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Abstract: A method is developed to estimate the mean texture depth (MTD) value, which to some extent represents pavement quality, using
measurements from a microphone mounted underneath a moving vehicle. Such measurements will include tire-generated sound that carries
information about the road macrotexture as well as noise generated by the wind and vehicle. The proposed method uses principal component
analysis (PCA) to differentiate important information about the road surface from noisy data while the vehicle is moving. The variations in
frequency of the noise are assumed to be small compared with the variations in frequency of the signal related to the road-surface condition,
which allows the PCA approach to separate noise from signals that carry information about the road-surface condition. The analysis begins
with acoustic pressure measurements being made over various road-surface conditions underneath a moving vehicle. Fourier transforms are
taken over various time windows and a PCA is performed over the resulting vectors. This yields a set of PC vectors representing the road-
surface conditions. The frequency range of concern is from 0 to 2,000 Hz, according to the amplitude of frequency spectra of collected
acoustic measurement. The pavement-macrotexture depth (i.e., MTD) is estimated by matching the PC vector set derived from unknown
road conditions with one of the vector sets of known road conditions. Successful applications of this method are demonstrated by accurate
estimations of the MTD of pavement directly from acoustic measurements. The results indicate that PCA is a powerful approach to eliminate
the noise that is not associated with the road surface, and therefore, the PC vectors can be used to accurately match the MTD values. The PCA
approach for tire-generated sound might also be used to differentiate subsurface road conditions, a precursor of many defects such as potholes
and severe cracking. DOI: 10.1061/(ASCE)TE.1943-5436.0000617. © 2013 American Society of Civil Engineers.

Author keywords: Mean texture depth; Macrotexture; Tire-generated sound; Acoustic measurements; Principal component analysis;
Noise elimination; Subsurface road conditions.

Introduction

Pavement texture is the deviation of a pavement surface from a true
planar surface [ISO 13473-1 (ISO 1997)]. It determines factors
such as tire/road friction, tire/road noise, rolling resistance, and ride
quality (Rasmussen et al. 2011). Therefore, engineering methods
for measuring surface texture are valuable. The type of pavement
texture is classified according to the range of texture wavelength
[ISO 13473-1 (ISO 1997)]. Four types of pavement texture are clas-
sified, namely, microtexture, macrotexture, megatexture, and un-
evenness (Sandberg and Ejsmont 2002). Among these four types
of pavement texture, macrotexture is the pavement texture with spa-
tial wavelengths from 0.5 to 50 mm [ISO 13473-1 (ISO 1997)].
Macrotexture depth is related to tire/road friction in wet weather,
noise characteristics, and assessment of the suitability of paving
materials or pavement-finishing techniques [ISO 13473-1 (ISO
1997); Rasmussen et al. 2011; Sandberg and Ejsmont 2002;

Gunaratne et al. 2000]. It is an important index for pavement-
condition rating. Thus, the focus of this paper is on seeking an
accurate, easy, safe approach to test and monitor the pavement-
macrotexture depth.

The current state of the art for macrotexture-depth measurement
is investigated. One traditional method for macrotexture-depth
measurement is introduced by ASTM E965 (ASTM 2004) and
named the sand patch method, or volumetric patch method [ASTM
E965 (ASTM 2004)]. This method characterizes surface macrotex-
ture by the quantity mean texture depth [MTD; ASTM E965
(ASTM 2004)]. It is easy to apply and the result is three dimen-
sional. However, this method may give different results by different
operators (China and James 2012), and it may only be applied to
pavement when traffic is closed. An alternative method commonly
used now is the laser-based profilometer method, which is
considered to be more advanced, safer, and economical. Several
types of equipment or systems were developed based on laser ap-
plication. The ASTM E2157 standard proposed this method using a
circular-track meter (CT meter) (ASTM 2009b) to measure and
evaluate pavement macrotexture profiles for laboratory investiga-
tions and actual paved surfaces in the field [ASTM E2157
(ASTM 2009b); ASTM E1845 (ASTM 2009a)]. A robotic texture-
measurement system (Robo Tex) with higher accuracy was devel-
oped in 2005 (Rasmussen et al. 2011; Cackler et al. 2006).
However, the CT meter and Robo Tex systems require disruption
of traffic flow. Another laser-based profilometer system, the road-
surface analyzer (ROSAN) system, was developed by Sixbey’s
research team for Federal Highway Administration in 1997
(Koklanaris 1998). The ROSAN can perform at speeds up to
120 km=h (Peña et al. 1997), and so the traffic-control problem
is eliminated. Nevertheless, because the system includes many
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accessories, such as the beam and bumper hitch, the cost issue may
hinder its widespread use.

