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ABSTRACT 

At the Lampen site outside of Kalix, Sweden two embankments with heights 1,5m and 2m 
have been built to study and test the properties of sulfide soil that is located in the Gulf of 
Bothnia coastal areas.  

In this master thesis investigations have been done on what more could be done at the 
Lampen site today concerning new technics, measurements, observations and calculations etc. 
rather than building new embankments. 

Conclusions have been drawn from a total of 7 cases including Lampen what more could be 
done at the Lampen site. Verifications have also been done on the work made at the different 
cases. It was concluded that the work on all the different cases could be verified in some way 
against hand calculations or PLAXIS models beside the Murro test embankment site because 
this work had too little release data aterial given. Made verifications gave corresponding re-
sults to the described and measured ones in the real cases. Cases that have been looked at are: 

� Murro test embankment (Karstunen et.al, 2005) 
� Test embankment constructed to failure on soft marine clay in Malaysia (Brand, 1991) 
� Test embankment on hydraulically placed PFA (Pulverized Fuel Ashes) in the United 

Kingdom (Cousens, et al., 2003) 
� Trial Embankment on peat in Booneschans the Netherlands (Zwanenburg, et al., 2012) 
� A case study on sulphide soil on road of E12 north link, Västerslätt, Umeå, Sweden 

(Törnqvist, 2013) 
� Follow up and evaluation of settlements on the road 760 in Norrbotten, Sweden (Jo-

hansson, 2010) 
� Test Embankments Lampen, Sweden (Andersson, 2012) 

From these cases it was concluded that more calculations in Plaxis 2D, Plaxis 3D and maybe 
Geosuite settlements software programs should be done at the Lampen site, both for long term 
and short term behavior and settlements as the only current model made is an Embacko V1.02 
which is based on the work and results by Andersson (2012). Also verifications should be 
made by hand calculations on the models as this had not been done until today. 

Further disturbed samples should have been taken at the Lampen site as it have been done at 
the Murro site in Finland as this site is built on similar ground conditions with sulfide soil. 
Heavy equipment used at the site and as well the building of the embankments might have 
disturb or influenced the soil so the properties might have been changed. 

Also a couple of new measurement technics have been looked at for Lampen. The looked at 
technics are optics fibers, drones and ShapeAccelArray (SAA).  

ShapeAccelArray (SAA) devices could be installed at some different points on the site, down 
through the soil profile to give better readings on vibrations, accelerations, deformations and 
settlements. A drone could also be used during the snow free period to fly daily-predefined 
paths and make a 3D mapping of the geotechnical structures. And if the embankments would 
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be built now again from the start it would be a good idea to install from the start a smart geo-
textile with polymer optical fibers (POF) totally covering the whole embankment size. This 
would give continues reading on deformations and displacements. 

But since the measurements and all other work at the Lampen site in the project went well and 
gave good results there is no need to do further changes. 
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SAMMANFATTNING 

På Lampen området utanför Kalix i Sverige har två provbankar med höjder 1,5m och 2m 
byggts för att studera och testa egenskaperna hos sulfiden jorden i Bottenvikens kustområden. 

I detta examensarbete har undersökningar gjorts på vad mer som kan göras på Lampen områ-
det från idag med nya tekniker, mätningar, observationer och beräkningar etc. I stället för att 
bygga nya test bankar. 

Slutsatser har dragits av totalt 7 fall inklusive Lampen om vad mer som kan göras på Lampen 
området.  Verifieringar har också gjort på arbetena som gjorts vid de olika fallen. Det konsta-
terades att arbetena gjorda på de olika fallen kunde verifieras antingen mot hand beräkningar 
eller PLAXIS modeller, förutom Murro fallet eftersom detta arbete hade för lite släppt data-
material. Gjorda verifieringar gav motsvarande resultat som de beskrivna och mätta i verklig-
heten i de fallen där de kunde utföras. Fallen som har tittat på är: 

� Murro provbank (Karstunen et.al, 2005) 
� Provbank konstruerad till brott på mjuk marin lera i Malysia (Brand, 1991) 
� Provbank på hydralisk placerad PFA i Storbrittanien (Cousens, et al., 2003) 
� Provbank på torv i Booneschans I Nederländerna (Zwanenburg, et al., 2012) 
� En fallstudie på sulfidjord på väg E12 norra länken, Västerslätt, Umeå, Sverige (Tör-

nqvist, 2013) 
� Uppföljning och utvärdering av sättningar på väg 760 i Norrbotten, Sverige (Johans-

son, 2010) 
� Provbankarna i Lampen, Sverige (Andersson, 2012) 

Från dessa fall drogs slutsatsen att fler beräkningar i Plaxis 2D, Plaxis 3D och kanske Geosu-
ite datorprogram bör göras på Lampen området, både för lång och kort siktiga beteenden och 
sättningar. Eftersom den enda aktuella gjorda modellen är en Embacko V1.02, vilken är base-
rad på arbete och resultat av Andersson (2012) . Det bör även utföras kontroller genom hand 
beräkningar på modellerna genom att detta inte hade gjorts fram till idag. 

Ytterligare störda prover kanske borde ha tagits på Lampen området som det har gjorts i 
Murro fallet i Finland eftersom dessa områden är byggda på liknande markförhållanden med 
sulfid jord. För när tung utrustning används på platsen och även byggandet av provbankarna 
kan detta störa marken så att dess egenskaper kan ändras. 

Också ett par nya mättekniker har tittat på för Lampen. De undersökta teknikerna är optiska 
fibrer, drönare och ShapeAccelArray (SAA). 

ShapeAccelArray (SAA) enheter kan installeras på några olika ställen på området ner genom 
markprofilen för att ge bättre avläsningar av vibrationer, accelerationer, deformationer och 
sättningar. En drönare skulle också kunna användas under den snöfria perioden till att flyga 
dagligen fördefinierade stråk och göra en 3D-kartläggning av den geotekniska strukturen. Om 
provbankarna skulle byggas nu igen från början skulle det vara en bra idé att installera från 
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början en smart geotextil med polymer optiska fibrer (POF) som helt täcker hela provbankar-
nas storlek. Detta skulle ge löpande avläsningar av deformationer och sättningar. 

Men eftersom mätningarna och allt annat arbete på Lampen platsen i projektet gick bra och 
gav goda resultat finns det ingen anledning att göra ytterligare ändringar. 
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1 INTRODUCTION 

1.1 Background 
Embankments are the most ancient construction form of streets, motorways, railways, airports 
etc according to Vipulanandan et.al. (2009). Despite this fact it took until 1966 on the 
Bangkok-Siracha Highway before the first test embankment site was built where settlements 
were measured and observed according to Balasubramaniam et.al, (2007). Today trial em-
bankments are more advanced than before and measure a wide variety of properties. 
(Amavasai, 2015) 

During 2008 the preliminary investigation at the Lampen site outside of Kalix, Sweden began. 
The site is located close to the new railroad Haparandabanan. The test embankments were 
built to study and test properties of the sulfide soil that is located in the Gulf of Bothnia 
coastal areas in concerns of properties, settlements, creep deformations, compression charac-
teristics, possibility to build on and more. The project was initiated by the Statens geotekniska 
institut (SGI).  (Andersson, 2012) 

In this master thesis it will be investigated what more could be done at the Lampen site today. 

1.2 Limitations 
This master thesis will be limited to looking at a total of seven sites including Lampen. From 
all these sites conclusions will be drawn, what more could be done at the Lampen site today. 
The work done at the different sites will be verified in some way if possible.  Also some new 
and modern measurement technics that can be implemented at trial embankments will be dis-
cussed. Further a short history summary about test embankments will be done. 
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2 HISTORY 

2.1 Background of trial embankments in soil mechanics 
A foundation for a building often involves soil and rock as material. According to Holtz 
(1981), during the Middle Ages the problems of settlements under massive buildings were 
acclaimed by both builders and architects, e.g. the leaning tower of Pisa, see Figure 1. 
Worldwide, the theoretical knowledge was poorly developed until the mid of 18th century, 
when Charles-Augustin de Coulomb came up with a theory of soil shear strength in 1776. 
Other important discoveries are belonging to French engineers Henry Darcy and Collin, in-
volving shear strength measurement of clays, as well as flow of water through sands. (Holtz 
et.al., 1981) 

 

Figure 1 The Leaning tower of Pisa (Expedia, 2016) 

During the beginning of 20th century the Swedish engineers made their contribution to soil 
mechanics by defining consistency limits of clays and by developing slope stability calcula-
tion methods. The investigation methods such as weight sounding and piston sampling were 
developed as well. This was the first step of understanding soil sensitivity and consolidation – 
a process of decreasing pore water content from a saturated soil. (Holtz et.al., 1981) 

An Austrian engineer, also known as father of soil mechanics, Karl von Terzaghi (fig. 2) 
published his modern textbook of soil mechanics in 1925, including the first complete 
solution of soft clay consolidation. He continued to influence the subject by several books and 
articles until his death in 1963 and beyond. (Holtz et.al., 1981) 

Figure 2 Portrait of Karl von 
Terzaghi (1926). (Wikipedia, 
2016) 
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The Industrial revolution in the mid-19th century caused a tremendous extension of civil 
infrastructures. The populated areas became denser the remaining territories with less stabile 
soils needed to be exploited as well. As the embankment is the most ancient construction form 
of motorways, railways, airports etc, the development of the settlement theory was necessary 
and received a great support by Terzaghis discoveries in 1936. (Vipulanandan et.al. 2009). 
The consolidation theory of Terzaghi appears to be limited by assumptions and very simple 
nowadays, compared to the modern methods, but despite that it is still usable in multiple ways 
through its simplicity and reliability. 

