
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


XIII ICSM FE, 1S94. New Delhi, India /  XIII C IM STF, 1994, New Delhi, Inde s L j i i

u

LABORATORY TESTING FOR OFFSHORE STRUCTURES 

ESSAIS EN LABORATOIRE POUR DIMENSIONNEMENT OFFSHORE

Tom Lunne Trond By Suzanne Lacasse

The Norwegian Geotechnical Institute 
Oslo, Norway

SYNOPSIS: Laboratory testing is a very important part o f  offshore soil investigations. For large important projects with tight time schedule, special tests 

in the offshore laboratory should be considered. Offshore laboratory testing is also important for a continuous evaluation o f  sample disturbance and for 

assessing stress history and in situ stresses o f the soil in situ. This is essential input for the more advanced onshore laboratory testing, including cyclic 

loading.

The well-known fact that UU tests may be misleading for determination of in situ undrained shear strength is again documented. It is shown that consolidating 

back to in situ stresses is the preferred approach. Laboratory tests should as much as possible simulate the stress changes for the in situ situation, even for 

pile design. However, UU tests are still used for pile design, due to the large empirical database on which the API guidelines are based.

Gas in the porewater significantly influence the results o f laboratory tests even if it is not in free form in situ. Recommendations are given for how soil 

containing gas should be handled and tested to achieve as representative results as possible.

INTRODUCTION

Laboratory testing is a very important part o f offshore site investigations. 

Based on previous knowledge about the site and the structure considered, the 

number and types o f tests in the offshore and onshore laboratories should 

be considered during the early stage o f the planning for the investigation, 

since this may deteniiine the number o f boreholes required.

During the field work, sample quality should continuously be evaluated and 

a reasonable amount o f soil material should be used in the offshore 

laboratory. Samples for onshore testing should be sealed and handled 

carefully during shipment to the land based laboratory.

For advanced onshore laboratory testing, with static and cyclic tests, it is 

particularly important that the in situ stresses are reliably assessed for 

designing the consolidation phase. Samples that are suspected to contain gas 

should be treated with special care. The test programme should establish the 

required tests with representative consolidation and shearing stress paths. 

Different test types and stress paths need to be considered for different 

structures and load situations. The paper discusses examples from the North 

Sea.

O FFSH O R E LABORATORY TESTIN G

The extent o f laboratory testing offshore should be decided at an early stage. 

It is normal practice to carry out a limited range o f routine tests in the 

onboard laboratory (e.g. Andresen et al., 1979). These include sample 

description, water content, total unit weight, and index shear strength by 

pocket penetrometer, fall cone, torvane and in some cases unconfined 

compression tests. A range of more advanced laboratory tests are also run 

offshore in some cases (e.g. Amundsen et a l., 1985):

X-ray o f samples

Consolidated Anisotropically Undrained, CAU, triaxial tests 

Direct Simple Shear, DSS, tests 

Constant Rate o f Strain, CRSC, oedometer tests 

Gm  measurements with bender element

The main arguments for doing these special tests offshore are: a) continuous 

evaluation o f  sample disturbance. It may be possible to improve sample 

quality by modifying rate o f drilling, mud pressure during drilling, and/or 

sampling equipment, b) to assess in situ stresses and stress history before 

starting the more advanced onshore laboratory testing program, c) to speed 

up laboratory testing and reporting including having a report available at the 

end of the field work, d) to test samples a short time after retrieval as the 

time elapsed between sampling and laboratory testing may influence the test 

results.

EFFEC TS O F  SAM PLE DISTURBANCE

The stress changes that occur when a tube sample is retrieved have three 

components:

(i) Shear strains are imposed on a sample as the tube is pushed or 

driven into the ground.

(ii) The total boundary stresses are reduced due to sampling and gradual 

equalization o f  pore water pressure within the sample.

(iii) Other stress changes occur as a result o f  mechanical disturbance, 

both when taking the sample, during transport and when extruding 

it in the laboratory.

The strains caused by tube sampling were studied by Hight (1992). He 

concluded that clay plasticity, stress history and the geometry o f the sampler 

have the largest influence.

NGI has at times used pressurized canisters to minimize the time the sample 

is under zero total stresses. This is especially important in gassy soils where 

expansion o f the gas may cause serious sample disturbance.