Five issues motivate the acoustic approach described in this pa-
per. The first issue is that human error may be avoided by mounting
a microphone underneath a vehicle near one of the rear tires, which
only records the sound pressure. The second consideration is to
reduce or eliminate traffic disruption. The microphone application
idea allows testing at normal traffic speeds. Third, microphone ap-
plication makes continuous monitoring of macrotexture possible.
The fourth concern is regarding cost effectiveness. Elimination
of vehicle vibration increases the cost of the laser-based profilom-
eter system for other accessories, but it does not restrict the use of a
microphone measurement when appropriate signal-processing
techniques are used. The last, as well as the most important issue
is that drivers and passengers can often distinguish a difference in
the vehicle noise generated by tire as the vehicle travels from one
type of road surface to another. One may conclude that pavement
macrotexture has a large effect on tire/pavement noise, and con-
trolled studies have confirmed this (Sandberg and Ejsmont
2002; Ongel et al. 2008; Lu et al. 2010). Being aware of the
feasibility of characterizing pavements of different macrotexture
by their tire-noise spectra (Veres et al. 1975), the authors initially
attempted to use the acoustic measurement as a measure of
pavement macrotexture (Saykin 2012). The present work seeks
to improve the accuracy of this approach.

While the vehicle is moving, dynamic interactions between the
tire and the road surface produce sounds whose frequency depend-
ence is related to the road macrotexture (Veres et al. 1975; Saykin
2012; Zhang et al. 2012; Hegmon 1979). However, there are other
sources of sound present, such as those caused by wind and vehicle
vibration. In the discussion that follows, the term signal refers to the
sound generated by the tire–road interaction and the term noise refers
to all other sound measured by the microphone underneath the
vehicle. This work investigates the possibility that the variations
of the signal and noisewith respect to frequency are different. In such
situations, a principal component analysis (PCA; Jolliffe 2002) may
be used to approximately extract the signal from measurements that
include the signal and noise. The signal may then be compared with
signals from roads with known macrotexture depth such that the
road-macrotexture depth may be estimated. In addition, with an
expectation of defect identification such as potholes and severe
cracking in pavement structure by acoustic measurements, subsur-
face information hidden in the extracted signal is also explored.

In summary, the goal of this study is to create a new
pavement-macrotexture-depth prediction model that only uses
measurements from an acoustic sensor installed beneath a mov-
ing vehicle; also, to seek the possibility for subsurface differen-
tiation from the acoustic measurements. To reach this goal, the
following objectives were pursued: (1) investigate the relationship
between tire/pavement sound and pavement-surface macrotexture;
(2) develop a method to eliminate noise not related to pavement-
surface condition collected by the acoustic sensor; (3) estimate
macrotexture depth using filtered data from first PC vector and
compare with other methods; and (4) explore for subsurface in-
formation inside the extracted signal being used for macrotexture
estimation.

PCA Theory

The PCA approach is a well-known statistical approach for feature
extraction from measurements (Wang et al. 2002). Pearson (1901)
and Hotelling (1933) first described this technique (Jolliffe 2002).
The fundamental purpose of PCA is to cut down the dimensionality
of a data set containing a quantity of variables correlated to each

other, so as to keep the maximum possible variation. To achieve this
goal, an original data set is converted to a new set of uncorrelated
variables, the PC vectors, which are ordered in the descending
variation (Jolliffe 2002).

The PCA forms new variables using a linear combination of
the original variables. The basic equation is as follows (Abdi
and Williams 2010):

Am×n ¼ Qm×m × Bm×n ð1Þ
where A = matrix containing the PC vectors; B = original variable
matrix; Q = weighting coefficients matrix to build the linear rela-
tionship between A and B; m = number of variables in original
matrix; and n = number of experiments/observations.

The new variables in matrix A are the PCs. The first row of A is
first PC vector, which holds the maximum variance of the data, and
the second PC vector holds the maximum of the remaining
variance. The matrix Q is defined as follows (Shlens 2005): If
CB is the covariance matrix of the original data matrix B
(i.e., CB ¼ BBT), matrix Q is the transpose of the eigenvector ma-
trix ofCB. A linear transformation and eigen decomposition is used
in this problem.

