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Abstract 

Abstract 

Sediment accumulation in waterways, estuaries and harbors results in expenditures of more 

than 1 billion Euros annually in Europe alone. These costs are mainly due to dredging for 

maintenance of navigable water depth and subsequent relocation, transport, treatment and/or 

disposal of the dredged material. Of special concern is the treatment of sediments dredged 

from harbors. This material cannot reasonably be relocated within the same environment, 

which is generally the most economic and environmentally friendly option in sediment man-

agement. Harbor mud has to be completely removed from the harbor basins. Since ocean 

dumping of these often contaminated harbor sediments is increasingly restricted by environ-

mental regulations and ex-situ treatment and upland disposal is very cost intensive, alternative 

treatment options are sought. These include beneficial on-site reuse of dredged sediments. A 

pilot study to use dredged harbor mud as backfill material was conducted in the East Harbor 

of Bremerhaven, Germany between 2005 and 2007. During this project, a total of about 

180,000 m³ of harbor mud was relocated by pumping behind a newly installed sheet piling, 

creating 14 acres of new harbor area. The subsequent occurrence of strong surface deforma-

tion of the backfill, indicating a partial collapse of the mud layer, highlights the need to better 

understand the geotechnical properties of harbor mud.  

The purpose of this work is to gain a better understanding of the usability of harbor mud as 

backfill material and therefore help improve the planning reliability in using dredged harbor 

sediments in future land reclamation projects. To investigate the consolidation behavior of 

organic harbor mud and the evolution of its undrained shear strength at low consolidation 

stress levels, a special large-scale oedometer cell was designed providing the opportunity for 

vane shear measurements during consolidation. Further measurements were carried out to 

investigate the influence of rod friction on vane shear test results and the effect of shear rate 

on undrained shear strength of harbor mud. This study reveals that harbor mud is a very chal-

lenging material. Generally, large settlements during primary consolidation and extremely 

long consolidation times have to be expected. In addition, the anticipated pronounced creep of 

this soil will lead to considerable settlements for many years or even decades. In the current 

project, the undrained shear strength was found to be even lower than that expected from the 

literature (initially < 0.5 kPa) and the effects of varying shear rates as well as the influence of 

rod friction on vane shear tests are significant. 
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Zusammenfassung 

Zusammenfassung 

Die Akkumulation von Sedimenten in Europas Wasserstraßen, Ästuaren und Häfen verur-

sacht jährliche Kosten von mehr als 1 Mrd. Euro. Diese Kosten werden durch Baggerungen 

zum Erhalt ausreichender Wassertiefen sowie Umlagerung, Transport, Behandlung und/oder 

Deponierung des Baggerguts hervorgerufen. Ein Spezialfall hierbei ist der Umgang mit Ha-

fensedimenten. Sie können nicht sinnvoll innerhalb des gleichen Gewässers umgelagert wer-

den, was generell die umweltfreundlichste und ökonomischste Lösung im Sedimentmanage-

ment ist, sondern müssen komplett aus dem Hafenbecken entfernt werden. Da das Verklappen 

auf See durch immer strenger werdende Umweltauflagen eingeschränkt wird und eine ex-situ 

Behandlung oder Deponierung sehr kostenintensiv ist, wird Baggergut zunehmend in Land-

gewinnungsprojekten wiederverwendet. Zwischen 2005 und 2007 wurden im Rahmen eines 

Pilotprojektes im Osthafen in Bremerhaven insgesamt 180.000 m³ Hafenschlick umgelagert 

und als Füllmaterial verwendet, um 5,7 ha neue Hafenfläche zu schaffen. Das Auftreten gro-

ßer Oberflächendeformationen als Folge großräumiger Grundbrüche in der Erweiterungsflä-

che zeigte jedoch den dringenden Bedarf an einer vertiefenden Erforschung der geotechni-

schen Eigenschaften von Hafenschlick. 

Das Ziel der vorliegenden Arbeit ist es, den Kenntnisstand über die Nutzbarkeit von Hafen-

schlick als Füllmaterial zu erweitern und somit die Planungssicherheit bei Verwendung von 

Hafenschlick in zukünftigen Landgewinnungsprojekten entscheidend zu verbessern. Um das 

Konsolidierungsverhalten von organischem Hafenschlick, sowie die Entwicklung seiner un-

drainierten Scherfestigkeit bei kleinen Konsolidierungsspannungen zu untersuchen, wurde ein 

spezieller Großödometerversuch entwickelt, der die Möglichkeit für Flügelsondierungen wäh-

rend der Konsolidierung bietet. Weitere Messungen wurden durchgeführt um den Einfluss 

von Schaftreibung auf die Ergebnisse von Flügelsondierungen sowie den Effekt der Scherge-

schwindigkeit auf die undrainierte Scherfestigkeit von Hafenschlick zu quantifizieren. Diese 

Studie zeigt, dass Hafenschlick ein herausforderndes Material ist. Große Setzungsbeträge 

während der Primärkonsolidierung und extrem lange Konsolidierungsdauern sind zu erwar-

ten. Darüber hinaus ist mit sehr ausgeprägten Sekundärsetzungen über viele Jahre oder sogar 

Jahrzehnte zu rechnen. Während des Pilotprojektes im Osthafen wurde eine geringere undrai-

nierte Scherfestigkeit gemessen als erwartet (< 0,5 kPa). Sowohl der Effekt variierender 

Schergeschwindigkeiten als auch der Einfluss von Schaftreibung bei Flügelsondierungen ist 

signifikant. 
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Chapter 1 Introduction 

Chapter 1 Introduction 

1.1 Sediment accumulation in European waterways, estuaries and harbors 

The majority of the human population lives in coastal areas and close to rivers, so that rivers 

and waterways are an integral part of their infrastructure. Due to sediment accumulation, these 

rivers and waterways have to be dredged out on a regular basis to secure navigation, flood 

protection and other water resource management objectives. Sediments in these areas are 

loose particles (e.g. sand, silt or clay) as well as other substances (e.g. organic material) that 

settle out on the bottom of the water column. They may originate from eroding soil, decom-

posing plants and animals, or solids released from waste water treatment plants (Bortone 

2007). As flow rates tend to decline in lowland areas, where channel gradients decrease, 

transported suspended solids settle along the riverbanks, in the riverbed, on floodplains, or in 

reservoirs and lakes. The majority of the remaining sediment load is deposited within estuar-

ies and on the coastal zone seabed. 

Anthropogenic changes in the catchment area of the rivers and waterways as well as the river 

bed itself promote this sedimentation. The resulting changes in natural hydrodynamic condi-

tions often enhance the accumulation of sediment where it impedes economic activities. The 

removal of sediments for the maintenance of waterways from locks, floodplains, harbors, 

navigation channels and river stretches leads to high expenditures for the responsible authori-

ties and agencies. Additionally, the relocation, treatment and disposal of sediment also impose 

tremendous costs.  

European-wide approximately 700,000,000 m³ sediments are naturally deposited in deltas, 

estuaries, harbors and coastal waterways or are discharged into the sea (Bortone 2007). Not 

all of these sediments have to be dredged to maintain shipping activities or secure water flow. 

However, considerable amounts (30 to 50 million m³ sediments), have to be dredged annually 

by countries such as France, the United Kingdom, the Netherlands and Germany (Netzband 

2002, Meyer 2005, Bortone 2007, Detzner 2007, Hakstege 2007). Germany, for example, has 

to dredge about 35 million m3 annually out of the major Northern German waterways, estuar-

ies and from the Kiel Canal (Nord-Ostsee-Kanal, NOK) and an additional 5-10 million m3 

from the major German harbors (Fig. 1). The amount of sediment dredged from the Baltic 
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Chapter 1 Introduction 

Sea, mainly Mecklenburg-Western Pomerania, is less than 1% of the total dredged sediments 

in Germany (Meyer 2005). 

 

Fig. 1. Volume of dredged sediments from the main coastal waterways, estuaries and 

harbors of the German North Sea and Baltic Sea coast in the year 2004 (data from 

Meyer 2005, Kerner and Jacobi 2006) 

Since the beginning of the industrial revolution, hazardous chemicals have been released into 

inland surface waters. Many of these chemicals do not readily dissolve in water, but rather 

adhere to or accumulate within the sediment. Especially fine clay particles and particular or-

ganic complexes tend to adsorb and fixate contaminants, mainly heavy metals and Tributyltin 

(TBT) (Müller et al. 1989, Track et al. 1999, Schlue et al. 2008). Therefore, sediments act as a 

sink for contaminants thereby deteriorating sediment quality. The treatment, disposal and 

remediation of these sediments impose additional costs. 
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Chapter 1 Introduction 

1.2 Sediment management and treatment options in Europe 

Since dredging projects can have different objectives (e.g. maintenance, remediation, con-

struction) and dredged sediments themselves differ from site to site (e.g. grain size, degree of 

contamination), a site-specific assessment is necessary. Additional factors to be considered 

are the available infrastructure, economic interests, and population density. General treatment 

options include: 

� Relocation (open water disposal, injection dredging, placement on the banks) 

� Beneficial use (concrete aggregate, bricks, landfill capping, beach nourishment) 

� In-situ or ex-situ treatment (mechanical separation, dewatering, contaminant separation or 

immobilization) 

� Disposal (subaquatic confined disposal, upland disposal) 

The technical feasibility of various treatment options depends on several factors (cf. PIANC 

1996, POSW 1997, AKWA 2000, CEDA 2001, IN VIVO 2001). In particular, the quality of 

the sediment itself and the physical condition of the sediment (e.g. grain size distribution) has 

to be taken into consideration. Different investigations have shown that the finer the particles 

and the higher the organic matter content in the sediment, the higher the degree of contamina-

tion (Detzner et al. 2007). In Europe, about 50% of the dredged material is fine-grained sedi-

ment (clay or silt) and therefore potentially contaminated (Rodiek 2003, Arevalo et al. 2007). 

European waste policy relies on the following hierarchy: avoidance and minimization of 

waste, stimulation of reuse or beneficial use of waste, and safe disposal as a last resort (cf. 

Krw-/AbfG 1994). From an ecological point of view, the relocation of sediments within the 

river system or the sea is generally the procedure of choice (Netzband 2002, Bortone 2007). 

However, only uncontaminated or slightly contaminated sediments can be relocated within 

the ecosystem, because every relocation process potentially leads to remobilization of con-

taminants. However, these uncontaminated or slightly contaminated sediments can also be 

used beneficially (e.g. for wetland creation, beach nourishment, landfill capping, or as an ag-

gregate).  

Of special concern is the treatment of sediments dredged from harbors. This material cannot 

reasonably be relocated within the same environment and therefore has to be completely re-

moved from the harbor basins. Since ocean dumping of often contaminated harbor sediments 

is restricted by increasing environmental regulations, dredged material from harbor basins is 
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increasingly reused on-site as backfill or construction material in extension and reclamation 

projects. Exemplary projects for the reuse of dredged material in Germany include the land 

reclamation project in the Mühlenberger Loch in Hamburg-Finkenwerder which formed the 

foundation for the extension of the factory premises of Airbus (Ruhland and Stadie 2001, 

Reiner 2002), the backfilling of the Rodewischhafen in Hamburg (Knies et al. 2005) or the 

harbor extension project in the East Harbor in Bremerhaven (Schlue et al. 2007, Schlue et al. 

2008, Schlue et al. in press).  

Dredged material that is too severely contaminated for relocation or direct application is sub-

ject to treatment and/or disposal. Treatment is mainly done by using simple techniques such 

as dewatering, separation (e.g. sand and contaminated fines) and stabilization. Special treat-

ment facilities (e.g. METHA - Mechanical Treatment and Dewatering of Harbor Sediment in 

Hamburg) are often located near a confined disposal facility in order to treat dredged material 

before disposal. Using simple treatment techniques, some of the contaminated dredged mate-

rial can be transformed into products for beneficial use (e.g. for bricks; cf. Hamer and Karius 

2002). However, the major part of the more heavily contaminated sediment has to be dis-

posed. In Europe, the main solution for contaminated sediment is confined disposal. Both, 

subaquatic and, even more costly, upland confined disposal facilities are in use (e.g. disposal 

facility at Bremen-Seehausen). 
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1.3 Economic aspects of sediment management and treatment 

Sediment management, treatment and disposal options are primarily judged by their costs. 

The costs vary significantly depending on various factors including volume, dredged material 

characteristics, treatment facilities through-put and disposal sites capacity, transport costs and 

beneficial use. These costs generally need to be split up into the following main categories: 

� dredging 

� transport (for relocation, to the treatment or disposal site) 

� treatment/disposal 

� follow-up costs 
 

Table 1 provides an overview of the specific costs listed. These costs can vary significantly 

depending on the factors mentioned above. 

Dredging €/m³ in-situ sediment 

Large-scale maintenance of navigation channels 1 – 5 
Remediation of hotspots 5 – 10 

Maintenance of inland waterways 2 – 7 

Transport €/m³ per km 

By truck 0.10 – 0.15 
By ship 0.03 – 0.12 

By pumping 0.08 – 0.15 

Treatment €/m³ in-situ sediment 

Relocation (dredging, transport, disposal) 1.5 – 5 
Capping 4 – 6 

Upland disposal 10 – 75 

Subaquatic disposal 5 – 35 

METHA treatment 18 

In-situ immobilization/stabilization 60 – 100 

Thermal desorption 25 – 45 

Chemical extraction 55 – 150 

Table 1. General costs for dredging, transport and various treatment options of dredged 

sediments in Europe (Elskens and Harmsen 2007) 
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It can be seen that relocation is the most economic treatment method with costs between 1.5 

and 5 €/m³. The high costs associated with beneficial use and special treatment methods are 

the primary reason they are often not considered. Unfortunately, upland disposal is still the 

more economic solution. Currently, sediment management in Europe costs more than 1 bil-

lion €/year. From this perspective, the increasing tendency to reuse dredged sediments on-site 

in land reclamation and harbor construction projects is a great opportunity to reduce costs 

associated with the management of uncontaminated or slightly contaminated sediments. The 

most cost-efficient method is to reuse dredged material right where it accumulated as this 

minimizes transport costs and saves money for external filling material required in harbor 

construction projects. 

6 



Chapter 1 Introduction 

1.4 On-site reuse of dredged material: The East Harbor extension project 

The port of Bremerhaven in Germany is the most important site for car transshipment in 

Europe with more than 2 million transshipped cars in the year 2007. In general, the numbers 

of transshipped cars have doubled within the last 10 years (Fig. 2). 

 

Fig. 2. Number of vehicles transshipped in Bremerhaven between the years 1990 and 

2007 (Data from Waitz 2007) 

This development caused a strong need for additional harbor space and was the motivation for 

a harbor extension project in the East Harbor of the Bremerhaven port. Large amounts of 

slightly contaminated harbor mud had to be dredged out to ensure navigable water depth in 

the East Harbor basin. Because of a very limited capacity of the local disposal site in Bremen-

Seehausen, on-site reuse of the dredged material was deemed to be the most favorable alterna-

tive to all other possible sediment treatment and disposal options. The savings of a beneficial 

on-site reuse were calculated to be about 3 million Euros compared to ex-situ treatment and 

about 6 million Euros compared to upland disposal of the dredged material (cf. Table 1). In 

addition, about 3.5 million Euros could be saved for backfill material that would have to be 

transported to the construction site. Thus, between 2005 and 2007, the second largest harbor 

construction project in Germany was designed as a pilot study to use dredged harbor mud as 

backfill material. During this project, a total of about 180,000 m³ of soft to liquid harbor mud 

was relocated by pumping behind a newly installed sheet piling, creating 14 acres of new har-

bor area for car handling in the East Harbor of Bremerhaven (Schlue et al. 2007, Schlue et al. 

2008, Schlue et al. in press).  
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The planned construction progress of the project was: 

1. Installation of a sheet piling (total length 620 m) to separate the harbor basin from the 

planned extension area and to serve as a new wharf 

2. Relocation of about 180,000 m³ harbor mud behind the sheet piling by pumping, resulting 

in a mud layer thickness up to 12 m (Fig. 3A-C) 

3. Capping of the mud layer with approximately 100,000 m² of geotextile (Fig. 3D) 

4. Installation of thin sand layers (thicknesses 10-20 cm each, total sand volume about 

85,000 m³) by spraying from a swimming platform to a total sand layer thickness of 1.2 m 

(Fig. 3E) 

5. Installation of sand layers (thicknesses 30-50 cm each, total sand volume about 

175,000 m³) by flushing to achieve the required height of the backfill plus compensation 

for the expected settlement of mud layer (Fig. 3F) 

6. Insertion of approximately 70,000 vertical drains to accelerate consolidation of mud layer 

(with the option to apply negative pressure to speed up dewatering) 

The planned construction progress was interrupted by the occurrence of strong surface defor-

mations of the backfill indicating a partial collapse of the mud layer. This occurred during 

step 4 when the first 80 cm of sand were sprayed onto the geotextile covering the mud layer 

(Fig. 4). Thereafter an expensive vacuum drainage system (type: Beaudrain-S with a total 

drainage length approximately 1300 km) was installed to speed up the consolidation of the 

harbor mud and to increase the undrained shear strength of the backfill body (Fig. 5). How-

ever, large settlement rates of the mud caused leaks in the drainage system by cutting off the 

vacuum and the drains were clogged by washed in harbor mud in other parts. Despite these 

setbacks, the installation of the drainage system eventually allowed for the continuation of the 

construction project. The costs were a delay in construction of about one year and increased 

construction costs by ca. 6 million Euros to overall costs of around 30 million Euros. Al-

though the project was finished successfully in 2007, pronounced settlement of the whole 

extension area due to primary and secondary consolidation of the harbor mud layer may result 

in additional expensive follow-up costs for many years or even decades to come. 
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Fig. 3. Planned construction steps for the creation of 14 acres of new harbor space for 

car handling in Bremerhaven, A) air photograph of the relocation of about 180,000 m³ 

of harbor mud behind sheet piling, B) dredging of mud from the harbor basin and 

unloading in pump mechanism on swimming platform, C) distribution of dredged mate-

rial behind sheet piling, D) loading of geotextile on swimming platform and installation 

of geotextile layer capping the relocated mud, E) installation of thin sand layers by 

spraying, F) installation of sand layers by flushing and distribution by Pistenbullies 

(photographs: PHW, bremenports GmbH & Co. KG) 
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Fig. 4. A) Ripped geotextile as a consequence of localized mud deformation , B) sound-

ings of strongly deformed backfill area 20 days after sand installation (Schlue et al. in 

press, photograph: PHW) 

 

 

Fig. 5. A) Cross section of used drainage wells, B) special construction machine to 

stitch in drainage wells through the existing geotextile, sand and mud layer from a 

swimming platform, C) deformed surface after removal of water with connection tubes 

of vacuum drainage system (photographs: T. Mörz, PHW) 
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The problems described during the harbor extension project in the East Harbor of Bremer-

haven highlight the need to better understand the geotechnical properties of fine-grained 

dredged material. Since harbor mud is not a standard foundation soil, its geotechnical proper-

ties have not been well investigated. In particular, common estimates and assumptions for 

consolidation behavior and undrained shear strength of harbor mud needs to be improved. 

Widely used methods to determine consolidation behavior (e.g. standard oedometer tests) and 

shear strength of soils (e.g. triaxial testing, simple shear testing) cannot always reasonably be 

applied to naturally liquid harbor mud. Therefore, verification of applicable test methods 

(vane shear testing) to determine the undrained shear strength of harbor mud is of great inter-

est. Additional investigation of the time-dependent deformation (consolidation) of fine-

grained harbor mud is indispensable in order to ensure better planning reliability in future 

projects using fine-grained dredged sediments as backfill material. 
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1.5 Outline of dissertation 

This dissertation is comprised of four stand-alone manuscripts, each forming a separate chap-

ter. These manuscripts are not presented chronologically, but according to the topics investi-

gated. 

The first chapter outlines the mechanisms of sediment accumulation in European waterways, 

estuaries and harbors. The rationale for recent European strategies of sediment management 

and treatment as well as their economic aspects are also provided. Further, the harbor exten-

sion project in the East Harbor in Bremerhaven, Germany is described. Chapter 1 closes with 

an outline and a list of the references cited. 

Chapter 2 and Chapter 3 focus on the shear strength measurement in harbor mud. Chapter 2 

(“Effect of rod friction on vane shear tests in very soft harbor mud.” Acta Geotechnica, 2(4), 

281-289) concentrates on the influence of rod friction on vane shear test results in harbor 

mud. The shear rate dependency of measured undrained shear strength of harbor mud is the 

focus of Chapter 3 (“Influence of shear rate on undrained vane shear strength of organic har-

bor mud.” In review, Journal of Geotechnical and Geoenvironmental Engineering, American 

Society of Civil Engineers, ASCE). 

Chapter 4 (“Undrained shear strength properties of organic harbor mud at low consolidation 

stress levels.” In review, Canadian Geotechnical Journal, National Research Council Canada, 

NRC) describes the undrained shear strength properties of East Harbor mud at low consolida-

tion stress levels. These properties were determined using an especially designed, large-scale 

oedometer test which provides the researcher with the opportunity for vane shear tests during 

consolidation. 

Chapter 5 (“Time-dependent deformation of dredged harbor mud used as backfilling mate-

rial.” In press, Journal of Waterway, Port, Coastal and Ocean Engineering, American Society 

of Civil Engineers, ASCE) presents the consolidation and drainage behavior of East Harbor 

mud and the results of a long-term, large-scale oedometer test. 

