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Abstract 

 
Site Study of Fibrous Sediments in Sandviken, Ångermanälven River Estuary, Sweden  

Joanna Ghaderidosst 

 
Pulp and paper industries in Sweden have since the end of the 19th century until late 70s been active in 
dumping wastewater into adjacent water bodies that have created fibrous sediments called fiberbank 

and fiber-rich sediment. Fiberbanks are large banks of predominantly organic material while fiber-rich 

sediment is fibrous sediment that has been mixed with bottom sediment. The fiberbanks comprise of 
high levels of processed wood fibres and contaminants such as heavy metals and persistent organic 

pollutants (POPs). It also produces carbon dioxide and methane gas by microbial activity and leaves 

the sediment with exit holes called pockmarks. These sediments have been proven to cause 

environmental harm to the benthic biological environment around it, also causing it to become 
anoxic/hypoxic. Some of the POPs bioaccumulate which also affect humans through fishing. If the 

fiberbanks are disturbed through e.g. mass movement, toxic contaminants could be released into the 

aquatic environment. Fiberbanks need to be remediated and more research is needed to characterise it. 
In-situ capping is a remediation technique that is being tested at the laboratory scale for its application 

to fiberbanks. It involves placing a layer of clean material on top of the sediment, in order to stabilize 

it and to limit contaminant release. 

    Because of their high organic content and low density, these sediments might behave differently than 
typical natural sediments. Therefore, laboratory experiments are necessary to understand their key 

properties. This thesis focuses on the Sandviken site, for which the bearing capacity of fiberbanks, their 

thickness, and the compression rate of fiber-rich sediments are studied. The bearing capacity is the 
capacity for a sediment to hold a weight, and in the case of in-situ capping it is an important parameter 

to study. The thickness was interpreted from physical data collected by a fluid mud penetrometer 

(FluMu), from the University of Bremen to assess the fiberbank volume. Fiber-rich sediment is 
examined to expand the knowledge on its physical properties by testing consolidation and potential gas 

production. 

    Bearing capacity was tested by placing sediment in a tank and placing a cap on top of it. The site 

thicknesses were interpolated in ArcMap into a visual topography where the volume could be 
calculated. Fiber-rich sediment consolidation was tested by placing the sediment in columns with 

different capping thicknesses. By monitoring bubbles and pockmarks, gas production was confirmed. 

    Results show that the tank sediment construction kept its shape without collapsing or failing at the 
edges. Sediment/cap interface was sharp, it means little to no mixing between the layers. This proves 

that Sandviken fiberbank has enough bearing capacity to hold up a cap and that it contains contaminants 

well. FluMu interpretation resulted in a fiberbank volume of 51885 m3. The fiberbank thickest layer 
was interpreted as being in front of the sulphate factory which is a credible result. The fiberbank volume 

is not conclusive since the FluMu has not measured complete thicknesses of the layers. This can be said 

since thicknesses have been measured at a minimum of 6 m and the thickest point interpreted was 1,11 

m. The fiber-rich sediment consolidation showed that a cap that is very thick will cause most 
consolidation and more rapid dissipation of pore water. Bubbles and pockmarks were observed and 

confirm gas production. 
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Populärvetenskaplig sammanfattning 
 

Platsstudie av fibersediment i Sandviken, Ångermanälven, Sverige

Joanna Ghaderidosst
 

Papper- och massa-industrin i Sverige har varit aktiv fram till 1970-talet och har dumpat förorenat 

vatten i angränsande vattendrag. Detta har gett upphov till fibersediment som kallas fiberbank och 

fiberrikt sediment. Fiberbanker är stora banker av övervägande organiskt material och fiberrikt 
sediment är en blandning av fiberbank sediment och bottensediment. Fiberbankerna består mestadels 

av bearbetade träfibrer och föroreningar som tungmetaller och långlivade organiska föroreningar 

(POPs). Sedimentet producerar även växthusgaser genom mikrobiell aktivitet. Dessa sediment orsakat 
miljöskada på den biologiska bottenmiljön i omgivningen då den förlorat syreinnehåll. Samtliga POPs 

samlas i fisk vilket därav även påverkar människors hälsa. Om fiberbankerna skulle störas, släpps 

giftiga föroreningar ut i miljön. Fiberbanker måste åtgärdas och en saneringsteknik som undersöks i 
laboratorieskala är in-situ övertäckning. Detta innebär att placera ett lager av rent material ovanpå 

sedimentet för att stabilisera det och stoppa frigöring av föroreningar. 

    På grund av sedimentets annorlunda karaktär är experiment i laboratorier nödvändiga för att förstå 

deras nyckelegenskaper. Detta arbete fokuserar på fiberbanken i Sandviken, fiberbankens bärförmåga, 
dess tjocklek och kompressionshastigheten för fiberrika sediment studeras. Bärförmågan är kapaciteten 

för ett sediment att hålla en vikt och när man ska belasta ett sediment med ett övertäckningslager är 

detta viktigt. Tjockleken av sedimentet undersöks för att bedöma fiberbankens volym i området. 
Fiberrikt sediment undersöks för att utöka kunskapen om dess fysiska egenskaper genom att testa 

konsolidering och om det producerar gas likt fiberbanksediment. 

    Bärförmågan testades genom att placera sediment i en tank och placera ett lager av rent material på. 

Platstjocklekarna tolkades från fysiska data från en typ av sensor som penetrerar sediment och 
interpolerades därefter i ArcMap till en visuell topografi där volymen kunde beräknas. Fiberrik 

sedimentkonsolidering och gasproduktion testades genom att placera sedimentet i kolumner med olika 

locktjocklekar.  
    Resultaten visar att bärförmågan av fiberbanksedimentet var tillräckligt för att klara av en grundlig 

belastning. Gränsen mellan sedimentet och övertäckningslagret var skarp i slutskedet, det innebär liten 

eller ingen blandning mellan skikten. Detta bevisar att sedimentet bibehåller övertäckningslager väl 
över sig då ytan är platt. Tolkningen av sensordata resulterade i en fiberbankvolym på 51885 m3. 

Fiberbankvolymen är inkomplett eftersom FluMu inte har uppmätt skiktens fullständiga tjocklekar 

eftersom tjocklekar har tidigare uppmätts till minst 6 m och den tolkade tjockaste punkten var 1,11 m. 

Den fiberrika sedimentkonsolideringen visade att ett övertäckningslager som är mycket tjock kommer 
att orsaka mest och snabbast konsolidering. Observationer bekräftade även gasproduktion i sedimentet. 

 

Nyckelord: Fiberbank, fiberrik, fiberhaltigt sediment, pappersindustri, bärkraft, FluMu, penetrometer, 
förorening, gas 
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1 Introduction 

1.1 Fibrous sediment from pulp- and paper industries  

Fibrous sediment originates from wastewater released by pulp and paper factories adjacent to 

waterbodies such as lakes, oceans and catchments (Norrlin and Josefsson 2017). The sediment 

is characterized by containing high levels of processed wood fibers. In factories, cellulose was 

separated from non-desirable materials in wood. This momentum used processes which utilized 

the chemical properties of certain chemicals which then ended up in the wastewater (Dahlberg 

et al. 2020). The more cellulose that was produced also required larger amounts of water. When 

the process was over the wastewater along with cellulose that was lost in the process and 

pollutants were released in nearby water along the shores which created fiberbanks (Dahlberg 

et al 2020). The benthic state above the fiberbanks can become anoxic or hypoxic due to oxygen 

consuming fermentation processes and methanogenesis of the organic material in the 

fiberbank. The two processes also result in gas production of carbon dioxide, methane and 

hydrogen sulfide which leaves traces in the form of pockmarks on the fiberbank surface when 

exiting (Apler 2018). 

    The fibrous sediment can be divided into two categories: fiberbank sediment that contains 

predominant amounts of fibrous material and fiber-rich sediment that is fibrous sediment mixed 

with adjacent natural minerogenic sediments (Norrlin and Josefsson 2017). The fiberbank 

material can also be divided into two main types, one where much of the content is wood chips 

and splinters (Sandviken) and one type where the water content is higher and comprise out of 

processed cellulose fibers (Väja in close proximity to Sandviken) (Apler et al. 2014). The 

significant difference in consistency depends on the fact that factories used different processes 

during production (Apler 2018; Olsen et al. 2019). 

    In Sweden fiberbank sediment can be found along the coast of the northern part of the 

country (Norrlin and Josefsson 2017). There are 380 potential sites that could have fiberbank 

sediment and 39 locations have been examined by the Swedish Geological Survey (SGU). Out 

of these 39, 19 have both fiberbank and fiber-rich sediments and 9 had only fiberbank sediment. 

The total area of fiberbank sediment was estimated at 2,5 km2 and fiber-rich sediment at 26 

km2, out of the total of 170 km2 surveyed area (Norrlin and Josefsson 2017). The contamination 

levels of the material have been proven to be high and the contaminants are polluting the water 

around it threatening the environment and biological life and diversity (Dahlberg et al 2020). 

Contaminants that have emerged from the pulp and paper industries are persistent organic 
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pollutants (POPs) and metals. Pollutants such as POPs can be toxic, and they are bio 

accumulative since they prefer adhering to lipids instead of water (hydrophobic) (Vogel 2015). 

The materials secondary effects of pollution are the human consumption of fish and its 

restrictions and UN directions for sustainable development in marine resources (Norrlin and 

Josefsson 2017). The goals that should be met to keep a good water quality following the Water 

Framework Directive (WDF) are to keep a minimum chemical and ecological status. One 

example is to prevent eutrophication by controlling nutrient input (Norrlin and Josefsson 2017; 

European Commission 2019).  

    To remediate fiberbanks, capping is a potential method that could prevent mixing of 

contaminants and the water body. To enable capping, the fiberbanks physical and chemical 

properties require examination to choose the most suited approach (Jersak et al. 2016a). Factors 

that are considered are for example bearing capacity, slope stability, thickness (depth), 

topography and gas production. All these factors affect the fiberbanks physical characteristics 

and must be considered when developing an approach for capping. Bearing capacity is the 

sediments strength to be able to hold a cap on top of itself without collapsing in on itself. 

Thickness is also needed to for example determine amount of capping needed to chemically 

isolate the fiberbank depending on the number of contaminants (Jersak et al. 2016a). 

Topography, thickness and bearing capacity can be examined through in-situ penetrometer 

testing. One such instrument is the fluid mud penetrometer or FluMu, developed at the 

University of Bremen, Germany (Paul 2019). 

    The fiberbank that will be investigated further in this thesis is the Sandviken fiberbank which 

is located in the Ångermanälven river estuary (Apler et al. 2019). The fiberbank itself is located 

outside an old sulphate pulp mill and sawmill. The fiberbank consist of mostly wooden chips 

and splinters and covers an area of about 55 000 m2 and it has a minimum of a maximum 

thickness of 6 m (Apler et al. 2019; Apler 2018; Länstyrelsen Västernorrland 2019).  

