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Abstract 

 
Surface wave based NDT methods for in-situ structural evaluation of layered asphalt pavements have undergone 

various improvements during the last decade. Although these NDT methods have certain inherent advantages over 

the conventional deflection measurement based methods, still they are yet to become popular in India. This paper 

presents few research studies, employing the spectral analysis of surface waves (SASW) method for NDT&E of 

asphalt layered structures. The studies focus on some specific aspects, such as the effect of coupling on the test data, 

and applicability potential of SASW method for detection and assessment of asphalt interlayer bond condition, and 

subsurface anomalies/buried objects. In situ testing results are presented. It was observed that SASW method has 

good application potential for qualitative assessment of all the mentioned study objectives.  
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1. Introduction   

 By surface wave testing, seismic velocity of surface Rayleigh waves (VR) is determined 

at negligible strain levels (Richart et al. 1970). Seismic velocity is a fundamental engineering 

property of the medium through which the wave is propagating. When the medium is multi-

layered, with different layers having different stiffness values, the surface Rayleigh waves 

exhibit a change in velocity with wavelength, and this phenomena is known as dispersion. It 

means that waves with different wavelengths (or frequencies) reaching different depths, have  

different velocities of propagation because of the difference in the elastic properties of different  

layers. The dispersive nature of Rayleigh surface waves in multilayered media is utilized to 

determine the elastic properties and thicknesses of layers of a pavement system.  

 Major components of an SASW evaluation method are: (1) Acquisition of field data (2) 

generation of phase velocity verses wavelength curve called Experimental dispersion curve 

(EDC) (3) generation of Theoretical dispersion curve (TDC) (4) assuming layer stiffness values 

and minimizing the error between assumed and calculated values to find individual layer 

stiffness values. In some analysis approaches, the last two components of evaluation procedure 

are replaced by one single equivalent approach (such as Artificial Neural Networks-ANN; 

Simulated Annealing-SA etc.). SASW is, by far, the most practiced surface wave test method for 

pavement systems employing the above four components. In this paper the SASW test method, 

testing aspects and method's applicability for assessment of layered asphalt pavement systems is 

demonstrated by focused experimental studies. 

 Following sections first discuss the theory of surface waves and its application to 

pavement testing. Then the test system is described. Subsequently, focused experimental studies 

including the effect of accelerometer-pavement coupling (APC), estimation of layer properties, 

and detection of layer debonding and buried utilities are discussed. Lastly, some guidelines for 

justified application of different methods to pavement systems are presented.  
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2. Theory: Surface wave propagation in pavements 

 

 The Rayleigh waves are generated by the interaction of P-waves and vertically polarized 

S-waves (SV) [1]. The particle motion in Rayleigh waves have longitudinal and transverse 

components that exponentially decrease with depth. These two component motions have a 

difference in phase [2]. Seismic surface-waves namely Rayleigh waves (R-wave) propagate 

radially outwards along a cylindrical wavefront. For a homogeneous elastic half-space, R-wave 

propagation velocity (VR) is unique and independent of frequency [3]. However, in multilayered 

media, R-waves are essentially dispersive and their velocity is called as phase-velocity (Vph) 

which is frequency specific [4]. R-waves propagate almost 67% energy of a seismic event (such 

as a hammer-impact) and thus have high amplitude and subjected to less attenuation losses. They 

exhibit a retrograde-elliptical particle motion (i.e. vertical displacement is about 1.5 times the 

horizontal displacement) in a vertical plane within one wavelength depth [5]. This is the motion 

aimed at, to be recorded in the surface wave methods such as SASW (generally only the vertical 

component of R-wave motion).  

 As different wavelength components sweep different depths, the corresponding phase 

velocities, vary in different layers of a multilayered media. For pavement materials, phase 

velocity or VR is empirically related to S-wave velocity (Vs) by Poisson's ratio, ν (refer Table 1). 

