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Summary 
With the purpose of studying the mechanical properties of uncompacted rockfill and the creep 

deformation behaviour of rockfill under a load as well as finding a suitable method for estimation of 

creep deformation behaviour, a full scale embankment loading experiment was performed. The 

results of this experiment were then evaluated. 

During the course of this study it became evident to the author that the deformations which were 

seen in the collected data from the experiment could be classified as creep deformations due to the 

linear decrease of the deformation against the logarithm of time and the study therefore came to 

focus on creep. One constitutive equation and one model for estimation of creep deformations were 

studied, and parameters were obtained through back analysis of experiment data as well as 

calculation of soil stresses. 

The creep model was based on a logarithmic approximation of the creep deformations and the creep 

equation was based on a power function. The creep model could also be simplified and evaluated as 

an equation and when a comparison was made between the equations and the measured results this 

showed that the logarithmic equation resulted in estimates closer to the measured deformations than 

what the power function did, therefore a logarithmic function is a better approximation to the 

deformations of the rockfill at Norvik than the power function. 

When the creep model was evaluated as intended, based on the soil stresses, the resulting creep 

estimates were less accurate, they was however still within the limits of what can be considered as 

admissible. 

The conclusion is that a logarithmic function describes the creep deformation of the rockfill at 

Norvik better than a power function and that the creep model by Kristensen is suitable for 

estimating the creep deformations. This since the creep model also provides a way of estimating 

deformations occurring under stress conditions other than the ones for which the creep test was 

performed. 

Key words: Rockfill, creep deformation, back analysis, constitutive equation, full scale in situ test 
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Sammanfattning 
I syfte att utvärdera de mekaniska egenskaperna hos okompakterad sprängsten och sprängstenens 

tidsberoende deformationsbeteende under last samt att finna en lämplig metod för förutsägelse av 

krypdeformationsbeteendet har ett fullskaleexperiment med överlast i form av bankar utförts. 

Resultatet av detta experiment har sedan utvärderats. 

Under studiens gång har författaren noterat att deformationerna som kan ses i mätdata från 

experimentet är krypdeformationer baserat på deformationens linjära avtagande med logaritmen av 

tiden och studien har därför kommit att fokusera på dessa. En ekvation och en modell för 

förutsägelser av krypdeformationer studerades och parametrar erhölls genom back analysis och 

beräkning av markspänningar. 

Krypmodellen baserades på en logaritmisk approximation av krypdeformationerna och ekvationen 

baserades på en potentialfunktion. Krypmodellen kunde förenklas och utvärderas som en ekvation 

och när ekvationerna jämfördes med varandra och från experimentet uppmätta deformationer så gav 

den logaritmiska ekvationen förutsägelser som låg närmre de uppmätta värdena än vad 

potentialfunktionen gjorde. Från detta dras slutsatsen att den logaritmiska funktionen är en bättre 

approximation till krypdeformationerna i sprängsten än vad potentialfunktionen är. 

När krypmodellen utvärderades på avsett vis med jordens spänningstillstånd som indata gav den 

förutsägelser som låg längre ifrån uppmätta deformationer, dock fortfarande inom gränsen för 

tillåtlig avvikelse. 

Slutsatsen är att krypdeformationer i sprängstenen i Norvik bättre beskrivs med en logaritmisk 

funktion än en potentialfunktion. Samt att krypmodellen av Kristensen är lämplig att använda då 

deformationer av sprängsten ska uppskattas eftersom krypmodellen även kan appliceras på andra 

lastsituationer än de under vilka kryptestet genomförts. 

 

Nyckelord: Sprängsten, krypdeformation, back analysis, konstitutiv ekvation, fullskaletest, in situ-

försök.
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1 Introduction 
1.1 Background 
The Stockholm-Norvik is a port project owned by Stockholms Hamnar, the Stockholm port 

authority, where the harbour and the corresponding terminal areas is planned to occupy a 60 ha (0.6 

km2) area outside of Nynäshamn south of Stockholm (COWI, 2012), see Figure 1. Of these 0.6 km2, 

0.3 km2 are going to be constructed on artificial land created by rockfill which was dumped in the 

area during the 1980s (Eriksson, 2012) and the rest is going to be blasted from the hilly 

surroundings. The current green field site consist of previously uncompacted rockfill of which the 

material properties, and thus the behaviour under loading, are not known. 

Before the construction of the port can start, knowledge is needed on the mechanical properties of 

the uncompacted rockfill and the expected deformation behaviour of the rockfill, as well as a 

suitable way of estimating the expected deformations. Comprehensive geotechnical investigations 

have been performed in the area, of which a summary can be found in COWI (2011). But due to the 

nature of the rockfill with everything from fine sand to large boulders the method of probing has 

been limited to soil-rock probing, a method which cannot give answers about the mechanical 

properties of the rockfill material (Eriksson, 2012). 

Two years ago a surcharge experiment was set up on site as part of a Master of Science thesis  by 

Nilsson and Odén (2013) with the object of studying the deformation behaviour of the rockfill 

under static loading, but no conclusions could be made since too little deformation data was 

available at the end of that thesis. The experiment, however, is still ongoing and has now yielded a 

long series of deformation measurements on which the calculations in this thesis are based. Since the 

surcharge experiment started with the zero measurement the rockfill has settled two decimetres at 

ground level until the most recent measurement after 728 days. 

This thesis has been performed for GeoMind who are one of the engineering consultants working 

on the Norvik project for Stockholms Hamnar. There are several other parties, out of which the 

author has been in contact with COWI for discussions of the project. 

1.2 Aim 
The objective of this study has been to form an understanding of the deformation behaviour of the 

rockfill, to evaluate the mechanical properties of the rockfill and to verify a suitable method with 

Figure 1 vision of the competed Norvik harbour (Municipality of Nynäshamn, 2014) 
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which deformations can be estimated. By mechanical properties this thesis means the oedometer 

modulus, Young’s modulus and the shear modulus. 

1.3 Limitations 
The thesis focuses on finding the type of deformation that the rock fill at Norvik is experiencing and 

to evaluate methods to describe this process mathematically. 

The results are limited to the area of Norvik and it is not evaluated for any other locations or soil 

types. The available deformation data is also only gathered from one place at the Norvik peninsula 

which further limits the generality of the findings. 

The background to the creep phenomenon in the rockfill has not been studied, only the observable 

deformation of the rockfill at Norvik. This allows for a mathematical description but limits the 

possibilities for adaptation to other locations and rockfill materials since comparisons between the 

materials cannot be made.  

1.4 Method 
The thesis work was planned to be performed as follows: 

 A literature review 

 The study and analysis of the experiment data in order to determine the type of deformation that the 

rockfill experiences 

The study of, from the literature collected, methods to mathematically describe the in the 

experiment observed deformations. 
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2 Literature study 
2.1 Mechanical properties of rockfill as indicated by existing literature 

Introduction 
The material properties of rockfill are investigated and here it is worth noting that rockfill is not a 

well-defined term. For this thesis the material considered when the term rockfill is used is the 

rockfill at Norvik. Pictures of this material can be seen in Figure 6, here the rockfill consist mainly of 

sandy gravel mixed with larger cobbles and boulders. This material correspond well to a historical 

definition which state that rockfill consist of a mix of rock fragments larger than gravel, gravel, sand 

and small amounts of fines (Breitenbach, 2004). It can however be noted that the rockfill used for 

oedometer experiments, mentioned in the literature, often consist of rock fragments within a small 

range of sizes and that the parent rock from which the rock fill consist is not always mentioned. The 

fact that the parent rock is not mentioned suggest that these authors does not find it to be an 

important feature, an opinion the author has also heard from engineers in the field. It has however 

been pointed out by Mohammadzadeh (2010) that the type of parent rock (together with the 

stiffness) make up the most important factors for what properties the material get. It should be 

noted that ‘properties’ is not given an exact definition in that report. 

The moduli which are generally interesting for the calculations of deformations in soils are the E-

modulus (also called Young’s modulus), E, the G-modulus (also called the shear modulus), G, and 

the Oedometer modulus, Eoed. These compression moduli are used with constitutive equations for 

describing a soil’s resistance to deformation and are thus empirical ways of connecting two 

properties of a soil to each other. 

Oedometer modulus 
Eoed is used to describe the soils resistance to deformation when the studied soil element is 

constrained to the sides but free to move upwards and downwards. 

Recommendations and examples of the value of Eoed for rockfill are given in Table 1. 

Young’s modulus 
E, is just like Eoed describing the resistance to deformation normal to the applied stress in a material, 

but with the difference that the studied soil element used to define E is restrained at the bottom of 

the element and free to deform to the sides. 

As is illustrated in Table 2 a higher modulus is applied when settlements are allowed only for a short 

time compared to when they are allowed for a long time. This is due to the creep effects which 

increase the strains, 𝜀, under a constant load and thus lower the modulus. 



Creep deformation of rockfill 

4 

Table 1 oedometer modulus – recommended values from the literature 

 Table 2 Young’s modulus – recommended values from the literature 

Shear modulus 
G is used to describe a soils resistance to shear deformation. From the literature the suggested value 

of G = 2.0 MPa can be found for uncompacted rockfill with a particle size of 5-65 mm (Kristensen, 

2011).  

Conversion between moduli 
In field testing a compression modulus equivalent to the Eoed, hereafter called the Eoed, can be 

estimated. As was pointed out in section Mechanical properties of rockfill as indicated by existing 

literature2.1 the oedometer modulus describe the soils resistance to deformation when the studied 

soil element is constrained to the sides but free to move upwards and downwards which in lab 

conditions is achieved by a sideward restraint. In the field this condition occur when an infinitely 

wide and long surface load acts on a soil. Every soil element under this load will experience a 

pressure from above which will make it want to deform downwards and radially. All of these soil 

elements will thus effect each other with a sideward pressure and prevent each other to deform in 

these directions. When converting between the modulus obtained from field testing to any of the 

other forms of moduli, by which the mechanical properties of the soil are described, equation 2.1 for 

E and equation 2.2 for G is used. 

𝐸 = 𝐸𝑜𝑒𝑑 ∗
(1 + 𝜈)(1 − 2𝜈)

1 − 𝜈
 

2.1 

 

When calculating G it is important to remember what constraining condition the soil, for which the 

calculations are made, is under and use the corresponding compression modulus as input data for 

equation 2.2. If the compression modulus corresponding to the case at hand is not known, equation 

2.2 should be solved for either E or Eoed depending on which parameter the mechanical properties 

are expressed in.  

Oedometer modulus, Eoed Source 

20-30 MPa for uncompacted rockfill 
Up to 60 MPa for compacted rockfill 

Lindblom (1972) 

45 MPa Above water level for probably compacted crushed rock 
35 MPa Below water level  for probably compacted crushed rock 
50-60 MPa from tests on Danish rockfill 

COWI (2011) 

Young’s modulus, E Source 

14 MPa for a rockfill with grain sizes between 70 and 100 mm COWI (2011) 

45-50 MPa above water level 
35-40 MPa below water level 

COWI (2011) 

45 MPa long term for compacted crushed rockfill 
90 MPa short term  for compacted crushed rockfill 
15 MPa long term for uncompacted crushed rockfill 
30 MPa short term  for uncompacted crushed rockfill 

COWI (2012) 
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𝐺 =
𝐸

2(1 + 𝜈)
 

2.2 

Table 3 the Cα/Cc quotient – recommended values from the literature (Mesri and Castro, 1987)1 (Mesri and Feng, [date 

unknown])2  

 

The Cα/Cc quotient 
The Cα/Cc quotient, sometimes referred to as α, for which typical values can be seen in Table 3, 

describes the relation between the secondary compression index, Cα, and the compression index, Cc. 

These indexes are functions of duration of load and load intensity, but the quota between them has 

empirically been shown to function as a material constant during the phase of secondary 

compression (Mesri and Feng, [date unknown]). More information about these indexes can be found 

in section 2.3. 

Unit weight 
The recommended value for the unit weight, γ, of coarse grained rockfill above ground water level is 

20 kN/m3 according to The Swedish Transport Administration. (2011). Below the ground water 

level the recommend value is 13 kN/m3. 

2.2 Settlements 

Introduction  
During the course of this thesis it has become apparent that the settlements observed in the field 

tests at Norvik mainly are creep settlements. Focus have therefore been on providing theoretical 

background to the creep phenomenon and to methods and theories around it. 

The three commonly used settlement stages 
Settlements can be seen as the result of compression processes and are sometimes illustrated as 

occurring in three stages, as is shown in Figure 2.  

The different stages are in these cases said to be of different importance in different soil types and 

are termed (Das, 2010): 

 Initial/elastic compression 

 Primary consolidation 

 Secondary consolidation/secondary compression 

The sum of the settlements in the three stages constitute the total settlements, which could be 

expressed as 𝑆𝑡𝑜𝑡 = 𝑆𝑒 + 𝑆𝑐 + 𝑆𝑠, where 

Soil type Cα/Cc 

Inorganic clays1 and silts2 0.04±0.01 

Organic clays1 and silts2 0.05±0.01 

Granular soils including rockfill2 0.02±0.01 

Shale and mudstone2 0.03±0.01 

Amorphous and fibrous peats2 0.06±0.01 
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Figure 2 principal illustration of the three commonly used settlement stages 

Stot is the total settlement 

Se is the initial settlement 

Sc is the primary consolidation settlement  

Ss is the secondary consolidation settlement, creep, secondary compression 

In this way of viewing settlements the three suggested stages are separated in time. The illustration 

show the three stages represented separated in time. There are however other opinions stating that 

the settlement stages, especially the two consolidation stages, happen simultaneously and that no 

clear line between them exist Olson (1989). 

