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Abstract 
 

Road profile is one of the most important factors affecting vehicle performance and characteristics. Direct 
measurement of the road profile is either slow or need expensive profilometers. Indirect methods that are 
inexpensive and can be installed on a fleet of vehicles are of main interest. On-vehicle sound and vibration 
measurements to predict road texture was investigated in two pilot studies. In the first study, it was shown 
that both interior and exterior measurements of tyre noise and axle acceleration can be used to distinguish 
fresh laid asphalt from worn. Eight asphalt road sections were successfully classified at 50 and 70 km/h 
based on octave bands levels. In the second pilot study, axle acceleration measurements and an inverse 
quarter-car model was used to reconstruct a well-defined test track at 30 and 50 km/h. Although low 
frequency problems and tyre resonances the results showed that indirect methods can be used to estimate 
road texture from field measurements.  

1 Introduction 

Road profile is one of the most important factors affecting vehicle performance and characteristics, e.g. 
ride comfort, handling, fuel consumption, and tire wear. Information about the road profile is also 
important for road management to plan and follow up road conditions. This is especially valuable during 
winter season when the road conditions can change rapidly due to snowfall. The road profile is measured 
directly using a profilograph or a profilometer. A profilograph consists of a rigid beam or frame and a 
measurement device that measure the distance between the road and the beam. The road profile is 
measured along a straight line and due to its construction profilographs are only used to measure short 
distances. A profilometer is a vehicle equipped with sensors, e.g. laser, gyro and accelerometers Road 
profile measurements can travel at low speed or at highway speed depending on the measurement 
technique. However, high speed profilometers are expensive and must be handled by trained operators. 
The monitoring of the road network is therefore limited, especially during winter season when laser 
methods are impractical. Because of these limitations, indirect methods using low cost measurement 
systems that can be installed on a fleet of vehicles are of main interest. An attractive type of sensor is 
accelerometers that are inexpensive, rugged, and easy to mount. In addition, there are accelerometers 
already in vehicles, such as in active suspension systems. 

Gonzáles et al. [1] suggest a method using vehicle acceleration measurements to classify road roughness 
according to ISO 8608 [2]. The method is based on a transform function between road profile and vehicle 
acceleration. To test and evaluate the method theoretical designed road profiles and a half-car model was 
used. It was concluded that a transform function has to be determined for every 5 km/h. Artificial neural 
network [3, 4] and combinatorial optimization technique [5] have been used to improve the road profile 
estimation. The indirect methods reported were validated using simulated accelerations; therefore it would 
be informative to use indirect methods on data collected in the field.  
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The studies above evaluate road textures in (or part of) the spatial frequency range 0.01-10 cycles/m. ISO 
13473-1 [6] divides the road texture in 4 categories depending on the texture wavelength (distance 
between periodically repeated parts of the road profile): 

 Microtexture – texture wavelengths smaller than 0.5 mm 

 Macrotexture – texture wavelengths between 0.5 and 50 mm 

 Megatexture – texture wavelengths between 50 mm and 0.5 m 

 Unevenness – texture wavelengths between 0.5 and 50 m 

Increasing amplitudes for the micro- and macrotexture has a positive effect on the tyre/road friction while 
an increase of the amplitude for the megatextue has a negative effect on the friction, see figure 1. An 
increase of the macrotexture (texture wavelengths shorter than 10 mm) will lower the external tyre/road 
noise while for longer texture wavelengths the external noise will increase [7]. The megatexture and part 
of the macrotexture has in general a negative effect on the noise in the vehicle compartment. Related to 
comfort, megatexture and unevenness are the most important texture wavelengths [7].  

 
Figure 1: Ranges of texture wavelength and their most significant, expected effects [7]. 

One limitation of indirect methods based on accelerometer measurements is the limitation in frequency 
range, especially with regard to low frequencies. For example a wavelength of 100 m driving at 50 km/h 
gives an excitation frequency of 0.14 Hz and a wavelength of 10 cm at 110 km/h gives a frequency of 305 
Hz. For high frequencies, e.g. the macrotexture of worn asphalt, the amount of vibrations that pass through 
to the hub and the suspension is limited because the tyre acts as a lowpass filter. For such short texture 
wavelengths microphones is an alternative to using accelerometers. As often experienced, one can hear 
how the sound in the car compartment changes in level and frequency distribution when the car passes 
from a section with smooth asphalt to a section with more coarse asphalt.  

