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A power spectrum, calculated from highway elevation meas
urements, was used as a criterion for pavement condition. 
The criterion was influenced by the location, accuracy and 
spacing of the elevationmeasurements, and by the method used 
to determine pavement roughness from the variation in measure
ments. The influence of these factors on the resulting power 
spectrum was investigated, and the pavement condition criter
ion obtained from some of these spectra was compared with 
the corresponding BPR roughometer rating for certain 
highways. 

The need is shown for a standardized procedure for obtaining 
elevation measurements and for making power spectrum cal
culations, if comparable criteria of pavement condition are to 
be obtained. 

•UNDER NCHRP Project 1-2 a comparison was made of different devices for meas
uring pavement roughness (1). These included the BPR roughometer, the AASHO slope 
measuring equipment and oilier devices. In addition, it was possible to obtain eleva
tion measurements for some of the pavement sections used in this investigation. By 
using these measurements it was ·possible to calculate elevation power spectra for 
some of the test sections. 

This paper discusses the problems that are associated with the calculation of eleva
tion power spectra, and indicates the need for a standardized procedure in making such 
calculations, if the results of different investigators are to serve as valid criteria of 
pavement condition. Many arbitrary decisions have to be made when elevation meas
urements are collected and when power spectra are calculated from these measure
ments. Consequently, there can be a wide difference in results obtained by different 
investigators using the same set of elevatiorl measurements for a selected pavement. 
It is the purpose of this paper to indicate how this situation can occur. 

WHY CALCULATE AN ELEVATION POWER SPECTRUM? 

Elevation measurements made with sufficient accuracy will reveal the roughness of 
a selected pavement section. If a power spectrum calculation is then performed using 
these measurements, a curve will be obtained similar to one of those shown in Figure 1. 
This curve will indicate pavement roughness and the extent to which various wavelengths 
in the pavement contribute to the roughness. 

Roughness is indicated by the area under the curve. If the elevations are measured 
in feet, the area will have the units of feet squared. This is because the area represents 
the mean square value of the variation in the pavement profile. 

The units associated with the horizontal and vertical axis of an elevation power 
spectrum curve require a brief explanation. Instead of plotting the values of wave
length in feet per cycle along the horizontal axis as might be expected, it is mathematically 

Paper sponsored by Committee on Pavement Condition Evaluation. 

166 



.-4 
0 . 

I 
\~ 
~ 

l 
Indiana State Highway No. 26 

-·-·- 50 rt, 
--- 100 ft, 
--- 200 ft, 

\ -"-··- 300 rt, 
I 

\ 
1 

\ 
I 

\ 
\ 
\ 

\ 

' ' \.\ 
n i.:: "" 

I\ \ , \ \/\'\ 
I \ \;l\.t, 

2 mav • .000039 rt2 mav • .000510 rt2 mav • .001486 rt2 
mav • .005050 rt 

I . "'\~ 
g \ - '\/ '·" ,A.. ·" "-. " ~ \ v'vv~'\A . .\ 

\ \ "' "~· • °' ... \jr'v~· . I ."\ \ " , . . \ I "\ /' 
\ -"'' \" ,. 

\ ,. ', /'-, 
·~ .J . (\, 

0 .1 .2 .3 .4 .5 
Prequenoy - 01olea/ft 

Figure 1. 1 llustrption of elevation power spectra with different lengths of Secosq. 
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more convenient to plot the reciprocal of this quantity, which is a distance-based fre
quency having the units of cycles per foot. Long wavelengths are associated with low 
frequencies and are found close to the origin indicated on the curves. Short wave
lengths are associated with high frequencies and are found further to the right. The 
wiits of the vertical a.xis are feet squared per cycle per foot. H any two arbitrary 
frequencies (or wavelengths) are selected, the area under the power spectrum bounded 
by these frequencies will represent the contribution to the total mean square roughness 
made by this range of frequencies. The power spectrum thus describes the condition 
of the pavement, and the pavement roughness indicated by the power spectrum should 
correlate highly with other indications of pavement roughness. 

An elevation power spectrum has another property that makes it valuable to inves
tigators. It is theoretically possible to use the power spectrum with appropriate vehicle 
characteristics to predict the performance of the vehicle on the highway. Therefore, 
it has been possible to predict the vertical acceleration of a vehicle moving over a 
selected highway as well as to predict the dynamic tire forces (~) generated between 
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the vehicle and the highway. Other investigators have descr ibed aircraft runway con
ditions in terms of eleva tion power spectra (3) and have predicted the behavior of air
craft (4) on these runways. The use of an elevation power spectrum as an input for 
predicting vehicle behavior makes it a very attractive highway characteristic. 