 

1.2 Sediment remediation 

Many industries have released contaminated waste into adjacent water bodies for many years 

causing environmental problems which has led to development of remediation methods 

(Länstyrelsen Västernorrland 2019). Up until the 1980s, the International Association of ports 

and Harbors estimated the amount of dredging that has been done prior of contaminated 

sediments. The amount of global maintenance dredging that has been done was estimated to 

350 million tons and average annual dredging to 230 million tons. (Jacobs and Förstner 2001). 
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In for instance America and Europe, projects that ran for years focused on how to remediate 

contaminated sediments. In America, based on a report from 1994, tests were made based on 

problems in the great lakes where the projects focused on developing techniques for 

remediation (Jacobs and Förstner 2001). These were conducted in laboratory environment with 

pilot testing, tests were made based on chemical and physical remediation techniques such as 

solvent extraction or particle size separation (Jacobs and Förstner 2001). In Europe techniques 

of removing the contaminated sediments ex-situ and how to treat it to be able to reuse the 

sediments were executed. This development represented dredging and the processing 

techniques, respectively. The project was active from 1989 to 1996 and was called the Dutch 

Development program for Treatment Processes for contaminated Sediments (POSW). In 

connection to the project, there was also a parallel focus on environmental and economic 

impact of remediation techniques.  

    Remediation for contaminated sediments rapidly appeared to be different from remediation 

of solid waste (Jacobs and Förstner 2001).  Solid waste is defined as the material that is 

discarded from industry, mining, agricultural actions, commercial actions and community 

activities. An important distinction between solid waste and contaminated sediments is that 

solid waste is on dry land and contaminated sediments are in water (EPA n/a). Solid waste can 

be non-hazardous and hazardous and much of it ends up in landfills. Examples are paper and 

plastic waste (EPA n/a). In larger waterbodies and catchments there are usually several sources 

of contamination. The higher number of sources also means a larger mixture of harmful 

chemicals in the deposited contaminated sediment. This disables the use of traditional 

remediation techniques since the number of contaminants to treat becomes difficult due to its 

location in water, economic cost of treatment of the contaminants can also become too high. 

There are different types of remediation, the first variable to consider is how the sediment is 

handled, either in-situ or excavation. The second variable is the technological method used, 

either it is contained and controlled or treated. The methods used for containment are capping 

the sediment in-situ and disposal of the sediment in confined facilities (Jacobs and Förstner 

2001). Dredging can be used on any grain size and most contaminants. There are several ways 

to remove sediment, however the different methods also require additional methods in-situ and 

additional ex-situ treatment. Reasons which calls for dredging could be if the water depth needs 

to be retained or expanded. Another reason is if there is too much erosion in the area that would 

cause disturbance in any in-situ remediation (Atgardsportalen 2020). Capping is a type of in-

situ remediation. The advantages with capping are that resuspension of sediment material is 

reduced or ideally removed. The handling of the sediment is also reduced and the loss of 
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contaminants into the water and atmosphere is reduced. Long term monitoring of the sediment 

in facilities is also no longer needed. These reasons also result in a cost-effective method of 

remediation (EPA 1998). The goal with capping is to cover the contaminated sediment with a 

clean material. If any treatment is needed the capping material can have chemical components 

to counteract any activity i.e. penetration of contaminants through dissolution, ion exchange or 

sorption. Capping can also hinder resuspension of solid phase bound contaminants and 

isolating contact between bioturbating areas with the contaminants in the sediment preventing 

bioaccumulation (Jacobs and Förstner 2001). 

 

1.3 Aim 

Capping technique for fiberbanks in Sweden is in its early stages of its development. Basic 

research is needed to collect important information on the material to further push the 

remediation research forward. The aim of this study is to characterize contaminated fibrous 

sediment from the site of Sandviken, on the Ångermanälven river estuary, on the coast of 

northern Sweden. The focus will be on what the Sandviken fiberbank and fiber-rich sediment 

physical characteristics are.  

 The fiberbank materials bearing capacity will be examined by performing a test in a tank 

where the sediment is placed with a cap on top. The topography after capping the sediment will 

be measured in the beginning and remeasured after a couple of weeks. If the construction is 

intact the fiberbank has the capacity to hold a basal cap. Connecting to this test, the water 

content and organic content will be analyzed by doing a dying test and Loss of Ignition (LOI) 

test.  

    Fiber-rich sediment will also be analyzed through placing fiber-rich sediment in four 

columns and placing three different cap thicknesses on top. One of the columns is used as 

reference. Consolidation will be measured by monitoring cap height, sediment height and 

water-level. Any sign of gas bubbles and formation of pock marks will be looked out for as 

well. The reason for this is to study fiber-rich sediment behavior and to find out if fiber-rich 

sediment has biogenic gas formation that creates a challenge for remediation as fiberbank 

sediment does. 

 Lastly, the fiberbank thickness in-situ will be calculated by analyzing and interpreting 

collected field penetrometer data. The data is retrieved from measurements collected by a 

penetrometer built in University of Bremen called FluMu. This data has been preprocessed 
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before it is analyzed to interpret the data. The reason for this analysis is to get an estimation of 

the volumes and bank topography in Sandviken. 

 The results will hopefully stand as a baseline for future detailed characterization of 

fiberbanks to allow remediation of the contaminated fibrous sediment to save waters in and 

around the Baltic sea and hopefully other sites facing similar issues. 

 

1.4  Research questions 

- Does the Sandviken fiberbank sediment have the bearing capacity to support capping and 

what water content and organic content is there in the sediment? 

- How does fiber-rich sediment consolidate, and could fiber-rich sediment have similar 

biogenic gas formation as fiberbank sediment?   

- What volume and thickness of the in-situ Sandviken fiberbank will be interpreted from fluid 

mud penetrometer data collected from the site? 

 

1.5 Delimitations  

- The focus lays on physical characteristics of the Sandviken fiberbank and not chemical 

characteristics. 

- The tests are conducted in a laboratory environment that deviate from in-situ conditions. 

Factors such as temperature and pressure do not reflect the true environment. 
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2 Background 

2.1 Fibrous sediments 

Fiberbanks are large banks composed of organic waste. The waste is contaminated with heavy 

metals and organic pollutants. The fiberbanks are a potential source of pollution into the 

adjacent bodies of water (Apler et al. 2014; Jersak et al. 2016c; Frogner-Kockum et al. 2019). 

They have different properties, both physical and chemical, depending on originating site and 

its preferred application of industrial processes. Some locations have fiberbanks composed of 

wood chips with high water content, others are purely organic cellulose fibers (Apler et al. 

2014; Frogner-Kockum et al. 2019). The fibrous material has strong cohesion which keeps it 

together and is the reason these banks were created and are still standing (Jersak et al. 2016c). 

Fiber-rich sediment arise from water currents and erosion that move fiberbank sediment 

downslope. There is no strict boarder between fiberbanks and fiber-rich sediments, it is more 

of a gradual change. Fiber-rich sediment constitutes of natural sediment such as clay that are 

mixed with cellulose fibers or wood chunks. The fiber-rich sediment also covers a larger area 

than the fiberbank sediment, but they are thinner than fiberbanks. The concentration of the 

fibers in the sediment is variable depending on location and environment. Today there are still 

areas that can give rise to  fiber-rich sediments because of erosive effect on the already existing 

fiberbanks (Apler et al. 2014; Norrlin and Josefsson 2017). A site with fibrous sediments can 

be seen in figure 1. 
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Figure 1. The figure shows a general outline of fibrous sediment outside of a factory, where the green 

bulk sediment is the fiberbank and the brown spread out sediment further down in the water body is the 

fiber-rich sediment. Figure is from SGU (Swedish Geological Survey) (Apler et al. 2014). 

 

2.1.1 Contaminants and pollution 

Contamination of aquatic environments are measured to protect both humans and adjacent 

environment to the contaminated area. The reason is that the contaminants have a negative 

influence and long-lived effect on the environment. Aquatic bodies with sensitive biological 

balance are prioritized together with water bodies that are used for drinking water. The 

importance of protecting biologic diversity is to maintain balance. If an important factor in a 

food chain is removed, the balance is disturbed which leads to consequences such as other 

species disappearing which creates a negative chain of effects. Fishing and recreation are also 

a variable that needs to be maintained to protect industries and economical gains (Länstyrelsen 

Västernorrland 2019).   

    Analysis of fibrous sediment have unraveled the pollutants that result from the paper and 

pulp factories. Heavy metals and organic pollutants have been found.  These are environmental 

pollutant since they have a negative impact on surrounding environment, they are persistent, 

tend to spread, poisonous and can be bioaccumulating. Some of these organic toxins are PCB, 

HCH, Dioxins, DDT, furans and chlorophenols. These different toxins have been used 

intentionally or unintentionally. Unintentional was the use of furans and dioxins as they were 

a part of the bleaching process of pulp. To prevent fungus in the wood that was treated, 
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chlorophenols were utilized. HCH and DDT are variations of pesticides that occur in the 

fiberbanks as well. PAH is a group of chemicals that form out of incomplete combustion of 

organic materials such as oil, firewood and bark (Länstyrelsen Västernorrland 2019; Bergentz 

et al. 2016). PAHs are bioaccumulating, persistent and carcinogenic. Besides in fiberbanks, 

PAHs are found all around the environment and can be formed naturally in the environment as 

well. Dioxins do not occur naturally in the environment and have been formed through 

chemical processes or through combustion. 

    Heavy metals such as mercury have been used in the forest industry when producing chlorine 

gas that is used to bleach pulp. In for example sulphite mass factories, sulphuric acid is 

produced through the roasting of pyrites (Länstyrelsen Västernorrland 2019). A consequence 

from this process also produced pyrite ash as a by-product. Pyrite ash is an iron dioxide with 

high concentrations of arsenic, cobalt, lead, cadmium, zinc, copper and so on (Länstyrelsen 

Västernorrland 2019).  Higher levels of zinc have been measured in connection with pyrite ash 

in northern Sweden. Mercury is one of the heavy metals that contribute to the high-risk 

classification in investigated areas. It is very persistent and cannot be degrades, therefore is 

present for long periods of time. It is stored in sediments, water and living organisms. It has 

been used intentionally when producing chlorine or as mildew control on timber. Overall, in 

the studied fiberbank locations in Northern Sweden, values of substances have been measured 

above guideline values. In some locations values of methylmercury and PAHs have been 

measured thousands of times above guideline values making those areas classified as very high 

risk (Länstyrelsen Västernorrland 2019). 

 

2.1.2 Sandviken 

Sandviken is located in the Ångermanälven river estuary, see figure 2. The site has a sawmill 

and a sulphate pulp mill, and the sawmill was active from 1869 until 1928 and the sulphate 

pulp mill replaced it and was active until 1979. This area is adjacent to the Sandviken fiberbank 

that is the result of the previous factory waste products (Apler et al. 2014). The fiberbank is 

hypoxic which has made the benthic flora and fauna poor. The seafloor consists of postglacial 

clay and glacial clay. The area also has remains of past landslides. The fiber-rich sediment 

covers about 500 000 m2. The fiberbank mass is located at a water depth of 12 m and the 

instruments measuring the fiberbank can sample sections at a maximum of 6 m, therefore the 

maximum thickness is not known. Today about a 10 cm thick layer of laminated clay is seen 

on top of the fiberbank. The fiberbank sediment is dominated by wooden chips and splinters 
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(Apler et al. 2019). The Sandviken fiberbank is part of the Kramfors region which in total has, 

except for the Sandviken factories, also the Kramfors sawmill and Kramfors sulphite pulp mill. 

In total this entire area has six fiberbanks. All of them are coherent except one and they cover 

a total area of about 135 000 m2. The industry in Kramfors was active from 1907 to 1977 and 

released 25 tons of wood chips and fibers each day. The fiber-rich sediment in the entire 

Kramfors region covers an area of 3 km2 (Apler et al. 2019). 

