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ABSTRACT: Increasing needs for energy resources have moved deep offshore developments and 
research efforts towards regions where high pressure and low temperature conditions allow gas and water 
to form Gas Hydrates (GH). However, owing to difficulties in sampling and preserving GH under in-situ 
stability conditions, GH-bearing sediments remain particularly challenging to characterise using conven-
tional laboratory methods. This paper presents the experience gained in the use acoustic and piezocone 
soundings in characterising gas-hydrate bearing clayey sediments offshore Nigeria. Acoustic measure-
ments of compressional wave velocity are shown to be an expedient means of both detecting and quanti-
fying GH in sediments. Piezocone data and their location in normalised soil classification charts highlight 
trends in response suggesting that GH-bearing clayey sediments are predominately contractive at large 
strains. The observed trend of increasing cone resistance combined with increasing pore pressure suggests 
that the sensitivity of GH-bearing sediments tend to increase with their stiffness and strength.

In certain cases, solid GH and free gas were 
observed to coexist due to the presence of free gas 
voids within the hydrates nodules; hence, result-
ing in a material with a spongy texture. The latter 
studies have also shown that piezocone sounding 
allows the detection of GH, based on simultane-
ous increases in cone tip resistance, sleeve friction 
and pore water pressure. However, as discussed by 
several authors, it is complicated to distinguish a 
GH rich layer from a heavily cemented clay one 
(Lunne et al., 1997).

The present work is built upon these find-
ings with the aim of understanding the effect of 
the concentration and distribution of GH on the 
mechanical behaviour of their host sediment. 
This mainly requires the detection, quantification 
and characterisation of GH, which was possible 
by correlating in situ- acoustic and geotechnical 
measurements. This investigation was carried out 
by comparing the similarities and the differences 
between a reference site without GH and three 
GH-bearing sites. Finally, different classification 
charts were used conjointly in order to highlight 
trends in mechanical response of GH-bearing 
clayey sediments.

2 TOOLS AND METHODS

2.1 In-situ measuring tools

In-situ measurements were carried out using the 
Penfeld seabed rig developed by Ifremer to ensure 

1 INTRODUCTION AND GEOLOGICAL 
SETTING

Gas hydrates (GH) are ice-like solid compounds 
formed of gas molecules, which are trapped within 
a crystalline structure of water molecules (Sloan, 
2003). Due to their wide geographical distribution 
and potential as a future energy resource but more-
over as a geotechnical hazard for various offshore 
operations, GH have stimulated significant indus-
trial and academic interests. They mainly occur in 
continental margins and polar permafrost layers 
(Kvenvolden, 1993). The presence of these metast-
able geo-compounds requires: (a) low temperature, 
(b) high pressure and (c) sufficient amount of gas 
with a concentration exceeding the solubility limit 
in water. Despite significant advances made to 
characterise the fabric and structure of GH bear-
ing sediments, considerable uncertainty remains 
regarding their mechanical behaviour and response 
to external forcing. This is particularly true for 
GH-bearing fine-grained sediments, which remain 
challenging to preserve or synthesise prior to labo-
ratory testing. Hence, in this work, their detection 
and characterisation has been inferred via in-situ 
acoustic and geotechnical measurements in the 
Gulf of Guinea.

The Gulf of Guinea is one area where dense 
accumulation of shallow GH has been confirmed 
based on various coring and geophysical data 
and  in-situ measurements (Sultan et  al., 2007 & 
2010).
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continuous penetration of a rod down to 30  m 
below seabed with a thrust of 40 kN at a stand-
ard rate of 2  cm/s (Sultan et  al., 2007). The rod 
can push two types of probes into the sediment 
to alternatively carry out piezocone or acoustic 
soundings. Pressure compensated sensors in the 
piezocone include two different load cells to meas-
ure the tip resistance and the sleeve friction along 
with a differential pore pressure sensor located 
immediately behind the cone (u2 position).

The ultrasonic fork allows carrying out acous-
tic soundings by measuring on the fly the velocity 
of compressional waves (Vp) up to 2200 m/s. This 
unique ‘direct-insertion’ device utilises pulse trans-
mission in which a compressional wave of 1-MHZ 
is produced at one branch of the fork and recorded 
at the opposite one located 7 cm apart. Four sites 
are presented in this paper (Table 1): one reference 
site (GMPFM06–01) and three GH-bearing sites 
(ERCPT02–05, GMPFV07–08 and ERCPT02–
08). GH were detected at all of these sites using 
direct (Sultan et al., 20007) and indirect methods 
(Wei et al., 2015).

