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1 INTRODUCTION 
 
Over the last couple of decades there have been major 
advances in robotic seabed-based geotechnical site 
investigation tool, driven partly by the high day-rate 
costs of traditional site investigation vessels and also 
by the need for greater control and hence quality of 
seabed sampling or penetrometer data. In moderate 
water depths and beyond, seabed sediments may be 
relatively low strength, for example lightly overcon-
solidated clays or fine grained carbonate silts, partic-
ularly in the depth zones of interest for the design of 
pipelines, subsea foundations and even certain types 
of anchor. In soft sediments, free-fall piston samplers 
and penetrometers offer an alternative low-cost ap-
proach, especially during the early stages of a project, 
allowing geophysical data to be ‘ground-truthed’ by 
means of physical samples and quantitative pene-
trometer data. 

The sophistication and required robustness of mod-
ern offshore site investigation equipment demand sig-
nificant investment in order to take conceptual ideas 
through to implementation. The offshore environ-
ment is much harsher than in a laboratory or even typ-
ical onshore site conditions and as much attention 
may need to be paid to launch and recovery systems 
as to the equipment itself. The scientific benefits of a 
given tool must be balanced against development 
costs relative to the expected pay-back period, and the 
potential to persuade operators to adopt the technol-
ogy. It is necessary to consider the performance of the 

equipment, or methods of interpretation, in complex 
layered seabed conditions in addition to more ideal-
ised single layer profiles. Maximum advantage can be 
gained from small lightweight devices that can pro-
vide relatively undisturbed samples or data of reason-
able accuracy early in a project.  

Operational conditions offshore encompass signif-
icant components of cyclic or periodic loading, gen-
erally at time scales that lead to undrained response in 
the short term, with consequential softening and pore 
pressure generation, but with continuous consolida-
tion occurring over a longer time scale. Accurate as-
sessment of the consolidation characteristics of sea-
bed sediments is therefore important within the 
design process. In the calcareous silts and sands that 
predominate off the coast of Australia (among many 
other sub-equatorial regions of the world), penetrom-
eter testing may well occur under partially consoli-
dated conditions. Interpretation of penetrometer data 
must then take account of the degree of partial conso-
lation, with appropriate adjustments made in order to 
assess equivalent undrained penetration resistance 
and shear strengths. Measurement of the consolida-
tion coefficient from dissipation tests may also be af-
fected by partial consolidation occurring during the 
penetration phase. 

The paper summarise some recent developments in 
offshore site investigation, and also methods to assess 
consolidation properties from different in situ tests. 
New tools to explore very shallow seabed properties 
for pipeline design are also introduced; these are in 
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the process of development as part of a current joint 
industry project. 

2 SEABED-BASED DRILLUNG AND IN SITU 
TESTING 

Modern advances in robotic control have been ex-
ploited in full measure in a number of commercial 
seabed-based robotic drilling, sampling and testing 
systems.  The pioneer amongst these was the portable 
remotely operated drill (PROD), developed by Ben-
thic Geotech. Figure shows the second generation de-
vice. The landing legs close up to allow the equip-
ment to fit within a standard shipping container for 
transport. A purpose-designed launch and recovery 
system allows efficient and safe operation offshore. A 
full-length electrical umbilical cable provides power, 
with operational water depths of up to 3000 m. The 
specification allows drilling and 75 mm diameter 
sample recovery, or alternatively cone or ball pene-
tration testing, to a depth of 125 mm below the sea-
bed, gradually extending the drill or cone rods to 
reach successive depths. 

