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ABSTRACT: Evaluation of pavement roughness is essential in road management, both for the understanding
of pavement response under loading and for the definition of maintenance and rehabilitation strategies. Sever-
al techniques have been proposed and implemented into practice, ranging from simple rod and level static
measurements to more advanced high-speed non-contact surveys. Although analytical tools have been derived
for rigorously describing road surface profiles, they are still difficult to implement into ordinary pavement
management systems due to associated financial and technical constraints. In order to improve this situation
the Authors developed a new response-type road roughness measuring system, which is a simple and econom-
ic tool for rapid profiling applications. Investigations reported in this paper show that the new device is capa-
ble of providing a reliable description of road surface profiles, both in terms of spectral components and indi-
rect statistics, leading to a straightforward assessment of roughness-induced dynamic amplification of vehicle

loading.

1 INTRODUCTION

1.1 Background

Roads are designed to provide planar support to
traveling vehicles. Planarity however is only an ideal
assumption since deviations of road surface geome-
try from such a condition are often present as a con-
sequence of pavement construction techniques and
materials’ properties (NCHRP 2000). Pavement ele-
vation points along any longitudinal alignment can
be regarded as the result of a stationary random pro-
cess (Dodds & Robson 1973, Sun 2001, Mucka
2012), with spectral components that can be grouped
according to the conventional categories of texture,
encompassing wavelengths up to 0.5 m, and rough-
ness, defined by wavelengths in the range of 0.5-
50m (ISO 1998, CEN 2006, Mucka 2012).

While texture components for wavelengths up to
50 mm affect skid resistance and are therefore re-
quired for functional performance purposes
(NCHRP 2000), roughness should be minimized in
order to avoid undesired effects on the user-vehicle-
pavement system.

It has been proven that roughness is strongly re-
lated to user perception of infrastructure conditions,
due to the detrimental effect of its induced ride vi-
brations on comfort sensations (Carey & Irick 1960,
Sayers et al. 1986a,b). Analytical formulations have
been proposed to relate roughness indirect statistics

to the Present Serviceability Index (PSI) (Al-Omari
& Darter 1994, Gulen et al. 1994, Sun 2001) which
is the parameter derived from the AASHO road test
quantifying the capability of a pavement to serve
high-speed, high volume, mixed traffic in its existing
condition (Carey & Irick 1960).

Roughness also directly affects pavement loading
which is inherently dynamic as a consequence of in-
ertial effects on travelling vehicles. Nowadays these
effects have become predominant in pavement re-
sponse due to the increase in speed, volumes and
weights of modern traffic (Sun & Deng 1998) and
specific design criteria are therefore required to
withstand them, assessing the actual loading condi-
tion by explicit consideration of the combined ef-
fects of vehicle speed and pavement roughness. Ne-
glecting the dynamic character of vehicle loads in
pavement design, as in the case of standard methods
which consider static loads only (Al 1991, AASH-
TO 1993, NCHRP 2004), leads to an underestimate
of pavement damage progression and to untimely
failure of pavement structures.

Based on the brief discussion provided above,
road roughness characterization and assessment of
its induced dynamical effects on traveling vehicles
qualify as critical, both for deriving decision criteria
for maintenance purposes and for the investigation
of pavement damage mechanisms.

Approaches to roughness characterization can be
divided into two main families: profilometric tech-



niques and response-type measurements. Profilo-
metric methods attempt to exactly measure profile
elevation heights and therefore profile description is
usually provided via estimate of their Power Spectral
Density (PSD). Response-type measurements, in-
stead, characterize pavement profiles by considering
their induced response in the measuring device it-
self. As a consequence, results are affected by the
dynamics of the measuring system, and need to be
related to a common scale of reference. In order to
correlate measurements, statistical indexes have
been derived for profile description, such as mean
slope variance (MSV) of profile elevations, root-
mean-square (RMS) of profile elevations and of pro-
file vertical accelerations (RMSVA), ride number
(RN) and others (Sayers et al. 1986a,b). Among
them, the IRI (International Roughness Index) has
been chosen as the common reference parameter due
to its demonstrated compatibility with profilometric
methods and due to its high degree of correlation
with response-type measurements.