If a highway elevation power spectrum is available, it would be possible to establish 
speed limits based on the maximum desired acceleration in the vehicle or on the maxi
mum permitted forces between the wheels of the vehicle and the highway. Potentially, 
the elevation power spectrum is extremely useful. 

PROBLEMS IN CALCULATING AN ELEVATION POWER SPECTRUM 

Although pavement roughness will be indicated by a variation in the elevation meas
urements, not all of the variation in the elevation measurements will be due to rough
ness. Elevation measurements made on a perfectly smooth highway having an inclined 
grade line will vary, but none of this variation can be attributed to pavement roughness. 
One of the most important fundamental problems encountered in calculating a highway 
elevation power spectrum from elevation measurements is that of determining the 
amount of variation in the elevation measurements that is due only to roughness in the 
pavement profile. 

If the elevation power spectrum is a criterion of pavement condition, it must corre
late highly with other criteria used for this purpose. Whatever procedure is used for 
calculating the elevation power spectrum should thus yield a result that will be closely 
related with any other valid measurement of pavement condition. 

Another problem of considerable importance is that of determining the accuracy 
with which suitable elevation measurements must be made. In addition, the spacing 
of the elevation measurements along the highway will also influence the final results. 
Valid decisions must be made relative to the collection of the elevation measurements. 

Because it is not possible to survey a highway for its entire length, it is necessary 
to select a representative section from which conclusions can be drawn concerning an 
appreciable length of the pavement. Another problem involves the statistical signifi
cance of the section of pavement that is measured relative to a much longer length of 
the same highway. 

DETERMINING PAVEMENT ROUGHNESS FROM ELEVATION MEASUREMENTS 

Figure 2 indicates the original grade line of a highway and the present highway pro
file. Assuming that the original highway was perfectly smooth, Figure 2 indicates that 
a change has occurred in the highway profile. The effect of this change has been to 
increase the roughness of the pavement. A measure of the present highway roughness 
is indicated by the values Xi which repr esent the deviation of the present highway pro
file from the original grade line. Unfortunately these values cannot be measur ed di
rectly since an elevation survey ·would yield only the elevation measurements indicated 
by Yi. The fundamental problem encountered is that of computing the deviations~ 
from the elevation measurements Yi. It is here that the element of judgment is involved, 
and different investigators have approached this problem using different techniques. Be
cause of this, different investigators may obtain different values of Xi from the same 
set of elevation measurements. As a consequence, different power spectra will result 
even though the same set of elevation measurements is used at the beginning of the 
calculation. 

One approach is to estimate the grade line of the highway from the elevation meas
urements, and to assume that deviations from this line are due to pavement roughness 
(Fig. 1). A 3000-ft length was surveyed by taking elevation measurements at 1-ft in
tervals. It was apparent from this survey that the grade line was not a simple curve. 

Consequently, the highway was divided into 300-ft subsections. For each subsection, 
a second-order curve was fitted through the elevation measurements using a least
squares curve fitting technique. The grade line of the entire highway section was thus 
approximated by ten second-order curves. To obtain the deviations indicated by Xi 
(Fig. 1), the corresponding ordinate of the second-order curve was subtracted from 
each elevation measurement. 
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A detailed procedure for calculating a power spectrum is given elsewhere (5) and 
will not be repeated here. When this procedure is used to calculate a power spectrum 
from the values of Xi obtained using 300-ft highway subsections, the result is as shown 
in Figure 1. The area under the curve is indicated by the letters "msv" and is equal 
to 0. 005050 ft squared. (In Figure 1 and subsequent figures , the term "Secosq" is an 
abbreviation for second-order curve fitted through elevation measurements using a 
least-squares curve fitting technique.) 

If a larger number of smaller subsections is used, different values of Xi will be ob
tained. The effect of using subsections varying from 50 ft to 300 ft in length is shown 
in Figure 1, together with the corresponding areas under the respective curves. 

If the use of a second-order least squares curve is accepted for establishing the 
grade line of the highway from the existing elevation measurements, the problem of 
selecting a suitable subsection for establishing the grade lines still remains. Figure 1 
shows that different subsection lengths will give different elevation power spectra. A 
highway that is 3,000 ft long will have a different elevation power spectrum if an anal
ysis is based on 30 subsections of 100 ft each as compared to 10 subsections of 300 ft 
each. Using 50-ft subsections shows a marked difference when compared to 300-ft 
subsections. 

