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ABSTRACT 
Spectral analysis of surface waves (SASW) is a non-destructive and in situ 

method for determining the stiffness profile of soil and pavement sites. The method 
consists of generation, measurement, and processing of dispersive elastic waves in 
layered systems. The test is performed on the pavement surface at strain level 
below 0.001%, where the elastic properties are considered independent of strain 
amplitude. During an SASW test, the surface of the medium under investigation is 
subject to an impact to generate energy at various frequencies. Two vertical 
acceleration transducers are set up near the impact source to detect the energy 
transmitted through the testing media. By recording signals in digitised form using 
a data acquisition system and processing them, surface wave velocities can be 
determined by constructing a dispersion curve. Through forward modeling, the 
shear wave velocities can be obtained, which can be related to the variation of 
stiffness with depth. This paper presents the results of two case studies for near-
surface profiling of two different asphalt pavement sites.  
Keywords: non-destructive method, pavement, layered media, Rayleigh waves, 

spectral analysis, shear wave velocity, wave propagation, elastic 
modulus. 
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INTRODUCTION 
There are more than 60,000 kilometers of expressways and roads in 

Malaysia, of which more than one half are either flexible or rigid pavements. The 
serviceable period for flexible pavement is approximately 20 years, whereas rigid 
pavements may achieve a longer serviceable period of more than 50 years. Most of 
the expressways, federal roads, state roads and council roads are more than 20 
years old. Owing to aging roads and increasing traffic loads and volumes, the 
responsibility for maintenance, rehabilitation and management of pavement 
structures is becoming more and more critical. Therefore, the need for accurate, 
fast, cost effective and non-destructive evaluation of the pavement structure is 
becoming ever more important. Periodic evaluation is being done to fulfill the 
requirement for QA/QC purposes, but more importantly to detect symptoms of 
deterioration at early stages for their economic management.  

Soil, rock-fill, bitumen and concrete material used in pavement structures 
usually behave non-linearly under the loads of passing heavy vehicles. However, at 
lower stress level (0.001%), they are nearly linear and can propagate elastic waves. 
Recent advancement and improvement of the well-known steady-state Rayleigh 
wave method (Richart et al. 1970) resulted in a promising new NDT method 
known as the spectral analysis of surface waves (SASW) method (Heisey et al. 
1982; Nazarian & Stokoe 1984). The SASW technique successfully reduces the 
field-testing time and improves the accuracy of the original steady-state method. It 
also overcomes many of the limitations of the well-known deflection-basin-based 
method, e.g., the falling weight deflectometer or dynaflect.  

The purpose of this paper is to describe the role of the SASW technique in 
assisting pavement engineers in evaluation and management of highways. The first 
part of the paper discusses the fundamentals of the SASW method and properties 
of pavement that can be detected by the method. The second section illustrates the 
results of the SASW tests in pavement investigations. 
 
 
RESEARCH METHODOLOGY 
Propagation of Rayleigh Waves 

The SASW is a non-destructive method for in situ evaluation of elastic 
moduli and layer thickness of layered systems, such as soils and pavements 
(Stokoe et al. 1994). The method is based on the phenomenon of Rayleigh wave 
dispersion in layered systems, i.e. the phenomenon that the velocity of propagation 
is frequency dependent. The energy of Rayleigh waves propagates mechanically 
from the source along the surface of a media and their amplitude decrease 
exponentially with depth. Particle motions associated with Rayleigh wave are 
composed of both vertical and horizontal components, which when combined, form 
a retrogressive ellipse close to the surface (Figure 1).  
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Figure 1.  The particle motion and direction of Rayleigh propagation in a  
                          homogeneous, elastic and isotropic medium 

In homogenous, isotropic, elastic half-space, Rayleigh wave velocity does 
not vary with frequency.  However, in the layered medium where there is a 
variation of stiffness with depth, Rayleigh wave velocity is frequency dependent. 
This phenomenon is termed dispersion where Rayleigh wave refers to the variation 
of phase velocity as a function of wavelength. The ability for detecting and 
evaluating the depth of the medium is influenced by the wavelength and the 
frequency generated. Fig. 2 shows that the shorter wavelength of higher frequency 
penetrates the shallow zone of the near surface and the longer wavelength of the 
lower frequency penetrates deeper into the medium.  

