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A procedure is described by which a BPR roughometer is used to mea
sure pavement roughness spectra. The roughometer is modified by 
locking the frame rigidly to the axle. A spring-mass system in the 
form of a cantilever beam is attached to the roughometer. Strain gages 
mounted on the beam detect the motion induced in the beam when the 
roughometer is towed over the pavement. The signal from the strain 
gages provides the input to a special electronic circuit that gives a volt
age proportional to the ordinate of the pavement roughness spectrum 
curve after a fixed interval of time. The frequency (or wavelength) as
sociated with this ordinate is computed from the natural frequency of 
the cantilever beam and the towing velocity of the roughometer. Dif
ferent ordinates are obtained by repeating the test at different veloc
ities. The important characteristics of the mechanical and electrical 
systems are discussed. The roughness spectra of four pavements are 
included that were measured using this procedure together with the cor
responding BPR roughometer ratings. 

•IN RECENT YEARS the use of a pavement roughness spectrum for describing the con
dition of a pavement has attracted considerable interest (1). One reason for this interest 
is the fact that a pavement roughness spectrum can be used with the appropriate vehicle 
characteristics to predict certain types of vehicle behavior. It is thus theoretically 
possible to predict the vertical acceleration that the passengers in a vehicle will expe
rience or to predict the dynamic tire forces that a vehicle will exert on the highway if 
an accurate pavement roughness spectrum and the necessary vehicle characteristics 
are available. 

Because the Bureau of Public Roads roughometer has been used extensively to mea
sure pavement conditions, the question has been raised as to whether this device, with 
suitable modifications, could be used to make pavement roughness spectrum measure
ments. An investigation has indicated that this can be done, provided that certain minor 
changes are made in the roughometer and that additional mechanical and electrical com
ponents are added. This paper deals with the problems encountered in modifying the 
BPR roughometer for the purpose of measuring a pavement roughness spectrum. 

It may be helpful to briefly consider some of the problems experienced in computing 
a pavement roughness spectrum for a selected pavement. One of the most controversial 
steps is that of obtaining a suitable measurement of the pavement roughness. If a rod 
and level survey is conducted along a highway, elevation measurements in a wheelpath 
can be obtained. These measurements will be affected by the pavement roughness 
because patches, potholes, and faulting will cause more variation between adjacent 
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elevation measurements than in the case of a smooth pavement. On the other hand, the 
established grade line of the highway will also cause successive elevation measurements 
to differ (even if the pavement surface is perfectly smooth) if the highway is going up or 
down a hill. The problem therefore arises of extracting from the survey data the vari
ation in the pavement profile that is due to roughness. 

One procedure (2) in common use is to establish a running mean by taking the aver
age of several elevation measurements on each side of the elevation measurement under 
consideration. This average is then subtracted from the elevation measurement to ob
tain a deviation that is assumed to be related to the pavement roughness. A power spec
tral density analysis is then made on the deviations thus computed for a selected length 
of pavement to obtain the pavement roughness spectrum. 

Typical pavement roughness spectra are shown in Figure 1. Extensive information 
is available in the literature (3) concerning the details of the calculations required to 
compute this type of characteristic, so no attempt will be made in this paper to cover 
this procedure. 

The pavement roughness spectrum indicates the extent to which various wavelengths 
in the pavement profile contribute to the pavement roughness. The area bounded by the 
curve, the horizontal axis, and any two selected ordinates represents the contribution 
to the total mean square value of roughness that is made by the wavelengths lying be
tween the two selected ordinates. 

In discussing the profile of a pavement, it is convenient to refer to the wavelengths 
that may be present. In making a power spectral density analysis of the deviations just 
described, it is more convenient mathematically to deal with the reciprocals of the wave
lengths and to refer to them as frequencies. Normally one associates the use of the 
word "frequency" with a phenomenon in which time is a variable. In defining a highway 
profile, purely geometric quantities are used. As a result, the frequency that is used 
in connection with a pavement roughness spectrum is a distance-based frequency having 
the units of cycles per foot. This quan-
tity is actually the reciprocal of the 
wavelength and is more convenient to use 
in this type of analysis than the wave
length itself. 