Chapter 6 summarizes the main findings and conclusions drawn in the individual manuscripts 

and provides an outlook for future engineering projects and scientific studies. 

The appendix lists additional publications published as abstracts and papers presented at na-

tional and international conferences. 
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Abstract 

Very soft organic harbor mud is increasingly used as filling and construction material in har-
bor construction and reorganization. The undrained shear strength of such soft sediments is 
the critical geotechnical soil parameter with regard to any specific construction design. Field 
and laboratory vane shear testing is a standard method to quickly determine this important 
parameter. So far, the effect of rod friction on vane shear tests in very soft organic soils is 
unclear. In this study we present results from laboratory experiments on harbor mud from a 
construction site in northern Germany. Relations among vane and rod geometry, penetration 
depth, water content, rod friction and undrained shear strength are derived. Based on these 
relations the influence of rod friction on vane shear tests is investigated. The results indicate 
that field and laboratory vane shear measurements may be significantly influenced by rod 
friction. Methods are proposed to correct for the rod influence, which is shown to increases 
with rising water contents. 

Keywords: rod friction, soft organic soils, undrained shear strength, vane shear test 

___________________________________________________________________________ 

 

2.1 Introduction 

Backfilling of the harbor basin in the Osthafen (East Harbor) of the Hansestadt Bremischen 

Überseehafengebiet (international port area of the Free Hanseatic City of Bremen) can serve 

as an example for the use of organic-rich harbor mud as construction material. This globally 

important place of transshipment for automobiles has experienced constant growth in the past 

years, which necessitated the creation of additional harbor space and berths for deep sea carri-

ers (DSCs) and short sea carriers (SSCs). As a result of this construction project and excava-
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tions to create the necessary harbor basin depth, a total of 182,000 m3 of harbor mud were 

produced. This excavated mud was used as a backfill behind a heavy sheet pile wall to serve 

as the new quay wall, thus creating 14 acres of new harbor area (Fig. 1). After deposition of 

the mud, a geotextile was installed to prevent mixture between mud and following sand lay-

ers. These sand layers were meant to accelerate the consolidation of the mud and achieve the 

required installation height of the backfill. To coordinate the installation of the geotextile and 

deposition of sand, a permanent assessment of undrained shear strength was essentially re-

quired to avoid ground failure of this very weak system. In the first stage of construction, the 

backfill area behind the sheet piling was flooded and vane shear measurements had to be 

made from a swimming platform through installed tubes that reached through the geotextile 

into the mud layer. After the undrained shear strength of the mud was assumed to be high 

enough for a single person to step on the filling, the water behind the sheet pile wall was re-

moved. The further measurements were taken carefully from the very weak backfilling area. 

 

Fig. 1. Deposition of harbor mud behind sheet pile wall 

The experiences and problems with soft organic harbor mud in Bremerhaven motivated us to 

the presented study. The following aspects are important when dealing with shear strength of 

very soft organic soils like organic harbor mud: 

� The undrained shear strength of such soft soil is the critical geotechnical soil parameter 

with regard to any construction design. 

� Field and laboratory vane shear testing is an adequate method to quickly determine the 

undrained shear strength. 
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� Ignoring the influence of rod friction can cause an overestimation of the undrained shear 

strength, which is particularly critical for design and construction on very soft soils.  

� The relation among undrained shear strength, rod friction and water content as well as the 

effect of rod friction on conventional vane shear tests is unclear with regard to very soft 

organic soils.  

� Special equipment (e.g. sleeved rods, borehole casings) to avoid rod friction is not always 

applicable or available. 

� A method to correct friction effects on vane shear test results, in these cases, is needed. 

In laboratory vane shear tests, the effect of rod friction is commonly neglected. This study, 

however, shows that even for small vane insertion depths remarkable effects arise in water-

rich materials.  

Following a brief literature review, we characterize the examined very soft harbor mud. 

Methods and measuring devices used are described. Gathered data are presented, and interre-

lationships are derived. Finally, a method is introduced to correct rod friction effects on vane 

shear tests in practical operation. 

 

2.2 Previous work 

Friction between soil and steel surfaces was often examined in connection with the design of 

steel piles or sheet pile walls in large scale and model experiments (Chandler and Mar-

tins 1982, Konrad and Roy 1987). However, these tests were used to examine soils with much 

greater shear strength because soft harbor mud is not considered as a solid soil in foundation 

engineering. 

Erchul and Smith (1969) examined the friction between sediment and coated as well as un-

coated steel plates. In their tests they used sediment with undrained shear strength of 7.2 kPa 

and assessed the maximum mobilized skin friction, based on the undrained shear strength. 

Tests regarding the pull-out resistance of anchors made from acrylic resin (e.g. Wang et 

al. 1977) also yielded formulas dependent on the shear strength of the sediment. 

Chari et al. (1978) achieved similar results with their model experiments using artificially 

sedimented “potter’s clay.” They determined the pull-out resistance for plates of different 

materials and put it in relation to the undrained shear strength. The procedure of sedimenta-

tion from a suspension provided a soil material that is similar, with regard to its shear 

strength, to the harbor mud in study. However the particle size distribution shows significant 
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differences. The potter’s clay used by Chari et al. (1978) had a sand content of 70% by weight 

(w%), whereas the harbor mud of this study has only a sand fraction of less than 7 w%. 

 

2.3 Soil characterization and testing procedures 

2.3.1 Soil characterization 

The sediment examined here is a very soft and organic-rich harbor mud from the Osthafen 

(East Harbor) of the Hansestadt Bremischen Überseehafengebiet on the banks of the Weser 

River. The harbor mud is sedimented under brackish conditions in the tide independent quiet 

waters of the harbor basin. The samples used for this study were obtained by piston core sam-

pling after dredging and redeposition of the mud behind the sheet pile wall. 

The sample material used for the tests carried out here was homogenized to get comparable 

results. In addition, homogenizing largely reduces the influence of “age hardening” 

(Leinenkugel 1976). Table 1 contains an overview of all characteristic soil parameters deter-

mined in the preliminary tests.  

Parameter Value Unit 

Particle density �s 2.57 g/cm³
Dry density �d 0.46 g/cm³ 

Bulk density � 1.31 g/cm³ 

Initial water content w0 1.83 - 

Initial void ratio e0 4.64 - 

Content of smectite 36 w% 

Content of illite 36 w% 

Content of kaolinite/chlorite 28 w% 

Loss on ignition VGl 12.0 w% 

Ctot 4.602 w% 

TOC 2.932 w% 

Stot 0.723 w% 

Liquid limit wL 1.410 - 

Plastic limit wP 0.484 - 

Plasticity index IP 0.926 - 

Pore water salinity 10.85 g/l 

Table 1. Soil parameters and mineral composition 
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The consistency limits were determined according to DIN 18122-1, which showed that the 

examined material is clay of extremely high plasticity. The freshly sampled mud was consis-

tently of liquid to soft consistency. The grain size distribution was determined according to 

DIN 18123 and is illustrated in Fig. 2. A measured pore water conductivity of 18.35 mS/cm 

implies a salinity of 10.85 g/l (Unesco 1981) and confirms the brackish environment. Accord-

ing to the portion of organic matter, the examined harbor mud can be classified as “organo-

genic” on its loss on ignition VGl of 12 w% (DIN 18128). In addition to determining the loss 

on ignition, the mud was examined with a carbon-sulphur analyzer to determine the portion of 

total organic carbon (TOC) and sulphur content. 

 

Fig. 2. Grain size distribution examined by two separate analyses according to 

DIN 18123 

The microstructure of the mud was investigated using images taken with a scanning electron 

microscope (SEM) (Fig. 3). The clay minerals show a random distribution as can be expected 

after homogenizing or transportation with a thick matter pump while backfilling the harbor 

basin in the Osthafen, Bremerhaven. This structure is often referred to as a “card house struc-

ture” and is observed mainly in clays with a low pH value where the main contact between 

the clay minerals is the positively charged edge on the negatively charged surface 

(Lambe 1953, Tan 1957). 

The mineral components of the mud were determined by means of mineral analysis using 

X-ray diffraction (XRD). 
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Fig. 3. SEM image of the harbor mud 

 

2.3.2 Test procedures 

The homogenized harbor mud was dried in a drying oven at 60°C until the liquid consistency 

was transformed into a soft consistency. By adding small quantities of water, we produced a 

series of samples with increasing water contents w and void ratios e. Since no salt was re-

moved, this led to salinity variations in the sample suite between 12 and 26 g/l. According to 

Kay et al. (2005) and Spaethe (2002) this change in salinity can cause undrained shear 

strength variations of no more than 10%. This possible change, however, is negligible with 

regard to a total increase in undrained shear strength of about 3600% for the examined range 

of water contents. 

After the addition of water and thorough mixing, a sample volume of 10 cm³ of the sediment 

was extracted with a constant volume cylinder and used to determine the bulk density and 

water content. Another portion of the sediment was used for rod and vane shear measure-

ments. All measurements were taken with the same laboratory vane shear test apparatus 

which provided a maximum theoretical shear strength resolution of 0.00257 kPa for the vane 

used. 

Each subsample was measured six times using two different rods (diameters 0.3 or 0.5 cm) 

with three insertion depths. The rods were inserted into the sediment and extracted from the 

sediment and cleaned between the individual measurements. The measuring method was ex-

actly the same as the one used in laboratory vane shear tests. The rods were rotated in the 
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sediment sample at a rotation speed of 18°/min while the mobilized torque T was recorded 

with an electronic data recording device. 

Upon completion of the rod-based measurements, a vane shear test with a vane 

(d x h x t = 1.0 x 0.88 x 0.1 cm³) was carried out under the same boundary conditions as for 

the rod-based measurements. Each vane shear measurement was made in a container with a 

diameter and height of 5.1 cm (V = 100 ml). Hence, sufficient clearance from the edge and 

bottom of the container (> 2d from circumference of the shearing) was ensured for all meas-

urements to minimize boundary effects (cf. ASTM 4648-87, Flaate 1966, v. Bloh 1995). 

 

2.4 Results and discussion 

2.4.1 Shear measurements on harbor mud 

At a low stress level, the undrained shear strength of the harbor mud examined here is primar-

ily dependent on water content. The exponential correlation between the undrained shear 

strength su and the corresponding water content w for the vane shear measurements taken here 

is illustrated in Fig. 4. 

 

Fig. 4. Undrained shear strength su from vane shear measurements versus water con-

tent w 

The rod shear measurements showed an expected linear correlation between the measured 

maximum torque Trod and the penetration depth z of the rod into the sediment for all water 

contents. Figures 5 and 6 show the measured values for both rod diameters in use. 
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Fig. 5. Measured torque T for rod diameter D = 3·10-3 [m] 

 

Fig. 6. Measured torque T for rod diameter D = 5·10-3 [m] 

 

2.4.2 Mobilized rod friction frod

Application of the rod data (Figs. 5 and 6) to vane shear tests requires a relationship among 

the varying vane geometries, rod penetrations z and water contents w. Hence, a rod friction 

frod is introduced, which is the relation between generated friction force Rrod and the corre-

sponding effective rod shear area Arod. 
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where Rrod is the rod-induced friction force, and Arod is the effective rod shear area. 

The rod friction parameter frod accounts for differences in the embedded surface areas allow-

ing to compare the measured values of both rods. The relation of rod friction to the water con-

tent (Fig. 7) leads for the organic harbor mud to the following approximation:  

[kPa]  )82.3exp(54.35 wf rod ����   (0.75 	 w 	 1.65)      (2) 

The water content w is often not explicitly known in field vane shear tests. Consequently, a 

method which is only indirectly dependent on water content w is required for determining the 

rod-induced friction. The friction between steel surfaces and sediment shows dependence on 

the shear strength of the sediment (Erchul and Smith 1969, Wang et al. 1977, Chari et al. 

1978). However, a soil specific expression that depends on the undrained shear strength 

should also be established for frod.  

 

Fig. 7. Rod friction frod versus water content w 

The correlation between measured rod friction values (Figs. 5 and 6) and the undrained shear 

strength su (Fig. 4) is illustrated in Fig. 8, and can be described by an exponential expression 

(continuous line): 

[kPa]  )146.0exp(568.452.4 urod sf ����  (0.75 	 w 	 1.65)     (3) 

This relation is similar to the results obtained by Chari et al. (1978).  
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Another way of describing the relationship of rod friction and undrained shear strength is a 

linear correlation (Fig. 8, dotted line): 

uurod ssf �
�
 5.0�    (0.75 	 w 	 1.65)         (4) 

where � is the friction-undrained shear strength ratio. 

However, the variance of � at a mean value of 0.5 for the individual measurements taken here 

is relatively high (0.34 � � � 0.85). The characteristic correlation between rod friction frod and 

shear strength su for this soft harbor mud is twice as high as the findings by Erchul and Smith 

(1969) (0.16 � � � 0.24). In their tests regarding the pull-out resistance of anchors, Wang et 

al. (1977) reported the value of � between 0.67 and 0.75 in relation to the shear strength of the 

sediment. Chari et al. (1978) determined values for � on potter’s clay of between 0.22 and 0.6, 

which are closer to the values determined here.  

 

Fig. 8. Relation between rod friction frod and undrained shear strength su

 

2.4.3 Corrected undrained shear strength 

In cases where special vane shear equipment is not applicable or not available in practical 

operation, the rod friction frod can be evaluated by a laboratory test series previous to the field 

measurements. This test series can be performed with plain rods as described within this 

study. For application to field vane shear tests, Equations (3) or (4) will be most practicable to 

correct the measured shear strength. A correction of laboratory vane shear measurements can 

also base on a formulation according to Equation (2).  
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After determination of frod, the rod-induced torque Trod related to the rod diameter D and pene-

tration z can be determined according to Equation (1): 

 5.0 2 zDfT rodrod ����� �                (5) 

By subtracting Trod from the total measured torque T the vane-induced torque Tvane can be 

obtained. Using the vane-induced torque Tvane evaluated in this manner, the corrected 

undrained shear strength su can now be calculated using conventional formulas for determin-

ing shear strengths in vane shear tests (e.g. Craig 1997). However, the expression according to 

Craig (1997) does not account for the friction from the part, where the rod is connected to the 

vane. Taking this shear area into consideration and assuming a constant distribution of stress 

along the shear plane of the vane, the following expression can be obtained: 

� �
� �

� �332332 0625.0125.05.00625.0125.05.0 Ddhd
TT

Ddhd
T

s rodvane
u ���

�
�

���
�

��
 (6) 

Based on the described procedure, the corrected undrained shear strength and apparent shear 

strength caused by the friction between rod and sediment can be evaluated. 

 

2.4.4 Effect of rod friction on vane shear test results 

In the following paragraph the potential influence of rod-induced friction in practical opera-

tion is evaluated. Vane shear test results and distribution of the vane and rod-induced torque 

are dependent upon vane geometry and rod diameter. In order to assess and compare the ap-

parent shear strength for different vane and rod geometries, a coefficient of geometry � with 

the following formula is introduced.  

� �
[-]  

25.05.0 
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�          (7) 

with Arod(z = h) being the effective rod area at a penetration depth z = h; Avane being the effec-

tive vane shear plane. 

The coefficient of geometry � thus creates a relationship between vane and rod geometries 

and can be determined for any vane. 

Figure 9 shows the influence of rod friction on vane shear test results. The quotient of 

undrained shear strength su according to Equation (6) and the shear strength su, tot (= su + ap-

parent shear strength) is depicted over z/h for coefficients of geometry � = 0.1, 0.2 and 0.4. 

The potentially measured apparent shear strength was determined from the rod-induced 
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torque Trod following Equations (2), (5) and (6). The grey shaded areas are established for the 

examined water contents w by determining frod in relation to water content according to Equa-

tion (2). Here, the intermediate values for 0.75 	 w 	 1.65 can be interpolated linearly. 

 

Fig. 9. Influence of rod friction frod on vane shear test results 

Figure 9 reveals the following interrelationships:  

� The influence of rod friction increases with increasing z/h values. 

� For an increasing � the quotient of su and su, tot decreases continuously for any given z/h. 

This means a relative increase in measured apparent shear strength. 

� At a constant �, the influence of rod friction increases (i.e. su / su, tot decreases) with in-

creasing water contents. The rod friction is less sensitive to a rise in water content. 

� The influence of w intensifies with increasing z/h due to the relative increase in effective 

rod area compared to the area sheared by the vane. 

The dotted lines in Fig. 9 show the rod influence determined by frod according to Equation (4). 

When comparing the grey-shaded results with the dotted lines, it becomes apparent that for 

practical applications in field vane shear tests with unknown water content w, an assessment 

of the influence of friction can be made based on the friction-strength-ratio �.  

A selection of widely used commercially available field and laboratory vanes with their corre-

sponding dimensions and the resulting coefficient of geometry � are listed in Table 2. Assum-

ing that the portions of apparent undrained shear strength smaller than 5% are negligible, 

critical values for z/h can be determined for any vane (su / su, tot((z/h)crit) = 0.95; cf. Fig. 9). If 

(z/h)crit is exceeded, portions of apparent shear strength which are not negligible are automati-

cally included in the measured values. Thus a critical rod penetration zcrit = h · (z/h)crit can be 
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established for each vane. Critical values zcrit are shown in Table 2 for water contents w of 

0.75 and 1.65. For the water contents examined here only vane no. 1 shows an acceptable 

geometry for laboratory applications with values of zcrit between 3.0 and 5.8 cm. In mud with 

a soft consistency (w = 0.75), measurements with field vane no. 3 are acceptable up to a rod 

penetration of approx. 21.5 cm. However, if the water content increases to w = 1.65, zcrit de-

creases to 12.3 cm for this vane. All other vanes listed in Table 2 have a very unfavorable 

geometry that requires a correction in almost any test setup.  

 No. D 
[cm] 

d 
[cm] 

h 
[cm] 

� 
[-] 

zcrit(w=0.75) 
[cm] 

zcrit(w=1.65) 
[cm] 

laboratory vanes 1 

2 

0.325 

0.390 

1.27 

1.00 

2.54 

0.88 
0.206 
0.256 

5.8 

1.0 

3.0 

0.6 

field vanes 

 

3 

4 

5 

1.300 

1.000 

1.000 

5.00 

2.54 

1.60 

10.0 

5.08 

3.20 

0.209 
0.320 
0.520 

21.5 

4.7 

1.2 

12.3 

2.7 

0.7 

Table 2. Coefficient of geometry � and critical penetration zcrit of exemplary vanes 

The following examples illustrate the importance of rod friction on the measured shear 

strength under realistic laboratory and field conditions. A laboratory vane shear test with vane 

no. 2 (� = 0.256) and a rod penetration of 3 cm has a ratio of z/h = 3/0.88 � 3.4 resulting in a 

portion of apparent undrained shear strength of 14-23%. In a field vane shear test with vane 

no. 4 and a rod penetration depth z of 100 cm (z/h = 100/5.08 � 20) a portion of apparent 

shear strength of 53-66% is included in the measurement. Using vane no. 5, this portion 

would rise to 82-88% for the same boundary conditions.  

 

2.4.5 Application to field data 

About 400 vertical shear strength profiles comprising around 2,500 single field vane shear 

measurements were acquired with a Geonor H60 device during the Osthafen, Bremerhaven 

construction project. The following three field vane geometries were used: 

Vane A:  h/d/D = 15/7.5/1 cm   �  � = 0.107 

Vane B:  h/d/D = 10/5/1 cm   �  � = 0.161 

Vane C:  h/d/D = 5.08/2.54/1 cm  �  � = 0.320 

Representative selected raw data and corrected shear strength profiles (Equations 4-6) of 

vanes A, B and C are shown in Figs. 10, 11 and 12. A correction using a corresponding field 
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“rod-only” measurement is shown in Fig. 10 in addition to the laboratory-derived correction 

according to Equations (4)-(6). The laboratory-derived and field-based corrections are very 

close with differences less than 4% (Fig. 10). The importance of data correction is further 

stressed by showing corrected and uncorrected field data collected with three varying vane 

sizes (Figs. 10, 11 and 12). The relative effect of rod friction for these three profiles is de-

picted by the single symbols in Fig. 9. All corrected field shear strength values show good 

agreement with the laboratory vane shear tests from adjacent sediment cores (values between 

0.20 and 1.2 kPa; c.f. Metzen 2006). The shown comparison strengthens the confidence in the 

proposed methods and their validity and applicability to field data. 

 

Fig. 10. Field raw data and corrected shear strength profile using vane A; relative dif-

ference between corrected profiles 

 

Fig. 11. Field raw data and corrected shear strength profile using vane B 
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Fig. 12. Field raw data and corrected shear strength profile using vane C 

 

2.5 Conclusions 

Results of the tests on soft and organic-rich harbor mud clearly demonstrate that the effect of 

friction between rod and sediment is significant. This holds true both for conventional field 

and laboratory vane shear tests even at very shallow penetration depths, and it would not be 

appropriate to disregard these mechanisms while testing soft sediment.  

This study demonstrates the correlations among vane geometry, penetration depth, water con-

tent, undrained shear strength and the resulting influence of friction on vane shear test results. 

