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Strength measurement of deep water NC cohesive sediments 

La mesure de la resistance des sediments cohesifs NC en eau profonde

G. P.Vassallo & E. J. Parker -  D ’Appoionia S.p.A., Genova, Italy 

A. Pratico -A g ip  S.p.A., S. Donato M ilanese (Ml), Italy

ABSTRACT: Assessment of in-situ shear strength of normally consolidated deep-water cohesive sediments poses special problems, 

primarily because samples are soft and disturbance due to stress relief upon sampling can alter soil structure and strength characteristics. 
Different testing techniques, both in-situ and in the laboratory, were employed for the definition of the design strength profile for a deep- 
water, normally-consolidated site offshore Italy. The results of the different tests were compared and showed good agreement between 
Down Hole Vane and CIU tests, indicating that the latter are less likely to be affected by sample disturbance. Conventional UU tests and 
high pressure UU tests provided less reliable data, due to sample disturbance effects.

RESUME: devaluation de la resistance au cisaillement des sediments cohesifs normal-consolides en eau profonde pose des problemes 
particuliers, surtout parce que les echantillons sont extremement faibles et le rem aniem ent du a la relaxation des contraintes apres le 
prelevement peut alterer la structure du sol et les caracteristiques de resistance. Differentes methodes de mesure de la resistance, soit in

situ que au laboratoire, ont ete utilisees pour la definition de la valeur de resistance de projet pour un site normal-consolide en eau 
profonde offshore Italie. Les resultats des differentes essais ont ete compares et ont montre une bonne correspondance entre les essais 
scissometriques in-situ et les essais consolides non draines; cette coiTespondance indique que les essais triaxiaux consolides non draines 
sont moins affectes par le remaniement des echantillons. Les essais non consolides non draines typiques et les essais non consolides non 
draines a haute pression ont donne des resultats moins fiables a cause des effets du au remaniement des echantillons.

1 INTRODUCTION

Deep water sites present unusual problems for offshore 
geotechnical investigations. In addition to the physical difficulty 
of recovering samples from great depth, sample disturbance is 
increased due to stress relief effects. This can make results of 
conventional laboratory testing questionable. As an example, this 
paper discusses a geotechnical investigation at a site offshore Italy 
in 800 m water depth, and describes how these problems were 
overcome to develop reliable design strength parameters. Soils at 
the site were normally consolidated plastic clays. The 
investigation included piezo-cone penetration tests (PCPT), 
downhole vane tests (DHV), and "undisturbed" push sampling 
with standard 72 mm diameter Shelby tubes. An extensive 
onboard laboratory testing program of UU and index testing was 
followed by onshore CIUs performed according a modified 
SHANSEP procedure.

The results of this work were interesting. Traditionally 
offshore engineering places strong emphasis on UU testing in 
cohesive profiles. At this deep water site, however, the UU 
results were adversely affected by sample disturbance, and gave 
low estimates of undrained strength. Good correspondence was 
found between the in-situ DHV tests and SHANSEP CIU results. 
This data, confirmed by the PCPT, was used to develop design 
strength parameters.

2 INVESTIGATION

Agip S.p.A., the major italian oil company, plans to install a 
floating production system at a deep water site in the southern 
Adriatic (Figure 1). The system comprises a modified tanker held 
in position by eight anchors. Restraint at the sea floor will be by 

either conventional drag anchors, driven anchor piles, or suction 
skirt piles. This structure, when complete, will be the deepest 
single point mooring to date in the world.

The soil investigation comprised 8 borings to 30 m penetration 
on the 2700 m radius anchor pattern. Boring locations were 
chosen to correspond roughly to the proposed anchor locations.

An alternating series of PCPT, DHV and push sampling was 
performed in each boring, using the Fugro-McClelland Dolphin 
system. The self contained tool is released into the drill string and 
allowed to free fall for the length of the drill pipes. When the tool 
reaches the bit it seals into a special bottom hole assembly. The 
PCPT and push samplers are thrust into the soil using mud 
pressure from the surface, while the DHV is powered by a self 
contained battery pack. After testing/sampling the tool is 
recovered using a wireline overshot, and test results are read out 
of the solid state memory into a PC on deck. The more common 
umbilical systems, where the tool is directly connected with the

615



drill floor by a communications/power/hydraulic cable, could not 
be used due to water depth.

Soils at the site were olive grey normally consolidated silty 
clays. In the upper portion of the profile, to about 8 m below the 

mudline, the soils were classified as CH (USCS system), and 
become CL/CH below that level. As is typical, water content 
decreased, while shear strength and bulk density increased with 

depth. The undrained shear strength (Su) of the soil increased 
from very soft at the mudline to stiff at a penetration of 30 m.