2.2 Effective medium modelling

In this work, the effective medium model developed 
by Helgerud et al. (1999) has been used to estimate 
GH concentration in the sediment by relating 
the stiffness of the dry frame to porosity, miner-
alogy and effective stress (Figure  1). The model 
allows accounting for the effect of hydrate habit 
in the pore space by alternatively assuming that: a) 
hydrate alters only the pore fluid elastic properties; 
b) hydrate contributes stiffness to the sediment by 
becoming part of the load-bearing framework.

The use of Helgerud et al. (1999) model together 
with the in-situ Vp measurement leads to the detec-
tion and the quantification of an upper bound 
(Shmax) and a lower bound (Shmin) for gas hydrates 
and free gas contents in the sediment. Based on 
studies performed by Ghosh et al. (2010), only Shmin 
will be shown in this paper, since it is more reliable 
than Shmax.

The porosity along with the clay, calcite and 
quartz fractions required as input parameters 
to the model were determined from a sediment 
core representative of the study area. Following 
Helgerud et  al (1999), the elastic properties and 

densities used in this study for the different miner-
als are shown in Table 2.

3 RESULTS

The GMPFM06–01 and GMPFV07–01 are CPTu 
and Vp reference sites at which neither GH nor free 
gas were detected. These sites serving as a basis 
to compare with GH bearing sites are character-
ised by compressional velocities varying between 
1450 m/s and 1510 m/s and a linear increase with 
depth of the cone tip resistance, sleeve friction 
and pore water pressure. Figure  2  shows the Vp 
profiles at sites GMPFV07–05, GMPFV07–08 
and GMPFV03–03 and the CPTu results at sites 
ERCPT02–05, GMPFM06–10 and ERCPT02–
08. The presence of GH can clearly be observed 
by sudden increases in the Vp profiles combined 
with strong variations in qt, fs and Δu2. It is note-
worthy that in some cases GH-bearing sediments 
were too stiff  to allow piezocone penetration down 
to 30  m depth. This eventually leads to an early 
refusal as can be seen on Figure (2-a) and (2-b) for 
sites ERCPT02–05 and GMPFM06–10. At site 

Table 1. Investigated sites.

CPT site Depth (m) Nearby Vp site

GMPFM06-01 1140 GMPFV07-01
ERCPT02-05 1180 GMPFV07-05
GMPFM06-10 1141 GMPFV07-08
ERCPT02-08 1177 GMPFV03-03

Figure  1. Effective medium theory (Helgerud et  al., 
1999).

Table 2. Properties of sediment constituents (Helgerud 
et al., 1991).

Constituent

Bulk 
modulus
(GPa)

Shear 
modulus
(GPa)

Density 
(g/cm3)

Clay 20.9  6.85 2.58
Calcite 76.8 32.0 2.71
Quartz 36.6 45.0 2.65
GH  7.9  3.3 0.90
Methane Gas  0.10–0.12 0 0.23
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ERCPT02–05, an early refusal at around 4.2 mbsf 
is noticed for the Penfeld CPTu and at 8.5 mbsf for 
the Penfeld Vp. An increase in Vp can be observed 
at 4 mbsf where it was possible to calculate a value 
of 28% for Shmin. These observations correlates 
with high qt values up to 3000 kPa, which is nearly 
6 times higher than that of the reference site at the 
same depth. Further increases noticed in fs and Δu2 
that are also 5 to 6 times higher than that of the 
reference highlight the strong presence of GH.

The GMPFM06–10 profiles suggest that GH 
were met at around 5 mbsf with a Vp value rising 

up to 1700 m/s, where a value of 26% for Shmin was 
calculated.

For the ERCPT_02–08, simultaneous increase 
in qt, fs and Δu2 readings are observed at around 
7 mbsf. The qt profile suggests the presence of two 
distinct GH rich layers. In the first one extending 
from 7 mbsf to 11.5 mbsf, qt reaches values as high 
as 3153 kPa to 4913 kPa. The second one extends 
from 12.5 mbsf to 17.5 mbsf with qt values in the 
range of 1062 kPa to 2004 kPa. These observations 
correlate with strong variations in the Vp profile. 
It is to note that at this site, at 8.2 mbsf, 8.4 mbsf 

Figure  2. In-situ Vp and CPTu measurements at GH- bearing sites (black continuous lines) (a) GMPFV07–05-
and ERCPT02–05 (black continuous lines, (b) GMPFV07–08 and GMPFM06–10 and (c) GMPFV03–03 and 
ERCPT02–08-. Reference sites GMPFV07–01 and GMPFM_06–01 are shown as dashed grey lines and grey shaded 
areas respectively.
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and 8.6  mbsf, GH concentrations of 45%, 55% 
and 40% correlate with qt values as different as 
2946 kPa, 1285 kPa and 1483 kPa, respectively.