Stress changes which occur as a result o f mechanical disturbance can in most 

cases be minimized by using the right equipment and careful handling. For 

instance, the introduction o f the "hard tie* (Amundsen et al., 1985) system 

to better control the drill string penetration and compensate for tidal
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variation improved the sample quality significantly. Figure 1 compares , , 

oedometer test results on samples taken with and without the "hard tie" 

system.

P'o

Effective axial stress, kN/m2

Fig. 1 Example on improved sample quality by use o f "hard-tie"

system during drilling.

Various methods have been proposed to assess the likely level o f disturbance 

to samples. Visual inspection o f extruded samples and radiography (Lacasse 

et al., 1984) o f soil in sampling tubes on board the drilling ship are rapid 

methods to check the quality and homogeneity o f samples. However, 

disturbance not observable upon visual inspection may still be significant. 

Measurement o f strains during reconsolidation to in situ stresses is a more 

quantifiable method. Table 1 below shows a classification system used at 

NGI:

Table 1 Classification o f sample disturbance according to

volumetric strain £, at p0’ in CAU triaxial tests. 

(OCR =  overconsolidation ratio).

Range

of

OCR

Depth

interval

m

Very good 

test if 

£v <

%

Acceptable 

test if

<  £v <

%

Likely to 

be very 

disturbed if

e. >

%

1- 1.2 0 -10 3 3 .0 - 5 .0 5

10-50 2 2.0 - 4.0 4

1 .2 - 1 .5 0 -10 2 .0 2.0 - 4.0 4

10-50 1.0 1 .0 -3 .0 3

1.5-2 0 -10 1.5 1 .5 -3 .5 3.5

10-50 1.0 1 .0 -2 .5 2.5

2-3 0 -10 1.0 1.0 - 3.0 3.0

10-50 0.75 0.75 - 2.0 2 .0

3-8 0 -10 0.5 0.5 - 1.0 1.0

10-50 0.5 0.5 - 2.0 2 .0

strains than the piston samples (Fig. 2). This effect would be even m ori 

important if block samples and push or hammer samples were compared.

Fig. 2 Effect o f sample disturbance on peak shear strength and

axial strain at failure in anisotropically consolidated triaxial 

tests.

Comparison of field and laboratory measurements o f dynamic shear modulus 

may also give a good indication o f possible sample disturbance o f  clay 

provided that the samples are consolidated to the in situ stresses (Hight, 

1992). Measurement o f the dynamic shear modulus can be done offshore as 

well as onshore by bender elements in oedometer, direct simple shear or 

triaxial tests (Dyvik and Olsen, 1985).

The most important effects o f sample disturbance are reduced soil moduli, 

reduced shear strength and higher failure strains. Reconsolidation o f  the 

samples back to in situ stresses will tend to "repair" the soil. Figure 3 

compares results from unconsolidated undrained (UU) tests and 

anisotropically consolidated undrained triaxial tests (CAU). The ratio 

between the shear strengths obtained with the two methods is presented as 

function o f the volumetric strain after consolidation (CAUC-tests). Each 

pair o f tests come from the same piston sample and are assumed to be 

equally disturbed. The figure clearly show that with increasing sample 

disturbance (increasing volumetric strain) the shear strength from 

unconsolidated tests will be considerably lower than for consolidated tests.
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Table 1 is useful when comparing the relative quality o f samples from the 

same soil type. The absolute value o f the strains will depend, however, on 

the stress path followed, the specimen size and the local soil structure, as 

discussed by Hight (1992).

Lacasse et al. (1985) compared the quality o f block samples 300 mm in 

diameter with the quality o f 95 mm piston samples for three Norwegian 

marine clays with plasticities between 5 and 40% . Triaxial test results, 

showed that the block samples gave higher shear stresses at lower failure

Fig. 3 Effect o f sample disturbance on the relationship between

undrained shear strength from unconsolidated and 

consolidated triaxial tests.
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EFFECT OF STURAGE, TRANSPORT AND RECONSOLIDATION

During the 1984 deep water (320 m) soil investigation at the Troll East field 

(Amundsen et a l., 1985), tests done very shortly after sample retrieval on 

deck were compared to tests in the onshore laboratory some time later. 

Based on inspection o f on board X-rays, parallel samples from the same 

sample tube were selected, carefully waxed and sealed for transport to N GI's 

laboratory in Oslo. Tests with as indentical as possible test conditions and 

procedures were then performed. Figure 4 shows the preconsolidation stress 

determined ftom the CRSC tests using the Casagrande method. Figure 5 

shows stress-strain curve > and maximum shear stress ( s j  from onshore and 

offshore DSS tests as a function o f depth.

