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ABSTRACT 

Pavement vibration analysis can be used to determine the impact of damaging vibrations on the road 
and surrounding buildings or structures. Furthermore, this vibration can be utilized to calculate the 
dynamic properties of road pavement materials, such as the material's attenuation factor and 
damping ratio, as well as the complex modulus of the pavement material. However, estimating the 
degree of decrease in vibration amplitude at a given distance is challenging. Generally, vibration 
attenuation with length comprises two components: geometric damping and material damping. 
Geometric damping is related to the ground's qualities and the vibration's magnitude, while material 
damping is dependent on the nature of the source of the vibration. This study aims to determine the 
in-situ frequency-independent attenuation of pavement materials and then derive its corresponding 
material parameters, such as the damping ratio and the complex modulus of pavement layers. The 
wavelet power spectral density of vibration technique was used in this study to quantify the 
frequency-independent attenuation of geometric damping at various pavement structures in 
Malaysia and Indonesia. At each location, the energy from the seismic wave signal was calculated 
as a Morlet wavelet function of the signal amplitude. The vibration source's propagating waves were 
described by examining the recorded particle motions and significant energy components in the 
time-frequency domain. The complex modulus of pavement materials was then calculated using the 
values of material modulus and damping ratio obtained from the frequency-independent attenuation 
analysis. The results reveal that the wavelet power spectral density of the vibration method can 
adequately define the physical properties of the dynamic pavement material, such as attenuation 
frequency, damping ratio, and complex pavement modulus. This approach has the advantages of 
being quick, cost-effective, and non-destructive. 
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INTRODUCTION 

In engineering issues involving dynamic loads at low to moderate strain levels, such as those caused 
by traffic, amplification during manufactured vibration and building activities, the natural vibration 
of earthquakes, and so on, frequency attenuation is an essential characteristic [1]. Radiation and 
material damping of layered material structures (such as pavements, embankment construction, soil 
profile, etc.) may be used to calculate the attenuation parameter of the material. During dynamic 
excitation, the energy of seismic waves is dissipated through several methods, including attenuation 
and the corresponding damping ratio in material dynamics [2]. These characteristics may be examined 
in situ using seismic techniques, which include measuring wave velocities as they propagate through 
soil material. Some vibration methods, such as spectral analysis of surface waves (SASW), impact 
resonant test (IR), and another dynamic testing, frequently employ material measurement methods. 
Both the theoretical and analytical foundations of this approach to soil examination are complete. The 
latest updates to the SASW technique were provided by Rosyidi [3]. 

 The attenuation parameter has been studied through various in-field and in-lab experiments. Rix 
et al. [2] examined surface wave measurements to calculate the attenuation and damping ratio of a 
stratified soil deposit. The material shear damping ratio is calculated by inverting an attenuation curve 
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built from the measured spatial attenuation of Rayleigh wave amplitudes. Surface wave analysis relies 
on seismic data; however, it is nonstationary, meaning its frequency content changes with time. Many 
scientists who study seismic observations rely on the Fourier transform as a primary tool for analysis. 
Any time-periodic function can be used in Fourier analysis if it can be expressed as the sum of 
sinusoids. It may be challenging to grasp the transformation results if Fourier analysis is used on 
random vibration signals under random settings. The study might lose some data about nonstationary 
seismic signals. 

 Furthermore, methods that allow temporal and frequency localization beyond standard Fourier 
analysis are required to retain time dependence and characterize the evolutionary spectrum properties 
of nonstationary systems. Wavelet analysis is increasingly used to examine localized fluctuations in 
power within a time series. The time-frequency spectrum is a breakdown of a time series that reveals 
the primary patterns of variability and how they change over time. Numerous investigations have 
used wavelet analysis in civil structures, such as in situ shear modulus [3], the phase velocity of soil 
structures [4], and soil damping ratio by using wavelet analysis [5]. 

