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Shear wave velocity in a very soft clay -  Measurement and correlations 

La vitesse de propagation des ondes de cisaillement dans une argile très molle -  Mesures et corrélations

G.BOUCKOVALAS, Lecturer, Technical University of Athens, Greece 
N.KALTEZIOTIS, Public Works Research Center, Athens, Greece 
N.SABATAKAKIS, Public Works Research Center, Athens, Greece
C.ZERVOGIANNIS, Public Works Research Center, Athens, Greece

SYNOPSIS: The paper presents measurements of shear wave velocity and dynamic shear moduli obtained by 
the Cross Hole method, in a very soft clay deposit. The measurements are correlated with results from 
static cone penetration tests, pressuremeter tests, field vane tests and undrained triaxial tests. The 
N(SPT) values measured at the site were very low and consequently correlations of GQ with N, although

they are rather common in the literature, would be unreliable. Hence, correlations with the results of 
other in situ tests are derived and presented.

1 INTRODUCTION

The Hellenic Ministry of Public Works has under
taken the construction of a highway to connect 
the mainland with the Island of Euboea. Grossing 
of the straights between the Island and the main
land will require the construction of three long 
bridges, one of which will be founded on thick de
posits of very soft clay at the area of Agios Ste- 
fanos. To establish design criteria for the foun
dation of the bridge piers, an extensive geotec- 
hnical investigation was carried out in that area 
by the Soils Division of the Ministry of Public 
Works. The investigation included cone penetrati
on, field vane and pressuremeter testing, as well 
as shear wave velocity measurements with the 

Cross-Hole method.
This article focuses upon measurements of shear 

wave velocity and dynamic shear modulus in the 
soft clay. The dynamic moduli are compared with 
the static cone penetration resistance, the undra
ined shear strength of the clay and the pressure
meter results, to establish empirical correlations 
for first order approximations. When possible, the 
data obtained from Agios Stefanos are complemented 
by available data from other clay sites in Greece, 
in order to improve the reliability of the empi
rical relationships.

Most empirical relationships for dynamic modu
li and shear wave velocities of clays are based 
upon the results of standard penetration tests 
(i.e.,Ohta and Goto,1978; Imai and Tonuchi,1982). 
However, for soft clays with a very small number 
of blow counts (NS2), these relationships become 
rather unreliable and it was felt that for simi
lar situations it is preferable to use correlati
ons with results from tests, such as the ones pre

sented here.

2 SITE INVESTIGATION

The first phase of the site investigation program

me consisted of borehole drilling with undistur
bed sampling and parallel standard penetration 
testing (SPT). The undrained shear strength of 
the clay was estimated from quick unconsolidated

triaxial tests on undisturbed samples.
The soil profile in Agios Stefanos consists of 

recent fill, about 3m deep, underlain by a very 
soft coastal grey clay deposit with an average 
thickness of about 20m. At greater depths, soil 
consists of medium, brownish sandy clay, resting 

upon schist - chert formations. The soft coastal 
clay appears, to be more or less, uniform with 
depth, with plasticity index varying between 20 
to 25% and natural water content between 45 to 65%. 
It is characteristic that the natural water con
tent of the clay is rather high, exceeding occasi- 
onaly its liquid limit.

The standard penetration blow counts remain ex
tremely low within the grey coastal clay, (N£2), 
increasing rapidly within the brownish sandy clay. 
The undrained shear strength of the soft clay is 
also low, with measured values between 7.0 and
18.0 kPa. A tendency of the shear strength to in
crease with depth is also evident.

Based upon the information obtained during the 
first phase of the investigation, a second phase 
was planned and carried out comprising static cone 
penetration, field vane and pressuremeter in situ 
testing. Since Agios Stefanos belongs in a seismi- 
cally active region, Cross-Hole measurements were 
also performed during this phase using two recei
ving, three dimensional geophones in adjacent bo
reholes, at a distance of 2.5m from axis to axis. 
The source of the shear waves was an "SPT-like" 
hammer in line with the geophones and at a distan
ce of about 2.5m from the closest geophone.

To overcome the difficulties in clear signal 
generation, because of the extreme softness of 
the clay, it was found necessary to use an espe
cially developed tip, about five times larger in 

diameter than the conventional Terzaghi hammer.
In this way,it became possible to apply a suffici
ent number of blows at each depth and generate a 
clear signal, without unacceptable penetration of 
the tip into the clay.