The exponential correlation between the undrained shear strength su and water content can be 

used for the prediction of the undrained shear strength evolution in consolidating harbor 

muds. Using the introduced coefficient of geometry � the anticipated influence of friction can 

be assessed for any vane geometry. In general, the influence of rod friction increases with 

increasing z/h values. For increasing � the measured portion of apparent shear strength in-

creases for any given z/h. For a given �, the rod friction is less sensitive to a rise in water con-

tent than the mobilized undrained shear strength. The influence of w intensifies with increas-

ing z/h due to the relative increase in effective rod area compared to the area sheared by the 

vane. A critical rod penetration depth zcrit is introduced as a limiting value up to which results 

of vane shear test are regarded as reliable. zcrit can be determined for any vane and rod geome-

try allowing to select adequate vanes in advance. 
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In cases where a correction of vane shear test results is required the following procedure is 

proposed. For campaigns with large numbers of measurements or measurements for monitor-

ing purpose we propose: 

1. Laboratory test series laboratory on sampled material as described in Section 2.3. 

2. Derivation of the relation between rod friction frod and water content w or rod friction frod 

and undrained shear strength su (cf. Equations 2-4). 

3. Evaluation of the portion of measured rod-induced torque Trod following Equation (5) for 

each vane shear measurement. 

4. Determination of corrected undrained shear strength by means of Equation (6). 

The above procedure can be applied to any rod and vane geometry of laboratory and field 

vanes. The results of a single field vane shear test results may be corrected by the torque from 

a rod measurement in the corresponding depth. For laboratory vane shear testing we recom-

mend to insert only the vane with the rod above the sample surface. Considering of rod effects 

leads to more accurate measurements and prevents an overestimation of the undrained shear 

strength. 
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List of symbols 

Arod effective rod shear area t vane thickness 

Avane effective vane shear area T torque 

Ctot total carbon content TOC total organic carbon 
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su undrained shear strength Trod rod-induced torque 

su, tot su + apparent shear strength Tvane vane-induced torque  

d vane diameter VGl loss on ignition 

D rod diameter w water content 

DSC deep sea carrier wL  liquid limit 

e void ratio wP plastic limit 

frod rod friction XRD X-Ray-Diffraction 

h vane height z  penetration of rod 

IP plasticity index zcrit critical penetration of rod 

R² coefficient of correlation � friction-strength-ratio 

Rrod rod-induced friction force � coefficient of geometry 

SEM scanning electron microscope � bulk density 

SSC short sea carrier �d dry density 

Stot total sulphur content �s particle density 
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Abstract 

Dredging operations in European harbors for maintenance of navigable water depth produce 
vast amounts of harbor mud. Between 2005 and 2007, the second largest harbor construction 
project in Germany was designed as a pilot study to use dredged harbor mud as backfill mate-
rial to avoid expensive deposition or ex-situ treatment. During this project, a partial collapse 
of the backfill highlighted the need for an improved assessment of undrained shear strength of 
naturally liquid harbor mud. Using vane shear testing, this study evaluates the effect of shear 
rate on the undrained shear strength of harbor mud. It is shown that measured values for both 
peak and residual shear strength are significantly influenced by shear rate effects. Further-
more, the influence of shear rate on the peak shear strength is found to be independent of wa-
ter content while its influence on the residual shear strength strongly depends on water con-
tent. New shear rate dependent correction factors � are proposed using the test results and the 
observed time to failure in the harbor basin. 

Keywords: dredged mud, soft clay, vane shear test, shear rate effects, correction factor 

___________________________________________________________________________ 

 

3.1 Introduction 

The major North Sea tidal estuaries of the Ems, Weser and Elbe Rivers are characterized by 

vast accumulations of organic-rich mud derived from marine and river suspension transport. 

High rates of mud accumulation in these dynamic systems are driven by a complex interaction 

of variable river discharge and tide and wind induced processes. Increased mud accumulation 

is promoted by tidal asymmetry and particle flocculation in the freshwater/saltwater mixing 
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zone (Schrottke et al. 2006). The highly engineered estuaries of the Ems, Weser and Elbe 

Rivers belong to the most frequented waterways worldwide and host a number of important 

ports. Deepening the navigation channel in these rivers causes an artificial rise in the tidal 

range and an increase in the suspension load. The small-grained material is carried through 

the locks into the basins of the harbors in Northern Germany where it settles as organic harbor 

mud. This mud must be regularly dredged out of the harbor basins in order to maintain the 

navigational depth. To avoid costly deposition of this often contaminated material, the 

dredged harbor mud is increasingly reused on-site as backfill and construction material, a pro-

cedure used during the backfilling of the harbor basin in the East Harbor of the international 

port area of the Free Hanseatic City of Bremen in Bremerhaven, Germany (Metzen et al. 

2007). During this excavation and construction project, a total of about 180,000 m3 of soft to 

liquid harbor mud was relocated and used as backfill behind a heavy sheet piling that will 

serve as a new wharf (Fig. 1), creating 14 acres of new harbor area (cf. Schlue et al. 2007, 

Schlue et al. in press). To accelerate the consolidation of the mud, a layer of geotextile and 

several thin sand layers were placed on top of the mud backfill. During the placement of the 

sand layers, larger parts of the backfilling area underwent vertical motions indicating a partial 

collapse of the mud layer, although the project was finished successfully in 2007. The de-

scribed difficulties over the course of this project raised several questions regarding the de-

termination of undrained shear strength in harbor mud, which this study would like to address. 

 

Fig. 1. Air photo of the East Harbor construction site, where 180,000 m³ of harbor mud 

were relocated behind a sheet pile wall 

Vane shear testing played an important role during the planning and construction phase of the 

East Harbor extension project. It is widely used for its simplicity, speed and relative cost, and 
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it is the only method commonly used in both laboratory and field settings, in contrast to other 

soft soil test methods such as fall cone penetrometers or full-flow penetrometers (cf. e.g. 

Zreik et al. 1995, Stewart and Randolph 1994). However, the results of vane shear tests are 

affected by many factors such as shear rate, strength anisotropy or rod friction effects (Aas 

1965, Flaate 1966, Wiesel 1973, Menzies and Mailey 1976, Torstensson 1977, Biscontin and 

Pestana 2001, Schlue et al. 2007). Shear rate or peripheral velocity is among the most impor-

tant factors affecting vane shear test results but there is currently no common international 

standard for peripheral velocity or rotation rate in vane shear tests (Leroueil and Marques 

1996). 

The problems in deriving the actual soil resistance from laboratory and field vane shear tests 

in harbor mud motivated this study and raised the following questions: 

� What influence does shear rate have on vane shear test results in liquid to soft harbor 

mud?  

� Is the influence of shear rate on the measured undrained shear strength of harbor mud 

comparable to relationships established for other cohesive sediments? 

� Is the correction factor � proposed by Bjerrum for shear rate effects applicable to dredged 

harbor mud? 

Below, a brief description of the dredged harbor mud and test procedures is provided. The test 

results are then presented and evaluated with respect to the questions raised. 

 

3.2 Soil characterization and testing procedures 

3.2.1 Soil characterization 

The examined sediment is harbor mud from the East Harbor in Bremerhaven on the banks of 

the Weser River and has been described in detail by Schlue et al. (2007). The harbor mud set-

tles under brackish conditions in the tide independent quiet waters of the harbor basin. The 

suspended solids originate from the Weser River, which is connected to the East Harbor basin 

by a lock.  

The representative sample material was obtained by piston coring after dredging and rede-

position of the mud; characteristic soil parameters where determined by preliminary labora-

tory tests. The harbor mud is an extremely plastic, organogenic clay, with a liquid to soft con-

sistency (Table 1; DIN 18122-1, DIN 18123, DIN 18128). The grain size distribution is 
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shown in Fig. 2. The brackish environment is confirmed by the pore water conductivity of 

18.35 mS/cm corresponding to a salinity of 10.85 g/l (Unesco 1981). 

Parameter Value Unit 

Particle density �s 2.57 g/cm³
Dry density �d 0.46 g/cm³ 

Bulk density � 1.31 g/cm³ 

Initial water content w0 1.83 - 

Initial void ratio e0 4.64 - 

Content of smectite 36 w% 

Content of illite 36 w% 

Content of kaolinite/chlorite 28 w% 

Loss on ignition VGl 12.0 w% 

Ctot 4.602 w% 

TOC 2.932 w% 

Stot 0.723 w% 

Liquid limit wL 1.410 - 

Plastic limit wP 0.484 - 

Plasticity index IP 0.926 - 

Pore water salinity 10.85 g/l 

Table 1. Soil parameters and mineral composition 

 

 

Fig. 2. Grain size distribution examined by two separate analyses according to 

DIN 18123 
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The clay mineral composition was determined by X-ray diffraction (XRD) and shows no pre-

dominance of any clay mineral group (Table 1). The clay mineralogy of the harbor mud is 

similar to clays in tidal-flats in the south-eastern North Sea in having a high content of ex-

pandable smectites, considered to originate from Pleistocene subsurface strata (Zöllmer and 

Irion 1996). A comparison of the amount of clastic material supplied by the Ems, Weser and 

Elbe Rivers during the last 7500 years showed that about 90% of the North Sea coastal depos-

its are of marine origin, while only about 10% of fluvial sources (Hoselmann and Streif 

2003). The main organic substances encountered in marine mud are polysaccharides and pro-

teins composed of peptides and amino acid, lipids, hydrocarbons like cellulose, lignin com-

posed of aliphatic and aromatic hydrocarbons as well as humic acids (Berner 1980). 

 

3.2.2 Test setup and procedure 

At first, a statistically valid sample material from several barrels was homogenized using a 

hand-held soil mixer, where a high water content of the mud allowed for viscous behavior and 

effective mixing. Subsequently, the homogenized harbor mud was dried in a drying oven at 

60°C until the liquid consistency was transformed into a soft consistency. This temperature 

was chosen to ensure a gentle drying process without decomposing organic matter or remov-

ing chemically combined water from the sample material. Since no salt was removed, the dy-

ing led to salinity variations in the sample suite between 12 and 26 g/l. These salinity changes 

can cause variation in the undrained shear strength of no more then 10% and correspond only 

to the daily variation in the freshwater/saltwater mixing zone of the Weser estuary (Kay et al. 

2005, Spaethe 2002). To maintain the same overall salt content and minimize the geochemical 

variations, three subsamples with water contents w of 0.71 (LI = 0.25, soft consistency), 1.12 

(LI = 0.69, very soft consistency) and 1.77 (LI = 1.39, liquid consistency) were produced by 

adding small quantities of deionized water. These water contents represent the observed range 

during the construction project in the East Harbor (cf. Schlue et al. in press). 18 laboratory 

vane shear measurements were then carried out on each soil consistency, varying the rate of 

rotation � between 18 and 1800°/min. These applied constant rates of rotation correspond to 

peripheral velocities vpV (= d·�·�/360) from 1.57 to 157 mm/min for the vane used (d x h x t = 

1.0 x 0.88 x 0.1 cm³), assuring a shearing process under undrained conditions (Blight 1968, 

Matsui and Abe 1981). All measurements were taken with a high-precision laboratory vane 

shear test apparatus (Haake Rotovisco RV20) which provided a theoretical shear strength 

resolution of 0.00257 kPa for the vane used. All vane shear measurements were conducted in 
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a container with a volume of 1700 cm³, preventing boundary effects and assuring sufficient 

clearance (> 3d from circumference of the shearing) from the edge and bottom of the con-

tainer, and between individual measurements (cf. ASTM 4648-87, Flaate 1966, v. Bloh 1995). 

The vane was inserted very slowly into the soil sample (< 1 mm/sec) to minimize the accumu-

lation of excess pore water pressure during insertion.  

Although constant concentrations of free gas smaller than 10 vol% can affect the absolute 

shear strength of a soil, these effects are not believed to have any significant influence on its 

shear rate dependence (Wichman et al. 2000, v. Kessel and v. Kesteren 2002, Schlue et al. in 

press). Further, the short time period between soil homogenization and the vane shear meas-

urements is believed not to have allowed for the creation of any gas by biogeochemical deg-

radation of organic carbon as would be expected in the field. 

 

3.3 Results and discussion 

3.3.1 Undrained peak and residual shear strength data from vane shear tests 

The measured undrained vane shear strength was evaluated and corrected for rod friction ef-

fects according to Schlue et al. (2007). The method accounts for shear stresses transferred 

where the rod connects to the vane and assumes a uniform shear stress distribution around the 

vane. The term residual shear strength is assigned to the measured shear stress after two com-

plete vane revolutions (Biscontin and Pestana 2001). The measured shear strength for the 

three soil consistencies and peripheral velocities between 1.57 and 157 mm/min are illustrated 

in Fig. 3. At a liquid consistency (w = 1.77, LI = 1.39) the shear rate dependent peak shear 

strengths suV vary between 0.25 and 0.43 kPa and the residual shear strengths surV between 

0.06 and 0.30. At a very soft consistency (w = 1.12, LI = 0.69), the suV increased to values 

between 1.26 and 2.14 while surV increased to values between 0.43 and 1.30. At a soft consis-

tency (w = 0.71, LI = 0.25) peak shear strengths increased substantially to 7.20-11.80 kPa and 

residual shear strengths of 2.90-6.50 kPa were measured. 
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Fig. 3. Measured peak and residual shear strength versus peripheral velocity for the 

tested water contents 
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3.3.2 Influence of shear rate on vane shear test results in organic harbor mud 

To better illustrate the influence of shear rate on vane shear test results, the measured shear 

strengths are normalized to a reference shear strength. In this study, the reference peak shear 

strength su0 and reference residual shear strength sur0 are defined as the measured values at a 

peripheral velocity vp0 of 1.57 mm/min, which is the slowest possible velocity for the used 

test setup. The normalized vane shear strengths, suV/su0 and surV/sur0, are shown in Fig. 4 for all 

consistencies tested. It can be seen that both the undrained peak and residual shear strength 

increase significantly with increasing peripheral velocity. The measured suV for the highest 

peripheral velocity of 157 mm/min is 55 to 65% higher than that determined at the reference 

velocity vp0, which is consistent between the three consistencies tested. In contrast, the in-

crease in surV varies between 120% at a soft consistency and 350% at a liquid consistency 

(Fig. 4), showing that for liquid to soft consistencies, the residual shear strength is even more 

sensitive to changes in peripheral velocity than the peak shear strength. Our findings are con-

sistent with those of other studies, e.g. Biscontin and Pestana (2001). However, Biscontin and 

Pestana (2001) did not observe any shear rate influence on the residual shear strength of 

slightly cemented model soil consisting of kaolinite, bentonite and fly ash. The influence of 

shear rate on the residual shear strength of harbor mud observed in this study can be explained 

by increasingly viscous soil behavior with rising water content. The harbor mud behaves more 

and more like a sediment suspension following rheological models rather than exhibiting a 

unique coefficient of friction in the residual state. It is known that transferable shear stresses 

within sediment suspensions as well as their viscosity are strongly dependent on shear rate 

and water content (cf. Verreet and Berlamont 1988, Coussot 1997, Whitehouse et al. 2000, 

Winterwerp and v. Kersteren 2004). 

The dependence between the shear rate and measured shear strength has been traditionally 

interpreted according to a power or semi-logarithmic law  

Power law     � ��00 ppuu vvss �          (1) 

Semi-logarithmic law  � �00 log1 ppuu vvss ���        (2) 

where �� � are characteristic soil parameters. 
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Fig. 4. Normalized peak and residual shear strength versus peripheral velocity for the 

tested water contents; curve-fits according to Equations (1) and (2) 

Figure 4 shows both power law and semi-logarithmic curve-fits according to Equations (1) 

and (2) for the measured normalized shear strengths. It can be observed that the undrained 

peak shear strength can be accurately described by both curve-fits. Only at a liquid consis-
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tency is the undrained residual shear strength better described by the semi-logarithmic curve-

fit, even when the coefficients of correlation R² are similar for both fit types.  

For peak shear strength, the evaluated parameter ��from the semi-logarithmic curve-fit varies 

between 0.28 and 0.33, while under the power law curve-fit the evaluated parameter � varies 

between 0.10 and 0.12. These are comparatively high values and correspond to an increase in 

measured undrained peak shear strength of approximately 30% per tenfold increase in periph-

eral velocity. The harbor mud soil parameters � and�� are listed in Table 2 for comparison 

with those found in other studies. From this it can be seen that the influence of shear rate on 

the peak shear strength of the tested harbor mud is comparable to that from the Gulf of Mex-

ico clay studied by Schapery and Dunlap (1978) and to Exuma Sound clay from the Bahamas 

studied by Smith and Richards (1975). 

Clay Ip [%] ����� � Reference 

Grangemouth 22 5-6 0.025 Skempton 1948 
Bromma 31 20 0.086 Cadling and Odenstad 1950 

Aserum, Drammen, Lier-
stranda, Manglerud 

9 1-2 0.006 Aas 1965 

Different silts and clays - 

- 

16 

5 

0.05 

0.01 

Migliori and Lee 1971 

Halwachs 1972 

Ska Edeby 50-100 3-6 0.02 Wiesel 1973 

Bäckebol 50-65 12 0.05 Torstensson 1977 

Gulf of Maine and Mexico 

Exuma Sound clay, Bahamas 

- 

- 

13 

27 

0.05 

0.1 

Smith and Richards 1975 

San Diego silt I 

San Diego silt II 

Gulf of Maine clay 

64 

 

78

36 

21 

60

0.13 

0.08 

0.2

Perlow and Richards 1977 

Gulf of Mexico clay - 33 0.107 Schapery and Dunlap 1978 

Pierre shale 103 21 0.05 Sharifounnasab and Ullrich 

Saint-Louis de Beaucours 

Saint-Alban clay 

13-19 

6-18 

2-3 

1 

0.01 

0.004 

Roy and LeBlanc 1988 

Bentonite-Kaolinite mix 75 15 0.055 Biscontin and Pestana 2001 

East Harbor mud 93 30 0.11 This study 

Table 2. Comparison of derived parameters ��and ��for the peak shear strength (cf. Bis-

contin and Pestana 2001) 
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In contrast to the peak shear strength, the measured parameters ��and � for residual shear 

strength are also dependent on consistency because of the above mentioned viscosity effects 

dominating the behavior after mobilization of the peak shear strength at higher water contents 

and liquidity indices. Linear correlations between liquidity index LI and the shear rate de-

pendence of the residual shear strength were tested for the dredged harbor mud, leading to the 

following equations: 

14.0144.0 �� LI�  [-]               (3) 

277.004.1 �� LI� [-]                (4) 

For 0.25 � LI��� 1.39 these equations yield values between 0.53 � ���� 1.72 and 

0.18 � ���� 0.34, meaning an increase in measured residual shear strength of 50-170% per 

tenfold increase in peripheral velocity. As can be seen from Fig. 4, with decreasing w and LI, 

the parameters ��and � seem to converge and approach the values found for the peak shear 

strength. 

 

3.3.3 Derivation of a correction factor to account for shear rate effects on measured 

 vane shear strength 

A significant shear rate dependence of undrained shear strength has been demonstrated by this 

study. This dependence underscores the need for a correction of vane shear test results to ac-

count for the different shear rates observed in large scale field failure processes and applied in 

vane tests (Bjerrum 1972, Bjerrum 1973). A correction factor � can be derived from the ratio 

of undrained shear strength mobilized in the field at low shear rates and the shear strength 

measured by vane shear tests at higher shear rates. Thus, using Equations (1) and (2), ��can be 

derived as: 

Power law     
� �
� �

�

�

�

� �
�
�

�
�
�
�

�
��

pV

pF

ppV

ppF

v
v

vv

vv

0

0

       
(5) 

Semi-logarithmic law  
� �
� �0

0

log1
log1

ppV

ppF

vv
vv

�
�

�
�

�
�

        
(6) 

where vpF is the peripheral velocity corresponding to the shear rate in the field, and vpV is the 

peripheral velocity used in vane shear tests.  
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Equation (6) has a limited domain because both the numerator and denominator can become 

zero or negative for small values of vpF and vpV. Decreasing peripheral velocities in the semi-

logarithmic curve-fit (Equation 2) return unrealistic, small or even negative shear strengths 

and can not be extrapolated to small peripheral velocities. Equation (6) is therefore undefined 

for a relevant wide range of vpF and �� So, only the more applicable power-law derived cor-

rection factor from Equation (5) is used further in this study (cf. Hinchberger 1996, Soga and 

Mitchell 1996). 

 

3.3.4 Application of the introduced correction factor on organic harbor mud 

After deposition of the harbor mud behind the sheet piling during the construction project in 

Bremerhaven, a geotextile layer was placed to prevent mixture between the mud and sand 

layers. These sand layers were meant to accelerate the consolidation of the mud and to 

achieve the required installation height of the backfill. The deposited mud layer in the backfill 

area collapsed after addition of the fourth sand layer, increasing the existing 40 cm sand layer 

by another 20 cm. According to eye witnesses, strong deformations were noticeable within 

the first 10 hours after completion of sand layer four (Fig. 5). 

 

Fig. 5. A) Strongly deformed backfill area 20 days after sand installation with ground 

motion amplitudes of up to 2 m. B) Height of the geotextile surface before and during 

sand installation obtained by soundings. Note the strong deformation that occurred be-

tween day five and seven after start of installation with amplitudes of 3 m (Inset: loca-

tion of the sounding profile B). 