Rayleigh wave propagation technique may be used to determine the 
parameters of the elastic moduli of pavement and soil layers. These parameters 
represent the material behaviour at small shearing strain, of less than of 0.001 % 
[20]. In this strain range, material behaviour, particularly the sub grade material, is 
typically independent of strain amplitude. Nazarian and Stokoe [17] explained that 
the elastic moduli of material are constant below a strain of about 0.001 % and is 
equal to Emax and its corresponding Gmax.  

The objective of the SASW test is to determine the velocity-frequency 
relationship described by the dispersion curve. Through the process of inversion or 
forward modeling, the shear wave velocity profile is obtained. Elastic moduli 
profiles can then be easily obtained using relationships with the velocity of 
propagation and measured or approximated values for mass density and Poisson’s 
ratio, as follows,  
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E  = 22
sV

g


(1 + µ)                 (1) 

where, E = dynamic Young’s modulus, Vs = shear wave velocity,  γ = total unit 
weight of the pavement or soil, g = gravitational acceleration, and µ = Poisson’s 
ratio. 
 

 
 

Figure 2. Variation of vertical particle motion for Rayleigh waves with different 
wavelengths. 

 
Field Procedure 

A schematic of the SASW test is shown in Fig. 3. Elastic waves are 
generated (by means of impacts), on the surface of pavement and are detected by a 
pair or an array of receivers. A portable 4-channel dynamic spectrum analyser 
(OROS OR25 PC-Pack II) was utilized for recording and analysing the data. The 
common receiver midpoint (CRMP) array geometry was used (see Nazarian 1984 
for detail). The spacing between receivers was 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 m. 
Piezoelectric accelerometers were used to pick up the surface wave signal. The 
accelerometers were glued to the pavement surface to ensure good coupling. The 
dynamic signal is generated in the pavement using a variety of impact sources 
depending on the frequency range of interest, which in turn influence the sampling 
depth. For small spacings, steel ball bearings, which tend to produce signal with 
substantial high frequency to sample shallow layers were used. On the other hand, 
hammers were employed for larger spacings to produce low frequency signals to 
sample deeper layers.  

The spectrum analyser shown in Fig. 3 is used to capture the receiver outputs 
denoted by x(t) and y(t) for receiver 1 and 2. To enhance signal quality and to 
increase signal to noise ratio, the results of at least five signals were averaged. 
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Nazarian and Stokoe (1985) suggested an average of five signals was considered 
adequate. The outputs in the time domain were transformed through a Fast Fourier 
Transform (FFT) to X(t) and Y(t) in the frequency domain by the analyser.  

Two functions in the frequency domain (i.e. the phase spectrum and 
coherence function) were utilized for analysing the averaged data signals. The 
cross power spectrum, GXY, between the two receivers is defined as                                                  

    fYfXG XY .*                                                                                                   (2) 

where  *fX  denotes the complex conjugate of  fX . The phase shift,  fXY , 
which represents physically the number of cycles that each frequency possesses in 
distance D between the two receivers, can be computed as 

        XYXYYXXY GGff ReImtan 1                                                         (3) 

where  fXY  is the phase shift of the cross power spectrum at each frequency, 
 XYGIm  and  XYGRe  are the imaginary and real parts of the cross power 

spectrum at each frequency, and f is the frequency in cycles per seconds (or Hz). 
 

