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ABSTRACT 

This report is based on four different seepage tests that have been performed on a silty, sand 

glacial till. The glacial till was collected from a borrow area in Västerbotten and it has been used as 

core material in a dam. The tests were performed with purpose to investigate the internal stability 

of glacial tills and the effect the amount of fines and the degree of compaction has on the 

phenomenon internal erosion. The results from the seepage tests were compared with two available 

internal erosion criteria, developed to assess if a soil is susceptible to internal erosion. The 

comparison was performed in order to find out it is possible to apply the methods to the studied 

glacial till soils. 

The first seepage test was conducted on a natural glacial till soil, test GR1. Then to reduce the 

fines content the glacial till was mixed with 40 % and 70 % by mass of gravel in aggregate sizes 

between 8-30 mm, test GR2 and test GR3 respectively. These three tests were compacted to a 

degree of compaction of 90 %. The final test was compacted to a degree of compaction of 95 %, 

with mixed aggregate sizes of gravel (8-30 mm) of 45 % by mass, test GR4. 

The seepage test of GR1 showed to be stable after a test-duration of 14 days. Test GR2 were 

stopped after four days, it was unstable and had eroded in a combination of suffusion and global 

backward erosion. Test GR3 were stopped after one day, seemingly being unstable only by 

suffusion. Test GR4, with a larger percentage of mixed gravel than the stable test GR2, was 

compacted to 95 % instead of 90 % as the other tests. It proved to be stable after being tested for 15 

days. 

The initial grain size distribution for each sample was compared to two different methods for 

assessing internal stability; i) Li-Fannin with Kenney and Lau and ii) the method by Wan and Fell. 

Both methods showed that all tests have unstable grain size distributions except test GR1, the 

natural glacial till.  

The seepage test of GR4, with a degree of compaction of 95 %, was also stable in the seepage 

tests. The conclusion is that compaction affects the resistance to internal erosion, thus indirectly, in 

this case, also influences the internal stability of the soil.  

Furthermore a glacial till with more stones and less amount of fines behaves more unstable. The 

limit of stability seems to lye somewhere with a fines content of 16 % and some percentage higher 

if it is low compacted.  

Both the method i) by Li-Fannin with Kenney and Lau and the method ii) by Wan and Fell seem 

to be working for predicting instability for this type of soil. However, compaction is not considered 

in the methods, which means that the soil can perform stable despite a grain size distribution that is 

theoretically unstable. 

Keywords: glacial till, internal erosion, suffusion, seepage tests, permeameter.  
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SAMMANFATTNING 

Den här rapporten är baserad på fyra genomströmningsförsök som genomförts på en siltig, 

sandmorän som hämtades från en jordtäkt i Västerbotten och som använts som tätkärna i en damm. 

Försöken utfördes i syfte att undersöka vilken grad faktorer som mängd finjord och packning styr 

fenomenet inre erosion. Slutligen jämfördes resultaten från genomströmsförsöken med två metoder 

som är framtagna för att förutspå om en jord ligger i riskzonen för inre erosion eller ej baserat på 

kornfördelningen. Detta gjordes för att se om metoderna går att tillämpa på moränjord. 

Först genomfördes genomströmningsförsök på den naturliga moränen, test GR1. Sedan 

blandades moränen med 40- och 70- massprocent av stenar i storlekar mellan 8-30 mm, test GR2 

respektive test GR3. Dessa tre tester packades till en packningsgrad på 90 procent. Slutligen 

genomfördes ytterligare ett genomströmningsförsök på moränen med en inblandad stenhalt (8-30 

mm) på 45 procent, vilken istället packades till en packningsgrad på 95 procent, test GR4. 

I genomströmningstesten visade sig den naturliga moränen, test GR1, vara stabil efter att ha 

testats i 14 dagar. Jorden i test GR2 visade sig vara instabil och testet stoppades efter fyra dagar. 

GR2 hade eroderats som en kombination av ”suffusion” och global bakåtskridande erosion. Test 

GR3 stoppades efter en dag, tillsynes ostabilt genom inre erosion i form av ”suffusion”. Test GR4, 

med större andel inblandad sten än den instabila GR2, packades till 95 procent istället för 90 

procent som de övriga testen och visade sig vara stabil efter att ha testats i 15 dagar.  