In the modern world, there are still uncertainties about soil behavior. Making a prediction of 
settlement in soft soils is a geotechnical challenge due to highly anisotropic structure of the 
soil, its unknown geological history, sampling conditions and laboratory data interpretation, 
as well as certain assumptions and limits of applied consolidation theory. (Vipulanandan et.al. 
2009) 

In order to design a road or a railway, there is a need of foundation soil parameters. According 
to Balasubramaniam et.al (2007), those parameters are traditionally evaluated by laboratory 
scale tests, soil sampling and visual assessment on site. Though, laboratory tests are 
considered as not as adequate as a large scale test, such as a test embankment. The reason of 
this test concept is to include all the local soil features caused by the variation of soil layer 
thickness and soil properties. A typical construction of a test embankment construction is 
shown in Figure 3.  (Balasubramaniam et.al, 2007) 

 

Figure 3 Typical construction of test embankment with underlying soil layers (Balasubramaniam et.al, 2007) 

 

The first test site was built as a section of Bangkok-Siracha Highway in 1966, as the ground 
conditions were very soft, presented by a soil profile in Figure 4. The settlement process was 
accelerated with vertical sand drains during 18 months. Though creep settlements of 0.03m 
per month continued under longer time than expected. The South-East Asian soft deltaic clay 
was therefore considered as a complex engineering problem to construct road embankments 
on. Bridge approaches with that kind of drains and spacing were precluded. (Balasubrama-
niam et.al, 2007) 
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Figure 4 Typical soil profile of Bangkok Plain (Balasubramaniam et.al, 2007) 

Another test site with two full scale embankments were built in 1970 at the Second 
International Airport in Bangkok. The in-situ behavior was studied by building the first 
embankment to failure and second divided in two sections based on height.  (Balasubrama-
niam et.al, 2007) 

Following test site is another major study of sand drains performance and suitability of con-
solidation in soft clay. The site associates with the Royal Thai Navy (RTN) Dockyard in 
Pomprachul, Thailand. The trial embankment was constructed in 1975 by two stages and was 
90 m long, 33m wide and 2.35m high. The construction was divided by three sections with 
varied drain pipes installation: one section without drains, second with 1.5m spacing and a 
third with 2.5 m between each drain pipe. Instrumentation consisted of three hydrostatic 
gauges, magnetic movement plates for lateral displacement monitoring, 166 piezometers in 
the embankment and its surroundings; settlement monitoring included fix points were 
installed along center line and edges of embankment. The instrumentation layout can be seen 
in Figure 5. (Balasubramaniam et.al, 2007) 
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Figure 5 Instrumentation layout of RTN Dockyard test embankment (Balasubramaniam et.al, 2007) 

The subsequent trial embankment built became more advanced due to increased 
instrumentation and soil sampling types, its placements, variable embankment heights, drain 
conditions, build time etc. Test embankments today are more efficient by using more 
advanced and precise instrumentation and its location and suitability for a certain purpose. 
This gives more detailed information and a better understanding of soil behavior in real life, 
according to Amavasai (2015), Even though it is hard to achieve a hundred percent certainty 
due to limited financing.  
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3 CASES 

3.1 Sites 

3.1.1 Murro	test	embankment	

The Murro test embankment is a well-instrumented construction that was built in 1993 in 
Western Finland, near the coast of the Gulf of Bothnia and was monitored during more than 
10 years. The purpose of it was to test the behavior of soil and long-term settlements of the 
embankment. The construction is placed on 1.6 meter thick dry crust layer with underlying 
23m thick, normally consolidated, soft clay, containing sulfur. The clay deposit is resting on a 
layer of moraine. (Karstunen et.al, 2005).  

The analysis was made by Karstunen et.al, (2005), using finite element method (FEM) with 
three different constitutive elasto-plastic models – two anisotropic and an isotropic one. 

� S-CLAY1 is considering that anisotropy develops by both initial and plastic strain  
� S-CLAY1S is an extension of S-CLAY1 model, which accounts for interparticle 

bonding and degradation of bonds. 
� Isotropic Modified Cam Clay model (MCC). 

The embankment geometry can be seen in Figure 6, containing a 1.6 m thick dry crust layer. 
The silty clay layer has been divided into 5 additional layers. The ground water level is as-
sumed to 0.8 m from the ground level. (Karstunen et.al, 2005). 

 

Figure 6 Section geometry of Murro test embankment (Karstunen et.al, 2005). 
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The input data for the model, such as soil parameters and initial values of state, has been eval-
uated by laboratory tests and are presented in table 1. 

Table 1 Values of convential soil constants (Karstunen et.al, 2005). 

 

In order to apply anisotropic models, additional values have been evaluated by calculations 
and measurements, presented in table 2. (Karstunen et.al, 2005). 

Table 2 Additional parameters for S-CLAY-1 and S-CLAY1S models (Karstunen et.al, 2005). 

 

The monitoring of the embankment was made since 1993 by several instruments. As it can be 
seen in Figure 7, the instrumentation has been concentrated on a 10 m central section, consist-
ing of settlement plates (L), inclinometers (I), extensometer (E) and several pore pressure 
probes (U). (Karstunen et.al. 2005). 

 

Figure 7 Instrumentation layout . (Karstunen et.al, 2005). 
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Figure 8 Settlement curves by time. a) Representing 10 years, b) 100 years. (Karstunen et.al, 2005) 

Comparisons between numerical and field measurement results can be seen in Figures 8a and 
8b. The anisotropic constitutive models showed very good accuracy and therefore seem to be 
more reliable than the MCC model. As the soil was assumed to be fully saturated below the 
water table, the FEM models did not reproduce the excess pore pressures well. Despite this, 
there are some uncertainties about the prediction of settlements in regard of soil parameters. A 
suggestion to improve the reliability is to increase the number of boreholes and sampling lo-
cations. (Karstunen et.al, 2005) 
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3.1.1.1 Conclusion	

The comparison shows that it is important to take the effect of anisotropy of the soil into ac-
count, as well as uneven saturation and permeability. In order to achieve a result correspond-
ing even better to the measured values is suggested to use several numerical models that does 
not ignore anisotropy of the soil and also develop the used models to achieve results with bet-
ter reliability in the future projects.  

Prediction of saturation and permeability in the numerical models could be better by develop-
ing the patterns of sampling locations and make several models by assuming slightly varying 
values. It is possible to achieve better reliability of soil parameters by adapting a suitable data 
collecting method for the particular case. 
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3.1.2 Test	embankment	constructed	to	failure	on	soft	marine	clay	in	Malaysia	

A trial embankment was built on soft marine clay in Malaysia on the Muar plain about 50km 
to the east of Malacca, the location can be seen in Figure 9. It was part of a large project were 
the Malaysian Highway Authority built a total of 14 trial embankments. This embankment 
was built to failure to test the properties of the soft Malaysian marine clay and the possibility 
to build the planed high way stretch on it. (Indraratna, et al., 1992) 

  

Figure 9 Malaysia peninsula (Site is black dot 50km away from Malacca). (Indraratna, et al., 1992) 

The embankment was built with a 55x90m and 2.5m high base. A 15m wide bearm was built 
on three sides so the embankment, thus it can be said to be 40x60m. It was constructed direct 
on the topsoil and grass and the fill height was raised 0.4m a week until failure. With 0.2m 
thick layers that are compacted between each other. (Brand, 1991) 

The fill consisted of decomposed granite with the consistency of sandy clay (4% gravel, 50% 
sand, 8% silt and 38% clay). The bulk density of the material was set to 2.04 Mg/m3 and mean 
compacted water content was measured to 16.2%. Also the Atterberg limits were set as LL: 
108%, PL:42%, and PI:66% for the material. There was as well carried out both consolidated 
drained (CD) triaxial tests and unconsolidated undrained (UU) tests on the fill material, in 
Figure 10 the results from the test can be seen. (Brand, 1991) 



 

11 
 

 

Figure 10 CD tests and UU tests results. (Brand, 1991) 

The ground profile at the site and some soil properties at the site can be seen in Figure 11 also 
the water contents, Atterberger limits, vane strengths and dutch cone resistance can be seen 
for the site in Figure 12 according to Brand (1991). 