The experimental dispersion curve (EDC) is further used to determine the stiffness modulus (E) 

profile of the test section using equation (1). 

 

         E = 2 ρVs
2
(1+ ν)      (1) 

 

 where: ρ = mass-density; E = stiffness modulus. Thus, a range of R-wave frequency 

components propagating in a multi-layered media can provide information on its stiffness profile 

if the corresponding phase velocities are measured; which is the objective of SASW testing. For 

wavelengths extending to more than one layer, stiffness of all the involved layers will influence 

the phase velocity [4]. R-waves propagate at lower velocity than P or S waves (refer Table 1). 

For a homogeneous, nondispersive media, R-wave velocities are a function of P and S wave 

velocities as given by Equation (2) [4]. For a multilayered dispersive medium, the lowest value 

of VR represents fundamental mode of R-wave propagation. 
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 Table 1: Relation between VR and Vs for pavement materials 

Recommended by VR - Vs  relation Remarks 

Nazarian et al. (1999) [6] Vs = VR (1.13-0.16ν) used for pavements 

Roesset et al. (1990) [7] Vs = VR (1.135 -0.182ν) for ν ≥ 0.1 

Sanchez-Salinero et al. (1987) [8] Vs = VR (1.144 -0.194ν) VR/ Vs   = 0.92 

 

 SASW method assumes the presence of only fundamental mode of R-wave propagation. 

This is reflected in the testing method as the two fixed receiver approach which aims at capturing 

only one phase-velocity at each frequency. Hence, this earlier limitation of getting only one 

apparent phase velocity evaluated at each frequency, remained (apparent, as it is a superposition 

of all types of waves; body and surface). Some other related limitations of the two-receiver 
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SASW approach, causing error and unreliability in pavement characterization, can be identified 

as follows [9-12]:  

• Viscoelastic nature of asphalt in pavements introduces complex moduli components which are 

not properly accounted for in the analysis. 

• The apparent phase velocity varies with offset distance of receivers. As a result, test geometry 

assumes much importance and has to be included in the analysis. 

• Detected signal is contaminated by various types of direct and reflected waves (e.g. P and S 

waves) from structural boundaries and layer interfaces which are not adequately considered. 

• Inverse dispersion and sharp S-wave velocity contrast over the pavement layers gives rise to 

complex modes which are not considered. 

 Several improvements, aimed at increased accuracy of results from SASW test, have 

been recommended which generally focus on minimizing the influence of higher modes [8, 11]. 

At very high frequencies, fundamental mode of R-wave propagation dominates [12]. Hence, it is 

safe to assume the presence and detection of fundamental mode phase-velocity in SASW testing 

using two receivers and with specific test geometry [6]. 

 

3. Materials and Methods  

 

 The data acquisition system used for testing consists of a 16-bit USB DAQ card, a signal 

conditioner with power source, instrumented hammer (accelerometer mounted) and two high-

frequency (resonant frequency>25kHz) high sensitivity (1000mV/g) accelerometers. Schematic 

diagram of the test system is shown in Figure 1 [13]. LabVIEW™ software was used for data 

acquisition and Matlab™ for further analysis including spectral parameter determination in the 

frequency domain. Materials employed in different studies are described in the respective study 

sections.  

 

4. Study on accelerometer-pavement coupling  

  

 An accurate recording of the accelerometer amplitude value is one of the most important 

factor affecting the SASW test results. The requirement of generation and detection of high 

frequencies (for top asphalt layers) make factors like low signal amplitude, attenuation and 

 

Figure 1. Schematics of a typical SASW test set up 

Longitudinal X-section of a typical flexible pavement 
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damping very prominent. A suitably chosen accelerometer-pavement coupling (APC) system 

improves the accuracy of detected signal by eliminating/ minimizing such factors.  

