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Reliability estimations of an approximate SASW method
Evaluation de la fiabilitd d’une m6thode SASW approximative

G.A.Athanasopoulos & P. C. Pelekis -  Department of Civil Engineering, University of Patras, Greece

ABSTRACT: Recent developments are presented regarding the application o f  the Spectral Analysis o f  Surface Waves (SASW ) method for 

the evaluation o f  shear wave velocity, V„,, o f  soils as a function o f  depth. A recently suggested simplified procedure for the inversion o f the 

experimental data is reviewed and implemented into a PC program for operating on the field data. The results o f  this approximate method 

are compared to the results o f  corresponding crosshole measurements. It is concluded that this aproximate SASW technique is a reliable 

method for obtaining V„ - depth profiles in different types o f  soils. In addition the method can be used to achieve great depths o f  

penetration and is very rapid and highly cost-effective.

RESUME: On prdsente de recents ddvelopements concernant 1’ application de 1’ Analyse Spectrale des Ondes de Surface (SASW ) pour 1’ 

Evaluation de la vitesse de propagation des ondes transverales, V„, dans les sols en fonction de la profondeur. Une technique simplified d’ 

inversion des resultats experimentaux recement sugeree, est revue et mise en oeuvre pour analyser les donnees du terrain a 1’ aide d’un 

microordinateur. Les resultats de cette technique sont compares a ceux des essais “crosshole”. On conclut que la technique approximative 

SASW est fiable et qu’ on peut obtenir les relations Vs(> - profondeur pour differents types de sols. En plus, la me'thode peut etre utilisee 

pour atteindre de grandes profondeurs et elle est tres rapide et ^conomique.

1 INTRODUCTION

The response o f soils to dynamic loadings (e.g. earthquakes, 

foundation vibrations, construction activities) depends on the 

dynamic properties o f  the corresponding soil materials. The most 

important o f  these properties is the dynamic shear modulus G, 

whose value can be readily estimated from the value o f  shear wave 

velocity, V,, o f  soil material. It is well known that the value o f  G 

(and Vs) depends on the magnitude o f  cyclic shear strain, yc , which 

develops as a result o f  loading (Gazetas, 1991). It is, also, well 

known, however, that the dependence o f  G and V, on the cyclic 

shear strain becomes negligible for values yc< 10'! ; in this case the 

corresponding quantities are denoted as G0 and V„ and are 

considered to be independent of yc.

A number o f  in-situ and laboratory methods are presently 

available for the evaluation o f  VM (or G„) o f  soils. The crosshole 

method is considered as the most reliable o f  the in-situ methods; it 

is however, costly and time-consuming since it requires the drilling 

and casing o f  boreholes. In the beginning o f the 1980’s a new in- 

situ method was developed for the evaluation o f  low-amplitude 

shear wave velocity, V,0Po f  soil as a function o f depth. The method 

utilizes surface waves and has been named Spectral Analysis o f  

Surface Waves (SASW). The SASW method is a non-intrusive 

non-destructive method, characterized by its particularly low-cost. 

The reliability and accuracy o f  the SASW method has been the 

subject o f  several recent investigations and the method is becoming 

increasingly popular.

This paper reviews a number o f  recent developments regarding 

the application o f  the SASW method. The effects o f  several 

parameters associated with the application o f the method are also 

briefly discussed and emphasis is placed upon an approximate 

methodology for inverting the experimental dispersion data. 

Finally, the reliability o f  the SASW method is investigated by 

comparing results o f its application with results o f  crosshole 

measurements and with soil stratigraphy data obtained from 

conventional geotechnical investigations.

