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In situ and laboratory shear wave velocity measurements of the Boom clay 
Mesures en laboratoire et sur terrain de vitesse d’ondes de cisaillement de l’argile de Boom

W.Haegeman & P.Menge -  Laboratory for Soil Mechanics, Ghent University, Belgium

ABSTRACT: The paper describes an investigation of shear wave velocity and stiffness characteristics of the Belgian Boom clay at 

the research site for a screw pile project. Results from both in situ and laboratory tests are presented. In situ measurements comprised 

shear wave velocities using the seismic cone penetration test and surface wave velocities using Spectral Analysis of Surface Waves 

(SASW). Laboratory tests include triaxial compression tests with bender element measurements. The results of the in situ and labora

tory investigations are described and compared. The effect of both inherent and stress induced anisotropy on the wave velocity and 

stiffness characteristics is highlighted. Laboratory data on undisturbed samples show results broadly consistent with in situ results.

RESUME: Cet article présente les résultats d'une investigation en laboratoire et sur terrain de la determination de vitesse d'ondes de 
cisaillement et les characteristics de déformation de l'argile de Boom. Les méthodes de pénétration de cone sismique et de l'analyse 

spectrale d'ondes de surface ont été utilisé sur terrain. La cellule triaxiale equippée aux éléments benders donne les valeurs de vitesse 
sous contraintes variables. En combinant les résultats de tous ces essais, il est possible de determiner l'anisotropie de la structure et des 

contraintes de l'argile de Boom.

1 INTRODUCTION

Shear wave velocities (Vs) have received in recent years consid

erable attention as a fundamental soil parameter in geotechnical 
site characterisation. From the early and limited use in analytical 

procedures for evaluation of the response of soils under dynamic 

loading, use of Vs is now gaining acceptance in static loading 

problems such as settlement and general deformation analyses.

Besides the classic cross-hole method, the seismic cone 

(SCPT) and spectral analysis of surface waves (SASW) can be 

used to measure in situ shear wave velocities. These tests over

come some of the cross-hole shortcomings such as the need for 

boreholes, the cost of boreholes and borehole surveys, and the 
speed of testing.

In the laboratory, bender elements tests are now currently 

used to assess the shear wave velocity, Vs and thus the small 

strain (< 10° %) shear modulus G0 in addition to the conven
tional resonant column test

Extensive investigations (Menge P., 2001) at the site for a 

screw pile research project consisting of the overconsolidated 

Boom clay involving some of the above mentioned testing meth

ods, allowed a comparison between field and laboratory meas

urements of Vs and the assessment of the anisotropy of the clay.

Before the presentation and interpretation of the experimen

tal data, brief descriptions of the relatively specialised testing 

devices (seismic cone, SASW and bender element) are givea

1.1 Seismic cone tests

two recordings is known, the shear wave velocity can be calcu

lated.

1.2 SASfV-test

The SASW method is based on the dispersive characteristics of 

surface waves. It is a non intrusive test making field measure

ments of surface wave velocities and determine the Vs profile 

through an inversion process. Vertical velocity transducers with

The seismic cone (SCPT) consists of a conventional piezocone 

behind which a seismic module equipped with a miniaturised tri- 

axial geophone is mounted. The shear wave is generated from 
the surface using a sledge hammer stricking on a metal beam 

pressed against the soil by one of the stabilising actuators of the 

truck (fig. 1). Every meter in depth, a shear wave is generated 

from the surface and recorded by the triaxial geophone. Out of 
these measurements the total travel time and interval travel time 

is calculated and, since the distance to the geophone or between

Shear wave 

generator

seimic piezocone

Figure 1 On-shore SCPT configuration
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/  
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Figure 4 Boring log with near CPT profile

Table 1 : Physical characteristics of the Boom

Drainage and back 

pressure lines

Figure 3 Triaxial cell with bender element setup

a natural frequency of 1Hz are used as receivers and a falling 

weight is used as the source (fig. 2). The inversion is performed 
using the computer program WinSASW developed at the Uni
versity of Texas at Austin (Joh 1992).

