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1 INTRODUCTION 

The shear modulus G is an important elastic soil pa-
rameter for foundation and construction design be-
cause it influences the force transfer between the 
structures and the soil. Depth dependent shear 
modulus profiles are needed as input to geotechnical 
numerical models. However, the shear modulus is 
strain dependent and in principle the dependency be-
tween the shear modulus and the shear strain needs 
to be described for a wide range of shear strains. 
This relationship is shown in Figure 1.  

Among these is the maximum shear modulus G0 
at small shear strains, which is used as a starting 
value for numerical models.  This maximum shear 

modulus G0 can be calculated from geophysical tests 
that employ shear waves, since 
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with the density ρ and the shear wave velocity vs. 
Surface and borehole methods such as downhole 

and cross-hole testing are able to provide average 
S-wave velocity values. Among these methods 
cross-hole testing provides the most accurate and re-
liable values. However, the S-wave velocity is given 
as a function of depth only. The derived S-wave ve-
locities are averaged values, since the two assump-
tions are made that the ray paths between the source 
and receiver are straight and that the material is lat-
erally homogeneous.  

Since the cross-hole testing method is applied be-
tween boreholes at small distances of 3 – 5 m, it is 
not meant to resolve structures between the bore-
holes. Consequently, the development of cross-hole 
S-wave tomography is required.  

Up to now, only little effort has been made to de-
velop equipment enabling the competitive acquisi-
tion of S-wave cross-hole tomographic data. Possi-
ble reasons for this could be the availability of 
reliable borehole S-wave sources as well as borehole 
receivers with multiple seismic channels. Further-
more, the S-wave data acquisition is more time con-
suming compared to standard P-wave tomography 
and the subsequent processing of S-wave data re-
quires more sophisticated and skilled personnel. Figure 1. The shear modulus G as a function of the shear 

strain, from Mayne (2001) 
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ABSTRACT: High-resolution tomographic investigations between boreholes are routinely applied for the ex-
ploration of development sites considered for larger building projects, such as power stations, dams and high-
rise buildings. Currently, almost exclusively P-wave tomography is employed to predict the spatial continuity 
of lithological structures. However, the P-wave is highly influenced by the ground water table and its applica-
tion for deriving geotechnical parameters is limited. Up to now, little effort has been made to develop equip-
ment enabling an efficient acquisition of S-wave tomographic data. In this paper we present results of a newly 
developed S-wave tomography system, which has been tested at sites in the Netherlands. A horizontally po-
larizing borehole S-wave source was used with a multi station, three axial geophone array to receive the sig-
nals. P-wave tomography was also acquired along with the S-wave tomography. Results show a significantly 
higher velocity contrast for the S-wave tomograms (factor 3) compared to the P-wave tomograms (factor 1.5). 
Thus, the soils S-wave velocity structure is imaged in much more detail compared to the structure resolved 
with the P-wave. Furthermore, the S-wave tomogram covers both the saturated and unsaturated soil, with the 
water table not influencing the S-wave. The results obtained during the experiments show the potential of rou-
tinely carrying out S-wave tomography in addition to P-wave tomography. 
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2 DATA ACQUISITION 

2.1 Instrumentation 

To acquire S-wave tomographic data efficiently, an 
S-wave generating source and a tri-axial receiver 
string is needed. Conventionally borehole geophones 
are used for downhole and crosshole testing. These 
borehole geophones usually consist of three orthog-
onal receivers. However, to acquire S-wave tomo-
graphic data efficiently, more than one tri-axial re-
ceiver is desirable. Thus, a multi-station receiver 
system was developed (MBAS). A total of 10 sta-
tions can be connected, with each station consisting 
of a digital tri-axial geophone and the coupling to 
the borehole wall is achieved by two pneumatic cyl-
inders per station. It is important to know the orien-
tation of the stations for later data processing. There-
fore, the stations are connected by a rotationally stiff 
hose, which enables the alignment of all stations 
from surface. 

A horizontally polarizing S-wave source was 
used for the field testing. The source is powered by a 
high voltage generator from surface, with the energy 
releasing through a number of electromagnetic coils 
in the source. Subsequently, the source produces an 
impact to the side of the borehole wall, thereby gen-
erating both compressional and horizontally polar-
ized shear waves. Due to this mechanism, the source 
can be used both in dry and water filled boreholes, 
with the signal being highly repeatable which allows 
vertical stacking of the data. Clamping is achieved 
by a pneumatic packer and the orientation is con-
trolled from surface. 

2.2 Field acquisition 

The receiver string and the source are lowered into 
two boreholes which are between 3 and 25 m apart. 
The receiver string is aligned, that one of the two 
horizontal receivers in each station is facing the 
source borehole and the other is aligned perpendicu-
lar to the source borehole. The SH-source shoots 
twice per depth in 90° and 270° angles to the receiv-
er borehole. This enables the overlaying of two op-
posing shooting directions at the processing stage, 
which results in an easier identification of the first 
arriving S-wave that is often obscured by the P-wave 
train. 