2 THE SPECTRAL ANALYSIS OF SURFACE WAVES 

METHOD

The principle o f  the SASW mehod is shown in Fig. 1. (Athana- 

sopoulos, 1995). By using drop-wights or other arrangements a

vertical impact is produced at the ground surface (source) which 

generates surface Rayleigh waves travelling radially to all 

directions. Two vertical vibration transducers (usually seismo

meters or accelerometers) are fixed to the ground surface on a 

straight line passing through the point o f  impact and at radial 

distances equal to x and x+S respectively from this point. The 

arrival signals o f  Rayleigh waves at the positions o f  the two 

transducers are recorded in digital form by a Dynamic Signal 

Analyzer (DSA) and transformed into the frequency domain. The 

functions o f  cross-spectrum (phase) and coherence are then 

calculated_by the DSA and_are displayed on the screen o f  the 

instrument as a function o f  frequency. The coherence function is 

used as an indicator o f  the quality o f  the arrival signals. Values 

close to unity (e.g. > 0.9) indicate a good correlation betweeen the 

two signals for the corresponding values o f frequency. The phase 

function can then be used in subsequent analyses, after 

disregarding the ranges o f  frequencies for which the values o f  

coherence function are lower than the selected critical value.

During the first stage o f  data reduction, by using a personal 

computer connected to the DSA, the stored data are manipulated 

and for each value o f  the spacing, S, o f  the two receivers, the 

phase velocity o f  Rayleigh waves V R , is calculated as a function o f  

the wavelength L r  or the corresponding frequency, f, i.e. V r  =  

V r ( 0  or V r  =  V r ( L r ) .  The V r  v s . f  or V r  vs. L r  curves are known 

as dispersion curves; an example o f  experimental dispersion data is

Figure 1. Principle of the SASW method
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shown in Fig. 2(a). The final stage o f  data reduction involves the 

inversion o f  the dispersion curve obtained in the previous stage. By 

the term inversion it is meant the estimation o f  the shear wave 

velocity, V,,,, as a function o f  depth. Specially written PC programs 

are used for the inversion and the final result is usually presented in 

the form o f  diagrams like the one shown in Fig. 2(b).

The impact at the ground surface is generated by dropping small 

or greater weights (IN  to 290kN) from a selected height, either 

directly on the ground surface or on a metal plate resting on the 

ground surface. The development o f  a methodology for 

appropriately selecting the values o f  the weight and o f  the drop- 

height - in order to generate waves having the desired amplitude o f  

vibration and frequency content - has been the subject o f  recent 

investigations (e.g. Cuellar et al., 1993). It has also been shown 

that the SASW method can be applied by using the steady state 

vibrations generated by electromagnetic or electrohydraulic 

vibrators instead o f  the impact-type sources o f  vibrations 

(Gucunski and Woods, 1991; Satoh et al., 1991). The way o f  

positioning the source and the two vibration sensors, when 

applying the SASW method, has also been the subject o f  several 

investigations (e.g. Hiltunen and Woods, 1989). The reason for 

conducting these investigations is that, although in theory the 

recording o f  ground vibrations for only one value o f  receiver 

spacing would be enough, in practice the measurements are 

repeated for several values o f  distances S and x. The most 

frequently used geometries are the Common Receivers Midpoint 

Geometry (CRMP) in which both sensors and the source are 

repositioned for each new measurement and the Constant Source 

(CS) geometry in which the position o f  source remains constant 

whereas the positions o f  the two receivers are changed (Stokoe 

and Nazarian, 1985). It should be noted that the SASW method 

can be effectively applied by utilizing a large number o f  receivers in 

a linear array, Fig. 3.(Gucunski and Woods, 1991). Ohter recent 

developments include the application o f  the method on the sea- 

bottom (Stokoe et al. 1994; Wright et al., 1994) and in cases 

where the ground vibrations are caused by seismic events (Chavez- 

Perez et al., 1992).

The great amount o f calculations which are necessary for the 

establishment o f  the experimental dispersion curve are performed 

by using specially written computer programs. Athanasopoulos 

(1995) has presented such a program (named SASW) which is 

graphics oriented and particularly friendly to the user. It should be 

noted, however, that the dipersion curve can also be obtained by 

the spectral stacking method (Hermann, 1993) which utilizes a 

large number o f  receivers and in addition makes possible the 

evaluation o f  the damping ratio o f  soil formations as a function o f  

depth.