 
Figure 11 Ground profile and soil properties at the site. (Brand, 1991) 
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Figure 12 Represenation of water contents, Atterberger limits, vane strengths and dutch cone resistance for the site. 
(Brand, 1991) 

There were a lot of instrumentation installed in the embankment like settlement gauges, pie-
zometers, piezocones, inclinometers, settlement rings and heave markers. The settlement rings 
and heave markers represents instrumentation installed specifically to look at settlements and 
heave of the embankment and site. Instrumentation set up can be seen in Figure 13. (Brand, 
1991) 
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Figure 13 Instrumentation set up. (Brand, 1991) 

The embankment failed at a fill thickness of 5.4m on day 100. The embankment hade then 
settled a total of 0.7m. In Figure 14 the embankment right after failure can be seen. (Brand, 
1991) 



 

14 
 

 

Figure 14 Embankment right after failure. (Brand, 1991) 

There was also held a prediction contest in Kuala Lumpur in November 1989 right before the 
construction of the embankment by the Malaysian Highway Authority. Were four major and 
27 minor predictors were invited to make predictions from the same data available on what 
would happen with the embankment and at what fill thickness the failure would occur. The 
minor predictors only predicted the failure thickness and surface failure. Meanwhile the major 
predictors also predicted the pore pressure and displacements during construction. (Brand, 
1991) 

Only one major predictor and a few of the minor predictors managed to predict the observed 
failure thickness of the embankment. The predictions of the fill thickness ranged from 2.8m to 
9.5m and the actual fill fail height was 5.4m. (Brand, 1991) 

In Table 3 the actual failure conditions are compared to the predictions of the major predic-
tors. The predictions on the slip surface are as well composed in Figure 15 were all of the pre-
dictions from both major and minor predictors are compared to the actual slip surface. Most 
predictors used the Fellenius (Swedish) or Bishops (1954) method to determine the slope fail-
ure. (Brand, 1991) 
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Table 3 Actual failure conditions compared to the predictions of the major predictors. (Brand, 1991) 

 

 

In 1989 it was concluded after the contest that the ability to predict horizontal settlements 
with the available methods of the time like FEM analysis were at least to say poor. (Brand, 
1991) 

 

Figure 15 Predictions of the slip surface by major and minor predictors compared to actual slip surface. (Brand, 
1991) 
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3.1.2.1 Conclusion	

Why the results were so spread and different at the prediction contest back in 1989 got to be 
due to complexity of predictions asked for. It became more or less guesswork without today’s 
modern computer programs and technical progress since then to both predict the failure height 
of the fill and slip surface of the failure in the embankment. Even with all the help we got at 
hand today making such predictions is not an easy task. 
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3.1.3 Test	embankment	on	hydraulically	placed	PFA	in	the	United	Kingdom	

The construction of a test embankment with 10x50m crest area, base 37x71m, height 5.3m 
and slope angle 22 degrees on hydraulically placed pulverized fuel ashes (PFA) started on the 
10th of September 1999 in the United Kingdom and took 14 days to finish. The goal of the test 
was to see what kind of behavior and settlements this material gives when built on as the area 
have a potential for development. (Cousens, et al., 2003) 

The site in this case is a 17-hectare large lagoon that contains PFA as a landfill. This PFA was 
deposited there from a local old coal electric plant and had been deposited as water pumped 
slurry. (Cousens, et al., 2003) 

Because of this deposition technic the thickness of the PFA layer varied between 45m to 20m 
on the area, ground water levels were at 6m below the surface and particle size distribution 
varied over the area and depth according to Cousens, et al. (2003). 

A lot of site investigations had been made at the current site but it was decided that cone 
penetrometer (CPT) and pressure meter testing should be done at several places in the lagoon. 
Also disturbed and undisturbed samples were taken from five boreholes. In Figure 16 the 
places for different tests can be seen and as well the place for the test embankment on the site. 
(Cousens, et al., 2003) 

 

Figure 16 The site and tests made at specific places. (Cousens, et al., 2003) 
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Also laboratory tests were made and they contained analysis of liquid and plastic limits, parti-
cle size distribution that can be seen in Figure 17 and as well as one dimensional compression 
tests were made according to Cousens, et al. (2003). 

 

Figure 17 Particle size distribution of PFA. (Cousens, et al., 2003) 

In Figure 18 the relative density profile can be seen for CPT4 to the left and CPT6 to the 
right. Additional data was also obtained from the site, including laboratory tests which can be 
seen in figure 19 and Figure 20. From all this conclusions can be drawn that the PFA if vary-
ing from firm to very loose at the site. It can also be seen that there is a denser layer at the top 
overlying a looser middle layer. CPT4 and CPT6 were taken at the site close to the embank-
ment but not on it. (Cousens, et al., 2003) 

 

Figure 18 Relative density profiles can be seen for CPT4 to the left and CPT6 to the right in Figure. (Cousens, et al., 
2003) 
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Figure 19 Coefficient of volume compressibility from the CPT and laboratory tests. (Cousens, et al., 2003) 

 

Figure 20 Comparison assumed volume compressibility profile (solid line) and data (Alfa assuming=11) for CPT4 (a) 
and CPT6 (b). (Cousens, et al., 2003) 
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Further material properties from the field and laboratory test put the PFA at the site as rela-
tively uniform with 5-10% clay, 60-80% silt size particles, a liquid limit at average 46%, plas-
tic average index 4%, high moisture content between 55%-78%, Bulk density between 1.54-
1.66Mg/m3, Void ratio 1.1-1.6 and a maximum dry compaction optimum given less than 0.7 
according to Cousens, et al. (2003). 

The embankment was built in different stages, which started with the use of a geogrid and a 
woven geotextile at the bottom and this was then put on the PFA ground. After this a total of 
0.25m crushed stone, another woven geotextile, 0,5m colliery spoil, 4m PFA, another 0.5m 
colliery spoil and finally a bentonite impregnated geotextile and a landfill liner was put on the 
embankment to protect the PFA from erosion. (Cousens, et al., 2003) 

Also a lot of instrumentation was installed in two planes through the embankment at right 
angles to the long axis. First a center plane in the middle of the embankment and then a se-
cond one five meters away to act as a backup for the first one. (Cousens, et al., 2003) 

The instrumentation was a set-up of magnetic settlement gauges, standpipe piezometers, hy-
draulic profile gauge, inclinometers and different pneumatic piezometers as can be seen in 
Figure 21 and Figure 22 but the pneumatic piezometers gave faulty data. The embankment 
was also monitored with a total station. (Cousens, et al., 2003) 

As can be noted the instrumentation was installed before the construction of the embankment 
due to time shortage and after the installation the instrumentation was tested according to 
Cousens, et al. (2003). 

 

Figure 21 Schematic primary instrumented embankment cross-section. (Cousens, et al., 2003) 
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Figure 22 Schematic secondary instrumented embankment cross-section. (Cousens, et al., 2003) 

The settlements of the embankment were as well calculated and predicted with the Terzaghi 
(1943) method. Also the vertical stress increase had been calculated with the elastic equations 
for long embankments Das (1990) method for the center cross section of the embankment. 
(Cousens, et al., 2003) 

The calculated results compared well with the actual measured results but the actual settle-
ments in the center of the embankment exceeded the calculated by 20%. (Cousens, et al., 
2003) 

When looking at the total settlements of the embankment crest they were 30cm in total and 
largest in the center of the embankment. It can be seen that settlements do not change signifi-
cantly after 20 days. This was also true when further readings were done 150 days later.  
When looking in Figure 23 (b) it can be seen that the settlements slowed down over time.  
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Figure 23 Crest settlements over time and variation in embankment height. (Cousens, et al., 2003) 

 

In Figure 24 the settlements over the whole embankment can be seen. (Cousens, et al., 2003) 

 

Figure 24 Settlement, overview embankment from HG1 (day 27). (Cousens, et al., 2003) 

The Figure 25 shows the magnetic settlement gauge 2 (SG2) which is located in the slope foot 
of the embankment. Because of this it can also be seen that the settlements are smaller in SG2 
then magnetic settlement gauge 3 (SG3), which is located in the center of the embankment 
and gives about 30cm in settlements that can be seen in Figure 26. (Cousens, et al., 2003) 
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Figure 25 Settlements in magnetic settlement gauge 2, SG2). (Cousens, et al., 2003) 

 

 

Figure 26 Settlements in magnetic settlement gauge 3, SG3). (Cousens, et al., 2003) 

 

3.1.3.1 	Conclusion	

When looking at the calculated results compared to the actual results for settlements the ques-
tion can be asked why the calculated results underestimated the settlements in the center of 
the embankment with Terzaghi (1943) method. One reason because of this might be the com-
plexity of the problem and that a 3D software analysis might needed on the settlements to 
give accurate results. There might as well have been as overestimation of the strength of the 
underlying PFA in the center of the embankment. 

Then why the actual results gave largest settlements in the center of the embankment and not 
in the slope foot or elsewhere got to be due to the fact that the force from the weight of the 
embankment itself is largest in the middle of the embankment. There might also have been a 
softer part in the center of the embankment in the underlying PFA this is not known.  

Why the pneumatic piezometers gave faulty data and the other instrumentation gave correct 
data is not either clear it could be something with the site material or faulty installation of the 
pneumatic piezometers. 
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3.1.4 Trial	Embankment	on	peat	in	Booneschans	the	Netherlands	

A trial embankment of 6 m in height was constructed on peat in Booneschans in the Nether-
lands and a failure test was conducted on the embankment. The purpose of the embankment 
was to test if sensors could detect a possible failure in time before it happened according to 
Zwanenburg, et al. (2012). 

The embankment was built close to a canal and the embankment was 100m wide and 750m 
long according to Zwanenburg, et al. (2012). The positioning and site of the test embankment 
can be seen in Figure 27 below. 

