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Road-deformation moduli determined by the SASW method 

Les modules de deformation des routes determines par la methode SASW

W. H a e g e m a n  -  La bora tory o f S oil M echanics, G he nt University, Belgium

ABSTRACT : The Spectral-Analysis-of-Surface-Waves (SASW) method is a non-destructive seismic method which has been used in 

situ to determine the elastic moduli of soils and pavements at low level of strain and the variation of these moduli with depth. The test 

is based on the dispersion of Rayleigh-waves which means that Rayleigh waves of different wavelengths propagate at relatively diffe

rent depths. If the medium of propagation is vertically inhomogeneous, then the different wavelengths propagate at different phase 

velocities. This variation of phase velocity with wavelength is called a dispersion curve and is related to the structural stiffness of the 

medium of wave propagation. This paper presents the results of an evaluation of the stiffness of every construction phase of a road, 

starting with the embankment, surface compaction, foundation and top layers.

RESUME : La mfethode de l’analyse spectrale des ondes de surface (SASW) est une mdthode sismique non-destructive pour la deter

mination des modules elastiques des sols et des routes et de ses variations en profondeur lors de petites deformations,. Le test est base 

sur la dispersion des ondes Rayleigh, c’est a dire, les ondes de differentes longeurs se propagent a de diff6rentes profondeurs. Si 

l’espace de propagation est verticalement non-homogfene, les ondes de differentes longeurs se propagent a de differentes vitesses. 

Cette variation de vitesse en function de la longeur d’onde est la courbe de dispersion qui peut se rapporter a la rigidity structurale des 

materiaux. Cet article pr6sente les resultats d’une evaluation de la rigidite de chaque phase de la construction d’une route en com- 

menfant par le remblai, le compactage superficiel, la fondation et les couches superieures.

1 INTRODUCTION

Seismic methods most often used today to profile near-surface 

soils are the crosshole and downhole methods. These methods 

involve body wave measurements and thus require the installa

tion of one or more boreholes. Borehole installation is gener

ally time consuming and costly. The SASW method, on the 

other hand, involves measurement of surface waves of the 

Rayleigh type to evaluate shear wave velocity and shear 

modulus profiles. In the SASW method, both the source and 

receivers are placed on the ground surface. Rayleigh waves are 

generated by applying vertical loading to the ground surface. 

The propagation of these waves along the surface is then 

monitored. From the velocities of propagation, the stiffness 

profile of the site is typically calculated through a forward 

modelling or inversion process.

Any significant stiffness change due to for instance a soil 

improvement or a construction phase can be directly deter

mined without recourse to empirical correlations. The non- 

intrusive nature of the SASW test and the fact that it is based 

on stress wave propagation makes it ideal for evaluating pur

poses.

2 THE SASW METHOD

2.1 Theoretical background

Surface waves used in the SASW method are the vertically 

polarised Rayleigh waves. These are seismic waves that travel 

along the exposed surface of any solid system. These waves 

have particle motion that decreases with depth into the system.

The depth of wave motion is determined by the wavelength 

(or frequency) of the wave. Low frequency, hence long wave

length, waves extend deeper into the system than high fre-
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Figure 1. Distribution of vertical practical motion with depth 

for two surface waves of different wavelengths.

quency, hence short wavelength, waves. This property is illus

trated in fig. 1.

Rayleigh waves with short wavelengths propagate through 

the surface layer ; their velocity will only be determined by the 

properties of that layer. On the other hand, longer wavelength 

Rayleigh waves propagate through the top several layers, and 

their velocities will be determined by the combined properties 

of the layers through which they propagate. Conclusion, in 

layered media, the velocity of propagation of a surface wave 

depends on the frequency (or wavelength) of the wave. This 

variation of velocity with frequency is called the dispersion. 

Therefore, all layers in the profile can be sampled simply by 

generating surface waves over a wide range of wavelengths
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(i.e. a wide range in frequencies) and the velocities will vary 

with the stiffness and thickness of the layers in the system. The 

objective in the field testing of the SASW method is to meas

ure this surface wave dispersion.

Surface wave velocity (VR) of a material is closely related to 

the shear wave velocity (VJ of the material. The surface wave 

propagates at a velocity slightly less than the shear wave ve

locity. The relationship between surface wave velocity and 

shear wave velocity depends on Poisson's ratio (v)

For values of Poisson's ratio between 0.1 and 0.3, surface 

wave velocity can be approximated by :

'• 0.9 V. for 0.1 < v < 0.3

From the theory of elasticity, values of the shear modulus can 

be calculated from shear wave velocity and mass density (p) :

G =  p v„3 (1)

E = 2 G (1+v) (2)

where G is shear modulus and E is Young’s modulus.

2.2 Testing procedure

The general configuration of the source, receivers, and record

ing equipment is shown in fig. 2. Surface waves are generated 

by applying a dynamic vertical load to the ground surface. The 

propagation of these waves along the surface is monitored with 

two receivers placed at distances of di and d2 from the source.