1.2 Motivations and objectives

In the context of profilometric measurements the
theme of vehicle-pavement interaction is split into
two topics: the profile is reconstructed independent-
ly of vehicle dynamics, while simulation of its ef-
fects on vehicles is obtained via mathematical ma-
nipulation. With such an approach, effects of
roughness in terms of comfort and dynamical ampli-
fication of vehicle loads can be evaluated, even
though vehicle simulation introduces uncertainties in
obtained results.

Although nowadays direct measurements of road
profiles can be achieved at high speed by means of
non-contact sensors, interest in response-type meas-
urements is still relevant. This is due to the fact that
they implicitly take into account every aspect of ve-
hicle-pavement interaction, providing a synthetic
and valuable means for pavement performance eval-
uation. In any case, it should be considered that the
value of road profile reconstruction does not exclu-
sively rely on its accuracy but also on its capability
of capturing features affecting vehicle response and
user perception of pavement conditions.

Moving from these considerations, a new Re-
sponse-Type Road Roughness Measuring System
(RTRRMS) was developed and used in experimental
measurements. Analyses presented in this paper
demonstrate the suitability of the new device in as-
sessing the overall level of pavement roughness and
its induced effects on traveling vehicles, providing a
simple and economic tool for pavement performance
monitoring.

1.3 Summary

The paper introduces a newly developed instrument
intended to be used for the study of road profiles and
vehicle-pavement interaction. Description of the de-
vice is provided, together with an outline of the pro-
cedure employed for calibrating measurements to
the IRI reference scale. Road profile reconstruction
is performed via numerical integration of vehicle ax-
le accelerations and road profile spectral description
is provided by means of PSD. Vehicle body and axle
accelerations are then combined to achieve an esti-
mate of dynamic vehicle loads. Statistical descrip-
tion of dynamic pavement loading is carried out in-
vestigating the effects of speed and overall
roughness level on the dynamic amplification of ve-
hicle loads.

2 THE NEW RTRRMS DEVICE

The measuring system, called “Profimatic”, was
conceived as an economic and simple device capable
of providing, by referring to the quarter-car mathe-
matical model, an effective description of road
roughness and of its induced effects on traveling ve-
hicles. Despite its simplicity, the quarter-car model
leads to an accurate description of ride quality and
dynamic pavement loading (Todd & Kulakowsky
1991) and has been extensively used as the reference
model for studying vehicle-pavement interactions
(Sayers et al. 1986a,b, Hardy & Cebon 1993, Papa-
giannakis 1995, Sun & Deng 1998, Sun 2001a,b,
Loizos 2008). More complex models in fact do not
grant a better accuracy of results, due to the uncer-
tainties involved in the characterization of the larger
number of parameters required for analysis. Moreo-
ver, difficulties related to the assessment of repre-
sentative values of several parameters negatively af-
fect general validity of results (Todd & Kulakowsky
1991, Sun & Deng 1998). Analogy between the
measuring system and the quarter-car model is ap-
parent by referring to Figure 1.

The new system is constituted by a frame which
allows sensors to be anchored to the measuring ve-
hicle. The upper part of the system holds an accel-
erometer and a laser telemeter, and is fixed to the
vehicle via the vacuum-pneumatic mechanism
schematically represented in Figure 2. The lower
part, fixed to the rear axle trim, holds a second ac-
celerometer and an incremental encoder for wheel
rotational speed detection. The lower and upper
parts are joined together by a system of shafts, ball
bushings and ball bearings designed to prevent sen-
sor rotation, allowing the necessary freedom of rela-
tive movements between the parts.



Figure 1. System-model analogy
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Figure 2. Vacuum-pneumatic system

3 EXPERIMENTAL INVESTIGATION

Use of the Profimatic device was tested in three ex-
perimental campaigns carried out at six months in-
terval along selected urban and suburban roads in
the city of Turin. Since measurements were per-
formed in ordinary traffic conditions, sets of data as-
sociated to constant speed intervals were identified
and thereafter processed. Localized irregularities
were removed as suggested in Dodds & Robson
(1973).

Since road roughness encompasses spectral com-
ponents with wavelengths in the range of 0.5-50m,
which corresponds to frequencies from 0.44 to 44.44
Hz for a speed of 80 km/h (which is the maximum
speed for the experiment), a sampling frequency of
200 Hz was set for data logging. This corresponds to
a Nyquist frequency of 100 Hz, which can avoid ali-
asing in the frequency range of interest.

