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Abstract

Non-destructive testing (NDT) has been developed as a effective tool in road evaluation system in order to in-situ assess the
stiffness parameter of pavement layer, partcularly in conducting a quick assessment on soil subgrade layer. The NDT method
based on the seissurfaoe wave measurement has been recently developed and applied for material evaluation of road-
pavement, i.e. the shear wave velocity, Poisson’s ratio and dynamic elastic modulus. In this paper, an improved technique of
tomography surface waves measurement for simultaneously evaluation of stiffness and anomalies of pavement soil-subgrade is
presented. The method performs the time-frequency spectrum analysis on recorded seismic wave data, which is non-destructively
sampling the subgrade layers properties. An interactive wavelet analysis is used in the spectrum analysis to produce the real
phase velocity and its corresponding shear wave velocity. Using principal of stress-strain material in elastic behavior, the elastic
modulus parameter of soil-subgrade layers is then generated. This method is improved for producing the 2-D elastic modulus
profile and at the same time, it shows the structure anomalies in the investigated subgrade layers. The higher elastic modulus
values can be found in the subgrade layer with more homogeneous soil densities that may be produced from a good degree of
compaction. While the lower elastic modulus can be identified in the subgrade layers which are having many structural
anomalies. From this study, it can be shown that the tomography seismic surface wave technique 1s able to simultaneously
determine the stiffness and structure anomalies within existing road pavement. Thus, this method can be potentially advanced
and developed as an innovative material eval uaticn.levice for pavement structures.
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1. Introduction

In the pavement management system (PMS), an important aspect of management process is to determine the
current and to predict the future structural capacity of the pavement. In order to establish the structural capacity of
the existing roads, accurate information of the layer elastic moduli and thicknesses are needed. Those parameters are
used to calculate load capacity to predict the performance of roads in order to select and design appropriate
rehabilitation. Nowadays, the need of accurate, cost-effective, fast and non-destructive testing (NDT) evaluation of
pavement system is pming ever important because the rehabilitation and management of roads is becoming
increasingly difficult due to the increasing number of aging roads and limited budgets. Comparing to the NDT
methods, conventional methods of pavement failure investigation include visual observation of base course
condition, extraction and examination of core samples from rutted sections and analyzing lab test results from the
cores. These methods are ajcnsivc and required a lot of work and time to be performed. 5

One of NDT methods 15 the spectral analysis of surface wave (SASW) which is a geophysical testing method
based on the difjersion of Rayleigh waves (R waves) to determine the shear wave velocity corresponding to
dynamic elastic modulus and depth of each layer of the pavement profile. The SASW method has been used for
pavement layer thickness evaluation, concrete bridge condition assessment, elastic and shear modulus measurement
of pavement materials, soil density assessment [1]. The results of these studies show that the SASW method can be a
useful tool for pavement evaluation and inspection works.

Herein, the study introduces the tomography surface wave technique which is an innovation seismic method
combined between the SASW method and tomography technique to evaluate the soil subgrade pavement condition
and its possible anomalies or deterioration. Study was carried out in 83 observed sites of existing highway pavement
in Raya Cipatik Road, Soreang and Jalan Cagak Road, Subang, West Java. The FWD method was also employed to
validate the elastic modulus of pavement soil subgrade produced from the analysis. Results of this study used in
developing nondestructive and cost-effective measures for pavement rehabilitation.

2. Research Method

The tomography surface waves technique is an improved system on g& spectral analysis of surface waves
(SASW) method. The technique is originally based on the measurement of R wave particles in heterogeneous media.
The R wave energy from the point source propagates mechanically along the surface of media and their amplitude
decrease rapidly with depth. R wave velocity has uniqueness characteristic which it varies with frequency in
different stiffness layers of solid medium. This phenomenon is termed dispersion where the frequency is dependent
on R wave velocity. The shorter wavelength of high frequency penetrates the shallower zone of the near surface and
the longer wavelength of lower frequency penetrates deeper into the medium. The dispersion of R wave velocity
versus wavelength can be identified through phase information of the transfer function spectrum generated from the
field measurement.

2.1, Field measurement

The general measurement system of tomography surface waves tehnique is illustrated in Figure 1. Several impact
sources on a pavement surface are used to generate R waves. These waves are detected using two until four
accelerometers where the signals are recorded using an analog digital recorder. In this study, the short receiver
spacings with combination of 5, 10 and 20 cm with a high frequency source (ball bearing) were used to sample the
pavement surface layers while the long receiver spacings of 20, 40 cm and 80, 160 cm with a set of low frequencies
sources (a set of hammers) were used to sample the base and subgrade layers, respectively. Several configurations of
the receiver and the source spacings are required in order to sample different depths and configuration of mid-point
receiver is recommended for tomography surface wave technique.
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Fig. 1. Field measurement of tomography surface wave technique for pavement and soil subgrade measurement
2.2, Data analysis

All the data collected from the recorder are transformed using the Fast Fourier Transform (FFT) and Continuous
Wavelet Transform (CWT) algorithm to frequency domain. Two important spectrums used in this measurement, i.e.,
the coherence function and the phase information of the transfer function were configurated in the data analysis. The
coherence function is an easy way to visually examine the quality of signals being recorded in the field measurement
and the transfer function spectrum is used to obtain the relative phase shift between the two signals in the range of
the frequencies being generated.