The total area under a power spectrum 
curve (calculated from the deviations 
previously described) represents the 
total mean square roughness of the pave
ment in units of feet squared. The ordi
nate of the roughness spectrum is, how
ever, in units of feet squared per cycle 
per foot and, as such, represents a 
roughness density. The area between 
two selected frequencies thus represents 
the· contribution that this band of fre
quencies makes to the total pavement 
roughness . The ordinates, as such, of 
a roughness spectrum curve are of sec
ondary interest because it is theoretically 
impossible to refer to. the roughness con
tributed by only one wavelength in a 
pavement profile. 

Different investigators have used dif
ferent techniques for computing the pave
ment roughness from elevation mea
surements, and thus different roughness 
spectra can be obtained from the same 
set of elevation measurements (4). An 
example of this is shown in Figure 1 in 
which the two broken-line curves repre-
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Figure 1. Pavement roughness power spectrum curves. 
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sent two different pavement roughness spectra calculated from the same set of pavement 
elevation measurements. It would be nice to say that this problem is completely avoidecl 
when the BPR roughometer is used to measure a pavement roughness spectrum, but this 
is not true. The problem is still encountered, but in a different manner. 

The solid curve shown in Figure 1 represents the roughness spectrum actually ex
perienced by a vehicle operated over the highway in question. It is interesting to note 
that both procedures used for calculating the roughness spectrum from elevation mea
surements have overestimated the actual roughness experienced by the car at high fre
quencies. Moreover , one procedure overestimates the magnitude of the roughness 
experienced by the car at very low frequencies, whereas the other procedure under
estimates this value for the same frequencies. 

The principal attraction of the BPR roughometer for measuring pavement roughness 
spectra lies in the fad that the roughomet.er will separate the roughness of the pavement 
from variations in the grade line in much the same manner as will an actual vehicle. 
This is one of the main reasons for using the BPR roughometer for this purpose . 

FUNDAMENTAL CONSIDERATIONS 

The basic idea underlying the use of the BPR roughometer for measuring pavement 
roughness spectra can best be discussed in reference to Figure 2. In this figure a length 
of the highway profile is shown that contains a well-defined wavelength as indicated. On 
this highway is placed an ideal trailer having one wheel. In this case an ideal trailer is 
defined as one that will follow the highway profile exactly and that will introduce no nat
ural frequencies into the resulting records. On this trailer is mounted a spring-mass 
system that contains an appropriate amount of damping. Although constraints are not 
shown in Figure 2, it is understood that only vertical motion is possible for this mass. 

As the trailer is towed over this highway at the velocity V, a periodic motion will re
sult at the point at which the spring-mass system is mounted to the trailer. The fre
quency of this vertical motion will depend on the velocity of the trailer. A high velocity 
will result in a high frequency, whereas a low velocity will result in a low frequency. 
The spring-mass system mounted to the bed of the trailer as shown will have a certain 
natural frequency of vibration, fn, depending on the magnitude of the mass, on the stiff
ness of the spring support, and, to a limited extent, on the amount of damping existing 
hetwP.P.n thP m~i-:i-: ~nrl thP hPrl nf thP t .. ";1,,.. . 'T'h,, .. ~ ~~!.!:' ?. ve.10~~!~' '.'.! '.'!!"-.i,;:h the '.'e!'ti
cal motion of the bed of the trailer will have the same frequency as the natural frequency 
of the spring-mass system. At this velocity, resonance will occur in the spring-mass 
system. This will result in large displacement s of the mass in the system shown . The 

m 

Figure 2. Schematic representation of spring-mass system mounted on 
an ideal vehicle. 
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actual wavelength, A, of the undulation shown in the pavement in Figure 2 can thus be 
determined by observing the motion of the mass and by noting the vehicle velocity at 
which the largest amplitude of motion exists. This wavelength can be computed using 
the relationship 

V A = 
fn 

At speeds corresponding to frequencies greatly above or greatly below the natural 
frequency of the spring-mass system, relatively little motion will occur between the 
mass and the bed of the trailer. Thus the natural frequency of the system and the trailer 
velocity can be used to calculate the wavelength causing the disturbance. 