For each source/receiver spacing, the time histories recorded 

by the two receivers, x(t) and y(t), are transformed to the fre

quency domain resulting in the linear spectra of the two sig

nals, X(0 and Y(f). The cross power spectrum of the signals, 

Gxy(f) is then calculated by multiplying Y(f) by the complex 

conjugate of X(f). In addition to the cross power spectrum, the 

coherence function and auto power spectrum of each signal are 

also calculated. It must be emphasized that all of these fre

quency domain quantities are calculated in real time by the 

waveform analyzer. The key data are the phase of the cross 

power spectrum and the coherence function. The coherence 

function represents a signal-to-noise ratio and should be nearly 

one in the range of acceptable data.

The phase of the cross spectrum represents the phase differ

ence of the motion at the two transducers. The surface wave 

velocity (Vr ) and the wavelength (Lr )  can be determined from 

the phase of the cross spectrum (0Ky(f)) using the following 

expressions :

2.3  Analysis procedure

t(f) =  e xy(f)/27if (3)

where the phase angle is in radians and the frequency, f, is in 

Hertz. The surface wave phase velocity, VR, is determined 

using :

VR(f) =  (d2 - d,)/t(f) (4)

and the corresponding wavelength of the surface wave is calcu

lated form :

Lr  = VR/f (5)

The result of these calculations is a dispersion curve (VR versus 

Lr) for a given receiver spacing. Individual dispersion curves 

for all receiver spacings are assembled together to for the com

posite dispersion curve for the site. For a layered system in 

which stiffness changes with depth, an inversion process is 

required to obtain the stiffness profile from the measured dis

persion curve. This requires that a velocity profile be assumed, 

and a theoretical dispersion curve be calculated for that profile. 

The theoretical dispersion curve is then compared to the meas

ured curve, and the assumed profile is adjusted in an attempt to 

improve the match. This procedure is repeated until the theo

retical and measured dispersion curves closely match at which 

time the assumed profile is taken to represent the stiffness 

profile in the material system.

Application of inverse theory to surface wave testing has 

increased the accuracy of resulting wave velocity profiles and 

has significantly expanded the variety of sites of which the 

SASW method can be successfully used.

The most common types of sources are either simple ham

mers (small, hand-held hammers or sledge hammers) or 

dropped weights weighing from 200 to 1500 N. Electromag

netic vibrators in conjunction with sinusoidal or random input 

motion can also be used as sources.

A dual channel Fast Fourier Transform (FFT) dynamic sig

nal analyser is used to record and analyse the motions at any 

two transducers. The ability to calculate transforms rapidly in 
the field, is an essential part of the SASW method, allowing 

operators to immediately assess the quality of the data being 

collected and, if necessary, modify the arrangement of source 

and receivers or other test parameters accordingly. This data 

can be easily transferred to a microcomputer for further analy

sis as desired.

3 EVALUATION OF THE CONSTRUCTION PHASES OF 

A ROAD EMBANKMENT

The evaluation of a road construction must ideally be fast to 

reduce equipment downtime, to produce results in the field for 

immediate assessment, to be customizable for investigating any 

zone of interest and to directly measure the road properties as a 

function of depth without recourse to empirical correlations. 

The Spectral Analysis of Surface Waves (SASW) is an emerg

ing in-situ testing technique that potentially offers all of the 

above advantages.

The site test consisted of a 3 kilometres reinforced road 

construction, included an embankment leading to a bridge.
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This sand embankment was placed hydraulically with a maxi

mum height of 10 m above the natural soil level.

The profile of the road is shown in fig. 3 and consisted of 

20 cm drainage layer, 20 cm lean concrete, 5 cm asphalt and 

20 cm reinforced concrete. During construction it was decided 

to put an extra 4 cm coverlayer of “whisper” asphalt. This 

complex profile gave us an excellent opportunity to validate 

the usefulness of the SASW method in every construction 

phase of this road embankment.

200mm Reinforced concrete 

50mm A s p h a lt ty p e U IB  

200mm Lean concrete 

200mm Sand

Figure 3. Road profile

Therefore six measurementprofiles were choosen along the 

road and by repeating the SASW test on this places after every 

construction of a layer, the stiffnesschanges of the layers un

derneath were evaluated.
On the soil material two seismic geophones were consecu

tively placed at spacings of 0.5, 1, 2 and 4 m while on the con

crete or asphalt material two accelerometers were used at 

spacing of 0.125, 0.25, 0.5 and 1 m. Elastic stress waves were 

then generated by the impact of a (sledge) hammer on an equal 

distance for the first receiver as the corresponding receiver 

spacing.

For each receiver spacing, five or more signals were aver

aged in the frequency domain where the phase of the cross

spectrum and coherence were also calculated. The phase delays 

and receiver spacing were then used to calculated the Rayleigh 

wave velocities as a function of frequency using equations (3),

(4) and (5). The procedure was repeated for all the spacings 

listed above. At the end of testing, dispersion points from the 

individual spancings are combined into a single dispersion 

curve for that well choosen location.

To evaluate the stiffness of the profile, the dynamic shear 

modulus and young modulus were calculated using equations 

(1) and (2).