The CWT filtration was performed by using on the wavelet spectrogram for obtaining the time and frequency
localization thresholds. The CWT is defined as the inner product of the family wavelets ¥ - (r) with the signal of f{1)
which is given as [2]:

by (o)1)= [ 10 = o

where ¥ is the complex conjugate of w, Fy{o,1) is the time-scale map. The convolution integral from Eq. (1)
can be computed in the Fourier domain.

In this study, the CWT filtration is developed base on the simple truncation filter concept which only considers
the passband and stopband Threshold values in time and frequency domain are as filter values between passband
and stopband. It allows a straight filtering in each of the dimensions of times, frequencies and spectral energy. The
noisy or unnecessary signal can be eliminated by zeroing the spectrum energy and they are fully removed when
reconstructing the time domain signal. Thus, the interested spectrum of signals can be passed when the spectrum
energy is not set as 0 or it is maintained in original value. Proposed design of the CWT filtration can be written as:

fls)=1, F<s<F,  flu)=11, T, <u<T, 2)
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The value of 1 means the spectrum energy is passed and the value of O represents as the filtration criteria when
the spectrum energy is set as 0. The phase difference from reconstructed signals at each frequency is then calculated

in order to develop the phase spectrum for the experimental dispersion curve. The phase difference data can be
obtained from:

¢.(f)=arc mr{ :]: W, (s) ] (3)

v_lﬂ'j,xy (r)

where W (s)=w*(s)w"*(s)= wavelet cross spectrum

— "n n

The time of travel between the receivers for each frequency from wavelet cross spectrum can be calculated by:

_dlr)
(f)= 360 (4)

where [ is the frequency, t(f) and gﬁ(f) are respectively the travel time and the phase difference in dcgrcc@ a
given frequency. The distance of the receiver (d) is a known parameter. Therefore, R wave velocity, Vi or the phase
velocity at a given frequency is simply obtained by:

d
V,= 3
R=T7) ®
andgmrrcsponding wavelength of the R wave, Ly may be written as:

- (f)=V“Tm (6)

By unwrapping the data of the phase angle from the transfer function, a composite experimental dispersion curve
of all the receiver spacings are gcncratcc@y repeating the procedure outlined above and using equation (4) through
(6) for each frequency value, the R wave velocity corresponding to each wavelength is evaluated and the
experimental dispersion curve is subsequently generated. @

The actual shear wave velocity of the pavement profile is produced from the inversion of the composite
experimental di?ﬁion curve. An inversion procedure uses stress-wave propagation theory. The propagation
theory models a theoretical dispersion curve, which is compared with experimental dispersion curve. In this study,
an automated forward modeling analysis of the 3 dimension -D) dynamic stiffness matrix method [3] was used
for generating the theoretical dispersion curve. Consequently, the theoretical dispersion curve is compared with the
experim@PR! dispersion curve. If the two dispersion curves do not match, the pavement profile is adjusted and
another theoretical dispersion curve is calculated. An interactive iteration procedure, i.e., maximum likelihood
method [4] is then conducted until the two curves match, and then the associated profile is considered the
representative pavement profile.

2 3. Stiffness prediction

The material stiffness of pavement, i.e., dynamic elastic moduli can be obtaoined from the following relationship
between the shear wave velocity (Vs), the gravitational acceleration (g), the total unit weight (y) and the Poisson
ratio (y):

E=2Lv(1+u) (7

&

where E is the dynamic elastic modulus. [5] explained that the modulus parameter of material is maximum at a
strain below about 0.001 %. In this strain range, modulus of the materials is also taken as constant.
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3. Results and Discussion
3.4. Elastic modulus of soil subgrade