1.3 Bender element test

This technique utilises piezoceramic transducers for a direct 

measurement of the shear wave velocity. The elastic wave is 

generated and received by transducers placed at opposite ends of 

a confined soil specimen. The propagation velocity is calculated 

from the distance between the two transducers and the time re

quired by the wave to cover this distance.

The instrumentation used in these measurements is relatively 

simple and consists of a function generator to produce the exci

tation signal, an amplifier for the received signal, and a signal 
analyser to process the traces (fig. 3).

The transducers are generally housed in triaxial and 

oedometer cells offering the possibility to apply different iso

tropic stress levels on the sample. The velocity measurements are 

usually performed with frequenties ranging between 1 and 10 
kHz, at strains estimated to be less than 0.0001 %.

2. TEST SITE

The geological condition at the test site consists of a homogene

ous layer of Boom clay to a large depth. The Boom clay belongs 

to the Oligocene series (Rupelien stage). At the beginning of the 

continental Pleistocene erosion, the Boom clay was, according to 

the geologists, covered by about 40 m of Neogene sand (Ant- 

werpian). This load has acted on the Boom clay for about 5-7

Sample depth

Characte

ristics

4.50m-

4.90m

8.50m-
8.90m

10.50m-

10.90m

13.50m-

13.90m

Yd(kN/m3) 15.7 15.3 15.5 15.4

Yn(kN/m3) 19.7 19.3 19.5 19.4

w (%) 25.3 26.0 25.8 26.1

Sr (%) (101.8) 99.2 (100.9) (101.0)

wL (%) 72.2 65.1 75.9 71.8

wp (%) 25.4 25.3 26.2 26.0

lo (%) 46.8 39.9 49.7 45.8

million years, while the unloading due to the Pleistocene erosion 
started about 500.000 years ago. According to the geological 

data the Boom clay should never have been subjected to larger 

loads than those corresponding to the 40 m of Neogene sand. In 

its upper part the Boom clay exhibits horizontal layering and has 

a medium to high degree of fissuring. Many of the fissures have 

a slickensided appearance. Therefore the Boom clay in its upper 

part has to be described as a "stiff, fissured, layered overconsoli
dated clay". Figure 4 provides a boring log along with a nearby 

CPT at the research site and table 1 shows the main results of the 

physical tests. The natural water table is found at 0.5 m to 1.0 m 
below ground level.

3. TEST RESULTS

Shear wave velocities have been measured in the field by means 

of three seismic cone tests to a depth of 15 m and five SASW 

tests. These tests have been conducted at short distances from 

each other. Shear wave velocity in the laboratory has been 

evaluated from direct measurements in triaxial cell equipped 

with piezoelectric transducers. These tests have been performed 

on undisturbed samples recovered using a shelby tube sampler 

(0  10 cm). Specimens with diameter of 5 cm and height of 12.5 

cm have been trimmed vertically from the tube samples and re

consolidated isotropically over a range in increasing stress levels 

at the estimated in situ mean effective stress. One specimen was 

also trimmed horizontally from the tube sample at 10 m depth 

and isotropically consolidated at the same stresses as the verti

cally trimmed sample.

All test results are presented in fig. 5. Because the plane 

containing the direction of wave propagation and the direction of 

particle motion is not the same for all of the field and laboratory
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tests, the comparison is assumed to be influenced by anisotropy 
of the soil (structural or stress induced).

The vertical downward propagating shear wave velocity Vvh 

out of the SCPT results is about 180 m/s and is confirmed by tfie 

bender element tests on the vertically trimmed samples excited 

by the same vertical propagating shear wave. Only at a depth of

4 m the shear wave velocity measured with the bender elements 

tends to be slightly less than the velocity measured with the 

SCPT. This difference could be attributed to a difference in av

erage mean effective stress in both tests or sample disturbance.

The measurement of VMh with BE on the horizontally 

trimmed sample at 10 m depth and isotropically consolidated 
under the same stresses as the vertical trimmed sample shows 

values of the shear wave velocity 1.4 times higher. The in situ 

measurements of the horizontal propagating shear wave velocity 

VHV with the SASW technique even show significant higher val

ues, lateron confirmed by seismic refraction tests. These results 
clearly indicated the influence of the structural and stress in

duced anisotropy of the Boom clay.

