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ABSTRACT: The PS logger is a low frequency dipole-based sonic logging probe which is used widely to measure P- and
S- wave velocities of earth materials. It is of particular interest to offshore environments where the latter can be used to
derive the small-strain stiffness Gmax, an important measurement in offshore construction. The method relies on the indirect
excitation of the borehole via a dipole pressure wave excited in the borehole fluid, allowing shear wave velocity (V) to be
measured in both fast and slow formations. In this study, the theoretical basis for the PS logger is presented, alongside the
results of recent field projects which provide answers to key questions regarding the viability of the tool for a range of
situations, and to the interpretation of results for widely ranging ground conditions. These include a comparison of results
from both uncased (open) and cased boreholes, and from a wide range of ground velocities (Vs = 220m/s to 3760m/s), and
for varying borehole sizes. Full waveform analysis of time-series data is undertaken and underlines the need for consideration
of theoretical principles in data interpretation. Ultimately, the results demonstrate the wide applicability of the tool beyond
the geotechnical limits of traditional logging tools, which is attributed largely to the low frequency nature of the PS logger.

RESUME: Le systéme PS Logger est une sonde de diagraphie sonique utilisant un émetteur basse fréquence de type dipole,
utilisée pour générer et mesurer les vitesses des ondes de compression P et de cisaillement S dans les sols. La sonde est
particulierement intéressante dans la conception de structures offshore ou elle peut étre utilisée pour calculer le module de
cisaillement Gmax, qui est une mesure majeure dans ce domaine. La méthode repose sur 1’émission d’une onde de
compression dans le fluide qui au contact de la paroi du forage génére une onde flexurale permettant de mesurer la vitesse
de l'onde de cisaillement (Vs) dans les formations rapides mais surtout dans les formations lentes. Dans cette étude, le
principe théorique de fonctionnement de I’outil PS logger est présenté, ainsi que les résultats de chantiers récents qui éclairent
sur les capacités de 1’outil dans différentes situations et montrent des résultats dans des conditions de sol trés variés.
Egalement présentés: - une comparaison des résultats en forages non tubés (ouverts) et tubés, - des mesures dans une gamme
trés large de vitesses de terrain (Vs = 220 m/s a 3760 m/s) et dans différents diamétres de forage. Une analyse compléte des
trains d’ondes a été réalisée utilisant I’ensemble des principes théoriques régissant la propagation des ondes P et S dans les
sols. En conclusion, les résultats présentés démontrent la large applicabilité de 'outil PS Logger et ses capacités bien
supérieures aux outils de diagraphie traditionnels de type FWS grace a son systéme d’émission dipolaire flexural.
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1  SONIC LOGGING formation of wavelength 4 (m) determined by Eqn. 1,
where f'(Hz) is excitation frequency within the source

Sonic logging methods are used to obtain velocity data spectrum, and ¥ (m/s) is the velocity of the wave:

in boreholes with depths ranging from a few metres to
several kilometres. Variations exist on logger V=

; . = f2 )
configurations, which have evolved to overcome
problems including measurement in slow formations
and poor measurement resolution (Close et al., 2009).
The propagation velocities of body waves in a medium
are a complex function of several factors, including
density, porosity, and mineralogy (Rafavich, 1984).
Sonic logs utilise acoustic sources operating within a
frequency spectrum, exciting waves in the surrounding

Traditional monopole tools use critical refraction of
compressional (P) and shear (S) waves to measure
velocities, causing symmetric borehole displacement
(Figure 1.a), but are impeded by the fact that shear
refraction is not possible in slow formations. Dipole
tools overcome this issue by generation of the flexural
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(bending) mode (Figure 1.b), which, at sufficiently
low source frequencies travels at the formation shear
velocity (but technically constituting a surface mode)
(Close et al., 2009).

Figur 1. Side view of fundamental borehole movement
resulting from (a) monopole; (b) dipole forces.