 

Figure 27, Photograph by air of site and test embankment. (Zwanenburg, et al., 2012) 

Before building the embankment the top 10cm was taken away of the topsoil, as well the 
grass. Then the embankment was built with a sand core with a clay cover on top of it. Also an 
infiltration system was installed into the embankment and finally empty containers were put 
on the top of the embankment. A cross section of the embankment can be seen in Figure 28. 
(Zwanenburg, et al., 2012) 
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Figure 28 Embankment Cross-Section. (Zwanenburg, et al., 2012) 

In table 4 and 5 the properties of the sand and clay building materials can be seen. The proper-
ties of the materials are from field observations and laboratory tests made on soil samples 
from the site according to Zwanenburg, et al. (2012).  

Table 4 Sand Properties (Construction). (Zwanenburg, et al., 2012) 
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Table 5 Clay Properties (Construction). (Zwanenburg, et al., 2012) 

 

Example of conducted tests were for the constructions sand material, triaxial compression 
tests and on the constructions clay material, direct simple shear (DSS) tests. 33 CPT tests have 
been conducted, also 22 boreholes using the Begemann sampling system have been done. In 
Figure 29 a typical profile of the subsoil can be seen which consists of a bottom sand layer 
with a peat layer on top of it and finally a clay layer over toping everything.  (Zwanenburg, et 
al., 2012) 

 

Figure 29 Typical Subsoil on the site. (Zwanenburg, et al., 2012) 
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Further information that was measured and observed about the materials and conditions can 
be seen in Figure 30 as this Figure reflects the characteristic unit weights, water content and 
loss of ignition of the materials. In Figure 31 the initial profiles for total stress, effective stress 
and pore pressure can be seen. Which were gotten from the constant rate of strain (CRS) tests. 
These are the values before construction on the embankment. (Zwanenburg, et al., 2012) 

 

Figure 30 Units weights, water content and loss of ignition on the site. (Zwanenburg, et al., 2012) 

 

Figure 31 Measured stresses, conducted in summer before construction start. (Zwanenburg, et al., 2012) 

In Figure 32 in the left column the pre-consolidation stress can be seen and in the right the 
overall consolidation ratio (OCR) of the tested peat samples. This was gotten from the data of 
the CRS and oedometer tests according to Zwanenburg, et al. (2012).  
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Figure 32 Pre-consolidation stress and OCR of peat samples. (Zwanenburg, et al., 2012) 

The experiment was conducted in 5 stages as can be seen in Figure 33. Stage one consisted of 
raising water level to 3 m above ground level. Then the second stage was to excavate down to 
1 m below the ground level.  After this then stage three commenced and a complete excava-
tion of the soft soil layers was conducted. Then the fourth stage came and the water level in-
side of the sand core was raised to 2/3 of the height of the sand core and the embankment 
went into failure. (Zwanenburg, et al., 2012)   

After this an intended final fifth stage would have come and the sand core would have been 
completely filled with water and if this had not brought the embankment to failure the con-
tainers on the top of the embankment would have been filled with water to make sure the em-
bankment fail. But the embankment failed before the fifth stage. (Zwanenburg, et al., 2012) 

 

Figure 33 Experiments 5 stages. (Zwanenburg, et al., 2012) 
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The observed failure of the embankment in stage three occurred on the 27 September 2008 at 
16.02 hours which was about six hours from the start of stage three that started at 12.00 the 
same day according to Zwanenburg, et al. (2012). 

The width of the sliding plane was about 40m and the failures different parts and failure 
mechanism can be seen in Figure 34. The Figure shows all the different parts like the initial 
movement, block translation and finally the collapse and the final configuration. (Zwanen-
burg, et al., 2012) 
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Figure 34 Failure mechanism and parts of the failure (a) to (d). (Zwanenburg, et al., 2012) 
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The collapsed embankment can also be seen in Figure 35. (Zwanenburg, et al., 2012) 

 

Figure 35 The embankment after the observed failure. (Zwanenburg, et al., 2012) 

During the test the embankment was equipped with measuring equipment like inclinometer, 
pore pressure transducer and a trial pit was as well dug. For set up see Figure 36. After the 
failure when inspecting the trial pit it could be seen that wide vertical cracks hade developed 
in the peat and top clay material. The tension cracks were about 50cm wide and were full with 
clay material. (Zwanenburg, et al., 2012) 

 

Figure 36 Measuring equipment in embankment and other locations. (Zwanenburg, et al., 2012) 
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The horizontal displacement measured by the inclinometer during the test can be seen in Fig-
ure 37 and positive values in the Figure gives displacement away from the test embankment 
according to Zwanenburg, et al. (2012). 

 

Figure 37 Inclinometer measurements during the test. (Zwanenburg, et al., 2012) 

Field measurements were made constantly. But CPT tests were only done 4 days after the 
failure of the embankment due to safety reasons and as well before the test. Other field meas-
urements that were done are pore water pressure, displacements and as well the visual inspec-
tion of the embankment and trial pit. The laboratory tests that were made are triaxial compres-
sion tests, constant rate of strain tests (CRS) and direct simple shear tests (DSS). (Zwanen-
burg, et al., 2012) 

The values from the laboratory tests, field measurements and observations were compared to 
each other. The laboratory results were concluded to be quite similar with the ones from the 
field. But the DSS tests results looked to agree somewhat better than the triaxial tests results 
with the ones from the field according to Zwanenburg, et al. (2012). 

Also a FEM program analysis on the factor of safety of the slope of the embankment was 
made were it was also concluded that the DSS tests gives the best results and the triaxial tests 
overestimate the factory of safety compared to the reality. (Zwanenburg, et al., 2012) 

 

3.1.4.1 	Conclusion	

Why the DSS results correspond better with the observed failure might be because the defor-
mations induced in the DSS tests better agree with the deformations and the failure mecha-
nism that are dominant in the failure at the site. Rather than the triaxial tests were all peat 
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samples failed in tension in the triaxial compression tests and thus apparently overestimate the 
strength.    
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3.1.5 	

3.1.6 A	case	study	on	sulphide	soil	on	road	of	E12,	Västerslätt,	Umeå,	Sweden	

The master thesis of Törnqvist (2013) describes a real case study of a road embankment, con-
necting motorway E12 with Hissövägen road in Umeå, Sweden, presented in Figure 38. The 
area itself consists of 6-14 meter deep sulphide clay layer, affected by artesian water. Accord-
ing to Törnqvist (2013), the actual site consists generally of tight sulphide clay with varied 
amount of increased pore pressure. 

 

Figure 38 Satellite photo of the site including the road and evaluated road sections (Törnqvist, 2013) 

The measurements were made by oedometer test in order to get soil coefficient of secondary 
compression𝛼!. An empirical equations was also used in order to determine 𝛼! as a reference 
value for 𝛼!. Both values are presented in table 6. (Törnqvist, 2013). 

Table 6 Test results compared to empirical calculation (Törnqvist, 2013) 

 

The road was divided in three sections that were tested by several methods, such as routine 
tests, CRS, wing tests, CPT- and weight sounding. In order to evaluate pore pressure, 
groundwater samplers BAT-filter tips and groundwater pipes were installed. The variation of 
Geotechnical test results can be seen in tables 7-9 and for CRS test results see tables 10-12. 
(Törnqvist, 2013) 
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Table 7 Geotechnical test results on section 0/880 (Törnqvist, 2013) 

 

Table 8 Geotechnical test results on section 1/680 (Törnqvist, 2013) 

 

Table 9 Geotechnical test results on section 1/860 (Törnqvist, 2013) 

 

Table 10 Results of CRS test on section 0/880 (Törnqvist, 2013) 

  

Table 11 Results of CRS test on section 1/680 (Törnqvist, 2013) 
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Table 12 Results of CRS test on section 1/860, red characters for faulty values (Törnqvist, 2013) 

 

In order to make settlement calculation using the computer programs GS settlement and Plax-
is2D, the measured values were the used to determine soil parameters. The settlements in 
models were studied in the middle of the road and 6 meters below it. To verify the settlement 
result produced by programs, additional calculation methods were used, such as 2:1 and Bous-
sinesqs	stress	distribution	methods. (Törnqvist, 2013) 

The results of effective stress for each road section was made by three calculations methods – 
2:1 method, Boussinesq and Plaxis 2D, provided that pore pressure subsided. In the Figures 
39-41 it can be seen the additional stress of embankment affecting the vertical effective 
stresses by depth. 

 

Figure 39 Variation of effective stress by depth on road section 0/880 (Törnqvist, 2013) 

 

Figure 40 Variation of effective stress by depth on road section 1/680 (Törnqvist, 2013) 
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Figure 41 Variation of effective stress by depth on road section 1/860 (Törnqvist, 2013) 

As it can be seen, the settlements calculation using the 2:1 method generally gives the lowest 
values of all three methods, making an underestimated stress value. The Plaxis 2D and Bous-
sinesq results shows similar stress distribution. 

A selection of results of the detailed analysis of settlements under measurement, see Figures 
42-44. 