4. ANALYSIS OF THE RESULTS

P '/P r

Figure 6 BE tests : G0 versus isotropic consolidation stress

both to a logarithmic scale, where pr is a reference pressure 

which, for convenience, has been taken as 1 kPa. The data points 
for the consolidated samples fall close to a single straight line 

given by

log
( r  \ 
Go

= log A + n log

f i N 
p_

 ̂Pr y vPr,

or

Pr \P r,

where A and n are non-dimensional soil parameters.

For the test data of the Boom clay from the research site at St. 

Katelijne Waver the values are A = 5511 and n = 0.482. This 
values are very consistent with the BE-data from another site in 

Antwerp were the Boom clay samples were taken at larger 

depths. This data is also shown in figure 6 ; more information 

can be found in Haegeman (1999).

Research has shown that Vs depends primarily on the 

stresses in the direction of wave propagation and in the direction 

of particle motion (Roesler, 1997) with the resulting relationship:

Vs =Cs( O l,-(<T'h)"‘ (3)

where a'v and a'h are the vertical and horizontal effective 

stresses and na and are exponents for each of the stress direc

tions. Cs is a shear wave velocity constant depending on soil 
structure. It is assumed that the generated shear waves are such 

that the plains of motion coincide with the principal stress direc

tions and that the soil can be modelled as a cross-anisotropic 

medium i.e. the vertical axis is an axis of symmetry. Under true 

cross anisotropy, if the VH and HV shear wave velocity in the 

a'v and cj'h - direction are equally sensitive to the stress and the C 

values are identical (C(VH) = C(HV)) then Vvh should be the 

same as VHV. This does not appear to be the case for this Boom 

clay site. Both the VH and HV velocity profiles indicate a differ

ent degree of stress dependence. So these two Vs profiles in fig.

5 seem to reflect the stress history associated with the overcon

solidated Boom clay. Using equation (3) the ratio between the 

shear wave velocities can be related to the lateral stress coeffi

cient Ko = a'h/a'v (Sully and Campanella 1995) :

BE tests examined the variation of the small strain modulus G0 V ^ _ C(VH)

with isotropic effective stress p'. After applying a back pressure vm ~ C(HH) 0 
of 100 kPa the stress was applied as a single increment followed 

by isotropic consolidation.

Figure 6 shows the values of G0 measured on the Boom clay _i2L = _ i-----1 KJk‘n' (5)

at different stress states. This shows values of Go/pr against p'/pr, \ v  C(HV)
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The ratio C(VH)/C(HH) can be considered to be indicative of the 

anisotropy of the material as it relates the isotropic and aniso
tropic shear wave velocity constants independently of the stress 

condition. From equations (4) and (5) it appears feasible to 

evaluate the results of laboratory and in situ SCPT and SASW 

measurements in terms of both stress induced and structural (in

herent) anisotropy. The problem then is one of determining the 

various constants in these equations.
The results of the isotropic bender element tests at 10 m 

depth for instance give a velocity constant ratio C(VH)/C(HH) 
of 1.4. Dilatometer tests performed at the site indicate a fairly 

constant Ko value of 2.6 over depth almost identical to the pas

sive lateral stress coefficient of the material (tp1 = 28°, Kp = 

2.77). Changes in shear wave velocity ratio V(VH)/V(HH) over 

depth are as a consequence caused by changes in velocity con

stant ratio C(VH)/C(HV). Although it must be admitted that 

crosshole measurement would provide more accurate VHv pro

files than SASW tests.
Drawback in these measurements is that the stress exponents 

n„ and nb are required in order to back-calculate the individual 

shear wave velocity constants C. This can be done for instance in 

bender element tests under anisotropic stress conditions.

5. CONCLUSIONS

Bender element tests, SASW and SCPT were performed to de

termine the shear wave velocity of a overconsolidated fissured 

Boom clay. These measurement provided a good indicator of 

structural and stress anisotropic and values which are in accor

dance with the stress history of the material. However to inter

pret these measurements the velocity constants C must be deter

mined and to determine the in situ stress conditions it would be 
necessary to provide additional measurements of shear wave 

velocity in direction oblique to the principal stress axis. This 

complication may render the technique unpractical in field appli

cations.
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