When establishing the experimental dispersion curve, o f  

paramount importance is the identification o f higher modes o f  

ground vibration which are developed in addition to the fundamen

tal mode. The existance o f  these higher modes had been 

recognized since the early stage o f development o f  the SASW  

method (Nazarian and Stokoe, 1984), Fig. 4(a). Subsequent 

analyses have shown that in soil profiles consisting o f  a soft soil 

layer between harder layers the experimental dispersion curve may 

contain data corresponding to higher modes o f  Rayleigh waves,

PHASE VELOCITY .V,,, (m/sec) SHEAR WAVE VELOCITY .V *,, (m/sec)

Figure 2. (a) Experimental Dispersion Data, (b) Results of Inversion

Figure 3. Application of the SASW method using a linear array of 

receivers

Fig. 4(b). As a matter o f fact, these data may dominate in certain 

frequency bands (Gucunski and Woods, 1991; Tokimatsu et al., 

1992). Further analytical investigations have shown that the 

reliability o f  the invesion process, in this case, may be increased by 

establishing dispersion curves based on measurements o f  the 

horizontal component o f  motion and also by utilizing the 

horizontal to vertical amplitude ratio (Tokimatsu et al., 1992).

The inversion o f  the experimental dispersion data i.e. the 

processs o f  obtaining the V„ vs. depth profile constitutes the most 

critical step when applying the SASW method. In relatively homo

geneous soil profiles with no sharp contrasts in the values o f  shear 

wave velocity o f  soil layers, it is possible to establish the vs 

depth profile by assuming that V,„=: 1.1VR and that the equivalent 

depth o f  penetration is equal to LR/2 or LR/3 (Nazarian and 

Stokoe, 1984; Stokoe and Nazarian, 1985). In the case o f  irregular 

soil profiles, however, with abrupt changes o f  shear wave velocity 

from one soil layer to the other, it is necessary to use a more 

precise method o f inversion. The forward modeling process is 

frequently used in this regard. In this process a large number of  

theoretical dispersion curves are established searching for the one 

that matches most closely the experimental dispersion curve 

(Stokoe and Nazarian, 1985). The theoretical dispersion curves are 

calculated by dividing the soil profile into a number o f  layers

Ra y l e i g h  Wa v e  Ve l o c i t y ,  f p s

(a)

Figure 4. Higher mode surface waves, (a) in experimental dispersion 

data, (b) by numerical simulation
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(usually 15 to 20) and then applying a modified method o f  the 

Haskel-Tomson matrix for layered materials (Nazarian and Stokoe, 

1984). The above process has the disadvantage that it is time 

consuming and requires the frequent intervention o f  an exprienced 

user. To overcome this difficulty much research is being conducted 

to develop a process for the direct and automated inversion o f  

dispersion data. Some recent publications on this subject indicate 

that the pertinent attempts are relatively successful (Yuan and 

Nazarian, 1993; Nazarian and Baker, 1994). O f great interest and 

practical value is a simplified inversion process recently suggested 

by Japanese investigators (Satoh et al. 1991). In this approach a 

V r  vs. depth profile is first established by using the experimental 

dispersion curve and converting the_wave length to equivalent 

depth, D, by the relation D=LR/2. The VR-D curve (apparent phase 

velocity) is then approximated by a number o f  linear segments, 

which are considred to correspond to different soil layers, Fig. 5. 

Finally, the value o f  V r  (phase velocity) for each layer is 

determined by using Equ. 1 when the value o f  V r  increases with 

depth or Equ. 2 when the value o f  V R decreases with depth. The 

value o f  V„ is then determined by applying the relation 

V „ » 1 .1 V R.

V - D . - V ^ D .

D - D . . ,

V = - 
D

D - D .

D .

(1)

(2)

where: V r „  = phase velocity for layer n

D„ = depth to the bottom o f  layer n

V r„ = apparent phase velocity at the bottom o f layer n

The results o f  the above simplified method o f inversion have been 

compared to the results o f  direct in-situ measurements o f  shear 

wave velocity and very good agreement has been found to exist. It

/  1

a )  S c h e ma t i c  Comp o s i t i o n  t o) D- Vr  c u r v e

o f  s u b - s u r f a c e  l a y e r s  ( Ap p a r e n t  Ve l o c i t y )

J = .

c )  La y e r  Ve l o c i t y

Figure 5. Approximate method of inversion of experimental dispersion 

data

should be also added that this method o f  inversion has been 

incorporated in the PC program “SASW” which was mentioned 

earlier in this section.