 

Figure 42 Measured (Pegel) and calculated settlements in the middle of embankment by time (years), section 0/880 
(Törnqvist, 2013) 

 

Figure 43 Measured (Pegel) and calculated settlements in the middle of embankment by time (years), section 1/680. 
(Törnqvist, 2013) 
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Figure 44 Measured (Pegel) and calculated settlements in the middle of embankment by time (years), section 1/860. 
(Törnqvist, 2013) 

The comparison of results showed big differences in settlements between in-situ test results 
and calculated values. An explanation to that could be sulphide soil properties and certain 
behavior such as creep settlements. The artesian water pressure does affect stresses under a 
load. The shear strength becomes exceeded resulting comprehensive shear deformations. An-
other point is the permeability of the soil and its drainage paths. It has a noticeable impact on 
both settlement time and increased total settlements by shear deformations. (Törnqvist, 2013) 

Because of less parameter, the GS settlement program is more suitable than and not as sensi-
tive to improper in data or assumptions as Plaxis2D is.  Though, Plaxis is a good completion 
when no large plastic shear deformations are expected. (Törnqvist, 2013) 

 

3.1.6.1 Conclusion	

More accurate settlement values could be achieved by taking more of the sulphide behavior 
into account, by study of the soil with several tests, both on site and in laboratory. It can be 
done by long and short term compression tests, with focus on creep behavior. Though the ar-
tesian water decreases shear strength, it needs to be applied in the constitutive model as well. 
Even the varying permeability has same effect, which could be studied better by improvement 
of instrumentation layout to achieve better understanding of the varying permeability of the 
soil.  

In case of soil reinforcement, the increase of pore pressure also needs to be aware of when 
making a constitutive model.    
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3.1.7 Follow	up	and	settlement	evaluation	on	the	road	760,	Norrbotten,	Sweden	

The following case is based on a master thesis work of Fredrik Johansson, 2010 and repre-
senting a real case study of an existing road embankment. The site is located on road 760 be-
tween Råneå and Niemsel, Sweden. The actual section is 660 meters long and lies on a layer 
of loose sulfide sediment, up to 10m in depth. At the building phase the section was rein-
forced on 2m of the top layer but settled 35cm after three years and continued to sink 3-4 cen-
timeter per year. (Johansson, 2010) 

The thesis focuses on comparison of settlement calculation under refurbishment of the road 
using overload and settlement prognosis based on modern knowledge. According to Johans-
son (2010), several in-situ tests were applied where the sulfide soil layer was the deepest, in-
cluding mixed and unmixed soil sampling, weight probing and by ground water pipes.  

The follow up showed 15 centimeter difference at most between calculated and real settle-
ments, which can be seen in Figure 45. (Johansson, 2010) 

 

Figure 45 Comparison between real (solid line) and calculated settlements on section 0/160. The vertical line repre-
senting unloading of the overload. (Johansson, 2010) 

 

In 2010 there were made three types of in-situ soil tests, such as CPT probing and piston sam-
pling. In order to measure actual settlements a hose formed hydrostatic measurement tool was 
used on the site, see Figure 46. (Johansson, 2010) 
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Figure 46 Settlement measurement by a hose. (Johansson, 2010) 

The result of the measurements can be seen in Figure 47 below. 

 

Figure 47 Measurement results 2008-2010. Settlements on y-axis and road profile on x-axis, with meter as unit. (Jo-
hansson, 2010) 
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During the calculations the following soil model was used, showed in Figure 48. 

 

Figure 48 Soil parameters used in calculations. (Johansson, 2010) 

By several settlement calculation methods for sulphide soil, the most realistic result was based 
on input parameter evaluation by Larsson, R. (2007), according to Johansson (2010). To 
achieve even more accurate settlement prognosis at the end of consolidation, creep parameters 
needs to be taken into account. The thesis by Johansson (2010) is showing that initial settle-
ments in reality do develop considerably faster than in theory, due to variable water drain 
conditions. Thus the pore pressure measurement can be crucial during settlement tests. That is 
to determine the primary settlement is fully completed. Even creeping soil parameters should 
be taken into consideration, as a more precise result needs to be achieved, determined by oe-
dometer test. (Johansson, 2010) 

The input parameters are as well important part of a settlement prognosis. The actual work 
shows that CPT sounding is a good way to evaluate differences between soil layers. A better 
way to evaluate soil density is by undisturbed soil sample. To determine the soil consolidation 
degree is an important step as well, tentatively by spreading larger number of piston 
samplings by different depths. (Johansson, 2010) 

 

3.1.7.1 Conclusion	

Since the soil in anisotropic its permeability is not the same layer by layer in the model. Due 
to its negative effect on the shear strength, a better knowledge needs to be achieved, by devel-
oping the pattern of permeability test locations.  

The creep settlement behavior of the sulphide soil needs to be taken into account as well to 
avoid unexpected deformations by long time test. 
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3.1.8 Test	Embankments	Lampen,	Sweden	

The test embankments at the Lampen site are located outside of Kalix, Sweden close to the 
new stretching of the new railroad Haparandabanan. The Lampen embankments were built to 
test and study the sulfide soil that is located in the Gulf of Bothnia coastal areas in concerns of 
properties, settlements, creep deformations, compression characteristics, possibility to build 
on and more. The project was initiated by the Statens geotekniska institut (SGI). The location 
of the site and embankments can be seen in Figure 49 and Figure 50. (Andersson, 2012) 

 

Figure 49 Location map of Lampen test field. The red marking is the whole site and the two blue markings are the test 
embankments. (Andersson, 2012) 

 

Figure 50 Lampen test field in close up with embankments and site set up illustrated. (Andersson, 2012) 
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The first geotechnical field studies were made in 2008 at the site. After this several geotech-
nical studies have been made at the site at different occasions, done both by the railroad inves-
tigation and different science projects. The interpreted soil profile at the site below the em-
bankments can be seen in Figure 51 according to Andersson (2012). 

 

Figure 51 Interpreted soil profile at the site below the embankments. (Andersson, 2012) 

A comprise of the field investigations made at the site are CPT soundings, wing tests, piston 
samplings, stick soundings, peat samplings which can be seen in Figure 52, density classifica-
tion of the embankments material in the field, measurements of pore pressure and measure-
ments on earth and air temperatures. (Andersson, 2012) 
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Figure 52 Example of peat sampling at Lampen site in autumn. (Andersson, 2012) 

a lot of laboratory tests have also been conducted like for example routine trail tests, determi-
nation of iron, sulphur content and organic content, sedimentation analysis, CRS tests, oe-
dometer tests, permeability tests, direct shear tests, proctor packing tests and compression 
tests for peat samples. In Figure 53 the resulting bulk density, water content, cone floating 
boundary and plasticity boundary for the sulfide soil is shown with correspondence to depth 
and in Figure 54 the proctor packing equipment can be seen. (Andersson, 2012) 

 

Figure 53 Bulk density, water content, cone floating boundary and plasticity boundary for the sulfide soil with corre-
spondence to depth. (Andersson, 2012) 
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Figure 54 Proctor packing equipment used in tests. (Andersson, 2012) 

The compact density for the sulfide soil was also gotten as 2,54 t/m3 at 2 m in depth and 2.62 
t/m3 at 3m in depth at the site according to Andersson (2012). 

To monitor the embankments different kind of instrumentations were installed in them, below 
and around them like for example horizontal tubes, screw and ground markers, inclinometers, 
bearing tubes, pore pressure points, temperature readers, ground pressure sensors of type 
Freyssinet and an installation of a firm fix. In Figure 55 and Figure 56 the instrumentation set 
up can be seen for both of the embankments. (Andersson, 2012) 

 

Figure 55 Instrumentation set up embankment 1 and measurements. (Andersson, 2012) 
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Figure 56 Instrumentation set up embankment 2 and measurements. (Andersson, 2012) 

The instrumentation that was installed at the site gave over all expected readings in size that 
could be explained by soil mechanic theories and verified as well with past experiences ac-
cording to Andersson (2012). 

The two embankments at the Lampen site were built direct on the peat ground. First embank-
ment number two was built with the lower height of 1.5m and base 30x30m between the 
2010-09-20 it was finished on the 2010-09-28. It was built in different stages and during sev-
eral days not to cause a bearing failure in the peat and sulfide soil at the site. Larger equip-
ment that was used at the site was a wheel loader and an excavator. The embankment material 
that was used was a fine grained till (gr sa si Mn) that hade the larger rocks with a diameter 
over 0.5m sorted away and average values on bulk density 2.02 t/m3, dry density 1,87 t/m3 
and water content as 8,2 %. (Andersson, 2012) 

Work on embankment number one with the higher height and base 30x30m started on the 
2010-09-29 and it was built to 1.5m on the 2010-10-05. Further on the 2011-08-22 this em-
bankment was raised by 0.5m more so the total height was now 2.0m. It was built with the 
same material as the other embankment at the site and in the same careful way as number two. 
(Andersson, 2012) 

In Figure 57 the two finished embankments can be seen close to each other on the 2011-12-
05.  
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Figure 57 The two embankments close to each other (Embankment number 1 to the right and number 2 to the left). 
(Andersson, 2012) 

 In Figure 58 embankment number 1 can be seen and in Figure 59 embankment number 2 can 
be seen on their own, according to Andersson (2012). 

 

Figure 58 Embankment number 1 on it's own. (Andersson, 2012) 
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Figure 59 Embankment number 2 on its own. (Andersson, 2012) 

The settlement measurements of the embankments that were made 420 days after the start of 
the construction of the embankments showed that the largest total settlement were of a total 
size of 0.34 to 0.38 m to the ground surface. Expected calculated settlements were supposed 
to be 0.26 to 0.30 m. So the actual settlements were a bit larger. In Figure 60 and Figure 61 
the measure settlements from the horizontal tubes can be seen in north south direction. (An-
dersson, 2012) 

Calculations were also made on what the settlements would be 50 years into the future for the 
two embankments with the program Embankco version 1.02. The values derived were 1.12m 
for 1.5m embankment height and 1.35m for 2.0m embankment height on the embankments 
according to Andersson (2012). 

