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Featured Application: This article has potential applications in rapid pavement structure evalua-
tion based on vehicle vibration.

Abstract: A pavement structural survey plays a vital role in road maintenance and management. This
study was intended to explore the feasibility of a non-stop pavement structure assessment method by
analyzing the vibration data from a vehicle sensor. In this study, three falling weight deflectometer
(FWD) tests and four vehicle vibration tests were conducted on five pavement structures. The
FWD test results show that the continuously reinforced composite pavement has a higher structural
stiffness than the semi-rigid base asphalt pavement. According to the statistical distribution of
vehicle acceleration, a distribution parameter, the peak probability density (PPD), was proposed. The
correlation coefficient (−0.722) of the center deflection (D1) and PPD indicates a strong correlation
between the two variables. Therefore, PPD is strongly correlated with pavement structural stiffness.
This study proposed a novel characterization method for pavement structural conditions based on
the distribution parameter of the vehicle vibration signal.

Keywords: pavement; structural condition; vibration signal; probability density distribution; correlation
coefficient; falling weight deflectometer test

1. Introduction

The good structural condition of infrastructure is the basis for ensuring its safe oper-
ation and providing the corresponding services. Therefore, structural health monitoring
(SHM) has always been a hot spot in the engineering industry. Among SHM methods,
vibration-based SHM uses the dynamic response of structures such as acceleration to re-
flect the structural condition [1]. This method has the merit of remote testing, while the
drawbacks are that it requires an installation cost, and the power should be more accessible.

During the operation of a pavement, its structural stiffness is weakening year by year.
Obtaining the structural condition of the pavement is an essential part of a pavement
condition survey and evaluation, which is the basis for the transport agencies to make
maintenance decisions, ensure the pavement’s structural security, and maintain its level
of service.

The assessment methods of pavement structure conditions mainly include the core-
drilling method, dynamic deflection method, and some innovative methods using dis-
tributed fiber and ground-penetrating radar, etc. [2,3]. The core-drilling sampling method
is inconvenient to use because it destroys the pavement structure and interrupts traffic.
Therefore, it is often adopted for verification rather than testing. In contrast, the dynamic
deflection method has a broader application. Researchers have mainly studied the per-
formance evaluation of pavement structure based on the modulus back-calculation and
deflection basin parameters [4–6]. The former has received more attention.
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In 1977, Hou [7] proposed a method in his doctoral dissertation to compare the error
between the two deflections was minimal. Later, many researchers adopted a similar idea to
invert the structural layer modulus based on the falling weight deflectometer (FWD) deflec-
tion basin data. As time went by, some scholars employed advanced analytical techniques
such as neural networks, genetic algorithms to solve the non-uniqueness of the solution in
modulus inversion. Li and Wang [8] developed an artificial neural network and genetic
algorithm (ANN-GA) method to back-calculate the layer moduli of flexible pavement from
the falling weight deflectometer (FWD) test. The back-calculated parameters can be directly
applied to the mechanistic-empirical design for pavement overlays.

Deflection data analysis can effectively evaluate the performance of pavement struc-
ture, but this kind of method requires parking before testing. Closing roads will affect
traffic flow; therefore, it is difficult to apply on roads with heavy traffic. This study explores
the feasibility of a non-stop pavement structure assessment method by analyzing vehicle
vibration data.

Pavement condition includes structural condition and surface condition. Pavement
condition surveys based on vehicle vibration primarily focus on surface performance [9,10],
including pavement roughness [11], surface stresses such as potholes and transverse
cracks, etc. [12–14]. Still, there are very few studies on pavement structures. In fact, the
vibration of a vehicle running on the pavement can reflect structural conditions to a certain
extent, and only this relationship may be implicit.

Inspired by vibration-based structural health monitoring, Yang and co-workers demon-
strated for the first time the feasibility of analyzing a bridge structure through the vibration
signals of the driven vehicle [15]. Over the past years, they still focused on this issue
and have conducted a series of analyses, from the initial extraction of the first-order
frequency to the determination of modal parameters such as multi-order frequencies,
damping, and mode shapes, then to damage identification and location, and expansion
joint detection, etc. [16–19]. Unlike traditional SHM, these methods are called indirect
SHM (ISHM) because the sensors are installed on a moving vehicle rather than on the
structure itself [20]. ISHM has the merits of being mobile, economic, and efficient [19].
In response to the problem that the manually extracted features are not very sensitive to
damage, Liu, et al. [21] proposed a physics-guided algorithm to extract an effective feature
to determine the damage in a bridge.