Another technique for obtaining the deviations Xi makes use of a running mean (6). 
Elevation measurements from i - n to i + n are averaged to obtain the mean value over 
the s ubs ection established by n (us ually 51 ft). This mean is subtracted from Yi to ob
tain Xi. The index i i s increased by unity and the process is repeated, making use of 
a new elevation m easurement a nd discarding one previously used. 

Because this procedure for obtaining values of Xi is considerably different from the 
procedure employing a second-order base line , different values of Xi will be obtained 
for the same length of highway and a different power spectrum will be computed. For 
the same length of highway, Figure 3 shows the power spectrum using the two different 
methods for obtaining Xi. Different methods of processing the same elevation meas
urements yield different elevation power spectra for the same highway. 

Because the area under an elevation power spectrum curve represents the mean 
square value of the roughness of a highway as meas ured by the deviations Xi , these 
areas for the same highway are compared using different lengths for both the r unning 
mean and the second-order base line. Figures 1 and 3 show that the greatest differ
ences in the ordinates of these curves occur very close to the origin. This has 
prompted some investigators to suggest that the effect of the long wavelengths in the 
highway be omitted when a comparison of the areas under various elevation power 
spectrum curves is made (7 ). The magnitudes of the wavelengths thus eliminated in 
such a comparison are shown in Figure 3 by the distance from the origin indicated by 
the arrows as the first frequency band. 

For the same highway, a series of elevation power spectra were calculated using 
different subsection lengths for both the running mean and the second-order base line 
to obtain sets of deviations. The areas under the corresponding power spectrum curves 
were then determined with and without the first frequency band (or the long wavelengths). 
The results of these calculations are shown in Figure 4. The second-order base line 
is indicated by Secosq and a running mean is indicated by "Rmean." If the total area 
under the respective curves is used, the symbol (0-M) is i ndicated, while the elimina
t ion of the first frequency band is indicated by (1-M). The fo ur curves (Fig. 4) rep
r e sent the cor r esponding ar eas under t he respective elevation power spectrum curves 
using both the running mean and the second-order base line of different lengths, with 
and without the area contributed by the first frequency band. 

If either procedure is used for determining deviations, different results will be ob
tained depending on the subsections of highway employed for the respective data pro
cessing procedures. Moreover, as would be expected, there is variation between the 
two procedures for the same subsection of highway. One notable exception occurs at 
a length of 50 ft, where essentially the same result is obtained whether a second-order 
least square base line is employed or whether a running mean is used. 

These results indicate that different techniques for calculating the deviations ~ will 
give different power spectra. Moreover, varying the subsection of the highway employed 
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when using either method will give a variation in the results. Figures 1, 3, and 4 thus 
show that a standardized procedure must be employed for computing the deviations if 
different investigators are to obtain the same results from the same set of elevation 
measurements. 

CORRELATION WITH OTHER CRITERIA OF PAVEMENT CONDITION 

If the area under the elevation power spectrum curve represents the mean square 
roughness of the highway, it should correlate highly with other criteria of pavement 
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condition. In other words, whatever procedure is used to obtain the deviations Xi from 
elevation measurements should result in areas under the respective power spectrum 
curves that would be large for rough highways and small for smooth highways. There
for e , these areas are compared with the corresponding BPR roughometer readings for 
the highways in question. 

In Figure 5, the roughometer ratings are indicated on the horizontal axis and the 
areas of the respective power spectrum curves are on the vertical axis. Five highway 
sections are included and for each section the elevation power spectrum was computed 
using both the running mean and the second-order least squares grade line to obtain 
the values of Xi. The corresponding areas were obtained under these curves with and 
without the contribution made by the first frequency band 

Figure 5 indicates that a reasonably good relationship exists between the area under 
the power spectrum curve and the corresponding roughometer rating when the running 
mean is employed. Unfortunately, this comparison is distorted because the results of 
using a 51-ft running mean are compared with those obtained using 300-ft subsections 
for the second-order grade line. The fact remains, however, that deviations computecl. 
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using the shorter length of highway give better results. Including the effects of the 
first frequency band has relatively little effect. 

As it was possible to measure the dynamic tire force of a passenger vehicle operated 
over the highway sections, the areas under the power spectrum curve were compared 
with the root mean square value of the dynamic tire force. It has been shown (8) that 
the dynamic tire force is related to the roughness of the pavement, and that under cer-
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tain conditions the dynamic tire force and the roughometer ratings have a very 
high correlation. 