 
Figure 3.  Layout of the testing set-up of the SASW method for pavement                       

evaluation. 
The coherence function is the ratio of the output power caused by the 

measured input to the total measured output. If some noise is generated in the 
system, the coherence is less than one since the total measured output includes not 
only the output power due to the measured input but also noise output due to the 
input noise and noise at the output side. The coherence function,  f2 , is 
mathematically defined as :  

 
   YYXXXY GGGf .22                                                                                 (4) 
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Where,    fXfXG XX .  is the power spectrum of first receiver, and 
   fYfYGYY .  is the power spectrum of second receiver. The value of 

coherence function in the range of frequencies being measured is between zero and 
one and is a good tool for assessing the quality of the observed signals. A value of 
one indicates perfect correlation between the signals being picked up by the 
receivers, which is equivalent to a signal-to-noise ratio of infinity. A value of zero 
for the coherence function at a frequency represents no correlation between the 
signals being detected.  

There is no hard rule on what coherence magnitude should be used for 
SASW data. A minimum value of 0.9 was suggested by Nazarian (1984) as a 
criterion for accepting data in pavement evaluation. Sayyedsadr & Drnevich 
(1989), however, used a default value of 0.98 as a minimum coherence magnitude. 
In this study, the acceptance of data is set at a coherence magnitude of at least 0.95. 
If this criterion was not satisfied, the test data was excluded and the test was 
repeated using different sources or impact surfaces, e.g. employing rubber pads, 
until satisfactory data were obtained. In most cases coherence magnitudes above 
0.98 were obtained over the frequency range of interest.  

 
Construction of Dispersion Curve 

When displaying the phase spectra, the analyser may not use full-scale 
display, instead it may display the phase in the range of ±180º and hence cause it to 
wrap. The step to find the actual phase of a frequency is to count the number of full 
360º cycles preceding the frequency and to add that to the fraction of the last cycle 
or the frequency (Fig. 4). The process is called unwrapping of the phase (Nazarian 
1984). Data points that did not satisfy the following two criteria were discarded: (i) 
a coherence magnitude of 0.95, and (ii) a wavelength greater than ½D and less than 
3D (Heisey et al. 1982). This operation is called ‘masking’. 

 By using the principle of a rotating vector, a phase shift of 360º is 
equivalent to the travel time of one period. For a harmonic wave, the period, T, is 
the reciprocal of the frequency of the wave, (i.e. fT 1 ). Therefore, the travel 
time,  ft , from receiver 1 to receiver 2, i.e. the time delay, can be computed by 

        ffTfft XYXY .360360.                                                              (5)                                                   
Knowing the distance D between the receivers, the phase velocity,  fVR , and the 
corresponding wavelength,  fR , are calculated by  

   ftDfVR                                                                                                          (6) 

    ffVf RR        (7) 
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By repeating the procedure outlined by Eq. (6) through (8) for every 
frequency, the Rayleigh wave velocity corresponding to each wavelength is 
evaluated and the experimental dispersion curve is generated. It should be noted 
that velocities obtained from an experimental dispersion curve are not the actual 
Rayleigh wave velocities, but rather apparent or phase velocities. The existence of 
layers with higher or lower velocities at the surface of a medium, such as a 
pavement structure, affects the measurement of the velocities of the underlying 
layers. Thus, a method for evaluating the actual Rayleigh wave velocities from 
apparent Rayleigh wave velocities is necessary in the SASW test. 

 

 
Figure 4. Wrapped and unwrapped phase spectra. 

 

ANALYSIS AND DISCUSSION 
Inversion of Dispersion Curve 

The process of converting the dispersion curve into the shear wave velocity 
profile is called inversion or forward modeling. Data points of the experimental 
dispersion curve are usually compressed into a smaller number of data points by 
averaging a certain range of experimental data points into one data point. There are 
basically two inversion processes, a simple and a refined one.  

The simple inversion process is based on an earlier inversion of the steady-
state vibration technique (Richart et al. 1970). The inversion is done by assigning 
the shear wave velocity equal to 1.1 times the phase velocity and the depth is 0.33 
times the wavelength. It provides satisfactory results for geotechnical sites where 
the shear modulus smoothly increases with depth (Matthews et al. 1996). However, 
in cases where there is a large contrast in shear wave velocities, such as in 
pavement systems, this simple method can lead to erroneous results. 