If the pavement undulation has high peaks and low valleys, a much larger motion of 
the mass will result than if the undulation is relatively smooth. If the heights of the 
peaks and valleys are taken as a measure of pavement roughness, then a large amount 
of roughness will produce large motions of the mass, whereas a relatively small amount 
of roughness will produce relatively smaller motions. 

Consider the system shown in Figure 2, and assume that the natural frequency of the 
spring-mass system is 1 cycle per second (cps). If this system is towed at 20 feet per 
second (fps) over a pavement that contains a wavelength of 20 ft, this wavelength will in
duce resonance in the system. As a consequence, large amplitudes of motion will occur 
between theframe of the vehicle and the suspended mass. If this wavelength has a large 
amplitude, the mass will vibrate violently; if the wavelength has a small amplitude, 
there will be relatively little motion induced in the mass. If the vehicle is towed at 45 
fps over the same pavement, then the wavelength of 20 ft will induce relatively little 
motion in the mass. A wavelength of 45 ft, however, would again be in resonance with 
the spring-mass system and would thus induce large amplitudes of motion. 

The wavelength being measured therefore depends on the velocity with which this sys
tem is towed over the pavement and on the natural frequency of the spring-mass system. 
The amplitude of this wavelength is indicated by the amplitude of the vertical motion in
duced in the mass. This is the basic principle underlying the operation of the modified 
BPR roughometer for use in measuring roughness spectra. Suitable spring-mass sys
tems are attached to the roughometer to simulate the ideal system shown in Figure 2. 
Electronic circuits are used to measure the motion of the mass relative to the rough
ometer and to obtain from these measurements a value for the ordinate of the pavement 
roughness spectrum curve. As will be shown later, actual tests indicate that the BPR 
roughometer thus modified can be used for this purpose. 

ROUGHOME TER MODIFICATION 

In many ways the BPR roughometer is well qualified for use as the vehicle in making 
these measurements. It is of relatively simple construction, and its suspension char
acteristics can be easily measured and modified. In addition, the roughometer is suf
ficiently heavy to maintain contact with the pavement at higher towing velocities. More
over, it is presently being operated by many state highway departments and is therefore 
readily available to many people who may wish to make this type of measurement. 

One modification is made on the BPR roughometer in order to use it for this purpose. 
The roughometer introduces a natural frequency into the measurements that is caused 
by the motion of the sprung mass of the roughometer relative to the axle. Moreover, 
this motion is nonlinear because of the nature of the hydraulic shock absorbers that con
nect the mass to the axle. This frequency can easily be eliminated by locking the sprung 
mass of the roughometer to the axle, and this can be done by using a simple rigid me
chanical connection. The roughometer aUlo introduces another frequency into the mea
surements that consists of the bouncing of the roughometer on its tire. This frequency 
cannot be removed mechanically, but it can be removed electrically, as will be described 
later. Aside from connecting the axle rigidly to the frame and inflating the tire to the 
proper pressure, no further changes must be made in the existing roughometer. It is, 
of course, necessary to add the spring-mass system described in the next section. 



30 

r Wood-Beam / Strain Gage 

Figure 3. Beam and damper assembly. 

FACTORS INFLUENCING THE SELECTION OF A SPRING-MASS SYSTEM 

The spring-mass system used for this purpose must be rugged, simple, and designed 
in such a manner that the damping coefficient can be easily adjusted. The idealized 
spring-mass system shown in Figure 2 was approximated by the use of a cantilever
beam system shown in Figure 3. A composite cantilever beam was connected to a rigid 
base as indicated. The tip of this beam was attached to a long arm mounted below the 
beam as shown. The center of gravity of the arm was located at the axis of rotation of 
the arm relative to the base. This had the effect of reducing the natural frequency of 
the beam while not increasing the static deflection. Moreover, a variable damping ele-
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vided variable damping for the system without changing other characteristics. Strain 
gages were mounted on the spring steel strip that provides the elasticity for the beam. 