The settlement of the soil can be due to rearrangement of soil particles, but also due to deformation 

of the soil particles (mainly for organic soils) and fracturing of the soil particles (mainly for hard 

brittle minerals)(Mesri and Feng, [date unknown]) and as a result of the settlement the soil acquire 

changed properties such as higher stiffness and strength (Mesri and Feng, [date unknown]). 

Initial compression 
Initial compression happen immediately when a load is placed. It is caused by preloading and 

happen due to elastic deformation of the soil without any corresponding decrease of the soils 

moisture content (Das, 2010). 

For rockfill the elastic part of the settlements is small in comparison to the consolidation settlements 

and it can therefore be neglected (Kristensen, 2011). In loading and unloading experiments for 

rockfill this can be seen in an unloading branch that is nearly vertical. 

During the elastic part of the settlement the material follow Hooke’s law, which means that the 

deformation/strain  is linearly proportional to the stress and that the deformations are reversible 

when the material is unloaded (Vincent, 2012). The speed of deformation and expansion is 

dependent on the speed of sound through the material. Bodare (1996) writes that  

Table 4 vp – recommended values from the literature (Das and Ramana, 2011) 

 

Soil type Compressive wave velocity, vp [m/s] 

Fine sand 300 

Gravel 762 

Granite 3960-5490 

d
ef

o
rm

at
io

n

log time

settlement stages
initial compression 

primary consolidation

secondary compression
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this speed, called the p-wave velocity or compressive wave velocity, cp, in saturated sand and gravel 

is equal to 1450 m/s. It can be assumed that the speed in rockfill with sand and gravel as well as 

bigger particles is close to the same and thus the elastic settlements in a rockfill of the, in this thesis, 

studied depth of around 15 meters, will happen in a fraction of a second. Even if the speed of sound 

in rockfill would be as low as the speed of sound in fine sand, see Table 1, the elastic settlements 

would still happen within a twentieth of a second. 

Primary consolidation 
Primary consolidation is a time dependant process resulting from an increase in effective vertical 

stress (Das, 2010), (Mesri and Feng, [date unknown]) during which the resulting deformations are 

inelastic, and thus, attained deformations will not fully regress after unloading (Gallage, [date 

unknown]). The term is commonly used to describe the compression which occur due to the gradual 

dissipation of excess pore water pressure from a soil, a process which transfer the loads from the 

water to the soil skeleton, and it thus increase the effective stress in the soil when excess pore water 

pressure is gradually transferred into effective stress as the pore water is expelled from the soil. But 

primary consolidation can also be described as a process where the volume of voids gradually is 

decreased, either due to an external load or due to dewatering of the soil with for example drains.  

Primary consolidation is most important in low permeability soils, such as clay, where the dissipation 

of the excess pore water pressure takes place during a measurable amount of time and thus the 

settlement and corresponding increase in soil strength is delayed. In more permeable soils, such as 

sand or rockfill, the initial settlement process and the primary consolidation process both happen 

immediately and cannot be isolated from each other. Olson (1989) explains that this initial 

settlement for the large grained friction soil is corresponding to the primary consolidation since it is 

a result of an effective stress increase, not by dissipation of pore water but from an additional load. 

Mesri and Feng ([date unknown]) also states that the consolidation process starts with the primary 

consolidation, and with that an increase in effective stress, and then continues for an undefined 

length of time and at a lessening rate as secondary consolidation with a constant effective stress, 

where both stages are associated with settlements. 

Secondary consolidation, secondary compression, creep 
Secondary consolidation or secondary compression is what is usually called creep (Rocscience). 

Olson (1989) however points out that even though secondary consolidation is usually thought to be 

attributable to a creep process the two concepts are not always synonymous.  

Creep is defined as a time dependant increase in strain, 𝜀, and thus deformations, under a constant 

effective stress  (Feda, 1992). These deformations continue at a lessening rate for an undefined 

length of time where time spans of tens of years are not uncommon and where the total size of the 

creep settlements can amount to tens of percent of the size of the total settlement according to 

some research (Feda, 1992). Other research states that the size of the creep settlements for clay can 

be as high as the size of the settlements due to primary consolidation (Olson, 1989). 

During the creep process the soil particles are plastically rearranged (Das, 2010). When deformations 

occur under a constant effective stress this can be described with a decreasing deformation modulus 

of the soil. The plastic rearrangement of the particles result in a rearrangement of the internal forces 
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between the soil particles to a more stable soil frame (Mesri and Feng, [date unknown]). The fact 

that the effective stress need to be constant during creep settlements excludes hydrodynamic 

settlement processes under a constant total stress from the concept of creep Feda (1992). 

Normally the creep process, in cohesive soils, is considered to follow after the primary settlement 

process and to start after all excess pore water pressure have dissipated from the soil (Das, 2010). 

Fox et al. (1992) expresses this as that the creep portion of the consolidation takes place when the 

excess pore pressure is negligible. It should however be noted that the view that there exist separate 

consolidation stages is not shared by everyone. Olson (1989) is of the opinion that the process of 

primary and secondary consolidation happen simultaneously and that secondary effects should be 

seen as a continuous process. He backs this up by explaining that different sizes of voids may drain 

with different speed thus the same process can lead to both primary and secondary effects. He also 

states that if the amount of secondary compression under a one load is close to as big as the primary 

compression which would occur under a second load, then this primary compression will have 

already occurred under the first load and will not explicitly be visible after the second loading stage. 

This opinion is also shared by Kristensen (2014) who emphasizes that a soil does not change as a 

material between the deformation phases and thus it should be remembered that these phases are 

one way of describing and modelling the soil and not actual well defined stages. Feda (1992) 

concludes this with the comment that no theory is suitable for all materials and that even in cases 

where both field experiments, lab experiments and theory is available a certain degree of uncertainty 

is expected. 

A brief look at the backgrounds to creep 
The processes that cause creep are different in cohesive and cohesionless soils, and yet the same 

creep equation can be used for calculations in the different soils (Kristensen, 2014). In cohesive soils 

the creep process is governed by the forces between the water molecules and the clay (Ter-

Martirosyan, 1965) as well as plastic rearrangement of the clay particles and in rockfill and other 

friction soils the creep processes is governed by fracturing and rearrangement of soil particles. 

In order to really understand how the creep process works in clay it is important to have a general 

understanding of what clay looks like at a molecular level. The clay minerals attract water molecules 

with chemical bonds, such as ionic, covalent and Van der Waals bonds. Depending on the type of 

clay mineral different bonds are used and the strength of the chemical attraction between the 

mineral and the water molecules differs. For some minerals the mineral can bind several layers of 

water molecules to its surface. The further out from the mineral the water molecules are located, the 

weaker are the chemical bonds and these molecules will therefore leave the sample due to an 

external energy easier than the molecules that are situated closer to the mineral. As water molecules 

leave the mineral, the chemical energy that binds the water molecules to the mineral gets stronger 

and the remaining molecules are more strongly bound to the clay mineral. Kristensen (2014) 

explains that the water molecules due to this will leave the clay mineral at a decreasing rate and that 

this process seen in a macro perspective is what can be described with a straight line in a logarithm 

of time-settlement diagram. 

This process can be compared to the processes behind creep in rockfill and other cohesionless soils, 

where the creep is thought to happen at the grain level rather than the molecular level. I rockfill the 
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creep is thought to happen mainly due to crushing of the interparticle surfaces (Kristensen, 2014) 

and plastic rearrangement of the soil particles in order to reach a situation with more stable inter 

particle forces (Mesri and Feng, [date unknown]). Chen et al. (2014) concluded based on large scale 

triaxial tests on sandstone rockfill materials that creep in rockfill is due to particle breakage and 

Romero et al. (2012) adds crack propagation in the material as a cause. Many authors including 

Romero et al. (2012), Mohammadzadeh (2010), Hardin (1985) and Lade et al. (1996) also stress the 

importance of pore water as a factor where they say that the presence of water decreases the 

strength of the rockfill material by decreasing the hardness of the individual grains. Bauer et al. 

(2012) agrees and add that the particle crushing lead to further rearrangement of the soil particles, 

they also add chemical weathering as a creep mechanism. 

Soil particles also break more easily the bigger they are (Hardin, 1985, Lade et al., 1996). There are 

two reasons for this, firstly the probability of defects within the particle is bigger in a bigger particle 

than a small one and secondly that the contact forces normal to the soil element are bigger for 

bigger elements. When the soil particles get small enough, the likelihood of breakage gets very small 

and thus the effects of particle breakage on creep behaviour is usually disregarded for small particle 

soils such as clay and silt, in other words cohesive soils. 

Other reasons for particle breakage are the stress level where higher stresses result in a higher degree 

of particle breakage and the shape of the soil particles where the probability of particle breakage 

increases with increased angularity of the soil particles since stresses can concentrate at angular 

points of contact between the soil particles (Lade et al., 1996). In well graded soils the relative 

density is higher and the average contact stresses are thus decreased, with the decreased contact 

stresses follow decreased probability of particle breakage. The hardness of the mineral of the soil 

particle also plays a role in how easy the particle breaks, with lower probability of breakage for 

higher hardness of the mineral. 

For deformation not dependent on particle breakage the grading of the rockfill as well as the 

angularity of the grains play a role (Mohammadzadeh, 2010). The grading affects the frictional 

resistance of the material where a better graded soil will possess a higher frictional resistance to 

deformation and will thus deform less easily than a poorly graded soil under the same external stress. 

Angular soil particles will initially be less well compacted compared to round soil particles and this 

will affect the possible degree of compaction as well as the tendency for the particles to break. 

To these factors one more significant factor need to be added, time. A stress that is large enough to 

cause particle breakage which is held constant over time will be accompanied by particle breakage at 

a decreasing rate, and this is what creep is. 

Mesri and Feng ([date unknown]) also explain that all secondary compression happen with plastic 

rearrangement of soil particles and inter particle forces which stabilizes the soil frame, but it can be 

discussed if they by ‘soil’ actually mean cohesive soil since their references which specifies soil types 

mention clay and to some extent peat but not friction soils and since their tables and graphs mainly 

display cohesive soils. 

Estimations of the size of creep deformations 
With the background to creep having been investigated, different ways of estimating the size of the 

creep deformations can be studied. Creep can be, and has by many, been described as a function of 
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the slope of the logarithm of time-deformation curve during the creep portion of the settlements, a 

relationship which is called coefficient of secondary compression, Cα, see section 2.3 (Fellenius, 

2006). 

The concept is commonly used and for example Mesri and Feng ([date unknown]) go as far as to call 

it a law of compressibility and they write that the Cα/Cc model both explain and predict the 

secondary compression behaviour of a soil. What must be remembered is however that the 

coefficient of secondary compression is not a function of the added load but of time from when the 

load is added, and thus conclusions drawn solely from this slope are valid only for the material and 

stress conditions that were prevailing for the soil in the deformation tests. 

When making estimates about creep settlements in soils there is one significant feature that is 

essential to know about, namely that the logarithm of time-deformation plot of a creep 

phenomenon will be close to linear (Das, 2010) et al. It will also often  have a gradient with the value 

of -1 (Feda, 1992). In interpreting this curve, Feda (1992) is of the opinion that the undulating 

pattern, which is often observed, represent recurring patterns of structural collapses and hardenings 

of the soil material where the material gradually adapts to its new stress environment. By surcharging 

creep deformations in rockfill get smaller the higher the OCR is with experimental results reporting 

that an OCR of 1.1 results in 22% decrease of the size of the creep deformations (Romero et al., 

2012). 

Even with a good knowledge base about creep and the conditions on site, reality and estimates can 

differ. Feda (1992) suggests that a difference as big as 30 % between the size of measured creep 

deformation and theoretical creep deformation calculated from an equation still can be an acceptable 

value and does not necessarily mean that a equation should be discarded. These are also opinions 

that the author has heard from engineers who have been studying creep in soils. The background to 

this reasoning is that the order of magnitude of the creep in concrete from the same batch, steel and 

aluminium from the same melt and soils which have been arranged to have an identical composition 

throughout the sample can differ by up to 20% between different tests of different samples, even 

though these materials can be considered to have almost identical properties throughout the 

samples. Soils and rockfill are not homogeneous materials and they are seldom isotropic, thus the 

dispersion of the results between the creep in different “samples” of soils and rockfill ought to be 

even bigger. 

Finally the question of time should be addressed. It is not well defined when the creep part of the 

deformation process begins, or in other words, when the other deformation processes are over and 

the creep process is the only deformation occurring, but normally when creep is considered for 

rockfill the general time scale is months or years. Another time related aspect of creep estimations is 

that creep experiments seldom can be made for the durations of time that the creep settlements are 

expected to go on. The result of this is that estimations and extrapolations always will have to be 

made in connection to estimations of creep.  

2.3 Mathematical ways of describing creep deformations 

Introduction 
Gan et al. (2013) say that there are two methods for developing models for estimating creep 

deformations. One is the empirical way where a mathematical expression is adapted to deformation 
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data. The other method is the theoretical way where elements thought to cause creep deformations 

are modelled mathematically as resistances and combined in different ways to form creep equations. 

After reading several articles on creep it seems to the author that the theoretical approach is mainly 

applied to problem solved numerically whereas the empirical approach is mainly applied to problems 

solved analytically and that the number of equation parameters generally are higher in equations 

developed with theoretical methods. In the study of methods for estimating creep deformations this 

thesis present mainly equations which base their input parameters on the empirical approach, but 

also one method based on the theoretical approach. 