30

P'c

- /
,

pX

8

\

o Offshore 
• Onshore

Preconsolidation stress, 

P'c (k P a )

0__100 200 300

8 -10

o

15

100 200 300

Preconsolidation stress. p'c (kPa) 20

. Offshore piston sample 

• Onshore piston sample 

" Push sample

P'o

Troll field

Fig. 4 Preconsolidation stress, pc’, as a function o f  depth from 

offshore and onshore CRSC tests.
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Unconsolidated undrained (UU) tests on unloaded samples showed that 

compared to the ’in situ’ soil lower shear strengths and larger strains to 

failure were measured. This behaviour became more pronounced with 

increasing sample age and was accompanied by dissipation o f  residual 

negative pore pressures in the samples.

A summary of the results as showed in Fig. 6  led Kirkpatrick and Khan 

(1984) to conclude that 'th e  unconsolidated undrained test is misleading for 

predicting in situ behaviour where stress relief is appreciable.' However, 

tests by Kirkpatrick and Khan confirmed that the in situ behaviour could be 

reproduced with reasonable accuracy when the samples were consolidated 

back to the in situ stresses. This conclusion was valid for storage up to 28 

days (which was the maximum used for the CAU tests by Kirkpatrick and 

Khan), provided no change in water content took place during storage. 

Isotropic consolidation on the other hand did not give satisfactory results. 

Kirkpatrick et al. (1986) extended the above study to overconsolidated kaolin 

and illite laboratory manufactured clays and found more or less similar 

trends as for normally consolidated samples.

Fig. 6 Stress-strain and porewater pressure for kaolin and illite 

samples (Kirkpatrick and Khan, 1984).

Graham et al. (1990) also did tests on reconstituted illite clays with storage 

times up to 1 week. Their conclusion was also that UU tests were 

misleading but that reconsolidating the samples back to in situ stresses gives 

reliable values o f s„ and A„ while some differences may be expected in the 

stiffness ratio E^/s^.

There are numerous other studies that show the inadequacy of UU for the 

measurement o f in situ strength.

EFFECT OF GAS IN SEDIMENTS

Fig. 5 Results from offshore and onshore DSS tests.

No significant differences between the results o f offshore and onshore tests 

were found.

The effects o f stress relief during sampling and subsequent storage on the 

results o f triaxial tests have also been investigated by Kirkpartick and Khan 

(1984) for normally consolidated laboratory manufactured kaolin and illite 

samples.. In situ behaviour was simulated by consolidating the specimens in 

the triaxial cell and then testing these undrained without unloading. Samples 

were prepared from blocks o f  material and stored for various times before 

being tested in undrained compression.

In recent years there has been a growing concern with gas in sediments. 

Gas may be biogenic (usually less than 100 m or so below sea bottom) or 

petrogenic. The petrogenic gas originating in the reservoirs at large depth 

(say more than 10 0 0  m) may migrate up through the sediments in free form 

through faults or discontinuities or in dissolved form by diffusion. Research 

programs at Oxford University and NGI have shown that gas both in free 

form and in solution in the pore water may affect the soil behaviour and the 

results o f laboratory tests.

Rad et a l., 1992 (Fig. 7) show the effect o f methane gas on the consolidated 

undrained triaxial behaviour o f dense sand. Test No. 19 was performed on 

a sample with no free gas but the pore water was completely saturated with 

methane gas (tj =  100%). Test No. 16 was performed on a sample with 

free methane gas (S =  90%). The two CIU tests on samples with gas have 

significantly lower shear strength than the CIU test (No. 6 ) without gas.

Axial strain, e (%)
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Axial Strain, ea, %

Fig. 7 Effect o f dissolved or free methane gas (C H J on

consolidated undrained triaxial behaviour o f  dense sand (Rad 

et al., 1992).

The specimen with free gas exhibits a lower peak strength than the one with 

gas in solution. The residual strengths are, however, about the same. This 

appears to be due to the fact that the pore pressure reduction is initially 

stronger for specimen 19 than for specimen 16. As the test progresses, gas 

bubbles are also generated in specimen 19 and the pore pressures and 

strength agree better. Rad et al. (1992) also performed cyclic triaxial tests 

which indicated that gas in occluded or interconnected form strongly affects 

(negatively) the response o f dilative dense sands to cyclic loading. Loose 

sands are not as much affected by gas in solution in the pore water as that 

o f the dense sand. Rad et al. (1992) give the following practical guidelines 

for handling and testing o f samples containing gas:

Sampling and Specimen Preparation - Sample disturbance caused by gas 

exsolution and expansion during retrieval, transport and storage should be 

prevented as much as possible. Since gas exsolution is time-dependent one 

possibility is to test samples immediately onboard. Another less ideal but 

more practical approach is to place sample tubes in steel canisters and to 

pressurize them to the in situ stresses immediately after retrieval to avoid 

further disturbance during transport and storage.

