five-axle semitrailer 
trucks from vehicle counts of several hours only. 
For example, the number of trucks counted Monday be­
tween 8 a.m. and 10 a.m. is 14 percent of the total 
number of vehicles on Monday. Truck volumes esti­
mated in this manner can be translated into EAL rep­
etitions by multiplying by the EAL factor represen­
tative of the truck class in question . Daily EAL 
repetitions thus obtained are used as starting 
values for the regressive model proposed (Equation 
1). The methodology is outlined and discussed in the 
next section. 

SUMMARY AND SUGGESTIONS 

The proposed method of e s timatio n of pavement load­
ing from limited vehicle volume sampling requires 
two types of data. First, information is required on 
the pavement loading caused by various vehicle clas­
sifications. An up-to-date table similar to Table 1 
must be available. This type of information can be 
effectively obtained only by a WIM scale and it is 
expected to be quite unique for a given jurisdiction 
and traffic composition. Second, information is re­
quired on the distribution of truck volumes on an 
hourly or bi-hourly basis. As explained, this infor-

'RIDAY 
12 

TIME INTffWALI 
PER DAY 

FIGURE 7 Fluctuation of hihourly traffic volumes of five-axle semitrailer trucks for 4 consecutive summer weeks. 
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AUTO- RANDOH 

ORDER CORR. HODEL -J -.75 -,50 -.25 O .25 .SO ,75 ti ADJ.~-F· 

I 0,852 Q,045 
::! 0.117R 0.045 
3 o.488 0.044 
4 0.340 0.044 
5' 0.27.1 0.014 
6 0.219 0.044 
7 0 • .197 0.044 
9 0.205 0.044 
9 0.268 o.044 

10 0.376 0.044 
II 0,479 0.044 
12 O.~IR Q,044 
13 o.424 0.044 
14 0.265 0.044 
15 0.092 0.044 
In -0,031 0.044 
17 -0.099 Q,044 
18 -0.137 0.014 
19 -0.!53 0.044 
20 -0' 153 0 .044 
:? l -0.105 0.044 
22 -0.013 0.014 
23 0.069 0.044 
24 0.103 0.044 
25' 0.031 0.044 
26 -0.073 0.043 
~7 -0.194 0.043 
~R -0,281 0,013 
:?? -o.:u1 0.043 
30 -0.327 0.043 
31 -0,31~ 0.043 
32 -0.293 0.043 
33 -0.239 Q,o-13 
3 4 -0.143 0.043 
35 -0.051 0.043 
36 -0. 009 0' 043 
37 -0,0511 0.013 
38 -0.145 0.043 
39 -0.241 0.043 
40 -0.31:1 0.043 
41 -0.333 0.043 
4;! -0.317 0.043 
43 -0,336 0,043 
41 -0.310 0.013 
•1 5 -0.246 0.043 
46 -0,152 0,043 
41 -0,05R 0.012 
48 -0' 009 0. 042 
4° -0.046 0.042 
50 -o. \33 0.012 
5 1 -(1,227 0.042 
52 -0.289 0.042 
53 -0,319 0.042 
54 -0.329 0.042 
SS -0.327 0.042 
56 -·0,303 0.042 
57 -0,?30 0.042 
58 -0.134 0.042 
59 -0,042 0.042 
M 0.02.1 0,042 
Iii -0.010 0.042 
6 -o.on 0.012 
6:! -0.133 0.04? 
64 -0.171 0.042 
6S -0,.\66 0.042 
66 -0.153 0.042 
67 -0,118 0.04? 
69 -0.071 0.041 
69 0.037 0.041 
70 0,.\80 Q,OH 
71 0.299 0.041 
7?. 0.369 0.011 
73 0.335 0.041 
74 0.256 0.041 
7:1 o . .1n •>.011 
76 0.118 0.041 
77 0.109 0.041 
78 0 • .132 0 .011 
79 0.171 0.041 
80 o.22s 0.011 
91 0.334 0.041 
ai o.·17.1 0.041 
93 0.600 0.041 
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FIGURE 8 Autocorrelation function of bihourly traffic volumes of five-axle semitrailer trucks. 
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FIGURE 9 Typical distributions of bihourly truck volumes (Classes 8, 9, and 12). 

mation is unique to a site, but it is expected to be 
fairly repetitive over time (Figure 8). 

The proposed methodology is summarized as follows: 

l . Obtain flow counts of five-axle semitrailer 
trucks for a period of 2 hr. This number represents 
a certain percentage of five-axle semitrailer trucks 
in a given day. 

2. Multiply the number of five-axle semitrailer 
trucks obtained in Step l by an appropriate factor 
(Figure 9) to obtain the total number of five-axle 
semitrailer trucks in this day. 

3. Multiply the outcome of Step 2 by a represen­
tative EAL factor for the truck category in question 
(Table l) (e.g., for five-axle semitrailers it is 
0 .983). 

4. Multiply the outcome of Step 3 by an appro­
priate factor related to the percentage of EAL repe­
titions caused by the truck class in question (Table 
l) (e.g., for five-axle semitrailers it is 1/0.6447). 

5. Use the obtained daily EAL as initial condi­
tions for Equation l. Note that the daily EAL repe­
tition of only 2 weeks is required to be computed 
through Steps 1-4 because Equation l is regressive. 
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