After matrix A is obtained using Eq. (1), the number (L) of the
first few components to be selected for research is often determined
by the following equation (Jolliffe 2002):

P
L
i¼1 σ

2
iP

M
i¼1 σ

2
i
≥ 0.8 ð2Þ

where L = number of most PC vectors;M = number of variables in
original data matrix; and σ2

i = variance associated with the ith PC
vector.

Eq. (2) is established based on the assumption that data with
high variance possess high signal-to-noise ratio (SNR). The
SNR could be expressed as the variance of SNR (Shlens 2005),
and therefore, a high SNR indicates high-quality data with less
noise. Hence, for a 2D variable data set along a certain direction
with highest variance, the variance of the signal along this
direction is highest. Meanwhile, the variance of the noise along this
direction is lowest based on PCA theory. Consequently, the signal
possesses the highest SNR.

Description of Experiments

Configuration of National Center for Asphalt
Technology Test

The microphone configuration mounted underneath the test vehicle
is shown in Fig. 1. These five directional microphones are produced
by GRAS, with the sensitivity from 44 to 52 mV=Pa. The sampling
frequency of this test is 40 kHz. Because the type of tire will in-
fluence the frequency spectra of acoustic signal, especially in the
typical tire-band range 500–1,300 Hz (Cerrato 2009), the same tire
was used throughout the experiment to exclude the possibility of
tire effect.

In September 2010, the test was conducted at the National
Center for Asphalt Technology (NCAT) test track in Lee County,
Alabama. A detailed illustration of the track is shown in Fig. 2. The
track is 2.7 km (1.7 mi) long, consisting of 46 sections of pavement,
each 61 m (200 ft) in length. The vehicle collected over 50 GB of
acoustic data as it drove around the track for different testing con-
figurations. Among the 46 pavement types, 45 are considered in
this paper as listed in Table 1. The vehicle drove at three different
speeds over the track, 32 km=h (20 mi=h), 56 km=h (35 mi=h),
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and 80 km=h (50 mi=h), with three rounds for each speed. For each
round, there are 45 measurements corresponding to the 45 pave-
ment sections listed in Table 1.

Data Preprocessing for PCA

Based on the experience of a previous study (Saykin 2012), acous-
tic data collected by microphone M5 were chosen for the macro-
texture investigation, as the acoustic signal spectra from M5
represented good correlation with pavement macrotexture. Micro-
phone M5 was directed to the interface of rear tire and ground,
which is expected to be the source of most tire/pavement sound,
and shielded from wind and engine noise, compared with the other
microphone locations shown in Fig. 1. The measurement collected
by microphone M5 includes not only tire/road sound, but also the
undesired noise. As stated before, the road macrotexture is related
to the frequency dependence of the sound from tire–road interac-
tion, whereas the noise such as wind and vehicle vibration is less
frequency dependent than the signal from tire–road interaction, as
wind and vehicle vibrations are treated as steady-state noise under
the test condition (wind condition outside is steady; Cerrato 2009).
Therefore, an assumption was made that the noise may vary differ-
ently from signal with frequency. Consequently, a demand for noise
elimination by PCA is generated.

The PCAwas performed to the acoustic data collected for each
pavement section. Taking one pavement section, for example, the
data-preprocessing procedure is as follows: The first step is win-
dowing the measurements in time domain. The measurements
for each section were windowed with data length of 213 as one
window. The second step is performing discrete-time short-time
Fourier transform. Frequency spectra for 45 pavement sections
are displayed in Fig. 3. The color bar represents the sound-pressure
level (SPL). White color means intense sound pressure, whereas
black color means weak sound pressure. Fig. 3 indicates that

the frequency spectrum for each pavement section is highest in
the frequency range of 0–2 kHz. Meanwhile, the macrotexture
wavelength is 0.5–50 mm [ISO 13473-1 (ISO 1997)]. With the
equation f ¼ V=λ, where V is the driving speed (m=s), λ is the
texture wavelength (m), and f is frequency (Hz), the frequency
range reflecting macrotexture will shift with different driving
speeds. By computation, the frequency range is 20–2,000 VHz,
in which V is the driving speed as mentioned earlier. With the three
different driving speeds in the test from low to high, the frequency
range is 179–17,900 Hz, 313–31,300 Hz, 447–44,700 Hz, sepa-
rately. The upper frequency band is selected as 2 kHz as the
amplitude of SPL is weak after 2 kHz. To contain complete
pavement-surface information, also for the convenience of program
input, the lower frequency band is selected as 0 kHz. Observing the
lower frequency band for macrotexture of 20VHz with different
speeds, it is concluded that the signal is mainly related to the macro-
texture in the frequency range of 0–2 kHz. Consequently, the focus
on the frequency spectrum will be under 2 kHz. The original data
matrix is formulated with m rows according to m time windows,
n columns according to n frequency values under 2 kHz. The
matrix element is the sound-pressure level. The third step is data