 

Figure 1. Portable remotely operated drill (PROD - Benthic Ge-
otech) (a) Schematic with landing legs extended (b) During 
land-based trials 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Seabed-based robotic drilling and sampling equipment 

from Fugro and Canyon-Geomarine (a) Fugro Seafloor Drill and 

(b) Canyon-Geomarine ROVDrill 

Two other seabed-based drills are shown in Figure 2, 
both of which are designed to be powered through 
standard work-class remotely operated vehicles 
(ROVs). By contrast with PROD, the Fugro Seafloor 
Drill uses wireline tools, allowing more efficient sam-
pling and penetrometer testing at increasing depths 
below the seabed. Specifications include water depths 
of up to 4000 m, sampling (73 mm diameter) and pen-
etrometer testing to 150 m below the seabed or alter-
natively penetrometer testing directly from the seabed 
down to 30 m depth. The smaller ROVDrill (Figure 
2b) allows sampling and penetrometer testing to 40 m 
below the seabed, or rock-coring to 20 m depth. 
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Figure 3. Equipment for near seabed investigation (a) Fugro 
Smartsurf seabed unit and (b) Varieties of penetrometers 

 

Figure 4a  Strength profiles in deep water sediments at two dif-

ferent scales: general profile in upper 25 m 

 

 

 

 

 

Figure 4b  Strength profiles in deep water sediments at two dif-

ferent scales: near seabed strength profiles 

 

Deep water sediments are generally fine grained and 
lightly overconsolidated due to aging processes. The 
low near-surface strengths require lightweight equip-
ment (to minimise selfweight penetration) and accu-
rate penetrometer tools. For very shallow depths, 
units such as the Fugro Smartsurf (Figure 3a) offer 
capabilities of taking samples of up to 2 m length, or 
carrying out penetrometer testing to 3 m depth. Often, 
penetrometers with greater cross-sectional area than a 
standard 10 cm2 cone are used, in particular full-flow 
penetrometers such as T-bar or balls that have pro-
jected areas an order of magnitude greater than that of 
the shaft (Figure 4b). 

Over a depth scale of 20 to 30 m, the shear strength 
profile may increase essentially proportionally with 
depth, with strength gradients ranging from as low as 
1 kPa/m in high liquidity index clays, to around 3 
kPa/m in fine-grained carbonate material. As shown 
in Figure 4, however, the strength profile very close 
to the surface can exhibit a form of crust. The major-
ity of the data in Figure 4b are from offshore West 
Africa (assembled by DeJong et al., 2013), but inter-
estingly a strength profile in calcareous ‘clay’ from 
the Timor Sea off the north coast of Australia shows 
a similar feature. From a design perspective for risers 
or pipelines, the very high strength gradients of 20 to 
40 kPa/m are an important consideration, as is the po-
tentially high sensitivity of the sediments forming the 
crust. Detailed studies of the nature of these sedi-
ments have been undertaken by Kuo and Bolton 
(2013), who identified the presence of a high propor-
tion of faecal pellets from invertebrate worms living 
in the benthic zone. The sensitivity of such material 
can be quantified in situ using cyclic penetration and 
extraction of T-bar and ball penetrometers. 
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3 FREE-FALL SAMPLING AND PENETRA-

TION TESTING 

Free-fall approaches for piston sampling or penetra-
tion testing inevitably offer less control than static 
pushes from a fixed base. However, the significant 
savings in set-up and execution times are a strong in-
centive, trading off a measure of quality (of samples 
or interpreted strength data) for the much lower costs. 
Favourable site conditions are necessary, since sand 
layers will tend to give very high dynamic penetration 
resistance. However, modern equipment has demon-
strated potential to retrieve large diameter (e.g. 
~100 mm) piston cores of up to 30 m length in soft 
clays. 

The basic technology of a free-fall piston sampler 
was established by Kullenberg in the 1940s, but re-
cent advances have led to highly efficient container-
ized equipment, with much improved control on trig-
gering of the piston (Figure 5). The piston-corer and 
associated triggering system is lowered to close to the 
seabed before releasing the entire unit. A key consid-
eration is accurate detection of the seabed, so that the 
internal piston within the sampler is ‘locked’ in abso-
lute position at the right moment. Early or later trig-
gering would either reduced the length of the recov-
ered sample, or cause the sampler to plunge through 
the upper 1 or 2 m of the seabed before soil starts to 
enter. 

Figure 5  Self-contained launch and recovery system with Kul-

lenberg-style free-fall piston sampler (courtesy Fugro) 

Free-fall penetrometers have also had wide appli-
cation for assessing shallow seabed conditions, at 
least semi-quantitatively. Early instruments merely 
recorded the acceleration-time history, enabling a 
simple assessment of soil resistance as a function of 
penetration depth. However, advances in miniatur-
ised electronics, such as miniature MEMS accelerom-
eters and on-board signal conditioning and acquisi-
tion, now allow fully instrumented piezocones to 
obtain much more reliable data.  