With the rapid development of smartphones, in recent years, there has been some
research on ISHM, based on the data obtained by the built-in sensors of smartphones [22,23].
These data are mainly derived from a triaxial accelerometer, a global positioning system
(GPS), and an inertial measurement unit (IMU). This kind of method has an even lower
cost and can collect more data. By using a smartphone, Quqa, et al. [1] explored the
feasibility of using bicycles to extract common modal parameters of structures, namely the
natural frequency modal shape and the operating deflection shape (ODS), which has been
demonstrated on a footbridge in Italy.

From the above analysis, it can be seen that the research objects of the vehicle-vibration-
based method mainly focus on the bridge structure or the pavement surface condition.
However, the analysis of the pavement structure condition through indirect vehicle vibra-
tion needs more research. Therefore, this study intends to analyze this aspect, aiming to
provide a method of characterizing pavement structural conditions based on characteristic
parameters of vibration signal distribution. The result may provide a basic methodological
framework for studying the pavement structural performance evolution in the long-term
operation process.

This paper is organized as follows. Section 2 introduces the test conditions, including
the pavement conditions and experiment conditions; Section 3 analyzes the results of the
dynamic deflection test and the vehicle vibration test and then establishes a link between
the two; Section 4 presents some discussion about the proposed method and Section 5
states the conclusion of this study.
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2. Test Introduction
2.1. Pavement Condition

The authors conducted four vehicle vibration tests and three dynamic deflection tests
on five pavement structures in Shanghai from 2018 to 2021. Five test sections were selected,
including three continuously reinforced composite pavements with different structures, one
semi-rigid base asphalt pavement, and one pavement that was the junction of a composite
section and a semi-rigid base section. The basic parameters of the test section are shown in
Table 1.

Table 1. Basic parameters of the test section.

Section Length Structure Cross-Section

1 200 m Continuously reinforced composite pavement A Two-way 4-lane
2 200 m Continuously reinforced composite pavement B Two-way 6-lane
3 200 m Continuously reinforced composite pavement B + semi-rigid base pavement Two-way 6-lane
4 200 m Continuously reinforced composite pavement C Two-way 6-lane
5 200 m Semi-rigid base pavement Two-way 6-lane

It can be seen from Table 2 that the surface layer of the five test sections had the same
structure, that is, 4 cm SMA-13 + 6 cm AC-20C. The base, subbase, and subgrade structures
were quite different.

Table 2. Schematic diagram of the pavement structures.

Section 1 Section 2 Section 3 Section 4 Section 5

4 cm SMA-13
(SBS modified)

4 cm SMA-13
(SBS modified)

4 cm SMA-13
(SBS modified)

4 cm SMA-13
(SBS modified)

4 cm SMA-13
(SBS modified)

4 cm SMA-13
(SBS modified)

6 cm AC-20C
(anti-rutting agent)

6 cm AC-20C
(anti-rutting agent)

6 cm AC-20C
(anti-rutting agent)

6 cm AC-20C
(anti-rutting agent)

6 cm AC-20C
(anti-rutting agent)

6 cm AC-20C
(anti-rutting agent)

26 cm continuously
reinforced concrete

26 cm continuously
reinforced concrete

8 cm AC-25C
(rock asphalt
modification)

26 cm continuously
reinforced concrete

26 cm continuously
reinforced concrete

8 cm AC-25C
(rock asphalt
modification)

– – 0.6 cm slurry seal – 0.6 cm slurry seal 0.6 cm slurry seal

20 cm cold
regeneration

(three-slag base
regeneration)

20 cm plain
concrete

40 cm cement
stabilized
macadam

20 cm plain
concrete

40 cm cement
stabilized crushed

stone leveling
layer

40 cm cement
stabilized
macadam

20 cm graded
gravel

2.2. Test Condition

This study carried out three FWD tests and four vibration tests on the test sections in
2018, 2019, 2020, and 2021. To avoid the interference of temperature, the temperature of
these tests were close, as shown in Table 3.