Fig. 1. Microphone configuration for driving test (image by the
authors, unit: cm)

Fig. 2. NCAT test track

Table 1. Pavement Properties

Type Design MTD (mm) Type Design MTD (mm)

E1 SMA 0.8 S3 OGFC 1.3
E2 Superpave 0.8 S4 OGFC 1.5
E3 Superpave 0.9 S6 Superpave 0.5
E4 Superpave 1 S7 Superpave 0.5
E5 Superpave 0.7 S8 PFC 1.4
E6 Superpave 0.7 S9 Superpave 0.6
E7 Superpave 0.9 S10 Superpave 0.6
E8 Superpave 0.8 S11 Superpave 0.6
E9 Superpave 0.5 S12 Superpave 0.6
E10 Superpave 0.5 S13 Superpave 0.9
W1 SMA 1.2 N1 PFC 1.3
W2 SMA 0.9 N2 PFC 1.2
W3 Superpave 0.5 N3 Superpave 0.6
W4 Superpave 0.5 N4 Superpave 0.7
W5 Superpave 0.6 N5 Superpave 0.5
W6 Superpave 0.5 N6 Superpave 0.5
W7 SMA 1.4 N7 Superpave 0.6
W8 Novachip 0.8 N8 SMA 0.7
W9 Superpave 0.4 N9 SMA 0.8
W10 Superpave 2.5 N10 Superpave 0.5
S1 SMA 0.9 N11 Superpave 0.5
S2 Superpave 0.5 N12 SMA 1
— — — N13 OGFC 1.2

Note: OGFC = open graded friction course; PFC = porous friction course;
SMA = stone matrix asphalt.
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normalization. For each window, it is subtracted off the mean value
and then divided by the standard deviation of the row vector.
Accordingly, the normalized original data matrix B is expressed
as follows:

B ¼

2
666664

f1 · · · fn
↑ ↑

P1@f1 · · · P1@fn
..
. . .

. ..
.

Pm@f1 · · · Pm@fn

3
777775
m × n

→
→

time window 1

..

.

time window m
ð3Þ

The element Pi@fj is the SPL in the ith time window under
frequency fj with the unit of decibel. In addition, from the view
of PCA, the time window is treated as the variables and the different
frequencies are viewed as different observations in this study. The
normalized matrix B would be used to perform PCA. The fourth
step is PCA treatment. Compute the eigenvectors of BBT . The ma-
trixQ is obtained after reordering those eigenvectors in descending
order of the associated eigenvalues of BBT . The PC vectors in
terms ofA through Eq. (1) are thus found. In this study, the authors
chose the first PC vector (first row in matrix A) for research
because the associated variance of the first PC vector usually
accounted for over 90% of the summation of variances, that is,
the first PC represented overall curve shape for those m window
vectors along n frequencies in matrix B.

Post-PCA approach

As the first PC vector was selected for analysis, the following
phase-angle formula was applied to compare two vectors:

cosα ¼ a × b
jaj × jbj ð4Þ

where a = first PC vector of tested pavement; b = first PC vector of
known pavement; and α = phase angle between a and b.

Large values of α indicate large differences between two vectors
a and b, whereas small values of α indicate small differences
between a and b. In this paper, the MTD is used to quantify the
pavement-surface condition. The method computes the phase angle
between the first PC vector of the tested pavement section and
several known pavement sections with known MTD values. The
MTD value of the tested pavement is estimated as that of the known
pavement with the smallest phase angle. One requirement for this
approach is that the MTD values of those known pavement sections
need to have a broad range to cover most road conditions, that is,
different pavement-surface conditions are needed to be analyzed as
a database for the MTD estimation.

