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ABSTRACT

Most transportation agencies now collect pavement roughness data using the inertial profilers. Road profiling
activities require instrumented vehicles and technicians with specialized training to interpret the results, which is
expensive and, therefore, limits data collection to at most once per year for portions of the national highway
system. Agencies characterize roughness only for some secondary roads but much less frequently. This paper
developed a method linking the output of durable in-pavement strain sensors to road roughness level by
theoretical derivation and numerical simulation. The durable in-pavement sensors will continuously provide
information of road roughness after they are installed and calibrated during the road construction. Without the
high cost for profiling facilities and technicians, this approach will serve as an economic solution after
recovering the initial cost.
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1. INTRODUCTION

Roughness, a global measure of roadway serviceability, has been long used as one of the major criteria for road
condition assessment and maintenance resource allocation. The ASTM E867 standard defines roughness as the
deviation of a surface from a true planar surface with characteristic dimensions that affect vehicle dynamics and
ride quality [1]. Pavement roughness adversely affects vehicle wear, ride quality, and transportation safety [2].
The higher dynamic axle loading from roughness accelerates pavement deterioration [3]. Rough roads can also
increase fuel consumption by as much as 4-5 percent [4].

According to NCHRP Report 334 [5], most transportation agencies now collect pavement roughness data using
the automated systems mentioned above, especially the inertial profilers, for at least part of their paved roadway
network. The literature has very little information about the cost of using such inertial profilers. One study
reported pavement profile data collection and analysis costs in the range of $2.23 - $10.00/mile with an average
cost of $6.12/mile [6]. In general, the relatively high expense and labor requirements of existing approaches
prevent agencies from monitoring large portions of their roadway network more often than once annually. Thus,
they often make maintenance and rehabilitation decisions based on outdated roughness data. In addition,
infrequent roughness measurements preclude the identification of dangerous distress symptoms such as frost
heaves that appear and disappear between annual monitoring cycles. These situations result in roadway safety
gaps that increase liability.

This paper introduces a new approach to evaluate and report pavement roughness by linking the output of
in-pavement strain sensors to the road roughness level. This approach contains two different algorithms that
provide the international roughness index (IRI) and the power spectra density (PSD) of the road profile,
respectively. This method requires initial installation of the durable strain sensors inside the pavement during
the road construction stage. During road operation, the sensors report strain data that indicates the level of
roughness development. The method developed in this study will subsequently produce the roughness
information. After agencies recover the initial cost of sensor deployment and calibration by removing the need
for future expensive profiling activities, they will begin to benefit from the reduced cost of roughness
monitoring activities throughout the remaining life cycle of the pavement assets.



The organization of the remaining paper is as follows: Section 2 develops the theoretical method that quantifies
the road roughness by using the output of the in-pavement strain sensors. Section 3 is numerical simulation.
Finally, Section 4 provides the conclusion and outlines the potential future work.

2. THEORETICAL ANALYSIS

2.1. Relationship between IRI and Pavement Strains

A deformation-induced increase of strain within the pavement structure corresponds to an accumulation of
profile unevenness, because a deformation of the pavement structure would produce a change in the road
profile.

2.1.1 Relationship between in-pavement strains and roughness for concrete-paved roads
According to the Kirchhoff-Love plate theory [7], the strain in the longitudinal (x) direction of a thin-plate
concrete panel, &, located inside the pavement at some known vertical position 4, is expressed as:
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where w is the vertical displacement of the concrete pavement panel which is also known as the road elevation
profile. With the sampling interval requirement satisfied, double integration of Eq. 2.1 reproduces the relation
between the road elevation profile and the measured strains from the in-pavement sensors as:
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The IRI then becomes available because the slope rate of the road profile, W, which is the second derivative of
the elevation profile w with respect to time, is a direct input to the procedure that computes the IRI. For a
temporal road profile of &, the second derivative with respect to time is

Eo iVt (2.3)

where v =80 km/h is the IRI standard speed [8].