From the recorded seismic signals, it can be recognized that higher amplitude is measured for first mode of R-
wave amplitude. It is also noted that the decreasing signal magnitude is identified as the R-wave attenuation in the
soil layer which is an important characteristic for energy decrement. The waveform of seismic signal recorded in
measurement is transient and non-stationary event. Weak recorded signal of seismic wave can be also identified as
an effect of environmental noise which maybe produced from ground or traffic noise and man-made vibration. This
means that either the input signals or behaviours of system at different moments in time were not identical. When
the signals were transformed into frequency domain, time-dependent behaviour of the seismic waves and noise
events vanished. In the energy content which these events present at different times and frequency, would not be
picked up by a conventional Fourier analysis. In other word, the conventional spectral analysis of non-stationary
signal of seismic waves cannot describe the local transient event due to averaging duration of signals. It also cannot
instantly separate the event of true seismic waves from noise signals. Consequently, it is difficult to capture the
correct phase information in transfer function of both signals. The time-frequency (TF) analysis of CWT was then
employed to overcome the identification problem of spectral characteristic of non-stationary seismic wave signals.
From CWT on analysis both signals, its phase spectrum can be clearly displayed as Figure 3. Based on phase
difference from multiplication on both spectrum functions at each frequency, the experimental dispersion curve of
SASW measurement from several sites can be generated. Figure 2 shows an example of phase difference versus
frequency plot produced from the CWT analysis from this study. It was measured for 80 cm receiver spacing which
is employed for detecting the pavement soil subgrade.

An example of the shear wave profile from the result of the inversion process in the SASW method on the
existing pavement is shown in Figure 3. Using the dynamic material equation (Equation 7), its equivalent dynamic
elastic modulus profile is given in Figure 3. Each layer of the pavement profile was clearly detected by the 3-D
inversion analyses compared to the core profile. Particularly for pavement surface layer, between the overlay and
original layer was distinguished well.

The FWD method was also employed to validate the subgrade elastic modulus produced from the SASW
The elastic modulus of subgrade layer obtained from FWD and SASW measurements are shown in Figure 4. The
elastic modulus of the subgrade layer obtained from the SASW is larger comparison with value determined by the
FWD. As mentioned earlier, the modulus measured at very low strain levels associated with surface wave method is
in maximum value and it is independent from strain amplitude . Second, the high frequency used in the SASW result
in higher values of stiffness for subgrade material. In the case of FWD, the modulus was measured at frequency of
30 Hz.

150 d=80cm

Phase Different

0 000 10000
Frequency (Hz)

Fig. 2. An example of phase difference and frequency spectrum produced from teh CWT analysis for 80 em receiver spacing of observed road
site
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Fig. 3. An example of shear wave velocity profile and its equivalent elastic modulus on the existing pavement of observed road sites
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Fig. 4. Elastic modulus of subgrade layers from the Tomography Surface Wave/SASW test compared to the FWD test at observed road sites
3.2.2-D tomography profile

The one dimensional shear{G§ave velocities and its equivalent elastic modulus profile are obffhed from the
inversion analysis (Fig.3). The inversion of the dispersion of subsequent movement of the source to geophone array
then produces the final two dimensional images as a 2-D tomography profile which is presented in Fig. 5. From 2-D
tomography profile can be shown that the structure anomalies is investigated in soil subgrade layers. The higher
elastic modulus values can be found in the subgrade layer with more homogeneous soil densities that may be
produced from a good degree of compaction. While the lower elastic modulus can be identified in the subgrade
layers which are having many structural anomalies. From this study, it can be shown that the tomography seismic
surface wave technique is able to simultaneously determine the stiffness and structure anomalies within existing
road pavement.
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Fig. 5. Tomography profile of elastic modulus of subgrade layers from at observed road sites

4. Conclusion

The simultenuous measurement of stiffness and anomalies in the pavement soil subgrade layer using m)graphy

surface wave method has been introduced in this study. The method is an innovative development from the spectral
analysis of surface wave (SASW) method. The tomography surface wave method can be potentially advanced and
developed as an innovative material evaluation device for pavement structures. However, due to the small strain
levels and high frequency involved in the seismic measurement, the values of elastic modulus of the soil subgrade
are in higher compared to modulus obtained from FWD measurement.

References

[l

12
13
4

Rosyidi, S.A.P., Taha, MR., Chik, Z., Ismail, A..ggnal reconstruction of surface waves on SASW measurement using gaussian derivative
velet transform, Acta Geophysica 57,3, (2009) 616-635,

ence, C., Compo, G.P., A practical guide to wavelet analysis, Bull. of the Amer. Meteor. Soc., 79,1 (1998) 61-78.

ausel, E., Rijesset, J M., Stiffness matrices for layered soils, Bulletin of the Seismological Society of America 71,6 (1981) 1743-1761.
Rosyidi, S.AP., Metode analisis gelombang permukaan untuk penyelidikan sub-permukaan (surface wave analysis method for sub-surface
imvestigation), LP3M UMY, Zp.
Nazarian, §., K.H. 11 Stokoe, In situ determination of elastic moduli of pavement systems by Spectral-Analysis-of-Surface-Wave method
(theoretical aspects), Research Report 437-2, Center of Transportation Research. Bureau of Engineering Research, the University of Texas at
Austin, 1986,