De initiala graderingskurvorna för varje test jämfördes sedan med metoden av i) Li-Fannin med 

Kenney och Lau samt med metoden ii) från Wan and Fell. Båda metoderna visade samma resultat; 

att jorden i alla tester är instabil med hänsyn till graderingen förutom test GR1, den naturliga 

moränen.  

I genomströmningsförsöken visade sig dock GR4, som packades hårdare, också vara stabil. 

Slutsatsen av testerna är att packningen har betydelse för motståndskraften mot inre erosion och 

därmed inverkande på stabiliteten.  

Jord med mer inblandning av sten och mindre finjordshalt blir mer instabil. ”Stabilitetsgränsen” 

verkar ligga kring en finjordshalt på 16 massprocent och något högre om jorden är dåligt packad. 

Både metod i) från Li-Fannin med Kenney och Lau samt metod ii) från Wan och Fel går att 

använda för att förutspå ostabila moräner. Metoderna tar dock inte hänsyn till packningen vilket 

gör att jorden ändå kan visa sig vara stabil, trots instabil gradering. 

Nyckelord: morän, inre erosion, suffusion, genomströmningsförsök, permeameter. 
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NOTATIONS 

Roman letters 

𝐶𝑢   [mm/mm] coefficient of uniformity, 𝐶𝑢 = 𝑑60/𝑑10. 

𝑑5 [mm], 15 mass percentage particle size in a grain size distribution curve. 

𝑑10  [mm], ten mass percentage particle size in a grain size distribution curve. 

𝑑15  [mm], 15 mass percentage particle size in a grain size distribution curve. 

𝑑60  [mm], 60 mass percentage particle size in a grain size distribution curve. 

𝑑90  [mm], 90 mass percentage particle size in a grain size distribution curve. 

𝑑´85  [mm], 85 mass percentage particle size in a grain size distribution curve for the base 

material. 

𝐷´15  [mm], 15 mass percentage particle size in a grain size distribution curve for the filter 

material. 

𝑒𝑝 [%], ratio between the pore volume and the solid volume. 

𝑓𝑙 [%], mass percentage of loose particles a granular material can contain. 

𝑓𝑝 [%], mass percentage of the primary fabric. 

𝐹 [%], mass percentage smaller than. 

ℎ [m], pressure loss in water table. 

ℎ´  [mm/mm], ratio between 90- and 60 mass percentage particle size in a grain size 

distribution curve. 

ℎ´´   [mm/mm], ratio between 90- and 15 mass percentage particle size in a grain size 

distribution curve. 

𝐻 [%], mass percentage between the particles sizes D and 4D. 

𝑖  [m/m], hydraulic gradient, pressure loss per length unit in the direction of flow. 

𝐼𝑃 [%], plasticity index. 

𝑙 [m], length in the direction of the flow. 
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𝑚𝑘 [kg], mass of the soil grains. 

𝑚𝑠 [kg], solid mass of soil. 

𝑚𝑤 [kg], mass of the water. 

𝑛 [%], porosity, the ratio between the pore volume and the total volume. 

𝑛1 [%], average porosity of the loose particles. 

𝑃𝑓  [%], predicted probability of internal erosion. 

𝑞 [m
3
/s], unit flux, flow per unit area. 

𝑅´ [m
2
*10

3
], hydrodynamic number. 

𝑅𝐷 [%], degree of compaction. 

𝑉 [m
3
], volume of the soil. 

𝑤 [%], water content. 

𝑤𝐿  [%], liquid limit. 

𝑤𝑃 [%], plastic limit. 

𝑍  [mm/mm], depending on type of soil, for predicted probability of internal stability. 

 

Greek letters 

𝑣  [mm
2
/s], kinematic viscosity of water. 

𝜌𝑑 [kg/m
3
], dry density of the soil. 

𝜌𝑑,𝑚𝑎𝑥 [kg/m
3
], maximal dry density of the soil. 
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1. INTRODUCTION 

1.1 Purpose and objective 

Seepage tests with the purpose of investigating the stability of internal erosion on glacial till 

soils are rarely performed and reported. Therefore Vattenfall and Luleå University of Technology 

are collaborating for examining the stability of glacial tills in seepage cell tests. This study is based 

upon four seepage tests on a glacial till soil. 