 The complex modulus of elasticity of bituminous mix is another crucial feature in pavement 
systems. A wide variety of standardized techniques exist for calculating this parameter. Some 
researchers have recently shown a strong desire for improved methods to study the mechanical 
characteristics of materials with complex moduli. Kweon and Kim [6] used an impact resonance test 
to calculate the asphalt concrete's complex modulus. Thirty-five HMA mixes were put through the 
IR and traditional dynamic modulus tests, all of which had different aggregate and binder properties. 
The reliability of the suggested method is demonstrated by comparing the dynamic modulus and 
phase angle determined using IR tests to those obtained using traditional dynamic modulus testing. 
However, only the upper half of the master curve of the dynamic moduli in the high-frequency level 
measured from the IR experiments at different temperatures was successfully obtained in Kweon and 
Kim’s [6] study. It was observed that correct dynamic modulus master curves may be obtained by 
combining the IR test with the dynamic modulus test at 54.4 °C, or the IR test plus Witczak's 
prediction equation at 54.4 °C.  

 An alternative approach for characterizing the complex modulus of asphalt concrete was 
developed by Hasheminejad et al. [7] using an optical measuring technique (laser Doppler 
vibrometer). To find the complex modulus of asphalt concrete at its fundamental frequencies and to 
develop its master curve, they employed a frequency domain system identification approach based 
on analytical formulae (Timoshenko's beam theory). Compared to the master curve produced using 
the conventional four-point bending test, the technique's displayed master curve is very close to the 
master curve obtained using the conventional approach. The approach they've devised might one day 
replace the tried-and-true stiffness testing. However, a precise, complex modulus may be obtained 
using this approach at rather high frequencies.  

 The two-point bending complex modulus test with CRT-2PT trapezoidal beams is another 
technique for assessing the complex modulus of asphalt concrete [8]. The European Design Code [9] 
measured the complex modulus using a CRT-2PT two-point trapezoidal beam bending test 
equipment. As a result, CRT-2PT uses the strain control mode and a sine wave as its waveform. The 
30 micro strain level, five test temperatures (5, 15, 20, 30, and 45 degrees Celsius), and six loading 
frequencies (1, 5, 10, 15, 20, and 25 Hz) were all employed in the tests. The trapezoidal beam 
specimen was vertically inserted and secured in the temperature control box at the start of the test, 
with a steady sine wave load applied to its top and reciprocated in its horizontal axis. Simultaneously, 
shear stress and bending moments were produced within the specimen. Their research found that 
converting between dynamic and complex modulus may be modeled with high accuracy. The 
suggested range for evaluating the dynamic modulus of high-modulus mixtures at varying evaluation 
temperatures was created based on the existing correlation model. However, the CRT-2PT two-point 
trapezoidal beam bending test protocol calls for asphalt concrete samples and is generally difficult to 
implement. 

 For assessing the in-situ attenuation factor and complex modulus of pavement materials, this 
research proposes a new method based on the mother wavelet of the Morlet for analyzing the wavelet 
power spectral density of vibrations. A field study's findings and applications at an actual pavement 
location are also highlighted. 
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METHOD 

Location of Study 

In this study, vibration data was collected using the surface seismic wave method on pavement 
locations on the UKM campus road in Malaysia, and several pavement sites in Indonesia. The flexible 
pavement structure at the test site comprises an asphalt concrete surface layer, a pavement aggregate 
base layer, and a soil subgrade layer.  

Field Vibration Measurement 

The surface wave approach is used in this study to acquire seismic vibration data. Figure 1 illustrates 
a seismic measurement configuration setup. A set of wave sources was used to generate and propagate 
surface seismic waves to gather the requisite vibration data. An impact source weighing 8–12 kg 
generates seismic waves at the low-frequency level, while small ball bearings are used at the high-
frequency level. To produce vibrations on the pavement, the wave source is dropped freely at a 
predetermined height, causing vibration energy to propagate from the wave source's point to the 
sensor array, which is set in an imaginary line. Then, these waves are received using a combination 
of two accelerometers and geophones, depending on the receiver spacing. Thus, generated vibration 
signals are captured using a series of spectrum analysers for signal processing (Figure 1). 