Again using a 51-ft running mean gives a somewhat better relationship between the 
areas under the resulting power spectrum curves and the tire force measurements. 
Both curves in Figure 6 indicate that the area under the power spectrum curve is rela
tively insensitive to an increase in the dynamic tire forces at larger values of force. 
This is unsatisfactory, because generally a rough road will produce much higher forces 
than an average road. 

If the appropriate vehicle characteristic is available, it is possible to take the dy
namic tire forces and to work backward to determine the· highway elevation power 
spectrum actually experienced by the vehicle. The technique (9) has been discussed 
previously and will not be repeated here. The result is to obtain a description of the 
highway as experienced by the vehicle. Therefore, this description is compared with 
the elevation power spectrum calculated from elevation measurements (Fig. 7 ). The 
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elevation power spectrum was calculated from a set of elevation measurements using 
three different procedures for determining the deviations, two of which have just been 
described. The elevation power spectrum experienced by the vehicle is also plotted as 
shown (Fig. 7 ). In making this calculation, it was necessary to apply the appropriate 
vehicle characteristic to the dynamic tire forces from which the experienced elevation 
power spectrum could be determined. 

Figure 7 also indicates differences in the elevation power spectra computed from 
elevation measurements using the three different procedures. The big difference, 
however, is between these three curves and the elevation power spectrum experienced 
by the vehicle. All methods for computing the elevation power spectrum from elevation 
measurements consistently overestimate the contribution to the roughness made by 
shorter wavelengths in the highway. 

Ideally, the elevation power spectrum computed from elevation measurements should 
be identical with the elevation power spectrum experienced by the vehicle. Figure 7 
shows that this situation does not exist. 

Actually the difference in the area in the high-frequency region between the three 
computed curves and the elevation power spectrum experienced by the vehicle is very 
small since a logarithmic plot is used for the ordinates. The difference is significant, 
however, if the elevation power spectrum, computed from elevation measurements, is 
used to predict the tire forces produced by the vehicle. This is because the vehicle is 
extremely sensitive to the shorter wavelengths (higher frequencies) and hence this dif
ference is magnified when a power-spectrum curve determined from elevation meas
urements is used to predict vehicle performance. 

CONDUCTING HIGHWAY ELEVATION SURVEYS 

When a highway-elevation survey is conducted, it is necessary to select the distance 
that will be used between adjacent elevation measurements. This distance influences 
the power spectrum calculations. The profile of the highway includes a wide range of 
wavelengths. To determine the effects of short wavelengths in the highway profile, it 
is necessary to have elevation measurements that are spaced relatively close together. 

The effect of shorter wavelengths in the highway profile cannot be ignored by simply 
increasing the distance between adjacent values of elevation. If this is done , it will 
give rise tp a condition known as "aliasing," in which the contribution to the roughness 
of the shorter wavelengths will be erroneously attributed to the longer wavelengths in 
the pavement profile (Fig. 8). 

Figiu-e 8 shows two power spectra. For both curves, the deviations Xi were ob
tained by using a 51-ft running mean. The elevation power spectrum curve (solid line) 
indicates the results obtained when elevation measurements were made 1 ft apart. 
The other curve (broken line) is the power spectrum calculated from elevation meas
urements 2 ft apart on the same highway section. 

The greater spacing of the elevation measurements did not make it possible to re
solve the shorter wavelengths of the highway, and thus this curve does not extend as far 
along the horizontal axis as does the other. In many places the ordinates of the broken 
curve are larger than those of the solid curve, and the total area under the broken 
curve is considerably greater than that under the solid curve. By simply varying the 
distance between adjacent elevation measurements, a considerably different power 
spectrum is obtained for tli.e same length of highway. 

The accuracy with which the elevation measurements are made also influences the 
resulting power spectra (Fig. 9 ). Here "1 Significant Figure" indicates that the devia
tions were calculated to the closest tenth of a foot, while "2 Significant Figures" indi
cates that the deviations were calculated to the nearest hundredth of a foot. Figure 9 
shows considerable difference between power spectra calculated from data accurate to 
a tenth of a foot and data accurate to a hundredth of a foot. The curve shows relatively 
little difference between data accurate to a hundredth of a foot and data accurate to a 
thousandth of a foot, but this is misleading. This slight difference is because it was 
not possible to obtain data that were accurate to within a thousandth of a foot due to the 
manner in which the elevation measurements were made. This curve indicates that an 
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appreciable difference in both the ordinates and the area of the power spectrum curves 
will occur for different degrees of accuracy employed in making elevation measurements. 