1.1.1 Main goal 

The purpose of this thesis is to try to find criteria for when a soil of glacial till is in risk of 

internal erosion. Especially the type of internal erosion called suffusion; the washing out of fines.  

The work will hopefully give a better understanding of the phenomena in order to improve the 

dam stability against internal erosion in cores consisting of glacial tills. 

1.1.2 Personal goal 

The objective of the thesis work is to explore a subject deeper, working individually with a 

project in a systematic, scientific way. Doing this, a better understanding of the working procedure 

for a smaller research project is obtained. The thesis work also prepare for tasks in working 

environment. 

This work gives a deeper understanding of soil mechanics, especially the subject of internal 

erosion, being of great importance for stakeholders working with dams and dam safety.  

1.2 Methodology 

This thesis work is based on four seepage tests of a glacial till soil. The tests were conducted at 

Complab at Luleå University of Technology with purpose of evaluating the risk of internal erosion 

and especially the initiation of suffusion.  

The first step involved a literature study of internal erosion and dams. Special focus was put on 

internal stability of soils in order to better know what to check for and what to evaluate in the 

laboratory tests to come. 

A glacial till soil collected from a borrow area in Västerbotten was used for the tests. The soil 

where mixed to obtain the target water content, the target compaction and the desirable amount of 

8-30 mm gravel.  

The natural glacial till soil was tested to determine the classification based upon the grain size 

distribution and finally by the soils plasticity in form of a plastic limit test and sand castle tests. 

The main laboratory work was to test the glacial till soils in a seepage cell, also called 

permeameter. The soil was compacted in four layers with filters upstream and downstream the soil. 
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A layer that had been mixed the same way as was the other layers of each test, called the initial 

layer, was not tested in the seepage cell. The initial layer was analysed based on its grain size 

composition to be able to compare the grain size distribution before and after testing. 

The tests were driven until the gradient changed, or for at least a weak without visual signs of 

erosion. 

After the tests had been conducted the soils was sieved and sedimentation analyses were 

performed to analyse if there had been any change of the soil from before and after it was tested in 

the seepage cell. 

Based upon the grain size distribution of the initial soil, the method by Wan and Fell (2004) and 

also the method by Li and Fannin (2008) were used to evaluate if the risk of internal erosion for the 

particular type of glacial till could be predicted in advance.  

1.3 Problem description  

The safety of construction and working with dams is of great priority because of the 

consequences of a failure. One of the biggest risks is internal erosion. Glacial till is the most 

common soil used in dam cores in Sweden. In this report the susceptibility to internal erosion for a 

typical glacial till is tested to get better understanding of the initiating factors of internal erosion. 

1.3.1 Research questions 

How is the internal stability for a specific dam with a core of glacial till affected by its content 

of fines and by its degree of compaction? 

Could the method given by Li and Fannin (2008) and the method given by Wan and Fell (2004) 

be used to decide if a soil of glacial till is stable from internal erosion or not? 
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2. DELIMITATIONS  

2.1 Extent of the study 

The study is equivalent to 30 university points or corresponding 20 weeks of full time studies. 

The laboratory work was performed during the autumn of year 2014 at Complab, Luleå University 

of Technology and the study was finished in 2015.  

2.2 Research delimitations 

Main focus of the research has been on the soils -grain size distribution, -degree of compaction 

and the soils plastic behaviour; properties that are affecting the vulnerability to internal erosion for 

the soil itself.  

One type of glacial till was examined and four different seepage tests were performed. The 

performed tests were as follows:  

 Test GR1. A natural glacial till soil with a fines content of 27.9 % and a degree of 

compaction of 90 %. 

 Test GR2. A glacial till soil that was mixed with 40 % gravel in sizes 8-30 mm and had a 

degree of compaction of 90 %. 

 Test GR3. A glacial till soil that was mixed with 70 % gravel in sizes 8-30 mm and had a 

degree of compaction of 90 %. 

 Test GR4. A glacial till soil that was mixed with 45 % gravel in sizes 8-30 mm and had a 

degree of compaction of 95 %. 