Field and model scale devices are shown in Figure 
6. Interpretation of data is aimed at deducing equiva-
lent ‘static’ values of penetration resistance, ideally 
including tip resistance, sleeve friction and (excess) 
pore pressure. That requires correction of the dy-
namic data to eliminate the effects of the much higher 
strain rates that occur during dynamic penetration 
compared with static penetration. The importance of 
measuring the tip resistance directly has been under-
lined by increasing evidence of the much greater 
strain rate corrections required for the shaft friction 
than for the tip resistance (Steiner et al., 2014; Chow 
et al., 2014, 2016). 

Uncorrected data from recent centrifuge model 
tests of a free-fall piezocone penetrometer are shown 
in Figure 7, comparing the tip resistance and sleeve 
friction with equivalent data from static penetration 
tests. The data are taken from a recently submitted pa-
per (Chow et al., 2016) and form part of the work be-
ing conducted for the RIGSS (Remote intelligent ge-
otechnical seabed surveys) JIP. While the dynamic tip 
resistance is 20 to 50 % greater than the static tip re-
sistance, the dynamic sleeve friction is 2 or 3 times 
the equivalent static values. 

 
 

 

 

 

 

 

 

 

Figure 6.  Free-fall cone penetrometers (a) Field scale (Steg-
mann et al., 2006), (b) Centrifuge model scale (Chow et al., 
2014) 
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Figure 7 Comparison of uncorrected static and dynamic penetra-
tion resistance (Chow et al., 2016), (a) Tip resistance and (b) 
Friction sleeve resistance 

 

The form of rate correction may be expressed (us-

ing a power law) as  

(1) 

where Q is a relevant measurement, such as tip re-
sistance,  is the shear strain rate and Rf the rate cor-
rection. In absolute terms, the operational shear strain 
rates affecting the tip resistance have been shown to 
be of the same order of magnitude as the ratio of pen-
etration velocity, v, to the device diameter, D, hence  

 

 

Figure  8a Comparison of uncorrected static and dynamic pene-
tration resistance (Chow et al., 2016): Static and rate-corrected 
dynamic tip resistance 

 

 

 

Figure 8b Comparison of uncorrected static and dynamic pene-
tration resistance (Chow et al., 2016): Tip (upper) and shaft 
(lower) rate correction 

 

allowing the substitution in the final form of the equa-
tion. While the relevant shear strain rates around the 
shaft are more than an order of magnitude greater than 
v/D (Einav and Randolph, 2006), the strain rates rel-
ative to those at the reference (i.e. static) penetration 
rate would be expected to be in the same ratio for tip 
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and shaft. However, it is clear from the data that a 
much greater correction for rate effects is necessary 
for the shaft friction than for the tip resistance. Figure 
8 illustrates this, showing corrected profiles of tip re-
sistance (obtained using β = 0.85), and ranges of rate 
correction factors required to match ‘static’ values for 
tip and shaft. The range of β values is 0.035 to 0.085 
for the tip resistance, but 0.18 to 0.24 for the sleeve 
friction. Reasons for this difference are yet to be de-
termined and indeed are an area of active research, 
with application not only to the interpretation of free-
fall penetrometer data, but also for accurate predic-
tion of embedment depths (and hence capacity) for 
gravity-installed offshore anchors such as torpedo an-
chors or Delmar’s OmniMax anchor. 

An exciting new development in free-fall technol-
ogy is the idea of combining dynamic penetration in 
the upper seabed sediments, with a static cone pene-
tration to greater depth. The concept was pioneered 
by TDI-Brooks with their CPT Stinger (see Figure 
9a), with similar equipment now available in the form 
of Fugro’s SeaDart. The operating sequence for these 
devices comprises: 
a) Lowering through the water until the penetrome-

ter tip is in the vicinity of the seabed, with the 
cone in ‘retracted’ position, protruding 1 m or so 
beyond the barrel of the instrument. 

b) Triggering of the release mechanism using a Kul-
lenberg sensor weight, just as for a free-fall piston 
sampler. 

c) Dynamic penetration into the seabed, acquiring 
relevant data (accelerometer, inclination, and all 
usual CPT data) at high sampling rates. 

d) Static penetration of the cone to the limit of the 
hydraulic jacking system contained within the 
barrel. 

e) Retrieval back to deck. 