    Organic contaminants that have been found in the area with very high values are PCB, PAH 

and DDT (Apler et al 2014).  Heavy metals were also measured such as heightened levels of 

mercury and cadmium. The mercury cannot be tracked back to any process that used it in any 

treatment. There are however instruments containing mercury found in the demolitions from 

the factory which are likely the source. Neither are there any processes organic contaminants 

such as PCB, DDX, PAH and DDT originate from since no specific industrial chemicals were 

disclosed to have been used at the sulphate pulp mill. The explanation is most probable to also 

be originated from the remnants of the factory (Apler et al. 2014). Dahlberg et al (2020) 

measured relatively high values of PCB and DDX and relatively low values of HCB which add 

high toxicity to the environment in both short and long-term perspectives (Dahlberg et al. 

2020). Dioxins are found abundantly in Sandviken. A reason for these levels could be that 

dioxins are unintentionally produced through bleaching processes using chlorine and chlorate 

with chlorine dioxide (Länstyrelsen Västernorrland 2019).  
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Figure 2. Location of Sandviken, map from Lantmäteriet, map printer. 

 

2.2 Remediation 

Today two research projects about fiberbanks are active at Uppsala University; FIBREM works 

towards remediation and started in 2019 (Uppsala University, n/a) and GASFIB started in 2019 

and is a three-year project aiming to study the formation of gas in sediments and its impact on 

the dispersal of contaminants and potential remediation (SLU 2019). The Geological Survey 

of Sweden, together with county administrative boards, examined 39 of the 383 contaminated 

areas of Sweden. Out of the 39 areas investigated, 19 had fiberbanks, 9 had fiber rich sediment 

and 11 was none of the two. Today, 336 Areas remain to be investigated (Apler et al. 2014). 

    Remediation is executed to protect environments and help them recover. For example, if a 

fiberbank eventually fails, large amounts of contaminants would be released in open waters 
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leading to many consequences such as bioaccumulation of harmful compounds or POPs (Apler 

2018). A slope could potentially lead to failure which subsequently leads to a mass movement 

or a landslide. Stability of a mass depends on shear stress and shear strength of the mass 

counteracting each other. A factor of shear stress is gravity. Factors of shear strength is a mass 

cohesion or frictional properties. A threshold can be a certain angle that depends on the grain 

size of a sediment where the strength cannot withstand the stress (van Beek et al. 2018). 

Variables such as wind, which can lead to bed liquification, and erosion, such as coastal 

erosion, will affect the stability of marine sediments. Erosion can also disturb contaminants 

binding to particles, resulting in a release of contaminants into pore water (Zhang et al.2015). 

These processes make them relevant in research concerning bearing capacity and slope 

stability. These factors together are variables that should be considered during remediation to 

ensure its longevity.  

    There are a few types of remediation, in-situ methods such as MNR or Monitored Natural 

Recovery or capping, or ex-situ methods such as dredging (Jersak et al. 2016b). MNR takes 

advantage of natural recovery that is already ongoing by the environment itself. The method 

does not require the same type of complex technology as other methods and is more of a risk 

management project. For this type of remediation to be possible, the environment needs to have 

low erosion rates and little to no mixing of water. Bioturbation depth is also not to deep and 

does not promote resuspension of the contaminants. It also requires a naturally occurring 

deposition which will with time create a natural lid over the contaminated sediment and a 

relatively stable sediment where contaminants are not too stubborn (Jersak et al. 2016b). 

Erosion (e.g. from spring floods) and mass movement can cause resuspension. Re-suspension 

of the fiberbank sediment will cause a lowering of the water quality and ecological status by a 

release of pollutants. Pollutants can be found in the pore water in the fibrous sediment, this is 

released during resuspension into the waterbody (Apler 2018; da Costa Araujo 2004).  

Advantages of this method is its fast implementation, it does not need large equipment, it is not 

as disruptive, and it is the least expensive. Limitations are that the method takes long periods 

of time and zero disturbance of the monitored environment cannot be guaranteed. Costs could 

also accumulate over time depending on the methods effectiveness which is also an uncertainty 

(Jersak et al. 2016b). An addition can be made to the MNR technique by adding a thin layer of 

sediment on top of the affected area to enhance the effectiveness. This is called Enhanced 

Monitored Natural recovery, EMNR. The capping material could be a sand and is not 

impermeable and layer thickness is greater than the bio-turbation depth (Jersak et al. 2016b). 

In-situ capping is a method that has gained attention due to its potentials. It can be done directly 
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in-situ or in connection with navigation dredging which includes moving the sediment ex-situ 

and redepositing it. Capping techniques were developed in the U.S by the U.S Army Corps of 

Engineers, USACE. In the 1980s, the first ever capping projects were completed where 

redeposited sediments were capped. In-situ capping without redeposition is less complex, and 

cost-effective, it reduces exposure of contaminants and unnecessary resuspension of sediment. 

It can be used on many types of environments such as lakes and harbors. It creates a new bottom 

environment for benthic flora and fauna to develop on. Limitations are that contaminants stay 

in place since many are not degradable. Because of a new sediment introduction into an 

environment the effect could be negative on flora and fauna. Maintenance and monitoring is 

very long-term and repair could be required throughout (Jersak et al. 2016b). Another in-situ 

method is to treat the sediment through injection of active chemicals or take advantage of bio 

turbation by placing a top layer of a substance that is mixed in with time. This method reduced 

the need for long-term monitoring, risk and repair. The method is however not accepted 

internationally (Jersak et al. 2016b). Ex-situ methods include dredging and excavation. It 

includes the removal of contaminated sediment, treating it accordingly and disposing of the 

sediment. The difference between dredging and excavation is that surface water is present in 

dredging and absent in excavation. Remediation through removal is the method that has been 

around for the longest and is the most well studied. Advantages include that contaminants are 

removed almost completely, reduces environmental risk and exposure rapidly and certain long-

term effectiveness. Removed sediment can also be repurposed. Limitations include that it is 

complex and time-consuming to implement. Contaminants are still present in another location, 

disposal facilities can be limited, and it is very disruptive to humans, the environment and the 

benthic and aquatic habitat. The method also has a larger requirement economically (Jersak et 

al. 2016b). 

 

2.2.1 Gas ebullition 

In the fiberbanks there is a frequent occurrence of gas formation because of its large content of 

organic matter (Jersak et al. 2016a). The organic matter is consumed and degraded in an anoxic 

environment by microbial organisms. In the last step of the degradation process there is a 

process called methanogenesis which is created through microbes called methanogens 

(Bastviken 2009). It is this part that is responsible for methane and carbon dioxide production. 

Before methanogenesis can occur, the organic matter is fermented into intermediate products 

such as hydrogen, acetate and carbon dioxide. Methanogens possess coenzymes which use 
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hydrogen with carbon dioxide to create methane and H2O or acetate to produce methane gas, 

the acetate is divided into methane and carbon dioxide (Bastviken 2009). This process has 

subsequently led to an anoxic environment because of the high consumption of dissolved 

oxygen. The process results in the release of carbon dioxide, methane and hydrogen sulphide, 

carbon dioxide is most abundant (Jersak et al. 2016a; Apler 2018; Frogner-Kockum et al. 2019; 

Bergentz et al. 2016). In a short amount of time, gas is produced and makes the sediment float 

which makes monitoring of for example compression of fiberbank sediment difficult. When 

the gas leaves the sediment through small pathways, it leaves “pockmarks”, they therefor make 

a clear marker to confirm gas production (SGF 2020). The gas tends to accumulate 

contaminants that it brings to the surface. When gas bubbles advances through a sediment, the 

void in between the grains are disrupted which results in circulation in the pore water (Yuan et 

al. 2009). This activity will also increase contaminant dispersal, the gas will have an uptake of 

contaminants in pore water that have gone through desorption from solid particles. (Yuan et al 

2009; Zhang et al. 2015). After a survey performed by the Swedish Geological Survey it was 

concluded there was presence of gas in 76 % out of the investigated fiberbank locations (SGF 

2020). This could be concluded through the occurrence of pockmarks (Jersak et al. 2016a; SGF 

2020; Norrlin and Josefsson 2017).  

    A part of the thesis will be to test if there are high quantities of gas production in fiber-rich 

sediment similar to fiberbank sediment. The testing will be made in columns filled with 

uncapped and capped fiberbank sediment where consolidation will be closely monitored. If 

fiber-rich sediment has similar gas production and contamination levels, it could also require 

capping. Gas ebullition creates complications when performing capping. If the gas is not 

controlled in some manner when fiberbanks are capped, a large pressure will build up 

underneath the cap out of gas. This will jeopardize capping and slope stability.  

 

2.2.2 In-situ capping 

In-situ capping has been executed on contaminated sediments and is a widely accepted 

technique of remediation (Jersak et al. 2016a). It has been proven very cost effective and 

requires less energy than for example dredging  (Zhang et al. 2016). Internationally, there is 

little known about capping fiberbank material. Capping has mostly been used for example on 

minerogenic sediments in several project of remediation in different countries such as Norway 

(Jersak et al. 2016a).  

    Physically, capping can be a realistic approach if the required technologies are attainable. 

For example, the navigation depth or circumstances such as bottom topography around the area 
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of interest can limit options of remediation (Jersak et al, 2016c). As mentioned in the 

remediation paragraph, page 9, other factors such as erosion are of interest since it causes a 

risk for resuspension or failure of the capping construction.  Capping is the most probable 

approach of remediating fiberbanks considering there will be no need of moving the sediment 

ex-situ to remediate. The sediment has very high contamination levels and therefore should be 

disturbed as little as possible. A cap can prevent leakage of contaminants completely if 

developed correctly. One of the challenges with placing a cap on top of a fiberbank or any 

sediment mass is that it introduces a large mass placed above the fiberbank sediment. This 

mass can encourage failure of the fiberbanks slope stability as an addition of mass challenges 

stresses that are already acting on the fiberbanks (Jersak et al. 2016c). To then perform capping 

there must be consideration of slope stability and bearing capacity. If dredging would be used, 

there would be too much circulation which would cause contaminants to release from sediment 

particles into pore water which is further exposed to the water body (Zhang et al. 2015).  

Remediation by removal would also induce resuspension of the contaminated fibrous sediment 

into the aquatic environment. The resuspension is one of the factors to why in-situ remediation 

is the preferable choice. When capping fiberbanks, one fact that must be considered is gas 

production since it can disturb the physical stability of a capped sediment and release 

contaminants through pock marks (SLU 2019). 

    There are two major types of in-situ capping techniques, isolation capping and thin-layer 

capping. Isolation capping entails that an isolating barrier of material is put between the 

contaminated material and the water and biota above. There are two types of isolation capping, 

conventional and reactive. Conventional capping makes use of material’s physical capabilities 

and not chemical and works as containment alone. The materials that can be used for this 

method are silt, clay, sand and crushed rock. A simple example of a conventional cap can be 

seen in figure 3. The second reactive method utilize active materials incorporated in the 

capping. This addition is supposed to also treat the contaminated material as well as contain it. 

Materials that are used are site specific and can be active carbon and different minerals. An 

advantage with conventional caps is that they are cost-effective. A downside can be that a 

conventional cap needs to be relatively thick, about 50 cm which has been estimated in 

laboratory testing. This would be a problem if the bearing capacity of the contaminated material 

is weak. Therefore, a more expensive but better option could be active capping. With this 

technique, the cap thickness can be reduced and because of the chemical components, the 

remediation can last up to centuries. A reactive approach extends the time in which 

contaminants reach the biologically active zone above (Jersak et al. 2016a). Active carbon has 
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been proven effective with contaminants that are dominated by diffusion (and advection). 

Dissolved contaminants that easily become bio-available can with an active capping agent be 

turned into a solid state which restricts movement significantly. 