Equations for estimation of creep deformations can look very different depending on what aspect of 

the reality the equation is intended to simulate. A common property is that they are all constitutive 

and have their parameters obtained through back analysis of test results or partly constitutive where 

parameters obtained through back analysis are combined with calculated parameters. Some of the 

equations the author has looked at present a way of estimating the slope of the logarithm of time-

deformation diagram during creep. Other equations, in fact most of them, present a way of 

mathematically describe a known behaviour of a soil in which the slope of the logarithm of time-

deformation, or logarithm of time-strain diagram is a part. Both of these types of equations have 

however the conditions to which the soil was subjected when the deformations were tested, as well 

as the stresses the soil previously has been subjected to, built into their constants. They are thus only 

valid for situations similar to when the deformation tests were performed. The third type of 

equation which the author have looked at take the stress history of the tested soil, as well as 

additional stress during the creep process, into consideration as well as the slope of the logarithm of 

time – deformation diagram, therefore this equation is designed to be used estimate the deformation 

behaviour of a soil, also when the conditions the soil is subjected to are different to those the soil 

was and had been subjected to when the deformation tests were performed. This equation also allow 

the user to take changing stress conditions into account.  

In looking through different ways of mathematically describing the creep process it is suitable to 

begin by describing the theories for the deformation stages that are often said to happen before 

creep. In the linear viscoelastic theories the deformation behaviour is modelled as stress dependant, 

but only dependant on the additional stress and not on previous stress history (Feda, 1992). The 

creep models add the dimension of time and thus a dependency on stress history. 

Many of the equations the author has come across have their basis in the slope of the logarithm of 

time-deformation relationship during the creep portion of the deformation of the soil. As has 

already been mentioned in heading 0, this relationship tend to attain a close to linear form and the 

resulting concept is called the secondary compression index Cα. Usually the deformation is 

quantified by the change in void ratio, 𝑒, of the soil, as has been done by Fellenius (2006) and Das 

(2010), but also 𝜀 is sometimes used for this as in the equation by Kristensen (2011). When this 

relationship is combined with a time during which the behaviour of the soil is studied, according to 

equation 2.4, this results in the estimated deformation during this time.  

∆𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝐶𝛼 ∗ ∆log(𝑡𝑖𝑚𝑒) =
∆𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛

∆ log(𝑡𝑖𝑚𝑒)
∗ ∆ log(𝑡𝑖𝑚𝑒) 

2.4 
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The fact that the slope, or speed of deformation change, see equation 2.5, is modelled with the time 

in a logarithmic scale indicates that the inventors of these equations are of the opinion that the best 

mathematical approximation to the time dependant deformation behaviour of the soil is a 

logarithmic decrease on one axis and arithmetic on the other axis, it should however be kept in mind 

that this is one way of mathematically describe the behaviour of a quantitatively measurable event in 

time. 

𝐶𝛼 =
∆𝑒

∆𝑙𝑜𝑔𝑡
=

𝑑𝑒

𝑑𝑙𝑜𝑔𝑡
= �̇� 

2.5 

 

Another way of mathematically approximate the deformation behaviour of a soil in time is to use a 

logarithmic scale on both the time and deformation axis, as is done by Li and Zhang (2012). In this 

equation they utilise that the slope of the logarithm of time-logarithm of deformation curve for a 

soil during the creep portion of the deformation is close to linear and they build their equation on a 

mathematical expression which mimics this. 

In representing the deformation it has previously been pointed out that this can be done in different 

ways. In this thesis different constitutive equations using either the 𝑒, or 𝜀 were looked at. In the 

literature it has been noted that 𝑒 should be the preferred choice for input data since this relates to 

the volume of solids which is constant for the soil and thus better represents that material than 𝜀 

does (Olson, 1989). In the authors experience 𝑒 is harder to obtain for a material such as rockfill 

than the 𝜀 for which you need only the deformation and the initial dimensions, and in cases where 

calculations are made on rockfill or similar materials the author finds it preferable to use 𝜀 in the 

mathematical equation rather than 𝑒. It is however possible to convert between these different 

parameters. 

When 𝜀 is used instead of 𝑒 for calculating the slope of the logarithm of time-deformation 

relationship, see equation 2.6,  Kristensen (2011) refer to this parameter as the modified secondary 

compression index, Cαε, and this terminology is also what is used in this report. 

𝐶𝛼𝜀 =
∆𝜀

∆𝑙𝑜𝑔𝑡
 

2.6 
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One more section with background information is needed before the constitutive creep equations 

are introduced. This background constitute the relationship between the slope of the logarithm of 

time-deformation curve and the logarithm of effective stress-deformation curve. The concept was 

introduced in section 2.1 and will be further investigated below. 

The secondary compression index and its connection to the compression index 
The Cα/Cc-concept is sometimes called the Cα / Cc law of compressibility due to the constant values 

of the ratio that can be seen for each soil type. It is an empirical approach to calculating the 

secondary deformations of a soil (Rhys Thomas and Bendani, 1988) which is valid for any soil type 

(Mesri and Feng, [date unknown], Mesri and Castro, 1987). 

The equation was originally developed by Mesri and Godlewski (Mesri and Castro, 1987) who 

observed that the relationship between Cc and Cα for a certain soil is basically the same regardless of 

which soil that is considered, thus a basic assumption for the equation is that the ratio is constant 

during secondary compression of any soil and for any time, effective stress and 𝑒 (Fox et al., 1992). 

The idea is that the value of Cα/Cc together with the value of the e-log σ’v curve at the end of primary 

consolidation will define the creep behaviour of any soil (Mesri and Feng, [date unknown]). 

Mesri and Castro (1987) present the concept of Cα/Cc by, with equations 2.15 and 2.16, first explain 

the nature of the two parts of the quotient: 

Cα =
𝜕𝑒

𝜕𝑙𝑜𝑔𝑡
 which can also be expressed as Cα =

∆𝑒

∆𝑙𝑜𝑔𝑡
 2.15 

 

Cc =
∂e

∂logσv
′  which can also be expressed as Cc =

∆e

∆logσv
′  

2.16 

 

Where the second version of the equations are to be used for graphical evaluations rather than 

analytical evaluations (Mesri and Castro, 1987). 

Cα  The secondary compression index is the tangential slope the e versus log t diagram (or 

relation) for any σ’v at a time after the end of primary consolidation (Mesri and Feng, 

[date unknown], Fox et al., 1992). 

C_αε = Δ strain/Δ log time
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Cc  The compression index is the tangential slope of the e versus log σ’v diagram (or 

relation) at any time after the end of primary consolidation. 

Mesri and Castro (1987) define how the moduli are supposed to be evaluated. Cc is to be obtained 

from the slope of the e-log σ’v curve at the end of primary compression and Cα is to be obtained from 

the slope of the e – log t curve right after the curve shows a transition from primary to secondary 

compression. Both moduli have to be evaluated for the same point but any point is possible to use. 

Typical values for all different soil types for the quota of Cα/Cc are sometimes said to range from 

0.02 to 0.10 (Mesri and Castro, 1987) and other times said to range from 0.01 to 0.07 (Mesri and 

Feng, [date unknown]) for geotechnical materials (Mesri et al., 1999). Regardless of which, it can be 

concluded that the range is very small. 

When looking closer at the meaning of the quotient, it can be seen that it expresses the increase of 

internal effective stress with time (Mesri and Feng, [date unknown]) as is illustrated in equation 2.17. 

𝐶𝛼
𝐶𝑐
=

Δ𝑒
Δ𝑙𝑜𝑔𝑡
Δ𝑒

Δ𝑙𝑜𝑔𝜎𝑣′

=
Δ𝑙𝑜𝑔𝜎𝑣

′

Δ𝑙𝑜𝑔𝑡
→ Δ𝑙𝑜𝑔𝜎𝑣

′ =
𝐶𝛼
𝐶𝑐
∗ Δ𝑙𝑜𝑔𝑡 2.17 

 

With the knowledge of the Cα/Cc as a way of expressing the increase of internal effective stress with 

time Mesri and Feng ([date unknown]) explains the small range of values in which the ratio exist as 

the result of the limited number of inter particle bonds on an atom level of the soil materials which 

when summed make up the internal forces in the soil material. 

In order to reach a reliable result from the evaluation of the secondary compression behaviour of a 

soil, it is advisable to use at least three to four corresponding value-pairs of Cα and Cc Mesri and 

Castro (1987). These should then be plotted in a Cα versus Cc diagram and a best fit slope through 

the origin will define the value of the quotient to be used. 

The characteristic S-shape of the logarithm of time versus deformation curve, which can also be 

seen in Figure 2, is the typical curve for clay (Olson, 1989) and the creep equations of Das (2010), 

Fellenius (2006) and the inflection point method are based on making an ocular judgement of the 

curve and from there deciding where the creep phase begins. 

This curve will look different for rockfill and the method of from the curve deciding proper input 

values for the equation will therefore not be applicable. There are also other cases when the 

compression will not have this appearance when plotted against the logarithm of time. In for 

example a compression experiment on peat performed by Fox et al. (1992) it was evident that that 

the primary compression happened very quickly resulting in a deformation curve which did not have 

the characteristics of the typical s-curve that the clays display. Due to the differently shaped curve it 

was hard to estimate which 𝑒 that corresponded best to the end of primary consolidation just by 

looking at the curve. Instead they suggested that, when the Cα/Cc concept is used, the end of primary 

consolidation should be determined by pore pressure measurements when the results display non 

typical curves aka curves that are not the S-shaped clay curves. 
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From the slope of the logarithm of time – deformation curve some conclusions can also be drawn 

about the stress history of a soil. Usually Cα reaches its maximum value at a stress right above the 

previous maximum consolidation pressure and for stresses much below the previous maximum 

consolidation pressure the slope is usually very low (Olson, 1989). 

A run through of constitutive creep equations 
In his textbook “Principles of Geotechnical Engineering” Das (2010) presents a equation for 

estimating creep of soils which is based on obtaining the plot of the logarithm of time - void ratio 

and then from the plot judging at which 𝑒 the primary consolidation ends and the secondary 

compression starts. This 𝑒 as well as Cα are then used as input parameters for the equation. The 

equation has mostly been applied to cohesive soils and reference values for C’α and the ratio C’α/ Cc 

are only compiled for various types of clays. Here the settlements due to secondary effects, 𝑆𝑠, are 

calculated with equation 2.7. 

𝑆𝑠 = 𝐶𝛼
′ ∗ 𝐻 ∗ log(

𝑡2
𝑡1
) 

2.7 

 

Where the compression index, 𝐶𝛼, is defined according to equation 2.8 and another index used for 

the creep estimation is presented in equation 2.9 and consist of 𝐶𝛼𝜀 and the void ratio at the end of 

primary consolidation, 𝑒𝑝. 

𝐶𝛼 =
Δ𝑒

log(
𝑡2
𝑡1
)
=

Δ𝑒

𝑙𝑜𝑔𝑡2 − 𝑙𝑜𝑔𝑡1
 

2.8 

𝐶𝛼
′ =

𝐶𝛼
1 + 𝑒𝑝

 
2.9 

  

Fellenius (2006) chooses in his textbook “Basics of Foundation Design” to highlight a practically 

identical equation for creep as Das with the exceptions that this equation uses the natural logarithm 

for adapting values to a curve and that the results are presented as a creep strain instead of a 

settlement, see equation 2.10. Regarding creep settlements in general he comments that they in most 

soils are small enough to be neglected but that they may be significant in organic soils. The equation 

estimates the creep strain with a rate of increase calculated as 𝐶𝛼 divided by 1 plus the initial void 

ratio, 𝑒0. The increase rate is then multiplied with the natural logarithm of a time period between the 

end of primary consolidation, 𝑡100, and the time corresponding to the strain measurement, 𝑡𝛼. 

𝜀 =
𝐶𝛼

1 + 𝑒0
∗ 𝑙𝑛

𝑡𝑎
𝑡100

 
2.10 

  

Shuncai et al. (2013) bases their creep equation on what they call the Kelvin-Volgt model. The time 

scale of the equation is in the order magnitude of minutes and hours rather than weeks and years, 

which is the usual time scale considered for creep processes. 

The equation suggests that the deformations will be dependent on a combination of viscous and 

elastic behaviour and that at a point in time the increase in deformation will be zero. This 
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assumption differ from how creep is usually described, as a continuous process with a decreasing 

rate of deformation.  

The equation is described by equations 2.11-2.13. 

𝜀(𝑡) =
𝜎

𝐸0
+

𝜎

𝐸1
∗ (1 − 𝑒𝑥 𝑝 (−

𝑡

𝜏1
))  2.11 

 

Where the factors are defined as 

𝜏1 =
𝜂1
𝐸1

 
2.12 

and 

𝐸1 =
𝜎

𝜀∞ − 𝜀0
 

 

2.13 

Shuncai et al. (2013) performed deformation tests on samples of rockfill with the aim of establishing 

constitutive relations of stress–strain during creep of rockfill. Output data from the tests were 

deformations under the specified forces and after the specified time. This data was applied to the 

creep equation by calculating the initial elastic modulus, E0, during the first 30 seconds of the test, 

the elastic modulus E1 and the viscosity parameter η1 through curve fitting. Based on these 

parameters the equation estimated that the increase in deformation would end after about 20 

seconds 

The inflection point method is based on Terzaghis theory on consolidation (Mesri et al., 1999). This 

method provides a way of calculating the coefficient of consolidation but is not a complete equation 

for estimating the size of the creep deformations. 

The coefficient of consolidation in Terzaghis theory is calculated according to equation 2.14 with the 

time factor, 𝑇𝑣𝑖, inserted as a constant with the value of 0.405. 𝐻 is the longest drainage distance in 

the studied soil layer and 𝑡 is the time. 

𝑐𝑣 =
𝑇𝑣𝑖 ∗ 𝐻

2

𝑡𝑖
 

2.14 
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This method gives a coefficient of consolidation without the need to define where the primary 

consolidation begins and ends, since it is assumed that the inflection point occur where the average 

degree of consolidation, U = 70 % which also gives the constant Tvi. The method has from what the 

author can see only been applied to clay and clay shales. 