Provided that the shear strains at failure in the field situation are comparable to those occur-

ring in vane shear tests, the correction factor ��according to Equation (5) can also be ex-

pressed only in terms of time to failure. The failure scenario in the East Harbor corresponds to 
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a time to failure tfF of about 600 min (10 hours). From the observed angles at failure � and the 

applied rate of rotation � in the laboratory vane shear tests carried out for this study, the time 

to failure tfV can also be determined. Figure 6 shows the observed angles at failure �. A 

straight line curve-fit through the data shows a slight increase in � of 17° with increasing rates 

of rotation from 0 to 1800°/min: 

5.2100835.0 �
 ��                 (7) 

 

Fig. 6. Shear rate dependency of the rotation angles at failure � in laboratory vane shear 

tests in harbor mud 

According to Equation (7) the time to failure tfV can now be estimated: 

00835.05.215.2100835.0
��
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�
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�

�
�

fVt
         

(8) 

Assuming comparable shear strains at failure in the field situation and vane shear tests, the 

correction factor � according to Equation (5) is only dependent on the ratio tfF/tfV and a more 

practical equation can be derived for � using Equation (8) and the observed tfF = 600 min: 
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(9) 

Equation (9) is based on the observed time to failure in the field of 600 min and is therefore 

based on the particular shear rate observed during the partial collapse of the extension area in 

the East Harbor. Since no significant change in shear rate was observed or measured during 

the failure and residual states, Equation (9) can also be used as a good approximation to cor-

rect the residual shear strength of East Harbor mud.  
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Considering the measured specific parameter � � Equation (9) yields 

Peak shear strength   � � 11.030 �
 ��           (10) 

Residual shear strength  � � 14.0144.030 ���
 LI��  for 0.25 � LI � 1.39  (11) 

with ��= 0.11 for the peak shear strength and � according Equation (3) for the residual shear 

strength. 

The results of Equations (10) and (11) are illustrated in Fig. 7. For the rates of rotation be-

tween 1 and 100°/min typically recommended by international standards such as 

ASTM D 4648, BS 1377-9 or DIN 4094-4, the proposed correction factor varies between 0.4 

and 0.7 for the peak vane shear strength suV. For the residual vane shear strength, � is signifi-

cantly smaller and is in the range of 0.05-0.55 for liquidity indices LI between 1.39 and 0.25 

and rotation rates between 1 and 100°/min.  

 

Fig. 7. Correction factors � for organic harbor mud 

With the derived correction factor to account for the shear rate effects on vane shear test re-

sults in organic harbor mud, the corrected undrained peak shear strength su and residual shear 

strength sur can now be estimated as: 

Vruru ss )()( �� �                  (12) 

Figure 8 shows the raw shear strength data from Fig. 3 corrected according to Equation (12) 

with � from Equations (10) and (11). It is apparent that the application of these equations re-

sults in peak and residual shear strengths that are respectively independent of rate of rotation 

� and peripheral velocity vpV. This confirms the applicability of the derived correction factors 

on shear strength data measured by vane shear tests in harbor mud. The proposed correction 
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factors allow for the correction of laboratory and field vane test data taken at arbitrarily rates 

of rotation. 

 

Fig. 8. Corrected undrained peak and residual shear strength of East Harbor mud 
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3.3.5 Comparison of the derived correction factor with those proposed by other studies 

 and international standards for the peak vane shear strength 

Based on numerous case studies on Scandinavian clays, Bjerrum proposed a correction factor 

�� for the undrained shear strength measured by vane shear tests to account for the longer time 

to failure in the field tfF, which has typically been assumed to be several weeks or months 

(Bjerrum 1972, Bjerrum 1973). The short time to failure tfF of about 600 min observed in the 

East Harbor is assumed to be due to the liquid to soft consistency of the harbor mud, so tfF is 

assumed to be dependent on the plasticity and consistency of the soil. For clays with lower 

water contents, the time to failure may be longer, as observed by Bjerrum. Differences in tfF 

may have a serious influence on the introduced correction factor � compared to those recom-

mended by Bjerrum and other authors. 

Bjerrum proposes a correction factor ��to account for time and anisotropy effects in relation 

to the index of plasticity Ip based on a rate of rotation of 6°/min. For the organic harbor mud 

tested in this study with Ip = 0.926, the correction factor � �would be 0.63, independent of the 

actual used rate of rotation in vane shear tests and the specific time to failure of the sediment 

(Bjerrum 1973). This factor has been confirmed by a number of other studies (e.g. Azzouz et 

al. 1983, Larsson et al. 1984) and is also recommended by DIN 4096-4 for soft sediments. 

Since there is no internationally accepted standard for the rate of rotation in vane shear tests, 

the recommended � varies between 6-12°/min (BS 1377-9), 30°/min (DIN 4094-4, for soft 

sediments) and 60-90°/min (ASTM D 4648). In reality, measurements for large field monitor-

ing campaigns are often carried out at higher rates of rotation in order to save time or to be 

able to do more single measurements. The results of Equation (10) for the peak shear strength 

for these proposed rates of rotation are listed in Table 3, where ���is the relative difference to 

� = 0.63 proposed by Bjerrum. Table 3 shows that for rates of rotation proposed by common 

international standards, the introduced shear rate dependent correction factor � differs from 

that found by Bjerrum. It can be seen in Fig. 7 that the correction factor for the peak shear 

strength proposed in this study would be 0.63 for a rate of rotation of 1-2°/min. As a conse-

quence, the application of the correction factor proposed by Bjerrum would continuously 

overestimate the undrained shear strength using the standards BS 1377-9, DIN 4094-4 and 

ASTM D 4648 with overestimations between 10 and 50%. This fact underlines the impor-

tance of applying a correction factor that takes into account the rate of rotation of the vane of 

the actual measurements and a soil specific time to failure. This study presents a complete set 

of correction factors.  
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Standard Proposed � [°/min] � acc. to Eq. (10)� �� [%] 

BS 1377-9 6-12 0.57-0.52 10-21 
DIN 4094-4 30 0.47 34 

ASTM D 4648 60-90 0.44-0.42 43-50 

Table 3. Comparison of correction factors ��determined according to Equation (10) for 

rates of rotation proposed by common international standards; ���is the relative differ-

ences to � = 0.63 proposed by Bjerrum 

 

3.3.6 Back analysis of the ground failure in the East Harbor and validation of the intro-

duced correction factor 

To check if the introduced new shear rate dependent correction factor would have predicted 

the ground failure during the East Harbor extension project, a back analysis was conducted.  

The sand layers that caused the failure were installed by spraying and settling through the 

water column from a swimming platform in 10 m wide stripes. The sand layer that led to the 

ground failure had a thickness of about 20 cm, corresponding to a total stress increment of 

2 kPa. Assuming a classic ground failure approach for flexible footing on cohesive soil, the 

minimum necessary undrained shear strength to avoid failure and the factor of safety for the 

geostatic system can be assessed (Prandtl 1920, DIN 1054). Figure 9 shows the geostatic sys-

tem and the failure plain which is the basis for the here presented back analysis.  

 

Fig. 9. Geostatic system and assumed failure plain for the back analysis (Prandtl 1920, 

DIN 1054) 

This system setup is reasonable and reflects the observed failure geometries in the East Har-

bor, showing multiple ground failures events with diameters between 5 and 20 m (Fig. 5).  
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After Prandtl (1920) and DIN 1054, the necessary undrained shear strength is 

��
�

2min,
psu                   (13) 

where p is the applied vertical stress. 

To avoid ground failure under the assumed conditions, Equation (13) indicates that a mini-

mum undrained peak shear strength su,min of 0.39 kPa is necessary. 

Shortly after the observed surface deformations Metzen (2006) carried out laboratory vane 

shear measurements on East Harbor mud sediment cores obtained by piston coring. For a used 

rate of rotation of 30°/min (DIN 4094-4) the determined mean undrained peak shear strength 

was 0.75 kPa at that time. In contrast to the � of 0.63 derived by Bjerrum, the correction fac-

tor according to Equation (10) is 0.47 for ��= 30°/min. Table 4 shows the uncorrected as well 

as corrected shear strength after Bjerrum (0.47 kPa) and after Equation (10) proposed in this 

study (0.35 kPa). Furthermore, the calculated factor of safety for the geostatic system is listed 

assuming the different corrected shear strengths and su,min = 0.39 kPa. It is obvious that apply-

ing the correction factor according to Bjerrum no ground failure is predicted and the factor of 

safety is 1.21. Applying the correction factor proposed by this study, the system can not be 

verified, leading to a factor of safety of 0.90. 

correction factor su [kPa] factor of safety 

no correction 0.75 1.92 

acc. to Bjerrum 0.47 1.21 

acc. to this study 0.35 0.90 

Table 4. Corrected undrained shear strength acc. to Bjerrum and Equation (10) and re-

sulting factors of safety for the assumed geostatic system 

This back analysis clearly indicates that the correction according Bjerrum is not leading to a 

prediction of the observed failure during the East Harbor extension project. In the future, 

ground failures in similar liquid to soft harbor mud might be better predicted and avoided us-

ing the here proposed shear rate dependent correction factor according to Equation (10). 

 

3.4 Conclusions 

Shear rate has a significant influence on both undrained peak and residual shear strength of 

organic harbor mud as an increasing shear strength can be measured with increasing shear 
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rate. In this study, the measured undrained peak shear strength varied between 55 to 65% with 

peripheral velocities between 1.57 and 157 mm/min. As a good approximation, the measured 

undrained peak shear strength of harbor mud increases on the order of 30% per tenfold in-

crease in peripheral velocity, a relation nearly consistent between all harbor mud consistencies 

tested. In contrast, the increase in residual shear strength varies between 120% at a soft con-

sistency and 350% at a liquid consistency, resulting in a 50-170% increase in the measured 

residual shear strength per tenfold increase in peripheral velocity and demonstrating that the 

residual shear strength is even more sensitive than the peak shear strength to changes in shear 

rate. 

The relation between peripheral velocity in vane shear tests and measured shear strength of 

harbor mud can be generally described by both a semi-logarithmic law and a power law. 

Since the semi-logarithmic expression can not be extrapolated to small peripheral velocities, 

the more applicable power-law determination was used to develop shear rate dependent cor-

rection factors. The derived correction factors are solely dependent on the ratio between the 

shear rate observed in large-scale field failure processes and the shear rate actually used in the 

vane shear tests. The effect of varying water contents on ���for peak shear strength is negligi-

ble. In contrast, a change in water content has a significant influence on ���for the residual 

shear strength. 

The correction factor for time effects proposed by Bjerrum is shown to be valid for vane tests 

in harbor mud at rates of rotation ��of 1-2°/min, but overestimates the undrained shear 

strength of organic harbor mud using higher rates of rotation. For ��between 6 and 90°/min as 

is recommended by the common international standards BS 1377-9, DIN 4094-4 and 

ASTM D 4648 this overestimation is in the range of 10-50%, underlining the importance of 

the simple correction method proposed in this study. 

We show that, among many other factors that might have led to the observed deformations 

during the East Harbor extension project, the shear rate depended soil strength behavior plays 

an important role and needs to be addressed in future projects using similar backfill material 

and rapid loading. A back analysis indicates that the correction according Bjerrum does not 

predict the observed failure during the East Harbor project. In the future, ground failures in 

liquid or soft harbor mud might be better predicted and therefore avoided using the shear rate 

dependent correction factor proposed in this study. 
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Notation 

Cv coefficient of consolidation TOC total organic carbon 

Ctot total carbon content VGl loss on ignition 

d vane diameter vp peripheral velocity 

e0 initial void ratio vpF peripheral velocity corresp. to field 
shear rate 

h vane height vpV peripheral velocity in vane shear tests 

Ip index of plasticity vp0 reference peripheral velocity 

LI liquidity index  w water content 

p applied vertical stress w0 initial water content 

R² coefficient of correlation wL liquid limit 

su undrained peak shear strength wP plastic limit 

su0 reference undrained peak shear 
strength 

  

suV undrained peak vane shear strength � semi-logarithmic law parameter 

sur undrained residual shear strength � power law parameter 

sur0 reference undrained residual shear 
strength 

� angle at failure in vane shear test 

surV undrained residual vane shear strength � correction factor for shear rate effects 

Stot total sulphur content � bulk density 

t vane blade thickness �d dry density 

tfF time to failure in the field �s particle density 

tfV time to failure in vane shear test � rate of rotation  
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Abstract 

Dredging operations in European harbors for maintenance of navigable water depth produce 
vast amounts of harbor mud. Between 2005 and 2007, the second largest harbor construction 
project in Germany was designed as a pilot study to use dredged harbor mud as backfill mate-
rial to avoid expensive deposition or ex-situ treatment. During this project, a partial collapse 
of the backfill highlighted the need for an improved assessment of undrained shear strength of 
naturally liquid harbor mud. The strength of harbor mud can not accurately be measured un-
der corresponding low in-situ effective stress levels by standard laboratory tests. Therefore, a 
large-scale oedometer cell with a diameter of 22 cm was designed providing the opportunity 
of vane shear measurements during consolidation. This study shows that East Harbor mud is a 
very sensitive, organogenic clay of extremely high plasticity, exhibiting very small undrained 
shear strength compared to other cohesive soils. Both, the undrained peak and residual shear 
strength are shown to increase about 30% within the first year of secondary compression. 

Keywords: undrained shear strength, sensitivity, aging, harbor mud, soft soil 

___________________________________________________________________________ 

 

4.1 Introduction 

The major North Sea tidal estuaries of the Ems, Weser and Elbe Rivers are characterized by 

vast accumulations of organic-rich mud derived from marine and river suspension transport. 

High rates of mud accumulation in these dynamic systems are driven by a complex interaction 

of variable river discharge and tide and wind induced processes. Increased mud accumulation 

is promoted by tidal asymmetry and particle flocculation in the freshwater/saltwater mixing 
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zone (Schrottke et al. 2006). The highly engineered estuaries of the Ems, Weser and Elbe 

Rivers are among the most frequented waterways worldwide and host a number of important 

ports. Deepening the navigation channel in these rivers causes an artificial rise in the tidal 

range and an increase in the suspension load. The small-grained material is carried through 

the locks into the harbor basins where it settles as organic harbor mud, which must be regu-

larly dredged to maintain the navigational depth. To avoid costly deposition of this often con-

taminated material, the dredged harbor mud is increasingly reused on-site as backfill and con-

struction material, a procedure used during the backfilling of the harbor basin in the East Har-

bor of the international port area of the Free Hanseatic City of Bremen in Bremerhaven, Ger-

many (Metzen et al. 2007). During this excavation and construction project, a total of about 

180,000 m3 of soft to liquid harbor mud was relocated and used as backfill behind a heavy 

sheet piling that will serve as a new wharf (Fig. 1), creating 14 acres of new harbor area 

(cf. Schlue et al. 2007, Schlue et al. in press). To accelerate the consolidation of the mud, a 

layer of geotextile and several thin sand layers were placed on top of the mud backfill (overall 

sand layer thickness < 80 cm corresponding to total stresses < 10 kPa). During the placement 

of these sand layers, larger parts of the backfilling area underwent vertical motions indicating 

a partial collapse of the mud layer (Fig. 2). Although the project was finished successfully in 

2007, the described difficulties over the course of this project raised several questions regard-

ing the measurement of undrained shear strength of harbor mud, which this study would like 

to address. 

 

Fig. 1. Air photo of the East Harbor construction site, where 180,000 m³ of harbor mud 

were relocated behind a sheet pile wall 
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Fig. 2. A) Strongly deformed backfill area 20 days after sand installation with ground 

motion amplitudes of up to 2 m. B) Height of the geotextile surface before and during 

sand installation obtained by soundings. Note the strong deformation that occurred be-

tween day five and seven after start of installation with amplitudes of 3 m (Inset: loca-

tion of the sounding profile B). 

To investigate the evolution of the undrained shear strength of organic harbor mud at low 

consolidation stress levels, a special large-scale oedometer cell with 22 cm diameter was de-

signed providing the opportunity for vane shear measurements during consolidation (cf. 

Schlue et al. in press). A long-term consolidation test on initially liquid East Harbor mud in 

the designed large-scale oedometer cell was carried out to answer the following questions: 

� How does the undrained shear strength of East Harbor mud develop at low consolidation 

stress levels corresponding to the in-situ conditions during the East Harbor project?  

� What is the relation between undrained shear strength and water content or void ratio?  

� How sensitive is organic harbor mud?  

� How does the undrained shear strength develop during secondary compression? Can no-

ticeable aging effects be observed? 

Below, a brief description of the dredged harbor mud and test procedures is provided. The test 

results are then presented and evaluated with respect to the questions raised. 

 

4.2 Soil characterization and testing procedures 

4.2.1 Soil characterization 

The examined sediment is harbor mud from the East Harbor in Bremerhaven on the banks of 

the Weser River and has been described in detail by Schlue et al. (2007). The harbor mud set-

tles under brackish conditions in the tide independent quiet waters of the harbor basin. The 
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suspended solids originate from the Weser River, which is connected to the East Harbor basin 

via locks.  

The representative sample material was obtained by piston coring after dredging and rede-

position of the mud; characteristic soil parameters where determined by preliminary labora-

tory tests. The harbor mud is an extremely plastic, organogenic silty clay, with a liquid to soft 

consistency (Table 1; DIN 18122-1, DIN 18123, DIN 18128). The grain size distribution is 

shown in Fig. 3. The brackish environment leads to a pore water conductivity of 

18.35 mS/cm, corresponding to a salinity of 10.85 g/l (Unesco 1981). 

Parameter Value Unit 

Particle density �s 2.57 g/cm³
Dry density �d 0.46 g/cm³ 

Bulk density � 1.31 g/cm³ 

Initial water content w0 1.83 - 

Initial void ratio e0 4.64 - 

Content of smectite 36 w% 

Content of illite 36 w% 

Content of kaolinite/chlorite 28 w% 

Loss on ignition VGl 12.0 w% 

Ctot 4.602 w% 

TOC 2.932 w% 

Stot 0.723 w% 

Liquid limit wL 1.410 - 

Plastic limit wP 0.484 - 

Plasticity index IP 0.926 - 

Pore water salinity 10.85 g/l 

Table 1. Soil parameters and mineral composition 

The clay mineral composition was determined by X-ray diffraction (XRD) and shows no pre-

dominance of any single clay mineral group (Table 1). The clay mineralogy of the harbor mud 

is similar to clays in tidal-flats in the south-eastern North Sea in having a high content of ex-

pandable smectites, considered to originate from Pleistocene subsurface strata (Zöllmer and 

Irion 1996). A comparison of the amount of clastic material supplied by the Ems, Weser and 

Elbe Rivers during the last 7500 years showed that about 90% of the North Sea coastal depos-

its are of marine origin, while only about 10% are of fluvial sources (Hoselmann and Streif 

2003). The main organic substances encountered in marine mud are polysaccharides and pro-
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teins composed of peptides and amino acid, lipids, hydrocarbons like cellulose, lignin com-

posed of aliphatic and aromatic hydrocarbons as well as humic acids (Berner 1980). 

 

Fig. 3. Grain size distribution examined by two separate analyses according to DIN 

18123 

 

4.2.2 Test setup and procedure 

The test setup was specifically designed for soft to liquid organic harbor mud (Fig. 4). The 

harbor mud was set into a 22 cm diameter Plexiglas cylinder at an initial height of 22.5 cm. A 

load was applied to the soil sample with a load plate from the top down via a crossbar and 

load rod. Both load plate and filter plate have locking apertures to allow for vane shear tests. 

The settlement of the sample is measured by a digital potentiomentric displacement sensor, 

pore pressure is captured via four automated pressure sensors covering half of the initial sam-

ple height. Subsequently, four load steps with total stresses of 2, 4, 8 and 16 kPa were applied, 

covering the effective stress range during the construction project in the Bremerhaven East 

Harbor prior to the observed backfill deformations. 

A permanent saltwater cycle permits consistent measuring of the water permeability of the 

harbor mud. This can be achieved with a constant pressure head �h on the bottom of the sam-

ple using a high-level container as water reservoir (cf. Fig. 4). �h was specifically chosen to 

be 6.5 cm to negate the effective self weight stresses from the mud column.  

Altogether, 36 vane shear measurements were taken within the test duration of approx. 460 

days with a laboratory vane shear test apparatus (Haake Rotovisco RV20), which provided a 

theoretical shear strength resolution of 0.00257 kPa for the vane used 
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(d x h x s = 1.0 x 0.88 x 0.1 cm³). Six vane shear tests were carried out before and during the 

first load step and five after each load step. After the end of the primary consolidation of the 

fourth load step at 16 kPa, additional five vane tests were carried out after 49 and 132 days of 

secondary compression. The measurements after each load step and in the creep phase were 

measured in heights of 2, 4, 6, 8 and 10 cm from the bottom of the sample. To ensure the pos-

sibility to correct the test results for rod friction effects according to Schlue et al. (2007), 

measurements with a rod only were carried out during the entire test. All vane shear tests 

were run at a vane rotation rate of 18°/min, which assures a shearing process under undrained 

conditions (Blight 1968; Matsui and Abe 1981). During the measurements, sufficient clear-

ance (> 3d from circumference of the shearing) from the edge of the Plexiglas cylinder as well 

as between the single measurements was ensured to prevent boundary effects (cf. ASTM 

4648-87, Flaate 1966, v. Bloh 1995).  