    During the testing of bearing capacity and fiber-rich sediment, the capping that will be 

utilized is simple crushed rock, it makes the capping material a conventional isolation capping 

material since it is not chemically or biologically reactive. The type of capping to be used on 

fiberbank sediment is therefore not completely investigated yet. It however will be a type of 

isolation cap since no bio accumulative leakage or interaction between the fiberbank sediment 

and the biota in the water is wanted. 

 

 
Figure 3. The figure shows a conventional on top of a sediment. 

 

2.2.3 Consolidation 

When capping, an excess pore water pressure is created as the sediment cannot compress at a 

wanted rate to support the added overburden, the cap weight (Zhang et al. 2015; Arega and 

Hayter 2008). The successive loss of energy from excess pore pressure will result in 

consolidation. The consolidation results in a transient advective flux as the pore pressure 

dissipates, that can result in an increased rate of contaminant advection through the sediment. 

The increase in advection leads to a larger output of contaminants into adjacent water (Zhang 

et al. 2015; Arega and Hayter 2008). Therefore, consolidation is an important factor that has to 

be included into cap design to possibly be able to predict the amount of gas leaving the 

contaminated sediment and what amount of contaminants that has to be dealt with (Zhang et 

al. 2015). Longer term effects of consolidation are decreased void ratio, permeability and 

thickness and increase of the density and shear strength (Arega and Hayter 2008). An option 
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to minimize increased pore pressure is to use active capping (Jersak et al. 2016a). It will result 

in a thinner cap since the active components compensates for lost conventional cap thickness 

and therefore less weight is placed on the sediment. As a cap is constructed consolidation is at 

its most active and the added weight will immediately start forcing out pore water. This initial 

consolidation will upon a increased density result in increased bearing capacity (geotechnical 

stability) (Jersak et al. 2016a). Consolidation is therefore important when determining cap 

thickness and type. If consolidation decreases thickness by a lot, the initially considered cap 

thickness can be excessive since geotechnically a thinner sediment layer requires a thinner cap 

than a thicker sediment layer (Jersak et al. 2016a). 

 

2.2.4 Bearing capacity 

Two of the aspects of geotechnical stability that should be considered when constructing a cap 

is bearing capacity and slope stability (Jersak et al. 2016a). The initial factor that determines 

the basal capability of stability is bearing capacity which is how much capping a sediment is 

able to support without failing. Bearing capacity has a more critical role to play when 

constructing isolation caps and is a critical for the longevity of the capping. They are usually 

much heavier than thin-layer capping (Jersak et al. 2016a). The period of which geotechnical 

stability should be monitored the closest is a few days to weeks just after cap construction. 

Failure is most probable along the edges of the construction during this short period (Jersak et 

al. 2016a). Sediments that are most prone to a weaker bearing capacity are so called soft 

sediments. They usually have high water content together with high organic content and low 

wet bulk density (Jersak et al. 2016a). Fiberbanks are mainly organic material that is often fine 

grained that can contain wood chips and splinters. It´s water content is high and has low density 

and low bearing capacity (Jersak et al. 2016c). Failure or capping as a cause of weak bearing 

capacity often occurs around the cap perimeter. The sediment itself, without capping, can 

already be unstable. Therefore, a site-specific evaluation and risk assessment is required to 

enable a correct approach (Jersak et al. 2016a). The order of how the cap is constructed is very 

important and critical for initial risk of failure the first few weeks, which is the most sensitive 

period. Factors such as type of capping material, thickness and placement rate is crucial for a 

successful remediation and its longevity (Masson et al. 2006).  

    Soft sediments have an undrained shear strength of 2 kPa or less. Similarly low values have 

been indicated for fiberbank deposits based on limited data of bearing capacity. To enhance 

the strength of bearing capacity of weaker sediments, geotextiles can be utilized to enable the 
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construction of heavier isolation caps. Softer sediments have however been proven to be 

successfully capped without the use of geotextiles. 

 

2.2.5 Fluid mud (FluMu) dynamic penetrometer 

Remediation requires a collection of data of the area of interest. When capping a material, 

geotechnical parameters such as volume, mass and ultimately bearing capacity of the material 

are required. To acquire the volume of the submerged fiberbank sediment, the thickness is 

measured with an instrument called an in-situ penetrometer because hydroacoustic methods 

fail given that the fiberbank sediment has a bulk density as low as seawater. The penetrometer 

tests are used to assess stability of a sediment and potential risk of remobilization or 

mobilization. The penetrometers usually have a cone at the very front, which is equipped with 

strain gauges that measure cone resistance (i.e. resistance to penetration, or the slow-down of 

the instrument when going through the sub-seafloor). Parameters acquired with a cone 

penetration test (or CPT) are tip resistance, sleeve friction, and pore pressure (Lunne et al. 

1997). Secondary parameters can be determined based on the primary data, such as the friction 

ratio, thickness, shear strength and bearing capacity. Thickness is calculated based on the fact 

that the instrument logs velocity data and tilt with a set of triaxial accelerometers. While 

passing through different layers, the instrument will accelerate and decelerate, and double 

integration of acceleration results in depth. Penetration rate have distorting effects on recorded 

data, but algorithms are in place to correct for such strain rate affects that emerge from the 

momentum from the penetrometer and its dynamic penetration velocity (Steiner et al. 2014; 

Steiner et al. 2012; Steiner 2007).  

    The penetrometer used to measure the Sandviken fiberbank is called FluMu, a free fall 

instrument that was developed at MARUM, University of Bremen, Germany. This instrument 

is cost- and time efficient, very lightweight, portable, deploys fast, is independent on weather 

and most importantly, very sensitive to layers such as suspensions like fluid mud or soft 

fiberbank deposits (figure 4) (Roskoden 2020). It is used for areas that are difficult to access 

and superficial dynamics investigations of sediments (Roskoden 2020; Harris et al. 2008), but 

only measures bearing capacity with a very sensitive tip resistance sensor (Roskoden 2020; 

Paul 2018). 

    There are different types of penetrometers. Static penetrometers are used to measure 

sediments that can go several tens of meters down into a sediment (Lunne et al. 1997), with the 

best-known, universally used probe being the CPT widely used for in-situ investigations. It can 
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be used to assess sediment and slope stability and can be applied onshore as well as under water 

(Roskoden 2020; Harris et al. 2008). It can, however, be very costly and is time consuming to 

lower a CPT probe on a heavy frame to execute CPT experiments at a speed of 2 cm s-1on the 

seabed. In contrast, free fall penetrometer systems are dynamic probes that use their own 

momentum and drop at free-falling rates of several meters per second. They cannot penetrate 

as deeply as static penetrometers, however, reach penetration depth up to 3 m in silty soils but 

have been recorded up to 10 m in the past in very soft materials as well (Stegmann 2007). 

Dynamic penetrometers have been used for pockmark and mass movement trigger 

investigations (Roskoden 2020; Harris et al. 2008).  

 

 

Figure 4. A FluMu penetrometer, picture from Marum (n/a). 

 

 

 

 

 

 

 

3. Materials and methods 

3.1 Water content and organic content  

3.1.1 Objective 

The water content and organic content was measured to extract data from the fiberbank 

sediment of Sandviken. The data will contribute to build a better understanding of the sediment 

characteristics. 



19 
 

 

3.1.2 Water content 

3.1.2.1 equipment and materials  

The material needed was homogenized sediment from Sandviken. The equipment used was 

several ceramic bowls and a drying oven capable of heating to 105°C. 

 

3.1.2.2 execution 

To be able to acquire reliable data, three samples are prepared of the Sandviken sediment. The 

three ceramic bowls that were pre weighted, m0. The sediment used in each bowl was measured 

based on weight. The bowls with the sediment was then weighted, m1. The samples were placed 

in an oven at 105°C for 12 h. The samples were then placed to cool in desiccators. One day 

later the crucibles were weighted, m2. The calculation for the percentage of water content was 

made with the following equation: 

 

% water content = 100 ×
𝑚1−𝑚2

𝑚1−𝑚0
 

 

3.1.3 Loss of Ignition in 550°C muffle furnace 

3.1.3.1 Equipment and materials 

To be able to measure loss of ignition the water content needs to be removed and this step was 

executed in the last experiment. Therefore, the loss of ignition can be measured directly after 

using the same samples. The equipment needed is however a muffle furnace. 

 

3.1.3.2 Execution  

The samples are grounded as good as possible and put in a muffle furnace and heated to 550°C. 

The samples are left in the muffle furnace for 4 h. They are then placed and cooled in 

desiccators for another 24 hours. After the samples had cooled down, they were weighted a last 

time, m3. The loss of ignition was calculated using the following equation: 

 

M2-m3 = loss of ignition 

LOI = 100 ×
𝑚2−𝑚3

𝑚2−𝑚0
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(The method can be destructive chemically and physically for certain types of soil and there 

can be a few errors to consider, such as change in water content throughout storage) 

 

3.2 Bearing capacity tank test 

3.2.1 Objective 

The goal of this experiment is to examine the general physical stability of the Sandviken 

fiberbank sediment with a 15 cm crushed stone cap, in a laboratory environment. This 

experiment will thus answer the questions regarding its bearing capacity at the laboratory scale. 

Results of the experiment will display if the fiberbank gets pushed to the sides by the weight 

of the cap and if the cap will sink into the fiberbank sediment or not. Bearing capacity testing 

is important to establish a basal understanding of geotechnical stability that can further move 

in to testing slope stability at different angles. The test is conducted on the flat surface of the 

tank. This test is needed to determine the baseline of further experiments.  

 

3.2.2 Equipment and materials 

To be able to visually examine the bearing capacity in a lab environment the equipment needed 

was a vessel to hold the sediment. Therefore, a tank was built with the intention to be able to 

investigate geotechnical stability of a sediment. The dimensions of the tank are 90x70x60 cm 

and it was built in the workshop in the Biomedical centrum (BMC, Uppsala University), Two 

sides and the bottom of the tanks are made from PVC with an opaque red color. The purpose 

of the red color was to be able to contrast the sediment from the background. The two remaining 

sides are made from acrylic, enabling pictures and easy examination of the profile of the 

sediments. The materials needed were fiberbank sediment that was collected in 2018 and has 

been stored in boxes in a cold room located in the same facilities as this thesis laborations are 

taking place (Cap-Lab). The last material required was the capping material made of dry 

crushed rock. 

 

3.2.3 Execution 

The initial step was to fill the tank with 15 cm of homogenized fiberbank sediment with a 5 cm 

margin to the tank walls. The volume of sediment used was 70.1L. The tank was afterward 

filled with water using the built-in drainage system added to the bottom of the tank with a 25 

cm margin to the top of the tank, see figure 5. The water was filled slowly to minimize 

resuspension of the fiberbank sediment. The following step was to start constructing the cap 
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24 hours prior to fiberbank sediment placement. The capping process was spread out between 

three days to allow the sediment to settle in between capping momentums. Another reason was 

to reduce the stress that the fiberbank sediment was exposed to, which diminish instability. The 

total cap thickness was 15 cm, meaning that each day only 5 cm was added. The volume of 

capping material used each day was calculated based on the initial size of the settled fiberbank 

sediment. Every cap layer edge is layered 5 cm in from the previous edge, figure 6 and figure 

6. Each time capping was executed, tape was placed a few cm in from where the capping 

placement that was desired. Tape was added further in each capping session. The purpose of 

this tape was to create a guideline, see figure 7. Capping material was sprinkled in in a slow 

rate to avoid uneven capping. When capping was finished, the water was lowered until just 

above the sediment top. This enabled the topography to be measured with a 10*10 cm grid 

using a measuring stick. This measurement had the depth of the water at each point above the 

sediment. To get the sediment thickness, the value was reduced from the total water depth. 