The methods for estimation of creep deformations which will be used for calculations 
The model by Kristensen (2011), as presented in equations 2.18-2.24, has the same principal 

appearance as the equations described by Das and Fellenius but instead of the logarithm of time, this 

model includes the logarithm of a time factor dependant on both previous stress history as well as 

added stress. Another difference is that this model assumes that creep can be looked at as a 

continuous process from the point in time when the soil starts to deform instead of the traditional 

way of looking at deformation as divided into three separate stages. This model does not describe 

the initial delay of the deformations that are due to excess pore water pressure but is focused on the 

long term deformations. As can be seen in Figure 4 the actual deformation of the soil will follow the 

creep curve after the initial excess pore water pressure has worn off and the creep will be an 

underlying deformation process during the entire process of deformation. 

The basic assumption for the creep strain,𝜀𝑡, is: 

𝜀𝑡 = 𝐶𝛼𝜀 ∗ log (1 +
𝑡

𝐴
) 

2.18 

  

where 𝐶𝛼𝜀 as the creep rate is multiplied by the logarithm of a time factor consisting of both the 

time, t, during which the deformations of the soil are studied and the acquired age, A, of the soil.  

𝐶𝛼𝜀 =
∆𝜀

∆𝑙𝑜𝑔𝑡
 

2.21 

 

Figure 4 delayed creep and how it is obscured by primary effects (Hansen and Kristensen, 2012) 
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The concept of age deserves a bit of an explanation. The age is the time when the soil would have 

started deforming if the acquired deformations of the soil had been solely due to the soils own 

weight and not to any stress changes. Thus, if no stress changes on the soil occur, the age is the 

actual time when the soil was deposited and started deforming, and if a stress change on the soil 

occur, a corresponding age of the soil, designed to mimic the age the soil would have had if the 

stress conditions would have occurred solely due to time, is calculated based on the equations below. 

For rockfill the age is calculated according to equation 2.19. 

𝐴2 = 𝐴1 ∗ 10

𝜎𝑣1
′ −𝜎𝑣2

′

2,3∗𝛼∗𝜎𝑣2
′

 

2.19 

  

For clay 

𝐴2 = 𝐴1 ∗ (
𝜎1
′

𝜎2
′)

1
𝛼⁄

 

2.20 

  

α is needed for both the age equations and it is defined as 

𝛼 =
𝐶𝛼𝜀
𝐶𝑐𝜀

 
2.22 

  

Ccε has been mentioned before, it is the modified compression index which is defined as 

𝐶𝑐𝜀 =
∆𝜀

∆𝑙𝑜𝑔𝜎𝑣′
 

2.23 

where the difference in strain is divided by the difference in effective stress in a log scale. 

This is a definition based on the many studies which have been made on clay for which the plot of 

deformation against the logarithm of effective stress is a straight line in a logarithm of effective 

stress – deformation diagram. When the model is applied to rockfill it needs to be adjusted a bit, 

since rockfill will present a curved plot of deformation against the logarithm of effective stress. 

When the expression is modified to equation 2.24 the strain of the rockfill against the logarithm of 

effective stress can be plotted as a straight line for values close to the effective stress level for which 

the test is performed. 

𝐶𝑐𝜀 =
2.3 ∗ 𝜎𝑣

′

𝐸𝑜𝑒𝑑
 

2.24 

The derivation from the original definition of the modified secondary compression index to the 

expression in equation 2.24 can be found in section 10.2. 

The equation that Li and Zhang (2012) as well as Chen et al. (2014) proposes differ from the other 

methods. Where the other methods are built on a logarithmic approximation, this method is built on 

an approximation to a power function, as can be seen in equation 2.25. The reason for this is that 

they plot the deformation data from, in their cases, a large scale triaxial test in a double logarithmic 
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diagram and get their results displayed as a straight line. In order to use an expression for this line 

that is mathematically correct they argue that a power function is needed since this function will 

return a straight line for both the function, the creep, and the first derivative of the function, the 

creep rate. 

The mathematical expressions used by Li and Zhang (2012) as well as Chen et al. (2014) are 

identical, the only difference is what they have chosen to call the model parameters. For simplicity 

the parameters presented are according to the paper by Li and Zhang (2012) and references to the 

equation will also be made to them and their paper. 

The equation for estimation of creep deformations looks as follows 

𝜀 = 𝑎 ∗ (
𝑡

𝑡0
)
𝑏

  
2.25 

 

where the parameters a, b and t0 are derived from the creep test. 

2.4 Conclusions from the settlement study and choice of equation for the 

calculations 
The idea that there exist three different and separate deformations stages when a soil is loaded is 

widespread but not uncontested. Most equations for estimation of creep deformations have this idea 

built into their assumptions but there are exceptions, such as the creep model by Kristensen (2011) 

which explicitly do not take the delayed deformations due to excess pore water pressure into 

account but show that the underlying creep deformations can be described with the same equation 

regardless of at what time in the loading the deformations are studied.  

Most equations for estimation of creep deformations present a way of estimating the size of the 

creep, but are built on the current stress condition. When an equation is only built on the current 

stress conditions and is not possible to adapt to other stress conditions, the resulting equation 

cannot give answers about mechanical properties of the rockfill but give constants which are stress 

dependant with no way of separating out the stress from other factors affecting the degree of 

deformation in them. 

The two constitutive methods, one equation and one model, for estimation of creep deformations 

which were chosen for the calculations are based on different mathematical expressions and the 

results from these different methods can therefore be compared and conclusions can be drawn on 

which type of mathematical approximation that is most suitable for estimating creep deformations in 

the rockfill at Norvik.  

The first method for estimation of creep deformations which was used for calculations is the model 

by Kristensen (2011). The choice to use this model was because it is the only model that can be 

applied to a soil which is under different stress conditions than what is was under the creep test and 

since it is not dependent on the S-shaped logarithm of time-deformation curve.  

The second equation which was used is the equation advocated by Li and Zhang (2012). This 

equation is based on a mathematical approximation of the deformations as a power function rather 

than the logarithmic function. 
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The equations by Das (2010) and Fellenius (2006) are similar to the model by Kristensen (2011) in 

the sense that they are based on the logarithmic approximation as illustrated by equation 2.4, but 

since they are based on obtaining an S-curve and deciding on the values to be used as input data 

from there they are not applicable for rockfill. The suggestion to use the value of the deformation 

based on pore pressure measurements do not work in this case either. This is because no 

measurements were made between the zero measurement and the first measurement at day seven 

and the excess pore pressure would have developed and wore off within minutes of the loading. 

Another fact that tell against the use of this method is that the loading happened in stages and not 

instantly. 

The inflexion point equation is good when no real data for secondary effects is available since it 

approximates the inclination of the part of the curve which represents secondary effects. The 

equation will however not be used in this study since the purpose of the study is to use available 

deformation data from the embankment loading experiment. 

Since the time scale which was interesting for the study of Shuncai et al. (2013) is very different from 

the time scale interesting for this report as well as different from the regular time scale which is 

thought of with regard to creep, the equation by Shuncai et al. (2013) cannot give relevant answers 

in the current study and was thus not studied further. 
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3 Site-related conditions 
3.1 Introduction  
The Stockholm-Norvik port is planned to occupy a 60 ha (0.6 km2) area at Norviksudden (N58.9, 

E18.0) outside of Nynäshamn south of Stockholm (COWI, 2012, Stockholms Hamnar, 2014). When 

the construction of the port is completed the length of the quays will be approximately 1.4 km with 

mooring for container traffic and Ro-Ro traffic with a maximum water depth of 16.5 meters at the 

deepest berth. Within the port area a container and a Ro-Ro terminal will also be constructed. 

The main reasons for constructing the terminal are the growing number and sizes of ships that 

transport goods to and from Stockholm, the growing population in Stockholm and its surroundings, 

Mälardalen, and environmental concerns on the line of EU directive to reroute from land based 

transportation networks to way water based due to its lower environmental impact (Stockholms 

Hamnar, 2014). 

The Norvik peninsula was until the 1980’s a bay, the bay of Norviken (viken = the bay), until large 

masses of crushed rock was end dumped here and a new land area was formed.  Before the dumping 

of the rockfill the seabed consisted of bedrock beneath sediments with soft clay overlaying moraine 

(Thorelius, 2010) but during the dumping process most of the existing clay was pushed forward in 

front of the rockfill front and thus the rockfill is now deposited on moraine or directly on the 

bedrock (Eriksson, 2012) (COWI, 2012).  

 The pattern of dumping the waste masses was unsystematic and therefore part of the clay was 

pushed out towards the sea while part of the clay was trapped in the rockfill which today result in 

unknown amounts of clay in the rockfill itself as well as two bigger clay formations, referred to as 

clay pockets, located in the rockfill in the middle of the planned harbour area. These clay pockets are 

consisting of 250’000 m3 clay for one of the pockets and 105’000 m3 for the other and have a depth 

of 25 and 28 meters at its deepest (Eriksson, 2012), suggesting an approximate depth of the rockfill 

of 25 meters at the middle of the planned harbour area. 

Figure 5 the Norvik peninsula 
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The peninsula in the centre of Figure 5 is the Norvik peninsula. The grey area is the rockfill and the 

two main green areas on either side is the mainland and the island which the rockfill was dumped 

between. The two green areas in the middle of the rockfill are birch forest growing in the two big 

clay pockets which are present in the rockfill. The same view can be seen in Figure 9 and Figure 10 

and here it can also be seen where the test embankments are located. 

A more comprehensive set of illustrations, pictures and maps of the field tests and the site can be 

found in Nilsson and Odén (2013) and Eriksson (2012).  

3.2 The rockfill material 
The exact nature of the crushed rock is not known, neither with regard to rock type or fraction of 

the crushed particles, but it is presumed to consist of sandy gravel mixed with larger cobbles and 

boulders where the rock size of the crushed rock varies between 0 and 3000 mm (COWI, 2012).  

Based on observations on site, from which examples can be seen in Figure 6, the fractions can be 

assumed to consist of sandy gravel mixed with larger cobbles and boulders where a frequently 

occurring boulder shape is the elliptic (COWI, 2012) (Nilsson and Odén, 2013). The author have 

also noted that the upper layer of the rockfill on site is infiltrated of organic soil material, probably 

due to more than thirty years of mouldering of organic material.  

From the bedrock map it can be seen that the predominant nature of the types of bedrock in the 

area of Nynäshamn can be divided into two categories (SGU, 2009, SGU, 2014): 

 Metamorphic rock with a high degree of schist such as metagreywacke, mica schist, graphite and/or 

sulphide-bearing schist, paragneiss, migmatite, quartzite and amphibolite 

 Acidic intrusive metamorphic rock such as granite, granitoid and subordinate syenitoid 

It can be assumed that the rockfill in the area of Norviken consist of a mix of some of these rock 

types, the rock types impact on the settlement characteristics will however not be studied in this 

report. 

Figure 6 material from test pit and test pit (Nilsson and Odén, 2013) 
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3.3 Topography 
The area which is to become the Norvik harbour consist of the current rockfill landmass as well as 

surrounding hilly and forested islands which are going to be blasted down to the level of the harbour 

(Eriksson, 2012). The rockfill ground is covered with sparse and low pine vegetation, and the clay 

pockets are at the surface vegetated by birch trees (Oscarsson, 2011). The region of Nynäshamn can 

in general be considered to be hilly with both areas of high rocky ground and lower moraine and/or 

clay filled swales (Bodare et al., 2010).  

3.4 Pore water pressure 
A reference measurement of the pore water pressure in the soil and the level of the soil underneath 

the planned embankments was made 2012-04-19, just before the test embankments were 

constructed (Eriksson, 2012). The next measurement was made a week later after the construction 

of the embankments was finalized and by then no elevated levels of pore water pressure could be 

detected. Interpretations of this can be that the rockfill material is not subjected to any primary 

consolidation settlement, it can also be that the primary consolidation settlements had already taken 

place when the second measurement was made. 

Figure 7 topography of the Norvik peninsula 
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3.5 Ground and ground water levels relevant for the study  
When the Norvik harbour stand completed the final surface is planned to be located at level +3m 

(Kristensen, 2011). The rockfill was during the 1980s dumped on the previous sea bed and filled up 

to a level of around +2.5 m (Eriksson, 2012). During the approximately 30 years that have passed 

the rockfill have settled to a level of +2.4m (COWI, 2012) but the ground surface is very uneven 

(Bodare et al., 2010) and can in its places be as low as in level +0.0 (Oscarsson, 2011). The bedrock 

level underneath the rockfill varies between +9m and -36 in the quay front line resulting in a very 

varying thickness of the rockfill.  

The ground water level is due to the high permeability of the rockfill dependent on and instantly 

adjusted to the water level of the Baltic Sea, which varies between +0.6m as highest high water and -

1.05m as lowest low water and with its mean water level at -0.36m (Oscarsson, 2011). Due to this 

the lower parts of the area are sometimes, especially during the summer, flooded (Oscarsson, 2011, 

Thorelius, 2010), something which is also illustrated in Figure 7 and Figure 8. 

3.6 Field tests  
The test embankments for the field tests were constructed during 2012 and measurements of the 

settlements of the rockfill have been made since 2012-04-19. The measurements were initially made 

several times a month and then the intervals between the measurements were gradually increased, 

now almost two years later the measurements are made twice a year. 

Measurement equipment for both settlements and pore water pressure was installed and the first 

measurement was made before the construction of the test embankments commenced as a zero or 

reference measurement, and the second measurement was made a week later when the construction 

of both embankments was finished. No excess pore water pressure was detected which lead to the 

conclusion that the very permeable rockfill was either not at all subjected to primary consolidation 

or subjected to primary consolidation to such a small degree so that excess pore water pressures that 

were built up due to the loading would have worn off between the loading and the second 

measurement. A possible reason for why any excess pore water pressure could not be detected is the 

fact that the embankments were constructed in stages and thus any excess pore water pressure 

Figure 9 location of the field tests 
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would have been built up and wore off in stages, a process that likely is faster than what it would 

have been if the full load was placed at once. Speculations can also be made to whether any elastic 

compression took place in the material under the initial phase of the loading. 