 

Fig. 4. Test setup of large-scale oedometer test 

 

4.3 Results and Discussion 

4.3.1 Measured data from vane shear measurements in large-scale oedometer 

The measured undrained peak and residual shear strengths are determined from the measured 

torque using common equations (cf. e.g. Craig 1997) and assuming a constant stress distribu-

tion around the vane (Fig. 5). A pronounced increasing scatter can be observed with increas-

ing effective vertical consolidation stress �’vc, which is assumed to be mainly due to stresses 

transferred between vane rod and sediment. These stresses are included in the shear strength 

data shown in Fig. 5 and lead to an increasing fraction of apparent shear strength with increas-
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ing vane penetration depth and effective stress, causing significant scatter within the meas-

ured values. 

 

Fig. 5. Raw undrained peak and residual shear strength values versus vertical consolida-

tion stress 

 

4.3.2 Influencing factors on vane shear measurements - correction of measured data 

The measurements carried out during the large-scale oedometer test with a rod only yield the 

following relation between rod friction frod and undrained shear strength su: 

urod sf �
 41.0                   (1) 

Using this relation the measured shear strengths illustrated in Fig. 5 can be corrected for rod 

friction effects according to Schlue et al. (2007). The correction method also accounts for 

shear stresses transferred where the rod connects to the vane and assumes a uniform shear 

stress distribution around the vane. 

The problem of relating measured undrained shear strength from laboratory and field vane 

shear tests to the actual resistance of soil motivated us to investigate the effect of shear rate on 

vane shear test results in harbor mud from the East Harbor in a separate study. We found that 

both peak and residual shear strength of the tested harbor mud are significantly influenced by 

shear rate effects. To account for these effects and to relate vane shear test results to the 

strength actually mobilized in large scale field failure processes, we proposed a new shear rate 

dependent correction factor � for the tested harbor mud� For the peak shear strength a correc-

tion factor � = 0.5 is recommended, which is on the order of 25% smaller than the correction 

factor recommended by Bjerrum (1972 and 1973) for the tested sediment. The correction fac-
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tor for the residual shear strength was found to be dependent on the water content of the har-

bor mud. For water contents between 1.12 and 1.85 covered by the large-scale oedometer test, 

the proposed correction factor � varies between 0.109 and 0.223. The results concerning shear 

rate dependence of undrained shear strength of harbor mud are not the focus of this paper but 

necessary corrections were applied. 

Other influencing factors on the undrained shear strength of East Harbor mud like anisotropy 

are assumed not to be relevant for the tested soft to liquid mud. 

 

4.3.3 Corrected undrained shear strength versus effective vertical consolidation stress 

All measured undrained shear strengths were corrected for shear rate and rod friction effects 

as described above. The raw and corrected shear strength profiles through the sample meas-

ured after each load step and during the creep phase in heights of 2, 4, 6, 8 and 10 cm from 

the bottom of the sample are illustrated in Fig. 6. 

 

Fig. 6. Raw and corrected undrained peak and residual shear strength profiles 

It is apparent that the correction for rod friction effects leads to more consistent residual shear 

strengths sur and peak shear strengths su as they are corrected to be independent of the indi-

vidual penetration depths, which was expected due to the homogeneous effective stresses 

state within the sample as a consequence of the permanent saltwater head (cf. Fig. 4). How-

ever, in the shear strength profile measured directly after the fourth load step (Fig. 6 D) two 
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measurements yielded extraordinary high values for su (z = 0.062 and 0.083 m) compared to 

all measurements carried out at a consolidation stress of 16 kPa. These two values are dis-

carded in the further analysis. 

The corrected shear strengths su and sur measured after completion of primary consolidation of 

each load step (Fig. 6 A-D) and within the first load step versus effective vertical consolida-

tion stress �’vc, so are free from aging effects (Fig. 7). For the tested low stress levels, su var-

ies between 0.1 and 4.3 kPa, while sur varies between 0 and 1.0 kPa, and a linear correlation 

between �’vc and undrained shear strength can be observed (cf. Coulomb failure criterion). 

The best linear curve-fits through the data yield the following relationships between 

undrained strength and consolidation stress: 

22.0'25.0 ��� vcus �                 (2) 

vcurs '054.0 ���                  (3) 

In international literature, the ratios between undrained peak shear strength and effective ver-

tical consolidation stress su/�’vc, as well as between undrained residual shear strength and ver-

tical consolidation stress sur/�’vc, are commonly published for cohesive soils. From the gradi-

ent of the failure envelopes illustrated in Fig. 7 and from Equations (2) and (3), the ratio 

su/�’vc was estimated to be about 0.25, while sur/�’vc was about 0.054 for the tested East Har-

bor mud. 

 

Fig. 7. Corrected undrained peak and residual shear strength values versus effective ver-

tical consolidation stress 

su/�’vc of cohesive soils was found to be dependent on plasticity by many studies reporting an 

increasing su/�’vc with increasing Ip (Bjerrum 1954, Skempton and Henkel 1954, Hansbo 
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1957, Bjerrum 1973, Garneau and LeBihan 1977), while others observed a more or less ran-

dom correlation between su/�’vc and Ip (Tanaka 1994, Tan et al. 2004, Chung 2007). Also, 

relations between su/�’vc and clay fraction were published showing an increasing su/�’vc with 

decreasing clay fraction (Bartetzko and Kopf 2007). 

 

Fig. 8. Exemplary data compilation su/�’vc and comparison to the East Harbor mud 

Figure 8 shows often cited relationships between su/�’vc and wL as well as Ip. Bjerrum (1954), 

Hansbo (1957), Garneau and LeBihan (1977) and Skempton and Henkel (1954) present linear 

relationships between su/�’vc and liquid limit or plasticity index for Norwegian clays, Swedish 

clays, Eastern Canadian clays and normally consolidated clay from the Thames Estuary. After 

testing soils with a higher plasticity, Bjerrum (1973) published a non-linear relation between 

su/�’vc and Ip also shown Fig. 8. The coefficient of friction of 0.25 found for East Harbor mud 

is smaller than it would be predicted by the published and widely used relationships shown in 

Fig. 8. Using the model proposed by Hansbo (1957) and Skempton and Henkel (1954), the 

coefficient of friction for East Harbor mud would be overestimated by a factor between 1.7 
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and 2.2 times, while Bjerrum (1973) and Garneau and LeBihan (1977) estimate su/�’vc to be 

about 1.2-1.4 times too large. Only selected studies published coefficients of friction that are 

comparable to those found for East Harbor mud as shown in Fig. 8. This may be explained by 

the large content of organic matter within these particular soils, comparable to East Harbor 

mud with losses on ignition between 3 and 10 w% (Tanaka 1994, Eide and Holmberg 1972, 

Golder and Parmer 1955, Holtz and Holm 1973). Furthermore, Bartetzko and Kopf (2007) 

tested mixtures of smectite clay minerals and quartz and used vane shear tests to obtain an 

increasing su/�’vc between 0.27 and 0.4 with decreasing clay fraction. The minimum value 

was observed at a clay content of 80 w%. 

The ratio between undrained residual shear strength and consolidation stress sur/�’vc seems to 

be further influenced by the clay mineral composition. Bartetzko and Kopf (2007) obtained an 

increasing sur/�’vc between 0.25 and 0.35 with decreasing clay fraction in the smectite-quartz-

mixtures tested, indicating that the sur/�’vc ratio of 0.054 for East Harbor mud is also ex-

tremely small. Since sur/�’vc is not well investigated and rarely published in international lit-

erature, it can not be directly compared to values determined for other natural soils.  

However, many studies were carried out on the effective shear strength parameters of cohe-

sive soils. Assuming that the pore water pressure built up during the vane shearing process is 

negligible (cf. Matsui and Abe 1981), the effective shear parameters of the tested harbor mud 

can be estimated from the linear failure envelopes illustrated in Fig. 7 (su �  f and sur �  r). 

Thus, according to Fig. 7 and Equations (2) and (3), the peak friction angle !’ is 14° while the 

residual friction angle !r’ is 3°. These friction angles are minimum values because possible 

present small excess pore water pressures caused by the shearing process reduce the effective 

stress and would lead to an increased friction angle. The harbor mud has almost no cohesion 

(c’ � 0.22 kPa) due to its naturally liquid consistency (Fig. 7, Eq. 2).  

In general, a friction angle !’ of 14° is in the typical range for extremely plastic, organogenic 

clays (Schneider 1994). Lupini et al. (1981) compared the  f/�’ (� su/�’vc) and  r/�’ 

(� sur/�’vc) ratios, as well as the effective friction angles !’ (� arctan(su/�’vc)) and !r’ 

(� arctan�sur/�’vc)) for a large number of cohesive soils with clay fractions between 14 and 

64 w% and plasticity indices between 6 and 61 w%. They show that the  r/�’ ratio (� su/�’vc) 

of the tested soils is between 0.25 and 0.6, so the East Harbor mud represents the lower limit 

of the soils tested by Lupini et al. (1981). Further, Lupini et al. (1981) tested mixtures of 

Happisburgh clay and London clay with ring shear tests. They found that pure London clay as 
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well as mixtures of 25% Happisburgh/75% London clay and 50% Happisburgh/50% London 

clay, all have clay contents between 34 and 50%, again comparable to East Harbor mud, and 

have  f/�’ ratios (� su/�’vc) between 0.4 and 0.45. 

The residual friction angles !r’ were found to decrease with increasing Ip by many studies 

(Voight 1973, Vaughan 1978, Kanji 1974, Seycek 1978) and increasing clay fraction (Kopf 

and Brown 2003, Skempton 1964, Blondeau and Josseaume 1974, Browicka 1965). Lupini et 

al. (1981) indicated that all tested soils having a clay content between 42 and 64% or an index 

of plasticity between 28 and 61% all have a !r’ between 7 and 15° without showing a clear 

trend. The residual friction angle !r’ of 3° determined for East Harbor mud is therefore below 

all values for !r’ published for a index of plasticity of 0.93 and for a clay fraction of 48 w%.  

The effect of mineral composition on the residual friction angle !r’ was investigated by many 

researchers (Lupini et al. 1981, Bjerrum 1954, Skempton 1964, Blondeau and Josseaume 

1974, Seycek 1978, Kanji 1974, Vaughan 1978, Voight 1973, Kopf and Brown 2003, Praaza 

et al. 2000). Kopf and Brown (2003) investigated mineral standards of chlorite, illite, smectite 

and quartz as well as mixtures of quartz and smectite, showing that mineral standards of chlo-

rite and illite exhibit a sur/�’vc between 0.18 and 0.25, independent of the effective stress level. 

In contrast, the smectite standards show a  r/�’ mainly around 0.1, which is still double the 

observed  r/�’ range for East Harbor mud with a clay mineral composition of 36 w% smec-

tite, 36 w% illite and 28 w% kaolinite/chlorite (cf. Table 1). The mixtures of quartz and smec-

tite show a tremendous decrease in  r/�’ with increasing content of smectite, strengthening the 

assumption that  r/�’ is dominated by smectite. Praaza et al. (2000) studied the residual shear 

strength of Neogene marly soils observing a general decrease of !r’ with a rise in the smectite 

and illite content. Rises in the content of kaolinite were found to increase the residual friction 

angle !r’.  

The findings of Kopf and Brown (2003) and Praaza et al. (2000) may illustrate why the resid-

ual coefficient of friction and the residual friction angle of East Harbor mud, with a smectite 

and illite content of more than 70 w% of the clay fraction, might be that low.  
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4.3.4 Corrected undrained shear strength versus water content and void ratio 

In practical operation, a relationship between undrained shear strength and water content or 

void ratio is useful to better estimate the evolution of shear strength during construction pro-

jects where soft soils are used as backfill, because w is often much easier to determine than su. 

But generally, only the relation between shear strength and effective stress is published. Fig-

ure 9 shows the exponential correlation between the stress-level-equivalent water content w, 

the void ratio e, and the undrained shear strengths (cf. Fig. 6 A-D). Over the course of the 

long-term, large-scale oedometer test, water content varied between 1.85 and 1.10, while the 

void ratio varied between 4.6 and 2.6. These water content values correspond to a soil consis-

tencies between liquid and soft (0.67 < LI < 1.48). For the tested effective stress levels up to 

16 kPa, the following relations were derived for the normally consolidated and saturated East 

Harbor mud:  

85.203.210 ���� w
us                  (4) 

73.278.010 ���� e
us                  (5) 

66.247.210 ���� w
urs                  (6) 

52.295.010 ���� e
urs                  (7) 

 

 

Fig. 9. Corrected undrained peak and residual shear strength values versus water con-

tent and void ratio 
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4.3.5 Sensitivity of East Harbor mud 

The degree of sensitivity St of cohesive soils is expressed as the ratio between the peak shear 

strength and the residual shear strength. Figure 10 shows this ratio for each vane shear meas-

urements carried out in this study. A mean sensitivity St of 4.8 for East Harbor mud can be 

derived from the gradient of the linear curve-fit through the presented data, which is compa-

rable to the St of several Norwegian clays such as Vaterland, Gunnerusgate or Drammen clay 

as published by Bjerrum (1954), indicating that the tested harbor mud can be classified as a 

very sensitive clay according to Bjerrum’s empirical scale.  

 

Fig. 10. Corrected undrained peak strength versus corrected undrained residual shear 

strength 

 

4.3.6 Evolution of undrained shear strength during secondary compression – Aging of 

East Harbor mud 

To investigate the evolution of shear strength during secondary compression, additional vane 

shear measurements were carried out after the fourth load step at 16 kPa, 49 and 132 days 

following the secondary compression. Figure 11 shows the results for the undrained shear 

strengths normalized by the mean shear strengths at the end of primary consolidation of the 

fourth load step (su0 = 4.17 kPa, sur0 = 0.87 kPa). The measured values for both undrained 

peak and residual shear strength increase with time during secondary compression, but since 

this development is believed to be directly linked to the rate of secondary compression, the 

increase in undrained shear strength is assumed to decelerate logarithmically with time and 

approach a limit value (cf. Bjerrum 1973).  

72 



Chapter 4  Undrained shear strength properties of organic harbor mud at low consolidation stress levels 

Logarithmic curve-fits through the data shown in Fig. 11 yield the following expressions: 
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)log(0394.01
0

t
s
s

ur

ur ���                (9) 

where t is the time of creep in days, su0 the mean undrained peak shear strength at the begin-

ning of creep, and sur0 the mean undrained residual shear strength at the beginning of creep. 

 

Fig. 11. Evolution of undrained peak and residual shear strength during secondary com-

pression  

Hence, according to Equations (8) and (9), an increase in peak and residual shear strength of 

about 3-4% per log-cycle increase in secondary compression time (days) can be expected. 

This observed, relatively high increase in shear strength can be explained by pronounced sec-

ondary compression of East Harbor mud with coefficients of secondary compression C� of 

around 0.1, which is unusually high (Schlue et al. in press).  

The change in water content of East Harbor mud during the 132 days of secondary compres-

sion was 0.04, corresponding to a void ratio change of 0.13. For these changes in w and e, 

Equations (4) and (5) estimate a relative increase in su of 21-25%, while sur is predicted to 

increase between 32 and 48% according to Equations (6) and (7). In contrast to this, Equa-

tions (8) and (9) show an increase of both undrained peak and residual shear strength of only 

7-9% during the 132 days of secondary compression and therefore due to pure changes in 

water content without any change in effective stress level. This indicates that increases in 

undrained peak shear strength su are controlled to one-third by the change in water content 
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(e.g. induced by secondary compression) and for the other part by the change in the effective 

stress. In contrast to this, increases in undrained residual shear strength sur can be explained 

only to a minor degree (16-25%) by changes in water content. 

 

4.4 Conclusions 

The evolution of undrained shear strength of dredged East Harbor mud at low consolidation 

stress levels is investigated using a specially designed, large-scale oedometer test setup, which 

provides the opportunity for vane shear tests. It is shown that measured values for both 

undrained peak and residual shear strength increase linearly with increasing consolidation 

stress (cf. Coulomb failure criterion), even at very low effective stress levels. A ratio between 

undrained peak shear strength and vertical consolidation stress su/�’vc of 0.25 was determined, 

which is extraordinarily small for extremely plastic clay with an plasticity index Ip of 0.93. 

The determined ratio between undrained residual shear strength and vertical consolidation 

stress sur/�’vc of 0.054 is also very small compared to published values for comparable soil 

types.  

For the use in future projects, the relationships between undrained shear strength and water 

content or void ratio are presented. These relationships help to better estimate the evolution of 

shear strength during construction projects using soft soils as backfill material, as w is often 

much easier to determine experimentally than su. In general, the relations between undrained 

shear strength and water content and between undrained shear strength and void ratio were 

found to be exponential. The water contents corresponding to the tested effective consolida-

tion stress levels vary between 1.85 and 1.10 (0.67 < LI < 1.48) and lead to variations between 

0.1 and 4.3 kPa in peak shear strength and between 0 and 1.0 kPa in residual shear strength. 

The sensitivity St is 4.8, indicating that East Harbor mud is very sensitive clay according to 

Bjerrum’s empirical scale, making harbor mud even more difficult to be used as backfill ma-

terial and requiring accurate assessment of undrained shear strength and careful construction 

design and project management. 

From vane shear measurements during secondary compression of East Harbor mud, an in-

crease of about 3-4% per log-cycle increase in time (days) was noted in peak and residual 

shear strength during creep. It is shown that changes in su are one-third controlled by pure 

changes in water content and two-thirds dominated by the change in the effective stress. In 
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contrast, changes in sur can be explained only to a minor degree (16-25%) by changes in water 

content. 

Although this study shows that for organic soils like East Harbor mud a positive evolution in 

shear strength can be expected during the phase of pronounced secondary compression, har-

bor mud turned out to be a very challenging and weak construction or backfill material. When 

using vane shear tests to obtain the undrained shear properties of soft to liquid mud, a correc-

tion for rod friction and shear rate effects is essential to allow for a precise determination of 

undrained shear strength. 
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List of symbols 

C� coefficient of secondary compression sur0 reference undrained residual shear 
strength 

d vane diameter VGl loss on ignition 

e void ratio TOC total organic carbon 

frod rod friction w water content 

h vane height   

�h hydraulic head difference �’vc effective vertical consolidation stress 

Ip plasticity index !’ effective friction angle 

LI liquidity index !r’ effective residual friction angle 

R² coefficient of correlation  f drained peak shear strength 

s vane blade thickness  r drained residual shear strength 

St sensitivity � correction factor for shear rate effects 

su undrained peak shear strength � bulk density 

su0 reference undrained peak shear strength �d dry density 
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sur undrained residual shear strength �s particle density 
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Abstract 

Dredged harbor mud is more and more used as backfilling and construction material in harbor 
development or reorganization to gain financial and operative advantages compared to dis-
posal or ex-situ treatment of the often contaminated material. The suitability of such soft or-
ganic sediments as construction material however is unclear. This study presents geotechnical 
parameters for describing the one-dimensional consolidation based on large-scale long-term 
and standard oedometer tests using organic harbor mud from the Osthafen (East Harbor) reor-
ganization project in Bremerhaven, Germany. Determined compression indices Cc are in the 
range of peat whereas the water permeabilities resemble those of clay. The coefficients of 
consolidation cv vary between 10-9 and 10-8 m²/s and large coefficients of secondary compres-
sion C� between 0.065 and 0.14 are observed. Differences in parameters from large-scale and 
standard tests can be explained by volume and time effects likely linked to biogeochemical 
degradation of organic carbon and the resulting methane degassing. A curve-fit based on the 
Levenberg-Marquardt non-linear least squares optimization method confirmed the applicabil-
ity of the Terzaghi theory in combination with a creep term. 

Keywords: dredged mud, soft sediment, consolidation, creep, on-site reuse 

___________________________________________________________________________ 

 

5.1 Introduction 

The main southern North Sea tidal estuaries (Ems, Weser, Elbe) are characterized by vast 

accumulations of organic-rich mud derived from marine and river suspension transport. High 

rates of mud accumulation in those dynamic systems are driven by a complex interaction of 

tide and wind induced forces as well as variable river discharge. Import of marine mud and 
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enhanced mud accumulation are promoted by tidal asymmetry and particle flocculation in the 

freshwater/saltwater mixing zone (Schrottke et al. 2006). The highly engineered estuaries of 

Ems, Weser and Elbe belong to the most frequented waterways worldwide and host a number 

of important ports. Deepening of the navigation channel in these rivers causes an artificial rise 

in the tidal range and an increased accumulation of the suspension load. The small-grained 

material is carried through the locks into the basins of the harbors in Northern Germany 

where it is settled as soft, organic harbor mud. This mud has to be dredged out of the harbor 

basins on a regular basis in order to maintain the nautical depth. To avoid the costly disposal 

of this often contaminated material, the dredged harbor mud is increasingly used locally as a 

backfilling and construction material (on-site reuse). Backfilling of the harbor basin in the 

Osthafen (East Harbor) of the Hansestadt Bremischen Überseehafengebiet (international port 

area of the Free Hanseatic City of Bremen) is an example for such an on-site reuse (Metzen et 

al. 2007). This harbor reorganization project is aimed to create new harbor space and berths 

for deep sea carriers (DSCs) and short sea carriers (SSCs) at this important place of car trans-

shipment. It included the deepening of the harbor basin and the construction of a new quay 

from a heavy sheet piling. A total of about 180,000 m3 of harbor mud was produced and used 

as a backfill behind the sheet piling creating 14 acres of new parking area (Fig. 1).  