A more reliable inversion procedure uses stress-wave propagation theory. 
The propagation theory models a theoretical dispersion curve, which is compared 
with experimental dispersion curve.  There are several modelling approaches 
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available for SASW applications. Among them are: (1) the transfer matrix method 
(Haskell, 1953; Thomson, 1950); (2) the dynamic stiffness matrix method (Kausel 
& Röesset, 1981); and (3) the finite difference method (Hossain & Drnevich, 
1989). The transfer and stiffness matrix methods provide exact formulation as 
compared to the other methods (Ganji et al. 1998). Although the approach of the 
inversion methods can be different, however, all the methods assume that the 
profile consists of a set of homogeneous layers extending to infinity in the 
horizontal direction. The last layer is usually considered as a homogeneous half-
space.  

John (1996) has suggested two methodologies for the evaluation of a 
stiffness profile: the iterative forward modeling analysis and the inversion analysis. 
The iterative forward modeling analysis requires an initial guess (priori) of the 
stiffness profile. For each layer, a thickness, a shear wave velocity, a Poisson's ratio 
(or compression wave velocity), a mass density and a damping ratio are assigned. 
Many studies have been carried out to study the influence of each one of these 
parameters and the general conclusion is that the influence of density and Poisson 
ratio is negligible (Nazarian 1984). Therefore, they can be estimated on the basis of 
experience without any visible effects on the final result. Based on these initial 
priori parameters of the initial profile, a theoretical dispersion curve is calculated 
using stress wave propagation theory. The theoretical dispersion curve is compared 
with the experimental dispersion curve. If the two dispersion curves do not match, 
the initial profile (number of layers, layer thickness, shear wave velocity, or any 
combination) is adjusted, and another theoretical dispersion curve is calculated. 
The trial-and-error procedure is repeated until the two curves match, and then the 
associated assumed profile is considered the real profile. Fig. 5 shows the 
comparison between the experimental and theoretical dispersion curves during 
inversion analysis. The accuracy of the theoretical dispersion curve is controlled by 
the RMS data error, which measures the difference of both the dispersion curves. 
The inversion analysis is an automated forward modelling analysis. The stiffness 
profile is adjusted by an optimisation technique. Therefore, the optimum path from 
the initial guess to the final solution is found by the inversion analysis. The 
inversion analysis suggested by Joh (1996) is used in this study. 
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Figure 5. Comparison between averaged experimental theoretical dispersion curve 
and resolution of shear wave velocity at SASW array PREC11-JP1. 

 
Calculation of the Elastic Moduli  
According to elastic theory, the velocity of shear wave, SV , is related to the 
velocity of Rayleigh wave propagation, RV , by  

RS CVV                                             (8)
  

where C is a function of Poisson’s ratio,  and  182.0135.1 C  for 1.0 . 
Misjudging  has little effect on SV (Nazarian et al. 1983).  The shear modulus, G, 
is related to the shear wave velocity by 

 2
SV

g
G 
                    (9) 

 
and the Young’s modulus, E, is related to G by 
 

  12GE                                                                                                        (10)
                  
(where  is the bulk density of the soil, g is the gravitational acceleration. 
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CASE STUDY 1: LANDED-ZONE 4-B, PRECINT 11, PUTRAJAYA 
The SASW testing was carried out on a pavement surface at Landed-Zone 4-

B, Precint 11, Putrajaya construction project (SASW array PREC11-JP1). The 
pavement profile consists of an asphalt layer (100 mm thick), a base of crushed 
aggregates (300 mm thick), and a sub base of sand (200 mm thick) over a 
metasediment sub grade. Material properties and thickness of the four layers are 
shown in Figure 6(a). In this study, the receiver spacing of 10, 20, 40, 80, 160 and 
320 cm were used. 