 Several setups with receiver and source spacings of 5, 20, 80, and 160 cm were necessary to 
sample different depths of the pavement structure. The mid-point receiver spacing configuration was 
used in this measurement. In this setup, the shallow layers of the pavement profile were sampled with 
short receiver spacings and a high-frequency source, while the deeper layers were sampled with large 
receiver spacings and low-frequency sources. 

 

 

Figure 1. Vibration field configuration used on pavement measurement 

Proposed Data Analysis 

Theoretical Background of Wavelet Analysis 

One definition of a wavelet states that it is a function of (t)  L2()  that has a zero mean and is 
localized in time and frequency. The wavelet (t) can be dilated and translated to form a family of 
wavelets, which are as follows: 
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 ,() =
ଵ

√
 ቀ

௧ି


ቁ 

 The parameter for the scale of the dilation is denoted by , whereas the value for the translation 
is denoted by  where ,    and   0. The continuous wavelet transform, abbreviated CWT, is 
defined as the inner product of the family of wavelets denoted by Ψ, (t) with the signal denoted by 
f(t), which is expressed as follows: 

 F௪(, ) = ∫ 𝑓(𝑡)
ஶ

ିஶ

ଵ

√
ഥ ቀ

௧ି


ቁ 𝑑𝑡 

 The time-scale map is denoted by 𝐹ௐ(, ) while ഥ is the complex conjugate of . We can use 
the frequency domain to calculate the convolution integral in Equation 2. After the wavelet transform 
is performed, the function f(t) can be reconstructed using Calderon's identity [10] in the mathematical 
expression of CWT: 
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where 𝜓෠(𝜔)is the frequency transform of the (t). There is an integrable discontinuity at  = 0 in the 
integrand in Equation 4, which means that ∫ 𝜓(𝑡) 𝑑𝑡 = 0. 

Construction of Wavelet Power Spectral Density 

Here we define the total energy of a signal x(t) as the square root of its integrated magnitude. 

 𝐸 = ∫ |𝑥(𝑡)|ଶ𝑑𝑡
ஶ

ିஶ
 

 The energy density function, which is written in two dimensions, shows how much signal energy 
is at a given  scale and  location in CWT. 

 𝑃ிೢ (𝑢, 𝜉) = |𝐹௪(𝜎, 𝜏)|ଶ 

A scalogram is a plot of PFw, similar to a spectrogram, or the power spectrum density (PSD) generated 
by the short-time Fourier transform (STFT). In this study, STFT was replaced by wavelet transform. 
Integrating the scalogram over time, as shown below, lets us figure out how much energy the signal 
has. 

 𝑃ிೢ =
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∫ ∫ 𝑃ிೢ (𝜎, 𝜏)

ௗఙ

ఙమ

ஶ

଴
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where Cg is the wavelet function's admissibility constant ψ (t). 

Proposed Procedure of Attenuation and Complex Modulus Analysis 

The suggested approach is shown below for attenuation analysis and complex modulus of pavement 
systems. 

1. To determine the attenuation factor, the original signal f(t) in the time domain was applied to 
wavelet spectrogram analysis. This signal was generated using the surface wave vibration method 
in field testing. The wavelet function and a set of scales are chosen to be used in the wavelet 
transform. The time and frequency resolution may be affected by the different wavelet functions. 
A Morlet wavelet function was employed as the mother wavelet in this study's CWT analysis. The 
Morlet wavelet, a Gaussian-windowed complex sinusoid, is a typical CWT wavelet. The 
following definitions apply to the time and frequency domains: 

 𝛹଴(𝑡) = 𝜋ିଵ
ସൗ 𝑒௜௠௧𝑒ି௧మ/ଶ 
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ସൗ 𝐻(𝜔)𝑒ି

(ೞഘష೘)మ

మ  

where m denotes the wave number and H denotes the Heaviside function. Figure 2 shows the Morlet 
wavelet's time and frequency domain plot. The Morlet wavelet is presented in Figure 2 within an 
adjustable parameter m of 7, which is employed in this investigation. This characteristic can be 
utilized at low frequencies to reproduce seismic surface wave signals correctly. The time resolution 
plot's Gaussian second-order exponential decay generates the best time localization 

 

 

Figure 2. Time domain of real and imaginary parts and its transformation in the frequency domain 
of Morlet wavelet. 