Simultaneous in situ stiffnes and anomalies wavelet

ORIGINALITY REPORT

1. . 110 o

SIMILARITY INDEX INTERNET SOURCES PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Agus Setyo Muntohar, Hung-Jiun Liao. "Finite
Element Analysis of the Movement of the Tie-
Back Wall in Alluvial-Silty Soils", Procedia
Engineering, 2013

Publication

1o

M. R. Mitchell, R. E. Link, S. Joon Lee,
Youngguk Seo, Y. Richard Kim.
"Nondestructive Fatigue Damage Analysis of a
Thin Asphalt Concrete Course Using the
Wavelet Correlation Method", Journal of
Testing and Evaluation, 2010

Publication

1o

Dennis A. Sack, Larry D. Olson. "Advanced
NDT methods for evaluating concrete bridges
and other structures”, NDT & E International,
1995

Publication

1o

D. Cella, C. lvanescu, S. Holmstrom, C.N. Bui,
J. Spalding, K. Fizazi. "Impact of enzalutamide
on quality of life in men with metastatic
castration-resistant prostate cancer after
chemotherapy: additional analyses from the
AFFIRM randomized clinical trial", Annals of

1o



Oncology, 2015

Publication

Martins, J., and A. Gomes Correia.
"Laboratory and Field Mechanical Waves
Measurements to Evaluate Material Stiffness”,
Earthwork Project Management Slope Stability
Analysis and Wave-Based Testing
Techniques, 2014.

Publication

1o

Sri Atmaja P. Rosyidi. "Chapter 31 2-D and 3-
D Subsurface Liquefaction Potential Profiling
Using Tomography Surface Waves Method",
Springer Science and Business Media LLC,
2017

Publication

1o

Carino, Nicholas. "Stress Wave Propagation”,
Handbook on Nondestructive Testing of
Concrete Second Edition, 2003.

Publication

1o

Calanca, P.. Agricultural and Forest
Meteorology, 20050120

Publication

1o

Meyers, S. D., B. G. Kelly, and J. J. O'Brien.
"An Introduction to Wavelet Analysis in
Oceanography and Meteorology: With
Application to the Dispersion of Yanai Waves",
Monthly Weather Review, 1993.

Publication

1o

Kim, D.S.. "Determination of dispersive phase



velocities for SASW method using harmonic

wavelet transform”, Soil Dynamics and <1 Yo
Earthquake Engineering, 200209
Publication
Israil, M.. "Geophysical characterization of a <1 o
landslide site in the Himalayan foothill region”, °
Journal of Asian Earth Sciences, 200311
Publication
Muntohar, A.S.. "Engineering characteristics <1 o
of the compressed-stabilized earth brick", °
Construction and Building Materials, 201111
Publication
M. Schevenels, G. Lombaert, G. Degrande, S. <1 o
Francois. "A probabilistic assessment of °
resolution in the SASW test and its impact on
the prediction of ground vibrations",
Geophysical Journal International, 2008
Publication
Cho, Y.S.. Dlsper5|v§ characteristic <1 o
measurement of multi-layer cement mortar
slabs using SASW method and neural
network", Computers and Structures, 200310
Publication
Review of Pr.'ogress in Quantltatlve <1 o
Nondestructive Evaluation, 1999.
Publication
A. M. BERGE. "ACOUSTIC MODELING OF 1
<1

THE SEAFLOOR™", Geophysical Prospecting,
2/1986



Publication

Tatsuya Ishikawa, Tianshu Lin, Shinichiro <1 y
Kawabata, Shuichi Kameyama, Tetsuya °
Tokoro. "Effect evaluation of freeze-thaw on
resilient modulus of unsaturated granular base
course material in pavement”, Transportation
Geotechnics, 2019
Publication

Sutapa Hazra, Jyant Kumar. "SASW testing of <1 o
asphaltic pavement by dropping steel balls”, °
International Journal of Geotechnical
Engineering, 2014
Publication

Diego Lo Eresti. "Gepphysical and <1 o,
Geotechnical Investigations for Ground
Response Analyses”, Geotechnical Geological
and Earthquake Engineering, 2004
Publication

Kim, D.S.. "IE-SASW method for <1 o

nondestructive evaluation of concrete
structure", NDT and E International, 200603

Publication

Exclude quotes Off Exclude matches Off
Exclude bibliography  Off



	Simultaneous in situ stiffnes and anomalies wavelet
	by Procedia Eng 2015 Wavelet

	Simultaneous in situ stiffnes and anomalies wavelet
	ORIGINALITY REPORT
	PRIMARY SOURCES