Ideally, soil samples should be placed in an hyperbaric chamber pressurized 

to the pore pressure o f the sample. This is possible only in well funded 

research projects. Alternatively, the pressurized sample may be frozen 

before releasing the pressure and placing the sample in the test chamber and 

repressurizing. More practically, the pressure should be released 

immediately before placing the specimen in the test chamber, and its pore 

pressure should be brought to the in situ value as fast as possible.

Laboratory Testing - In contrast to laboratory testing o f saturated specimens 

where the magnitude o f the initial pore pressure (i.e., total stresses) does not

affect the test results (except when cavitation occurs), the initial pore 

pressure has a strong influence on the response o f gassy soils to undrained 

loading. Hence, the initial pore pressure should be made equal to the in situ 

value. The degree o f soil saturation (S) and the water-gas saturation (ij) o f 

the test specimen should be similar to the actual in situ values. In the case 

o f fully saturated soil, the in situ )j-value may be estimated utilizing the in 

situ BAT equipment (Rad and Lunne, 1992). When the in situ soil is not 

saturated, the degree o f saturation can be roughly estimated based on the 

degree o f saturation o f the specimen in the laboratory and knowing the total 

pressure reduction. In this case the rj-value should be assumed to be 100%. 

The total stress path used during the test should be identical to that expected 

in the field. This is important since different stress paths used during 

loading may result in different extent o f gas exsolution/solution and 

expansion/contraction, and thus, misleading results and design values. It is 

also recommended to measure the volume change o f  the specimen even 

during undrained tests.

TEST PRO G R A M  FO R  D IFFEREN T STRUCTURES

Soil investigations should be planned in such a way that adequate information 

is obtained about vertical and lateral distribution o f the soil layers, coupled 

with a geological understanding of the site to help interpret the stress history 

and in situ stresses.

Laboratory tests in addition need to be carried out for the purpose of 

deriving soil parameters to be used in the geotechnical analysis for various 

foundation problems. The approach preferred is to bring back the laboratory 

samples to the density and stress state before sampling and then subject the 

sample to the same additional stress expected in situ. It is useful to establish 

a set o f preliminary design parameters upon the completion o f the field work 

based on the results available at the time, and to run through preliminary 

foundation analyses with variations in key parameters. The results o f these 

analyses will increase awareness o f  which layers and which soil parameters 

are most critical. In the subsequent laboratory program, emphasis can be 

given to carrying out a sufficient number o f tests and the most adequate test 

type(s) in the various layers.

Piled jackets. The API rules are generally used for establishing axial and 

lateral bearing capacity o f  piles. In clayey soil the undrained shear strength 

is often based on the UU test. In previous sections the inadequacy o f  the 

UU test to represent the in situ soil strength has been clearly illustrated. 

However, due to the large data base with UU tests and measured skin 

friction o f installed piles, UU tests continue to be used. In most cases it will 

be a very conservative approach. Experience from a large number o f  North 

Sea sites show that frequently the ratio between shear strength from UU-tests 

and CAUC-tests is 0.75 to 0.8.

One can establish a design profile based on CAUC-tests and scale this down 

to establish a UU-profile if such a profile is required. A shear strength 

profile based solely or unconfined tests will reflect relative sample 

disturbance rather than real variation in shear strength with depth.

Skin friction should also be calculated based on laboratory tests that more 

fundamentally model what goes on in the ground adjacent to the piles. The 

’NGI-method’ (Karlsrud and Nadim, 1990) is such an approach accounting 

for three main factors:

•  Remoulding and distortion o f the clay caused by pile installation.

•  State o f effective stresses after dissipation o f all excess pore pressures.

•  Varying shear strength with distance from the pile.

This approach involves performing direct simple shear tests on remoulded 

and undisturbed soils to be able to simulate the variation o f  s„ away from the 

pile as illustrated in Fig. 8 . An advantage o f the ’NGI-method’ is that it can 

also include the effect o f cyclic loading.