Macrotexture-Depth Estimation through PCA

First Principal Component Extraction

Frequency Domain
Surface conditions of pavements W6 and S4 from the NCAT are
shown in Fig. 4. Pavement W6 with small MTD of 0.5 mm is much
finer, whereas pavement S4 is coarse with large MTD of 1.5 mm.
The PC vectors of the acoustic measurement for pavement W6 are
shown in Fig. 5, with driving speed at 56 km=h (35 mi=h). Fig. 5(a)
is the original frequency spectrum with normalized SPL, in which
different lines measured SPLs divided by different time windows.
Fig. 5(b) shows all the PC vectors. The dot curve in Fig. 5(b) is the
first PC vector, which is extracted in Fig. 5(c). It is assumed as the
most representative vector for characterizing pavement W6. Other
solid curves in Fig. 5(b) are assumed as noise. Experiment was also
conducted at driving speeds of 32 km=h (20 mi=h) and 80 km=h
(50 mi=h). The first PC vector has the same trend and magnitude as
shown in Fig. 5(c). Fig. 5 indicates that the first PC vector is able to
represent the most variation of the original data set in this study.
Thus, further research will focus on the first PC vector.

The comparison of spectra before and after PCA treatment for
pavements W6 and S4 are illustrated in Fig. 6. Plot on the left side
shows the original sound-pressure level versus frequency, whereas
the right-side plot shows the first PC vector. It is difficult to clarify
the difference between pavement S4 (solid curve) and W6 (dot
curve) as those two curves overlap each other in the left plot. How-
ever, after PCA treatment, the first PC vector of pavement S4 (solid
curve) is clearly distinguished from that of pavement W6 (dot
curve) as shown in the right plot. Referring to Fig. 4, it is concluded
that PCA effectively differentiates two pavements by the first PC
vector, which increases the possibility for the assumption that first
PC vector could characterize road condition.
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Fig. 3. Frequency spectra of 45 pavement sections

Fig. 4. Surface condition of Pavement W6 and Pavement S4; square
side length of both pictures is 5 cm
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Time Domain
With the interest in time-domain signal after PCA treatment, the
authors reconstructed the signal from the first PC vector. Fig. 7 rep-
resents the comparison of sound pressure varying with time before
and after PCA treatment. The amplitude of sound pressure after
PCA treatment is approximately 1=3–1=2 of that before PCA.
By hearing the audio of the sound shown in Fig. 7, most back-
ground noise is reduced in the reconstructed one, which means that
noise is eliminated to some extent by PCA.

Speed Effect
It is proved that first PC vector has kept most pavement-surface
information for quality assessment. Its ability to characterize
different road condition is also proved. However, one question
came into consideration: will the first PC vectors of the same pave-
ment collected by different speeds represent very similar trend? In
other words, will speed limit the performance of first PC vector? To
answer this question, experiment by different speeds (32, 56, and
80 km=h) on the same part of pavement W6 was conducted. Fig. 8
demonstrates the speed effect on first PC vector and original data of
pavement W6. On the left, scales of the first PC vectors by different
speeds are very similar to each other, whereas on the right, the
sound-pressure level of the same pavement increases with speed
obviously. Thus, speed effect could be ignored when PCA is treated
to the original data, which not only shows that first PC vector
carries most road-surface information, but also offers one probabil-
ity for real-time data processing regardless of speed. However,
the normal driving speed of above 40 km=h (25 mi=h) is
recommended to provide the consistent results.

MTD Estimation and Accuracy Analysis

The possibility that the variation of signal is different from that of
noise versus frequency is proved by comparing the first PC vector
with the original data of pavement in frequency domain and in time
domain, respectively. It is also strengthened by the stable perfor-
mance of first PC vector over the same pavement with different
speeds. The next step is to use the first PC vector for pavement-
surface identification by MTD estimation and compare the result
with the original data using the same approach described in the
“Post-PCA Approach” section. If it works well by the first PC
vector, the answer would be more assertive in that the first PC
vector holds most pavement information, and the noise has
different variance with the signal in frequency content. Sub-
sequently, an accuracy analysis is performed using two methods,
the proposed PCA method in this study, and the energy method
demonstrated in a previous study (Saykin 2012).

MTD Estimation
Because the first PC vector is a representative vector for one type of
pavement, it is applied to estimate MTD of pavement. Using the
approach described in the “Post-PCA Approach” section, five dif-
ferent pavements were chosen as known pavements, and a different
pavement from the NCATwas used as the tested pavement. In this
blind test, the MTD of the tested pavement was first assumed to be
unknown, estimated by the present method, and then checked
against the known value. Using Eq. (4), the phase angle between
tested pavement and known pavements was calculated separately.
After comparison of the phase angle, one pavement X among those
five known pavements was chosen as the most similar one to
the tested pavement because of the smallest phase angle between
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these two pavements’ first PC vectors. Hence, the road-surface
conditions of both pavements are supposed to be alike. Because
MTD is an index for pavement-surface characteristics [ISO
13473-1 (ISO 1997)], it is reasonable to estimate MTD of the tested
pavement equal to that of the selected pavement X. After verifying
that the true MTD of tested pavement is the same or closest as
estimated, it is proved that the first PC vector can be used for
MTD estimation.