Table 3. Date and temperature.

Test 1st 2nd 3rd 4th

Date 23 September 2018 9 September 2019 20 September 2020 21 May 2021
Temperature 22~27 ◦C 23~28 ◦C 21~27 ◦C 22~27 ◦C

2.2.1. Deflection Test

Evaluating the pavement structure based on the collected pavement surface deflection
derived from the falling weight deflectometer (FWD) is common. The multipoint vehicle-
mounted falling weight deflectometer (SHN-FWD-MV) was used in this study, as displayed
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in Figure 1a. The test was conducted every 20 m along the longitudinal direction. The
schematic diagram of the field test is shown in Figure 1b.
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Figure 1. FWD field test and the schematic diagram. (a) FWD field test. (b) The schematic diagram of
FWD test.

The deflection basin data were obtained through the test results of nine displacement
sensors. The distances between the nine sensors and the center point of the load were 0,
200, 300, 450, 600, 900, 1200, 1500, and 1800 mm, numbered d1~d9, and the corresponding
sensor values were D1~D9. The load size was 50 kN, and the load plate radius was 15 cm.

2.2.2. Vehicle Vibration Test

The test equipment included a test car, a vibration sensor, a constant current adapter, a
data acquisition card, and a laptop computer. For the placement position, some studies
simply place the sensors on the vehicle floor, seat, or center console for ease of installation.
Still, these locations are far away from where the tires and the pavement are in contact
and have passed the vibration damping system; therefore, the vibration is relatively small
and less sensitive. In this study, the vibration sensor was installed on the knuckle of the
right front wheel, which is not subjected to the vibration damping system and thus is more
sensitive to pavement conditions. The sensor position is shown in Figure 2. A motion
camera was used to record the surface condition of the testing pavement, which was
installed on the hood, as shown in Figure 3.

Increasing the sampling frequency generally can obtain more information, which
is conducive to identifying pavement conditions. However, meanwhile, high sampling
frequency leads to a large amount of data storage and lower computation efficiency. The
sampling frequency of the vehicle vibration test was 1280 Hz.
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Figure 3. The motion camera.

After installing the vibration test equipment and adjusting the test parameters, we
drove the test vehicle at a uniform speed on the five test sections. When a vehicle is
traveling at a high speed, the tire may jump off the ground at certain positions, which is
contrary to the assumption that the distance between the tire and the pavement surface is
zero [24]. Therefore, the driving speed should not be too high, and the vehicle speed was
maintained at 70 km/h during the test. The traffic volume of the test sections is large, and
there may be congestion during the weekday, therefore, the tests were implemented on
weekend afternoons.

3. Test Result Analysis
3.1. Deflection Test

Each measuring point was hammered three times during the pavement surface de-
flection test. The first stroke is for trial and the average deflection value of the second and
third strokes was used for analysis. There were 11 measuring points in each section when
the length of the test section was 200 m, and the interval was 20 m. The average value of
the 11 measuring points was taken to draw the deflection basin diagram, which is shown
in Figure 4. The central deflection of the five sections in the three tests is shown in Figure 5.

The central deflection (D1) is generally used to evaluate the overall structural stiffness
of the pavement. The larger the D1 is, the lower the structural stiffness is. According to
Figures 4 and 5:

• The structural stiffness of the continuously reinforced composite pavement
(Sections 2 and 4) is better than the semi-rigid base asphalt pavement (Section 5);

• The structural stiffness of the junction (Section 3) of the two pavement structures is in
the middle;
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• Although Section 1 is a composite pavement, its structural stiffness is worse than that
of Sections 2 and 4 because the subbase of Section 1 is weak among the five pavements
(see Table 2);

• With the extension of the operating time, D1 has increased, indicating that the pave-
ment structural stiffness has decreased.
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3.2. Vehicle Acceleration Analysis
3.2.1. Accelerogram Analysis

The vehicle acceleration mainly comes from the road excitation while driving, and
the inertia force of the engine. The vehicle acceleration when only the engine was running
and that when the vehicle was driving on a road pavement is shown in Figure 6. Figure 6
shows that the acceleration induced by the engine was quite small compared with that
induced by the road. It also means that the placement of the vibration sensor was rational.
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Noises were inevitably introduced during the vibration test, including the engine
noise and the instrument noise, etc. Wavelet denoising is considered to be one of the best
tools in engineering signal analysis [25]. Therefore, we used the wavelet transform to
denoise the raw data. The wavelet basis we used was Symlet 3 and the decomposition
level was 3. These parameters are not fixed and should be determined according to the
signal itself (such as signal sampling frequency, etc.) and the actual situation of engineering
applications. The vibration data below were all processed after the denoising.

