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Use of the SASW method to evaluate soil improvement techniques
Usage de la m6thode de I’analyse spectrale des ondes de surface pour revaluation des techniques 

d’amelioration des sols

V. Cu6llar & J. Valerio -  Centro de Estudios y Experimentacidn de Obras Publicas, Madrid, Spain

SUMMARY: This work analyzes the results o f  tests conducted by the Laboratorio de Geotecnia (CEDEX) at the Puerto de Santa 

Maria and Puerto Real new highway in the Province o f Huelva (Espana), using the Spectral Analysis o f  Surface Waves (AEOS) 

technique. The aim was to deepen into the possibilities that this technique has in evaluating the effectiveness o f stone columns and 

prefabricated drains to improve the subsoil characteristics in the zone. This technique was also applied to determine the vertical 

stiffness o f the abutment earthfills o f two bridge structures.

RESUME: Cette etude analyse les resultats des essais, par la technique de l ’Analyse Spectrale des Ondes de Surface, conduits par 

le Laboratorio de Geotecnia (CEDEX) sur la trace de l ’Autoroute Pdripherique de Puerto de Santa Maria et Puerto Real a la pro

vince de Huelva (Espagne). L ’object de ces essais a 6te de mettre en valeur les possibilites de cette technique pour evaluer l ’effica- 

cite des colonnes de gravier et des drens pr6fabriqu6s pour am£liorer les caractenstiques du sous-sol de cette zone. Cette technique 

a ete utilisee, en outre, pour determiner la rigidity verticale des remblais d ’acces aux deux structures analysees.

1 INTRODUCCION

The use o f the Spectral Analysis o f Surface Waves (SASW) 

method to determine the shear wave velocity o f soils or pa

vements systems in a simple, non destructive, way has gained 

credibility and popularity in recent years and is now widely 

accepted (Stokoe et al. 1983, Wright et al. 1991, Cuellar et al. 

1993, Stokoe et al. 1994, Cuellar 1994 and Jamiolkowski et al. 

1995).

That technique has been used in this work to evaluate the 

improvements made to a marshy zone crossed by a section of  

the dual carriageway leading to Puerto de Santa Maria and 

Puerto Real (Huelva, Spain), in which stone columns and pre

fabricated drains were installed. The vertical stiffness o f the 

abutment earthfills o f two bridges constructed on the improved 

ground was also determined.

2 DESCRIPTION OF THE SPECTRAL ANALYSIS OF 

SURFACE WAVES TECHNIQUE

Fig. 1. Arrangement o f equipments for SASW method

The methodology used to conduct this test can be seen in dia

gram form in Fig. 1. Two sensors -A and B-, placed on either 

side o f point P and equidistant from it, were used to find out 

the velocity o f the Rayleigh waves at the vertical o f  the point. 

The source o f vibration -C- causes the ground to vibrate, and 

on the basis o f  the signals A(t) and B(t) the spectral analyzer 

calculates the coherence function, 7 2AB(0 . and phase, 0 ^ ( 0 ,  o f  

the energy-cross-spectral density function GAB(f), in real time. 

Those functions are then recorded in a computer for later 

analysis. Function © AB(f) has the following meaning: for each 

frequency o f "f" in Hz, © AB(f) represents the lag between A and

B, so the transmission time between the two sensors "tAB" is 

© AB(f)/(360 0  and the phase velocity "VR" is given by X /t^ ,  

where "X" is the distance between the sensors. If the process 

is repeated for different frequencies, one can obtain the velo

city VR as a function o f the wavelength -X- ( \ = V R/f). That 

function is called dispersion curve.

Finally, it is important to point out that the coherence 

function 7 2(f) is used to select the range of frequencies to 

which the above calculation process is applied. This is due to 

the fact that y 2(f) is a function, in the frequency domain, simi- Fig.
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lar to the square o f the correlation coefficient, in such a way 

that 0 < 7 2( f ) < l .  A value o f 0 .9  or greater is generally requi

red for this function.