3 IN-SITU TESTS AND LABORATORY PROGRAM

Given the anticipated sample disturbance problems, the field 
investigation and the laboratory testing program were carefully 
planned. Sample disturbance is the result of small strains and 
deformations of the soil, which reduce the strength of the 
specimen. Such deformations occur during the insertion of the 
sample tube, and during recovery, extrusion and handling of the 
sample. Soft samples are particularly at risk, as they are difficult 
to manipulate. For deep water sites, additional disturbance is 
expected due to the large change in total stress, from the in-situ 
pressures, in excess of several thousand kPa, to the atmospheric 
pressure of 100 kPa.

In-situ tests (PCPT and DHV) are particularly valuable as they 
are not affected by sample disturbance; on the other hand, they 
supply only indirect measures of strength which must then be 
correlated to Su. Laboratory tests provide a direct measure of Su, 
but suffer from sample disturbance. In order to minimize sample 
handling and disturbance during transportation, UU triaxial tests 
were performed onboard immediately after sample recovery.

The apparent strength measured in vane shear is significantly 
higher than the true undrained shear strength, due to stress 
conditions during testing and soil anisotropy. The difference 
between vane shear measurements and undrained shear strength 
has been investigated by Azzouz et al. (1983). This research 
compared vane shear measurements to actual Su determined from 
back analysis of embankment failures. The correlation factors 
were found to be a function of the soil plasticity index, 
consistently with the earlier work of Bjerrum (1972). Based on 
the Azzouz research, corrections factors of 0.76 and 0.86 were 
adopted for the two soil units identified at the site.

The onshore laboratory program comprised consolidation 
testing, to establish the OCR profile, and modified SHANSEP 
(Stress History and Normalized Soil Engineering Properties) CIU 
testing. For these tests, specimens were isotropically 
consolidated to approximately 2.5 times the maximum past 
pressure and tested to failure in undrained shear. Consolidation 
of the sample well into the virgin compression range is intended 
to reduce the effects of sample disturbance (Ladd et al., 1977).

In the original SHANSEP procedure Anisotropic Testing 
(CAU) and effects of stress history are investigated by artificially 

overconsolidating samples in the laboratory. For this case CIU 
testing was performed and effects of stress anisotropy were 
considered empirically. Testing was simplified as the soils were 
normally consolidated and the results of testing in the virgin 
compression range could be directly applied.

The laboratory test program was completed by a series of high 
pressure UU tests performed at confining pressures equal to the 

in-situ total stress (about 8000 to 9000 kPa).

4 INTERPRETATION OF RESULTS

Figure 2 shows measurements of undrained shear strength (Su) by 
the different methods for the eight borings. The stratigraphy was 
quite uniform across the site, allowing this grouping by depth to 
be a reasonable means of comparison. From the inspection of 
Figure 2 two things can be pointed out:

1. shear strength measurements show significant scatter, with 
Su varying by a factor of 2 at 30 m;

2. UU data tends to be on the lower side of the envelope, 
while the DHV measurements (corrected according to Azzouz 
et al., 1983) are generally higher.

UNDRAINED SHEAR STRENGTH ( kP a )

Strength Ratio (c/p)

Strength Ratio (c/p)

Figure 3. Histograms of measured strength ratio

Figure 3 shows the apparent bias of the UU data with reference to 
the DHV test results. Histograms of measured shear strength 

ratios (Su/av' or, more commonly, c/p) are given for DHV and 
UU tests. As the soil characteristics were quite uniform through 
the profile, and the soils appear to be normally consolidated, a 
reasonably constant value of strength ratio would be expected for 

the site. Clearly, the UU tests indicate lower in-situ strength than 

the DHV.
The design of the mooring system is sensitive to the undrained 

shear strength profile. As this aspect is critical to both the
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Figure 5. Comparison ofDHV and CIU test results

performance and cost of the structure a better definition of Su 
than just a "conservative lower bound" was required. The 
laboratory testing program was targeted to develop a reasonable 
shear strength profile, and to interpret the scatter seen in results.

4.1 Stress history

The first step in understanding soil behavior was to define the 
stress history at the site. Geologically the site has been quite 
stable during the Holocene and Pleistocene. Given the great 
water depth, the area has been unaffected by eustatic variations in 
sea level, hence has not been exposed to subaerial erosion/ 
deposition/desiccation processes. A reasonably constant low 
sediment supply has been available from the Italian and Ex- 
Yugoslavian coasts. Based on this interpretation, the site was 
expected to be normally consolidated. This conclusion was 
confirmed by consolidation testing, as shown in Figure 4. 
Standard oedometer tests were performed on samples from 
various depths. Results were interpreted by both the traditional 
Casagrande method and the Sridharan et al. (1991) log-log 
system. As is common with very soft sediments, often no clear 
yield point was observed in the curves of void ratio versus log 
effective stress, and a range of maximum past pressures is 
indicated.