The field tests were performed in 2012 by Nilsson and Odén (2013) and a complete description of 

the process of designing and building the test embankments can be found in their thesis, here a 

short summary will be given. For calculations based on the results from the field test, see section 9. 

A more comprehensive set of illustrations, pictures and maps of the field tests and the site can be 

found in Nilsson and Odén (2013) and Eriksson (2012). 

During the field tests the following tests were performed (Eriksson, 2012): 

 seven test pits were dug down to the depth of three meters below ground level with the purpose of 

gaining a better understanding of the nature of the rockfill 

 two test pits were dug with the purpose of establishing the density of the test embankments 

 two test embankments were constructed with the purpose of evaluating the modulus of deformation 

of the rockfill with respect to depth 

Test pits for evaluation of the composition of the rockfill 
The pits were dug to the depth of approximately three meters in three different stages where the 

material from each layer was put in different piles for the possibility to draw conclusions on how the 

composition changes with depth, results from this can be seen in Figure 6. In all of the test pits large 

boulders, defined as >1000mm, were found as part of a well graded composition of rockfill (Nilsson 

and Odén, 2013) consisting of rock fractions estimated to range from 0 to 3000mm (COWI, 2012), 

there have however not been any formal measurements made of the exact grading of the rockfill 

material.  

Figure 10 the field tests (Nilsson and Odén, 2013) 
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Test pits for density measurement 

The location of the test pits for density measurement can be seen in Figure 9 and Figure 10. After 

the pits were dug they were laser scanned to retrieve the volume of the removed fill material, this 

volume was then weighed and the density was calculated. 

The results gave inconsistent indications of the density of the rockfill, varying between 1.6 and 2.9 

tons/m3 (Nilsson and Odén, 2013). This can be due to the fact that when the measurements were 

made the surface was not scanned before the pits were dug which resulted in questions about the 

actual volume of rockfill that was dug up and thus the calculated density of the soil is questionable 

(Eriksson, 2012). It is the author’s opinion that the difficulties in determining the density of the 

rockfill also can be due to the fact that the rockfill at Norvik is not a homogeneous material, a 

problem which is also addressed by Lade et al. (1996) who states that different densities can exist 

within the same soil. 

The tests were performed in order to investigate the density primarily for the test embankments, but 

the obtained density will in this thesis be used for the rockfill as well, it can also be questioned if the 

obtained density is valid for the test embankments since these are compacted by truck passes and 

excavator.  

Test embankments 
The two test embankments have a height of 5 meters, a top area of 20*20 m2 and an inclination of 

the slope of 1:1. The depth from surface to bedrock amounts to 12 meters for embankment 2 and 

14 meters for embankment 3. Measurements of the settlements underneath these embankments are 

still performed continuously. The location of the embankments can be seen in Figure 10 and the 

dimensions of the embankments can be seen in Figure 11. 

For a complete set of results from the field tests, see section 8. 

Figure 11 test embankments, adapted from Nilsson and Odén (2013) 
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4 Methods 

Settlements from the test embankments was studied and evaluated. The results were applied to two 

of the in total five creep equations which were evaluated in this thesis. 

The test embankments were constructed more than two years ago and the settlement data from 

these was read with closer intervals in the beginning of the experiment and now with intervals of 

approximately six months. All the settlement data which the experiment has yielded so far were 

compiled and studied. 

The settlements were measured fifteen times in four points in connection to each of the two test 

embankments during the past 728 days. The points are denoted as 8, 3, -2 and -7 in the obtained 

deformation data, see Figure 12 and section Appendix A.1 – settlements underneath the 

embankments8.1. In reality these levels are, as is illustrated in Figure 13, closer to +7.4m, +2.4m, -

2.6m and -7.6m, where the lower three points are corresponding the depths 0m, 5m and 10m. For 

the calculations the latter levels were used. 

4.1 Procedures 

Results from the field tests and processing of ditto 
In studying the settlement data, the three measurement points at ground level, five meters down in 

the rockfill and ten meters down in the rockfill were seen as limits to two five meter high soil layers, 

which in this report are referred to as top layer and middle layer. The calculations were performed 

for these layers, illustrated in Figure 13. Since the level of bedrock was not judged to be defined with 

sufficient accuracy the soil layer beneath the lowest measurement point was not used for 

calculations. 

The settlement data from the experiments was plotted against the time for all measurement points in 

order to get a clear overview of the deformations. It became evident that the measurements of level 

8 at embankment 2 were not correct, since they in fact suggested an expansion of the soil rather 

Figure 13 division of soil layers as defined by 

the author 

Figure 12 levels referred to in the obtained deformation data 
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than a compression and thus the measured values from level +8 at embankment 2 were disregarded. 

In order to obtain the same structure of the data for the two embankments the results from the 

settlements of level +8 at embankment 3 were not used for further calculations either.  

A logarithmic line of best fit was fitted to the time-strain plot of the measured deformations of the 

layers under the two embankments. As was noted in section 2.1 creep deformations can be 

recognized by the straight line they follow when plotted in a logarithm of time-deformation diagram. 

The fact that this assumption worked indicated that the deformations between the first 

measurement at day seven and the last measurement at 728 days were creep deformations. It should 

be noted that since the delayed deformations due to excess pore water pressure would have 

happened within minutes of loading and no measurement data between the zero measurement and 

the first measurement at day seven was available, the calculations were based on the deformations 

between the first measurement at day seven and the last measurement at day 728. The conclusions 

of this study are thus valid for settlements which occurred from day seven. 

The equation of the logarithmic line of best fit provided the data needed to determine the constants 

of the creep equation for the current load situation. Settlement data and interpretation of ditto is 

presented in section 5. 

Soil stresses and soil parameters 
The soil stresses, for the cases before and after the external load from an embankment was added, 

were calculated. The initial soil stress was calculated in accordance with Terzaghis principle of 

effective stresses and with the assumption of a ground water level at the mean water level of the 

Baltic Sea at -0.36m. For the additional stress different methods were available and an evaluation 

was made between Boussinesq’s method for vertical stress increase due to embankment loading and 

the 2:1 method, also called the vertical ratio method. 

The 2:1 method was chosen for the calculations of the added stress since it is the preferred method 

of Kristensen (2011), whose method for creep estimation was chosen, and based on the calculated 

stresses and known deformations the Eoed could be calculated. This was done for each of the defined 

soil layers as well as the midpoints of the soil layers and the results can be seen in Figure 19 as well 

as section 9.2. With the knowledge of the values of the Eoed, G and E could be calculated. 

The stresses in the rockfill before and after placing the embankments were assumed to be the same 

underneath both embankments since the two embankments have the same dimensions, the ground 

level under the embankments is the same and the levels on which settlement measurements are 

made under the embankments are the same. Calculation of soil stresses and soil parameters can be 

found in section 9. 

Evaluation of the creep equations 
Different methods of estimating the creep deformations were studied in order to determine a 

suitable method to recommend for use on the harbour project. Five creep equations and two 

different ways of estimating the creep rate were initially evaluated and out of these it was chosen to 

apply two of them, the creep model by Kristensen (2011) and the creep equation advocated by Li 

and Zhang (2012), on the results from the field tests. When deformations and stresses were known 

and there was an equation to implement the data on, the soil parameters relevant for the equation 
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were calculated. For the model by Kristensen (2011) these include; the Cαε, Ccε, α and A of the soil 

based on the age equation (2.20) for the current stress stage. 

Before any calculations were made the time scale was adjusted to a new time zero when it could 

likely be assumed that the whole load from the embankments was added at once and based on this 

new adjusted time scale the model was evaluated. 

Cαε is the inclination of the line of best fit and a calculation of this can be found in section 9.4. This 

was obtained by curve fitting of the deformations to a logarithmic function in a logarithm of time-

strain diagram. 

A was calculated in two ways, first based on the equation for the line of best fit and then with 

equations described in section 2.3. Calculations of the age of the soil can be found in section 9.6. 

When the line of best fit was used the age was obtained as the time where the deformation is zero. 

With this age inserted in the creep model identical values of the deformation for the line of best fit 

and for the creep model were obtained for all values of relevant range of size as can be seen in 

Figure 14. 

For the equation advocated by Li and Zhang (2012) the equation constants were a, b and t0, which 

were obtained by back analysis of experiment data. The obtained deformations were used to create a 

line of best fit to a power function when plotted in a logarithm of time-logarithm of strain diagram. 

These plots can be found in section 9.5. Here the equations for the lines of best fit can also be seen 

and the constants can be deduced. The constant a is the initial creep, thus the creep in the first 

plotted point, constant b is the creep exponent or the slope of the power function and thus the 

exponent of x and constant t0 is the point in time corresponding to the measurement. It should be 

noted that the time scale for the Li and Zhang equation was not adjusted since the equation depend 

on the relative time and its corresponding deformations and is not affected by previous events in the 

soils history. 
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Figure 14 two ways of estimating the deformations with the creep model by Kristensen 
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When the soil parameters were known they were implemented in the equations and 𝜀 was estimated. 

The methods were then compared and one method was chosen to be suggested for using when 

estimations of settlements in rockfill are made. 

The results from the field test can be seen in section 8. The choice of which method to evaluate the 

measured deformations with is presented in section 2.4. 

4.2 Limitations 
The focus of this thesis was to find the material parameter for the rockfill at Norvik. This was done 

through the study of settlement data from a surcharge experiment with embankment loading and 

settlements from other methods of loading were not studied. 

The results from the study were not investigated as to whether they were valid for rockfill in general 

or only valid for the rockfill at Norvik. 

Only creep equations and models which could be studied analytically have been investigated and 

finite element analysis have not been considered for this thesis. 

4.3 Possible sources of error and encountered problems 
Test embankment 2 may partly have been constructed on top of a layer of clay. Due to how the 

island can be assumed to extend underneath the rockfill, see Figure 15, clay might have been trapped 

between the island ridge and the rockfill and if this is the case the settlements underneath 

embankment 2 might not just be the result of creep processes in the rockfill but also the result of 

deformation processes in the clay. 

No measurements of the settlements nor the pore water pressure was made between the zero 

measurements before the construction of the embankments started and the first measurement a 

week later when the construction of the embankments was finalized and thus not data is available on 

the deformations during this first week of loading. The stages of construction of the embankments 

were also unknown, both with regard to when the load stages of rockfill was added to the 

embankments, to how much load that was added in each stage and to the exact time when the 

embankments were finalized.   

The uppermost measurement point of embankment 2 indicated the incongruent result that the 

rockfill between level +8m and +3m would have expanded instead of compacted between the 

measurement at day 565 and day 728. The reason for this was judged to be problems with the 

measurement equipment, which could be due to interference from people or dogs, which is not 

unlikely since the Norviksudden where the embankments are constructed is used as a recreational 

area by people living in the surroundings, or other animals, weather or wind.  

The calculations of the in-situ stress were performed for the mean water level in the area and should 

thus provide a stress level that is representative for the long period of time that was considered in 

this study, it should however be noted that it was not the worst case scenario that was studied. 
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4.4 Assumptions for the analysis 
Density of the rockfill 

The density of the rockfill on site was uncertain even though investigations were made. A plausible 

value based on recommendations in the literature and judgements based on the density of the 

probable rock materials that the rockfill is made up of, the probable water content and the probable 

𝑒, the value of the density for calculations was chosen to 2 tons/m3. 

Ground water level 

It was for the calculations assumed that the ground water level was located at the mean sea water 

level, -0.36 m. 

Ground level 

The ground level of the rockfill was for the calculations assumed to be located at level +2.4m. 

The test embankments 

The test embankments were assumed to consist only of rockfill and to be homogeneous. 

Calculation models 

The calculations of the in-situ stress was based on the assumption of the effective stress concept by 

Terzaghi. When the stress distribution due to the added stresses from the test embankments was 

calculated this was assumed to be according to the 2:1 method. For these calculations the 

embankments were divided into 1 m thick layers where the added stress from each layer was 

calculated for each meter of depth in the soil as well as for the points in the soil where there was 

available settlement data from the field test. This model was chosen because it is the preferred 

model by Kristensen (2014) whose creep model was suggested as the best method for estimating the 

long term deformations at Norvik. 

Figure 15 general direction of the slope of the island 
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Built in assumptions of the equation 

The equation assumes that the load was added instantly at day 6 after the zero measurement was 

made. The assumption of a certain day was done since the creep equation in its input data need 

information on a certain time where all the load was added instantaneously. The loading was not 

instantaneous but happened in stages and the time for placement of the stages was not known with 

higher accuracy than that it happened between the zero measurement and day seven. The 

assumption that the load was added at day 6 was made because this allowed time for the 

construction to start and for some of the loading stages to be constructed. 

Disregarded experiment data 

The settlement information from the top of the test embankments was disregarded in this thesis due 

to the fact that this data suggested that the material in the embankment was expanding instead of 

settling. 

The settlements underneath the lowest measurement points from the field tests were also 

disregarded since there were no exact measurements of the level of the bedrock underneath the 

embankments and calculations of 𝜀 thus would have become very vague. It is also the opinion of the 

author is that including inaccurate data would have a negative impact on the value of the results 

from this thesis. 

Representative values from results to calculations 

For the calculations two layers in the soil were defined, top layer and middle layer. In the top layer 

results from measurements and calculations in level +2.4m and level -2.6m were included and in the 

middle layer results from level -2.6m and level -7.6m were included. Added to this the calculated 

values for the midpoint of each layer (top and middle) were included in the calculations.  

4.5 Comments on the methods 
In order to minimize the round off errors the plots could have been based on the settlements which 

were measured rather than the 𝜀 which were calculated. Due to the inhomogeneous nature of the 

rockfill material it is uncertain if these changes would have given a more accurate result. 