When the measurements were finished, the water level was filled to 10 cm underneath the tank 

edge. After total completion of the experiment construction the height of the sediment and cap 

should then have been 30 cm at a stable state and the cap volume was 32,5 L. Nine weeks past 

construction, on May 28th, the topography was measured a second time to observe the 

development of the fiberbank sediment stability. Another identical measurement was made of 

the topography before deconstructing the experiment six weeks past the second measurement, 

June 26th. 
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Figure 5. Schematic Side view of the tank experiment showing the capped sediment structure.  

 

Figure 6. Top view of the tank visualizing the 5 cm increments between each capping session. 
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Figure 7. This shows the capping process. To clarify where the sediment was and where the capping 
material should go, tape is set up at the correct measurements for each capping session. This was done 

partly since the water is to opaque to see through. 

 

 

 

Figure 8. The picture to the left shows the sediment construction finished and completed with the 

water the 13th of march, it was the same day as first cap construction. The right picture shows the 
sediment with finished cap construction and raised water level on the five days after start of cap 

construction.  

 

3.3 Field sediment volume estimation 

3.3.1 Objective  

To be able to apply capping remediation it requires laboratory testing which is subsequently 

applied to the in-situ scale. Data of the site of interest for remediation is required, such as 

fiberbank depth, to be able to customize an approach for remediation. The in-situ data was 

obtained from penetrometer measurements executed as part of the FIBREM project.  

 

3.3.2 Equipment and materials 

The data acquired is in possession of the MARUM university of Bremen. The data was 

interpreted from pre-processed data. The data that was used was originally logged by a 

penetrometer called FluMu or fluid mud penetrometer. The interpretation in this thesis is 

strengthened by interpretations from Paul (2018). The thesis has the only other analysis that 

has used the FluMu penetrometer (Paul 2018). The thesis utilized collected CPTu data from 

the Treasure project. The difference is that the previously interpreted data was from the Väja 

site and not the Sandviken site. The Paul (2018) thesis compares core samples from the same 

site in line with the data interpretations. This allows a level of validation of the data which 

simplifies the interpretations. This was used as a base for the interpretation of the Sandviken 
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processed data. Further validating data that was used and compared with is depth measurements 

from core samples collected by Apler et al (2014) at the Sandviken fiberbank. ‘ 

 

3.3.3 Execution 

The data was interpreted by examining relationships seen between tip resistance and pore 

pressure described in Paul (2018). As the exact moment the velocity curve starts to decelerate 

is the moment when the penetrometer hits the top layer of the bottom sediment. This point can 

be described as the start of the clay layer covering the Sandviken fiberbank, This can be seen 

in appendix B, figure B1 and B2. The velocity curve is next to the tip resistance which shows 

a clear reaction and rise of resistance at that exact moment of deceleration. The end of the top 

clay layer is also the beginning of the fiberbank soft layer. This was interpreted as being the 

uneven rise of the pore pressure generally seen as a three-step ladder formation which ends at 

the top. This layer of three steps in the pore pressure data can be reflected in a regular spike in 

the tip resistance, see  appendix B, figure B1 and B2. From this point on the data mostly 

represents the fiberbank layer. There are two different ends to the data, either it ends abruptly 

in a clear straight drop in tip resistance which represents that the penetrometer has stopped at 

a new surface. The other option is that the penetrometer stops logging data, this points at that 

the fiberbank layer has not ended yet and continues after the last read data. The points in depth 

are converted into two layers, the top layer of clay and the fiberbank layer.  

    ArcMap is used to visualize the depth point data interpreted from the FluMu graphical data 

(appendix B) and calculate a volume of the layers. The two layers are handled separate but 

with the exact same process. The point data is accompanied with individual coordinates that is 

imported as xy data into the projected swereff 99 tm coordinate system that was used as a 

standard throughout the process. Together with the xy coordinate data, the layer thickness (top 

layer or fiberbank layer) was included as z data. The z data is the main interest and to create a 

solid layer for visualization it had to be interpolated. The interpolation method used was the 

natural neighbor interpolation. The method can handle larger sampling and coordinated at each 

point is used as influence. It can be found under spatial analyst tools>interpolation>natural 

neighbor and the z value is used as input. To calculate the volume the command used was 3d 

analyst tools>fuctional surface>surface volume. This calculated the interpolated to surface 

with the coordinate points as a flat base surface. A base map is added for background reference. 

It is the vector terrain map downloaded from Lantmäteriet in Sweden and appropriate shape 

files are added. Lastly, appropriate naming and visual aids are added to the final map. 
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3.4 Consolidation and gas formation in fiber-rich sediment 

3.4.1 Objective  

There is very little research made on the fiber-rich sediment compared to fiberbank sediment. 

The fiber-rich sediment has been considered a less of a priority due to that it is fiberbank 

sediment mixed with minerogenic seafloor material, resulting in a lower concentration of 

organic material compared to fiberbank sediment. To investigate fiber-rich sediment further, 

an experiment is conducted to understand the sediments behavior when capped. If the fiber-

rich sediment for example exhibit similar behavior as the fiberbank sediment as regards to gas 

formation or harmful chemical concentrations in released gas, it could be problematic for 

remediation plans concerning fiber-rich sediment. Consolidation is monitored to determine 

visually if the sediment has a lot of pore space and to help examine if there is any gas lifting 

the sediment.  

 

3.4.2 Equipment, materials and approach 

The equipment needed was four columns with a about 67 cm inner height and an inner bottom 

area of 171.9 cm2 (diameter of 14.8 cm). The materials used were crushed rock as capping 

material, homogenized fiber-rich material from Sandviken and artificial seawater. The fiber-

rich material was homogenized by manually breaking down abundantly occurring wooden 

pieces to smaller pieces of maximum 2 cm in length. The reason for breaking these wooden 

pieces down is to enable similar circumstances for gas remobilization throughout each column. 

 

3.4.2.1 Sea water 

The artificial seawater is prepared in Geocentrum by following Kester et al (1967) that is 35‰. 

For this experiment a salinity of only 5‰ is needed to replicate Baltic sea water and is therefore 

diluted after preparation. 25 L is needed, 30 L is prepared in case of spillage. The dilution is 

based on the known variables of the desired volume and concentration, they are multiplied and 

divided by the concentration (35‰) as described in Kester et al (1967). The resulting volume 

of 35‰ solution is 4.3 L. To avoid any risks such as loosing water along the way, 5 L is 

prepared and only 4.3 L of the solution is diluted with 25.7 L of distilled water. The formula 

uses gravimetric salts, NaCl, Na2SO4, KCl, NaHCO3, KBr, H3BO3 and NaF and volumetric 

salts, MgCl2*6H2O, CaCl2*2H2O and SrCl2*6H2O. 

    Firstly, the gravimetric salts are mixed with 2/3 of the total water amount of 5 L (3,33 L). 
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The density of the gravimetric salt is multiplied by the amount of water to get total amount 

(weight needed). secondly, volumetric salts mixed with 1/3 of the total water amount (1,67 L). 

The concentration of each salt (Mol/kg or G/kg) is multiplied by the number of moles needed 

(5). The answer is then multiplied by the molecular weight (g/mol) to get the weight that is 

needed. Thirdly, the two solutions are thoroughly mixed separately and then mixed together 

while stirred. Lastly, the distilled water (25,7 L) is mixed with 4,3 L out of the 5 L solution. 

 

3.4.2.2 Cap quantitative relationship - approach 

Before constructing a cap, the quantitative relationship between the cap mass and cap layer 

thickness was calculated of the crushed rock that was used for capping: 

The area of the inside of the columns is 171,9 cm2 (its radius was 7.4 cm). The volume of 1 cm 

capping material in the column was then 171.9 ml. The relationship was then made per cm in 

the column by weighting 171.9 ml of material. The weight was a result of averaging 3 

measurements which resulted in the weight being 257.97 g. In conclusion, for every cm of 

capping material in the columns, the weight was 257.97 g. The density of the capping material 

was calculated to 1.501 g/cm3. This relationship later helped with filling the columns with the 

correct amount of capping material 

    The capping process was executed in steps, filling the columns with a few cm of capping 

material per day. The reason for this is to minimize resuspension and mixing of sediment with 

the crushed rock cap. It is also to achieve an as even distribution of grain size as possible instead 

of getting one big gradient.  The first column functioned as a reference and therefore had no 

cap. The others had one with 7 cm (1,8 kg), 17.5 cm (4.5 kg) and 35 cm (9 kg) of cap on top 

of the fiber rich sediment. The total amount of capping was then 59.5 cm which was 15.35 kg 

of crushed rock.  

 

3.4.3 Execution  

Measuring tape was attached vertically to enable construction and monitoring throughout the 

experiment. The homogenized sediment was poured into the columns up to 25 cm, then another 

25 cm was filled with artificial seawater. The cap construction was initiated at least 24 h after 

filling the columns with the initial material to let the suspended sediment settle. Each column 

cap construction was divided between several days to minimize resuspension and have a 

homogeneous cap, Table 1. The process of adding fiber-rich sediment and capping can be seen 

in figure 9, 10 and 11. Monitoring throughout the experiment was executed two times a week. 
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When monitoring, each time measurements were made, the time of the day was written down 

and sediment level and cap level was measured. Gas bubbles and pock marks were looked out 

for as well.   

Table 1. capping material added in each fiber-rich column.  

Date  7 cm cap, cap 

thickness added 

(cm) 

17.5 cm cap, cap 

thickness added 

(cm) 

35 cm cap, cap 

thickness added 

(cm) 

2/3 2 2 2 

3/3 2.5 5 6 

4/3 2.5 5.5 6 

5/3 0 5 6 

6/3 0 0 5 

9/3 0 0 5 

10/3 0 0 5 

 

 

Figure 9. Photo of the columns after they were filled with the fiber-rich sediment and water. Three days 

before capping. 
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Figure 10. Photo of the columns after the third day of capping, two days after start of capping. 
 

 

Figure 11. Photo of the finished capped columns on nine days after the start of capping. 
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4. Results 
 

4.1 Water content and organic content 
 
Figure 12A and 12B show the visual result of water content removal and 12C is the result of 

LOI (organic content). Sandviken is darker and has actual wooden chips in it. The average 

water content for Sandviken is 81.04 % and the average organic content is 61.72 %. The 

measurements can be seen in table 2 and 3.  
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Figure 12. A. Sandviken fiberbank sediment before water content lab. B. Fiberbank sediment after 
water content lab. C. Fiberbank sediment after LOI. 

 
Table 2. results from the water content experiment. 

SAMPLE 

NAME 

WEIGHT 

BEFORE 

HEATING (G), 

M1 

WEIGHT 

AFTER 

HEATING  

(G), M2 

WATER 

CONTENT (%) 

S1 140.71 88.28 80.94 

S2 147.67 94.97 80.61 

S3 158.85 105.67 81.56 

 
 

 

 

 

Table 3. results from the LOI experiment. 