 

Fig. 1. Disposal of harbor mud behind sheet piling (Schlue et al. 2007) 

The harbor mud deformation behavior was an uncertainty in the construction phase and after 

completion of the backfill. A further degradation of the mud properties during dredging was 

prevented using a special dredging shovel and technique that minimized the additional water 

uptake. After disposal of the mud behind the sheet piling, a geotextile and several sand layers 

were installed to consolidate the mud and achieve the required installation height of the back-
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fill. An expensive vacuum drainage system (total drainage length approx. 1300 km) was used 

to speed up consolidation. However, the large settlements of the mud caused leaks in the 

drainage system in some parts cutting off the vacuum and in some parts the drains seemed to 

be clogged by washed in harbor mud. 

Planning and construction of Kansai Airport in Osaka Bay, Japan is another example of using 

soft organic-rich sediments as foundation soil. The consolidation rates and consolidation 

times were both underestimated in this project, resulting in difficulties with regard to airport 

operations that continue to this day (Uchida et al. 1998). 

Based on the tendency to more and more use of dredged mud as backfilling and construction 

material the following questions arise with regard to the consolidation behavior of such soft 

organic harbor sediments:  

� Are the relevant deformation and drainage properties of soft organic harbor mud compa-

rable to those of known cohesive soils? 

� Are the consolidation parameters of a larger, more field-like soil body comparable to 

those from standard oedometer tests? 

� Can established approaches be used to describe the time-dependent deformation of or-

ganic harbor mud? 

In order to study the long-term consolidation and creep behavior of a larger soil body that is 

capable to keep its near in-situ biogeochemical process rates, a special large-scale oedometer 

test was planned and performed in a newly designed container. 

In the following paragraphs a detailed characterization of the tested harbor mud and a descrip-

tion of the test procedure are provided. Then the test results will be presented and evaluated 

with respect to the questions raised. 

 

5.2 Methods 

5.2.1 Soil characterization 

The examined sediment is a very soft and organic harbor mud from the Osthafen (East Har-

bor) of the Hansestadt Bremischen Überseehafengebiet on the banks of the Weser River as 

already described in detail by Schlue et al. (2007). The harbor mud is settled under brackish 

conditions in the tide independent quiet waters of a harbor basin. The suspended solids origi-

nate from the Weser River which is connected to the East Harbor basin by a lock. 
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The sample material was obtained by piston core sampling after dredging and redeposition of 

the mud; characteristic soil parameters where determined by preliminary laboratory tests. The 

harbor mud is an extremely plastic organogenic clay with a liquid limit wL of 141 w% and a 

plasticity index Ip of 92.6 w%, which was consistently of liquid to soft consistency (Table 1; 

DIN 18122-1, DIN 18123, DIN 18128). The grain size distribution is shown in Fig. 2, the 

pore water conductivity of 18.35 mS/cm corresponds to a salinity of ~10.85 g/l (Unesco 1981) 

and confirms the brackish environment.  

Parameter Value Unit 

Particle density �s 2.57 g/cm³
Dry density �d 0.46 g/cm³ 

Bulk density � 1.31 g/cm³ 

Initial water content w0 183 w% 

Initial void ratio e0 4.64 - 

Content of smectite 36 w%*

Content of illite 36 w%*

Content of kaolinite/chlorite 28 w%*

Loss on ignition VGl 12.0 w% 

Ctot 4.602 w% 

TOC 2.932 w% 

Stot 0.723 w% 

Liquid limit wL 141 w% 

Plastic limit wP 48.4 w% 

Plasticity index IP 92.6 w% 

Pore water salinity 10.85 g/l 

Table 1. Soil parameters and mineral composition determined by preliminary laboratory 

tests (Schlue et al. 2007); * relating to clay dry mass excluding organic fraction 

The clay mineral composition determined by X-ray diffraction (XRD) shows no predomi-

nance of any clay mineral group (Table 1). The harbor mud is similar to tidal-flats in the 

south-eastern North Sea by having a high content of expandable smectites, considered to be 

generated by Pleistocene subsurface strata (Zöllmer and Irion 1996). 
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Fig. 2. Grain size distribution examined by two separate analyses according to DIN 

18123 (Schlue et al. 2007) 

 

5.2.2 Test setup and procedure 

The large-scale test was set up specifically for very soft organic harbor mud (Fig. 3), so that 

developing gas bubbles and structures in the sample can be observed and low stresses can be 

applied. The sample material used for this study was homogenized and set, at an initial height 

of 22.5 cm, into a Plexiglas cylinder with a diameter of 22 cm. A load is applied to the soil 

sample with a load plate from the top down via a crossbar and load rod. The steel load plate is 

perforated to ensure an unobstructed upward drainage. Both load plate and filter plate have 

locking apertures to allow for vane shear tests. Free gas was observed to migrate mainly 

downward likely due to the gas impermeability of the plastic filter plate placed between steel 

load plate and soil sample. A gas trap was installed to collect and quantify the gas flux. 

A permanent saltwater cycle permits consistent measuring of the water permeability of the 

harbor mud. This is achieved with a constant total head difference �h chosen at 6.5 cm, so 

that it negates the effective stresses from the mud’s self weight using an elevated water reser-

voir with constant level (cf. Fig. 3). The water flow through the soil sample is quantified at 

the overflow. The salinity of the water in the overall system is set to a constant 

18.3-18.5 mS/cm corresponding to the natural pore water salinity of the harbor mud.  

The settlement and the excess pore water pressure are continuously recorded. The pore water 

pressure is measured in four different levels of the soil sample.  
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Fig. 3. Test setup of large-scale oedometer test 

After setup, the harbor mud sample was left to settle for one week with the water cycle estab-

lished at a pressure head �h = 6.5 cm. Subsequently, four load steps with total stresses of 2, 4, 

8 and 16 kPa were applied, covering the typical stress range during the construction project in 

the Bremerhaven East Harbor. 

In addition to the large-scale oedometer test, a series of three standard oedometer tests were 

run at the same stress levels according to DIN 18135. 

 

5.3 Results and discussion 

5.3.1 Gathered raw data and derivation of specific soil parameters 

Large-scale oedometer test (LT) 

Duration of the applied load steps varied from 4.2·106 s (� 49 d) to 2.6·107 s (� 300 d), result-

ing in a total testing time of approx. 4·107 s (� 460 d). The settlement and pore water pressure 

data are illustrated in Fig. 4, with one separate graph for each of the four pore water pressure 

sensors at heights of 2, 4, 6 and 8 cm from the bottom of the sample. These graphs are anno-

tated in Fig. 4 with their respective heights above the bottom of the sample. In addition, the 

time tEOP is indicated when the measured excess pore water pressure within the soil sample is 

constant and thus the end of primary consolidation (EOP) is assumed to be obtained. 

The time-dependent change in void ratio is similar for all load steps. During the second load 

step (4 kPa), free gas escaped from the sample through the load plate during a vane shear test. 

This loss of gas volume resulted in a sudden decrease of the mean void ratio of the sample. 
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For further evaluation of the data for this load step, the void ratio discontinuity was corrected 

(dotted line). 

 

Fig. 4. Measured settlement and excess pore water pressure data from large-scale oe-

dometer test (LT) 

Only between 68-88% of the applied total stresses of the each load increment were detected 

by the pore water pressure measurements. This is considered to have been caused by the elas-

ticity of the overall system (cf. Blümel 1974, Richwien 1976) or the presence of free gas 

within the sample which does not permit a complete measurement of the peak values. The 

jumps of the values of the sensor at a height of 8 cm during the second and third load step 

after about 106 s and during the fourth load step after about 2·104 s are attributed to the pres-

ence of free gas within the respective sensor’s sphere of influence. Furthermore, the pressure 

sensors partly show an offset at the end of a load step attributed to free gas or to instrument 

drift. It is assumed that the excess pore water pressure has dissipated when all pore water 

pressure curves show a horizontal tangent line. 

The phase of primary consolidation ending at time tEOP is followed by a pronounced phase of 

secondary compression (Fig. 4). The coefficient of secondary compression C� determined 

from the slope of the e-log(t) curve is 0.34 for the first load step (2 kPa). In the subsequent 

load steps C��drops to values between 0.11 and 0.14. The compression index Cc of the harbor 

mud is 1.02 (Fig. 5), corresponding to moduli of elasticity Es, LT � 10.3·�’ or Es, LT � 10-

165 kPa for the stress level tested here (Fig. 6). The modified compression index 

Cc"�(= Cc/(1+e0)) is 0.181.  
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Low coefficients of permeability k between 5·10-8 and 8·10-11 m/s are determined by flow 

measurements and show a log-linear correlation with void ratio e (Fig. 7).  

 

Fig. 5. Relation between void ratio and effective stress – compression index Cc 

 

Fig. 6. Development of modulus of elasticity with increasing effective stress 

 

Fig. 7. Development of water permeability with decreasing void ratio 
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During the entire large-scale oedometer test, the gas escaping from the sample was collected 

in a gas trap (cf. Fig. 3) showing the rate of gas production influenced by the timing of the 

load steps (Fig. 8). It is noticeable that a large amount of gas escaped during a limited period 

after each load increase in the first and second load step. After a peak, the measured gas vol-

ume dropped down to zero again. Immediately after the third load step was applied, the meas-

urements showed a relatively constant gas flux of approximately 0.25 cm³/h. This may corre-

spond to the three-phase gas production of Gröngröft et al. (2003) from different mud types 

from German waterways. In total, a gas volume of approx. 2600 cm3 escaped during the first 

2·107 s (� 230 d) from the sample with a starting volume of approx. 7600 cm³. The escaping 

gas is dominated by methane, as confirmed by gas chromatography-mass spectrometry 

(GC/MS). 

 

Fig. 8. Gas production during testing time 

 

Standard oedometer tests (ST) 

To strengthen the determined parameters from the special large-scale oedometer test, a series 

of three standard oedometer tests was carried out on the same homogenized material as used 

for the large-scale test. The determined compression index Cc is 0.92 (Fig. 5) and the moduli 

of elasticity Es, ST are ~10-180 kPa for the stress level tested (Fig. 6). The modified compres-

sion index Cc"� is 0.163 while determined coefficients of secondary compression C��vary be-

tween 0.065 and 0.087 (Fig. 9). Coefficients of permeability k backcalculated from the con-

solidation curves (Fig. 9) acc. to Terzaghi (1923) and Terzaghi (1925) (k = cv·#w / Es) are il-

lustrated in Fig. 7. 
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Fig. 9. Measured settlement data from standard oedometer tests (ST) 

 

Evaluation and discussion of the derived soil parameters 

The large-scale oedometer test differs from the standard oedometer test by a much greater 

sample volume and considerably longer consolidation times. Therefore, for the large-scale 

test the biogeochemical processes are of greater importance. These processes may affect the 

geotechnical parameters in two ways: Firstly the degradation of organic matter leads to the 

production of methane gas (cf. Fig. 8) and secondly, the degradation might affect particle in-

teraction properties. The methane gas in the pore space transforms the harbor mud in a three-

phase system and the mechanical behavior and especially the deformation behavior may devi-

ate from that of the water saturated soil assumed for the classical theories. 

An offset between the two e-log(�’) curve is the most prominent difference between the 

large-scale and standard test results (cf. Fig. 5). We explain this by the presence of free meth-

ane gas within the large-scale sample. The �e of about 0.2-0.3 is equivalent to an increase in 

volume of voids of around 8-10 vol% corresponding to a total gas content of about 6-8 vol%. 

Except for the start, the gas volume is nearly constant over the entire large-scale test duration. 

Comparable methane gas contents were observed by e.g. Wichman et al. (2000) or v. Kessel 

and v. Kesteren (2002) for similar soil types. In the standard test samples no free gas was de-

tected, probably due to the much shorter consolidation times and greater surface to volume 

ratio. 
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The derived geotechnical parameters from the two test types show differences, most promi-

nent in the coefficient of secondary compression C��, which is 1.25 to 2.15 times greater in 

the large-scale oedometer. C� describes the long-term behavior of the harbor mud and is 

therefore most likely influenced by the slow biodegradation. The variations of the other pa-

rameters are less pronounced: Cc, Es and Cc" vary about 10% exhibiting a lower stiffness in 

the large-scale test. The values of k are in the same range for both test types (Fig. 7). 

Geotechnical parameters�determined by the large-scale tests may be more realistic and reli-

able, because the test conditions are more comparable to the actual field situation. Conse-

quently, parameters�of highly organic soils determined by standard oedometer tests may un-

derestimate creep and overestimate the stiffness. 

The soft organic harbor mud Cc of 0.92 in the standard tests and 1.02 in the large-scale test 

(Fig. 5) is two to ten times higher than that of average clay types, comparable to peat (Ta-

ble 2). Since the comparison of Cc is not very meaningful unless these comparisons are made 

at the same void ratio, the modified compression index Cc"�(= Cc/(1+e0)) is used. Cc"� between 

0.163 and 0.181 found for East Harbor mud fit into the wide range published by Terzaghi and 

Peck (1967) for typical sedimentary clays (Cc" = 0.25 ± 0.1) and published ranges for peat 

(Table 2). The determined moduli of elasticity Es for East Harbor mud is also in the range for 

peat (Table 2).  

Soil type Cc [-] Cc"�[-] C� [-] C� / Cc [-] Es [kPa] k [m/s] cv [m²/s] 

Kaolin 0.1 0.04 0 0 1500-5000 10-12-10-8 10-7

Montmorillonite 0.5 0.08 0-0.005 0-0.01 1500-5000 10-12-10-8 10-8

Organic clay 0.1-0.3 0.04-0.09 0.005-0.015 0.04-0.06 3000-6000 10-9-10-5 10-7-10-5

Organic silt 0.4-0.7 0.07-0.15 0.015-0.05 0.04-0.06 500-2000 10-11-10-10 10-9-10-7

Peat 1.0 0.1-0.3 0.05-0.07 0.05-0.085 100-2000 10-8-10-5 10-6-10-4

Harbor mud ST 

LT 

0.92 

1.02 

0.163 

0.181 

0.065-0.087 

0.11-0.14 

0.07-0.095 

0.108-0.137 
10-1000 10-11-10-8 10-9-10-8

Table 2. Soil parameters of exemplary cohesive soils (Gudehus 1981, Krieg 2000, EAU 

2004, Mesri and Ajlouni 1997, Richwien and Lesny 2000, Grashoff et al. 1982, Mesri 

and Godlewski 1977, Mesri and Castro 1987, Terzaghi and Peck 1967, Weber 1969, 

Samson and La Rochelle 1972, Berry and Vickers 1975, Barber 1961, Ladd 1971) 

The water permeability of East Harbor mud (5·10-8 � k � 8·10-11 m/s) is 100 times lower than 

that of peat more comparable to ordinary clay types. Blümel and Tamminga (1987) published 

coefficients of permeability k between 5·10-10 and 5·10-6 m/s for dredged mud from northern 
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Germany with void ratios e between 1.3 and 2.4. Rizkallah and Richwien (1998) found k be-

tween 1.7·10-9 and 4.9·10-11 m/s for mud from Northern Germany similar to those of East 

Harbor mud, but at higher consolidation stress levels between 25 and 200 kPa and therefore 

much lower void ratios e < 0.55. 

The coefficients of secondary compression C� are high in comparison to those of other cohe-

sive soils (Table 2). For normally consolidated cohesive soils the ratio C�/Cc was found to be 

unique for each soil type (Mesri and Godlewski 1977, Mesri and Castro 1987). Table 2 shows 

the ratios C�/Cc of East Harbor mud determined from the standard oedometer tests to be in the 

range published for peat or slightly higher (Weber 1969, Samson and La Rochelle 1972, 

Berry and Vickers 1975) and higher than the range for organic clays and silts reported by 

Barber (1961), Ladd (1971) and Mesri and Castro (1987) and San Fransisco Bay mud pub-

lished by Su and Prysock (1972). The presumably more realistic ratios C�/Cc from the large-

scale test are considerably higher than the published results (cf. Table 2). 

Generally, the tested harbor mud is a problematic construction material exhibiting large set-

tlements during primary consolidation and extremely long consolidation times. In addition, 

the anticipated pronounced creep of this soil will lead to considerable settlements for many 

years or even decades. 

 

5.3.2 Prediction of the time-dependent deformation of soft organic harbor mud 

Conventional methods to derive the coefficient of consolidation 

The differential equation describing the consolidation according to Terzaghi (Terzaghi 1923, 

Terzaghi 1925) requires the relation between void ratio e and the expected effective stress �’ 

and the coefficient of consolidation cv. The relation between e and �’ is given by Cc and a 

starting void ratio determined from the settlements of different loads, the cv is determined 

from the time settlement curves using different conventional methods: 

� Method 1: Determination of the primary consolidation time based on measurements of the 

excess pore water pressure (cv = Tv90·H2/t90 acc. to Terzaghi) 

� Method 2: Determination of the coefficient of permeability k and modulus of elasticity Es 

(cv = k·Es/#w acc. to Terzaghi) 

� Method 3: Determination of the primary consolidation time using the Casagrande inflec-

tion point method (Casagrande 1939) 
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� Method 4: Determination of the primary consolidation time using the Taylor square-root-

of-time method (Taylor 1955) 

Method 1 and 2 require additional information to the standard settlement data. In the first case 

the excess pore water pressure and in the second case the water permeability. The latter can be 

measured during oedometer tests after each load step or continually, as described here. If only 

settlement information is available procedures according to Casagrande (Method 3) or Taylor 

(Method 4) can be used. 

 

Derivation of the coefficient of consolidation by a new curve-fit method  

Problems experienced in measuring the excess pore water pressure during the large-scale oe-

dometer test (Fig. 4) as well as general problems with measurements of the water permeabil-

ity for these types of cohesive soil were the motivation for the application of a curve-fit 

method to evaluate oedometer tests, which eliminates the use of any operator-dependent 

graphical methods. The model function F(e) was established and adjusted based on the 

Levenberg-Marquardt non-linear least squares optimization method (Press et al. 1988), which 

also allows to estimate how well the model function describes the soil behavior. The used 

model has the form of: 

p0 eUeeF ����)(  for t < t�              (1) 

�
�
�

�
�
�������

t
tCeUeeF �p0 ~log)(  for t � t�          (2) 

Here the degree of consolidation U is the solution of the Terzaghi differential equation (cf. 

e.g. Kezdi 1968). The needed input parameters cv, �ep and C� are determined by means of the 

curve-fit-routine; the parameters H and e0 are known values and given for the respective load 

step examined. The time t� where the secondary compression begins is varied until an optimal 

result is achieved with the curve-fit. Generally t� is set between 80 and 100 % of the primary 

consolidation time (0.8 � U(t�) � 1.0), in accord with numerous tests from other studies (Rich-

wien 1976). The results of the described curve-fit on the raw data obtained from the large-

scale and standard oedometer tests on soft organic harbor mud are illustrated in Figs. 4 and 9 

(dotted lines).  

The curve-fit describes the raw data almost precisely by all curve-fits choosing a t� between 

0.92 and 0.995 and yields coefficients of consolidation cv between 3.54·10-9 and 
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9.33·10-9 m²/s for the large-scale test (Fig. 4) and between 2.46·10-9 and 4.06·10-9 m²/s for the 

standard tests (Fig. 9).  

In general, the coefficients of secondary compression C� are accurately determined with the 

curve-fit. For the large-scale test, C��of the load steps 2-4 of 0.11 and 0.14 correspond to the 

manually determined values (Fig. 4). For the first load step, a C� of 0 was determined with the 

curve-fit, probably due to the very short creep time. It shows that the curve-fit can also be 

applied without modification for soils that are not able to creep. The mean coefficients of sec-

ondary compression determined with the curve-fit for the standard tests vary between 0.065 

and 0.087 which also correspond well to the manually determined values (Fig. 9). 

 

Evaluation and discussion of the introduced methods 

The applicability of the curve-fit method demonstrates that consolidation of soft organic har-

bor mud can be described according to Terzaghi’s theory and a coupled creep term acc. to 

Equations (1) and (2) with U(t�) between 92 and 99.5% of the primary consolidation (Figs. 4 

and 9). However it is debated whether viscous secondary compression occurs during primary 

consolidation (Theory A according to Taylor et al. 1940) or thereafter (Theory B according to 

Taylor et al. 1940) (Leroueil 1995). No definite answers have been found to date (Aboshi 

1973). Mesri and Choi (1985a) and Mesri and Choi (1985b) support the validity of Theory A, 

while the work of e.g. Taylor et al. (1940), Suklje (1957), Suklje (1969), Christie and Thonks 

(1985), Berre and Iversen (1972), Garlanger (1972) and Imai and Tang (1992) contradict it. 

The results of the curve-fits presented in this study rather support Theory B than Theory A 

considering secondary compression to begin between 92 and 99.5% of the primary consolida-

tion time. This is strengthened by the determined Cc, ST being smaller than Cc, LT (Fig. 5).  

Figure 10 shows the coefficients of consolidation cv determined numerically with the curve-

fit and those derived with conventional Methods 1-4 from large-scale test data. To compare 

all the introduced methods, the results of the methods applied on the large-scale oedometer 

data are discussed and evaluated in the following.  