The authors did three experiments at speeds of 32, 56, and
80 km=h. The known pavements were N5, E1, N12, N2, and
S4, whereas the tested pavements were W8, N6, and E4. All of
these pavements were from the NCAT as Table 1 indicates. Table 2
lists the tested and known pavements in each experiment as shown
in Fig. 9, as well as their MTD values. The known pavement with
the same MTD as the tested pavement in the experiment was
marked in bold in Table 2. Taking result in Fig. 9(a) for example,
on the left side, among the five known pavements, pavement E1
(circled in Fig. 9) with MTD of 0.8 mm was selected as the one
most similar to the tested pavement W8 with a minimum phase
angle between their associated first PC vectors. Hence, MTD of

pavement W8 was estimated as the same as that of pavement
E1, that is, 0.8 mm. After checking against the true MTD of pave-
ment W8, the estimation matches the real condition. On the right
side, three curves were compared. They are first PC vectors for W8,
E1, and S4, respectively. The dot curve for pavement W8 and light
solid curve for pavement E1 are very similar to each other, whereas
the heavy solid curve marked x for pavement S4 is apparently dif-
ferent from both. Turning back to the left side of Fig. 9(a), pave-
ment S4 and pavement W8 have the maximum phase angle among
the known pavements, which may explain why the first principal
component of pavement S4 seems much different from W8 as well
as E1. Same situation occurred in Figs. 9(b and c). By observing
many results, as well as Fig. 9, a phase angle below 20° indicates
similar pavements with same or close macrotexture depths, and a
phase angle above 40° indicates a big difference between two pave-
ments. These three experiments come to the same conclusion—the
MTD could be estimated effectively by the PCA method.

It is clear that the tested pavement used in the estimation has
exactly the same MTD as one of the known pavements in the afore-
mentioned example, which might make the accurate estimation eas-
ier. To validate the feasibility of the method, another example is
represented to demonstrate how the MTD is determined if the
MTD of tested pavement is within the range of the MTDs of known
pavements but not the same. Table 3 shows the MTD estimation for
the tested pavement N5. As observed, the real MTD of N5 is
0.5 mm from Table 1, which is within the range of the MTDs
of known pavements but not the same. The estimated MTD of
the tested pavement N5 is determined as 0.4 mm, same as that
of W9, as the phase angle between the first PC vectors of N5
and W9 is the smallest among the 10 known pavements. The result
for this case has an error though, and is close to the real MTD. It
also indicates that sufficient and complete calibration data are im-
portant for an accurate estimation of MTD.

Based on both examples, it is concluded that PCA could be ap-
plied as an efficient method for pavement identification; moreover,
the first PC vector of a pavement does carry pavement-surface fea-
ture. The successful MTD estimation from the NCAT data adds

Table 2. Referred MTD of Pavements Applied in MTD Estimation

Experiment description

Experiment a Experiment b Experiment c

Speed:
32 km=h

Speed:
56 km=h

Speed:
80 km=h

Section
name

MTD
(mm)

Section
name

MTD
(mm)

Section
name

MTD
(mm)

Tested pavement W8 0.8 N6 0.5 E4 1.0
Known pavements N5 0.5 N5 0.5 N5 0.5

E1 0.8 E1 0.8 E1 0.8
N12 1.0 N12 1.0 N12 1.0
N2 1.2 N2 1.2 N2 1.2
S4 1.5 S4 1.5 S4 1.5

Note: The bold font signifies the known pavement with the same MTD as
the tested pavement in the experiment.
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Fig. 8. Speed effect on (a and b) first principal component vector; (c and d) original data of pavement W6
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confidence on this point. However, the accuracy of the result will be
limited by the sufficiency of the calibration data (known
pavements).

To investigate the necessity of PCA treatment to the measured
data, as well as to check the effects of noise elimination by PCA,
the same approach for MTD estimation was also applied to the
original data set. The original data were also normalized, but
not treated by PCA. The experiment had the same known pave-
ments and tested pavements listed in Table 2. Fig. 10 shows the
results of two speeds, 32 and 80 km=h.

