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1 INTRODUCTION

Sediments o f the inner portion o f  Eckernforde Bay, 

Baltic Sea, are organically rich, fine-grained, very 

soft, o f high porosity, and contain varying amounts o f  

methane gas. From a geotechnical point o f  view , these 

sediments are very unusual and they present 

substantial problems and challenges, both in the field 

sampling and testing work and for the detailed 

laboratory studies. The undrained shear strength in 

the upper 50-100 cm  is less than 2 kPa, porosities 

exceed 90% in the upper 5 cm, zones o f shells occur at 

depth, and various amounts o f  gas are present.

A particular area, approximately 2.6 by 1.1 km  

(Fig. 1) was selected as an experimental site for the 

Coastal Benthic Boundary Layer (CBBL) program 

sponsored by the Naval Research laboratory, MS 

(Richardson, 1994). The main objective o f the 

University o f Rhode Island, Marine Geomechanics 

Laboratory (URI/MGL) portion is to study the 

variability o f  ocean sediments o f  interest to the CBBL  

project in relation to the microstructure and 

geoacoustic properties. The focus o f  this paper is on 

the geotechnical behavior o f  the upper 4-5 meters o f  

the seabed in the primary study site, with particular 

emphasis on the in situ stress state and stress-strain- 

strength behavior. Included are laboratory test results 

and results o f  vane shear tests conducted on cores at in 

situ and atmospheric pressures. Some o f  the data on 

site characterization, which is summarized below, 

have been published elsewhere (Silva et al., 1996; 

Brandes et al., 1996; A g, 1994; Brogan, 1995; and 

Bryant et al., 1966). A  considerable amount o f  

additional data on stress-strain and strength properties 

are included along with new analyses o f  results.

2 SITE CHARACTERIZATION

The physical property data are derived from fifteen  

cores taken on three different occasions within the 

study site. Three types o f  coring gear were used to 

obtain samples: a 50x50x50 cm box corer, a 12.7 cm  

ID gravity corer supplied by German participants 

from the FWG (February, 1993 and July, 1994), and 

the URI gravity corer with an inside diameter o f  10.2 

cm (May, 1993).

The density profiles for two o f  the gravity cores
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Figure 1. Eckernforde Bay, Germany

were determined using the gamma ray attenuation 

system  o f the GEOTEK Multi-Sensor Core Logger 

prior to splitting and processing. In addition to taking 

water content samples and shear strength 

measurements on the split cores, calibrated plug 

samples were taken to independently determine 

densities. There was distinct evidence o f  degassing o f  

the February, 1993 gravity cores, manifested by 

voids, fractures, and a crumbly appearance o f  the 

sediment. Som e o f the gravity cores were stored at 

seabed pressures in special pressurized chambers and 

X-rayed using a Computer Aided Tomography (CAT) 

system  to generate density images, from which in situ 

gas bubble concentration profiles were determined 

(Abegg & Anderson, 1996). An example o f  a 2-D  

im age including numerous gas bubbles is given in Fig. 

2. This image shows a cross section o f the PVC liner 

inside the pressure chamber. The core was taken at a 

gas-rich pockmark (depression) just outside the test 

site.

The box cores were sampled and tested on deck as 

soon as possible after retrieval. Processing consisted  

o f carefully scraping o ff successive layers o f  the 

sediment to expose the next lower horizontal surface. 

The February, 1993 box cores showed evidence o f  

significant degassing during processing (gas bubbles 

and open tubes) but the May, 1993 and July, 1994 

cores were essentially free o f  observable gas.
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Figure3. Geotechnical profiles, upper 5m

Figure 2. CAT X-ray image from pockmark, at 38 

cm  depth, 4.5% gas (courtesy o f  A. Anderson)

The grain size distributions show little vertical 

variation with a clay size fraction (2 |im  or <|)=9.0) o f  

about 50% and a silt size o f  47%. The sediment is a 

dark gray to black organic-rich silty clay. The 

organic content is relatively constant with depth with 

an average value o f 12% by dry weight. The water 

contents show extreme variability within the upper 5 

cm  (224-668% ) with an average value o f about 349%. 

X-ray diffraction and liquid limit tests on oven dried 

samples indicated a small amount o f  smectite. A  

review o f  all the data available suggests that the 

organics have a very pronounced effect on the 

physical properties and geotechnical behavior o f  these 

sediments (Ag, 1994).

The box cores showed a very sharp gradient o f  

water content and density in the upper 10 cm (Fig. 3). 

Although there are lateral variations across the site, 

for each core the vertical variability in water content 

and density follow  w ell defined non-linear trends 

within the upper 10 cm  and nearly constant values 

from 10 cm  to the bottom o f the cores at 30-50 cm. 