2. The wavelet scalogram is created by conducting the wavelet transform (Equation 2) and 
combining the seismic trace's calculated convolution with a scaled wavelet definition. From 
Torrence and Compo [11] study’s, the wavelet scale may be computed as the fractional power of 
two using the given equations: 

 𝑠௝ = 𝑠଴2௝ఋೕ j = 0, 1, …, J 

 𝐽 = 𝛿𝑗ିଵ 𝑙𝑜𝑔ଶ ቀ
ேఋ೟

௦బ
ቁ 

where s0 is the lowest resolvable scale = 2t, t is the interval spacing, and J is the highest scale. 

3. The signal's scale-dependent wavelet energy spectrum (scalogram) is converted into a frequency-
dependent wavelet energy spectrogram for direct comparison with the Fourier energy spectrum. 
The time and frequency localization thresholds are used to achieve the CWT filtering on the 
wavelet spectrogram. The CWT filtration is established in this work based on the basis of a simple 
truncation filter idea that just concerns a passband and a stopband. The filter values between the 
passband and the stopband are then determined by setting threshold values in the time and 
frequency domains. Straight filtering is possible in all three dimensions of time, frequencies, and 
spectral energy. The noisy or irrelevant signals may be removed by zeroing the spectrum energy. 
As a result, they are eliminated while reconstructing the time domain signal. Thus, the desired 
spectrum of the signals is passed while the spectrum energy remains constant. Rosyidi [3] 
introduced a CWT filtering design. 

4. The time series of a seismic trace is reconstructed using Equation 3, and the Wavelet PSD or 
spectrogram is derived from cleaned-up signals. 

5. The Wavelet PSD ratio is calculated by plotting the experimental power spectrum ratio vs 
frequency against the experimental power spectrum ratio. 

6. The following equation [5] may be used to calculate how the Wavelet PSD to frequency ratio 
evolves over time: 
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7. Suppose two receivers (geophones or accelerometers) are employed. In that case, the distances 
between them are R1 and R2, the geometric spreading factor is G(R), the instrumentation correction 
factor is G(I), the refracted and transmitted wave correction factor is K(R). The frequency-
independent attenuation factor is (f). 

8. The attenuation factor of soil structures can be determined by comparing theoretical and 
experimental regression. The attenuation factor for each wavelength can be calculated without 
having to do a continuation of the previous procedures. Another procedure for determining the 
frequency-independent and dependent attenuation coefficients of pavement materials is as follows 
[12]: 

𝛼଴ =
ఈ

௙
=

ଶగక

௏ೃ
  

𝛼  =  
ଶగ௙క

௏ೃ
 

where α0 is the material frequency-independent attenuation coefficient (m-1) and  is the damping 
ratio of materials. 

9. The complex shear modulus (G*) can be calculated using Gucunski's [13] equation, which 
requires the damping ratio () and shear modulus (G):  

 𝐺∗ = 𝐺(1 + 2𝜉) 

 𝐺 =  × 𝑉ௌ
ଶ 

In these equations, VS is the velocity of the shear wave, g is the acceleration of the gravitational 
field,  is Poisson's ratio of the material, and  is the mass density of the material. Nazarian and 
Stokoe [14] determined that the modulus of the material achieves its maximum value when the 
strain is less than 0.001%. The shear modulus of a material is considered constant within this 
strain range. Kweon and Kim [6] proposed the following relationship between the shear modulus 
(G), the phase angle (), and the elastic modulus (E) in order to determine the complex elastic 
modulus (E*): 

 𝐸∗ =
ா

௖௢௦(థ)
 

 𝐸 = 2𝐺(1 + 2) 

 = 𝑡𝑎𝑛ିଵ(2𝜉) 

Kweon and Kim [6] indicated that the damping ratio () for asphalt concrete materials in the 
impact resonant testing frequency spectrum ranged from 1% to 10%. It is also highly dependent 
on the frequency and temperature of loading.  