SAMPLE 

NAME 

WEIGHT 

BEFORE (G), 

M2 

WEIGHT 

AFTER  

(G), M3 

ORGANIC 

CONTENT (%) 

S1 88.28 80.71 61.29 

S2 94.97 87.25 60.88 

S3 105.67 98.1 62.98 
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4.2 Bearing capacity tank test 

The water in the tank was very opaque due to fine particles from the crushed rock that were 

suspended. Therefore, visual monitoring could only me made from the side of the tank and not 

at the surface. Because of this a monitoring method was developed to measure the surface from 

above using a 10*10 cm grid. The following data shows the result of measured topography 

which verifies the bearing capacity in the tables in appendix A (A1, A2, A3, A4) and figures 

13 and 14. The tables represent the grid data that was measured in the 10*10 grid to plot the 

four graphs in figures 13, and 14. According to figure 13 the structure has remained stable and 

has sustained a sharp line distinguishing the cap from the sediment as seen in figure13. The 

construction was built to have a 15 cm sediment layer and a 15 cm cap layer in the center 

resulting in a total of 30 cm thickness. Cap material density was calculated to 1.5 g/cm3 in the 

fiber-rich testing, the amount of used cap material to test bearing capacity was 32.5 L, this 

means that the weight that was upheld by the sediment was 15 cm of 21.7 kg of crushed rock.  

The final construction measured a maximum height of 29 cm as a starting point. The second 

measurement nine weeks after had a maximum value of 25.6 cm and the third measurement 15 

weeks after had a maximum value of 24.2 cm. This is a consolidation of 3.4 cm nine weeks 

after capping (on May 28th) and a further 1.4 cm 15 weeks after capping (on June 26th). The 

total consolidation in 15 weeks was 4.8 cm. 

All the graphs in the figures 13 and 14 show the consolidation of the sediment after March 18th. 

The bottom left graph displays the difference between the first measurement when construction 

is finished (on March 18th) and the second measurement six weeks after (on May 28th). In figure 

A3 in the appendix and the bottom left graph in figures 8 and 9 have negative values that show 

areas that have consolidated, and positive values represent areas that have had a rise in 

sediment/cap height. A rise was observed in the 40 cm from the left corner of the tank and the 

30 cm from the right corner of the tank, figure 15. This is based on observation through the 

cloudy acrylic glass in the front of the tank. This pattern stays as is until 15 weeks after capping 

(on June 26th) as well. Until the last measurement on June 26th the structure thickness has 

flattened and the tank was deconstructed on the same day, see figure 16, 17 and 18. In the last 

measurement on June 26th, there is one area that has deviated from the initial topography pattern 

more. This deviation later resulted in a crack in the structure after the water was removed which 

can be seen in figure 19 after the intersections were made. The first intersection seen in figure 

16 displays a sharp boarder between the sediment and the cap. The second intersection in figure 

17 has increased disturbances at the border. The last intersection in figure 18 displays the most 
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disturbance at the border. The disturbance implies that there has been more movement which 

have resulted in the layers being pushed into each other at the border. The capping material has 

been visually notably mixed with the sediment on the edges of the intersection in figure 18. 

    When constructing the cap, the dimensions were miscalculated. This fault was discovered 

and compensated for in the last capping step. This entails that the top cap layer placed on the 

third and last capping day weights more than the second cap weight, however the total weight 

is correct. Therefore, the missing weight was compensated for in the last capping step. The 

dimensions inside the tank are a 90x60x70. The dimensions accounted for in volume of capping 

material needed is the length and width, 90x60. A misreading was made and the initial 

calculations for the first two capping momentums were based on dimensions of 80x60. 

 

 
 

 

Figure 13. 3-dimensional graph of the measured topography in the tank. A. the initial measurements 

right after finished capping. B. Second measurement 9 weeks after capping showing a reduction in 

height but rise in height at the sides. C. The difference between A and B. Positive values is a rise in 
height and negative values are a reduction in height. D. Third measurement 15 weeks after capping, 

showing further reduction in maximum height. 
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Figure 14. Same data as figure 8, however it shows the topography of the tank from above. 

 

 

 

Figure 15. A. Photo of the finished capped sediment, five days after start of capping. B. shows re-

suspension, nine weeks after end of cap construction. C. Shows further re-suspension, 15 weeks after 
capping.                  

               

 

Figure 16. Photo of the first intersection made in the middle of the structure, 15 weeks after capping. 

The result shows a strong and straight boarder between sediment and capping material. 
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Figure 17. Photo of the second intersection made 5-10 cm further in, 15 weeks after capping. 

 

 

 
 

 

Figure 18. Photo of the third intersection made another 5-10 cm in, 15 weeks after capping. 

 

Figure 19. The photo shows a large crack parallel to the length of the tank, 15 weeks after capping. 
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4.3 Field sediment volume estimation 

The FluMu data interpretation aimed to calculate the volume of the fiberbank and the top 

natural clay layer at the Sandviken site. The resulting maps of the top layer and fiberbank layer 

are seen in figure 20 and figure 21. The calculated volume of the top clay layer is 9668 m3 and 

the volume of the fiberbank layer is 51885 m3. The maximum thickness of the top layer is 

0.257 m and the minimum thickness is 0.101 m. The top layer thickness is dispersed relatively 

homogeneously. The thickest area is generally the area closest to shore. The maximum 

thickness of the fiberbank sediment is 1.11 m and minimum thickness is 0.122 m. The area 

with the thickest fiberbank is around point S400_F, S406_F and S623_F. These are the points 

closest to the shoreline and also the old Sandviken sulphate factory itself. The fiberbank 

stretches out parallel to the shoreline and has a generally higher thickness than further away 

from the shore. The figures used for interpretation to the fiberbank thickness can be seen in 

appendix B. The points from Apler et al (2014) that coincide with the FluMu sampling area are 

shown in table 4. 

 

Table 4. The data points are from Apler et al. (2014). 

Cores  Top clay 

layer [cm] 

Fiberbank 

layer [cm] 

Closest 

corresponding 

depth data 

Top clay 

layer 

[cm] 

Fiberbank 

layer [cm] 

11_0319 10 19 S181_F 14 50 

11_0349 17 22 S611_F 13 46 

11_0348 10 585 S400_F 25 1.01 
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Figure 20. Shows the top layer topography, volume and sample points of interpreted data on a terrain 

map from Lantmateriet. The software used was ArcMap. 

 



37 
 

 

Figure 21. Shows the Fiberbank layer topography, volume and sample points of interpreted data on a 

terrain map from Lantmateriet. The software used was ArcMap. 
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4.4 Consolidation and gas formation in fiber-rich sediment 

The following data are the result of fiber-rich sediment behaviour in columns in a room 

temperature environment. The consolidation process is entirely presented visually in figure 22 

and a detailed progress is presented in appendix C, Tables C1, C2, C3 and C4. Figure 22 

initially presents the column that functions as a reference to compare results from the capped 

columns and is uncapped. In each graph in figure 22 the initial graph data of cap height (red 

data) resembling steps represent the capping process where capping was added about every 24 

hours. Exact time of capping and measurement during monitoring are in the tables of appendix 

C. Consolidation of the caps is most prominent right after each capping session and a visual 

drop can be seen. After capping was finished (marked by the black solid line), the consolidation 

reduces and stabilizes. The 7 cm cap consolidates similarly to the fiber-rich sediment 

underneath, figure 22. The cap becomes less affected by the sediment consolidation curve the 

thicker the cap becomes. The graph with the most prominent variation is the reference sediment 

in the no cap column, figure 22.   

    Pockmarks as well as bubbles appeared on all the caps which signifies that there has been 

gas formation and release in the fiber-rich sediment. The addition of the cap verifies the fact 

that gas is being pushed out at a higher rate because of the overlying weight of the cap. The 

column with no cap retains its gas content and the reasoning for this is that there is no cap to 

force gas out. The small raises in sediment height in the capped columns suggest gas formation 

such as the uncapped column. The water level is a clear reflection of the gas production. As 

soon as the capping is finished the water level rises, figure 23. The only factor that could affect 

this is gas, even tho the sediment and cap consolidate, the water content is constant (when 

excluding evaporation).  
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Figure 22. Cap and sediment levels throughout capping and after. 
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Figure 23. Water levels throughout capping and after. 
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5. Discussion 

5.1 Bearing capacity tank test 

The boarder between the cap and sediment showed to be very sharp with minimal to no mixing 

in figure 16. Since the experiment used a conventional cap out of crushed rock the cap relies 

purely on physical components. The result is then positive since mixing between a conventional 

cap layer and sediment layer results in weaker stability and bearing capacity than if the boarder 

would be completely straight. The sharp boarder then suggests good stability. 

    Apart from having a sharp boarder, the structure was stable throughout the experiment. The 

goal was to achieve a total thickness of both sediment and cap of 30 cm and the final value was 

29 cm. Its final consolidation out of its 29 cm was 4.8 cm during the 15 weeks of the 

experiment. The most consolidation in the sediment and cap was in the center and a bit towards 

the back wall. This is where the most sediment was deposited and the area with the most mass 

(Appendix A, figure A1 and A4). The stability was further confirmed during deconstruction as 

the water was removed. The Sandviken fiberbank sediment therefore has a strong enough 

bearing capacity to hold up a 15 cm cap on a flat surface which enables further capping options 

and research. 

    As the structure showed to be stable, other results was that rises in height was observed in 

every corner of the tank and can be seen in figure 15. The rise is a result of the consolidation 

in the middle section. The sediment that has been pushed aside by the weight from the center 

has resulted in a rise in height of the fiberbank sediment. This has allowed resuspension of 

sediment that has settled, as well causing the water to become opaquer. The positive values can 

be observed in table A3 in appendix A and the bottom left graph in figures 8 and 9. An 

improvement that could spread the cap more readily is to during construction construct a oval 

shape instead of a rectangle. The logic behind this is that it was much easier to create a sharp 

rectangle shape with the sediment compared to the capping. The sediment layer was 

constructed without water and directly by hand whilst the crushed rock was poured a few cm 

above a water level that was already a few dm above sediment height. This made the process 

less precise, resulting in a shape closer to an oval and not a rectangle. Therefore, the initial 

shape of the sediment should preferably be an oval shape as well. This is a factor that should 

be considered in future testing to possibly avoid the opaque water and possible better spreading 

of the cap on top of the sediment. The resuspension itself is because of sediment that start to 

float due to its lack of capping coverage and exposure to the water directly. Due to the light 

density of the fiberbank sediment and its structure, it can float and consequently get 
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resuspended. The lack of cap coverage is seen clearly in the left corner in figure 5A, Appendix 

A.  

    The experiment research question was if the Sandviken fiberbank sediment has the bearing 

capacity to support capping and what water content and organic content is there in the 

sediment? The sediment is considered to be similar to a soft sediment which is known for 

having low bearing capacity due to its high water content (Jersak et al. 2016a). The Sandviken 

water content was measured to 81.04 % and the organic content 61.72%. The high organic 

material content result in gas production and the high water content could make the sediment 

unstable. The structure was however proven to be stable in spite of this which would mean that 

the sediment has strong cohesion which keeps it together when loaded with the cap.  

    Typically, soft sediments fail at the edges of its structure (Jersak et al 2016a). This is 

reflected to an extent in the results of this experiment. In figures 13 and 14, there are structural 

faults that are reflected on the surface where there is a bump like structure (see appendix A, 

figure A1 and table A4). During deconstruction of the structure, a crack was formed at the 

surface which followed this bump as well and can be clearly seen in figure 19. This could be a 

sign of a weak point in the cap and sediment structure. This weakness could however stay 

stable under in-situ pressure and setting. The crack most probably was formed due to sudden 

removal of support of half of the structure. The faults however are a point of weakness which 

could be result of poor capping method. One example could be if during capping, too much 

crushed rock (stress) could have been put down at once which could have led to a small but 

significant enough dent in the sediment. This point of weakness has then evolved as the 

sediment consolidated, enhancing the weakness. This fault only proves how important capping 

approach is to avoid any possibility of failure. This might have been avoided by mechanically 

filling tank with the cap which would give a more steady and homogeneous result, assuming 

there is minimal movement of water during capping. The amount of capping sessions could 

also have been more to avoid applying heavy loads at once. The edges of the sediment however 

were kept intact during the experiment and a contributing factor to this is how capping material 

has slid down the edges of the sediment, covering the entire fiberbank sediment. The 

distribution of the cap throughout was generally even.  