Figure 9a CPT Stinger developed by TDI-Brooks (Young et al., 

2011): Concept and actual field device 

The combination of both dynamic and static cone 
penetration allows calibration of the dynamic rate ef-
fects. Using two different configurations, with short 
and long barrels or alternatively by varying the instru-
ment weight to achieve different dynamic penetra-
tions, it is possible to achieve overlap of the dynamic 

and static zones, as illustrated in Figure 9b. In soft 
clays, overall penetration depths of up to 50 m are 
achievable. 

 

Figure 9b. CPT Stinger developed by TDI-Brooks (Young et al., 

2011): Example data showing overlaps for calibration 

4 EVALUATING CONSOLIDATION 
PROPETIES 

The consolidation properties of seabed sediments 
have an important influence in design calculations 
and yet are extremely difficult to quantify accurately. 
Typically field and laboratory data may span two or 
three orders of magnitude, with laboratory oedometer 
tests generally giving values that are significantly 
higher than those from field dissipation testing. In 
many stratigraphies, though, natural layering of sedi-
ments compounds the degree of scatter.  

The coefficient of consolidation is not an intrinsic 
soil property but proportional to the product of appro-
priate values of stiffness (associated with either re-
loading or normal compression) and permeability 
(vertical, horizontal or a combination). Although it 
has become customary to use nomenclature cv for 
consolidation coefficients from laboratory oedometer 
testing and ch for those from field dissipation tests, the 
subscript ‘h’ for the latter should not be associated 
with purely horizontal drainage. Recent numerical 
studies have demonstrated that, even for isotropic 
permeability, ch from a piezocone dissipation test is 

(a) 

(b) 
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some 3 to 5 times an equivalent cv from oedometric 
normal compression. 

 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 10. Model dual filter piezoball and comparative dissipa-
tion curves from piezocone and piezoball (a) model scale piezo-
ball and b) normalised dissipation curves 
 

 

Figure 11. Numerical modelling of piezocone dissipation re-
sponses (Mahmoodzadeh et al., 2014), (a) Paths in e-p' space 
during consolidation (b) Effect of / ratio (isotropic permeabil-
ity). 
 

Recent numerical and experimental research on pi-
ezocone and piezoball have provided a framework to 
link cv and ch, separating out the effects of differences  
in (a) stiffness, and (b) operational permeability, be-
tween field dissipation tests and oedometric response 
for normally or lightly over-consolidated clays 
(Mahmoodzadeh and Randolph, 2014; Mahmoodza-
deh et al. 2014). Modern ball penetrometers accom-
modate two different locations for pore pressure 
measurement, one (equator) at the largest horizontal 
cross-section of the ball and the other (mid-face) mid-
way between the equator and the tip. At model scale, 
full annular filters are used (Figure 10a, Colreavy et 
al., 2016a), while at field scale button filters are used 
(Colreavy et al., 2016b). Interestingly, as shown in 
Figure 10b, both normalized and absolute dissipation 
times for the mid-face piezoball position are shorter 
than for the piezocone.  

Figures 11 and 12 show results from finite element 
modelling, using a Modified Cam Clay soil model 
based on kaolin properties (Mahmoodzadeh et al., 
2014). The paths followed in void ratio-mean effec-
tive stress space during dissipation are much closer to 
reloading () gradients than normally consolidated 
() gradients. Artificially varying input values of  
and  allowed synthesis of the dissipation curves (for 
isotropic permeability) by using a stiffness based on 
a weighted geometric mean of 0.750.25. This allows 
the dissipation coefficient of consolidation to be ex-
pressed as: 
 

where  quantifies the operational permeability as a 
ratio of the vertical permeability. For the piezocone, 
the best synthesis of analyses with different kh/kv ra-
tios was for a 2:1 weighting between horizontal (kh) 
and vertical (kv) permeabilities (Figure 12). For the 
mid-face piezoball, the corresponding weighting is 
1:1 (so  = (kh/kv + 1)/2). 