3 PROCESSING SEQUENCE 

3.1 Re-sorting the data 

Data processing follows several steps in order to ac-
curately determine the travel times for the seismic 
waves and to convert these into a tomographic im-
age. The first step in the data processing is to resort 
the data into the respective X, Y and Z components.  
Experience has shown that more channels in a 

spread produces better and more consistent picking 
results. The number of channels are limited when 
using the MBAS system. A maximum of 10 stations 
can be connected, which results in a maximum of 30 
channels, of which 10 horizontal channels are usual-
ly used for traveltime picking. However, the number 
of shots usually exceeds 10, since shooting starts be-
low, and ends above the receiver spread. Thus, re-
sorting the data from shot gathers to receiver gathers 
increases the, now artificial, spread length and in-
creases the consistency of the traveltime picks. 

3.2 Picking traveltimes 

Traveltimes are determined manually by overlaying 
shots with two different strike directions. 
Subsequently, all the picked traveltimes are 
analyzed for their consistency, by ordering them by 
receiver and source positions. Oftentimes, the 
picking process follows a number of iterations 
which improves the underlying traveltime data for 
the following tomogram calculation. 

3.3 Tomogram calculation 

A SIRT algorithm is used to invert the traveltimes 
and to produce a shear wave velocity tomogram. 
Thereby, the residual of the observed and calculated 
seismic travel times is minimized by a correction of 
the seismic slowness, i.e. the reciprocal of the seis-
mic velocity in each cell. The calculation is carried 
out along a 3D grid, with ray bending and the bore-
hole deviation being incorporated in the calculation, 
Jackson & Tweeton (1996). 

4 TEST SITE IN THE NETHERLANDS 

4.1 Test configuration 

A field test was carried out at a site in the Nether-
lands, close to the German border. Three boreholes 
were available in an L-shaped arrangement, with 
each borehole about 30 m deep. The geology at the 
test site is mainly composed of unconsolidated sed-
iments, i.e. sands, gravel and clay. Both a P-wave 
tomography and an S-wave tomography survey were 
carried out with source and receiver intervals of 1 m. 
A hydrophone string was used to receive P-wave 
signals and the MBAS was used to receive S-waves.  

Due to good transmission properties of the soil, it 
was decided to use the same source for both the P- 
and S-wave tomographic measurements. Therefore, 
the SH-wave source was used for both P- and 
S-wave measurements. The seismic strike direction 
was aligned towards the receiver borehole in order 
to generate P-waves with the highest amplitude. To 
generate S-waves, the seismic strike direction was 
aligned perpendicular to the receiver borehole. To 
acquire the opposite strike direction the source was 
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rotated by 180°. For each shot direction a separate 
seismic record was acquired and stored. An example 
of the collected data is shown in Figure 2. 

4.2 Tomography results 

Seismic traveltimes were picked for P-wave and S-
waves. In total about 1800 traveltimes were 
determined for the P-wave and about 950 travel 
times for S-wave tomogram. The resulting 
tomograms are shown in Figure 3 and Figure 4. 

4.3 Calculation of elastic parameters 

Having determined both the P-wave and S-wave 
tomograms now enables the calculation of elastic 
soil parameters in 2D, such as the shear modulus G, 
Young’s modulus E, the bulk modulus K and Pois-
son’s ratio. 

4.4 Discussion 

Both P-wave and S-waves have on average a wave-
length of about 1 m, indicating that the structural 

resolution is similar. However, the results show a 
significantly higher velocity contrast for the S-wave 
tomograms (factor 3) compared to the P-wave 
tomograms (factor 1.5). Thus, the soils S-wave ve-
locity structure is imaged in much more detail com-
pared to the structure resolved with the P-wave. Fur-
thermore, the S-wave tomogram covers both the 
saturated and unsaturated soil, with the water table 
not influencing the S-wave. 

The tomograms also show that the compressional 
wave velocity and shear wave velocity may not nec-
essarily show the same structures. For example, the 
P-wave tomogram shows a low velocity zone of on-
ly about 1200 m/s in a depth of 6 to 8 m, even 
though the soil is saturated almost to surface. This 
low velocity zone is clearly missing in the S-wave 
tomogram. This may indicate that a high concentra-
tion of organic material in this zone decays, thereby 
producing gases which lower the P-wave velocity 
substantially, even at low concentrations, Mur-
phy (1982).  

Figure 2. Raw data example from a test site in the Netherlands. The traces are re-sorted and show the horizontal channels of two 
opposing strike directions. The picked S-wave traveltimes are indicated by the blue crosses. 
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5 CONCLUSION 

The results obtained during the experiments show 
the potential of routinely carrying out S-wave to-
mography in addition to P-wave tomography. Dif-
ferent lithological structures are detectable and the 
resolution is generally higher for S-wave tomogra-
phy due to a higher relative dynamic range com-
pared to P-wave surveys. Carrying out both tomog-
raphy surveys enables the calculation of several 
elastic parameters in high resolution and in 2D, 
among them the shear modulus. 
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Figure 4. P-wave tomogram from a test site in the Netherlands. Figure 3. S-wave tomogram from a test site in the Netherlands. 
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