2.1.2 IRI calculation based on in-pavement strains
The Highway Safety Research Institute (HSRI) defines the IRI in terms of the responses from a standard
quarter-vehicle model having two degrees of freedom as shown in Fig. 2.1.
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Figure 2.1 The HSRI quarter-vehicle model
The HSRI quarter-car parameters are k,/ms = 653.0 52, k/m, = 63.3 s'z, my/mg = 0.15, c¢/ms = 6.0 s'and e/m, =

0.0 s'. Assume that parameters ), and ), are absolute displacements of the sprung and unsprung mass,
respectively, then the relative displacement of sprung mass y, and that of the unsprung mass y, are
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Expressed in matrix-form, the ordinary differential equations to define the system dynamics for the sprung and
unsprung mass is
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Substituting Eq. 2.3 into Eq. 2.6 provides the expression:

where
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Solving Eq. 2.5 with a numerical algorithm such as the Newmark method yields the relative displacements y;
and y,, the relative velocities y and y,, and the relative accelerations )i and y, as a function of the

in-pavement strains and velocities of the vehicle. The IRI is then [8]:
IRI L d (2.8)
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in which, L is the segment length and 7' = L/v is the travel time. For a computational sample interval of Az, the
number of intervals is n = 7/At and the discrete-time form of the computation becomes

n
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2.2. Relationship between PSD of Road Roughness and Pavement Strains

2.2.1. PSD of road roughness

Numerous measurements indicates that roughness can be modelled as a uniform random field in the spatial
domain [9]. Instead of varying with time, the height of road surface, & varies with special distance along the
road. Low frequency components correspond to long wavelength road profile, and high frequency components
to short wavelength road profile. When a vehicle travels along the road at a constant speed v, a uniform random
field in spatial domain is converted into a normal stationary ergodic random process in time domain. PSDs of
road roughness have the relationship as

G{Q) = vG Af) = 4nSK w), (2.10)

where @ = 2nf' = 2nve2, G«£2) is the single-sided wave number spectrum, the so-called wave number £
represents spatial frequency and is given by £ = 1/4, where 4 is the wavelength of road surface roughness, Gf)
and S{w) are respective single-sided and double-sided PSD functions of road surface roughness defined by
natural frequency (i.e. temporal frequency) f'and angular frequency (i.e. circular frequency) w, respectively [10].

It has been found that most pavement profiles such as road surface roughness and runway roughness have very
similar form of PSD [11]. The commonly used form for representing PSD of road surface is

G{2) = Csp(27, 2.11)

where Csp is the roughness index, exponent yis the parameter which controls the frequency component of PSD
in frequency domain [11].



2.2.2. Dynamic wheel load of a quarter vehicle

Preceding researches indicate that a quarter vehicle model is a good representation for analysis on road
roughness, ride quality, and vehicle load [12]. Taking the Fourier transform of Eq. 2.5, the frequency response
equation of the quarter vehicle is
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where Hy(w) = Fyo)/ F(E) and Hy(w) = F(y.)/ JF(E) are the frequency response of the sprung and unsprung mass,
respectively, and the function ‘F(x) indicates the Fourier transform operation of x. From the quarter vehicle
model, the dynamic wheel load can be expressed as

Pt)y=k,y,(t)+c,y, () (2.13)

Taking the Fourier transform on both sides of Eq. 2.13 and using linear system theory [13], the PSD of
dynamic wheel load (DWL) Sp(w) is

Sp(w) = A(W)SH @) (2.14)
where A(w) = |(k+Hic,0)Hy(o).
2.2.3. Description of road roughness with pavement strains
The strain signal /() captured by sensors deployed inside the pavement is a convolution of the linear load

function Py (¢) and the sensor’s sensitivity function 7(¢) multiplied by the vehicle’s travelling speed [14], as is
shown in Eq. 2.15.
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A common practice is to take the dynamic wheel load P(f) as a concentrated point load for simplicity [10], then
it can be expressed as the product of the amplitude P, and a Dirac-delta function 8(¢). Then Eq. 2.15 becomes

1(¢) = PyT(¢). (2.16)

The maximum strain /, when a vehicle tire traverses a specific sensor is proportional to the load magnitude P,
that is