The results of the second phase investigations 
are summarized in Figure 1. The paragraphs that 
follow describe correlations of the dynamic (ela
stic) shear modulus of the soft clay (G0) with,

the static penetration resistance (<3cpT) / the

pressuremeter modulus (Gm> and limit pressure (p^),
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Fig. 1. Summary of in situ test results

the shear strength (cu) as estimated from undrai
ned triaxial (UU) and field vane (FV) tests.

The modulus values used were estimated from the 
measured values of the shear wave velocity (Vs) 
and mass density (p) from the equation

G q = P Vg (1)

3 CORRELATION OF GQ - qcpT

Published direct correlations of the dynamic mo
dulus with the static cone penetration resistance 
are rather limited in comparison with correlati
ons with SPT blow counts. Since, however, there 
are well established relationships between the 
static and the dynamic cone penetration resista
nces (Robertson et al.,1963; Zervogiannis and 
Kalteziotis 1988, etc.) empirical relationships 
of Gq versus qcpT may be derived indirectly from

G q versus N relationships.

Thus combination of the relation between Gq and

N proposed by Imai and Tonuchi (1982) for alluvi

al clays and the relation between N and qcpT pro

posed by Robertson et al.(1983) gives

G = 71.20 q“:®1 (2)
0 C PT

It must be recognized though, that such correla
tions will be less accurate than direct correla
tions, when available.

Baldi et al. (1986) and Jamiolkowski et al. 
(1986), among others, suggest that, for cohesion-
less soils at least, G„, can be correlated direc-

0
tly to qCpT quite reliably. The commonly used 

expression for such soils is a linear one

C,0 ' A qcPT

with A=4t 10. Fig.2 shows the variation of G0 ver

sus qcpT measured in Agios Stefanos. In the same 
figure data are also presented from a different 
site in Greece with medium to stiff clays and marls 
where measurements had been performed in the past 
(Zervogiannis et al., 1987) . The data from Agios 
Stefanos seem to follow Eq.3, but with a higher

average "A" value equal to 23.5. After perfor
ming statistical analyses on both sets of data 
in Fig. 2 it was found, however, that the follow-

qCpT (MPa)

Fig. 2. Correlation of GQ versus qcpT

ing nonlinear relationship is more appropriate in 

describing the variation of G^ versus <ICpT

G0 = 28 q ^ °  (4)

To compare with the measured data, the indi
rect correlation for clays (Eg.2) and the cor
relation for cohesionless soils (Eq.3) have been 
also included in Fig. 2. One may observe that the 
empirical correlation for cohesionless soils un
derestimates the measured values of dynamic shear 
modulus by a factor of 5 for the soft clays of 
Agios Stefanos and by a factor of 10 for the me
dium stiff clay and marl of Kalamata.

The indirect correlation for clays on the other 
hand, agrees reasonably well with the data measu
red at the Kalamata site, but it grossly overesti
mates the data measured in Ag. Stefanos.

4 CORRELATION OF Gy AND PRESSUREMETER TEST RESULTS

Two basic soil parameters which are estimated du
ring a pressuremeter test are the limit pressure 
(p^), indicative of the shear resistance of the

soil, and the pressuremeter modulus (Gm), indica

tive of the deformability of the soil. Measured 
values of the above parameters in Agios Stefanos 
are summarized in Fig. 1.

Researchers in the past investigated the factors 
affecting p^ and Gm and found that they are, part

ly at least, the same with the ones affecting the 
dynamic shear modulus i.e. the effective consoli
dation stress, the void ratio, the stress history 
and the Plasticity Index (Hardin and Black, 1966, 

Hardin, 19 78) . This implies that meaningfull empi
rical correlations may be established between 
G or V and the pressuremeter parameters.
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Ohya et al. (1903) analysed Cross-IIole and pres- 
suremeter measurements in clays and sands and pro
posed the following general empirical correlati
ons

, 0 . 7 9 4
= 23 g :

G0*-167,9pl

m -
0 ‘. 7  9 0

(5)

(6)

where the shear moduli and the limit pressure are 
expressed in MPa. It must be noted that the empi
rical relationships of Ohya et al. are followed 
by significant scatter.Part of the scatter could 
possibly be attributed to the fact that data from 
sandy and clayey sites were compiled together to ob
tain the relationships, although it is known that 
the two soil types show a different behaviour.