4.2 CIU testing

As discussed above, one point CIU tests were also performed. 
Samples were isotropically consolidated into the virgin 
compression range and sheared in undrained conditions. The 
reconsolidation process should reduce the effects of sample 
disturbance, although some question remains if destruction of 
structure and/or cementation outweigh these benefits. Given the 
low sensitivity (about 1.5 to 2) of the soils at the site, the method 
was deemed acceptable.

A major shortcoming of the CIU test is the initial isotropic 
stress state, which is difficult to relate to the anisotropic 
conditions existing in-situ. This is, however, a practical limitation 
of most commercial laboratories. To apply the CIU data, the 
effects of stress anisotropy must be addressed. Three methods 
were used:

1. Mayne (1985);

2. Wroth (1984) Cam-Clay;
3. Sivakugan (1988).

Mayne compared CIU and anisotropically consolidated test 
results available in the literature; an average strength reduction of

0.87 was seen between isotropic and anisotropic consolidation. 
Based on the Cam-Clay model, Wroth evaluated the difference 
between shear strength measured using isotropic and anisotropic 
stress conditions. For soils of this friction angle the reduction 
predicted by Cam-Clay is 0.86, in good agreement with the 
empirical work of Mayne. There are a number of assumptions in 
the Cam-Clay model which are not satisfied in field conditions, 
particularly the samples are not remolded and show 
structure/cementation effects. However, this approach still 
provides a basis for comparison. The third method considered, 
Sivakugan (1988), uses measurements of Skempton's A 
parameter at failure and the secant friction angle measured in a 
one point CIU to predict the change in strength due to anisotropic 
conditions. Of the three methods, the Mayne approach was found 
to be most credible for these soil conditions.

The factored CIU shear strengths were used to compute 
normally consolidated strength ratios (c/p) for the samples, which 
were in turn used to estimate in-situ shear strength. Figure 5 
compares the CIU to DHV results. The agreement between the 
two methods is good.

4.3 High pressure UU

Several UU tests were conducted at the in-situ total c o n fin in g  

stress, on the order of 8000 to 9000 kPa. Results of these tests, 
seen in Figure 2, were inconclusive. In some cases the measured 
strength was significantly higher than from conventional tests, but 

in others the strengths measured were similar. Effects of sample 
ageing, packaging and transportation appear to obscure any 
beneficial influence of higher c o n fin in g  pressure. Conducting 

these tests onboard, immediately after sample recovery, might 
improve results.

4.4 Evaluation o f  PCPT data

Cone resistance was very low at the site, due to low soil strength. 
Measurements in the upper layers were on the order of the 
sensitivity of the device. For this reason, PCPT data were not 
directly applied for design; however they were found to support 
conclusions regarding disturbance of UU samples. Figure 6 
compares cone resistance qc and shear strength Su as measured by 
UU and DHV. As seen, the DHV results correlate well with the 
PCPT considering a cone factor Nk of about 18 which is quite 
reasonable for soft plastic clays. Comparison of UU strength data 
and qc would indicate an Nk of 25, which is considered high for 
these soils.
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Figure 6. Comparison of PCPT to DHV and UU test results

These results represent a step towards the definition of effective 
in-situ and laboratory testing programs for deep water sites.
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5 CONCLUSIONS

A deep water geotechnical investigation, carried out off the coast 
of Southern Italy, and the subsequent laboratory test program, 
targeted at overcoming sample disturbance, offered an excellent 
opportunity to compare different testing techniques. The results 
of this work can be summarized as follows:

1. Deep water, normally consolidated cohesive sediments are 
susceptible to sample disturbance.

2. For the case discussed here, the most reliable shear strength 
data was provided by the down hole vane test, corrected as 
recommended by Azzouz et al. (1983).
3. Good results were obtained using CIU tests on samples 
consolidated to approximately 2.5 times the maximum past 
pressure to establish the strength ratio (c/p), which was then 
adjusted for effects of stress anisotropy according to Mayne 
(1985).

4. UU triaxial data, the traditional basis of offshore design, 
was low at this location due to sample disturbance. This is 
probably endemic to deep water sites.

5. PCPT data can provide a valuable support in the definition 
of the soil strength, even though the interpretation can be 
adversely affected by the extremely low resistance of surficial, 
normally consolidated sediments.

6. Special high confining pressure UU tests performed onshore 
did not offer any clear advantage in assessing the undrained 
shear strength of the soil. Performing these tests onboard, 
immediately after sample recovery could improve results.
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