10 = (X‘P()a (2. 1 7)
and the coefficient o is maximum of the sensor’s sensitivity function.
When the vehicle travel along the road path with strain sensors deployed inside the pavement underneath, the
strain history /y(¢) that is the series of the maximum strains collected from the sensors is proportional to the
history of the dynamic wheel load Py(%), as is shown in Eq. 2.18.
Io(1) = auPy(2) (2.18)

By linear system theory, the PSD of the Iy(¢), Si(w), and the PSD of Py(f), Sp(w), have the relationship as

Sy(@) =L@ (2.19)
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Substituting Eq. 2.19 into Eq. 2.14, the PSD of road roughness S{ ) can be expressed with the transfer function



A(w) and the PSD of the strain history S/w), as is shown in Eq. 2.20.

Si(@) (2.20)
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In addition, Sun developed the relation between the DWL’s coefficient of variation Ap and the roughness index
CSP as

A =%/vcsP 2.21)
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where ﬁz‘[ [A(@=2xf)] /fdf,and P is the static wheel load [15]. As the strain history /o(?) is proportional to the
0

load history P(¢), the roughness index can be expressed with y(?)’s coefficient of variation A; and the strain
value from the static wheel load 7, as is shown in Eq. 2.22.
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Though this method can’t acquire the road profile that is the fundamental data for roughness evaluation, the

PSD of road profile is also an important evaluation, and preceding researches explored the method to link the

PSD to the widely used roughness statistic IRI [16]. Thus the strain method is prospective to give a

comprehensive evaluation of road roughness condition.

3. NUMERICAL SIMULATION

This section conducts numerical simulation to the method described in Section 2. 3.1 corresponds to the
algorithm in 2.1, and 3.2 to 2.2, respectively.

3.1. IRI and Pavement Strains

Fig. 3.1 a is the generated roughness at Csp = 6.4x107 m3/cycle for a road section of 1000 m by the IFFT
method [17, 18]. Assume that the location of the deployed strain sensors are at /o = 0.02 m. Fig. 3.1 b is the
corresponding strain series calculated by Eq. 2.1. By the quarter-vehicle algorithm displayed in 2.1, the value of
IRI for this road section is 6.98.
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Figure 3.1 Generated roughness at Csp = 64 and the corresponding strains at 4o = 0.02 m

3.2. PSD and Pavement Strains



This numerical simulation uses the same road roughness level and profile with those in 3.1 that is repeated in
Fig. 3.2 a. Tab. 3.1 lists all the parameters for the dynamic wheel load (DWL) calculation. Fig. 3.2 b is the DWL
calculated with Eq. 2.13.
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Figure 3.2 Generated roughness at Csp = 64 and the corresponding dynamic load

Table 3.1 Parameters used for numerical simulation

Parameters Description of parameters Values
my mass of sprung mass, kg 578
my mass of unpsrung mass, kg 32
k stiffness of the suspension spring, N/m 118490
ky stiffness of the tire spring, N/m 165372
Cs damping coefficient of the sprung mass, Ns/m 300
Cu damping coefficient of the unsprung mass, Ns/m 302
1% speed, m/s, 22.22

Assuming that the coefficient in Eq. 2.17 is oo = 107 pe/N, Fig. 3.3 a is the strain series. Fig. 3.3 b is the PSD of
the strains calculated with the Welch's overlapped segment averaging estimator. This spectra reflects the
frequency characteristics of the road roughness interacting with the given quarter vehicle system. With the
transfer function in Eq. 2.14 4A(w) know, the PSD of road roughness can be calculated by Eq. 2.20.
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Figure 3.2 Strain series at o= 10" pe/N and its PSD

4. CONCLUSIONS AND FUTURE WORK



This paper provides transportation researchers and engineers with a cost-effective method of road roughness
evaluation using strain sensors deployed inside the pavement. The authors conducted theoretical derivation to
develop the relation between the measured strains from the in-pavement strain sensors and the road roughness
condition, followed by numerical simulation. The conclusions of this paper are as follows:

1) With different algorithms, both the IRI and PSD of a specific road section can be derived from strain series
inside the pavement.

2) Numerical simulation gives a brief view of this new method and provides a guidance for future field
experiments.

Future work will spend more efforts on field validation, and it is prospective to extend this method to the
application on bridges.
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