A testing program to derive pile skin friction (including effect o f cyclic 

loading) according to the ’NGI-method’ for a typical North Sea site with stiff
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Fig. 8 Principle o f direct simple shear tests to model

clay adjacent to piles (from Karlsrud and Nadim, 1990).

Fig. 9 Example o f laboratory program for DSS tests for ’NGI pile

design method’.

overconsolidated clay is illustrated in Fig. 9. (This program should be run 

in addition to the standard program giving input for design parameters 

according to the API guidelines).

G ravity  base structures. Design parameters need to be established for a 

range o f foundation analyses, including but not limited to:

• installation phase, mainly skirt penetration

•  settlements

• stability against overturning and sliding

• behaviour during dynamic and cyclic loading

In the following the effect o f cyclic loading will be given most emphasis. 

Figure 10 gives a simplified picture o f the shear stresses in typical elements 

along a potential failure surface beneath a gravity structure (also anchor, 

jack-up spud can).

The soil elements follow various stress paths, and they are subjected to 

various combinations o f average shear stresses, t „  and cyclic shear stresses, 

Tcy. Herein, r  denotes the shear stress on the horizontal plane in the direct 

simple shear (DSS) test and on the 45° plane in the triaxial test. The 

average shear stress, r „  is composed of

• the initial shear stress in the soil prior to the installation o f the 

structure, r„ =  0.5 • (1-K J ■ p ’„, and

• additional shear stress, At .,  induced by the static load (e.g. the 

weight o f the structure)

where p„’ is the vertical effective overburden pressure, and K„ is the 

coefficient o f earth pressure at rest.

The soil is consolidated under the initial shear stress, r„. The shear stress 

due to the static load, A t., will first act under undrained conditions, but as 

the soil consolidates, this shear stress will also act under drained conditions. 

For sand the consolidation occurs rapidly, but for soft clays it may take 

years before consolidation is completed.

The cyclic shear stress, r ^ , is caused by the cyclic loads. In a storm, the 

wave height and period vary continuously from one wave to another, and the 

cyclic shear stress will also vary from cycle to cycle.
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Fig. 10 Simplified stress condition for some elements along a

potential failure surface below a gravity base structure (from 

Andersen and Heeg, 1991).

The cyclic loading will cause redistribution of the static stresses in the soil, 

and r , may also vary with time during the cyclic load history.

To determine the soil properties needed for foundation analyses, it is 

necessary to duplicate the in situ stress conditions for the various elements 

as closely as possible (triaxial and DSS tests under various combinations of 

r . and t „ ) .

The use o f  laboratory test results to arrive at soil design parameters for 

foundation analysis for cyclic effects are described in detail by Andersen and 

Haeg (1991). Table 2 gives an example o f a complete laboratory program 

required for establishing the full range of soil design parameters for a gravity 

base structure. The extent and distribution o f the various laboratory test 

types will vary with soil conditions, platform geometry and imposed forces.
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Table 2 Example laboratory testing program for a gravi ty base structure.

Depth

Interval

m

Soil

Unit

Soil

Description

Oedometer Triaxial tests Direct Simple Shear Dynamic Tests Required 

length of 

sample 

m

Length of sample 

required per m 

boring 

m/m

CRSC 1NCR Static Cyclic Static Cyclic Res.

Column

Bender

Elements

Compr. Extens.

0-1.1 1A SAND, fine to 

medium
- 1 - - - - - - - 0.05 0.05

1.1-4 IB CLAY with sand 

layers
- 1 2 1 3 1 3 - 1 1.45 0.50

4-13 2A CLAY, silty, 

sandy, very stiff, 

overconsolidated

4 2 8 3 9 5 6 1 4 5.05 0.55

13-18 2B CLAY, silty, 

sandy, stiff, less 

overconsolidated

3 1 3 2 3 3 3 - 1 2.10 0.40

18-30 2C CLAY, sUty, 

sandy, very stiff, 

overconsolidated

6 3 8 3 9 6 6 1 3 5.25 0.45

30-34 3 SAND, silty 

with seams of 

clay

- - - - - * - - - No undisturbed samples

34-41.6 4 CLAY, very 

sandy,

overconsolidated

2 1 4 - - - - 1 1 1.15 0.15

41.6-50 5 CLAY, very 

hard, highly 

overconsolidated

3 - 3 - - - - 1 1 0.95 0.10

Total No. of tests 18 9 28 9 24 15 18 4 11
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