Figure 3a correlates the values of dynamic and 
pressuremeter shear moduli measured in Agios Ste- 
fanos; it may be observed that the dynamic shear 

modulus is significantly higher than the pressure

meter shear modulus (by 30 to 100 times). This 
large difference can not be attributed solely to 
the different strain levels applied in the pres
suremeter and the Cross-Hole tests. The relief of 
the insitu stresses adjacent to the pressureme-

(a)

CL

X

(b)

Pt ( M Pa I

Fig. 3. Correlations of G„ versus p. and G 
3 0 1 m

ter probe, caused due to drilling, may be one ad
ditional reason for the observed difference.

An expression that describes adequately the me
asured data was found to be

27 G
0  . 4 3

(7)

To compare with the presented data, the empiri
cal relationship by Ohya et al. (Eq.5) has also 
been included in figure 3a together with the li
mits of the data used by these researchers. It is 
observed that Eq. 5 generally underestimates the 
dynamic shear modulus measured in Agios Stefanos, 
although all the data points fall within the li

mits of the data reported by Ohya et al. (1983) .
Figure 3b shows the variation of the dynamic 

shear modulus as a function of the pressuremeter 
limit pressure. A good fit of the data may be ob
tained by the linear relationship

Gq = 72 Pl (8)

The corresponding empirical relationship propo
sed by Ohya et al. (Eq.6) has also been included 
in Fig. 3b; it may be observed that the data pre
sented here are overestimated using Eq. 6 by a 
factor between 3 and 4, but fall within the range 
of data used to derive Eq. 6.

5 CORRELATION OF G, AND c
0 u

Correlations of the dynamic shear modulus with 

the undrained shear strength measured in situ and 

in the laboratory are shown in figure 4a and 4b 

respectively. Based upon the commonly used assump

tion that a linear relationship exists between 

the modulus and the strength, the following cor

relations may be derived

G = 800 c ,
0 u (F v)

G =1800 c
0 u(UU)

(9)

( 10)

The upper and lower limits of the proportionality 
constant were found as 380 and 1100 in Eq. 9 
and 1100 and 2700 in Eq. 10 respectively.

Comparison of equations 9 and 10 suggests that 
the shear strength derived from the UU triaxial 
tests is about 2.3 times smaller than the strength 
derived from the field vane tests. This difference 
is by far greater than the expected one, after 
correcting on the basis of the plasticity index 
of the clay. One possible reason for the differe
nce is the disturbance of the samples during sam
pling and testing which, given the extreme soft
ness of the clay, may have led to this significant 
underestimation of the in situ clay shear strength.

Figure 5 shows the correlation of the measured 
dynamic shear modulus and the undrained shear 
strength from triaxial tests in a double logarith
mic scale. The difference between figures.4b and
S is that in the latter a few extra data points 

have been included, from a different site in Gre

ece (Zervogiannis et al.,1987) with medium stiff 

clays and marls. It is observed that, although 
the strength values corresponding to the new data 
points are much larger than the values measured 
in Ag. Stefanos, the new data are also descri

bed adequately by Eq. 10.

6 CONCLUSIONS

In the previous paragraphs empirical correlations
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have been presented between the results of Cross 

Hole measurements of shear wave velocity and the 

results of in situ (cone renetration, pressureme- 

ter, field vane) and laboratory tests. The cor
relation refer mainly to very soft clay formati
ons, where common empirical correlations versus 
standard penetration test results are rather un
reliable .

In the case of static cone penetration and tri- 
axial test results the proposed relationships ap
pear to be valid for medium stiff clays and 
marls as well as for soft clays.

Comparison of the empirical correlations esta
blished here with correlations published in the 
literature show distinct quantitative differences 
despite a good qualitative overall, agreement. The 
differences may be attributed to the extreme 
softness of the clay at the site examined. How
ever, the possibility may not be excluded that 
part of the differences is statistical, since the 
amount of data analysed was rather small.
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Fig. 4. Correlations of GQ vs:a) cu(Fy), b) cu(uu)
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