It is noteworthy that in situ acoustic measure-
ments can also be used to identify the presence of 
free gas that significantly decreases the compres-
sional wave velocity below 1500 m/s.

In order to further compare and highlight fea-
tures of GH-bearing clayey sediments during 
in-situ testing, piezocone data were plotted in 
different classification charts. Figure 3  shows the 
soil behaviour classification charts proposed by 
Schneider et al., (2008 and 2012). Overall, piezo-
cone data from GH-bearing sites (ERCPT02–
05, GMPFM06–10 and ERCPT02–08) can be 
clearly distinguished from that of reference site 
(GMPFM06–01) by showing a more pronounced 
trend of increasing Δu2 0v/ ′σ ′′  values with increas-
ing Qt values. Most of the data from GH-bearing 
sites plot in zone 1b of chart (a) indicating a clay 
behaviour. While thirty-one percent of these data 
fall in the region of Taranto cemented clays (after 
Jamiolkowski et  al., 1986), the rest tend to plot 
towards the region of ice lenses (after Fortier and 
Yu, 2012). Some points are scattered in zone 1a/3 
but none were detected in zone 2. This indicates 
that piezocone penetration occurred fully und-
rained in GH-bearing sediments. Based on the 
Qt-Rf chart (Figure 3-b), the majority of data plots 
in zone 1c for GH-bearing sites, which by compari-
son with the reference site suggests that the pres-
ence of GH tends to increase the sensitivity of the 
host sediment.

For site GMPFM06–10, some data plot in the 
drained sand mixtures zone (zone 2). On the other 
hand, some data from site ERCPT02-08 plot in 
zone 2 and even left of it with friction ratios (Fr) 
lower than 0.1% as reported by Fortier & Yu 
(2012) for ice lenses.

In order to investigate why some GH-bearing 
sediments from site GMPFM06-10 have different 
classification between the two charts, piezocone 
data have been plotted in charts updated by Rob-
ertson (2016) as bubbles whose size is proportional 
to the GH content (Figure 4). The majority of the 
piezocone data for the GH-bearing sites plot in 
the clay-like contractive (CC) and sensitive (CCS) 
regions on the Q utnQQ ′2 0v/σ ′′  chart (Figure 4) with 
one point in the transitional contractive region 
(TC). However, no points were observed in the 
sand-like dilative region (SD), which is in accord-
ance with chart (a) in Figure 3. On the other hand, 
for sites ERCPT02-05 and GMPFM06-10, the Qtn-
Fr chart (Figure  4) suggests a tendancy towards 
a dilative behaviour. This is not the case for the 
ERCPT02-08, where the behaviour was shown to 
be varying between sand-like contractive (SC) and 
transitional contractive (TC), with some points 
left of the classification zones owing to values of 
(Fr) lower than 0.1%. The low (Fr) values can be 
attributed to the fact that the friction heat caused 
by the penetration of the piezocone altered the sta-
bility conditions of GH and therefore led to their 
dissociation. This response can be ascribed to the 
low GH concentrations in sediment as shown in 
Figure 4. Such behaviour can be compared to that 

Figure 3. Reference site GMPFM06–01 (without GH), GH-bearing sites, Taranto cemented clays (after Jamiolkowski 
et al., 1986) and ice lenses (after Fortier & Yu, 2012) data plotted in: (a) Qt-Δu2 chart (Schneider et al., 2008) and (b) 
Q – Rf chart (Schneider et al., 2012).
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of ice lenses discussed by Fortier & Yu (2012) in 
terms of low Fr values.

4 DISCUSSION

In this work, it was possible to detect the presence 
of GH based on in-situ geotechnical and acous-
tic measurements. The presence of GH was con-
firmed whenever positive velocity anomalies were 
accompanied by a simultaneous increase in all of 
the CPTu parameters. Using an effective medium 
model, the concentration of GH could have been 
derived from Vp measurements and found to vary 
from 0.3% to 28%.