There were uncertainties about the rockfill at Norvik; the composition both with regard to rock 

material and with regard to what other soil materials that might be present, the density, the degree of 

homogeneity and the soil material underneath the rockfill and its locations. These uncertainties made 

it hard to say if the results from the deformation measurements and in extension the results of the 

study were applicable for all the rockfill at Norvik. 

The fact that data on the deformations was not available for the first week does not pose a big 

problem to the study since the aim was to study long term deformations in the form of creep.  

The problem this would have posed to the study have been solved by excluding the data from the 

uppermost measurement point at the embankments. This was unlucky since less data was evaluated, 

it can however be discussed whether the deformation of the embankment itself would have been 

representative for the rockfill since it consist of rockfill which has been compacted and thus possibly 

have different mechanical properties than the rockfill in the ground. 
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What however posed a problem was the fact that the time from when the deformations would have 

started was not known and thus is the starting point in time for the calculations not known. 
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5 Results and Analysis 
5.1 Introduction 
As is evident in Figure 17 and Figure 16, the deformation in the different test points in the field test 

show a higher degree of settlement higher up in the ground, with the deformation of the top level of 

embankment 2 itself as an exception. 

The varied degree of deformation between the different heights in the rockfill where measurements 

were made suggest that settlements do occur in the rockfill, it can however not be out ruled that 

settlements also occur in the soil underneath the rockfill. 
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Figure 17 time-deformation, embankment 2 

Figure 16 time-deformation, embankment 3 
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The lower degree of settlement of the top level of the test embankments would suggest that the 

material in the embankment is expanding, this is judged to be unlikely and an error in the 

measurements is a more likely cause. Due to this the measurements from the top level of the 

embankment will not be used for calculations. 

The lowest measurement point will be used for calculations only as a reference for the upper 

measurement points since the distance to firm soil is uncertain, resulting in an uncertainty of how 

high the layer of settling soil settling actually is. 

Before calculations could start a decision was needed on which method for calculating added 

stresses that was to be used. It can from Figure 18 be seen that Boussinesq’s method of calculating 

added stresses consequently gives higher values than the 2:1 method. 

5.2 Mechanical properties of the rockfill 
The mechanical properties of the rockfill, Eoed, E and G, were calculated and are presented in  

Table 5 and the oedometer moduli are visualized in Figure 19. 

 

 

Figure 19 estimated oedometer modulus 
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Table 5 mechanical properties of the rockfill at Norvik 

 

Table 6 input data for the creep model by Kristensen 

 

Table 7 input data for the creep model by Kristensen 

5.3 Input data for the creep model by Kristensen 
In the model for estimation of creep by Kristensen (2011) the Cαε, Ccε, quotient Cαε/Ccε (in this text 

called α) and A are input parameters. Calculated values for the first three can be seen in Table 6 and 

calculated values for A can be seen in  

Table 7. The creep model by Kristensen is described in section 2.3 and calculations of the 

parameters can be found in section 9. 

5.4 Input data for the creep equation advocated by Li and Zhang 
 

Table 8 input data for the creep equation advocated by Li and Zhang 

 

C_αε C_cε α

 top layer 0,0016 0,0447 0,0360

middle layer 0,0018 0,0779 0,0236

top layer 0,0021 0,0583 0,0355

middle layer 0,0035 0,1263 0,0273

EMBANKMENT 2

EMBANKMENT 3

E_oed (MPa) E (MPa) G (MPa)

 top layer 6 4,5 2,3

middle layer 4,7 3,5 1,8

top layer 4,6 3,4 1,8

middle layer 2,9 2,2 1,1

EMBANKMENT 2

EMBANKMENT 3

Age curvefitted calculated diff.

 top layer 0,000011 0,000217 19,93

middle layer 0,000431 0,002861 6,64

top layer 0,000011 0,000168 15,68

middle layer 0,002169 0,022081 10,18

EMBANKMENT 3

EMBANKMENT 2

a b

 top layer 0,0080 0,0798

middle layer 0,0066 0,1155

top layer 0,0105 0,0808

middle layer 0,0097 0,1301

EMBANKMENT 2

EMBANKMENT 3
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5.5 Calibration of the creep model by Kristensen through back analysis 
When the age of the soil is calculated solely based on the obtained deformations and inserted into 

the model for estimating the creep settlements it can from Figure 20 be seen that 𝜀 from the model 

and 𝜀 from the line of best fit from the measured deformations give the same 𝜀 for all times with, 

for the study, relevant range of size, the two lines have converged about one minute after a load is 

added. 

Figures illustrating the difference between the age based on obtained deformations and the age 

based on calculations can be found in section 9.5. 

When the age is calculated based on the age equation the results differ from when the age is 

calculated based on the obtained deformations, as is illustrated in Figure 21 and section 9.5. From  

Table 7 it can be seen that the age given by the calculations is consequently higher than the age given 

by obtained deformations, with a difference of 5 to 20 times as big. The result is that the model 

consequently overestimates the age of the soil, resulting in an underestimation of the 𝜀, this since the 

model suggests that the deformations are starting later than they actually are. Exact numbers for the 

difference between the measured deformations and the estimated deformations at 728 days after the 

zero measurement can be seen in Table 9. 

Once again, the ‘age’ is the time when the deformations start and it is not an explicit description of 

what is usually thought of as age, namely the elapsed time since a certain event. 

When 𝜀 is calculated based on the obtained deformations the estimated 𝜀 will, as can be seen in 

Figure 22, follow close to the line of best fit through the measured points and thus have a good fit 

to the values. 

When 𝜀 is calculated based on the age equation 𝜀 is, as has been mentioned, underestimated in 

comparison to the measured 𝜀. This is illustrated in Figure 23 where continuous lines represent the 

estimated 𝜀 based on the age equation, dotted lines represent the lines of best fit through the 

measured deformations and the squares and triangles represent the measured deformations. 
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 A complete set of plots can be found in appendices. 

 

ε measured ε calculated diff.

 top layer 0,012290 0,010510 86%

middle layer 0,011960 0,009950 83%

top layer 0,016170 0,013750 85%

middle layer 0,019240 0,015590 81%

EMBANKMENT 2

EMBANKMENT 3

Figure 21 illustration of how the age calculated based on the line of best fit through the points of measured deformations 

differ from the age calculated based on the age equation, embankment 2 top layer 

 

Table 9 correspondence of strain for the model by Kristensen based on the age equation 
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Figure 23 age based on the age equation and plotted against measured deformations, embankment 2 

Figure 22 age based on deformations and plotted against measured deformations, embankment 2 
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5.6 Calibration of the creep equation advocated by Li and Zhang through back 

analysis 
The constants for the creep equation advocated by Li and Zhang (2012) are based on the obtained 

deformations and the purpose of the equation is then to display the deformation curve of a 

mathematical way of describing the observed results.  

When the measured deformations are applied to the equation advocated by Li and Zhang the 

resulting estimated𝜀 can be seen as continuous lines in Figure 24 and Figure 25. Here the line of 

best fit can also be seen as a dotted line and the measured 𝜀 can be seen as squares and triangles. 

 

Figure 24 illustration of the strain estimated with the equation advocated by Li and Zhang as well as the measured strain, 

embankment 2 

Figure 25 illustration of the strain estimated with the equation advocated by Li and Zhang as well as the measured strain, 

embankment 3 

 

0,005

0,05

1 10 100 1000

lo
g 

st
ra

in

log time [days]

time - strain, embankment 2

top layer, measured middle layer, measured

top layer, estimated middle layer, estimated

Power (top layer, measured) Power (middle layer, measured)

0,005

0,05

1 10 100 1000

lo
g 

st
ra

in

log time [days]

time - strain, embankment 3

top layer, measured middle layer, measured

top layer, estimated middle layer, estimated

Power (top layer, measured) Power (middle layer, measured)



Creep deformation of rockfill 

42 

5.7 Analysis 

5.8 Comparison of equations 

 

Figure 27 comparison of results from the equations where the percental deviation in every point is given. The equations which are 

being compared are the equation advocated by Li and Zhang against the equation by Kristensen with obtained deformations as 

input data. Embankment 3 

Three cases were studied, the creep equation advocated by Li and Zhang (2012), the creep equation 

by Kristensen (2011) based on obtained deformations and the creep model by Kristensen based on 

calculated values. 
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Figure 26  comparison of results from the equations where the percental deviation in every point is given. The equations which 

are being compared are the equation advocated by Li and Zhang against the equation by Kristensen with obtained 

deformations as input data. Embankment 2. 
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Comparisons were made between all the methods, beginning with comparing the creep equation 

advocated by Li and Zhang (2012) to the creep equation by Kristensen (2011) based on obtained 

deformations. Both of these equations have experiment data as their input data and then this data is 

fitted against different mathematical functions in an effort to describe the deformation behaviour of 

the soil. Compared results can be seen plotted in Figure 26 and Figure 27. The, by the equation 
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Figure 29 comparison of results from the models where the percental deviation in every point is given. The models which are 

being compared are the model by Kristensen with the age equation used as input data  against the model by Kristensen with 

obtained deformations as input data. Embankment 2 
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estimated value, in every point is compared to the measured value of the deformation and expresses 

as a percental deviation from the measured value. In each plot the equation advocated by Li and 

Zhang (2012) is compared with the equation by Kristensen (2011) where the deformation 

estimations are based on obtained deformations. 0% in the figure implicate full correspondence 

between the actual measured deformations on site and the, by the creep equation, estimated values. 

The higher the numbers of the y-axis are, the bigger is the divergence of the calculated values from 

the measured ones. 

When comparing the equation by Kristensen to the equation advocated by Li and Zhang it can be 

seen that the equation by Kristensen (2011) has an overall better correspondence between measured 

and calculated values for both embankments, something which suggests that a logarithmic 

approximation of the creep behaviour is more suitable than an approximation by a power function 

for the rockfill. 

The next comparison was made in the same way as above. The methods that were being compared 

were the model by Kristensen (2011) based on calculations with the age equation and the equation 

by Kristensen based on the curve fit to the obtained deformations. Results from the comparison can 

be seen in Figure 29 and Figure 28 and here it can be seen that the deformations estimated by the 

curve fit to the obtained deformations has a lower degree of divergence from the actual obtained 

deformations than the deformations estimated with the model based on the age equation. The 

divergence is however steady at between 15% and 20% for both embankments and this is within the 

limit of a 30% allowable divergence before the results are rejected. This limit is, as is noted in section 

Settlements2.2, suggested by Feda (1992) as well as engineers in the field. 

The model by Kristensen based on calculations with the age equation (hereafter referred to as the 

model) is less accurate than both the equation advocated by Li and Zhang and the equation by 

Kristensen based on obtained deformations, but it has the advantage that it is built for being used 

for different stress levels than the one under which the creep test is performed at and it is thus the 

only model which can be applied to the Norvik project without having to make new creep tests for 

every stress level that are planned to be affecting the rockfill during construction as well as in the 

utility phase of the harbour. 

 

 

E_oed (MPa) E (MPa) G (MPa)

 top layer 6,0 4,5 2,3

middle layer 4,7 3,5 1,8

top layer 4,6 3,4 1,8

middle layer 2,9 2,2 1,1

VALUES SUGGESTED

BY THE LITERATURE

EMBANKMENT 2

EMBANKMENT 3

20-30 15 2

Table 10 comparison of mechanical properties 
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Comparison of mechanical properties of rockfill 

The results from this study for the mechanical properties of the rockfill, which can be seen in Table 

10, are much lower than the values for long term deformation of uncompacted rockfill suggested by 

the literature for both the Eoed and E, but close to the suggested value for G. 

5.9 Discussion 

The study 
In looking at the creep deformation behaviour of soil it has become clear to the author that the 

logarithmic curves describes the long term deformations better than the power function. It has also 

become clear that the long term mechanical properties of rockfill are strongly overestimated in the 

suggestions given by the literature for Eoed and E, whereas G suggested by the literature was close to 

the value given by this study. It should however be kept in mind that the time scale for which the 

mechanical properties have been defined is not known to a higher degree than ‘long term’ and ‘short 

term’. Since the value of the modulii decreases with time, values given without the time for which 

the calculations were made as corresponding metadata should be regarded as rough suggestions. 

The method for estimating creep deformations that was best suited to describe the deformations of 

the rockfill was the model by Kristensen. A central concept of this model is age and when evaluating 

this model it is important to remember what the age of the soil is. Age is the point in time where the 

soil would have started to deform if no stress changes would have occurred. For the deformation 

estimations the age calculated based on obtained deformations and the age calculated based on the 

age equation differed resulting in less accurate estimations when the age equation was used. The age 

equation is based on calculated values for the soil stresses, the quotient between the compression 

moduli and the age of the soil previous to the latest loading. These values are not as exact as the 

value of the age given by the actual deformations and it is therefore not strange that the results 

differ. A statistical analysis could possibly have answered which parameter that had the biggest effect 

on the results and thereby needed to be specified with a higher accuracy. Such an investigation have 

however not been made. 

In looking at the deformations of rockfill many estimations had to be made. Regarding the rockfill 

material, estimations were made on the composition as to the type of material and fractions but the 

estimation of the density is the one that really affects the calculations since it is used for the 

calculation of soil stresses which in turn are used as input data in the age equation. For the soil 

stresses the calculation model that is chosen is one way of calculating the stresses in the soil and no 

measurements of the actual stresses were made. It is therefore possible that the results would have 

looked different if other assumptions regarding the density of the soil were made and another 

method for calculating the soil stresses was chosen.  

With the findings of this study it can be seen that creep can be looked at as a continuous process 

from when the soil starts to deform instead of the traditional way of looking at the three different 

settlement stages, a view that also should be possible to apply to other soils than rockfill.  