3.1 Estimate of vehicle parameters

Since measurements depend on the mechanical
properties of the vehicle hosting the device, an esti-
mate of model parameters is required. Equations of
motion for the quarter-car mathematical model are
expressed by:

m Vit +Cs(yt - ys)+ks(yt - ys)+kt(Yt —E,-)=0 1)

msys_CS(Yt_YS)_ks(yt_ys):O (2)

where & represents pavement surface elevations and
ys and y; are absolute displacements of sprung mass
and unsprung mass, respectively.

Equation 2 can be rewritten as:

msys = (Yt —¥s )Cs + (yt —Ys )ks 3)

Since masses are known and absolute velocities and
displacements can be retrieved via numerical inte-
gration of measured accelerations, Equation 3 can be
written in matrix form as:

M-a=Db (4)
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leading to a least squares estimate of the unknown
suspension parameters according to:

a:(l\/lt -|\/|)_1-|\/|t b (10)

Tyre stiffness estimate can be achieved by referring
to a test configuration with the vehicle in stationary
position. By applying a pulse load to the sprung
mass in the absence of motion the quantity (y:-
€) becomes equal to y;. Equation 1 therefore can be
rewritten in the form:

My ¥y +Cs (Ve — Vs )+ Ks (Ve —¥s )+ keYy =0 (1)
thus determining k; as:
1 ) ) ..
Ky zy_[cs(ys_yt)+ks(ys_yt)_tht] (12)
t

Model parameters of the vehicle used in the experi-
mental investigation are provided in Table 1, togeth-



er with the parameters of the reference quarter-car
model for IRI evaluation (Sayers et al. 1986a,b).

Table 1. Vehicle and reference model parameters

Vehicle Reference
Quarter-Car
ms [ka] 465 245
m; [kq] 65 36
ks [N/m] 64000 15500
Cs [Ns/m] 1100 1470
Ky  [N/m] 230000 160000

3.2 Calibration of measurements

Once the parameters of the mathematical model
have been identified, a numerical calibration proce-
dure is implemented to retrieve IRI values from the
measured ARS (Average Rectified Slope).

IRI is defined as the ratio between the accumulat-
ed suspension motion and the distance traveled by a
reference quarter-car at the reference speed of 80
km/h. ARS is the ratio between the accumulated
suspension motion and the distance traveled by a
generic model, which is the case of the quarter-car
model assumed in representing the vehicle used in
the experimental investigation.

A direct relationship between road profile PSD
and IRI was derived by Sun (2001b) in the form:

IRI =

n2v3 (j) o?|H, ()G (Q)do (13)

where v is vehicle speed (the reference speed for IRI
calculation is 22.22 m/s); wis angular frequency;
Q is spatial frequency and Hs(w) is the frequency re-
sponse function of the sprung mass of the quarter-
car, defined as:

_ k2
H (o))= L
S
(;a“—l[cS +Csj 3—[kt+ks+ kS] 2,i5s ke + ke ks
m. mg m mg m mg mg m; Mg
(14)

Since road profiles have been demonstrated to be the
result of zero mean Gaussian random processes
(Dodds & Robson 1973, Sun 1998, Mucka 2012), it
is assumed that they can be fully described via their
PSD.

A simplified analytical road profile PSD approx-
imation has been proposed by Dodds & Robson
(1973), in the form:

G (Q)= (14)

where Gg is the roughness parameter, defined as
Go=G(€2y), €2 is the datum frequency, fixed equal
to 1/ 2t [cycle/m]; m; and m; are regression coeffi-
cients.

The roughness parameter values presented in Ta-
ble 2, combined with values of m; =-3 and m, = -
2.25 (1SO, 1972), were used for the numerical gen-
eration of random profile PSDs, in the form repre-
sented in Figure 3.