Based on soil classification charts using normal-
ized piezocone tip resistance and pore pressure 
parameters (Figures, 3a and 4a), GH-bearing sedi-
ments show a contractive behaviour. This finding 
contrasts with results from triaxial tests suggesting 
that the presence of GH in sandy sediment tends to 
enhance dilation by filling the pore space (Hyodo 
et al., 2013). Triaxial test results have also shown 
that the stiffness and strength of GH-bearing sands 
tend to increase with GH saturation. By contrast, 
while in the present study the highest value of Qtn 
and Δu2 0v/ �σ ��  correlates with the highest estimated 
GH concentration (N in Figure 4), the rest of the 
normalised piezocone data does not bear a propor-
tional relationship with hydrate content.

There is however a general trend of increasing Qtn 
values with increasing Δu2 0v/ ′σ ′′  values (Figures 3a 
and 4a) which can be taken to indicate that the 
sensitivity of GH-bearing clayey sediments tend to 
increase with their stiffness and strength. Robertson 
(2016) suggested that such a trend might reflect the 
gradual influence of increasing microstructure of 
in-situ soils. Alternatively, piezocone data can be 
here discussed with reference to the variety of GH 
morphologies observed in clayey sediments. Based 
on visual observations reported by Sultan et  al. 
(2010) from a core collected nearby ERCPT0205, 
these morphologies vary from millimetre thick veins 
to pebble-sized nodules. Correlation of these obser-
vations with piezocone data reveals that sediment 
intervals containing groups of hydrate veins consist-
ently plot in the contractive region of the different 
classification charts as observed by Schneider et al. 
(2012) and Robertson (2016) for Taranto and Cop-
per Marl calcareous cemented clays (Figures 3a, 4a). 
On the other end of the spectrum, the behaviour of 
a sediment interval containing a hydrate nodule (N 
in Figure 4) plots in the contractive region of the 
Qtn- Δu2 0v/ �σ ��  chart and the dilative region of the 
Qtn-Fr chart. Given the size of this nodule is larger 
than the diameter of the piezocone, such a differ-
ence can hardly be explained by strong bonding 
between hydrate and sediment particles as noted 
for heavily cemented soils by Robertson (2016). 
It  is considered more likely that the difference in 

Figure 4. Reference site GMPFM06–01 (without GH), GH content (Shmin) shown as bubble plots and calcareous 
cemented clay (after Robertson, 2016) data plotted in: (a) Updated Schneider CPTu chart (b) Updated SBTn chart 
(Robertson, 2016).
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classification between charts relates predominantly 
to the microstructure of the hydrate nodule itself. 
Should this suspicion be confirmed by experimental 
studies, identification of similarities and differences 
between charts may prove to be helpful in distin-
guishing sediment containing hydrate veins from 
those containing nodules.

5 CONCLUSION

The main objective of this work was to detect GH-
bearing sediments using acoustic and piezocone 
sounding before determining trends in mechani-
cal behaviour as a function of GH concentration. 
Analysis of compressional wave velocities (Vp), 
CPTu readings and classification charts have 
shown the following:

 Positive Vp anomalies accompanied by simulta-
neous increase in CPTu readings are indicative 
of the presence GH.

 The piezocone penetration occurred fully und-
rained in GH-bearing clayey sediments.

 Unlike GH-bearing sandy sediments, GH-bear-
ing clayey sediments are generally characterised 
by a contractive behaviour.

 The identification of a general trend of increas-
ing cone piezocone resistance combined with 
increasing pore pressure suggests that the sen-
sitivity of GH-bearing clayey sediments tend to 
increase with their stiffness and strength.

 Results have shown that there is not a unique 
trend between the piezocone resistance and GH 
content, suggesting that probably the morphol-
ogy of GH has a significant effect on the overall 
mechanical properties of the host sediment.

 Identification of similarities and differences 
between charts was proposed as a means of 
distinguishing the presence of different GH 
morphologies.

 Sediment intervals containing groups of hydrate 
veins tend to consistently plot in the contrac-
tive region of different normalised classification 
charts.

 Stiffer, stronger and more sensitive sediments 
containing GH nodules appear to be differently 
classified as contractive or dilative depending on 
the chart.

 Further investigations supported by experimen-
tal data would be helpful in substantiating the 
influence of various forms and amount of GH 
on trends in piezocone response.
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