Fig. 10(a) indicates that the tested pavement W8 has the mini-
mum phase angle with pavement E1 (circled in Fig. 10(a)), its MTD
is estimated as 0.8 mm, which is correct. However, Fig. 10(b)
shows that the tested pavement E4 has the minimum phase angle
with pavement N2 (circled in Fig. 10(b)), so its MTD is estimated
as 1.2 mm, which is not correct referring to Table 1. The phase
angle of original data set between two pavements delivers wrong
information. Moreover, the phase-angle values in Fig. 10 are
around 60°, much higher than those shown in Fig. 9. The left plots

in Fig. 10 show that in frequency domain, even the difference for
different pavements (W8 and N5, E4 and S4) is not obvious.

Comparison over the first PC vector and normalized original
data set for MTD estimation yields a conclusion that PCA is very
useful for the road-feature extraction and noise elimination. By
referring to the frequency spectra in Figs. 9 and 10, it is clearly
demonstrated that PCA amplifies the variation of the data that
makes the data set much thinner and cleaner. It is concluded that
the first PC vector of pavement carries the road feature and
eliminates the noise that physically varies smaller with frequency
than signal. Hence, first PC vector could be used to identify pave-
ment characteristics, such as MTD estimation.

Accuracy Analysis
In consideration of assessing the proposed method, accuracy analy-
sis was tested. In addition, the accuracy of the proposed method
was compared with the energy method (Saykin 2012), which also
used the acoustic measurement from microphone M5 as shown
in Fig. 1. With regard to the energy method, for each pavement
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Fig. 9. MTD value estimation by PCA method at three speeds: (a) 32 km=h; (b) 56 km=h; (c) 80 km=h

Table 3. Another Example for MTD Estimation

Known pavement W9 W5 E5 N9 S1 E4 W1 N1 S8 S4

Known MTD (mm) 0.4 0.6 0.7 0.8 0.9 1 1.2 1.3 1.4 1.5
Phase angle (in degrees) 26.6 33.9 35.9 36.1 36.2 40.5 42.5 47.0 61.7 69.1

Note: Phase angle means the phase angle between the first principal component vectors of tested pavement and known pavement; the phase angle is calculated
between the tested pavement N5 and the known pavement listed in Table 3.
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Fig. 11. Accuracy analysis of PCA method and energy method at (a) 32 km=h; (b) 56 km=h; (c) 80 km=h
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section, the energy level is calculated from the integration in
frequency spectra of the acoustic measurement within a certain fre-
quency range, which the lower frequency was fixed at 40 Hz,
whereas the upper frequency was dependent on the speed of test
vehicle and pavement macrotexture wavelength. The MTD was de-
termined by a linear equation with two variables of vehicle speed
and energy level. The parameters of that equation were computed
by linear regression approach.

The accuracy analysis to both methods was carried out as the
following description. First, choose 10 sections of pavement from
the NCAT data as tested pavements, the remaining 35 sections of
pavement are treated as known pavements. Second, use the PCA
method or energy method described in a previous study (Saykin
2012) to estimate MTD values of these 10 tested pavements.
The third step is to compare the estimated MTD with real MTD
of tested pavements, and compute the accuracy of the estimation
using the following equations:

Error ¼ jestimated MTD − real MTDj=real MTD × 100% ð5Þ

Accuracy¼ 100%− error if error ≥ 100%; accuracy¼ 0%

ð6Þ

At last, compute the probability of the accuracy falling into
the range of 0–50%, 50–60%, 60–70%, 70–80%, and 80–100%
accordingly.

The accuracy analysis results and comparison of both methods
are shown in Fig. 11. Taking Fig. 11(a), for example, with the PCA
method, 90% of the tested pavements have accuracies in the
80–100% range, and 10% of the tested pavements have accuracies
in the 70–80% range. However, while looking at the energy
method, only 50% of the tested pavements have accuracies in
the 80–100% range. Accuracy of the PCA method exceeds that

of the energy method. Referring to Figs. 11(b and c), the PCA
method still performs better than the energy method, especially
for the accuracy range of 80–100%. Hence, it is concluded that
the proposed PCA method has high accuracy at any speed.

Possibility of Pavement-Subsurface Differentiation
Detected by PCA

The PCA can perform well on the pavement-surface texture char-
acterization through MTD estimation. It was also proved that noise
could be eliminated to some extent within the first PC vector so that
the road feature was amplified. One question that came out was that
if the first PC vector could represent the road-surface condition,
would it also show any hint of road-subsurface structure? Further
exploration on the first PC vector was made to investigate whether
any subsurface information was hidden in it.