 

5.1.1 Errors 

There are a few possible sources of error During the bearing capacity test. The first one is that 

when filling the tank, I stood in the middle, however, I am right handed which resulted in the 
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top of the cap being placed a bit off to the right instead of in the center. This should not have 

been a problem or affect the results since the weight is all on top of the sediment which would 

ultimately have the same effect on the sediment. The second source of error could affect the 

result directly. When measuring the topography, a solid wooden measuring stick was used. The 

measurement was made manually and when measuring areas with resuspension, at every edge, 

the beginning of the sediment is difficult to feel because of how soft it is. An indication that 

was used for these cases was that gas bubbles were released if the measuring stick went too 

far.  

    When conducting this research, a factor to consider is that only one test was executed and 

the fiberbank material is heterogeneous which could cause deviating behavior in parts of the 

built structure. Several tests would have been able to strengthen the results further. 

 

5.2 Field sediment volume estimation 

Based on the interpretation, the top layer volume is realistic whereas the fiberbank sediment 

should have thicknesses larger than 6 m based on the Apler et al (2019). The deployment 

with the largest fiberbank thickness measured was 1.11 m, which is evidently too low, figure 

20. The top layer however has thicknesses between 10 and 25 cm, this is realistic based on 

previous measurements (Apler at al. 2019). The results of the fiberbank thickness 

interpretation could be correct, the FluMu penetrometer itself as an instrument on the other 

hand show inconclusive sampling of fiberbank thickness at the site. The data should have 

been sampled further down into the fiberbank, especially in the sample points S400_F and 

S406_F. These points show maximum thicknesses based on the interpretation and based on 

the position of the now removed Sandviken sulphate factory, close to the outlet of the 

factory’s waste, Figure 21.  The volumes calculated were 9668 m3 for the top layer and 

51885 m3 for the fiberbank. The estimation of the top layer could be a good estimation of 

volume since the measured thicknesses can be validated from other reports. The fiberbank 

volume, however, cannot be used as a definite number because of the FluMu not being able 

to log data further because of its light weight. When considering the Apler et al (2014) core 

sample points 11_0319, 11_0349 and 11_0348, different arguments can be made when 

compared to the FluMu interpreted data. The top layer was measured between 0.1 to 0.17 m 

by the 2014 paper and interpreted as 0.101 to 0.257 m based on FluMu. The data could 

possibly validate the interpreted results since the Apler et al (2014) paper used a different 

method and still generate similar results. The closest point data thickness from penetrometer 
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data to the Apler data can be seen in table 4. The top clay layer is similar and is realistic in 

comparison. The fiberbank depth data, however, is different. The two data points closest to 

11_0319, 19 cm, and 11_0349, 22 cm, are 46 and 50 cm (points S181_F and S611_F) 

respectively. Apler et al (2014) mention how the 11_0319 data is probably not classified as 

fiberbank. The sediment could be fiber-rich sediment which coincides with the pattern in the 

interpreted penetrometer data, see figures 16. Both the Apler point data and the penetrometer 

points are outside the main fiberbank. The 11_0349 point is interpreted by Apler et al (2014) 

as a possible boarder value at the end of the fiberbank. The point can be seen being situated 

right at the border between two elevation categories (blue and green) in figure 21. This could 

suggest similar interpretation of the data. The last point 11_0348 is the thickest being 5.85 m 

which would be solid proof that the closest point of the penetrometer data being S400_F at 

1.01 m is much too shallow of a depth in comparison. This suggest that complete depth data 

has not been measured by the penetrometer. 

    When interpreting the data what one can do is to pinpoint clay as it is a clear feature in 

Paul’s (2018) thesis. When the soft layer transitions into the bottom clay layer, the graphs 

display a sharp peak and drop in tip resistance paired with a sharp drop in pore pressure. This 

pattern cannot be pinpointed in every processed Sandviken data point. Another significant 

difference between Paul’s (2018) soft layer data and Sandviken is its regularity. It is known 

that at the two sites fiberbank deposits have different physical properties. Sandviken is 

uneven because its high content in wood chips and splinters and Väja is smoother with higher 

water content. The wooden chips are interpreted to be the reason for the peaks in tip 

resistance in the Sandviken data. It generally seems to have more “noise” in the data, which 

is interpreted to be caused by denser materials (wood chips). The data are interpreted to have 

a continuous fiberbank layer until the last logged measurement point unless it displays 

deviant peaks or drops towards the very end. The sharp ends of the fiberbank could possibly 

be a false boarder to the underlying bottom layer. It could instead be wooden chips that have 

accumulated in one area to create a surface strong enough to suddenly stop the penetrometer 

in its path. A factor to consider of the FluMu layer depths is that they are based on 

interpretations. These can be flawed due to the fact that fiberbanks are not examined enough 

to have a place in any kind of sediment classification chart. The physical characteristics such 

as grain size is unknown and complete characterization has not been made to create a general 

view/classification of fiberbanks, this fact makes it furthermore difficult to compare it to 

other sediment behavior.  
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5.3 Consolidation and gas formation in fiber-rich sediment  

The experiment research question was how fiber-rich sediment consolidates and if fiber-rich 

sediment could have similar biogenic gas formation as fiberbank sediment. The experiment 

showed that the fiber-rich to cap boundary displays a clear initial change in height. This 

movement is due to consolidation. The consolidation behaves differently between the 

columns and the reason for this is the different cap thicknesses. The sediment that is most 

affected directly after capping is the column with the 35 cm cap. This is a direct consequence 

of the heavy load from the capping layer. Total consolidation of the uncapped sediment was 

1.5 cm during 149 days, of the 7 cm capped sediment (1.8 kg) was 3.9 cm during 146 days, 

of the 17.5 capped sediment (4.5 kg) was 5.1 cm during 145 days and lastly the 35 cm capped 

sediment (9 kg) was 5.5 cm during 142 days. This result shows a significant pattern that the 

heavier the cap is, the more consolidation is ongoing. This is similar to natural minerogenic 

sediments; however, it is not the case for fiberbank which has a different behavior. Fiberbank 

sediment is denser and produces more gas. 

    The timeframe when compression is the highest is during the about two weeks right after 

capping is finished. This is when the heaviest cap consolidates the sediment the most 

initially. The pore pressure is therefore most enhanced. The 7 cm and 17.5 cm capped 

sediment have similar patterns in both how the sediment behaves and the cap. Their initial 

consolidation is not as drastic as the 35 cm capped sediment. This allows the consolidation to 

be spread more homogeneously over the timeline. Both sediments show a build-up 35 days 

after the first day of the test in sediment height and not the cap height which points toward 

that the sediment has started gas production and build-up in some parts and then this has 

been released eventually. The gas formation can be confirmed since bubbles have been 

observed in all the columns and they all also have pockmarks. The uncapped column has a 

much more active sediment layer which has barely moved after initial consolidation until the 

significant buildup of gas that can be seen as two prominent rises in sediment height from 69 

days after the test start to 117 days after in the first graph in figure 24 and 25. This would not 

be considered floating since the fiber-rich sediment is less dense than fiberbank sediment, the 

gas is released more easily which would implies it has less tendency of trapping gas inside of 

the sediment. The water level seen in figure 25, is considered a better indicator of gas 

production since the total water volume in the columns is not affected by consolidation. The 

factor that it does show is gas buildup since it reacts similarly to sediment level movement. 

The drop in water level is a result of gas release and a drop in sediment level is a result of 
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consolidation and gas release. 

    Gas buildup can then be seen between 30 days and 42 days after test start, where its peak is 

on 35 days after test start and can be seen in all the columns except for the 35 cm capped one. 

The reason could be that the cap is so heavy that it will not let the sediment move underneath.  

This event is especially pronounced in the columns with a 7 cm and 17.5 cm cap. The gas 

induced rise in height returns lower than before, it indicates that the gas has been released. 

The height keeps decreasing very slightly the following days. Simultaneously the release of 

gas bubbles is observed and on April 22nd, this is when pock marks are observed. These 

results show that the fiber-rich sediment has a production of gas where bubbles are seen as 

well as pockmarks appear like fiberbank sediment in columns, but the extent of the gas 

production is higher in fiberbanks. 

 

5.3.1 Errors 

There are a few concerns that are revealed in the 35 cm capped sediment. Firstly, logically, a 

steady homogeneous release of pressure is considered more stable than one big event of 

pressure release. This means that a cap that is too heavy could be a risk when remediating a 

contaminated sediment. If pressure is released to quickly, a lot of contaminants could get out 

and at once and there could be dramatic damage to the cap. The physical stability can also be 

questionable at this point. Another concern is that if a cap is completely impermeable due to, 

for example, its weight, there could be a long-term buildup of gas. The gas is then not 

released safely which could lead to a failure in stability of the remediation structure. 

Consolidation behavior is then most desirable in the 7 cm and 17.5 cm capped columns. 

    A possible source of error that could affect the graph data results could come from the 

measurements. As measurements were taken, what should be considered is that the levels 

could have been read a millimeter of at times. Since the movement of the sediment and such 

is at millimeter scale, it could be significant to final results. The measurements could also 

have been taken differently depending on the person that was taking it making it a possible 

source of error.  

    A variable that could affect the consolidation is the consistency of the fiber-rich sediment 

in each column. Even though the sediment was homogenized as good as possible, it still 

could have different amounts of wood chips in it, causing consolidation to affect the column 

differently. Since the sediment is not characterized, a general standard is not yet known for 

it and how it behaves. 
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5.4 Future research suggestions 

A suggestion to better measure the thicknesses is to use a heavier penetrometer than the 

FluMu that is <15 kg. The positive aspect with FluMu is its remarkably sensitive cone that 

can register thin layers such as the clay layer above the fiberbank. An option is to use the 

FluMu to measure the top layer of clay and to later remove this volume from a static 

penetrometer that is heavier and less sensitive but can differ the fiberbank layer from the 

bottom layer. This could together create a realistic profile of a fiberbank and its volume. The 

FluMu is not capable on itself to measure the entire thickness of the fiberbank because of its 

weight and that it is a free fall penetrometer that cannot penetrate deep enough. 

    Further suggestion for fiber-rich sediment research is to analyze the gas released from the 

uncapped and capped fiber-rich sediment and compare its content and its concentration of 

potential pollutants. This would help determine an output of contaminants and what potential 

risks it could have on benthic fauna. Dahlberg et al (2020) show results of persistent organic 

pollutants are more abundant and of ecotoxicological concern in the fiberbank sediment 

compared to the fiber-rich sediment. It mentions how contamination through pore water is 

more concerning in fiberbanks even through sorption of pollutants are higher in organic rich 

sediments. By analyzing the sediment contaminants concentration and the amount released in 

gas, amount of sorption and output of contaminants could be determined. If a significant 

release of contaminants would be proven in fiber-rich sediments a next step could be to also 

test its bearing capacity to remediate the sediment. The sediment also needs thorough 

characterization to be able to determine its general response to stress and behavior. 