3 RELIABLITY ESTIMATIONS

The reliability o f the SASW method has been investigated several 

times in the past mainly by direct comparisons with the results o f  

other reliable in-situ methods e.g. the crosshole and downhole 

methods (Barker and Stevens, 1991; Nazarian and Stokoe, 1984, 

Stokoe and Nazarian, 1985; Tselentis and Delis, 1992; Hiltunen 

and Woods, 1988; Mancuso and Vinale, 1993). The results o f  such 

comparisons have, in general, proved the reliability o f  the SASW  

method which being a noil-intrusive method is particularly suited in 

cases o f  hard-to-sample soils.

In this section are presented some comparisons o f  the results o f  

SASW vs. crosshole measurements. It is to be noted that all 

SASW results presented in the following were obtained by imple

menting the simplified inversion method described in the previous 

section. In the diagram o f Fig. 6(a), are shown the results o f  

application o f SASW method at a rather stiff site o f  the University 

o f  patras campus. A drop-weight o f 120kN was used in this case, 

from a height o f  about 1.60m. Reliable results were obtained up to 

a depth o f  12m. In the same diagram the results o f  crosshole 

measurements conducted at the same site are shown. The agree

ment between the results o f  the two methods is good especially 

when one takes into account that the crosshole method provides 

almost “single point” data whereas the SASW method “averages” 

data over a much broader volume o f  soil.

A similar comparison is shown in Fig. 6(b). The site in this case 

was close to the coast o f  the city o f  Patras and the soil material is 

softer compared to the previous site. The agreement between the 

results o f  the two methods is again very good thus favouring the 

reliability o f  the SASW method. The SASW method was also 

applied to another coastal site o f  the city o f Patras where the soil 

conditions were known from a geotechnical investigation, as 

shown in Fig. 6(c). At this site it was also known that a compacted 

layer o f  artificial fill was placed on top o f  a soft clay layer to form 

the base o f  a proposed roadway. It is interesting to note that the 

simplified SASW method was able to accurately identify the 

interface between the stiff layer o f  fill and the undelying soft clay, a 

fact that again favors the reliability o f  the method.

Finally, an interesting application o f  the SASW method was 

recently conducted by the authors at a site o f hard soil in the town 

o f  Egio, Greece, where the results o f  nearby crosshole 

measurements were available from a previous investigation. In this 

case a heavy weight (5500 kN) was dropped from a height o f  

approximately 1.80m, producing an impact strong enough to 

generate Rayleigh waves penetrating more than 100m from ground 

surface. Fig. 6(d) shows the results o f  both SASW and crosshole 

measurements. It is again found that the results o f  SASW method
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compare favourably with the results o f  crosshole measurement. It 

is worth noticing in this case the great depth o f  penetration which 

was achieved by utilizing the heavy ground impact.

4 CONCLUSIONS

The Spectral Analysis o f  Surface Waves (SASW ) is a relatively 

new in-situ method for the evaluation o f low-amplitude shear wave 

velocity, V„, in soils as a function o f  depth. The method is applied 

from the surface o f  the ground (no boreholes needed) and for this 

reason is fast and economic. The application o f  the method 

requires the use o f  an impact- or steady state- type source o f  

surface vibrations. When the source o f  vibrations is powerful 

enough ground penetrations in excess o f  100m can be achieved. 

The analysis and manipulation o f  the data o f  measurements is 

performed by specially written PC programs in association with the 

experience and engineering judgement o f the user. Based on the 

results o f  a great number o f comparisons between the results o f  

SASW method and the results o f  other reliable in-situ methods for 

evaluation o f shear wave velocity o f soils it is concluded that the 

SASW method is a reliable method for obtaining V„ - depth 

profiles in all types o f  soils down to a significant depth from 

ground surface and in a rapid and low-cost fashion.
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