 

Figure 60 Settlements detected by horizontal tubes in embankment 1 in north south direction. (Andersson, 2012) 
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Figure 61 Settlements detected by horizontal tubes in embankment 2 in north south direction. (Andersson, 2012) 

When differences between the different settlement measurements were analyzed it could be 
seen that all of the instrumentation that were installed at the site like horizontal tubes, ground 
markers, bearing tubes and screw markers gave similar results. (Andersson, 2012) 

It was also concluded after the project that they way of working at the site with building, 
sampling, installation and measurements over all worked well and gave good results at the 
actual site according to Andersson (2012) 

 
 

3.1.8.1 Conclusion	

Why the actual results for the settlements differed quite much from the calculated results after 
420 days might be due to the disturbance caused by the construction machinery at the site and 
the building of the embankments themselves. Thus disturbing the underlying soil layers and 
because of this the settlements were underestimated. It might also have to do with uneven ties 
in the soil layers and softer sections of the underlying soil or an overestimation of the proper-
ties of the sulfide soils. Or it can be that frost thawing activities were not taken into account. 
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3.2 Site comparison  
In the Table 13, which can be seen below, a site comparison and summary of the different 
sites can be seen. Their geometry, foundation soil, field measurement methods, laboratory 
methods and calculation methods are shown. 

Table 13 Site summary and comparison 

Site	name	 Geometry	
Foundation	

soil	
Field	measure-
ment	methods	 Laboratory	methods	

Calculation	
methods	

Murro,		
Finland	

10x60x2m,	
1:2	slopegra-

dient	

Bottom	of	firm	
glacial	till.	23m	
normally	consol-
idated,	moder-
ate	sensitive	soft	
clay	with	high	
organic	and	
sulfur	content	

overlain	by	1.6m	
dry	crust	layer	

Tests:	
Routine	site	investi-
gation	(organic	con-
tent,	sensitivity,	

liquid/plastic	limits,	
water	content),	
weight	sounding,	

field	vane.	
Instrumentation:	
	piezocone		and	
static	dynamic	

penetration	tests,	
settlement	plates,	
inclinometers,	ex-
tensometer,	pore	
pressure	probes			

Undisturbed/disturbed	
soil	sampling,	,	

drained/undrained	
triaxial	tests,	oedome-
ter	test	of	undisturbed	

soil	samples,	un-
draines	shear	test,		

2D	FEM	soft-
ware	SAGE	

CRISP	with	three	
different	consti-
tutive	models	-	
S-CLAY1,	S-
CLAY1S	and	
Modified	Cam	
Clay	models.		

Muar	plain,	
Malaysia	

55x90x2,5m	
base	with	a	
15m	wide	
bearm	on	3	
sides	(U-
shape),		

40x60m	with	
5.4m	in	

height	(whole	
embankment)	

Soft	marine	clay	

Instrumentation:	
Settlement	gauges,	
piezometer,	incli-

nometer,	settlement	
rings,	heave	mark-
ers,	piezocone	

Consolidated	drained	
(CD)	triaxial	test,	un-
consolidated	un-
drained	(UU)	test	

Fellenius	(Swe-
dish),	Bishops	
(1954),	FEM	

analysis	(CRISP	
and	ISBILD	soft-

ware)	

PFA,	UK	 37x71x5.3m	

Up	to	45m	Pul-
verized	Fuel	

Ashes	(PFA),	do	
vary	from	firm	to	

very	loose	

Tests:	
CPT,	pressure	meter	
test,	undisturbed	
sampling	(bore-

holes).	
Instrumentation:	

magnetic	settlement	
gauges,	sandpipe	

piezometer,	hydrau-
lic	profile	gauge,	
inclinometers,	

pneumatic	piezome-
ter	(faulty	readings),	

total	station	

Analysis	of	liquid,		
plastic	limits	and	par-
ticle	size	distribution,	
1-D	compression	test	

1-D	Terzaghi	
(1943)	method	
(settlements),	

elastic	equations	
for	long	em-

banments		Das	
(1990)	(vertical	
stress	increase)		
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Booneschans,	
Netherlands	

750x100x6m	 Peat	

CPT,	Begemann	
sampling	system	
(boreholes),	incli-

nometer,	pore	pres-
sure	transducer,	trial	

pit	

Triaxial	compression	
test,	DSS,	oedometer	

test,	CRS	tests	
FEM	software	

E12,	Umeå,	
Sweden	

1000m	long	
and	14m	wide	
road	section,	
divided	in	3	
subsections.		

6-12m	of	
sulphide	clay	

Tests:	
Routine	tests,	wing	
tests,	CPT-	and	
weight	sounding,	
BAT-filter	tip.	

Instrumentation:	
	Groundwater	pipes	

CRS	

GS	settlement,	
Plaxis	2D,	2:1;	
Boussinesqs	
method,	Ter-
zaghi	(1923)	
consolidation	
equation		

Road	760,	
Sweden	

660m	long	
and	6,5-8m	

wide	

Up	to	10m	of	
loose	sulphide	

sediment	

Tests:	
Mixed/unmixed	soil	
sampling,	piston	
sampling,	weight	
sounding,	CPT	and	
CPTu	(incl.	water	
pressure)	probing,	
piston	sampling.		
Instrumentation:	
groundwater	pipes,	
hydrostatic	settle-
ment	measurement	

tool	

Oedometer	test,	CRS,	
routine	tests	(soil	

characteristic	values),	
roll	soil	type	test,	

evaluation	of	iron	(Fe)	
and	sulfur	(S)	content	

Excel	calcula-
tions	based	on	
oedometer	and	
CRS	test	results,	
2:1	method,	
Geosuite	set-
tlement	soft-

ware	

Lampen,		
Sweden	

Embankment	
1:	30x30x2m		

	
Embankment	

2:	
30x30x1,5m	

Firm	bottom	of	
glacial	till.	5,6-
8,9m	layer	of	
loose	sulphide	
soil,	overlain	by	
0,-0,6	firm	sul-
phide	soil,	
topped	by	a	

0,4m	thick	peat	
layer	

Tests:	
CPT-	and	stick	

sounding,	wing	test,	
piston	sampling,	

peat	sampling,	den-
sity	classification	on	

site	
Instrumentation:	
Horizontal	tubes,	
screw-	and	ground	
markers,	inclinome-
ters,	bearing	tubes,	
pore	pressure	filter	
tips,	temperature	
sensors	for	air	and	
soil,	ground	pres-

sure	sensors	
(Freyssinet),	firm	fix		

Routine	tests	on	un-
disturbed	samples	
(bulk-	and	compact	
density,	water	con-

tent,	cone	penetrome-
ter,	plasticity	limit),	

evaluation	of	iron	(Fe)	
and	sulfur	(S)	content,	
CRS,	soil	embering,	
oedometer,	permea-
bility	test,	proctor	

packing,	direct	shear	
test	(DST),	compres-
sion	test	on	peat,	
sediment	analysis,	
organic	material.		

Embacko	V1.02		
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3.3 Verification  

3.3.1 Murro,	Finland	

Due to the limitation in the amount of data released and given by the authors, the work by 
Karstunen et.al. (2005) cannot be verified without large assumptions. Thus this verification 
has not been done. 

3.3.2 Malasyia	

In order to make a verification of work of Indraratna, et al. (1992) and Brand, (1991) about a 
trial embankment on Malasiyan marine clay, finite element method (FEM) software Plaxis 2D 
was used. The program will help us to understand if we, with today’s knowledge and tech-
nical improved software, could have predicted the same results that were seen in the reality at 
the site.  

The embankment is assumed as symmetrical and a half of the short side of embankment is 
presented in the Plaxis 2D model, with 28m embankment base 20m long crest and 6m in 
height. Dry crust layer is set to 1m deep, upper soft soil layer to 6m and deep soil to 2m, since 
the actual slip surface occurs in the transition between upper and deep soft soil layers. The 
mesh coarseness is chosen to “fine mesh” and presented in Figure 62.  

 

Figure 62 Mesh plot, fine coarseness 
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The project properties can be seen in Figure 63. 

 

Figure 63 Project properties for the model 

The Figure 64 represents groundwater flow conditions. 

 

Figure 64 Groundwater flow setting 

The input soil parameters were taken from works of Brand, (1991) and Indraratna, et al. 
(1992), which are presented in Figures 76-95 in Appendix. The soil model has been chosen to 
be Soft soil for subsoil and Linear Elastic for the embankment, in order to reproduce settle-
ments before plastic deformations and failure occurs. 

The configuration of calculation phases is presented in Figures 96-98 in Appendix. 
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The result of total settlement in presented in Figure 65. 

 

Figure 65 Deformed mesh of the embankment model 

 

The settlement of 0.6972m does correspond well to the measured settlement values in the 
work of Indraratna, et al. (1992) and Brand, (1991). 