The system shcvw1n in Fig,..l.re 3 actually responds to mere thrL"tJ. one \".1avelength for a 
given vehicle velocity. It responds to a range of wavelengths controlled by the damping 
and natural frequency of the mechanical system and the characteristics of the associated 
electronic system (discussed next). Figure 4 shows the relationship between the range 
of wavelengths, ~A, being measured at a particular vehicle velocity, V, and the nat
ural frequency of the beam being used to make the measurements. In these tests 
two cantilever beams were used having natural frequencies of 2 and 9.33 cps respectively. 

The longest wavelength that can be measured in a pavement profile depends on the 
highest towing velocity that can be used together with the lowest natural frequency that 
can be realized in the spring-mass system. The shortest wavelength depends on the 
highest natural frequency of the spring-mass system and the lowest vehicle velocity that 
can be utilized. For the parameters selected in these experiments, Figure 4 shows the 
wavelengths that are measured at the indicated towing velocities. Using the beam having 
a natural frequency of 2 cps, the range of wavelengths that will be measured using a tow
ing velocity of approximately 46 mph is indicated by liA4 in Figure 4. A towing velocity 
of V3 can then be utilized to measure the next band of wavelengths indicated by ~A3 • Four 
different towing velocities are shown in Figure 4 that will result in a continuous coverage 
of wavelengths ranging from the maximum to the minimum when the 2-cps beam is used. 

At a towing velocity of V
1

, a minimum wavelength of approximately 9 ft can be mea
sured using the 2-cps beam. The measurement of the power associated with shorter 
wavelengths will require abnormally low vehicle velocities that are not practical. In 
order to measure the power or roughness associated with shorter wavelengths, it is 



necessary to use ahigher frequency beam. 
Such a beam is shown in Figure 4 by the 
dotted line; it has a natural frequency of 
9.33 cps. If the towing velocity is then in
creased to the maximum value indicated by 
V4 , the range of wavelengths that will be 
measured using the high-frequency beam 
is indicated by the lower portion of Figure 
4. Continuous coverage of all wavelengths, 
from the highest to the lowest, requires 
the proper selection of the natural fre
quency of the spring-mass system and the 
proper towing velocity. Figure 5 shows 
two cantilever strips mounted on the BPR 
roughometer ready for highway testing. In 
actual highway operation it is necessary to 
protect these beams from the effect of the 
wind, and a wooden cover encloses the en
tire mechanical system, protecting it from 
the weather. 

ELECTRONIC SYSTEM 
REQUIREMENTS 

When the cantilever beams are mounted 
on the BPR roughometer as shown in Fig
ure 5 and the roughometer is towed over a 
highway, the motion of the cantilever beams 
is detected by strain gages mounted on the 
spring steel element of the beams as shown 
in Figure 3. In this investigation only one 
beam was active during a run in order to 
minimize the investment required in the 
electronic circuits. 
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Figure 4. Effect of vehicle velocity and beam fre
quency on range of wavelengths contributing to 

roughness power spectrum. 

The signal from the strain gages is amplified by the first portion of the electronic 
system. This signal as it comes from the strain gages contains the natural frequency 
of the beam together with the natural frequency of the roughometer bouncing on its tire. 
As mentioned previously , this frequency of the roughometer could not be eliminated 
mechanically, but at this point it is removed electrically through an appropriate circuit; 
an electronic filtering process is thus used to remove the undesired frequency intro-

Figure 5. Two cantilever beams mounted on modified 
BPR roughometer for measuring pavement roughness 

spectra. 

duced mechanically by the roughometer. 
The remaining signal, containing only 

the natural frequency of the beam, then en
ters a squaring circuit, as shown in Figure 
6. Care must be taken in designing this 
circuit to be sure that large values of the 
input signal do not exceed the maximum 
capacity of the squaring circuit, because 
saturation can easily result il excessive 
inputs are encountered. 