 

Figure 12a. Effect of permeability anisotropy on piezocone dis-

sipation: Experimental and LDFE raw data 
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Figure 12b. Effect of permeability anisotropy on piezocone dis-

sipation: Normalised responses 

 

 

 

 

 

 

 

 

 
Figure 13. Generalised relationships for piezocone and piezoball 
dissipation responses (Mahmoodzadeh et al., 2015), (a) LDFE 
and fitted dissipation curves, (b) Relationships 

 

Values of normalised times for a given degree of dis-
sipation from piezocone tests have been found to be 
proportional to the square root of the rigidity index Ir 
(Teh and Houlsby, 1991). For the piezoball, it recom-
mended to normalise dissipation times by the geomet-
ric mean of shaft (dshaft) and ball (Dball) diameters, 
with the dependency on the rigidity index reduced to 
the power of 1/4. Figure 13 shows normalised dissi-
pation responses for piezocone and piezoball dissipa-
tion, together with the relevant relationships. For typ-
ical cone and ball diameters of 36 mm and 60 mm 
respectively, and assuming a 20 mm diameter shaft in 

the vicinity of the ball attachment, absolute 50 % dis-
sipation times t50 for the piezoball mid-face position 
is approximately half that for the piezocone 
(Mahmoodzadeh et al., 2015).  

4.1  Effects of partial consolidation 

In intermediate ‘silty’ sediments, for example the cal-
careous silts encountered offshore Australia, field 
penetrometer tests may occur under partially consoli-
dated conditions, resulting increased penetration re-
sistance and reduced excess pore pressures compared 
with fully undrained penetration. By contrast, opera-
tional response such as spudcan penetration or envi-
ronmental loading transmitted to an anchor will gen-
erally be fully undrained. Such differences need to be 
taken into account in design calculations, as also do 
potential differences due to rate effects (Erbrich, 
2005). 

A first priority is assessment of the coefficient of 
consolidation, in order to evaluate whether a pene-
trometer test occurs under drained (vD/ch < 0.1), un-
drained (vD/ch > 10) or partially drained conditions. 
Dissipation tests are an obvious solution, although 
care is needed since partial drainage during penetra-
tion may alter the form of the dissipation response, 
potentially increasing T50 times (DeJong and Ran-
dolph, 2012). To explore the effect of cone penetra-
tion under partially consolidated conditions, centri-
fuge model tests were carried out in kaolin at different 
penetration rates, hence gradually reducing vD/ch val-
ues (Colreavy et al., 2016a). The dissipation re-
sponses are shown in Figure 14. The maximum ex-
cess pore pressures reduce with decreasing 
penetration rate, with a gradually increasing delay in 
the time at which the maximum pore pressure is 
reached. When normalised by an extrapolated excess 
pore pressure corresponding to zero time (using a root 
time plot), the normalised decay curves shows a sim-
ilar pattern. For values of vD/ch greater than about 1 
(which corresponds approximately to a penetration 
rate mid-way between undrained and drained condi-
tions) there is no appreciable effect on the time scale 
of pore pressure dissipation, e.g. in respect of T*

50 
values. However, for slower penetration rates the T*

50 
values increase significantly, eventually by a factor 
between 2 and 3. 

Once the likely degree of partial consolidation has 
been established, it is useful to be able to adjust the 
cone resistance to a corresponding ‘undrained’ value 
from which to deduce an undrained shear strength for 
design. In addition to the effects of partial consolida-
tion, the cone resistance will also be affected by pen-
etration rate due to viscous effects. Figure 15 shows 
theoretical curves that combine the effects of partial 
consolidation (first part of the relationship shown) 
and strain rate effects (second part of the relationship 
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– also shown as the dashed curves). The strain rate 
effect has been modelled using a Herschel-Bulkley 
approach, with tref representing a reference time; al-
ternatively, a reference velocity vref may be used, for 
example representing the velocity for which penetra-
tion of one diameter occurs in time tref. The curves are 
for qdrained/qu,ref = 4, V'50 = 1, c = 1.2,  = 0.5 and  = 
0.12. The lowest two curves might represent those 
relevant for a standard piezocone (or piezoball) test in 
a soft clay with ch ~ 3 to 30 m2/yr. Interestingly, for 
ch of 3000 m2yr or higher, the minimum penetration 
resistance remains above the notional reference un-
drained value. 