The focus on equations developed with the empirical approach was not a conscious choice but a 

result from the fact that most constitutive models meant to be solved analytically were developed 
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with the empirical approach. At the end of the study this appears as a bigger limitation than what the 

author could see from the beginning. 

The literature 
The literature is, when describing the creep phenomenon, suggesting that the plot of creep 

deformations against the logarithm of time will be represented as a straight line and this was also 

true for the rockfill at Norvik. This feature is what most creep equations bases their estimations on 

with the concept of Cα. It does however not seem to be any support for the theory that the gradient, 

and thus Cα, would tend towards a value of -1. 

Fellenius (2006) suggested that creep deformations are small enough to be neglected in non-organic 

soils, but as is evident from the results of this study, creep is occurring in rockfill to a degree that is 

worth consideration. 

In the literature there are more laboratory small scale tests on rockfill than there are full scale tests, 

so a possible explanation to why the mechanical properties of rockfill differ so much between the 

results of this study and suggested results could be due to the difference in scale between the 

laboratory tests and the surcharge experiment. It could also be due to time, in a laboratory a test is 

seldom maintained for as long time as the surcharge experiment has been going on, and since creep 

is a long time process it is important to know for which duration of time a mechanical property is 

defined. 

There seem to be a cultural difference mainly between Chinese researchers and European/American 

researchers where there is a tendency to approximate the creep deformation curve to a power 

function in China and to a logarithmic function in Europe/The Americas. The fact that not so much 

about the background to and advantages of the approximation to the power function have been 

brought up in this thesis is because the author have not come across any papers describing this in 

spite of extensive research. A speculation for the reason for this could be that a lot of older research 

from China is not available in English. 
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6 Conclusion and proposals for further research 
6.1 General conclusions 
The best mathematical function for approximating the creep deformations of rockfill is the 

logarithmic function. The creep model by Kristensen provide such a function along with a way of, 

with sufficient accuracy, estimate deformations even when the stress conditions are different from 

those of the creep test on which the model acquire its parameters. 

The mechanical properties of rockfill have, for Eoed and E, smaller values than what is suggested in 

the literature, it is however not well defined for which time the values in the literature are defined. 

6.2 Proposals for further research 
With the knowledge of the material properties of the rockfill at Norvik and a suitable method for 

predicting creep settlements to apply them to, the next step will be to map the allowable settlements 

and expected loads over the Norvik area, in order to determine the size of the expected settlements 

due to the expected loads and to determine the required amount of surcharge in order to limit the 

settlements to less than or equal to its maximum values. 

An interesting alternative focus for the thesis had also been to study the basic assumptions of the 

chosen creep model, which differ from the traditional view of three separate deformation stages, as 

well as to study the driving forces behind creep in rockfill at a chemical and mechanical level. 
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8 Appendix A – Results from field tests 
8.1 Appendix A.1 – settlements underneath the embankments 

 

During the field tests the deformation of four levels were measured for each embankment. The 

results of the deformation measurements over time from the reference measurement at day zero to 

the last measurement made at day 728 can be seen in section 8. 
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Figure 33 plot of the time versus deformation for the four 

measured levels, embankment 2 

Figure 32 plot of the logarithm of time versus deformation for the 

four measured levels, embankment 2 

Figure 30 plot of the logarithm of time versus deformation for 

the four measured levels, embankment 3 Figure 31 plot of the time versus deformation for the four 

measured levels, embankment 3 
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2 (4) Appendix A 

When the deformations are plotted against the logarithm of time and the resulting plot forms a close 

to straight line, this is an indication of that the deformations seen are creep deformations, therefore 

this has been plotted as well.  

8.2 Appendix A.2 - Comparative graphs for the settlements of the soil layers 

underneath the embankments  
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Figure 34 plot of the time versus deformation of the two 

soil layers, embankment 2 

Figure 35 plot of the logarithm of time versus 

deformation for the two soil layers, embankment 2 
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Figure 36 plot of the logarithm of time versus deformation 

for the two soil layers, embankment 3 
Figure 37 plot of the time versus deformation of the two 

soil layers, embankment 3 
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For the analysis of the deformation data two soil layers were defined and used. The deformation of 

these soil layers, plotted as deformations versus time, deformations versus logarithm of time, strain 

versus of time and strain versus logarithm of time can be seen below. 

8.3 Appendix A.3 – Strains underneath the embankments 

 

Figure 38 plot of the time versus strain in the two soil layers, embankment 2 

 

Figure 39 plot of the logarithm of time versus strain in the two soil layers, embankment 2 
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Figure 40 plot of the time versus strain in the two soil layers, embankment 3 

 

Figure 41 plot of the logarithm of time versus strain in the two soil layers, embankment 3 
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9 Appendix B - Soil stresses, soil parameters and model 

calibration  
9.1 Appendix B.1 – Soil stresses 
 

 

Figure 42 plot of the calculated stresses underneath the embankments 

The stresses under the embankments were assumed to be identical between embankment 2 and 

embankment 3 and can be seen presented as a graph in Figure 42. The added stresses were 

calculated with the 2:1 method, the initial stresses were assumed to follow Terzaghis principle of 

effective stresses and the ground water level was assumed to be located at the mean sea level in the 

area. 

9.2 Appendix B.2 – Calculation of the oedometer modulus 
Different values for the oedometer modulus were assumed I an iterative process until resulting 

deformations from the calculation matched the measured deformations. The numbers used can be 

seen in Table 11. 
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9.3 Appendix B.3 – Line of best fit for logarithm of time versus settlements 
 

Layer
Level RH00

Depth, z (m
)

Thickness (m
)

Δσ_z, tot (Pa)
σ_z, tot (kPa)

E_oed
E_oed (M

Pa)
ε calculated

ε m
easured

δ calculated
δ m

easured

m
ean/Σ

74115,8
74,1

4,6
0,0161

0,0162
0,0804

0,0809

m
ean/Σ

56651,7
56,7

2,9
0,0195

0,0194
0,0975

0,0971

0,0172
0,0215

2,9
0,0194

0,0485

-7,6
10

1,25
49810,8

49,8
2900000,0

2,9

0,0220
0,0276

-5,1
7,5

2,5
56211,7

56,2
2900000,0

0,0139
0,0174

MIDDLE

-2,6
5

1,25
63932,6

63,9
2900000,0

2,9

-2,6
5

1,25
63932,6

63,9
4600000,0

-0,1
2,5

2,5
73363,7

73,4
4600000,0

4600000,0
4,6

0,0185
0,0231

4,6
0,0159

0,0399

4,6

EMBANKMENT 3

TOP

2,4
0

1,25
85051,2

85,1

Layer
Level RH00

Depth, z (m
)

Thickness (m
)

Δσ_z (Pa)
Δσ_z (kPa)

E_oed
E_oed (M

Pa)
ε calculated

ε m
easured

δ calculated
δ m

easured

m
ean/Σ

74115,8
74,1

6,0
0,0124

0,0123
0,0616

0,0614

m
ean/Σ

56651,7
56,7

4,7
0,0121

0,0120
0,0602

0,0598

4,7
0,0106

0,0132

4700000,0
4,7

0,0120
0,0299

-7,6
10

1,25
49810,8

49,8
4700000,0

0,0136
0,0170

-5,1
7,5

2,5
56211,7

56,2

0,0107
0,0133

MIDDLE

-2,6
5

1,25
63932,6

63,9
4700000,0

4,7

-0,1
2,5

2,5
73363,7

73,4
6000000,0

6,0
0,0122

85,1
6000000,0

6,0
0,0142

0,0177

0,0306

63,9
6000000,0

6,0

EMBANKMENT 2

TOP

2,4
0

1,25
85051,2

-2,6
5

1,25
63932,6

Table 11 calculation of the oedometer modulus for both embankments 
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Figure 43 logarithmic line of best fit through the measured points, embankment 2 

 

Figure 44 logarithmic line of best fit through the measured points, embankment 3 

A logarithmic line of best fit was created for the soil layers underneath the embankments in order to 

obtain the values for Cαε. The plot of the measured points, line of best fit and corresponding 

equations can be seen in Figure 43 and Figure 44. 
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9.4 Appendix B.4 – Calculation of the modified secondary compression index 
 

Cαε is in equation 2.21 defined as the slope of the log time-strain diagram 

𝐶𝛼𝜀 =
∆𝜀

∆𝑙𝑜𝑔𝑡
 

When plotting the measured 𝜀 in a log time-strain diagram in excel, a line of best fit can be 

determined and the slope of this line will be Cαε. Due to the fact that excel displays the logarithmic 

best fit lines in terms of the natural logarithm, instead of the logarithm with base 10, the equations 

will have to be converted to be written with the logarithm with base 10 which is done with the 

logarithm rule. The deformation plots with the lines of best fit and corresponding equations can be 

seen in section 9.5. 

Equations for 𝜀 in the four studied soil layers given by excel are 

Embankment 2, top layer   𝑦 = 0.0007 ∗ ln(𝑥) + 0.008 

Embankment 2, middle layer   𝑦 = 0.0008 ∗ ln(𝑥) + 0.0062 

Embankment 3, top layer   𝑦 = 0.0009 ∗ ln(𝑥) + 0.0103 

Embankment 3, middle layer   𝑦 = 0.0015 ∗ ln(𝑥) + 0.0092 

Where 𝑦 is 𝜀 and 𝑥 is the time. With the logarithm rule the expression can be rewritten from the 

natural logarithm as base to the logarithm with the base ten according to 

logm 𝑥 =
ln(𝑥)

ln (𝑚)

𝑦𝑖𝑒𝑙𝑑𝑠
→    ln(𝑥) = ln(𝑚) ∗ logm 𝑥 

and the by excel given equations can thus be rewritten to equations with base ten according to 

Embankment 2, top layer   𝑦 = 0.0007 ∗ ln(10) ∗ log10(𝑥) + 0.008 →  

      𝑦 = 0.0016∗ log10(𝑥) + 0.008 

By the same method the equations for the three remaining soil layers are rewritten to 

Embankment 2, middle layer   𝑦 = 0.0018 ∗ log10(𝑥) + 0.0062 

Embankment 3, top layer   𝑦 = 0.0021 ∗ log10(𝑥) + 0.0103 

Embankment 3, middle layer   𝑦 = 0.0035 ∗ log10(𝑥) + 0.0092 

Now the first constant term in the equations expresses the slope of the 10-logarithm of time versus 

deformation in a form which can be used in the model by Kristensen since the model is based on 

the assumption that the deformations can be described as decreasing with the logarithm of base ten. 
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9.5 Appendix B.5 – The measured deformations applied to the method for 

estimating creep deformations 

Kristensens model 
When the age of the soil is calculated solely based on the obtained deformations and inserted into 

the model for estimating the creep settlements it can from Figure 45 be seen that the 𝜀 from the 

model and the 𝜀 from the line of best fit from the measured deformations give the same 𝜀 for all 

times with, for the study, relevant range of size, the two lines have converged about one minute after 

a load is added. 

When the age is calculated based on the age equation the results differ from when the age is 

calculated based on the obtained deformations, as can be seen in Figure 46 - . In these figures it can 

also be seen that the model consequently overestimates the age of the soil, resulting in an 

underestimation of 𝜀, this since the model suggests that the deformations are starting later than they 

actually are. Once again, the ‘age’ is the time when the deformations start and it is not an explicit 

description of what is usually thought of as age, namely the elapsed time since a certain event. 

 

Figure 45 illustration of how the age affects the strain calculated from the creep model 
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Figure 46 illustration of how the age calculated based on the line of best fit through the points of measured deformations differ 

from the age calculated based on the age equation, embankment 2 top layer 

 

Figure 47 age comparison, embankment 2 middle layer 
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Figure 48 age comparison, embankment 3 top layer  

 

  

Figure 49 age comparison, embankment 3 middle layer 
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Figure 50 age based on deformations and plotted against measured deformations, embankment 2 
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Figure 51 age based on deformations and plotted against measured deformations, embankment 3 

When 𝜀 is calculated based on the obtained deformations the, by the creep equation calculated 𝜀 
will, as can be seen in Figure 50 and Figure 51, follow close to the line of best fit through the 

measured points and thus have a good fit to the values. 

When 𝜀 is estimated based on the age equation 𝜀 is, as has been mentioned, underestimated in 

comparison to the measured 𝜀. This is illustrated in Figure 52 and Figure 53 where continuous lines 

represent the estimated 𝜀 based on the age equation, dotted lines represent the lines of best fit 

through the measured deformations and the squares and triangles represent the measured 

deformations. 
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Figure 52 age based on the age equation and plotted against measured deformations, embankment 2 
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Figure 53 age based on the age equation and plotted against measured deformations, embankment 3 
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The creep equation advocated by Li and Zhang 

 

Figure 54 illustration of the strain estimated with the equation advocated by Li and Zhang as well as the measured strain, 

embankment 2 

 

Figure 55 illustration of the strain estimated with the equation advocated by Li and Zhang as well as the measured strain, 

embankment 3 
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When the measured deformations are applied to the equation advocated by Li and Zhang the 

resulting estimated 𝜀 can be seen as continuous lines in Figure 54 and Figure 55. Here the line of 

best fit can also be seen as a dotted line and the measured 𝜀 can be seen as squares and triangles. 

9.6 Appendix B.6 – Age of the soil 

Age based on obtained deformations 

Figure 56 line of best fit extended to cross y=0 

The lines of best fit through the measured points will where they cross y = 0 indicate when the soil 

started to deform. In Figure 56 this line of best fit is marked as a dotted line and it can be seen that 

the age, and thus the time when the soil started to deform, is equal to 0.00001 days which 

corresponds to just less than one second. When this age is inserted into the strain equation in the 

creep model by Kristensen, see section 2.3, the resulting estimate will follow the continuous line.  

Equations for the lines of best fit based on the plot of the obtained deformations can be seen in 

Figure 43 and Figure 44, they are also given below. 