Some types of squaring circuits do not 
operate satisfactorily on very low values of 
input voltage. It is therefore necessary to 
select a circuit that does not arbitrarily cut 
off low values of input voltage. Moreover, 
some squaring circuits will not accept neg
ative voltages, and circuits of this type are 
not suitable for this purpose. A squaring 
circuit used for this purpose should there-
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Squaring 
Device Integrator Readout 

Figure 6. Block diagram (with typical waveforms) for electronic system used with modified BPR 
roughometer to measure pavement roughness spectra. 

fore be able to accept either positive or negative voltages, should not exclude low volt
ages close to zero from the squaring operation, and should permit a large amplitude of 
input voltage before saturation occurs. 

The output of the squaring circuit is then integrated over an arbitrary period of time, 
as indicated in Figure 6. In the construction of these electronic circuits, commercially 
available operational amplifiers of a relatively inexpensive type were used. These proved 
satisfactory for every circuit except the integrating circuit. Early road tests indicated 
that a relatively high-quality operational amplifier would be needed in order to avoid ex
cessive drifting during the time of integration. A stabilized operational amplifier was 
therefore found necessarv in order to obtain satisfactorv integration of the signal. 

The entire electronic system, with the exception of the integrating circuit just noted, 
was made with commercially available components together with relatively inexpensive 
operational amplifiers. This system has been very reliable, and no problems of any 
consequence resulting from faulty operation of the electronic equipment have been en
countered. A source of 110-volt current is presently required for the operation of the 
electronic circuits. This is due primarily to the special requirements of the stabilized 
amplifier in the integrating circuit. It appears possible, however, by suitable design 
to eliminate the need for the 110-volt power supply and to operate entirely on batteries. 
The present level of funding has not made this possible yet. 

The integrated value of the signal, mentioned previously, is read from a meter and 
is multiplied by a constant to give a value for an ordinate of the pavement roughness 
spectrum. The vehicle velocity at which this reading is taken establishes the wave
length and thus the frequency associated with this value. 

Of particular importance in the design and operation of the electronic system is the 
bandwidth associated with the signals that are processed. The bandwidth of the system 
depends on the characteristics of the electronic circuit and on the damping in the me
chanical vibrating system. This bandwidth is used to establish the constant by which the 
meter reading is multiplied to get the value of the roughness spectrum. Further dis
cussion of this relationship is beyond the scope of this paper. 

HIGHWAY OPERATION OF MODIFIED ROUGHOMETER 

The system was operated in the following manner after checking to make sure that 
the mechanical and electrical systems were functioning. The roughometer was brought 
up to the speed associated with the range of wavelengths to be measured (Fig. 4). When 
the roughometer reached the selected pavement section, a switch was thrown and the 
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integrating process was started. After 1 minute of elapsed time, another switch was 
thrown that preserved the integrated value of the output (Fig. 6) on a voltmeter. This 
value, together with the velocity, was recorded and another run was undertaken. 

The roughometer was again brought up to the speed associated with the next wave
length to be measured. When the roughometer crossed the starting line of the pavement 
section, the integrating switch was again thrown. futegration was continued for a peri
od of 1 minute, at the end of which the integrated value was read from the voltmeter. 
Because the integration process is carried out for the same period of time regardless 
of the vehicle velocity, different lengths of pavement are traversed at different speeds. 
This requires that a statistically significant pavement section be used when these mea
surements are made, and that no significant change in pavement condition occur within 
the pavement section undergoing these measurements. The same conditions are in
volved when pavement roughness spectra are to be computed from elevation measure
ments, and hence no new limitations are imposed on the measurements of pavement 
roughness spectra when the modified BPR roughometer is used. 

No adjustments were needed on the electronic circuit once the testing program had 
begun. It was necessary, however, to shift from a low-frequency filter to a high
frequency filter when the high-frequency beam was used in place of the low-frequency 
beam to make roughness spectrum measurements. 

RESULTS 

The use of two spring-mass systems in the form of cantilever beams was discussed 
earlier. Subsequent research yielded a mechanical device that could provide the equiv
alent of three spring-mass systems. Use of this device on a roughometer in place of 
the two cantilever beams made it possible to measure wavelengths from 96 to 4 ft. 