 Various APC systems are available for surface-wave testing of pavements, like, bees-

wax, petro-wax, grease, sticky-glue, mounting-stud etc. and direct contact to surface. But it is 

required to examine and standardize the choice of a method based on its relative effectiveness 

[14]. This study attempts to compare performances of some of the APC systems, in terms of the 

precision of data acquired. Testing was done on an in-service flexible pavement using same 

offsets and three different types of commonly available coupling agents, namely: vaccum-grease, 

petrowax, high-quality A3 grease. Testing was repeated for ten data sets for each of the three 

types of coupling. The recorded accelerometer amplitudes from the two receivers show that for 

petro-wax, the average value is the highest and signal quality (frequency spread) is good as 

compared in Figure 2 (representative data sets shown). Further testing at more sites and at 

different temperatures may be done to fully establish the performance of different coupling 

systems for pavements.  
 

 

  
Figure 2: Accelerometer signals from near receiver (blue) and far receiver (red) for 

different couplings (a) for Petrowax, (b) for Vaccum-grease, and (c) for A3 grease 
 

5. Study on Debonding assessment  

 

 An experimental study is undertaken to explore the ability of SASW method to detect the 

asphalt interlayer bond condition. For this purpose, SASW testing is conducted on a two slab 

system (refer Figure 3(a),(b)) where different asphalt slabs of size (500mm×500mm × 50mm) 

and Semi Dense Bituminous Concrete (SDBC) mix gradation are prepared. Slabs are put over 

one another to create two different cases namely (i) 'with bonding', and (ii) 'without bonding'. For 

the with-bonding case , a coating of asphalt binder (in the form of emulsion) is applied between 

the slabs. The slabs are pressed together and the bonding is allowed to dry for 24 hours. For the 

without-bonding case, the slabs are put on one another without any type of bonding material 

between them. Subsequently, SASW testing is performed on the slab system. 

                 
Figure 3. Test set up for SASW testing for asphalt interlayer bond condition evaluation (a) 

two slab system dimensions (b) plan view of slabs  

PetroWax V-Grease A3 Grease 

(a)
(b)

(c)

(a) (b)
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 For both the cases, signal data from the first receiver (near to the wave source) is 

analyzed in time and frequency domains. The salient observations are summarized as follows: 

• For the time domain analysis, the amplitudes of the signals from the respective first receivers in 

the two cases are compared in Figure 4(a). The amplitudes exhibit distinct variation for the two 

cases of with and without bonding. Amplitude is damped when bonding is present. This may be 

attributed to the fact that the two slabs are bonded together and behave as one thick slab which 

causes the signal to die down faster. 

• The results are also compared in the frequency domain (refer Figure 4(b) and (c)). The 

magnitudes of spectral parameters Auto-power spectrum (APS) and cross-power spectrum (CPS) 

(given by Equation 1) are compared for their amplitude and pattern. Three data sets were taken 

for each test configuration and combined as per standard spectral analysis techniques to 

determine the APS and CPS [13]. It is found that the respective magnitudes for the two cases 

differ only in their amplitude and not much in pattern (i.e. frequency content). This implies that 

there is some damping of the signal after bonding material is applied at the interface between the 

two layers. Results of testing show that it is possible to assess interface bond condition using test 

data from SASW testing. Further, it may be noted that a different frequency spectra is generated 

every time a hammer blow is applied, as it depends on factors like force of impact, impact 

duration, contact area, angle of contact, etc.  

 

                 
Figure 4. Comparison of first receiver signal amplitudes for two slab system 'with bonding' 

and 'without bonding' (a) time domain signal from first receivers (b) auto-power spectrums 

(c) cross-power spectrums 

 