Table 2. Classification based on roughness parameter

Go(Q)/10°®
2+8
8+32
32+128
128 +512
512 +2048

Road class
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Figure 3. Numerically generated profile PSD

The PSDs were then used in Equation 13 to eval-
uate the profile’s corresponding IRI. Equation 13
was then run a second time, employing the set of pa-
rameters representative of the vehicle used in the in-
vestigation, to evaluate the corresponding ARS. A
correlation between the two indexes was established
as indicated below and in Figure 4:

IRI = - 0.0252 + 0.6824-ARS - 0.0002-ARS?  (15)

33

Figure 4. Correlation between IRI and ARS



4 INTERPRETATION OF MEASURED DATA

4.1 Road profile reconstruction

Road profile PSDs were reconstructed via numerical
integration of axle accelerations, thus neglecting tyre
compliance (Lin & Weng 2001).

Analysis was performed in the frequency domain,
where integration is carried out by dividing the
waveform by the frequency axle. The axle accelera-
tion PSD is obtained from acceleration measure-
ments via Welch modified periodogram method
(Welch 1967) as suggested by Gonzales et al.
(2008), and the corresponding axle displacement
PSD is calculated by means of the following formula
(Sun 1998):

Gy, (0)= 03_146% (@) (16)

Figure 5 shows the comparison between a recon-
structed road profile PSD and the ISO draft road
roughness classification scheme, described in the
previous section.

Road profile PSD reconstruction was found to be
effective in properly assessing profile roughness
class. Referring to the example of Figure 5, an IRI
value of 9.82 [m/km] was measured for the investi-
gated road section, while PSD estimate led to
Go=2600-10° [m*/cycle], therefore qualifying the
road as poor (which is actually the case).

It should be noted that high frequency compo-
nents are almost absent in the spectrum, which may
be interpreted as a consequence of the low-pass fil-
tering action exerted by tyre geometry. As a conse-
quence, the profile PSD reconstructed from axle ac-
celerations cannot be approximated according to
Equation 14. However, while m; and m, are parame-
ters which describe the spectral distribution of pro-
file irregularities, Gy is the parameter representative
of the overall roughness level of the pavement, and
classification according to Gg values can still be per-
formed. This is demonstrated by the correlation be-
tween Go and IRI shown in Figure 6, that can be ap-
proximated by the following equation:

Go=0.0018 ‘IRI® - 0.0249 IRI? + 0.2614" IRI +
- 0.5954 (17)
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Figure 5. Road profile PSD reconstructed from measured axle
accelerations
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Figure 6. Correlation between IRI and Gq

4.2 Dynamic amplification estimate of vehicle loads

By combining Equations 1 and 2 with Newton’s
Law, as suggested in Sun (2001a) an estimate of dy-
namic pavement loading (DPL) can be derived:

DPL = k;z; + 2, = —(my ¥y + M) (18)

which can be easily calculated from the recorded
time series of acceleration measurements.

Figure 7 represents a PSD estimate of the DPL
for a road section considered in the experimental in-
vestigation. Results show the typical band-pass filter
action of the vehicle, with peaks in the low frequen-
cy range of 1-3 Hz and in the high frequency range
of 10-15 Hz (Sun & Deng 1998, Sun 2001, Sun &
Kennedy 2002).
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Figure 7. PSD of DPL



Statistical description of DPL can be achieved
through estimate of the standard deviation, op, and
of the coefficient of amplification with respect to
static vehicle loads, o.

The standard deviation of DPL can be determined
from the single-sided PSD of DPL, Gpp (®), assum-
ing that dynamic amplification effects follow zero-
mean Gaussian random processes (Sun 2001a), ac-
cording to the formula:

o 1/2
Gp = ['([GDPL (@)d(DJ (19)

while the coefficient of dynamical amplification of
vehicle loads can be evaluated (Sun 2001a) as:

%p
(ms + M, )g

The combined effect of speed and roughness on
DPL is represented in Figure 8, where the coefficient
o is determined for a subset of 21 road sections
characterized by IRI values ranging from 3.2 to 9.02,
for the three different speeds of 35, 50 and 80 km/h.

It can be observed that coefficient o increases
with increasing roughness level and that such a sen-
sitivity is magnified at higher speeds. An increase of
IRI of 60% leads to an o increase of about 150% at a
speed of 35 km/h whereas the same increase in a
can be obtained for an IRI increase of 40% at a
speed of 80 km/h.