 

6. Conclusion 

The Sandviken sediment has proven to have a bearing capacity that is stable and strong enough 

to hold up a 15 cm thick cap of crushed rock. This enables further laboratory testing of the 

sediment’s geotechnical characteristics. The fiberbank volume was successfully calculated for 

the top clay layer. The fiberbank volume is not reliable since the FluMu did not penetrate 

through the entire fiberbank thickness. Another penetrometer should be used together with the 

top layer result to construct a complete profile. The fiber-rich sediment experiment showed 

how the thickness of a cap can affect the dynamics of the sediment and how it consolidates. 

For a sustainable remediation technique, a cap thickness or weight should be chosen that allows 

the sediment beneath to have space to release pressure steadily over time under strict 

monitoring to avoid too sudden failure of the structure and release of contaminants and to avoid  
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gas build-up. The fiber-rich experiment also proved that there is gas formation in the sediment 

through appearance of pockmarks. 
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Appendix A 
List of tables showing each measurement made of the tank topography 
 

Table A1. The table shows the measurements made of the fiberbank and cap depth in the tank 

in a 10*10 cm grid on March 18th. 

[cm] 0 10 20 30 40 50 60 70 80 90 

0 0 1 7 9 8 9 8 4.5 1 0.5 

10 1 13 16 17 16.5 15 16 13 6 4 

20 6 14 20 21 22 21 20.5 19 12.5 7 

30 8 14 21 27 28.5 29 27 21 14 8 

40 7.5 13 21 21 22 22 24 19 11 9 

50 5 3.5 14 15 17 17 19 14 8 6 

60 2.5 4.6 6 9 9 10 10 7 4.5 3 

 

Table A2. The table shows the measurements made of the fiberbank and cap depth in the tank 

in a 10*10 cm grid on May 28th. 

[cm] 0 10 20 30 40 50 60 70 80 90 

0 4 4 6,5 8,5 8 8,8 7,4 5,5 9,5 1 

      10 5,9 10,1 12,6 15,5 16,9 17 14,6 13,6 8,5 4,1 

      20 7 15 19,5 20,1 20,6 21,7 20,4 19 14,8 7,5 

      30 8,1 14,5 20,9 24,5 25,6 25,5 24,3 21 13,7 8,6 

      40 6,5 13,6 18,6 20,5 21,1 22,5 22,5 18,1 14,3 8,5 

      50 9 11,1 15,2 16 15,3 15,5 14,6 13,9 7 6,8 

      60 3,9 7 6,7 8,3 8,7 9,3 9,8 7 4,6 3,9 

 

Table A3. The table shows the difference (consolidation) between March 18th  and May 28th. 

[cm] 0 10 20 30 40 50 60 70 80 90 

0 4 3 -0,5 -0,5 0 -0,2 -0,6 1 8,5 0,5 

10 4,9 -2,9 -3,4 -1,5 0,4 2 -1,4 0,6 2,5 0,1 

20 1 1 -0,5 -0,9 -1,4 0,7 -0,1 0 2,3 0,5 

30 0,1 0,5 -0,1 -2,5 -2,9 -3,5 -2,7 0 -0,3 0,6 

40 -1 0,6 -2,4 -0,5 -0,9 0,5 -1,5 -0,9 3,3 -0,5 

50 4 7,6 1,2 1 -1,7 -1,5 -4,4 -0,1 -1 0,8 

60 1,4 2,4 0,7 -0,7 -0,3 -0,7 -0,2 0 0,1 0,9 

 

Table A4. The table shows the measurements made of the fiberbank and cap depth in the tank 

in a 10*10 cm grid on June 26th. 
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[cm] 0 10 20 30 40 50 60 70 80 90 

0 6,4 4,5 5,4 7,5 6,8 7,7 5,8 4,3 2,6 1 

10 2,6 10,6 11,5 14,1 13,6 13,1 14,5 11,9 7,1 3,4 

20 6,3 13,3 17,6 18,5 19,6 19,6 19,1 16,5 12,3 4,7 

30 7 14,5 19,6 22,8 24,1 24,2 23,3 20 14,3 7,5 

40 5,7 13,2 16,5 20,1 21,4 22 20,9 18 12,3 8 

50 6,6 9,9 13 15,2 15,5 16,5 17,5 15,2 10,6 5,1 

60 4,7 6,2 5,5 7,1 6,9 8,5 7 5,1 3,6 2,9 

 

 

 

Figure A1. Two faults can be seen in the interface of the third intersection. 
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Appendix B 
List of examples of interpreted processed data. 

 

Figure B1. Figure of tip resistance and pore pressure showing the entire data set from water 

surface. 
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Figure B2. Figure of tip resistance and pore pressure showing the entire data set from water 

surface. 

 

Figure B3. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 
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Figure B4. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 
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Figure B5. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 

 

 

Figure B6. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 
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Figure B7. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 
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Figure B8. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 

 

 

Figure B9. Figure of tip resistance and pore pressure showing the portion of data after the 

FluMu hits the sediment surface. 
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Appendix C 
List of tables that shoe the capping and consolidation monitoring process. 

 

Table C1. Shows the sediment consolidation of the un-capped column. 

 
COLUMN, NO 

CAP 

DAYS AFTER 

START 

DATE MONITORING 

TIME (H: MIN) 

SEDIMENT 

HEIGHT [CM] 

 

0 26/2 15:33 25 50 

5 2/3 13:39 24 49.1 

6 3/3 16:03 23.8 49.1 

7 4/3 16:17 23.5 49.1 

16 13/3 11:28 23.3 49.1 

19 16/3 11:05 23.3 49.1 

30 27/3 10:45 23.2 48.7 

35 1/4 11:30 23.3 49.1 

42 8/4 15:00 23.3 49.4 

48 14/4 15:00 23.4 49.5 

56 22/4 11:30 23.4 49.7 

69 5/5 13:30 23.6 49.6 

77 13/5 15:00 24 49.5 

84 20/5 17:15 24 49.4 

92 28/5 13:50 23.5 49.1 

104 9/6 10:30 23.9 49.1 

117 22/6 16:00 23.2 49.1 

139 14/7 14:12 22.9 48.3 

149 24/7 15:00 23.1 48.1 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
Table C2. Shows both the cap and sediment consolidation of the 7 cm thick capped column. 
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COLUMN, 

7 CM CAP 

DAYS 

AFTER  

START 

DATE MONITORING 

TIME (H: MIN) 

SEDIMENT 

HEIGHT, 

[CM] 

CAP 

HEIGHT 

[CM] 

WATER 

LEVEL 

[CM] 

CAPPING 

ADDED 

[CM] 

0 26/2 15:33 25 25 50  

5 2/3 13:39 24 24 49.5 2 

5 2/3 16:57 24 26 51.3  

6 3/3 16:03 23.5 25.2 51.3 2.5 

6 3/3 16:51 23.5 27.7 53  

7 4/3 16:17 22.9 26.5 53 2.5 

7 4/3 16:57 22.9 29 54.5  

8 5/3 15:58 22.9 28.5 54.3  

16 13/3 11:28 21.8 28 55  

19 16/3 11:05 21.8 28 54.8  

30 27/3 10:45 21.6  27.6 55.7  

35 1/4 11:30 21.7 27.6 56.2  

42 8/4 15:00 21.5 27.5 56.6  

48 14/4 15:00 21.5 27.5 56.5  

56 22/4 11:30 21.5 27.5 56.5  

69 5/5 13:30 21.3 27.3 56.5  

77 13/5 15:00 21.3 27.2 56.5  

84 20/5 17:15 21.3 27.1 56.4  

92 28/5 13:50 21.1 27 56.4  

104 104 9/6 10:30 27 56.2  

117 117 22/6 16:00 27 56.2  

139 139 14/7 14:12 26.7 55.6  

149 149 24/7 15:00 26.7 55.4  
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Table C3. Shows both the cap and sediment consolidation of the 17,5 cm thick capped column. 
 

COLUMN, 

17.5 CM 

CAP 

DAYS 

AFTER 

START 

DATE MONITORING 

TIME (H: MIN) 

SEDIMENT 

HEIGHT 

[CM] 

CAP 

HEIGHT 

[CM] 

WATER 

LEVEL 

[CM] 

CAPPING 

ADDED 

[CM] 

0 26/2 15:33 25 25 50  

5 2/3 13:39 23.5 23.5 49.3 2 

5 2/3 16:57 23.5 25.5 50.8  

6 3/3 16:03 23 25 51.1 5 

6 3/3 16:51 23 30 53.7  

7 4/3 16:17 22.4 29 53.7 5.5 

7 4/3 16:57 22.4 34.5 57  

8 5/3 15:58 21.7 33.5 57.2 5 

8 5/3 16:52 21.7 38.5 60.2  

16 13/3 11:28 20.7 38 61  

19 16/3 11:05 20.7 37.6 60.6  

30 27/3 10:45 20.5 37.6 61.4  

35 1/4 11:30 21.7 37.5 61.7  

42 8/4 15:00 20.4 37.5 62  

48 14/4 15:00 20.3 37.4 62.2  

56 22/4 11:30 20.3 37.3 62.2  

69 5/5 13:30 20.1 37 62.1  

77 13/5 15:00 20 37 62.2  

84 20/5 17:15 19.9 36.9 62.2  

92 28/5 13:50 19.9 36.5 62.1  

104 104 9/6 10:30  62  

117 117 22/6 16:00  61.9  

139 139 14/7 14:12  61.6  

149 149 24/7 15:00  61.5  
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Table C4. Shows both the cap and sediment consolidation of the 35 cm thick capped column. 

 

COLUMN, 

35 CM 

CAP 

DAYS 

AFTER 

START 

DATE MONITORING 

TIME (H: MIN) 

SEDIMENT 

HEIGHT 

[CM] 

CAP 

HEIGHT 

[CM] 

WATER 

LEVEL 

[CM] 

CAPPING 

ADDED 

[CM] 

0 26/2 15:33 24 24 50  

5 2/3 13:39 22.5 22.5 49.1 2 

5 2/3 16:57 22.5 24.5 50.9  

6 3/3 16:03 21.5 23.8 51 6 

6 3/3 16:51 21.5 29.8 54.2  

7 4/3 16:17 21 29 54.2 6 

7 4/3 16:57 21 35 58.7  

8 5/3 15:58 20.5 34.6 58.7 6 

8 5/3 16:52 20.5 40.6 62.7  

9 6/3 15:45 20.5 40.6 62.7 5 

9 6/3 16:15 20.5 45.6 63.5  

12 9/3 14:10 19.5 45 63.5 5 

12 9/3 14:27 19.5 50 58.5  

13 10/3 15:14 19.5 50 58.5 5 

13 10/3 15:39 19.5 55 61.5  

16 13/3 11:28 19.3 55 61.5  

19 16/3 11:05 19.3 54.5 61.2  

30 27/3 10:45 19.2 54.4 61.8  

35 1/4 11:30 18.9 54.4 62.1  

42 8/4 15:00 18.8 54.4 62.8  

48 14/4 15:00 18.7 54.4 63.1  

56 22/4 11:30 18.8 54.3 63.1  

69 5/5 13:30 18.6 54 63  

77 13/5 15:00 18.9 54 63  

84 20/5 17:15 18.9 53.9 63  

92 28/5 13:50 18.5 53.7 63  

104 104 9/6 10:30 53.6 62.9  

117 117 22/6 16:00 53.5 62.5  

139 139 14/7 14:12 53.4 62.2  

149 149 24/7 15:00 53.4 62.1  
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