The result of the inversion is as shown in Fig. 6(b). The smallest RMS data 
error obtained in this study is 24.45 %. A total of 10 layers were used in this 
inversion analysis and the thickness of the layers was increased gradually as the 
properties of the near surface material are of most interest in a pavement system. 
By assuming reasonable values of Poisson’s ratio and mass density of each layers, 
the dynamic Young’s modulus profile is calculated using Eq. (10) and (11) and is 
plotted in Figure 6(c). The modulus and depths determined by the SASW 
measurements from the inversion are in good agreement with each layer of the 
pavement profile. A zone with higher modulus is interpreted from 0 to 10 cm for 
the asphalt concrete surface layer that has the highest stiffness properties (100 – 
1000 MPa). An abrupt decrease of the modulus then occurs at the transition layer 
of the base followed by a gradual increase of the modulus for the sub base and sub 
grade with elastic modulus of around 10 MPa.  

 
CASE STUDY 2: KM 296, NORTH – SOUTH EXPRESSWAY 

The SASW testing was carried out on a pavement surface at Km 296 (North 
Bound), Seremban – Bangi section of the North – South Expressway (SASW array 
LRSB-ApJ) during rehabilitation works. The pavement structure consists of an 
asphalt layer (180 - 200 mm thick), a sub base of crushed aggregates and fine sand 
(2000 - 2500 mm thick), over a metasediment sub grade. Material properties and 
thickness of the four layers are shown in Figure 7(a). In this study, the receiver 
spacing of 10, 25, 50, 100, and 200 cm were used. The sources for the Rayleigh 
wave employed were slightly different from those in the case study 1. For high 
frequency signals, 2-inch nail and small hammers were used, while geological 
hammer was used for receiver spacing higher than 100 cm.  

The shear wave velocity profile along with the layering use in this inversion 
is shown in Fig. 7(b). RMS data error obtained for this inversion analysis is 20.75 
%. The dynamic Young’s modulus profile is calculated and is plotted in Figure 
7(c). The profiles determined by the SASW measurements show good agreement 
with the pavement profile. A zone with higher modulus is interpreted from 0 to 20 
cm for the asphalt concrete surface layer that has the highest stiffness properties 
(100 – 1500 MPa). This surface layer is slightly stiffer than the PREC11-JP1 site as 
a more stringent specification was applied to the former. Similarly, an abrupt 
decrease of the modulus occurs at the transition layer of the sub base followed by a 
gradual increase of the modulus for the subgrade.  
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(a) (b)                               (c) 
 
Figure 6.  (a) The designed pavement profile, (b) the final shear wave profile from 

the inversion analysis, and (c) the calculated dynamic Young 
modulus profile at SASW array PREC11-JP1. 

 
  

 
 
 (a) (b) (c) 
 
Figure 7. (a) The pavement structure profile, (b) The final shear wave profile from 
the inversion analysis, and (c) the calculated dynamic Young modulus profile at 

SASW array LRSB-APJ. 
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CONCLUDING REMARKS 
Samples of the asphalt pavement structure for laboratory analysis were not 

available during the study. The thickness of layering obtained from the inversion 
analysis compared well with the existing profile obtained from the construction 
record. The shear wave velocities and dynamic Young’s modulus profiles from this 
study were compared with SASW testing that had been carried out by other 
workers, such as Nazarian (1984) and Al Hunaidi (1998) (Table 1). In general, 
there is a reasonable agreement between the results from this study and their 
results. 
 
 

Table 1. Comparison of shear wave velocity from this study to that of Nazarian 
(1984) and Al-Hunaidi (1998). 

Profile 
Shear wave velocity (m/s) 

This study Nazarian 
(1984) 

Al Hunaidi 
(1998) 

Surface course 900 – 2000 2425 1000 – 2500 

Sub base course 195 – 270 301.95 100 – 500 

Sub grade 200 – 400 271.45 80 – 300 

 
The SASW method has managed to characterise all the layers of the 

pavement profile in terms of shear wave velocity and dynamic shear and elastic 
modulus satisfactory. The method can be applied in the early stages of pavement 
evaluation for detecting the dynamic properties and thickness of the profile. This 
method has been also found to be able to detect sandwiched low modulus layers 
with reasonable accuracy, unlike the drawbacks from the other seismic methods for 
this case. 
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