(20)
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Figure 8. Amplification of vehicle loads as a function of road
roughness and vehicle speed

Table 3 provides values of peak frequencies, am-
plitudes and o coefficients determined for 33 meas-
ured road sections and for different overall rough-
ness levels and vehicle velocities.

Table 3. DPL descriptive statistics

Section V IRI fl Al f2 A2 «
[km/h] [m/km] [Hz] [N] [Hz] [N] [%]

DC2D2 37 53098 156 95 1250 155 114
PT2L1 55 55308 1.76 231 13.09 332 35
PC3L1 56 53914 156 150 13.28 230 17.4
OB1D 65 4514 147 155 9.47 228 354
RG3L1 66 3.3083 137 69 9.38 337 173
DR1D1 51 4945 234 120 1250 181 19.1
DR2D1 52 5.9208 1.17 137 1250 327 49.5
DN1D1 54 49797 156 79 1250 203 17.9
DN1D2 49 43236 156 64 14.06 121 10.2
M1D1 50 5136 2.73 127 12.89 176 22.2
SP2D1 51 3.2004 - - 14.65 170 15.4
AN1D1 49 3.5768 - - 16.41 107 13
AN3D3 50 2.8557 - - 16.99 271 26.6
RG1L1 53 3.9004 1.47 115 12.89 222 37.8
PC1L1 49 9.0153 1.56 262 12.89 310 36
CS1L1 48 46411 156 129 1250 150 17.1
TL3D1 73 3.3237 1.37 83 10.35 460 29.5
TL3D3 74 3.5991 1.86 206 10.45 368 32.9
TAL 74 3.8793 1.17 161 10.55 306 23.3
RC2D1 75 8.8606 1.95 166 10.55 347 21.1
RC3D1 77 6.9574 1.37 101 10.94 403 25.6
RC4D1 73 6.4925 1.17 86 1055 262 19.1
BV1D4 76 48548 1.66 116 11.13 368 34.8
BV1DS5 76 9.408 156 107 11.13 526 26.7
BV2D2 76 34915 1.17 113 10.94 377 16.5
BVv2D4 75 47469 195 161 10.74 332 32.7
R6L1 77 46876 156 158 11.23 741 42.4
SV1L1 78 46319 1.76 149 10.94 589 41
BV1D3 85 6.5507 1.66 102 10.45 339 33.4
BVv2D5 78 9.3807 1.95 138 11.13 525 28.6
SV2L1 79 43661 156 113 11.33 345 176
TL6D1 72 3.3614 1.66 147 10.35 341 313
BV2D1 69 3.3939 147 73 9.96 458 33.7

It is worth noting that the second peak amplitude
falls in a frequency range that matches pavement de-
sign criteria, which assume dynamical modulus of
bituminous mixtures to be determined at a frequency
of 8 Hz (NCHRP 2004). On the contrary, the first
peak, even if of reduced amplitude (ranging from 1.6
to 4% of static load, as shown in Table 3), falls in a
range of frequencies (of the order of 1-2 Hz) that can
be considered critical for the response under loading
of pavement materials. This finding suggests that the
extent of road surface damage predicted by typical
design criteria is lower than the damage which can
be computed by taking into account dynamic effects.



5 CONCLUSIONS

The paper presents a new experimental device,
which qualifies as a RTRRMS for profile recon-
struction and vehicle-pavement interaction analysis.
The device can be easily mounted on almost any
kind of vehicle, and a procedure based on the quar-
ter-car mathematical model has been established to
interpret recorded data. Furthermore, a methodology
for the numerical calibration of measurements has
been suggested. The interpretation procedure utilizes
the same set of the numerically-calibrated measure-
ments and can therefore be automatically run at eve-
ry measurement campaign, providing timely and up-
to-date results.

The device proved to be capable of providing a
straightforward reconstruction of the profile eleva-
tion PSD, together with road roughness evaluation
via IR estimate. Moreover, it led to a statistical de-
scription of dynamic pavement loading, showing to
be particularly suitable for pavement-performance
monitoring and for the analysis of the actual pave-
ment loading conditions.

Further investigations are necessary to assess the
uncertainties related to tyre compliance in road pro-
file reconstruction from axle acceleration measure-
ments. Moreover, results obtained by using the new-
ly developed device should be compared with those
deriving from other direct profiling devices.
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