1.1 PS Logger

The principal features of the PS logger (a suspension-
type logger) are a dipole hammer source, separated
from two receivers by acoustic damping tubes. The
hammer source constitutes a solenoid-operated shuttle
housed within a steel cylinder. Firing causes the shuttle
to strike the inner surface of the steel cylinder,
indirectly exciting the borehole fluid, exciting both P
and Sy (flexural) waves along the borehole in both fast
and slow formations (Robertson Geo, 2023).
Measurements are made in two horizontal directions
(left and right), producing flexural modes 180° out of
phase. The source centre frequency is approx. 1.5kHz.

As the hammer strikes the cylinder, a momentary
imbalance in push/pull action between the struck/
opposite sides causes bulging (Figure 2a), creating a
monopole in the fluid, exciting P and Stoneley waves.
As the opposite side reacts, a pressure doublet is set
up, such that a pressure increase in the fluid on one
side of the cylinder is matched by a pressure decrease
in the fluid on the other side (Figure 2b), exciting the
flexural mode, generating dipole P waves and flexural
waves. The PS logger is fitted with hydrophones and
geophones, which are configured to measure P and St
(flexural) wave velocities, respectively.

In this paper, widely ranging ground conditions are
considered, in order to evaluate the viability of the PS
for diverse geotechnical conditions. The particular
focus is on measurement of shear wave velocities,
generally harder to resolve than compressional waves.
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Figure 2. Planar view of steel cylinder primary
displacement modes. (a) Bulging caused by initial
imbalance; (b) flexural mode displacement.

2 CASE STUDIES

Anonymised Robertson Geo archives provided the
data for the following case studies, allowing the
following geotechnical scenarios to be investigated.
Recorded waveforms were obtained using the
geophone receivers.

2.1 Open (uncased) versus cased borehole

A 146mm diameter borehole was drilled and PS
logging undertaken along a 17m profile, at 0.5m
intervals, whilst the borehole was open (uncased).

(a) Velocity-depth profiles
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Figure 3. Openhole versus PVC cased borehole

comparison. (a) Velocity-depth profile averaged from right
and left hammer shot results (Vs obtained from geophone
channels, V,, from hydrophone channels); (b) Geophone-
recorded waveforms (data from right hammer shot only).
“P” and “Sy” indicate the arrival of compressional and
[flexural waves, respectively.
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The PS logger was removed and the borehole lined
with PVC casing, reducing the diameter to 90mm, and
the measurements repeated with the casing in place.
Figure 3. shows reasonable agreement between
datasets, summarising relative differences in Table 1.

Table 1. Summary of openhole versus cased (PVC-lined)
borehole comparison.

Velocity Min. diff Max. diff  Mean diff
type (Yo)* (%o)* (%o)*
vy 0.0 54 1.6
Vs 0.0 21.6 8.1

*Calculated with respect to openhole data. Describes
absolute difference.

2.2 Varying formation velocity

Waveforms pertaining to the extremes of shear
velocities were obtained from the data archives,
describing very slow shear velocities of 223m/s and
3759m/s respectively. In the slow formation, both P
and S¢ waves are observed on both near and far
receivers, whilst in the fast formation, only Sy waves
are observed (Figure 4).

(a) Slow formation (V_ =223m/s)
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Figure 4. Geophone-recorded waveforms for (a) slow; (b)
fast formations. Data from both right and left hammer shots
are shown, illustrating clear reversals of amplitudes. Note,
different time axes reflect different sampling rates. “P”" and
“Sy” indicate the arrival of compressional and flexural
waves, respectively. Calculated Poisson’s ratio for the slow
formation waveform is 0.49.
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2.3 Borehole size

Waveforms pertaining to the extremes of industry
borehole sizes were obtained from the data archives
describing borehole diameters of 250mm (large),
146mm (medium) and 76mm (small). Figure 5
demonstrates that in all three cases, clear waveforms
have been obtained, resolving both P and S arrivals.

(a) Borehole diameter = 250mm
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Figure 5. Geophone-recorded waveforms for (a) large, (b)
medium and (c) small borehole diameters. Data from both
right and left hammer shots are shown, illustrating clear
reversals of amplitudes. Note, different time axes reflect

different sampling rates. “P” and “S;” indicate the arrival
of compressional and flexural waves, respectively.
Poisson’s ratios are 0.47 (a), 0.49 (b) and 0.41(c).