The finer mesh gives collapse of the embankment as well, though lower settlements value of 
0,3960m and higher principal stresses of 2000kn/m2. 
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3.3.3 Booneschans,	Netherlands	–	total	stresses	in	the	soil	

A simple verification of the total stresses in the soil profile, down to the bottom of the peat 
layer will be done to verify the work done by Zwanenburg, et al. (2012). This approach have 
been chosen because of the total stresses are significant and important in the end for the sta-
bility of the embankment. The soil profile can be seen in Figure 66. 

 

Figure 66 Soil layer profile at site (Zwanenburg, et al., (2012) 

Input data for calculations is presented in Table 14. 

Table 14 Input data. (Zwanenburg, et al., 2012), (Larsson, 2008) 

Soil type Peat (wet) Clay (wet) 
Density 𝛾 [kN/m3] 12 15.75 
Depth z [m] 2.07 0.64 
 

Using equation (1) will give us the total stresses at the different depths according to Bern-
spång, (2003) 

𝜎 = 𝛾 ∗ 𝑧 
𝑘𝑁
𝑚!  

 
(1) 

Using equation (1) with input data from Table 14 the following results have been produced, 
which are presented in Table 15. 

Table 15 Calculations results of total stresses 

Soil type Peat (wet) Clay (wet) 
Total stress 𝜎 [kN/m2]  24.84 10.08 
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The total stress at depth 2.71m, which is the lower boundary of the peat, is thus 34.92 kN/m2. 
In Figure 67 the calculated total stress values are compared to the measured values at the site. 
The upper point represents the value of the lower boundary of the clay, while the lower point 
is representing the value of the lower boundary of the peat. Both calculated values seem to 
correspond with the measured total stress values really well. The fall of effective stress be-
tween depths -2m to -3,5m is an effect of peat’s low unit weight, as well as non-hydrostatic 
pore pressure development. 

 

 

Figure 67 Total stress value comparison 
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3.3.4 Lampen	

A simple verification of the dry density of the embankment material is done to verify the 
work done by Andersson (2012). This particular method was chosen because the density of 
the embankment material overall has such an important part on the load being added onto the 
underlying soil by the embankment itself. The used material parameters can be seen in Table 
16. 

Table 16 Embankment fill parameters. (Andersson, 2012) 

 Embankment fill 
Bulk density 𝜌 [t/m3] 2.02 
Water content w [%] 8.2 
 

Using equation (2) will give us the dry density of the embankment material according to 
Bernspång, (2003) 

𝜌! =
𝜌

1+ 𝑤 (2) 

Using equation (2) and using values from Table 16 gives us a dry density of 1,87 t/m3 which 
is the same value as measured by Andersson (2012). 
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3.3.5 PFA	UK	

In order to make a comparison with reality and assumptions in the work done by Cousens, et 
al. (2003), the calculation of slope angle of the embankment was chosen. The main cause is 
that the geometry of the embankment has such an important part in spreading the load by the 
embankment onto the underlying soil. The given data by Cousens, et al. (2003) is presented in 
Table 17. 

Table 17 Given values of work by Cousens, et al. (2003) 

 Base length [m] Base width [m] Crest length 
[m] 

Crest width 
[m] 

Height [m] 

Embankment 71 37 50 10 5.3 
 

The cross sections of the embankment with measurements can be seen in Figure 68.  

 

Figure 68 Embankment geometry 

𝑆𝑙𝑜𝑝𝑒 𝑎𝑛𝑔𝑙𝑒 𝛼 = 𝑡𝑎𝑛!!
𝑜𝑝𝑝𝑜𝑠𝑖𝑡𝑒
𝑎𝑑𝑗𝑠𝑐𝑒𝑛𝑡  (3) 

Using the data from Table 17 and equation (3) by Matteboken, (2016), the calculated slope 
angles are 26.78 degrees on long side and 21.43 degrees on the short side. Thus the value of 
22 degrees given by Cousens, et al. (2003) does correspond with the embankment size and 
model. 
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3.3.6 E12,	Umeå	

A simple verification of the effective stresses in the soil profile for section 0/880 at 6m depth 
will be done to verify the work done by Törnqvist (2013). This was done to verify the im-
portant effective stresses as they play such a big role in the amount of shear tension that the 
soil can resist. The data for the soil profile can be seen in Table 18. 

Table 18 Soil Profile data 

Depth z [m] Density, 𝝆 [t/m3] Gravity Constant, g [m/s2] 
0-4 1,6 9,82 
4-6 1,55 9,82 

 

Using equation (4) will give us the total stresses at 6m depth according to Bernspång, (2003) 

𝜎 = 𝜌 ∗ 𝑔 ∗ 𝑧 kPa  
 

(4) 
The total stresses at 4m is 62,848 kPa and adding the part from 4m to 6m which is 30,442 kPa 
gives us a total stress of 93,29 kPa at 6m. 

Using equation (5) then will give us the effective stress at 6m depth according to Bernspång, 
(2003). The pore pressure “u” at 6m in depth is taken from Figure 69 and is approximately 
43,33 kPa.  

 

Figure 69 Effective stress [kPa] by depth [m]. Calculated value at 6m (yellow dot). (Törnqvist, 2013) 

𝜎! = 𝜎 − 𝑢 kPa  
 

(5) 

Adding the indata in equation (5) gives us a effective stress of 49,96 kPa which is marked by 
the large yellow dot in Figure 69. The black triangle does represent the measured value from 
the CRS test for the preconsolidation pressure gotten by Törnqvist (2013). As it can be seen, 
the calculated stress value is quite similar to the measured one, which is the black triangle in 
Figure 69 at 6m depth. 
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3.3.7 Road	760,	Norrbotten	Sweden	

A verification of the bulk density of the soil at 4,8m in section Bh160 for the routine test will 
be done to verify the work done by Johansson, (2010). This was done because giving the soil 
accurate properties is an important part for future calculations on for once settlements. The 
data for the soil on 4,8m at Bh160 can be seen in Table 19. 

Table 19 Data from routine test on Bh160. (Johansson, 2010). 

 

Using equation (6) the water saturated bulk heaviness can be calculated for water saturated 
soils according to Larsson, (2008). 

𝛾𝑚 ≈ 10
2,7 ∗𝑤+ 2,7
2,7 ∗𝑤+ 1  (6) 

Inserting the water quota of 137 % for Bh160 at 4,8m by Johansson, (2010) into equation (6) 
gives us the saturated bulk heaviness as 13,62 kN/m3 which is equal to about 1,36 t/m3 in bulk 
density with a gravity constant of 10 m/s2. This value is the same as the measured bulk densi-
ty that varied between 1,36 t/m3 to 1,39 t/m3 in the routine tests for this soil.  
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4 NEW MEASURMENT METHODS 

4.1 Optical Fibers 
Optical fibers are getting more and more used in geotechnical engineering projects. Polymer 
optical fibers (POF) can be used in geotechnical structures. They can monitor the defor-
mations behavior of a structure and displacements for dikes, dams, embankments and other 
structures. (Habel, et al., 2011) 

Polymer optical fibers (POF) can also be integrated into geotextiles to create ‘’intelligent’’ 
textiles. Such smart geotextiles can be seen in Figure 70. These geotextiles can then be ap-
plied in small strip or completely covering a larger area. (Habel, et al., 2011)  

 

Figure 70 Smart geotextiles with POF. (Habel, et al., 2011) 

Smart geotextiles are easy to handle and are robust. The usable length is approximately 100m. 
Continues measuring of the site is also possible. They can measure strain up to 40% and the 
price for them is acceptable according to Habel, et al. (2011). 
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4.2 Drones 
Drones have become more common in geotechnical engineering applications during the last 
years. As they have become cheaper, less time consuming and better than conventional meth-
ods as for example helicopters or commercial satellite photography. (Drone Air, 2015) 

Drones can fly on predetermined paths, at low height and map 360 degrees around them thus 
being able to quickly create aerial and 3D maps of geotechnical structures. These maps can 
also be combined with other geotechnical surveys to create a greater larger picture. (Drone 
Air, 2015) 

The Norwegian geotechnical institute (NGI) is using drones for making 3D mapping of ge-
otechnical structures. (NGI, 2016) 

In Figure 71 a geological survey drone can be seen in action hovering above the ground. 
(SiteMate Security, 2013) 

 

Figure 71 Geotechnical survey drone in action. (SiteMate Security, 2013) 
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4.3 ShapeAccelArray (SAA) 
ShapeAccelArray (SAA) is an apparatus that can measure vibrations, accelerations, defor-
mations and settlements. If the device is installed horizontally it provides information about 
settlements and if it is installed vertically it gives information about lateral displacements. 
(Geotechnics LTD, 2013) 

Advantages of the ShapeAccelArray (SAA) system is that it is easy to automate, easy to in-
stall, highly accurate, repeatable, continues measurements, can withstand large deformations, 
can be removed and reused after project. (Geotechnics LTD, 2013) 

The device is normally installed into a void or a borehole. In Figure 72 the ShapeAccelArray 
(SAA) system can be seen on a drum and in Figure 73 interpreted displacement data from the 
SSA system can be seen. (Geotechnical Observations Limited, 2016) 

 

Figure 72 ShapeAccelArray (SAA) system on a drum. (Geotechnical Observations Limited, 2016)  

 

Figure 73 Interpreted displacement data from the SSA system on some unkown site. (Geotechnical Observations 
Limited, 2016) 
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5 FUTURE LAMPEN 
When looking at the Lampen site outside of Kalix in Sweden. There can be seen that an ex-
tensive amount of field measurements, laboratory methods and calculation methods have al-
ready been done, according to Andersson (2012). 