All presented methods for determination of the coefficient of consolidation cv yielded results 

with values between 3.5·10-9 < cv < 1.6·10-8 m²/s for the four load steps of the large-scale test 

which, together with the resulting values tEOP, are listed in Table 3. These values represent 

expected values for cv (NAVFAC 1982, Rizkallah and Richwien 1998). As can be seen, the 
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coefficients of consolidation for all five methods show a very close proximity for the first two 

load steps, while there is more variance in the determined cv for load steps 3 and 4. 

 

Fig. 10. Derived coefficients of consolidation cv 

To compare the different methods, the cv determined by measurements of the excess pore 

water pressure (Method 1; derived over t90 and Tv90 = 0.848 according to Terzaghi) were used 

as reference. The values �cv and �tEOP each show the deviation from the reference values 

determined according to Method 1.  

Load step Parameter Method 1 Method 2 Method 3 Method 4 Curve-fit 

1 

cv [m²/s] 

�cv 

tEOP [s] 

6.19·10-9 

100% 

2.8e6 

4.40·10-9 

71% 

3.95e6 

5.67·10-9 

92% 

3.05e6 

3.88·10-9 

63% 

4.45e6 

4.35·10-9 

70% 

3.98e6 

2 

cv [m²/s] 

�cv 

tEOP [s] 

5.14·10-9 

100% 

2e6 

3.92·10-9 

76% 

2.64e6 

4.12·10-9 

80% 

2.5e6 

3.91·10-9 

76% 

2.64e6 

3.54·10-9 

69% 

2.90e6 

3 

cv [m²/s] 

�cv 

tEOP [s] 

6.43·10-9 

100% 

1.8e6 

3.74·10-9 

58% 

3.1e6 

1.26·10-8 

196% 

0.92e6 

1.52·10-8 

236% 

0.76e6 

8.22·10-9 

128% 

1.40e6 

4 

cv [m²/s] 

�cv 

tEOP [s] 

7.97·10-9 

100% 

1.5e6 

3.52·10-9 

44% 

3.41e6 

1.10·10-8 

138% 

1.1e6 

1.06·10-8 

133% 

1.13e6 

9.33·10-9 

117% 

1.28e6 

Table 3. Comparison of coefficients of consolidation cv and primary consolidation 

times tEOP from large-scale oedometer test (LT) 
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The reference values cv determined with Method 1 show a slightly upward trend in relation to 

decreasing void ratios (Fig. 10; 6.19·10-9 � cv � 7.97·10-9 m²/s). This is particularly true for 

load steps three and four. The values determined with the explicit curve-fit very accurately 

confirm this. There are comparatively minor deviations from the reference values in the range 

of ± 30% (Table 3). These deviations would result in a misjudgment of the primary consolida-

tion time tEOP by approx. 5-42%. By comparison, the results of the flow measurements 

(Method 2) show a slightly decrease of cv against e, resulting in an increasing underestima-

tion of the coefficients of consolidation and thus to an increasing overestimation of the pri-

mary consolidation time with a decreasing e. The deviations for cv are between -29 and -56% 

as compared to the reference values for the load steps applied here (Table 3) which would 

result in an overestimation of the primary consolidation time by approx. 32-127%. An expla-

nation for this development of cv according to Method 2 is the growing influence of interfer-

ing effects during the permeability measurement, in particular evaporation effects. The coeffi-

cients of consolidation determined according to Casagrande and Taylor (Methods 3 and 4) 

show greater variances and deviations from the reference values. This can certainly be attrib-

uted to difficulties in carrying out these procedures. For example, it is difficult to construct 

the inflectional tangent on the time-settlement line according to Casagrande. The time-

settlement line in a root scale illustration also did not always show a clear linear gradient dur-

ing the initial phase, as assumed by Taylor. This fact alone can result in great variances and 

inaccuracies. Richwien (1976) showed that the primary consolidation time of soils with ex-

tensive creep had been misjudged by Casagrande and Taylor. The gradient change of the end 

tangent usually results in tEOP being underestimated. Richwien (1976) suggested that tEOP as 

calculated according to Casagrande be corrected by a constant factor. However, this type of 

corrective procedure cannot be applied to the results of this test since the deviations from the 

reference values are not even closely comparable. 

As obvious in Fig. 4, a precise measurement of the excess pore water pressure poses a prob-

lem when there is free gas is the sediment which even renders the reliability of the coeffi-

cients of consolidation determined by means of excess pore water measurement (Method 1) 

questionable. Determining the coefficient of consolidation by means of permeability meas-

urements (Method 2) can not be recommended for very impermeable cohesive sediments, 

such as harbor mud, due to interfering effects, e.g. evaporation that limit the accuracy of the 

experimental data. The influence of these effects becomes greater with increasing consolida-

tion time and automatically results in an overestimation of the consolidation time, thus pre-

venting an economical performance of construction projects already in the planning phase. 
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The results achieved using the methods according to Casagrande and Taylor (Methods 3 and 

4) are acceptable, yet prone to greater variances.  

In summary it can be said that the curve-fit method described here yields good results. Both 

the numerically derived coefficients of consolidation cv, and the coefficients of secondary 

compression C� were determined with sufficient accuracy. The curve-fit method introduced 

here has a sound numeric base and is unbiased compared to the operator-dependent graphical 

methods according to Casagrande and Taylor. Another advantage of the curve-fit method is 

the independence from pore water pressure measurements. Its application enables a very com-

fortable numerical evaluation of oedometer tests and represents the method of choice for de-

termining the coefficient of consolidation cv and the coefficient of secondary compression C�.  

 

5.4 Conclusions 

The financial gain from on-site reuse of dredged organic harbor mud as a construction and 

backfilling material in harbor construction and reorganisation has stimulated global interest in 

the geotechnical behavior of brackish organic-rich harbor mud. 

Large-scale test data are compared to data from standard oedometer tests of the same material. 

An observed offset between the two e-log(�’) curves from the standard tests and the large-

scale oedometer test of �e � 0.2-0.3 corresponds to a total gas content of about 6-8% by vol-

ume in the large sample, comparable to literature data. Cc, Cc" and Es deviate in the order of 

10% for the two test types indicating a loss in stiffness caused by biodegradation in the large-

scale sample. The larger, field-like soil body’s consolidation properties of the large-scale test 

are assumed to be more realistic because of the test conditions being more comparable to the 

actual field situation. Consequently, parameters� of highly organic soils determined by stan-

dard oedometer tests may underestimate creep and overestimate the stiffness.  

This study characterizes harbor mud to be an extremely problematic construction material due 

to its deformation and drainage properties. Determined compression indices Cc and modified 

compression indices Cc" are in the range of peat whereas the water permeabilities resemble 

those of clay. The ratios C�/Cc of East Harbor mud determined from standard oedometer tests 

are in the range commonly published for peat or slightly higher, and higher than the known 

range for organic clays and silts. C�/Cc ratios from the large-scale test are considerably higher 

than those from the standard tests. 
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Generally, the tested harbor mud is a problematic construction material with large settlements 

during primary consolidation and extremely long consolidation times. In addition, the antici-

pated pronounced creep of this soil will lead to considerable settlements for many years or 

even decades. 

Accordingly, a thorough evaluation is required in the planning stage as to whether the prob-

lems and costs to be expected in connection with an on-site reuse of soft organic harbor mud 

will compensate for the costs of disposal or ex-situ treatment. In the design phase of an on-

site reuse project it is recommended to consider additional costs that may be encountered for 

measures to accelerate settlement (e.g. dense spaced vertical drainage systems) as well as 

compensations for long-term creep deformation. 

Using a curve-fit according to the Levenberg-Marquardt non-linear least squares optimization 

method demonstrated that the deformation behavior of the examined organic harbor mud dur-

ing its primary consolidation phase can be accurately described with Terzaghis theory, in spite 

of the presence of a considerable volume of free gas. Combining his approach with a creep 

term for consolidation times larger than 92–99.5% of the primary consolidation time yields 

very good results describing secondary compression. Both the numerically determined coeffi-

cients of consolidation cv and the coefficients of secondary compression C� are sufficiently 

accurate. The introduced curve-fit method can be applied to oedometer test results without 

any pore water pressure measurements thus enabling a very comfortable evaluation of oe-

dometer test data. 
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Notation 

C� coefficient of secondary compression tEOP time to end of primary consolidation 

Cc compression index t� starting time of secondary compression 

Cc"� modified compression index TOC total organic carbon 

Ctot total carbon content Tv90 time factor for t90

cv coefficient of consolidation u excess pore water pressure 

e void ratio U degree of consolidation 

e0 initial void ratio VGl loss on ignition 

Es modulus of elasticity w water content 

�ep change in e during primary consolida-
tion 

wL  liquid limit 

H length of drainage path wP plastic limit 

�h hydraulic head difference z depth 

IP plasticity index   

k coefficient of permeability � bulk density 

Stot total sulphur content �d dry density 

t time �s particle density 

t90 point in time corresponding to U = 0.9 �’ effective stress 
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Chapter 6 Conclusions and Outlook 

The ecological and economic gain from on-site reuse of dredged harbor mud in harbor con-

struction and reorganization has stimulated global interest in the geotechnical behavior of 

dredged organic-rich harbor mud. This dissertation investigates the major geotechnical prop-

erties of dredged harbor mud from the East Harbor in Bremerhaven, Germany. In addition, 

several methods to determine the relevant geotechnical parameters of harbor mud are evalu-

ated. 

The major findings and conclusions are as follows: 

� The effect of friction between rod and sediment during laboratory and field vane shear test-

ing of harbor mud is significant, even at shallow vane penetration depth. This is because 

more advanced equipment (e.g. sleeved rods, borehole casings) is commonly not applica-

ble or available for the use in naturally liquid harbor mud. 

� The relative portion of apparent shear strength caused by rod friction is mainly dependent 

on vane geometry, vane penetration depth, water content and undrained shear strength of 

the tested sediment. 

� The influence of rod friction on vane shear test results increases with increasing water con-

tent of the tested harbor mud, indicating that the rod friction is more sensitive to a rise in 

water content than the mobilized undrained shear strength. 

� Correction of vane shear test results for rod friction effects is inevitable to ensure an accu-

rate measurement of undrained shear strength using vane shear tests. 

� Disregarding the mechanisms of rod friction in vane shear tests always leads to an overes-

timation of undrained shear strength and anticipates any economic construction design and 

project planning. 

� In liquid to soft East Harbor mud, shear rate has a significant influence on both undrained 

peak and residual shear strength of organic harbor mud as increasing shear strength is as-

sociated with increasing shear rate. 

� The measured undrained peak shear strength of East Harbor mud increases between 55 to 

65% when increasing the shear rate from 1.57 to 157 mm/min. This increase in undrained 

shear strength corresponds to an increase on the order of 30% per tenfold increase in shear 

rate, independent of water content. 
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� The increase in residual shear strength varies between 120% at a soft consistency and 

350% at a liquid consistency, resulting in a 50-170% increase in the measured residual 

shear strength per tenfold increase in shear rate. This demonstrates that the residual shear 

strength is even more sensitive than the peak shear strength to changes in shear rate. 

� Shear rate effects lead to an overestimation of undrained peak shear strength in the range 

of 10-50% in vane shear tests using vane rates of rotation between 6 and 90°/min as is rec-

ommended by the common international standards BS 1377-9, DIN 4094-4 and ASTM D 

4648. 

� As a consequence, the results of vane shear tests have to be corrected for shear rate effects 

to derive the actual soil resistance in harbor mud. This can be achieved using the proposed 

new rate-dependent correction factors �. 

� The correction factor for time effects proposed by Bjerrum is shown to be valid for vane 

tests in harbor mud at rates of rotation ��of 1-2°/min, but overestimates the undrained 

shear strength of organic harbor mud using higher rates of rotation. 

� The correction according to Bjerrum does not predict the observed failure during the East 

Harbor project. In contrast, the proposed new rate-dependent correction factor for shear 

rate effects � does predict the failure. 

� Several factors may have led to the observed deformations during the East Harbor exten-

sion project. Of particular interest is the shear rate-dependent soil strength behavior. This 

should be addressed in future projects using similar backfill material. 

� Vane shear tests at low consolidation stress levels (< 16 kPa) in a specially designed, large-

scale odometer test setup indicate that both undrained peak and residual shear strength in-

crease linearly with increasing consolidation stress (cf. Coulomb failure criterion), even at 

very low effective stress levels. 

� The determined ratio between undrained peak shear strength and vertical consolidation 

stress su/�’vc is 0.25, which is extraordinarily small for an extremely plastic clay like East 

Harbor mud. 

� The determined ratio between undrained residual shear strength and vertical consolidation 

stress sur/�’vc of 0.054 is also very small compared to published values for comparable soil 

types. 

� The water contents corresponding to the tested effective consolidation stress levels vary 

between 1.10 and 1.85 (0.67 < LI < 1.48) and lead to variations between 0.1 and 4.3 kPa in 

peak shear strength and between 0 and 1.0 kPa in residual shear strength. 
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� The sensitivity St of East Harbor mud is 4.8, which according to Bjerrum’s empirical sensi-

tivity scale is very high. As a consequence, East Harbor mud is a problematic backfill ma-

terial that requires accurate assessment of undrained shear strength and careful construc-

tion design and project management. 

� A positive evolution in peak and residual shear strength of about 3-4% per log-cycle in-

crease in time (days) was noted during the phase of pronounced secondary compression of 

East Harbor mud.  

� Large settlements during primary consolidation and extremely long consolidation times 

have to be expected when using harbor mud as backfill or in land reclamation because of 

its compression index Cc being in the range of peat, and water permeability k resembling 

that of clay. 

� The anticipated pronounced creep of organic harbor mud with coefficients of secondary 

compression C� between 0.065 and 0.14 will cause considerable settlement for many years 

or even decades. 

� An offset between the two e-log(�’) curves from standard oedometer tests and a large-

scale oedometer test of �e � 0.2-0.3 is observed which can be explained by the total gas 

content of about 6-8% by volume in the large sample and is comparable to data in the lit-

erature for other organic muds. 

� The parameters Cc, Cc" and Es deviate on the order of 10% for standard and large-scale 

odometer tests indicating a loss in stiffness caused by biodegradation and related gas for-

mation in the large-scale sample; consequently parameters� of highly organic soils deter-

mined by standard odometer tests may underestimate creep and overestimate the stiffness. 

� A curve-fit using the Levenberg-Marquardt non-linear least squares optimization method 

demonstrates that the deformation behavior of organic harbor mud during its primary con-

solidation phase can be sufficiently described with Terzaghi’s theory, in spite of the pres-

ence of a considerable volume of free gas. 

� Combining Terzaghi’s approach with a creep term for consolidation times larger than 

92-99.5% of the primary consolidation time, yields very good results for the description of 

secondary compression. 

In summary, this dissertation demonstrates that harbor mud is an extremely problematic back-

fill and construction material due to its shear strength, deformation and drainage properties. 

Accordingly, a thorough evaluation is required in the planning stage as to whether the long-

term problems and costs to be expected in connection with on-site reuse of soft organic harbor 
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mud will exceed the costs of disposal or ex-situ treatment. It is recommended that in the de-

sign phase of an on-site reuse project, additional costs that may be encountered are consid-

ered. These include measures to accelerate settlement (e.g. densely spaced vertical drainage 

systems) as well as compensation for long-term creep deformation. This dissertation contrib-

utes to a better understanding of the geotechnical behavior of fine-grained dredged material 

and enables better planning reliability for future projects in which dredged sediments are to be 

used as backfill material in harbor construction or land reclamation projects. 

Additional studies to beneficially reuse dredged harbor mud and learn more about its geo-

technical usability are planned beyond this dissertation. They include:  

� Advanced laboratory- and field-scale finite element modeling (FEM) to improve prediction 

of shear strength and consolidation behavior of harbor mud using the findings of this dis-

sertation. 

� Improvement and application of modified material models for very soft soils like harbor 

mud. 

� Evaluation of further data gathered from the field monitoring program in the East Harbor 

to validate analog and numerical models. 

� Initiation of new, related offspring projects studying harbor sediments and their properties 

to enhance know-how transfer and student education in the field of soft sediment manage-

ment (e.g. the forthcoming international DFG cooperation with the University of Waikato, 

New Zealand). 
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In the framework of this thesis the following contributions were published and presented on 

national and international conferences: 

 

Reviewed proceedings papers 

 

Schlue, B. F., Kreiter, S., and Mörz T. (2008). “On-site reuse of dredged harbor mud in the 

East Harbor of Bremerhaven, Germany.” Proceedings of the Sixth International Con-

ference on Remediation of Chlorinated and Recalcitrant Compounds, May 19-22, 

2008, Monterey, CA, USA. 

 

Abstracts / Posters 

 

Metzen, J. F., Schlue, B. F., Kreiter, S., v. Halem, G., Mörz, T., Lesemann, D., Petereit, K., 

Tarras, C., Elvert, M., Hamer K., and Hensen, C. (2007). “Specific problems in using 

organic harbour mud as construction material.” Fourth International Conference on 

Remediation of Contaminated Sediments, January 22.-25., 2007, Savannah, GA, USA. 

Schlue, B. F., Kreiter, S., and Mörz, T. (2007). “Dredged organic harbor mud - a challenging 

construction material.” Terra Nostra - Schriften der GeoUnion Alfred-Wegener-

Stiftung, Vol. 2007/1-2, The Oceans in the Earth System - International Conference 

and 97th Annual Meeting of the Geologische Vereinigung e.V., October 01.-05., 2007, 

Bremen, Germany. 

Schlue, B. F., Kreiter, S., and Mörz T. (2008). “On-site reuse of dredged harbor mud in the 

East Harbor of Bremerhaven, Germany.” Sixth International Conference on Remedia-

tion of Chlorinated and Recalcitrant Compounds, May 19.-22., 2008, Monterey, CA, 

USA. 

 

The publications listed are presented below. 
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Abstract 

Dredging operations in European harbors for maintenance of navigable water depth produce 
vast amounts of often contaminated harbor mud. Between 2005 and 2007, the second largest 
harbor construction project in Germany has been designed as a pilot study to use dredged har-
bor mud as backfill material to avoid expensive depositing or ex-situ treatment. The aim of 
our research project is to establish predictions for the relevant geotechnical soil properties of 
soft to liquid harbor mud. Therefore, a laboratory one-dimensional compression cell with 
22 cm diameter was designed and used for a long-term test with continuous measurement of 
deformation, permeability and methane degassing rates during the mud consolidation process. 
In addition, the test setup provides the opportunity of vane shear measurements to assess the 
undrained shear strength evolution of the harbor mud during consolidation. Our results show 
that organic harbor mud is a challenging construction material, especially with regard to its 
deformation behavior and shear strength evolution. 

___________________________________________________________________________ 

 

Introduction 

The major southern North Sea tidal estuaries of the Rivers Ems, Weser and Elbe are charac-

terized by vast accumulations of organic-rich mud derived from marine and river suspension 

transport. High rates of mud accumulation in those dynamic systems are driven by a complex 

interaction of tide and wind induced forces as well as variable river discharge. The import of 

marine mud and increased mud accumulation are promoted by tidal asymmetry and particle 

flocculation in the freshwater/saltwater mixing zone. The highly engineered estuaries of the 

Ems, Weser and Elbe Rivers belong to the most frequented waterways worldwide and host a 

number of important ports. Deepening of the navigation channel in these rivers causes an arti-
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ficial rise in the tidal range and an increased accumulation of the suspension load. The small-

grained material is carried through the locks into the harbor basins where it settles as soft, 

organic harbor mud. This mud has to be regularly dredged out of the harbor basins in order to 

maintain the navigational depth. To avoid costly depositing of this often contaminated mate-

rial, the dredged harbor mud is increasingly used as backfill and construction material (on-site 

reuse). Backfilling of the harbor basin in the Osthafen (East Harbor) of the Hansestadt Bre-

mischen Überseehafengebiet (international port area of the Free Hanseatic City of Bremen) is 

an example for such an on-site reuse. During this excavation and construction project, a total 

of about 180,000 m³ of soft to liquid harbor mud was relocated and used as backfill behind a 

heavy sheet pile wall that will serve as the new wharf (Fig. 1).  

 

Fig. 1. Deposition of harbor mud behind sheet pile wall 

To accelerate the consolidation of the mud, a layer of geotextile and several thin sand layers 

were placed on top of the mud backfill. During the placement of the sand layers, larger parts 

of the backfilling area underwent vertical motions indicating a partial failure of the mud layer 

(Fig. 2). This required a reorganization of the construction project that finished successfully in 

2007. An expensive vertical vacuum drainage system (total drainage length approx. 1300 km) 

was installed to speed up consolidation. However, the large settlements of the mud caused 

leaks in the drainage system in some parts cutting off the vacuum and in some parts the drains 

seemed to be clogged by washed in harbor mud. The 14 acres of new harbor area will serve as 

operating area for car handling. (Schlue et al. 2007, Schlue et al. in press) 
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Fig. 2. A) Strongly deformed backfill area with ground motion amplitudes of up to 3 m, 

depressions filled with water. B) Height of the geotextile surface before and during sand 

installation. Inset: location of deformed area A) and sounding profile B) 

The described problems during the course of the East Harbor construction project raised the 

following questions: 

� Can established approaches be used to describe the time-dependent deformation of harbor 

mud? 

� Are the relevant deformation and drainage properties of harbor mud comparable to those of 

known cohesive soils? 