This paper will discuss methods for road texture estimation using sound and vibration measurements. Two 
pilot studies are presented. The objective of the first study was to investigate if microphone measurements 
(both inside and outside of the car compartments) are preferable over vehicle acceleration measurements 
to distinguish between roads with low and high macrotexture amplitudes (smooth and coarse asphalt).The 
objective of the second study was to recreate the road profile from vehicle acceleration using an inverse 
quarter-car model. Both studies used field measurements. 
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2 Pilot study 1 

2.1 Method 

The audible changes in the sound inside the car compartment for different pavements are caused by a 
change in the tyre/road interaction. Intuitively, tyre noise increases with rougher road texture. However, 
Sandberg has shown that rougher texture not necessarily means higher noise level, or vice-versa [8]. Low 
and high frequencies are for example affected differently by a change in the road texture amplitude. Low-
frequency noise increases with increasing road texture amplitudes for wavelengths between 10-500 mm. 
On the contrary, the high frequencies noise content will decrease for increasing road texture amplitudes 
for wavelengths between 0.5-10mm [7]. In a study by Fujikawa et al. [9] it was found that the most 
important factors for the tyre vibration noise are the asperity height unevenness and the asperity spacing. 
Smaller height unevenness and smaller spacing reduces the tyre noise. A small asperity radius also reduces 
tyre noise.  

The tyre/road interaction causes noise but also vibrations that are transferred through the wheel and 
suspension to the car body (structure borne noise). As well as the noise is influenced by the road texture 
the same is true for the vibrations. The macrotexture of the road and its amplitude should be possible to 
predict with either the emitted sound or the vibrations in for example the wheel hub. In this study a car 
was equipped with microphones and accelerometers to investigate how different road textures influences 
sound and vibrations. Texture wavelengths from 0.5 cm up to a few centimetres were analysed 

2.2 Experimental set-up 

For collecting data an executive car (classification according to Euro NCAP) was used and equipped with 
accelerometers and microphones both on the outside and the inside of the car compartment, see figure 2. 
The external microphone was mounted just in front of the right rear wheel and the exterior accelerometer 
was placed on the lower mounting point of the wheel suspension. Both the interior accelerometer and 
microphone was mounted in the car trunk. All sensors were recorded with a sampling frequency of 65536 
Hz using Brüel&Kjær LAN XI interfaces (3050-B-6/0) along with Brüel&Kjær PULSE software. All 
analyses were done in MATLAB.  

 
Figure 2: Photos of the microphone and accelerometer mounted on the outside of the car.  

In total 10 different road sections in the area of Luleå were measured at three different velocities (30, 50 
and 70 km/h). Each section was recorded for 10 s, which resulted in that the length of each road section 
varied for the different speeds. Due to traffic and speed limits all speeds could not be measured for all 
sections, see table 1. The 10 road sections shown in figure 3 consisted of 8 asphalt pavements ranging 
from freshly laid asphalt to worn asphalt in need to be replaced, one concrete pavement, and one concrete 
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tile pavement. The asphalt road sections were classified in two groups (smooth and coarse) based on 
asperity height unevenness, asperity spacing and asperity radius. Road sections S1-S4 were classified as 
smooth and sections S5-S8 as coarse. 

 

Figure 3: The 10 recorded road sections named S1 to S10. At the top are 4 the smooth sections, in the 
middle the worn (coarse) sections and at the bottom are the concrete and concrete tile sections.  

 Smooth asphalt Coarse asphalt Other 
Speed S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
30 km/h X X X X X X X  X X 
50 km/h X X X X X X X X X X 
70 km/h X X X X X X X X   

Table 1: Combinations of speed and road sections that were measured are marked with an X.  

2.3 Results 

A straightforward attempt to divide the road sections in different roughness classes is to use the overall 
sound (or vibration) level. The overall sound level (linear and A-weighted) for the different sensors are 
summarised in figure 4. As expected the overall level cannot be used to distinguish between the different 
textures. The overall sound level increased with speed, why any indirect method based on sound has to 
compensate for the current vehicle velocity. To investigate if same information about the road texture is in 
the signals from the microphones and accelerometers octave band levels between 8 and 8000 Hz were 
calculated for all sensors. Only the octave bands 500, 1k and 2k Hz showed a good correlation with if the 
road pavement was smooth or coarse. The levels for these octave bands are plotted in figure 5 for all 
sensors and speeds. In general the level for these octave bands are higher for the coarse sections than for 
the smooth sections. This is most evident for 50 and 70 km/h. For 70 km/h the order of the road sections 
was consistent between sensors for octave band 500 and 1 kHz. For octave band 2 kHz the order was 
different. This holds true for 50 km/h but fails for 30 km/h where the different sensors have different order 
between the road sections. 
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Figure 4: Overall sound level (linear and A-weighted) outside and inside of the car for the different road 

sections. 