DISCUSSION 

Wavelet Power Spectrum Density of Pavement’s Seismic Data 

Figure 3 shows signal data in the time domain produced from this experiment. Measurement signals 
indicate that seismic transient impulses can be recorded clearly. Coherent noise is leading cases by 
the surface refraction and reflection of body waves in the case of road pavement (reflected refraction 
waves). In contrast, time-domain signal recordings cannot detect and measure coherent noise from 
these body waves. 
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 The time-recorded seismic waves were subsequently subjected to time-frequency (TF) analysis. 
Figure 4 displays the resolution analysis results of the TF evaluation using the Morlet basis and 
derivative levels ranging from 12 to 25. According to the four results of the TF, the seismic signal is 
detectable on the complete signal recording. On the 5 cm sensor distance spectrogram, surface waves 
are identified between 4 and 8 kHz, but body waves are identified at higher frequencies (above 10 
kHz). After both sensors detect body wave propagation, surface waves are recorded. Because of the 
nearness of the sensor, both body and surface waves are captured nearly simultaneously. 
Nevertheless, surface wave energy predominates over body wave energy. In vibration analysis, the 
effect of body waves on the recordings is defined as the near field effect. In this circumstance, the 
perturbation of body wave energy is also considered when computing the phase velocity of surface 
waves. Also, neither sensor can detect the coherent noise of body wave reflection at 5 cm. 

 

 
Figure 3. Waveforms of seismic surface waves observed by two receivers 

 To reconstruct the necessary signals from the recordings, a filtering analysis is performed, and 
CWT's time-frequency (TF) analysis is employed to solve the issue of recognizing the spectrum 
pattern of nonstationary seismic wave signals. The time-frequency threshold-based filtration method 
proposed by Rosyidi [3] is implemented. The method can identify and remove the spectrum of noise 
from recorded data. The clarity of response spectrum analysis can be improved through denoising 
and signal cleaning. There are two primary techniques to determining thresholds in wavelet filtering. 
Determining a signal's time-frequency domain is the first step towards isolating and reconstructing 
its core components. The time and frequency domains limit the ability to filter a spectrogram. In this 
study, the noise signal frequency range is defined as the wavelet filtering threshold, suggesting that 
only seismic wave signals of relevance remain in the spectrogram after the noise signals have been 
filtered away. Using the inverse wavelet transform, denoised seismic signals are then created as the 
final step in the wavelet filtering approach. Figure 5 also indicates energy reduction in both spectra. 
These energy losses can be utilized to calculate a material's attenuation factor. 

Attenuation and Damping Ratio Analysis of Pavement Structures 

Figure 5 shows an indication of the experimental energy losses data at 160 cm receiver of the wavelet 
PSD between both signals from the logarithmic natural function of the spectrogram (Wf2) over the 
first signal magnitude (Wf1) vs frequency. The ratio demonstrates the frequency dependency decay 
factor curve from R-wave motion vibration data (Figure 5). The decay factor curve experimental data 
is then subjected to a basic linear regression analysis. The experimental regression equation is written 
as: 

 𝑙𝑛 ቈ
ௐ೑

ೃమ(௨,௦)

ௐ
೑
ೃభ(௨,௦)

቉ = −0.0031(𝑓) + 1.1471 
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Figure 4. Wavelet PSD results from seismic surface waves observed by two receivers 

   
Figure 5. Experimental data plotting of the wavelet PSD of energy losses from 160 cm receiver 

spacing configuration and its best-fit decay factor curve 
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The theoretical regression analysis of attenuation derived can then be written as: 

 𝑙𝑛 ቈ
ௐ೑

ೃమ(௨,௦)

ௐ
೑
ೃభ(௨,௦)

቉ = −𝛼(𝑓)(∆𝑅) + 𝑘 

 = −1.6𝛼(𝑓) + 𝑘 

 At a frequency range of 75-150 Hz, the best-fit value of the frequency-independent attenuation 
coefficient of the pavement layer in a 160 cm vibration measurement configuration is computed as 
1.938 × 10−3 s/m. The observed layer at 160 cm receiver spacing is the pavement subgrade layer based 
on the measurement configuration, attenuation coefficient value, and average shear wave velocity. 
Table 1 summarizes the frequency range of each layer of the pavement structure as well as the findings 
of frequency-independent attenuation. According to the results, the asphaltic layer has a lower average 
attenuation value than the base and subgrade layers. They also show that material stiffness decreases 
while attenuation increases with depth. 