The time-domain waveforms of the first vehicle vibration test on the five sections are
shown in Figure 7. It appears that the vehicle acceleration of Sections 3 and 5 are relatively
large. Apart from that, the difference in the vehicle acceleration in each section is not
obvious, and further analysis is needed.
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3.2.2. Acceleration Statistical Analysis

In order to make a statistical analysis of the vehicle vibration acceleration of 5 sections,
the probability density distribution histogram of the acceleration at the first test is drawn
in Figure 8. Through the Kolmogorov–Smirnov test, the vehicle acceleration data are found
to be normally distributed since the p-value is larger than 0.05. The acceleration probability
density fitting graphs of the four tests are drawn in Figure 9.
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According to Figure 9, for the continuously reinforced composite pavement
(Sections 1, 2 and 4), the probability density distribution is relatively concentrated, and
the curve is steeper. The probability density distribution is more scattered, and the curve is
gentler for the semi-rigid base asphalt pavement (Section 5). For the junction of the two
pavements (Section 3), the probability density distribution map is located between the
two. From the perspective of the longitudinal time series, compared with the previous
test, the probability density distribution curve of the latter test has a lower height and a
larger width.

To quantify the above description, we calculated the width and height of the proba-
bility density distribution curve. The height is easy to understand, that is, the maximum
probability density. Suppose the width is defined as the width of the abscissa axis, that is,
the difference between the maximum acceleration and the minimum acceleration. In that
case, it is easily affected by some abnormal values. Therefore, the width here is defined as
the width of two inflection points on both sides of the probability density distribution curve.
The point of inflection is the point where the second derivative of the function is zero.

Acceleration datum x obeys normal distribution; µ is the mean, and σ is the standard
deviation. The probability density distribution function is as follows:

f (x) =
1√
2πσ

exp

(
− (x− µ)2

2σ2

)
(1)

Find the second derivative of f (x) as follows:

f ′′(x) =
1√
2πσ

exp

(
− (x− µ)2

2σ2

)[(
x− µ

σ2

)2
− 1

σ2

]
(2)

Let f ′′(x) = 0, and we can find that the function has two solutions:

x1 = µ + σ, x2 = µ− σ (3)

In this study, the mean value of the vibration acceleration is calculated as 0; therefore,
the two solutions of the function are as follows:

x1 = σ, x2 = −σ (4)
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Therefore, on both sides of the probability density distribution curve, there are two
symmetrical inflection points, that is, the width of the curve is 2σ.

By substituting x = µ into Equation (1), the peak probability density (PPD) can be
computed as follows:

PPD =
1√
2πσ

(5)

It can be seen that the height and width of the probability density distribution curve
are only related to σ; hence we only need one parameter. The height is more evident in the
figure than the width, and the final parameter selected is the peak height of the probability
density distribution curve, that is, PPD.

3.3. Correlation Analysis of Vehicle Acceleration and Pavement Surface Deflection

Table 2 shows that the surface layer of the five test sections has the same structure,
namely 4 cm SMA-13 and 6 cm AC-20C. Moreover, the surface condition is quite similar
according to the video recorded by the motion camera. Therefore, it is reasonable to
compare the vehicle acceleration and pavement surface deflection.

Pearson’s correlation coefficient is commonly used to measure the correlation between
two variables (the peak probability density of acceleration and central deflection). In
statistics [26], Pearson’s correlation coefficient (r) can measure the correlation between
two variables, −1 ≤ r ≤ 1. If r is positive, there is a positive correlation between the two
variables, and the larger the value of r is, the stronger the correlation is. A negative r value
means the two variables have a negative correlation; the smaller the value, the stronger the
correlation. There is no correlation between the two variables if r is 0.