� How does the undrained shear strength of harbor mud develop at low consolidation stress 

levels? 

Below, a brief description of the dredged harbor mud and test procedures is provided. The test 

results are then presented and evaluated with respect to the questions raised. 

 

Materials and Methods 

Soil characterization 

The examined sediment is a very soft and organic harbor mud from the Osthafen (East Har-

bor) of the Hansestadt Bremischen Überseehafengebiet on the banks of the Weser River as 

already described in detail by Schlue et al. (2007). The harbor mud is settled under brackish 

conditions in the tide independent quiet waters of a harbor basin. The suspended solids origi-

nate from the Weser River which is connected to the East Harbor basin by a lock. 

The sample material was obtained by piston core sampling after dredging and redeposition of 

the mud; characteristic soil parameters where determined by preliminary laboratory tests. The 
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harbor mud is an extremely plastic organogenic clay, which was consistently of liquid to soft 

consistency (Table 1; DIN 18122-1, DIN 18123, DIN 18128). The grain size distribution is 

shown in Fig. 3, the pore water conductivity of 18.35 mS/cm corresponds to a salinity of 

10.85 g/l and confirms the brackish environment. The clay mineral composition determined 

by X-ray diffraction (XRD) shows no predominance of any clay mineral group (Table 1). The 

harbor mud is similar to tidal-flats in the south-eastern North Sea by having a high content of 

expandable smectites, considered to be generated by Pleistocene subsurface strata.  

Parameter Value Unit 

Particle density �s 2.57 g/cm³
Dry density �d 0.46 g/cm³ 

Bulk density � 1.31 g/cm³ 

Initial water content w0 1.83 - 

Initial void ratio e0 4.64 - 

Content of smectite 36 w% 

Content of illite 36 w% 

Content of kaolinite/chlorite 28 w% 

Loss on ignition VGl 12.0 w% 

Ctot 4.602 w% 

TOC 2.932 w% 

Stot 0.723 w% 

Liquid limit wL 1.410 - 

Plastic limit wP 0.484 - 

Plasticity index IP 0.926 - 

Pore water salinity 10.85 g/l 

Table 1. Soil parameters and mineral composition 

The harbor mud in the East Harbor is contaminated by heavy metals (arsenic, copper, cad-

mium and lead) and Tributyltin (TBT). The latter is mainly caused by anti-fouling paint 

commonly used for containerships. 
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Fig. 3. Grain size distribution examined by two separate analyses according to 

DIN 18123 (Schlue et al. 2007) 

 

Test setup and procedure 

The large-scale test was set up specifically for very soft organic harbor mud (Fig. 4), so that 

developing gas bubbles and structures in the sample can be observed and low stresses can be 

applied. The harbor mud was set, at an initial height of 22.5 cm, into a Plexiglas cylinder with 

a diameter of 22 cm. A load is applied to the soil sample with a load plate from the top down 

via a crossbar and load rod. The load plate is perforated to ensure an unobstructed upward 

drainage. Both load plate and filter plate have locking apertures to allow for vane shear tests. 

Free gas was observed to migrate mainly downward likely due to the gas impermeability of 

the plastic filter plate on top of the soil sample. A gas trap was installed to collect and quan-

tify the gas flux. A permanent saltwater cycle permits consistent measuring of the water per-

meability of the harbor mud. This is achieved with a constant pressure head �h chosen at 

6.5 cm, so that it negates the effective stresses from the mud’s self weight using an elevated 

water reservoir with constant level (cf. Fig. 4). The water flow through the soil sample is 

quantified at the overflow. The salinity of the water in the overall system is held constant at 

18.3-18.5 mS/cm corresponding to the natural pore water salinity of the East Harbor mud. 

The settlement and the excess pore water pressure are continuously recorded. The pore water 

pressure is measured at four different height levels of the soil sample. After setup, the harbor 

mud sample was left to settle for one week with the water cycle established at a pressure head 

�h = 6.5 cm. Subsequently, four load steps with total stresses of 2, 4, 8 and 16 kPa were ap-

plied. These total stresses are corrected by a factor of 0.6 according to Muhs and Kany (1954) 
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for the influence of friction caused by the unfavorable ratio between sample diameter and 

height. This correction results in effective consolidation pressures of 1.2, 2.4, 4.8 and 9.6 kPa 

for the large-scale oedometer test, covering the typical stress range during the construction 

project in the Bremerhaven East Harbor. 

 

Fig. 4. Test setup of large-scale oedometer test 

During the entire large-scale oedometer test numerous vane shear tests were carried out using 

a miniature vane (d x h x t = 1.0 x 0.88 x 0.1 cm³). 

 

Results and Discussion 

Consolidation behavior and permeability 

The compression of saturated cohesive sediments due to loading is time-dependent. In cohe-

sive soils, the reorganization of the soil skeleton is hampered by the pore water, which has to 

be expelled before the compression can take place. In low-permeable sediments this process 

may take a certain time and is called consolidation. Duration of the applied load steps of the 

oedometer test varied from 4.2·106 s (� 49 d) to 2.6·107 s (� 300 d), resulting in a total testing 

time of approx. 4·107 s (� 460 d). The settlement and pore water pressure data are illustrated 

in Fig. 5, with one separate graph for each of the four pore water pressure sensors at heights 

of 2, 4, 6 and 8 cm from the bottom edge of the sample. The settlements are shown as changes 

in the void ratio e which is the ratio between volume of voids and volume of solids. The pore 

water pressure graphs are annotated in Fig. 5 with their respective heights above the bottom 

edge of the sample. In addition, the time t100 is marked, indicating the dissipation of the ex-

cess pore water pressure and the completion of the primary consolidation step. 
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Fig. 5. Raw settlement and excess pore water pressure data from large-scale oedometer 

test 

The time-dependent change in void ratio is similar for all load steps and follows conventional 

and accepted theories (cf. Terzaghi 1925). During the second load step (2.4 kPa), free gas 

escaped from the sample through the load plate during a vane shear test. This loss of gas vol-

ume resulted in a sudden decrease of the mean void ratio of the sample. For further evaluation 

of the data for this load step, the void ratio discontinuity was corrected (dotted line). 

The deformation and stiffness of cohesive sediments is typically described in soil mechanics 

by the compression index Cc and the modulus of elasticity Es. Cc is assumed to be constant for 

each soil and represents the change in void ratio e per decadic log-cycle increase in effective 

stress during the primary consolidation phase (Cc = �e/�log(�’)). Es describes the relation 

between strain "�of the soil and changes in effective stress level (Es = ��’/�"). The compres-

sion index Cc of East Harbor mud is assessed to be around 1.0 (Fig. 6), corresponding to a 

modulus of elasticity Es � 12.9 �’ or Es � 10-150 kPa for the stress level tested (Fig. 7). 

The coefficients of permeability k are determined by balancing the outflow at a constant gra-

dient. The determined coefficients of permeability k and the void ratio e show a log-linear 

correlation (Fig. 8). The found permeabilities are extremely low for the given high void ratios 

(Blümel and Tamminga 1987). 
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Fig. 6. Relation between void ratio and effective stress - compression index Cc  

 

Fig. 7. Development of modulus of elasticity with increasing effective stress 

 

Fig. 8. Development of water permeability with decreasing void ratio 

The soft organic harbor mud’s Cc and Es are two to ten times higher than that of average clay 

types and comparable to peat. At the other hand the water permeability (5·10-8 � k � 8·10-11 

m/s) is 100 times lower than that of peat and more comparable to ordinary clay types (Ta-

ble 2). This results in very small coefficients of consolidation Cv and long consolidation times 

associated with large settlements. The coefficient of consolidation Cv (= (k·Es)/#w) describes 

the time-dependency of the primary consolidation according to Terzaghi (1925). For the 
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tested harbor mud, the coefficients of consolidation Cv vary between 10-9 and 10-8 m2/s (Ta-

ble 2). 

Soil type Cc [-] C��[-] Es [kPa] k [m/s] Cv [m²/s] 

Kaolin 0.1 0 1500 - 5000 10-12 - 10-8 10-7

Montmorillonite 0.5 0 - 0.005 1500 - 5000 10-12 - 10-8 10-8

Organic clay 0.1 - 0.3 0.005 - 0.015 3000 - 6000 10-9 - 10-5 10-7 - 10-5

Organic silt 0.4 - 0.7 0.015 - 0.05 500 - 2000 10-11 - 10-10 10-9 - 10-7

Peat 1.0 0.05 - 0.07 100 - 2000 10-8 - 10-5 10-6 - 10-4

East Harbor mud 1.0 0.1 - 0.34 10 - 1000 10-11 - 10-8 10-9 - 10-8

Table 2. Soil parameters of exemplary cohesive soils 

The phase of primary consolidation ending at time t100 is followed by a pronounced phase of 

secondary consolidation, a phase of slow creeping settlement following the primary plastic 

deformation of the primary consolidation (cf. Fig. 5). Creep is assumed to be to the result of 

biogeochemical activity and decomposition of organic carbon within the sediment. The mag-

nitude of secondary compression is described by the coefficient of secondary compression C�. 

C� represents the log-linear relationship between the change in void ratio and time 

(C��= �e/�log(t)). The determined coefficient of secondary compression C� for our harbor 

mud falls between 0.1 and 0.34 for all tested load steps. These values for C� are also extraor-

dinary high in comparison to those of other cohesive soils (Table 2).  

The determined parameters describing the deformation behavior of East Harbor mud clearly 

show that harbor mud is a problematic construction material with large settlements during 

primary consolidation (high Cc) and extremely long consolidation times (low k). In addition, 

the anticipated pronounced creep (high C�) of this soil will lead to considerable settlements 

for many years or even decades to come. 

 

Evolution of undrained shear strength 

The undrained peak and residual shear strength of the East Harbor mud was assessed by vane 

shear test during the entire duration of the large-scale oedometer test. The measured raw data 

was corrected for rod friction effects (Schlue et al. 2007) and shear rate effects. 

The corrected undrained peak shear strength su and residual shear strength sur is plotted in 

Fig. 9 against effective consolidation stress. A linear correlation between shear strength and 

effective consolidation stress can be observed. It is apparent that the initially liquid mud has 
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almost no cohesion (y-axis intercept). Assuming negligible excess pore water pressures dur-

ing vane shear testing, the effective friction angle !’ can be estimated from the gradient of 

linear curve-fits. The friction angle for the peak shear strength !’ is 22.6° while !r’ for the 

residual shear strength is only 5.2°. These values are in the typical range for plastic clays. For 

practical operation, a relationship between undrained shear strength and water content, or void 

ratio is very useful. Fig. 10 shows the logarithmic correlation between water content and 

undrained peak and residual shear strength. The undrained peak shear su varies between 0.22 

and 4.2 kPa while the residual shear strength sur varies between 0 and 0.9 kPa at the stress 

levels tested. These are very small values. 

 

Fig. 9. Undrained shear strength versus effective stress 

 

Fig. 10. Undrained shear strength versus water content and void ratio 

 

Methane degassing 

During the entire oedometer test, gas escaping from the sample was collected in a gas trap (cf. 

Fig. 4). A large amount of gas escaped during a limited period after each load increase in the 

first and second load step (Fig. 11). Following peak discharge, the measured gas volume 

dropped down to zero again. Immediately after the third load step was applied, the measure-
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ments showed a relative constant gas flux of approx. 0.25 cm³/h. In total, a gas volume of 

approx. 2600 cm³ escaped during the first 2·107 s (� 230 d) from the sample with a starting 

volume of approx. 7600 cm³. The escaping gas is dominated by methane, as confirmed by gas 

chromatography-mass spectrometry (GC/MS). 

 

Fig. 11. Gas production during testing time 

 

Field pore water chemistry 

Several analyses of expelled pore water from the vertical vacuum drainage system showed no 

significant concentrations of contaminants, suggesting that most of the contaminants are im-

mobile. 

 

Conclusions 

Our study shows that harbor mud is an extremely problematic construction material due to its 

deformation and drainage properties. Large settlements and extremely long consolidation 

times are expected during primary consolidation. In addition, the pronounced creep of this 

soil will last for many years or even decades. The coefficient of secondary compression C� 

(0.1-0.34) is one hundred times higher than those of organic clay and about two to five times 

higher than those of organic silt. 

The initially liquid mud has a very low cohesion of 0.22 kPa. The estimated friction angle for 

the peak shear strength !’ of 22.6° is in the typical range for plastic clays. The friction angle 

!r’ for the residual shear strength drops to the value of 5.2°. Thus, for the expected low effec-

tive stress levels the undrained peak shear strength of the harbor mud varies between 0.22 and 

4.2 kPa and the residual shear strength between 0 and 0.9 kPa. This questions the use of the 

tested harbor mud as foundation soil. 
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The formation of methane in the harbor mud will create a three-phase system, with a possibly 

differing behavior from that of saturated soil assumed for the classical consolidation theories. 

Accordingly, a thorough evaluation is required in the planning stage whether on-site reuse of 

soft organic harbor mud is more advantageous than disposal or ex-situ treatment. In the de-

sign phase of an on-site reuse project, additional costs that may be encountered for settlement 

acceleration have to be considered (e.g. densely spaced drainage systems) as well as compen-

sations for long-term creep deformation. 
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Abstract 

In many harbors at shallow tidal estuarine systems problems arise with tide driven accumula-
tion of highly organic muds. Dredging operations for maintenance of maneuverable harbor 
water depth lead to vast amounts of organic-rich often contaminated sediment. A German 
federal regulation prohibits the “ocean dumping” of such dredged material and requires recy-
cling or disposal on specially equipped disposal sites. Since such disposal capacities are lim-
ited in northern Germany, costs rose to more than 35 Euros per cubic meter. Therefore on-site 
disposal, e.g. using the harbor mud as filling and construction material, is a favorable option. 
Currently, the second largest harbor construction project in Germany is designed as a pilot 
study in using dredged harbor mud as construction material. Situated in Bremerhaven at the 
mouth of the Weser River. A shallow harbor basin is refitted with RoRo (roll on, roll off) 
piers for car-carriers by installing new sheet pile walls and reconstructing the original harbor 
basin water depth of 11 m by dredging. The main project goals are: increase of RoRo pier 
length, fast creation of highly needed 60,000 m² of parking space for automobile export, 
maintenance of the harbor basin to allow full maneuverability of deep sea car-carriers and the 
on-site disposal of the dredged material. The project is governed by an intense geotechnical 
monitoring program and its successful completion will lead to a reduction of disposal material 
in equivalent of 2 years of dumpsite capacity of the local Bremen facility. During the con-
struction phase 7 m of dredged harbor mud (TOC: 3-5 w%) were transferred behind the sheet 
pile wall leading to local thickness of up to 16 m. Special care was taken to reduce water in-
take of the mud during dredging and redeposition. A geotextile, which prevents density in-
duced mixing, capped and separated the mud layer from a following 4 m thick sand layer. An 
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approximately 0.8 m spaced vertical vacuum drainage system with a total drainage length of 
more than 1200 km was installed to accelerate dewatering and mud consolidation. Despite of 
the preventive measures, intense vertical ground movements of the mud layer occurred due to 
its semi viscose and thixotropic behavior. Considerable amounts of in-situ methane generation 
from the mud layer was observed. After six months of vacuum drainage, the overall mud con-
solidation had considerably improved. Initial shear strength values of 0.2-0.6 kPa increased to 
1.5-2.5 kPa. Only the uppermost 2 m of mud, that did not experience vacuum drainage, re-
mained underconsolidated with low shear strength values close to the starting values after 
mud relocation. The aim of our research project is to establish a relationship between shear 
strength, permeability and methane degassing rate to the mud‘s pore number e. Free and dis-
solved methane in the mud were determined over depth profiles. Conducting flow rate ex-
periments, we found the in-situ generated gas having a substantial effect on the permeability 
of the used geotextile when combined with the organic mud. A laboratory one-dimensional 
compression cell with 22 cm diameter was designed and used for continuous measurement of 
permeability and methane degassing rates during the mud consolidation process. Predictions 
of mud settlement and mud creep rates were carried out by means of a two-dimensional Finite 
Element Model across a representative cross section of the filled part of the harbor basin. Pre-
liminary results indicate that: 1) Commonly applied soil models are incapable and therefore 
inadequate to incorporate creep subsequent to primary consolidation, 2) Degassing of the mud 
substantially affects shear strength and consolidation, 3) Vacuum drainage successfully accel-
erates the consolidation process. Problems and phenomena encountered during this pilot study 
stress the need for interdisciplinary research and collaboration bringing together civil engi-
neering, soil mechanics, modeling and organic geochemistry.  

___________________________________________________________________________ 
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Abstract 

In many harbors at shallow tidal estuarine systems problems arise with tide driven accumula-
tion of highly organic mud. Dredging operations for maintenance of maneuverable harbor 
water depth lead to vast amounts of organic-rich and often contaminated sediment. A German 
federal regulation restricts the “ocean dumping” of contaminated material and requires alter-
natives such as reuse or disposal on specially equipped on-shore disposal sites. Currently, the 
second largest harbor construction project in Germany is designed as a pilot study in using 
dredged harbor mud as construction material. Situated in Bremerhaven at the mouth of the 
Weser River. A shallow harbor basin is refitted with 550 m of new RoRo (roll on, roll off) 
piers for car-carriers using sheet piling. A harbor basin water depth of 11 m is maintained by 
dredging. The main project goals are: increase of RoRo pier length, fast creation of highly 
needed 60,000 m² of parking space for automobile export, maintenance of the harbor basin 
water depth to allow full maneuverability for deep sea car-carriers and the on-site disposal of 
the dredged material. During the construction phase 7 m of dredged harbor mud (TOC: 3-5 
w%) was transferred behind the sheet piling leading to local thickness of up to 16 m of very 
soft soil. The project is accompanied by an intense geotechnical monitoring program and its 
successful completion will lead to a reduction of disposal material in equivalent of 2 years of 
disposal capacity of the federal Bremen facility. The aim of our research project is to establish 
predictions of shear strength, permeability and methane degassing rates in conjunction with 
the consolidation behavior of the dislocated harbor mud. A laboratory one-dimensional com-
pression cell with 22 cm diameter was designed and used for continuous measurement of 
permeability and methane degassing rates during the mud consolidation process. Our results 
show that organic-rich harbor mud is a challenging construction material. Its stiffness resem-
bles the weak values of peat whereas its low permeability is in the range of clay. The combi-
nation of these properties leads to large settlements and very long consolidation times. In ad-
dition high rates of secondary compression may be a problem for many decades. In our ex-
periment, methane formation added up to more than a third of the initial sample volume over 
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an observation period of 300 days. The influence of gas formation on the conductivity and 
compression behavior is not well understood and makes predictions and modeling unreliable. 
Problems and phenomena encountered during this pilot study stress the need for interdiscipli-
nary research and collaboration bringing together civil engineering, soil mechanics, modeling 
and organic geochemistry. 
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Abstract 

In many harbors at shallow tidal estuarine systems problems arise with tide driven accumula-
tion of highly organic mud. Dredging operations for maintenance of navigable harbor water 
depth lead to vast amounts of organic-rich and often contaminated sediment. Main contami-
nants are heavy metals such as arsenic, copper, cadmium and lead as well as Tributyltin 
(TBT). The latter is mainly caused by anti-fouling paint commonly used for containerships. A 
German federal regulation restricts the “ocean dumping” of contaminated material and re-
quires alternatives such as reuse or disposal on specially equipped onshore disposal sites. Be-
tween 2005 and 2007, the second largest harbor construction project in Germany has been 
designed as a pilot study to use dredged harbor mud as backfill material to avoid expensive 
depositing or ex-situ treatment. A shallow harbor basin was refitted with 550 m of new RoRo 
(roll on, roll off) piers for car-carriers using sheet piling. A harbor basin water depth of 11 m 
was maintained by dredging. The main project goals were: increase of RoRo pier length, fast 
creation of highly needed 14 acres of operating area for automobile export, maintenance of 
the harbor basin water depth to allow full navigability for deep sea car-carriers and the on-site 
reuse of the dredged material. During the construction about 180,000 m³ of dredged harbor 
mud (TOC: 3-5 w%) was transferred behind the sheet piling leading to local thickness of very 
soft sediments up to 12 m. The project was accompanied by an intense geotechnical monitor-
ing program and its successful completion led to a reduction of disposal material in equivalent 
of 2 years of disposal capacity of the federal Bremen facility. The aim of our research project 
is to establish predictions of shear strength, permeability and methane degassing rates in con-
junction with the consolidation behavior of the relocated harbor mud. A laboratory one-
dimensional compression cell with 22 cm diameter was designed and used for continuous 
measurement of permeability and methane degassing rates during the mud consolidation 
process. Our results show that organic harbor mud is a challenging construction material. Its 
stiffness resembles the weak values of peat whereas its low permeability is in the range of 
clay. The combination of these properties leads to large settlements and very long consolida-
tion times. In addition, high rates of secondary compression may be a problem for many dec-
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ades. In our experiment, methane formation added up to more than a third of the initial sample 
volume over an observation period of the first 230 days. The influence of gas formation on 
the conductivity and compression behavior is not well understood and makes predictions and 
modeling unreliable. Problems and phenomena encountered during this pilot study stress the 
need for interdisciplinary research and collaboration bringing together civil engineering, soil 
mechanics, modeling and organic geochemistry. 

___________________________________________________________________________ 
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