TABLE I. THE INTERESTED FREQUENCY RANGE OF EACH LAYER AND THE RESULT OF FREQUENCY-INDEPENDENT 
ATTENUATION 

Material of 
Pavement 

Layer 

Interested frequency range (Hz) from 
Wavelet PSD Analysis 

α0 (× 10-3 s/m) – Frequency-Independent 
Attenuation Coefficient 

 

Surface Layer: 
Asphalt 

8 – 15k 
0.427 – 1.233  

(Average 0.886)  

Foundations: 
Base and 
Subbase 

750 – 2k 
1.077 – 3.213  

(Average 1.819)    

Soil Subgrade 50 - 200 
4.118 – 7.354  

(Average 4.836)  

 
 As shown in Figure 6, the values of the frequency-independent attenuation coefficient and the 
average shear wave velocity found in this study were compared with experimental results acquired 
by other researchers such as Yang [15], Woods [16], and Athanasopoulos et al. [12]. Woods and 
Jedele’s study [17] also defined soil categories based on frequency-dependent vibration attenuation 
at 5 Hz.  

 From Table 1 and Figure 6's plot of the attenuation coefficient of asphalt pavement materials with 
depth show that the values obtained in this study was found from 0.427 to 1.233 × 10-3 s/m are 
identical the values reported by Yang [15] for the rock class attenuation coefficient (0.385 - 0.775 × 
10-3 s/m). Woods [16] measured the material attenuation from a 5 Hz generated vibration and found 
it to be less than 0.3 ×10-3 m-1 as a function of frequency. Moreover, by dividing the value of the 
frequency-dependent attenuation coefficient by the frequency of vibration (5 Hz), the amplitude of 
the rock's frequency-independent attenuation coefficient was determined to be fewer than 6 × 10-5 
s/m [16]. As a result, asphaltic materials have a higher attenuation value than rock materials. This is 
due to the decreased rigidity of asphaltic materials compared to rocks. 

In this investigation, the average attenuation of the base and subbase, and subgrade layer material 
are 1.819 × 10-3 s/m with values ranging from 1.077 to 3.213 × 10-3 s/m and 4.836 × 10-3 s/m in 
ranging from 4.118 to 7.354 × 10-3 s/m. According to Woods and Jedele [17], the attenuation factor 
of the pavement subgrade layer in this investigation falls into Class 1 (soil). In general, the results 
match well with those of Anthanasopoulos et al. [12], who determined the range of soil attenuation 
coefficients. This study's attenuation coefficient is still within the upper and lower bounds of the 
values obtained by [12]: 

 α0=3.17 × 10-3 × e- 
Vs

500best fit) 

 α0=1.15 × 10-3 × e- 
Vs

500(lower bound) 
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 In comparison to Yang's [15] research, Figure 6 demonstrates that the attenuation factor of this 
study is close to the top bound of Yang's [15] attenuation coefficient range for unsaturated loose sand 
materials, which is most probably related to material variances.  

 

 
Figure 6. Comparison of frequency-independent attenuation coefficient versus shear wave velocity 

of pavement layers from this study to the results of various studies. 