M ost o f the water contents within the box core depth 

are considerably higher than the liquid limits 

(Liquidity Index >1). B elow  50 cm depth, gravity 

cores reveal zones o f  variable water contents and 

densities, but the overall trend is one o f decreasing 

water content in a piecem eal linear fashion. The 

equations for water content for the combined box and 

gravity core data are:

w(%) = 4.26 z ‘0-204 z: 0 -10  cm (la)

w(%) = 266 - 0.552(z - 10) z: 10 -300  cm (lb) 

w(%) = 250 - 0.200(z - 300) z: 300 - 500 cm (lc)

Water contents have been corrected for an average 

salinity o f  25 ppt. The saturated densities (in gm /cm 3)

corresponding to the three depth intervals (shown in 

Fig. 3) can be calculated from the water content values 

using a specific gravity o f  2.58 and a water density of 

1.02 g/cm 3. It is obvious there is considerable 

deviation o f  individual measurements from these 

relationships (Fig. 3). However, data from m ost o f  

the box cores exhibited good trend lines which were 

similar in shape to that o f Eq. ( la ). The sharp water 

content and density gradients in the upper 10 cm  are 

o f importance to acoustic transmission studies since 

they translate into impedance contrasts that affect 

w ave propagation. The calculated densities are 

considerably greater than the measured densities (Fig. 

3). This is a clear indication there is considerable gas 

present, most o f which is probably in solution in situ. 

A s evidenced by the difference between measured and 

calculated densities, the gas content increases with 

increasing depth.

Twenty one constant rate o f  strain consolidation and 

permeability tests were conducted on subsamples

obtained from the 

OCR/SSR box and gravity

0 4  8 12 16 cores (Brandes et al, 

1996). The average 

coefficient o f  perme

ability at in situ void 

ratios in the upper 

40 cm is 4x10‘6 cm/s. 

The material is very 

compressible with 

compression indices, 

Cc, o f  3.5 to 4.5.

The overconsol

idation ratio OCR 

(or Stress State Ratio 

SSR) is very high in 

the upper 20 cm and 

approaches a

Figure 4. Stress state normally consoli
dated value o f unity 

below  1.5 m (Fig. 4; Ag, 1994). The "apparent" 

overconsolidation o f  these surficial materials is 

com m on for fine-grained marine sediments and is 

attributed to high interparticle bonding stresses rather 

than overburden removal (Silva & Jordan, 1984).

Dens, (gm /cm 3) Shear str. (kPa) 
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3 STRESS-STRAIN A ND  STRENGTH BEHAVIOR 4 EFFECTS OF DEGASSING ON UNDRAINED  

SHEAR STRENGTH

Vane shear tests were conducted on the core samples 

and subsamples were taken for more detailed triaxial 

compression tests. Two types o f  vane shear equipment 

were utilized: an instrumented Wykeham-Farrance 

device with 12.5x12.5 mm vane operated at 1 °/s, and 

a Brookfield viscom eter with an 8x8 mm vane at 3 °/s. 

In the surficial sediments, undrained shear strength 

exhibited a non-linear increase from a value o f about 

0.2 kPa near the surface to 1.2 to 1.6 kPa at 0.3 m 

depth. These values are similar to those determined 

by divers (0.7 to 1.8 kPa at 0.3 m) with a hand-held 

vane (Briggs et al, 1996). B elow  0.5 m depth, the 

shear strength profile is nearly linear. The combined 

box and gravity core results (Fig. 3) yield the 

follow ing relationships for undrained shear strength:

Su (kPa) = 0.353 z0-382 z: 0 - 50 cm (2a)

Su (kPa)= 1.573 + 0.01152(z- 50) z: 5 0 -5 0 0  cm (2b)

Due to the very soft condition o f  the samples, it was 

necessary to devise special equipment and techniques 

to set up specimens in the triaxial cell (Brogan, 1995). 

A total o f  seven samples from three different box 

cores have been tested in the isotropically consolidated  

undrained (CIU) mode. Flow pumps were used to 

consolidate the samples using the constant rate o f  

deformation method (Wikar, 1993). Stress paths for 

the seven tests, with the failure determined as the 

maximum vertical deviatoric stress, are shown in Fig. 

5. A s indicated, the test stresses are very low  and in 

some cases the initial portion o f the stress-strain 

curves was not w ell defined. There were clearly 

defined peak stresses with failure strain ranging from  

1.4 to 4.3% , increasing pore pressure response, and 

average A-parameter at failure o f  0.6; all indicative o f  

a normally consolidated clay. Assuming a cohesion  

intercept o f  zero, the effective angle o f internal 

friction is determined to be 22°. Therefore, despite 

the atypical index properties o f high porosity, high 

organic content, and high compressibility, the 

sediments in the CBBL experimental site show  

normally consolidated behavior with a low  friction 

angle. Additional testing is planned to exam ine the 

possible effects o f  apparent overconsolidation.

Figure 5. CIU strength tests

Acoustic and geochem ical studies have revealed 

abundant, albeit variable, methane gas at the main 

study site, and particu larly at gas-rich depress ions in 

the seabed known as pockmarks. When these gassy 

sediments were brought to the surface, depressuriza- 

tion resulted in significant release o f  gas and 

disruption o f the fabric. In order to quantify the 

amount o f  strength loss due to gas expansion, a series 

o f strength measurements were taken on large-

diameter 

gravity cores 

at both in 

situ and sea 

level

pressures. 