The results of tests conducted on four different pavements are shown in Figure 7. 
For each pavement the roughness spectrum is shown by the designated curve. fu addi
tion, the area under each curve is given in a table that also includes the Bureau of 
Public Roads roughometer ratings (BPRR). 

Cumberland Avenue is a rigid pavement with faulted joints and tilted slabs. Passen
gers in a car experience an extremely unpleasant sensation when riding over this pave
ment. The roughometer rating of 153 in. per mile is quite appropriate. Cherry Lane 
is a rigid pavement in good condition. Slight cracking of the slabs is evident, but this 
does not produce any significant motion in a vehicle. State Route 26 is a flexible pave
ment with a good surface but with a discernible low-frequency (long-wavelength) undula
tion in its longitudinal profile. At low vehicle velocities this condition is not evident, 
but at higher velocities a passenger experiences excessive vertical motion. Lindberg 
Road is a flexible pavement in excellent condition that serves as the local drag strip. 
This fact alone attests to its desirable surface properties. It has a roughometer rating 
of 70 in. per mile. 

As mentioned previously, the area under the roughness spectrum curve represents 
the mean square value of the pavement roughness. If this is used as a criterion of pave
ment condition, misleading conclusions may be drawn. This would indicate that State 
Route 26 is the roughest of the four pavements and that Cumberland Avenue and Lindberg 
Road are of approximately the same roughness. This is not true, and for the pavements 
under consideration the roughometer ratings give an accurate description of pavement 
condition. 

A vehicle moving over a pavement is very sensitive to certain wavelengths. If these 
wavelengths make a large contribution to the pavement roughness, then excessive ver
tical motion will be induced in the vehicle. This will result in an unpleasant ride and 
in large dynamic tire forces. The value of a pavement roughness spectrum is that it 
indicates the extent to which various wavelengths contribute to the total pavement 
roughness. 

With this in mind, consider the roughness spectrum of Cumberland Avenue. At fre
quencies ranging from 0.02 to 0.25 cycles per foot (wavelengths ranging from 50 to 4 ft), 
this pavement has from 3 to 100 times the roughness of Lindberg Road. Under prevail
ing traffic conditions, vehicles are very sensitive to these wavelengths and thus the un
pleasant ride associated with Cumberland Avenue. On the other hand, at wavelengths 
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Figure 7. Pavement roughness spectra obtained using modified BPR 
roughometer. 

in excess of 70 ft, Lindberg Road is rougher, but vehicles are not as sensitive to this 
excitation. Further information concerning t he r elations hip between pavement rough
ness spectra and vehicle characteristics is given elsewhere (ID. 

One further observation is appropriate concerning Figure 7. It should be noted that 
the roughness of long wavelengths is several orders of magnitude greater than the rough
ness associated with short wavelengths. Areas under roughness spectrum curves are 
therefore not greatly influenced by relatively large differences in roughness in the high
frequency (short-wavelength) region. 

CONCLUSIONS 

A method is available for making pavement roughness spectrum measurements using 
a modified BPR roughometer. A spectrum obtained using this equipment is relatively 
free from the arbitrary decisions that are required when such a spectrum is to be cal
culated from highway profile measurements obtained using a wide variety of devices. 



35 

Further effort is required, however, to optimize the mechanical and electronic com
ponents, to increase the sensitivity, and to extend the range of wavelengths that can be 
measured with this equipment. Breadboard circuits that are satisfactory for experimen
tation must be made suitable for highway operation. 

Previous research (5) has shown that it is possible to predict dynamic tire forces if 
a pavement roughness spectrum is available along with the proper vehicle characteristics . 
Using the same basic procedure, it is also possible to estimate the extent to which cargo 
may be damaged and to predict whether or not the ride on a pavement will be satisfactory. 
These predictions have as their starting point a knowledge of a valid roughness spectrum 
for the pavement under consideration. A BPR roughometer, modified as indicated in 
this report, gives great promise of being able to supply this information for a modest 
investment of funds and effort. 
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