Applied field measurement methods, according to Andersson (2012): 

Field tests: 

� CPT soundings 
� Stick soundings 
� Wing tests 
� Piston samplings 
� Peat samplings 
� Density classifications on site 

Embankment instrumentation: 

� Horizontal tubes 
� Screw and ground markers 
� Inclinometers 
� Bearing tubes 
� Pore pressure points (filter tips) 
� Temperature readers 
� Ground pressure sensors of type Freyssinet 
� Firm fix 

Applied laboratory methods, according to Andersson (2012): 

� Routine tests on undisturbed samples (Bulk- and compact density, water content, cone 
penetrometer and plasticity limits) 

� Determination of iron and sulfur content 
� CRS tests 
� Soil Embering 
� Oedometer tests 
� Permeability tests 
� Proctorpacking tests 
� Direct shear tests (DST) 
� Compression tests on peat 
� Sedimentation analysis 
� Organic content tests 
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Applied calculations methods are according to Andersson (2012): 

� Embacko V1.02 
 

For the future when looking at what can be done and what should be done at the “Lampen” 
site and as well taking into account what has been done at the other sites in the case section in 
this master thesis.  

It can be seen that more calculation methods should be added. It would be good to use both 
Plaxis 2D, Plaxis 3D and maybe Geosuite settlements software programs as well to calculate 
and better visualize the settlements on the embankments more than already have been done in 
the Embacko V1.02 models made by Andersson (2012) both for long term and short term 
behavior and settlements.  

It would be good as well if verifications are made by hand calculations on the different mod-
els made in the software programs to verify their results, which have not been done today at 
the “Lampen” site. Verifications have only been done against the measured actual site results 
from the instrumentation direct against the Embacko V1.02 models by Andersson (2012). 

When taking into account all of the laboratory tests and samplings already made at the 
“Lampen” site and as well looking at what has been done on all of the other sites in the cases 
section of this master thesis it can be seen that disturbed samples maybe should have been 
taken at the “Lampen” site as it have been done at the Murro site in Finland as this site is built 
on similar ground conditions with sulfide soil according to Karstunen et.al. (2005).  

Because when heavy equipment is used at the site and as well the building of the embank-
ments, might disturb the soil so its properties might change. 

Also what more could be done at the site is to add some more modern measurement and visu-
alization technics. It would probably be good to install ShapeAccelArray (SAA) at some 
points on the site, down through the soil profile to give better reading. Chosen points for in-
stallation of the ShapeAccelArray (SAA) can be seen in Figure 74 and Figure 75 for the two 
embankments. They will be put in similar directions as the horizontal tubes to give possible 
better measurements on settlements. 



 

66 
 

 

Figure 74 Embankment 1, Lampen with SAA installation sketch. 

 

Figure 75 Embankment 2, Lampen with SAA installation sketch. 
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The ShapeAccelArray (SAA) could give readings on the vibrations, accelerations, defor-
mations and settlements according to Geotechnics LTD, (2013). The chosen parameters to 
look at by the SAA will be first and foremost deformations and settlements at the site. 

 

A drone could as well be used during the snow free period to fly daily predefined paths and 
make a 3D mapping of the geotechnical structures which can be done according to NGI, 
(2016). The drone should especially look on settlements and changes in shapes of the em-
bankments and from this a 3D visualization should be done on the embankments. In order to 
prevent effect of vegetation, the reference points needs to be located high enough above the 
ground level. 

If the embankments would be built today it would be a good idea to install from the start a 
smart geotextile with polymer optical fibers (POF) totally covering the whole embankment 
size. This would give continues reading on deformations and displacements according to 
Habel, et al., (2011). 

As the way of working at the site, measurement methods and all other work in the project 
went well and gave good results according to Andersson (2012) there is no need to do further 
changes. 
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6 DISCUSSION 
As now known the Lampen site is located outside of Kalix, Sweden were two embankments 
with heights 1,5m and 2m have been built to study and test the properties of the sulfide soil 
that is located in the Gulf of Bothnia coastal areas. In terms of properties, settlements, creep 
deformations, compression characteristics, possibility to build on and more. (Andersson, 
2012)  

It can be seen that an extensive amount of field measurements, laboratory methods and calcu-
lation methods have already been done at site which can be seen below, according to Anders-
son (2012): 

� Applied calculations method is Embacko V1.02 software 
� Applied laboratory methods are routine, CRS, proctor packing tests etc. 
� Embankment instrumentation that was used at the site contained of inclinometers, 

ground pressure sensors, firm fix etc. 
� Applied field measurement methods on site are CPT and stick soundings, piston and 

peat samplings etc. 

When looking at the different tests, work, measurements and calculations that has been done 
at the different sites in the case section in this master thesis including what has been done at 
“Lampen”. It can be seen that much is the same on the different sites. Usually there are some 
small differences only in the tests, work, measurements or calculations made at the specific 
site. Looked at cases are: 

� Murro test embankment 
� Test embankment constructed to failure on soft marine clay in Malaysia 
� Test embankment on hydraulically placed PFA in the United Kingdom 
� Trial Embankment on peat in Booneschans the Netherlands 
� A case study on sulphide soil on road of E12 north link, Västerslätt, Umeå, Sweden 
� Follow up and evaluation of settlements on the road 760 in Norrbotten, Sweden 
� Test Embankments Lampen, Sweden 

These differences could be because of differences in sites soil properties, what data that want 
to be measured the sizes of the embankment or the purpose of the embankment from the start. 

It can also be seen when looking at the different cases that much of the techniques employed 
have not changed over time. From 1966 that is the time for the first embankment in this mas-
ter thesis to now, the procedure has not changed much when it comes to test embankments if 
we would take away the better computers of today, with their software and evaluation tools 
we would still almost have the same set up today. 

It can thus be concluded that we today should focus more on using more automated continues 
and modern better measuring devices like proposed in this master thesis and as well better 
evaluation software like Plaxis 2D and Plaxis 3D more often in test embankments building. 
But when it comes to evaluation software like Plaxis, more work need to be put into guide-
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lines for putting out good measuring points in order to be able to compare models and results 
better than today. In order to deal with new and unknown conditions, in both soil and loading 
aspects, there is need to develop such calculation models that can reproduce the results meas-
ured in real cases of site use. To manage given building a test embankment only to study un-
discovered conditions of site and for its particular use more efficiently can do financial re-
sources for a project. The measured data then can be then applied to develop a suitable setting 
for the building project. 

When modeling in Plaxis software, it is possible to choose nodes in the model that can be 
used for different data evaluation. An approach to create a model even more realistic, the 
nodes can be also placed at the same locations as the measurement tools. In this way a several 
error sources can be eliminated.   

All this in the end get better results and make more continues measurements without the effort 
of manual readings of instrumentation and thus taking away more of the human errors that 
might occur.  

As after all what we in the end would like to do is to know the results before we build the em-
bankment itself. Thus more effort need to be put into modeling software like Plaxis were fu-
ture modifications could give us exactly this. More work should also be put into investigation 
of the general behavior and the monitoring and predetermination of test embankments so we 
could give more accurate results before we built it. Even complete documentation is essential 
for understanding further measured data. 

It can also be conclude that more measurements should be tried if possible to be made on al-
ready existing embankments and time and founds need to be spent more on measurements and 
not on building new embankment despite the fact that a new embankment is easier to show to 
a founder than a new data sheet. 

Then we finally would like to conclude that the need for new embankments for the future 
should be limited to when uncertainties are large like for new unknown soil conditions or 
when uncertainties are large for loading or unloading properties of the soil materials. 
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8 APPENDIX  

8.1 Plaxis 2D 

8.1.1 Soil	input	data	

8.1.1.1 Embankment	

 

 

Figure 76 General soil parameters for embankment 

 



 

73 
 

 

Figure 77 Detailed soil parameters for embankment 
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Figure 78 Groundwater parameters for embankment 
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Figure 79 Interface parameters for embankment 
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Figure 80 Initial parameters for embankment 
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8.1.1.2 Dry	crust	clay	

 

 

Figure 81 General soil parameters for dry clay crust 
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Figure 82  Detailed soil parameters for dry clay crust 
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Figure 83 Groundwater parameters for dry clay crust 
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Figure 84 Interface parameters for dry clay crust 
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Figure 85 Initial parameters for dry clay crust 
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8.1.1.3 Clay	(upper)	

 

 

Figure 86  General soil parameters for clay 
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Figure 87 Detailed soil parameters for clay 
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Figure 88 Groundwater parameters for clay 
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Figure 89 Interface parameters for clay 
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Figure 90 Initial parameters for clay 
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8.1.1.4 Deep	clay	

 

Figure 91 General soil parameters for deep clay 
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Figure 92  Detailed soil parameters for deep clay 
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Figure 93  Groundwater parameters for deep clay 
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Figure 94  Interface parameters for deep clay 

  



 

91 
 

 

Figure 95  Initial parameters for deep clay 
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8.1.2 Phase	parameters	

 

 

Figure 96 Initial phase parameters 
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Figure 97  Phase 1 (Consolidation) parameters 
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Figure 98 Phase 2 (plastic) parameters 