W hile at the 

bottom, 

divers 

decoupled 

the PVC 

barrels from  

the core 

head, cut the 

barrels into 

1 m

sections, and 

transferred 

them into

special pressure chambers to preserve the hydrostatic 

pressure (2.6 bar, 26 m water depth). W hile under 

pressure, the cores were CAT-scanned to determine 

the gas bubble content (Abegg & Anderson, 1996) and 

then tested in a hyperbaric chamber.

Strength measurements were taken with a 

Wykeham-Farrance device equipped with a sensitive 

torsional spring and a 25.4x12.5 mm vane, with a 

stress resolution o f  0.1 kPa. Measurements were 

taken perpendicular to the length o f  the core through 

3.8 cm  holes drilled into the liner, approximately 

every 10 cm. Measurements were taken at intermed

iate locations after the pressure in the hyperbaric 

chamber was reduced to sea level conditions and the 

sediment allowed to expand. Cores P2 and P3 were 

located within the primary study site and core P5 

cam e from a nearby pockmark. For comparison 

purposes, shear strength measurements from the upper 

200 cm o f core 641 are also included. This 

unpressurized core was processed by cutting it into 50 

cm  sections, extruding the sediment onto half rounds, 

splitting the sediment lengthwise, and taking the 

measurements on the exposed surface.

Combined results from cores P2, P3 and 641, taken 

within 100 m o f each other, show the effect that gas 

expansion has on the shear strength profile at the 

primary study site (Fig. 6). Although pressurized 

shear strengths appear to be larger than the unpressur

ized ones in the top 40 cm, the trends are inconclusive 

since these upper sediments were probably disturbed by 

coring and subsequent handling. Between 40 cm  and 

60 cm shear strength at in situ pressures appear to be 

moderately higher than shear strengths at sea level
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pressures. The difference between unpressurized and 

pressurized strength becom es most evident below 60 

cm  where gas bubbles larger than 1 mm are detected at 

concentrations up to about 1% by volum e in cores P2 

and P3. This agrees with acoustic records from the site 

which place the beginning o f the bubble layer below 50 

cm. Expansion o f  smaller bubbles and dissolved gas

can be expected  
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Figure 7. Effect o f  degassing, 

pockmark

contribute to 

disruption and 

shear strength 

loss during 

depressuri- 

zation. The 

maximum  

difference in 

strength appears 

to be about 0.5 

kPa, between 80 

cm and

140 cm. This corresponds to a 38% loss in strength 

due to depressurization at 60 cm and a 16% loss at 140 

cm.

A coustic records from the pockmark (core P5) 

indicated large amounts o f gas bubbles, beginning  

alm ost at the sediment surface. The CAT-scan image 

from core P5 shows much larger gas content than 

either P2 or P3, up to 9% by volum e at about 85 cm  

depth (Fig. 7). The larger gas content resulted in a 

significantly larger difference between the pressurized 

and unpressurized shear strengths. For example, 

strengths differ by about 0.9 kPa at 50 cm, 

corresponding to a 64% loss. B elow  60 cm and above 

20 cm, the sediment at both ends o f  the core liner 

might have been disturbed during handling and 

processing, making the trends inconclusive. It is 

interesting to note that the pressurized strengths in 

cores P2, P3 and P5 are similar at equivalent depths, 

even though gas concentrations in P5 are about an 

order o f  magnitude larger than in P2 or P3. Other 

investigators have found that the presence o f large, 

discrete gas bubbles can either increase or decrease the 

undrained shear strength (Wheeler, 1988).

5 SUM M ARY A N D  CONCLUSIONS

Sampling and testing o f  the fine-grained, soft, organic 

sediments o f  Eckemforde Bay required special 

techniques. The presence o f  varying amounts o f  

methane gas and the resulting expansion during 

depressurization caused additional problems in 

determining geotechnical properties o f  these unusual 

sediments. Follow ing are som e o f the findings and 

conclusions o f  our studies.

1. There is a very sharp vertical gradient o f  water 

content and density in the upper 10 cm o f the sediment 

column, with water contents exceeding 500% at the 

surface and decreasing to 266%. This sharp gradient 

w ill result in a significant acoustic impedance contrast. 

The overall trends within the 5m study depth are 

summarized in equations.

2. Permeability is relatively low  given the high void 

ratios (k= 4 x l0 -6 cm /s in the upper 40  cm), 

com pressi bility is high (Cc = 3.5 to 4.5), the upper 

1.5 m exhibits appreciable "apparent” 

overconsolidation due to interparticle bonding , and 

the sediment column approaches a normally 

consolidated condition with depth.

3. Undrained shear strength increases non-linearly 

in the upper 50 cm  and then linearly to a depth o f  5 

m. Equations are presented for these intervals.

4 . A s indicated by the friction angle (22°) and the 

stress-strain response, the sediment behaves as a 

normally consolidated clay with a low  friction angle.

5. Disruption o f  the sediment fabric upon depressur

ization resulted in undrained shear strength losses of 

16% to 38% at the main study site and up to 64% at a 

nearby pockmark, where the gas content is higher.

6. Although the concentration o f  gas at the 

pockmark were almost an order o f  magnitude larger 

than at the main study site, undrained shear strengths 

at in situ pressures were generally similar at both 

sites.
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