Complex Elastic Modulus of Pavement Structures  

After the attenuation coefficient has been obtained, the damping ratio of the pavement materials can 
be determined. The shear modulus was calculated using Equation 17, and the shear wave velocity 
was found by inverting the R-wave velocity dispersion curve obtained from a surface wave 
measurement (Figure 7). Thus, by using the measured parameter of shear modulus and the damping 
ratio, the complex shear modulus may be derived. An example of the shear wave velocity profile is 
presented in Figure 7. The shear wave velocity significantly decreases with depth, as seen by the 
stiffness profile of the pavement structure. At several pavement sites, the average shear wave velocity 
of the asphaltic layer was found to be 840 m/s, whereas that of the base and subgrade layers was 297 
and 146 m/s, respectively. 

The shear and complex shear moduli of the pavement profile and the damping ratio, are shown in 
Figure 7. When compared to other studies, the damping ratio of the pavement structure used in this 
one has the lowest value. The asphaltic layer has a damping ratio of 0.62 percent, the base has a 
damping ratio of 1.31 percent, and the subgrade has a damping ratio of 1.92 percent. The results for 
the shear and complex shear moduli are very similar. Both the moduli of the asphaltic layer are more 
than 1,600 MPa, with the higher value being more typical. Whereas the shear and complex shear 
moduli of the soil subgrade layer are 41 and 42 MPa, those of the base layer modulus are 186 and 191 
MPa, respectively. 

The complex shear modulus of the asphalt layer (1,643 MPa) measured in this study (Figure 7) 
yields a larger dynamic modulus value than that determined by Christensen [18], who determined the 
complex shear modulus of the asphaltic mixture (881 MPa) using the Field Shear Test (FST). This 
could be because of the unique properties of asphalt's viscosity and the 10 Hz frequency and 40 °C 
temperature used in Christensen's experiment. 

This investigation determined the complex elastic modulus to be 10.924 GPa (Figure 8), which is 
somewhat less than the range of complex elastic moduli obtained by Kweon and Kim's IR technique 
[6]. It is because to the differing asphalt material qualities, temperatures, and lower frequency of set 
up employed in both samples. Finally, the results reveal that Wavelet PSD can accurately define the 
dynamic stiffness of the pavement layer in terms of attenuation coefficient, damping ratio, and 
complex shear and elastic modulus for pavement design and evaluation. 
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Figure 7. Shear wave velocity, shear and elastic modulus profile from the inversion of surface 

wave (vibration) measurement 

 
Figure 8. Shear damping ratio, complex shear modulus and elastic modulus profile from this study 

CONCLUSION 

This study proposed the Wavelet PSD approach as a method for in-situ measurement and calculation 
of attenuation analysis, damping ratio, and complex modulus of pavement materials. The attenuation 
factors found in this study and those reported in other investigations were not significantly different. 
The frequency-independent attenuation coefficient of asphalt layer was found to be 0.427 to 1.233 
× 10-3 s/m with an average value of 0.886 × 10-3 s/m, while the frequency-independent attenuation 
coefficients of foundation layers, i.e., base and subbase materials, and soil subgrade layer were found 
to be 1.077 - 3.213 × 10-3 s/m (average = 1.819 × 10-3 s/m) and 4.118 - – 7.354 × 10-3 s/m (average 
= 4.836 × 10-3 s/m), respectively. The complex shear modulus of the asphalt layer produced in this 
study was 1,643 MPa, which is a higher dynamic modulus value than that reported in prior studies 
using Field Shear Testing procedures. This is because of the different viscosities of asphalt and the 
way testing is set up for frequency and temperature. In this study, the complex elastic modulus of 
asphalt pavement material was calculated using the material damping ratio, which was determined 
using the attenuation factor, and other parameters such as the Poisson ratio and shear modulus of 
asphalt material. The complex elastic modulus measured in this study was 10.924 GPa, which is less 
than the range of complex elastic moduli obtained using the Impact Resonance Test method. This is 
because the asphalt utilized in each sample had varying quality, temperatures, and usage frequencies. 
Thus, the Wavelet PSD approach may be used to characterize the physical attributes of the dynamic 
stiffness of pavement materials in terms of attenuation coefficient, damping ratio, and complex 
modulus. This method is advantageous because it is quick, enables testing in situ, is cost-effective, 
and does not cause significant damage to the pavement structures. 
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