3 TESTS CONDUCTED

Fig. 2 show embankment e2 for structure E7 (E7e2) and em

bankment e l  for structure E8 (E 8el), where the tests were 

performed. Part o f the aforementioned dual-carriageway sec

tion crosses a marshy area consisting o f Quaternary river de

posits with predominantly clayey layers (mud) interbeded with 

other sandy layers. Variable thicknesses o f such soft ground 

ranging between 20-30 metres cover the Pliocene substratum. 

The low shear strength and high deformability o f the deposit 

has made it necessary to use prefabricated vertical drains and 

stone columns as ground improvement techniques. According

ly, the embankments were split into three zones:

. Zone "A”: one stone column 12 m. long in E8 and 13/14 m.

long in E7, every 5m2.

. Zone "B": one stone column 7/12 m. long in E8 and 7 m.

long in E7, every 7m2.

. Zone "C”: one vertical prefabricated drain 12 m. long every 

2m2.

To perform the tests, points P (see Fig. 1) were located in 

the cross sections indicated in Fig. 2 on the top o f the emban

kments at the two different stages o f their construction. Besi

des, a test was carried out in each place at a certain distance of  

the embankment with a view to characterizing the natural 

ground (see AEOS-1 and AEOS-15 in Fig. 2). A summary of  

the tests done is given in Table 1 in which letters "L" and ”T" 

are used to indicate the distribution of sensors around points P.

The tests were conducted picking up with pairs o f accele

rometers and geophones the vibrations caused by an electro

dynamic vibrator model 812E/50LP and the impacts o f 500 and 

1000 Kg masses falling onto the ground from a height o f 5 

metres.

4 ANALYSIS OF THE RESULTS OBTAINED

4.1 Natural ground.

Fig. 3 shows the experimental dispersion curves obtained for 

AEOS-1 and AEOS-15, together with the theoretical curves 

adjusted with the SASW program developed at the University 

o f Texas (Roesset et al. 1991). The shear wave profiles that 

correspond to the theoretical curves adjusted, are also shown in 

the same figure.

Keeping in mind the minumum depth reached in the tests 

performed at the top of the embankments and in order to judge 

the effectiveness o f the ground treatments, the following thick

nesses and mean V s values were determined for the upper mud 

layer in the natural ground:

. AEOS-1 : H = 6 .1 0  m =  =  >  Vs= 8 0  m/s 

. AEOS-15: H = 6 .2 5  m =  =  >  V = 8 8  m/s

4 .2  Ground zone treated: stone columns and prefabricated 

drains.

The AEOS tests conducted in these zones were performed in 

two phases. At stage 1 (April 1995) the three zones previously 

indicated were tested in both structures, whereas at stage 2 

(October 1995) only zones B and C for E8 were tested (see 

Table 1).

A preliminary analysis o f the results obtained in each zone at 

stage 1 showed that the dispersion curves in the longitudinal 

and transversal directions are very similar. Fig. 4 illustrated 

the theoretical and experimental dispersion curves obtained in

Table 1. Tests perform ed

STRUC

TURE

TESTING

ZONE

TEST (AEOS)

OBSERVA

TIONSSTAGE 1 

(APRIL 

1995)

STAGE 2 

(OCTOBER 

1995)

NATURAL

ZONE

1

( +  3.57)

54.6 M OUTSIDE 

EMBANKMENT 

AXIS

ZONE A 6L 7T

(+ 6 .22 )

E8E1

ZO N E B 2 L 3 T  

( + 6.42)

6 P /2 P L  

(+ 8 .7 7 ) 

2 P L  

( +  7.52)

EMBANKMENT

TOP

ZONE C 4 L 5 T  

( +  5.48)

4 P L

(+ 5 .8 5 )

NATURAL

SOIL

15 

( +  3.10)

70.2 M OUTSIDE 

EMBANKMENT 

AXIS

E7E2

ZONE A 9L 10T

( +  5.10)

ZO N E B 1 IL 12T

( +  5.17)

EMBANKMENT

TOP

ZONE C I3L 14T 

(+ 4 .9 9 )

( ): Relative level; L: longitudinal; T: transversal

SHi AR WAVE VELOCI TY (M/ S)

Fig. 3. Dispersion curves and shear wave profiles obtained in 

AEOS-1 (E8) and AEOS-15 (E7)
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Fig. 4. Dispersion curves obtained on top o f embankment 1 

o f  structure 8 at stage 1

that stage for E8. It can be deduced from the results obtained 

at stage 1, that the shear wave velocity profiles in the ground 

treated with either drains or stone columns, were virtually the 

same as the natural ground. For an upper mud layer 6.25 m.
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thick in E7e2 and 6 .10  m. in E 8el the following mean V, 

values were obtained:

E7e2: 91 m /s (Zone A), 90 m /s (Zone B) and 90 m/s (Zone

C).