Three curves displayed in Fig. 12 are the first PC vectors of
pavement N5, N6, and N10 separately. As indicated in Fig. 12,
pavement N5 (light solid curve) has very similar road condition
with pavement N6 (dot curve), but pavement N10 (heavy solid
curve marked x) is different from both N5 and N6, especially in
the frequency range of 700–1,000 Hz. What creates this difference?
First, the visible surface conditions of N5, N6, and N10 were
compared in Fig. 13. They are very similar to each other. Plus,
referring to Table 1, these three pavements have the same MTD
value of 0.5 mm.

Thus, it is not the visible surface conditions such as macrotex-
ture, air void, or roughness that create differences in the first PC
vectors. Accordingly, other invisible surface properties such as sur-
face thickness and modulus, as well as the subsurface structure were
investigated. Fig. 14 lists the pavement profiles of N5, N6, and N10
from the NCAT reference. Material and thickness of each layer are
clearly indicated. As indicated in Table 4, different patterns shown
in Fig. 14 represent different material properties such as elastic
modulus and Poisson’s ratio. Differences between pavement N10
and other two pavements lie in the first three layers of their profiles.
First, the surface thickness of N10 is different from that of other two
pavements. For the second layer of N10, the material [warm mix
asphalt (WMA)] is different from that of other two pavements,
which is PG67-22. Further, the third layer of N10 also has a differ-
ent material from other two pavements, with a different elastic
modulus. As Table 4 indicates, the elastic modulus is 13,790–
27,580MPa for the third layer of pavement N10, whereas the elastic
modulus for the third layer of N5 and N6 is 1,379–10,342 MPa.
Hence, the profile of N10 indicates an apparent difference with
other two pavements’ profiles, which is identified as the reason
for the difference that existed in their first PC vectors. Based on
these observations, the difference in the first PC vectors may be
due to the surface thickness; also, it is probably due to the subsur-
face structure. However, it represents a possibility that PCA could
differentiate the pavement-subsurface structure.

Fig. 13. Surface conditions of pavement N5, N6, and N10; ruler in each picture has a range of 15 cm
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Conclusion and Future Work

This investigation uses tire-excited acoustic signal measured by a
moving vehicle equipped with a directional microphone. The ob-
jective is to eliminate the noise and extract the tire/pavement sound,
which is related to the pavement-surface texture characteristics. A
statistical analysis approach is used. The chosen approach is PCA
and the acoustic measurements were transformed to frequency-
domain data. Experiments were performed by applying PCA
treatment on data collected by a test vehicle moving around an en-
gineered test track with known surface and subsurface properties.
Conclusions are outlined below for a set of experiments that con-
sidered 45 pavement types.
• After the PCA treatment, the first PC vector is extracted to best

represent pavement-surface features. Meanwhile, noise that var-
ies less with frequency is eliminated through PCA.

• No matter what speed the vehicle is running at, the first principal
component could always be extracted with the same trend and
same order of magnitude, which makes PCA not dependent on
moving speed.

• Macrotexture depth (i.e., MTD) is successfully estimated by
matching the first PC vector of tested pavement to that of a
set of known pavements. Original data sets without PCA treat-
ment could not identify the difference between two pavements
correctly because of noise, which demonstrates that PCA is use-
ful for noise elimination. The probability to estimate MTD value
of pavement with the accuracy over 80% is approximately 90%,
and the average accuracy is 90%, which is much higher than the
energy method.

• An exploration of the possibility of subsurface differentiation
through PCA indicates that the first PC vector might change
with variations in subsurface conditions, which is a positive con-
clusion on one side. However, on the other side, the subsurface
structure may affect the MTD estimation due to its possible
influence on the first PC vector.

• Limitation of the proposed method is that, although it can iden-
tify the change of road-surface condition, calibration data are
needed currently for a specific MTD estimation. In addition,

the accuracy of the estimation is partially dependent on the suf-
ficiency of calibration data.
As for future work, the feasibility of applying PCAwill be fur-

ther validated by performing on-site tests that do not rely on an
engineered test track for calibration. Because the sampling size
of 10 sections seems not enough for the accuracy analysis, further
study may be needed with larger sampling size. In addition, chang-
ing the tire after initial calibration might be a challenge for the pro-
posed method. Investigation of tire types was beyond the scope of
this initial study but is planned as a subject of future study. Fur-
thermore, the subsurface-structure effects or even surface structure
such as thickness or moduli effect to the PCA method needs to be
studied. In the future, the scope of this research will be extended to
include subsurface-defect detection, such as precursor of pothole
condition.
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Table 4. Pattern Illustration for Pavement Profile
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Note: WMA = warm mix asphalt.
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