When power spectrum calculations are made it is usually asswned that the data 
describe a stationary random process. In applying these calculations to highway eleva
tion data this means that there should be no change in the statistical properties from 
one section of a highway to another. If this is so, the power spectrum calculated for 
the first half of a surveyed highway section should be identical with that calculated for 
the second half of the same section. In some cases this has been reasonably true, but 
this condition is not always satisfied. 

For example, elevation measurements were taken at 1-ft intervals for a distance of 
1,330 ft along a selected highway. Two elevation power spectra were calculated, one 
for the first half of the highway, the other for the second half (Fig. 10). 'l'here is con
siderable variation in the ordinates of these curves and a difference in area of ap
proximately 3 to 1. 

Figure 10 shows that a power spectrum calculated for the first half of a highway 
section will not always represent the second half. Inasmuch as it is impossible to 
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Figure l l. Power spectrum obtained from truck-mounted profi lometer. 

survey highways over their entire length, it is necessary to establish some type of 
averaging procedure which will yield statistically significant results for a long length 
of highway when a smaller length is taken as a representative sample. 

SIMILAR PROBLEMS WHEN SPECIAL INSTRUMENTS ARE USED 

The problems of calculating elevation power spectra from elevation measurements 
obtained by rod and level surveys have been discussed. Similar problems are encoun
tered, however, when special instruments are used to measure a highway profile. Al
though certain parameters are built into these instruments, this should not be allowed 
to obscure the still important problem of selecting appropriate values for these parameters. 

A truck-mounted profilometer was operated over several test sections during this 
investigation. For one of these sections, the power spectrum was computed from 
elevation measurements using the techniques previously described. In addition, a 
power spectrum was calculated from the data obtained from the truck-mounted profilometer. 
Figure 11 compares these two power spectra. 
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A greater amount of periodicity is indicated in the power spectrum obtained from 
the profilometer than that calculated from elevation measurements. However, the 
data from the profilometer give a more accurate representation of the power in the 
shorter wavelengths when the power spectrum is compared with that experienced by 
the vehicle (on another highway) (see Fig. 7). It thus appears that in the high-frequency 
region, the data from the profilometer more accurately represent the highway profile 
as experienced by the vehicle than do the data from elevation measurements. 

In addition to the truck-mounted profilometer, a special servo-seismic system using 
electronic means for measuring the highway profile was also operated over various 
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Figure 13. Power spectrum obtained from servo-seismic system (90-ft filter). 

highway sections. It was possible to select the maximum wavelength that the system 
would include in the highway profile description. 

Figure 12 compares the power spectrum calculated from elevation measurements 
with that calculated from data procured with the servo-seismic system with a 600-ft 
maximum wavelength. Because this wavelength was greater than that permitted in the 
calculation of the power spectrum from elevation measurements, there are corre
spondingly larger values for the ordinates of the power spectrum from the servo-seismic 
system in the long wavelength region. 

The effect of varying the maximum permissible wavelength in the profile descrip
tion is interesting. In Figure 13, the maximum wavelength was set at 90 ft; the corre
sponding power spectrum from this description is shown by the solid line. Here the 
ordinates in the long wavelength (low frequency) region are less than those computed 
from elevation measurements. 

Figures 12 and 13 indicate the basic problem encountered whether elevation meas
urements or electronic devices are used to measure the highway profile. The results 
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depend on the arbitrary selection of the maximum wavelengths permitted in the descrip
tion of the highway profile. 

Describing a highway profile in terms of elevation measurements is an extremely 
time-consuming and costly process. It is encouraging to see a reasonably close ap
proximation to the power spectrum obtained from elevation measurements, with the 
power spectrum obtained using either the truck-mounted profilometer or the servo
seismic system. 

It appears as if an economical method for analyzing highway profiles must ultimately 
depend on some type of electronically instrumented procedure. In the design of such 
a system, however, many of the problems involved in calculating elevation power spectra 
from elevation measurements will still be encountered. A satisfactory design will 
require careful consideration of these problems. 

CONCLUSIONS 

A power spectrum, calculated from elevation measurements, depends on the section 
of highway that is surveyed, the accuracy and spacing of the elevation measurements, 
and the method employed to determine the pavement roughness from these measurements. 

A standardized procedure covering data collection and analysis must be used if the 
same criterion of pavement condition is to be obtained by different investigators study
ing the same pavement. 

Those who are concerned with the spectral analysis of pavement profiles need to 
establish a suitable procedure that will give a valid criterion of pavement condition. 
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