6. Study on buried utility/object detection 
 

 A further experimental study is undertaken to explore the ability of SASW method to 

detect any anomaly (buried utility/object, etc.) in the pavement layer. For this purpose, SASW 

testing is conducted on two anomaly blocks of the in-situ pavement test facility incorporating 

various buried objects at a depth of 110mm from top surface of asphalt layer of a total thickness 

of 300mm. The two blocks have buried steel plate (15cm diameter and 1.4cm thickness) and 

buried wood piece (5cmx5cmx25cm, placed longitudinally) as anomaly conditions within the 

asphalt layer. There was a clearance of at least 1 feet (30cm) of asphalt on all sides of the buried 

objects (to account for the reflections from the boundaries). For both the test blocks, testing is 

performed on two test lines which are directly above the anomaly (line 1-1) and away from 

anomaly (line 2-2), where the top surfaces were marked to reflect the exact locations of the sub-

surface anomalies (refer Figures 5(a) and 5(b)). The corresponding EDCs for these test lines are 

shown in Figures 5(c) and 5(d) respectively. Three data sets were taken for each test 

(a) (b) (c)
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configuration and combined as per the standard spectral analysis techniques and used to 

determine the EDC [13]. From the respective EDCs for test line 1-1 of the two blocks, it is seen 

that in a certain wavelength zone (~0.1±0.01m) there is a large discontinuity in the EDC along 

the wavelength as well as a change in phase velocity, which is due to the presence of an 

anomaly. However, the respective EDCs for test line 2-2 of both the blocks, and same 

wavelength zone (~0.1±0.01m), EDCs show more uniformity and higher phase velocity values, 

which is expected as line 2-2 represents continuous asphalt layer without any anomaly and hence 

no averaging effect due to a change in layer stiffness values, as under line 1-1. However, in case 

of EDC on line 2-2 for wood block, a discontinuity is seen in the wavelength zone (>0.16m), 

which may be attributed to the interfering reflections from the large size anomaly present at that 

level under test line 1-1. This effect of discontinuity in EDC is expected to decrease as test line is 

shifted more and more away from line 1-1 (i.e. anomaly location). 

 

                 

 

 
Figure 5. Comparison of EDCs from SASW testing on subsurface anomaly blocks (a) Test 

line 1-1 and 2-2 on steel plate block (b) Test line 1-1 and 2-2 on wood block (c) EDCs for 

steel plate block on lines 1-1 and 2-2, (d) EDCs for wood block on lines 1-1 and 2-2 

 

7. Conclusions 
 

 Since the inception of surface wave methods, many specific improvements have taken 

place in the various aspects related to their testing and data analysis procedures. Newer data 

analysis techniques attempt to improve upon the limitations and assumptions of previous 

methods. A suitably chosen APC system improves the quality of detected signal. Testing with 

three different APC systems showed that petrowax gave a superior performance. SASW method 

was found to successfully detect the asphalt  interlayer debonding, and the buried objects which 

(a) (b)

(c) (d)

Discontinuity 
Discontinuity 

1 

1 

2 

2 

2 

2 1 
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is a significant finding giving rise to a novel subsurface investigation application of the SASW 

method.  

 However, a sound knowledge of relative effectiveness of different configurations and 

guidelines to achieve better performance is important for justified application of surface wave 

methods to pavement system evaluation. Some suggested guidelines for improved performance 

of SASW method are: 

• Combining multiple shot-gathers (stacking) with different offsets and orientation can improve 

the signal quality. However, it is resource expensive. 

• If the offsets are increased, the results will become valid only for a range of higher wavelengths 

and thus, higher depths. Thus a range of reliable wavelengths should be specified. 

• SASW results are expected to be unreliable at locations and times when ambient noise is strong 

(as on highways, etc.) or where other wave contaminations have strong energy content than the 

fundamental R-wave mode. As such, it is desirable to do SASW pavement testing at off-peak 

hours such as early morning or late night.  

• Site specific testing criterion (such as test-geometry, impact source, APC) can improve the 

signal quality.  

• At sites where layer-dipping or multiple lateral-reflections are expected, multimode method 

should be employed for reliable results. 

• Multiple sub-layering during forward modeling can improve the accuracy, but demands 

intensive computation requirements. 

• Available background information on test site can should be incorporated in backcalculation 

scheme. 
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