Some of the field results of the SASW tests are shown in 

figures 4 to 8. In each case the combined and theoretical dis

persion curves are shown together with the corresponding layer 

thickness and stiffness.

Fig. 4 shows the SASW test on the embankment after the 

hydraulic fill. This is a typical soil profile with a shear wave 

velocity increasing with depth.

The E modulus of the top layer is 62.9 MPa. On the same 

spot a plate load test was performed which gave a plate modu

lus of 25.45 MPa. This result is 30 % of the constrained 

modulus (Eoed) calculated with the SASW test due to the much 

larger strains which occur in a plate load test and proves the 

statement made in Haegeman et al. (1995) that a plate modulus 

is about 1/3 of the SASW oedometer modulus.

Some weeks later a surface compaction was performed on 

the embankment and the results of this SASW test on the same 

place are shown in fig. 5. One clearly sees the higher velocity 

at the surface which gives an elasticity modulus of 229.3 MPa 

and a compacted layer of 0.4 m thickness. The soil underneath 

this compacted layer became a little bit weaker because of the 

heavy rainfall in the days before the performing of the test.

The test performed on the partial constructed road on top of 

the asphalt layer is shown on fig. 6. One finds back a 5 cm

thick asphalt layer with a maximum elasticity modulus of 

18785 MPa on top of a lean concrete layer of 20 cm thickness. 

The drainage layer and natural soil underneath snow a shear 

wave velocity of 200 m/s. This is higher than the velocity in 

the natural soil without the road because of the surface com

paction and the weight of the road resting on this layers.
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D(m) Vs(m/s) v P(t/m3) G(MPa) E(MPa) Eoed(MPa)

0.5 110 0.3 2 24.2 62.9 84.7

2 160 0.3 2 51.2 133.1 179.2

2 200 0.3 2 80.0 208.0 280.0

260 0.3 2 135.2 351.5 473.2

Figure 4. SASW test on the embankment after hydraulic fill
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0.4 2 10 0.3 2 8 8 .2 229.3 308.7

2 155 0.3 2 48.1 124.9 168.2

190 0.3 2 72.2 187.7 252.7

Figure 5. SASW test on the embankment after surface com

paction

In profiles with big differences in stiffness between the lay

ers stiffnesscontrastpeaks may occur in the dispersion curves 

because of reflecting waves on the layerinterfaces. This is seen 

in fig. 6 at a wavelength of about 25 cm in the theoretical 

curve but not yet measered in the experimental curve.
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Figure 6. SASW test on the asphalt layer

Fig. 7 however shows the experimental dispersioncurves of 

a SASW test on the reinforced concrete. At a wavelength of 20 

cm one clearly observes the stiffnesscontrastpeak caused by the 

big difference in stiffness between the reinforced concrete and 

the asphaltlayer. The transition of the lean concrete to the 

drainagelayer is again causing a peak at a wavelength of about 

60 cm. Inversion shows that because of the existance of this 

peak it is difficult to determine the parameters of the this 

weaker asphaltlayer underneath the stiff reinforced concrete. 

For the tip and bottom concrete layers however a maximum 

elasticity modulus of 43740 MPa and 20649 MPa is found. 

The value of the modulus of the lean concrete increased in 

comparison with the measurement of fig. 6 because of the 

overburden of the reinforced concrete.

Finally fig. 8 is showing the experimental dispersiecurves 

measured after completion of the road. Although the variation 

of the phasevelocity looks rather complex, this figure is easy to
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Figure 7. SASW  test on the reinforced concrete

Figure 8. SASW test on the whisperasphalt

interprete. In the top four centimetres the phasevelocity is in

creasing because of the decrease of the porosity with depth in 

the whisperasphalt. The phasevelocity is ± 2500 m/s in the 

reinforced concrete and ± 2200 in the lean concrete. Because 

of elimination of the stiffnesscontrastpeak the curves are 

showing a gap at a wavelength of 10 to 20 cm. At greater 

depths the second peak is noticed again and the phasevelocity 

is decreasing fast in the drainage layer and the natural soil- 

profile. The inversion gives us a 20 cm thick reinforced con

crete layer (E = 43740 MPa), a 22 cm thick lean concrete (E 

= 20649 MPa) and a soil deposit with G = 80 MPa. Parallel 

to this in-situ measurement small scale tests were performed in 

the laboratory to investigate the influence of a gravelbed, rein

forcement, vertical boundaries, cracks... on the wave propaga

tions. Detailed data of this test can be found in Haegeman, 

1996.

4 CONCLUSIONS

The SASW method is a valuable tool for characterizing 

geotechnical sites and soil improvement techniques. Sample 

data of this case study presented herein illustrates the testing 

and analysis procedures at a site with very different material 

properties and stiffness.

Shear wave velocities of each layer of the pavement system 

are directly converted into a stiffness modulus. The easy han

dling of the test and the simplicity of the required fiel equip

ment moreover assure that the SASW test is quite cost- 

effective.

Improvements in theoretical analysis and inversion proce

dures promise to continue to improve the accuracy of the 

method and allow more automation of the analysis procedures.
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