Figure 14. Effect of permeability anisotropy on piezocone dissi-
pation (a) Experimental and LDFE raw data and (b) Normalised 
responses 

Figure 15. Modelling combined effects on penetration resistance 
of partial consolidation and strain rate effects 

 

5 NOVEL TOOLS FOR QUANTIFYING PIPE-

LINE-SOIL AXIAL FRICTION 

A current joint industry project (RIGSS JIP), based at 
the Centre for Offshore Foundation Systems at the 
University of Western Australia, and led by Professor 
David White, is developing novel tools for exploring 
the near-surface properties of seabed sediments. A 
primary focus has been to improve methods to quan-
tify the time-dependency of pipeline-soil interface 
friction. Consolidation of the soil immediately be-
neath a pipeline can change the interface friction by a 
factor of 3 or more, and that can have significant re-
percussions for design against lateral buckling and 
pipeline walking (Carr et al., 2003). As noted by Ran-
dolph et al. (2012), monotonic axial displacement of 
a pipe partially embedded in the seabed at different 
rates leads to a similar S-shaped variation of re-
sistance from undrained (low friction) at high veloci-
ties to drained (high friction) at low velocities. 
Equally, if the pipe is displaced sufficiently far, for 
example in excess of 1 diameter, even relatively high 
velocities will eventually give rise to high friction as 
consolidation proceeds. 

Cycles of forward and backward motion of the 
pipe, especially with intervening periods for consoli-
dation such as would occur during normal operating 
conditions, will show similar trends of gradually in-
creasing interface friction (Figure 16, after Smith and 
White, 2014). Novel torsional penetrometers are be-
ing developed as part of the RIGSS JIP in order to 
quantify time dependent pipe-soil axial friction. The 
penetrometers (see Figure 17) allow assessment of the 
shallow seabed strength during penetration, and then 
monotonic and cyclic torsional tests conducted under 
constant vertical load provide data on interface fric-
tion. Devices in the shape of a toroid or hemi-ball 
have been fabricated, aimed at testing either in box-
cores, or directly on the seabed. Data from torsional 
tests carried out in a simulated box-core are shown in 
Figure 18, together with predictive models that are 
under development as part of the JIP. 

Figure 16. Modelling combined effects on penetration resistance 
of partial consolidation and strain rate effects 
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Figure 17.  Box-core and seabed scales of toroidal and hemi-ball 
penetrometers (a) Toroidal penetrometer (top 2), (b) Hemi-ball 
penetrometer (bottom 2)  

6 CONCLUSIONS 

This paper has reviewed some of the recent develop-
ments in offshore site investigation equipment, with 
particular emphasis on seabed-based robotic drilling 
systems and free-fall samplers and penetrometers. 
Accurate characterisation of the very shallow seabed 
sediments is essential for design of pipelines and sub-
sea foundations and, in turn, that has led to modern 
lightweight units that can explore the upper 1 or 2 m 
of the seabed in a cost-effective manner. In an effort 
to improve understanding of factors that affect values 
of coefficient of consolidation, recent work has been 
summarised that relates values of ch deduced from 
field dissipation tests to cv values from laboratory oe-
dometer tests, separating out effects of stiffness and 
of potentially anisotropic permeability. Simplified 
dissipation responses are presented for piezocone and 
piezoball penetrometers and the effects of partial con-
solidation during penetration are discussed. Novel 
torsional penetrometers being developed under a cur-
rent joint industry project are introduced. 
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Figure 18. Torsional response of toroidal and hemi-ball pene-
trometers (courtesy RIGSS JIP): (a) Total stress interface fric-
tion response and (b) Effective stress interface friction 
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