 
Figure 5: Level for octave bands 500, 1000 and 2000 Hz for all sensors and measured speeds for the 10 

road sections S1-S10. 

Based on the sum of the level of the octave bands 500 an 1k Hz a classification method was developed. 
The road sections are arranged by the sum of the octave bands for the different sensors and speeds in table 
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2. For 50 and 70 km/h the order of the road sections are almost the same independently of which sensor 
that is used. The results showed that there is information in both the sound and acceleration signal that can 
classify texture amplitudes for wavelength of 0.5 cm to a few centimeters. 

 

Speed 
Microphone 

outside 
Microphone 

inside 
Accelerometer 

outside 
Accelerometer 

inside 

30 km/h 
S4-S2-S3-S5-

S7-S1-S10-S6-
S9 

S2-S3-S5-S7-
S4-S1-S6-S9-

S10 

S4-S2-S5-S7-
S1-S3-S6-S10-

S9 

S2-S4-S5-S3-
S7-S1-S6-S10-

S9 

50 km/h 
S2-S4-S1-S3-

S7-S5-S10-S8-
S9-S6 

S2-S4-S3-S1-
S5-S7-S8-S9-

S10-S6 

S2-S4-S1-S5-
S7-S3-S8-S10-

S6-S9 

S2-S4-S1-S3-
S7-S5-S8-S10-

S9-S6 

70 km/h 
S2-S4-S1-S3-
S7-S5-S8-S6 

S2-S4-S1-S3-
S7-S5-S8-S6 

S2-S4-S1-S3-
S5-S7-S8-S6 

S2-S4-S1-S3-
S7-S5-S8-S6 

Table 2: The order of the road sections based on the sum of octave bands 500 and 1k Hz. Road sections 
S1-S4 are smooth, S5-S8 are coarse and S9-S10 are the concrete surfaces. Colours correspond to the ones 

in figure 5.  

3 Pilot study 2 

3.1 Method 

This pilot study describes an indirect method to estimate the road profile from field acceleration 
measurements. Instead of using the transfer function, the method is based on an inverse quarter-car model. 
Quarter-car models are commonly used to assess the dynamic response of vehicles. A two-degree of 
freedom quarter-car model subjected to road excitation (zr) is illustrated in figure 6. The tyre dynamics are 
described as a spring with no damping. The system is described by the differential equations (1) and (2): 

    usssusssss zzczzkzm    (1) 

      rustusssusssusus zzkzzczzkzm    (2) 

where ms and mus are the sprung and unsprung mass, respectively, ks is the suspension spring stiffness, cs 
suspension damping coefficient, and kt is the tyre stiffness. 

The system can be redefined and solved by using the state space model  

 BuAxx   (3) 
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where szx 1 is the sprung mass displacement, szx 2  is the sprung mass velocity, uszx 3  is the 

unsprung mass displacement, uszx 4  is the unsprung mass velocity, and rzu   the road profile. The axle 
acceleration is obtained as 

 DuCxzus   (4) 

     ustussustsussuss mkDmcmkkmcmkC    

The inverse problem – to obtain the effective road elevation from acceleration measurement – was solved 
by inverting the state space model. The models were implemented in MATLAB and model parameters for 
the executive car with studded winter tyre are shown in table 3. The parameters were determined by 
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measuring weight, static compression and analysing system resonances of recorded axle acceleration data. 
Due to nonlinearities in the suspension; different parameters for each speed were used (cf. [1]). The 
frequency response of the quarter car model and its inverse is plotted in figure 7.  

sk rc

tk

usz

sz

rz

sm

usm

 

Figure 6: A 2-DOF Quarter-car model. 

 
Figure 7: Frequency response of (left) the quarter car model and (right) the inverse quarter car model for 

30 km/h and 50 km/h, respectively.  