E 8el: 88 m /s (Zone A), 83 m /s (Zone B) and 80 m/s (Zone 

C).

Stage 2 was carried out for E8 six months after stage 1 was 

completed. The theoretical and experimental dispersion curves 

obtained can be seen in Fig. 5 and the shear wave profile 

deduced are shown in Fig. 6, which also includes the shear 

wave profiles obtained for zones B and C in stage 1. By com

paring the results from the two phases, the following conclu

sions can be drawn:

In Zone C (prefabricated drains) there is a slight improve

ment in the average value of Vs for the upper mud layer which 

goes from 80 m /s (stage 1) to 89 m /s (stage 2), i.e ., there is 

an average velocity increase of only 11%.

. In Zone B (stone columns), there is a significant increase in 

the stiffness o f the upper mud layer, e .g ., the average value of 

Vs in this layer goes from 83 m /s (stage 1) to 120 m/s for 

AEOS-2P and to 130 m/s for AEOS-6P/2P, i.e ., there is an 

average velocity increase o f 45 % and 57 %, respectively. 

Furthermore, there would appear to be a reduction o f Vs for 

the ground lying immediately below this layer, the extent and 

magnitude of which is difficult to ascertain with the data analy

zed.

4 .3 Embankments

With a view to comparing the stiffness o f the embankments 

tested, average Vs values were calculated from the shear wave 

profiles deduced for each o f the zones. The values obtained for 

both structures at stage 1, can be seen in Table 2, whereas 

Table 3 shows the values for E8el at stage 2.

If these average values are compared, it can clearly be seen 

that the stiffness o f the embankments o f both structures at stage

1, is similar, a greater average value for Vs being apparent in 

Zones A (350-366 m/s) than in Zones B (231-261 m /s) and C 

(234-245 m /s). These differences become less marked at stage

2, as can be seen in Table 3, for the case o f E 8el.

Taking Vs directly from the dispersion curves as being equal 

to 1.1 the phase velocity corresponding to a wavelength of 2.5  

at 3 times the height o f the embankment, the values shown in 

the last column o f Tables 2 and 3 have been obtained. If a 

comparison is made with the average values calculated from 

the shear wave profile determined with the SASW program, a 

deviation of less than 10% will be found.

In addition to this "simplified method", there is a much sim

pler one -in this particular case- for obtaining a "reasonable" 

estimation o f the average value o f Vs. With this "new me- 

hod", it is sufficient to observe the frequency with which 

certain "discontinuities" occur in the phase curves obtained "in 

situ", which correspond to specific separations of the sensors 

(Fig. 7). A summary of those frequencies and sensor separa

tions is given in Table 4. When applying this "new method" it 

is only necessary to know, in addition to fc, the embankment 

height (H) because the average value of V, is estimated by 

applying the well known expression for a free plate Vs =  2Hfc. 

The values o f Vs thus calculated, are shown in the final column 

in Table 4. If they are compared with the average values deter

mined from the shear wave profiles, it can be seen that there is 

a deviation of less than 15%, except in two cases:

. The first corresponds to point AEOS-4P, in which the devia

tion is 20%, and is due to the low coherence in the range of 

frequencies concerned.