𝑦 = 0.0007 ∗ ln(𝑥) + 0.008 

𝑦 = 0.0008 ∗ ln(𝑥) + 0.0062 

𝑦 = 0.0009 ∗ ln(𝑥) + 0.0103 

𝑦 = 0.0015 ∗ ln(𝑥) + 0.0092 

𝑦2𝑡𝑜𝑝 = 0 → 0 = 0.0007 ∗ ln(𝑥) + 0.008 → 𝑥2𝑡𝑜𝑝 = 𝑒
(−
0,008
0,0007

)
= 1.088014 ∗ 10−5 

Similarly 

𝑥2𝑚𝑖𝑑𝑑𝑙𝑒 = 𝑒
(−
0.0062
0.0008

) = 4.307425 ∗ 10−4 
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𝑥3𝑡𝑜𝑝 = 𝑒
(−
0.0103
0.0009

) = 1.070880 ∗ 10−5 

𝑥3𝑚𝑖𝑑𝑑𝑙𝑒 = 𝑒
(−
0.0092
0.0015

) = 0.002169 

Age based on equation given by the creep model by Kristensen 
The equation for calculating the age can be found in section 2.3. 

 

Table 12 resulting age A2 from the age equation 
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10 Appendix C – Derivation of equations 
10.1 Appendix C.1 – Derivation of the creep model by Kristensen 
The creep model by Kristensen is described in section 2.3. 

𝜀(𝑡) = 𝐶𝛼𝜀 ∗ log10(1 +
𝑡

𝐴
) 

𝐶𝛼𝜀 =
∆𝜀

∆𝑙𝑜𝑔𝑡
 

log10 (1 +
𝑡

𝐴
) = log10 (

𝐴

𝐴
+
𝑡

𝐴
) = log10 (

𝐴 + 𝑡

𝐴
) = log10(𝐴 + 𝑡)

− log10(𝐴) =∆ log10(𝑡) = ∆𝑙𝑜𝑔𝑡 

𝜀(𝑡) =
∆𝜀

∆𝑙𝑜𝑔𝑡
∗ ∆𝑙𝑜𝑔𝑡 = ∆𝜀 

During the time between A and A+t 𝜀 can be described with the settlement model given that Cαε has 

been determined. 

10.2 Appendix C.2 – Derivation of the expression for the modified compression 

index 
The expression for Cc expressed according to equation 2.16 and Ccε expressed according to equation 

2.23 makes sense only when the materials response to stress can be plotted as a straight line in a 

logarithm of effective stress-strain diagram. This is mostly true for clay but for rockfill this gives a 

curved line. In order to be able to use the equation with compression indexes for a material which 

does not display a straight line when plotted in a logarithm of effective stress-strain diagram, an 

equivalent modified compression index for rockfill have to be developed. This equivalent 

compression index will represent the inclination of the curved line on the logarithm of effective 

stress-strain diagram in every point, and thus be dependent on the stress level chosen for the 

calculations. 

The desired expression is equation 2.24    𝐶𝑐𝜀 = 2.3 ∗
𝜎𝑣
′

𝐸𝑜𝑒𝑑
 

𝐶𝑐𝜀 =
∆𝜀

∆ log10 𝜎𝑣′
=

∆𝜎𝑣
′

∆ log10 𝜎𝑣′
∗
∆𝜀

∆𝜎𝑣′
=

∆𝜎𝑣
′

∆ 𝑙𝑛 𝜎𝑣′

ln(10)⁄
∗
∆𝜀

∆𝜎𝑣′
= 2.3 ∗

∆𝜎𝑣
′

∆ 𝑙𝑛 𝜎𝑣′
∗
∆𝜀

∆𝜎𝑣′

={
𝑑𝑙𝑛(𝑥)

𝑑𝑥
=
1

𝑥
} = 2.3 ∗ 𝜎´𝑣 ∗

1

𝐸𝑜𝑒𝑑
 





Appendix D 

1 (3) Appendix D 

11 Appendix D - List of figures and tables 
11.1 List of figures 
Figure 1 vision of the competed Norvik harbour (Municipality of Nynäshamn, 2014) ................. 1 

Figure 2 principal illustration of the three commonly used settlement stages ................................ 6 

Figure 3 explanation of the secondary compression index ........................................................... 13 

Figure 4 delayed creep and how it is obscured by primary effects (Hansen and Kristensen, 2012)

....................................................................................................................................................... 17 

Figure 5 the Norvik peninsula....................................................................................................... 21 

Figure 6 material from test pit and test pit (Nilsson and Odén, 2013) .......................................... 22 

Figure 7 topography of the Norvik peninsula ............................................................................... 23 

Figure 8 the different ground levels that are considered in the report as well as the variation of 

the ground water level ................................................................................................................... 23 

Figure 9 location of the field tests................................................................................................. 24 

Figure 10 the field tests (Nilsson and Odén, 2013) ...................................................................... 25 

Figure 11 test embankments, adapted from Nilsson and Odén (2013) ......................................... 26 

Figure 12 levels referred to in the obtained deformation data ...................................................... 27 

Figure 13 division of soil layers as defined by the author ............................................................ 27 

Figure 14 two ways of estimating the deformations with the creep model by Kristensen ........... 29 

Figure 15 general direction of the slope of the island ................................................................... 31 

Figure 16 time-deformation, embankment 3 ................................................................................ 35 

Figure 17 time-deformation, embankment 2 ................................................................................ 35 

Figure 18 comparison of added stresses ....................................................................................... 36 

Figure 19 estimated oedometer modulus ...................................................................................... 36 

Figure 20 the two different deformation curves that result from using the same  age as input data 

in the creep model by Kristensen .................................................................................................. 38 

Figure 21 illustration of how the age calculated based on the line of best fit through the points of 

measured deformations differ from the age calculated based on the age equation, embankment 2 

top layer ........................................................................................................................................ 39 

Figure 22 age based on deformations and plotted against measured deformations, embankment 2

....................................................................................................................................................... 40 

Figure 23 age based on the age equation and plotted against measured deformations, 

embankment 2 ............................................................................................................................... 40 

Figure 24 illustration of the strain estimated with the equation advocated by Li and Zhang as well 

as the measured strain, embankment 2 ......................................................................................... 41 

Figure 25 illustration of the strain estimated with the equation advocated by Li and Zhang as well 

as the measured strain, embankment 3 ......................................................................................... 41 

Figure 26  comparison of results from the equations where the percental deviation in every point 

is given. The equations which are being compared are the equation advocated by Li and Zhang 

against the equation by Kristensen with obtained deformations as input data. Embankment 2. .. 42 

Figure 27 comparison of results from the equations where the percental deviation in every point 

is given. The equations which are being compared are the equation advocated by Li and Zhang 

against the equation by Kristensen with obtained deformations as input data. Embankment 3 ... 42 

https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565842
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565844
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565845
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565845
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565846
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565847
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565848
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565849
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565849
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565850
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565851
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565852
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565853
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565854
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565855
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565856
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565857
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565858
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565859
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565860
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565861
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565861
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565862
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565862
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565862
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565863
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565863
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565864
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565864
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565867
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565867
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565867


Creep deformation of rockfill 

2 (3) Appendix D 

Figure 28 comparison of results from the methods where the percental deviation in every point is 

given. The methods which are being compared are the model by Kristensen with the age 

equation used as input data  against the equation by Kristensen with obtained deformations used 

as input data. Embankment 3 ........................................................................................................ 43 

Figure 29 comparison of results from the models where the percental deviation in every point is 

given. The models which are being compared are the model by Kristensen with the age equation 

used as input data  against the model by Kristensen with obtained deformations as input data. 

Embankment 2 .............................................................................................................................. 43 

 

Appendix A 
Figure 30 plot of the logarithm of time versus deformation for the four measured levels, 

embankment 3 ................................................................................................................................. 1 

Figure 31 plot of the time versus deformation for the four measured levels, embankment 3 ........ 1 

Figure 32 plot of the logarithm of time versus deformation for the four measured levels, 

embankment 2 ................................................................................................................................. 1 

Figure 33 plot of the time versus deformation for the four measured levels, embankment 2 ........ 1 

Figure 34 plot of the time versus deformation of the two soil layers, embankment 2.................... 2 

Figure 35 plot of the logarithm of time versus deformation for the two soil layers, embankment 2

......................................................................................................................................................... 2 

Figure 36 plot of the logarithm of time versus deformation for the two soil layers, embankment 3

......................................................................................................................................................... 2 

Figure 37 plot of the time versus deformation of the two soil layers, embankment 3.................... 2 

Figure 38 plot of the time versus strain in the two soil layers, embankment 2 .............................. 3 

Figure 39 plot of the logarithm of time versus strain in the two soil layers, embankment 2 .......... 3 

Figure 40 plot of the time versus strain in the two soil layers, embankment 3 .............................. 4 

Figure 41 plot of the logarithm of time versus strain in the two soil layers, embankment 3 .......... 4 

 

Appendix B 
 Figure 42 plot of the calculated stresses underneath the embankments ........................................ 1 

Figure 43 logarithmic line of best fit through the measured points, embankment 2 ...................... 3 

Figure 44 logarithmic line of best fit through the measured points, embankment 3 ...................... 3 

Figure 45 illustration of how the age affects the strain calculated from the creep model .............. 5 

Figure 46 illustration of how the age calculated based on the line of best fit through the points of 

measured deformations differ from the age calculated based on the age equation, embankment 2 

top layer .......................................................................................................................................... 6 

Figure 47 age comparison, embankment 2 middle layer ................................................................ 6 

Figure 48 age comparison, embankment 3 top layer ...................................................................... 7 

Figure 49 age comparison, embankment 3 middle layer ................................................................ 7 

Figure 50 age based on deformations and plotted against measured deformations, embankment 2

......................................................................................................................................................... 8 

Figure 51 age based on deformations and plotted against measured deformations, embankment 3

......................................................................................................................................................... 9 

https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565869
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565869
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565869
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565869
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565870
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565870
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565870
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565870
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565871
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565871
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565872
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565873
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565873
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565874
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565875
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565876
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565876
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565877
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565877
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565878


Appendix D 

3 (3) Appendix D 

Figure 52 age based on the age equation and plotted against measured deformations, 

embankment 2 ............................................................................................................................... 10 

Figure 53 age based on the age equation and plotted against measured deformations, 

embankment 3 ............................................................................................................................... 11 

Figure 54 illustration of the strain estimated with the equation advocated by Li and Zhang as well 

as the measured strain, embankment 2 ......................................................................................... 12 

Figure 55 illustration of the strain estimated with the equation advocated by Li and Zhang as well 

as the measured strain, embankment 3 ......................................................................................... 12 

Figure 56 line of best fit extended to cross y=0 ............................................................................ 13 

 

11.2 List of tables 
Table 1 oedometer modulus – recommended values from the literature ........................................ 4 

Table 2 Young’s modulus – recommended values from the literature ........................................... 4 

Table 3 the Cα/Cc quotient – recommended values from the literature (Mesri and Castro, 1987)1 

(Mesri and Feng, [date unknown])2 ................................................................................................ 5 

Table 4 vp – recommended values from the literature (Das and Ramana, 2011) ........................... 6 

Table 5 mechanical properties of the rockfill at Norvik ............................................................... 37 

Table 6 input data for the creep model by Kristensen .................................................................. 37 

Table 7 input data for the creep model by Kristensen .................................................................. 37 

Table 8 input data for the creep equation advocated by Li and Zhang ......................................... 37 

Table 9 correspondence of strain for the model by Kristensen based on the age equation .......... 39 

Table 10 comparison of mechanical properties ............................................................................ 44 

Table 11 calculation of the oedometer modulus for both embankments ........................................ 2 

Table 12 resulting age A2 from the age equation .......................................................................... 14 

https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565906
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565907
https://d.docs.live.net/3883b1d3d91803ce/Master%20Thesis/Creep%20deformation%20of%20rockfill%20141228%202.docx#_Toc407565908




Appendix E 

1 (1) Appendix E 

12 Appendix E - Symbols 
12.1 Roman symbols 
Parameter Description Unit 
A age of the soil s 
A1 previous age of the soil, age of the soil before stress change s 
A2 the new acquired age of the soil, the age after stress increase s 
a creep in the point called initial creep - 
b axial creep exponent, the slope of the curve fitted to the deformation 

measurements from the initial point to the last measurement 
- 

Cαε modified secondary compression index 1/s 

Ccε modified compression index 1/Pa 

E Young’s modulus, E-modulus P  Pa 
E0 instant elastic modulus Pa 
E1 limit creep deformation modulus Pa 
Eoed oedometer modulus Pa 
e void ratio - 
e0 initial void ratio - 
ep void ratio at the end of primary consolidation - 
G shear modulus Pa 
H height of the embankment (for Boussinesq calculations) m 
H thickness of the soil layer (for the creep equation by Das) m 
H longest drainage distance for the studied soil layer (for the inflection point 

method) 
m 

Tvi = 0.405, Time factor at time i, aka in the inflection point - 
t time s 
t0 a certain point in time of the duration of the creep test s 
ti time at the inflection point s 
tα measured time from t100 s 
t100 time at the end of primary consolidation s 
u pore water pressure Pa 

12.2 Greek symbols 
Parameter Description Unit 
α ratio between the modified secondary compression index and the modified 

compression index 
N/(m2s) 

γ unit weight N/m3 
ε0 instant elastic strain - 
ε∞ final strain - 
εt strain as a function of time - 
η1 viscosity constant s*N/m2 
ν Poisson’s ratio - 
σ’v effective vertical stress Pa 
Δσv added vertical stress Pa 
Δσz additional soil stress due to the embankment Pa 
σ’v1 stress level of the soil before stress change Pa 
σ’v2 stress level of the soil after stress change Pa 
τ1 delay time s 

 