3 DISCUSSION

Generally, the PS logger is recommended for use in
uncased boreholes, however, manufacturers do
provide specifications for casing installation and
grouting such that the tool should operate regardless
(Robertson Geo, 2023). Figure 3.a shows velocity-
depth profiles of a borehole with and without PVC
casing, where V,, values are in strong agreement, and
V; sees deviations of up to 21.6%. It should be noted
that the two datasets were obtained one month apart,
such that ground conditions may have changed,
affecting measured velocities, and it is possible that the
installation of the casing may have disturbed the
borehole. According to Eqn. 1, the wavelength of P
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waves will be greater than that of the flexural waves
(as compressional waves arrive first) for a source
centre frequency of 1.5kHz, therefore, it is reasonable
to consider that they would be less affected by near-
borehole disturbance, however, there is still good
agreement between V; profiles (mean diff. 8.1%).

One principal issue of traditional monopole tools is
that they cannot refract a shear wave in slow
formations (Schmitt, 1988). Figure 4 shows a
comparison of waveforms recorded using the
geophone channels ("S-channels") in slow and fast
formations, where the flexural mode has allowed shear
wave velocity to be inferred in the slow formation. In
the fast formation, a refracted S wave will also be
present, and indistinguishable from the flexural
arrival. Time axes demonstrate the requirement for
different sampling rates, and show that in the fast
formation, the P arrival cannot be observed, which
usually only appears in slow formations. In Figure 4b,
a low frequency oscillation is present, in phase
between right and left hammer shot traces, likely to be
a Stoneley wave generated by the monopole
component of the logger.

Under ideal conditions, the same material would be
tested for varying borehole diameters, however,
because the borehole diameter is largely dictated by
the formation material (larger boreholes in softer,
slower formations) and client constraints and
specifications, this is usually only possible using
modelling techniques (e.g., Wang et al., 2022). Figure
5 shows waveforms from three slow formations (Vs <
1500m/s) where full waveforms have been
successfully obtained in boreholes with diameters
ranging from 76mm to 250mm. A general
consideration of any invasive measurement method is
disturbance to the material. For borehole logging, the
ratio of the wavelength to the borehole diameter is
considered key in determining the degree of
disturbance but is difficult to quantify. Kurkjian
(1986) cites a minimum ratio of 10, however, in Wang
et al. (2022), simulated experiments demonstrated that
at sufficiently low source frequencies, the borehole
size has relatively little influence on the radiated
acoustic. Because of its relatively low operating
frequency, the required wavelength to borehole
diameter ratio to avoid borehole effects is likely to be
considerably lower than 10, however, greater
understanding of the ratio effects would be beneficial.

Since the development of dipole-based logging
tools which generate the flexural mode, the problem of
measurement of shear velocities in slow formations
has been overcome, however, many tools operate at
relatively high frequencies, where dispersion
correction is required (Cheng, 2015) if source
frequencies exceed a cutoff value estimated to be
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3.5kHz (Schmitt, 1988). With a source centre
frequency of 1.5kHz, observed flexural arrivals can be
assumed to travel at the formation shear velocity.

4 SUMMARY AND CONCLUSIONS

The PS logger is most often used in offshore
geotechnics applications, where measured shear
velocities are combined with density info (samples or
log data) to derive the small-strain stiffness (Gmax)
important for offshore wind turbine construction. In
such situations, formations are usually slow (e.g.
unconsolidated sands) and boreholes are uncased with
typical diameters of 150mm. The PS logger can
successfully be deployed in geotechnical scenarios
beyond these conditions, overcoming some of the
problems of traditional tools including measurement in
slow formations and avoiding the need for dispersion
correction, rendering it highly versatile in its
applicability. Although it has successfully been
deployed in large boreholes, borehole effects may be
important; more research is needed to fully understand
these implications on seismic velocity estimates.
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