. The second corresponds to point AEOS-9 (Zone A), where 

the deviation is 37% which was estimated assuming an em

bankment thickness o f  2 .0  metres. However, It can be shown 

that when fitting the dispersion curves obtained in this point,

Fig. 5. Dispersion curves obtained on top o f embankment 1 

o f structure 8 at stage 2
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Fig. 6. Shear wave profiles o f  embankment 1 o f  structure 8 at 

stages 1 and 2

Table 2. Average values o f Vs in the embankments at stage 1

STRUC

TURE

TESTING

ZONE

EMBANK

MENT

HEIGHT

(M)

AVERAGE V, (M /S)

SOIL

PROFILE X /H =2.5

A 2 .00 366 375

E7E2 B 2.07 261 235

C 1.89 234 241

A 2.65 350 365

E8E1 B 2.85 231 216

C 1.91 245 237

an embankment thickness o f 2.5 m. is most adecuate. Using 

this new value (H = 2 .5  m .), deduced theoretically, the devia

tion drops to 12%.

In summary, the stiffness o f the embankments analyzed can 

be estimated with this second "approximate method", assuming

PHASE VELOCITY (M/S)
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Table 3. Average values o f Vs in the embankments o f E 8el at

stage 2

TESTING EMBANKMENT AVERAGE V , (M /S)

ZONE HEIGHT (M)

SOIL

PROFILE

X/H =  3

B

5.20  (AEOS-6P/2P) 334 341

3 .95 (AEOS-2P) 271 264

C 2.28 (AEOS-4P) 327 353

Fig. 7. Coherence function and phase curves obtained on top 

o f embankment E 8el for a sensor separation o f 4 .02  m. 

(AEOS-2 at stage 1) and 8.0 m. (AEOS-2P at stage 2)

Table 4. Mean values of Vs in the embankments established on 

the basis of the "discontinuities" in the phases curves at stages 1 

and 2

STA

GE

STRUC

TURE

PHASE

CURVE

FREQUENCY

(HZ)

HEIGHT

(M)

Vs

(M/S)

AEOS-7

(s=4.02m )

60.75-61.0 2.65 323

E8el AEOS-2

(s=4.02m )

42.5-42.75 2.85 243

1

AEOS-4 

(s=4.01m )

54.75-55.0 1.91 210

AEOS-9

(s=4.03m )

57.5-57.75 2.00

2.50**

231

288

E7e2 AEOS-11 

(s=3.98m )

58.0-58.25 2.07 241

AEOS-13

(s=2.05m )

59.0-63.5 1.89 239

AEOS-6P/2P 

(s=8.00m )

31.0-31.25 5.20 324

2 E8el AEOS-2P

(s=8.00m )

29.75-30.0 3.95 236

AEOS-4P 

(s=4.03m)*

56.0-58.0* 2.28 260*

Remark:(') Low coherence and ('*) Theoretical height to adjust 

the dispersion curve.

From the analysis o f the results presented in this paper it can 

be concluded that:

. At stage 1, the shear wave profile in the ground treated with 

drains or stone columns, is virtually the same as in the natural 

ground.

. At stage 2, there is a slight improvement in the upper mud 

layer o f zone C treated with drains such that the average value 

o f Vs in the layer increases by 11%.

. However, in this stage 2, it can be observed that in zone B 

(stone columns) there is a significant increase in the stiffness of 

the upper mud layer, given that the average value o f Vs for this 

layer increases by 45 % for AEOS-2P and by 57 % for AEOS- 

6P/2P.

With respect to the embankments, the following conclusions 

can be drawn:

. The stiffness o f the embankments for both structures, at stage

1, is similar, being greater in zones A than in zones B and C. 

These differences are slighter for stage 2.

. The simplified method for calculating the average values of 

Vs directly from the dispersion curves would appear to be prac

tical -at least in this case- because they differ from those calcu

lated from the shear wave velocity profiles by ± 1 0  %.

. Finally, there is -in this specific case- another much simpler 

"approximate method" for estimating the average value of Vs 

with a deviation of ± 1 5  %. For this method to be applied it is 

sufficient to determine frequencies (fc) at which certain "dis

continuities" occur in the phase curves, to know the height (H) 

o f the embankment and to assume that fc "numerically" coin

cides with the fundamental frequency of the embankment con

sidered to be a free plate.
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that the frequency -fc- corresponding to the "discontinuities" 

observed in the phase curves, is "numerically" the same as the 

fundamental frequency o f the embankment considered as a free 

plate.
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