The relationship between the correlation degree of the variable and |r| is shown in
Table 4.

Table 4. Correlation degree of the variable.

|r| 0.8~1.0 0.6~0.8 0.4~0.6 0.2~0.4 0~0.2

Correlation degree Very strong Strong Middle Weak Very weak or no correlation

For the peak probability density (PPD) and the center deflection (D1), their scatter
diagram is shown in Figure 10. The greater the acceleration probability density is, the
smaller the center deflection is. There is a linear correlation between the two variables so
that the Pearson correlation coefficient can be used for evaluation.
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Figure 10. Relationship between PPD and D1.

The Pearson correlation coefficient (r) between PPD and D1 is calculated to be −0.722.
According to Table 4, there is a strong negative correlation between them. D1 is negatively
correlated with pavement structural stiffness. Therefore, it can be concluded that a strong
positive correlation exists between PPD and the pavement structural stiffness. The greater
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the PPD is, the higher the stiffness of the pavement structure is. The reason may be that the
stronger pavement causes the vehicle to vibrate more frequently. Frequent vibrations will
cause the vehicle acceleration to cross zero more frequently, which means that the proba-
bility of a vehicle acceleration value being zero is greater. When the abscissas are equally
spaced, greater probability means higher probability density. This result preliminarily
proves that the vehicle acceleration can reflect the pavement’s structural stiffness.

4. Discussions

A pavement structural survey is a complex issue that requires either laborious work or
advanced equipment. Assessing a pavement’s structural stiffness through vehicle vibration
signals has the merits of convenience, low cost, and being non-destructive. However, it
is a relatively novel approach that lacks sufficient research. A vibration-based pavement
structural survey is challenging, and this study analyzed its feasibility.

According to the result of this study, the structural difference between the continuously
reinforced composite pavement and semi-rigid base asphalt pavement is easy to distinguish.
However, classifying three types of continuously reinforced composite pavement (A, B and
C) is still arduous because their pavement structure is similar. In our future research, we
need to improve the proposed method by adjusting the testing vehicle (such as increasing
the weight) and developing thorough data analysis methods.

The road surface is paved with a temperature-influenced material, the asphalt mixture.
Temperature changes would lead to changes in the pavement structural stiffness. Therefore,
the surface deflection obtained by the FWD test usually requires temperature correction.
The vehicle vibration test obtains the vehicle acceleration through the contact between the
tire and the road, so the data would also be affected by the temperature. In this study,
each vehicle vibration test and the corresponding deflection test were carried out on the
same day. The temperatures were relatively similar, avoiding the influence of ambient
temperature. However, in future research, the impact of temperature changes on the test
data and results should be considered for a more detailed analysis.

5. Conclusions

In this study, a preliminary exploration was made on the evaluation of pavement
structure conditions based on vehicle vibration. For the five pavement structures, four
vehicle vibration tests and three pavement surface deflection tests were conductedfrom
2018 to 2021. According to the results of the FWD test, the pavement structure stiffness
is relatively high for the continuously reinforced composite pavement. The structural
stiffness of the semi-rigid base asphalt pavement is poor. For the junction of the composite
pavement and the semi-rigid base pavement, the structural stiffness is middling. With the
increase in the operating time, the pavement structural stiffness decreased.

According to the vehicle vibration test result, the peak probability density (PPD) of
vehicle vibration acceleration was relatively large for the pavement section with high struc-
tural stiffness; the value was relatively small for the pavement with poor structural stiffness.
However, for the three types of continuously reinforced composite pavements with slight
differences in structural stiffness, it is difficult to describe the structural differences using
this indicator.

The correlation analysis between the PPD of vehicle vibration acceleration and the
center deflection (D1) shows that the correlation coefficient is −0.722, which is a strong
positive correlation. Therefore, it can be inferred that the vehicle vibration acceleration can
reflect the stiffness of the pavement structure to a certain extent, but the exact relationship
between the two needs further research and analysis. This may be due to the lightweight of
the test car and the insufficient sensitivity of the structure. Subsequent tests can be carried
out with heavier vehicles in order to have a higher sensitivity to structural performance.
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