Speed (km/h) 

Masses (kg) Stiffnes (kN/m) 

cs (Ns/m) mus ms kt ks 

30 38 405 230 38 1160 

50 38 405 260 40 1200 

Table 3: Quarter-car model parameters at 30 and 50 km/h.  
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In the quarter car model (figure 6), the tyre is modelled as a single point contact; sufficient when studying 
low frequencies. To evaluate the reconstructed road profile the tandem ellipsoid tyre model [10] was used 
as a comparison. As depicted in figure 8, two ellipsoids represent the front and rear cam of the tyre. Each 
cam represents a new path over the obstacle (basic curve). The distance between the cams is equal to the 
length of the slip (ls). The mean of the two paths is the effective height (w) of the tyre. The angle of the 
slip (y) was also derived to compute the elevation vector component at the centre of the wheel acting in  
z-axis. Tyre model parameters were set according to a tyre with equal dimension (205/55 R16) presented 
in [10]. 

 

Figure 8: The tandem model with elliptical cams [10]. The effective height w  and angle y  is calculated 

at the centre position X  of the slip with length sl . 

3.2 Experimental set-up 

Measurements were performed on a built test track denoted the rib track. The track is 100 m long (single 
path) and consist of ribs (height 20 mm and width 40 mm). Three ribs with a distance of 1.32 and 1.36 m, 
respectively, were analysed. The distances correspond to an excitation frequency of approximately 6 Hz at 
30 km/h and 10 Hz at 50 km/h. The acceleration at the rear left tyre was measured on the executive car at 
speeds 30 and 50 km/h using a three-axial accelerometer placed near the wheel axle (see figure 2). The 
acceleration signals used as input to the inverse model were downsampled from 65536 Hz to 4096 Hz and 
then band-pass filtered (fc = 2-800 Hz). The cut-off frequencies were chosen with regard to the 
accelerometer’s limitation measuring low frequencies and frequencies above 800 Hz were not considered 
informative. 

3.3 Results 

The measured axle acceleration (band-pass filtered fc = 2-800 Hz) are presented in figure 9. The measured 
data are compared with simulated axle acceleration using the quarter car model. Good resemblance is 
achieved. The reconstructed profile and the derived effective height are shown in figure 10. Linear trends 
were removed from the reconstructed data. Tyre resonances (80-90 Hz), especially apparent at 50 km/h, 
are seen in the measured acceleration as in the reconstructed profile. The indirect method using axle 
acceleration has limitation in low frequencies due to sensor sensitivity as well as ill-conditioned inverse 
system. For high frequencies (above 80 Hz which correspond to 10-18 cm texture wavelength for speed 
range of 30-50 km/h) tyre resonances impair the result.  
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Figure 9: Simulated and measured axle acceleration for a section of the rib track for (upper) 30 km/h and 

(lower) 50 km/h. For convenience the track profile is shown (black).  

 
Figure 10: Comparison between the rib track profile (black), the effective height, and the reconstructed 

profile for (upper) 30 km/h and (lower) 50 km/h. 
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4 Conclusions 

Due to low-cost indirect measurements of the road profile is of interest. This paper has discussed two pilot 
studies where on-vehicle measurements were used to classify or estimate the profile. A novel method 
using octave-band analysis of microphone and accelerometer data was suggested to distinguish between 
low and high macrotexture amplitudes. Using sound (or vibration) level to distinguish between different 
road textures the velocity of the car is needed as input as the tyre noise level changes with the vehicle’s 
speed. At lower speed the signal to noise ratio is worse as the tyre noise increases with increasing speed. 
Therefore smooth asphalt was distinguished from coarse asphalt at 50 and 70 km/h but failed to do so at 
30 km/h. Microphone measurements were not found preferable to accelerometer measurements. In general 
accelerometers are to prefer because they are more rugged than microphones and the effect of snow and 
water on the road will cause less problems using accelerometers. In the second study, axle accelerations 
were used to reconstruct the road profile using an inverse implementation of a quarter-car model. The 
method was evaluated for a track of three 40x20 mm obstacles. The reconstructed profile showed good 
resemblance with the effective height of the obstacles. It is difficult measuring low frequencies which 
especially cause problem for ill-condition inverse systems. Hence, different model estimation approaches 
are of interest (cf. [3-5]). Suspension and tyre resonances are also important to consider. Tyre resonance of 
80-90 Hz was apparent in the reconstructed track profile.  

The methods discussed have shown that there is information in the acceleration data to be used for road 
texture estimation. New measurements is planned in order to develop the methods. The measurements will 
be done in combination with direct road measurements using a profilometer. 
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