 

Sedimentation analyses were only performed on the initial layer and the layers that 

distinguished the most from the others since sedimentation analyses is a time consuming moment.  

The sand castle tests were performed at optimum water content with two different degrees of 

compaction. Two different methods of sand castle testing were used. 

Method by Li and Fannin (2004) and the method given by Wan and Fell (2008) were used to 

assess the internal stability. These analyses are only performed on the initial grain size distribution 

curves.  

The work procedure for the sieving and the sedimentation analyses of the soil are not described 

as standardized methods were used.  
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Figure 1. The highest coast line (Karlsson and Hansbo, 1989). 

3. THE FORMING OF GLACIAL TILL  

Soils are defined by the way it was formed. In Figure 1 the highest coastline of Sweden is seen 

(Karlsson and Hansbo, 1989). The highest coastline is the level that the water reached highest after 

the compression action of the 

inland ice. It is of great 

importance for the forming of 

soils in Scandinavia since above 

the highest coast line the soils 

have not been surged by water as 

below. Above the highest coast 

line the glacial tills are more 

undisturbed, often not covered by 

other soils. Below the highest 

coast line the glacial tills are 

often coarser since the finer 

material has been washed out and 

the glacial tills can also underlie 

other types of soils (Sveriges 

geologiska undersökning, 2015).  

Vattenfall (1988) states that 

the time for the ice to melt and 

following post glacier time is 

considered to be the most 

important time when talking 

about soil forming processes. It 

was also during this time that the 

soil type glacial till was formed 

(Vattenfall, 1988). 

Since whole Sweden was 

covered in ice 15000 years ago 

the glacial till is also the most 

common soil type in northern 

Europe. The soil of a glacial till is 

often the best and most cheap 

core material for dams in 

Sweden. This since it has suitable 

properties as low permeability in 

combination with high shear strength (Vattenfall, 1988).  
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Glacial till is a soil type that was deposited directly by the land ice. While the ice moved across 

the landscape it made marks on the solid bedrock and levelled out the surface. The ices also 

scraped away all lose deposits from the ground surface due to friction caused by its overwhelming 

weight (Vattenfall, 1988). This way the ice collected all sizes of different soil grain sizes spreading 

from clay to block making the glacial till soil recognizable as a very heterogeneous soil (Karlsson 

& Hansbo, 1989).  

The type of rock mass that the particles are consisting of is highly affecting the soil properties. 

For example; a glacial till with a mass of sand and silt with lot of block often originates from 

granite rock. While a glacial till that has more loose consistency and contains clay, usually 

originates from a schist rock mass. The longer distance a glacial till has been transported the more 

fine graded it is (Vattenfall, 1988).  
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4. CONSTRUCTION OF EMBANKMENT DAMS 

An embankment dam can be constructed in many different ways where the construction design 

is depending on the geology at site were the dam is going to be constructed. Also the degree of 

seepage which is allowed determines the level of seepage controlling functions used. The seepage 

can be controlled by filters, drains, grouting-, drainage- and cut-off constructions (Fell, 

MacGregor, Stapledon, & Bell, 2005). 

Figure 2 shows a schematic cross section of the most common embankment dam in Sweden, 

where some of the controlling functions are presented (Svensk Energi AB & SveMin, 2012). 

 

Figure 2. A principally cross section of a conventional embankment dam in Sweden (Svensk Energi AB & SveMin, 2012). 

The basic properties of the different soils shown in Figure 2 are described below. 

1. The Core, or the base material of a dam. It has the purpose of controlling the seepage of the 

dam (Fell et al., 2005). By controlling seepage, the core prevents high pore pressures from 

developing near the downstream slope (Svensk Energi AB & SveMin, 2012).  

The construction material is usually clay, sandy clay, clayey sand, silty sand, perhaps containing 

some gravel. Typically is about 15 % passing 0.075 mm, if possible more (Fell et al., 2005).  

2, 3 and 4. Transition zones from fine to coarser filters or filter drains. The filters provide 

erosion control to the core soil from eroding into the rock-fill. When used as horizontal drain the 

filters control erosion of the dam foundation and when used as vertical drain it helps controlling the 

pore pressure from building up downstream (Fell et al., 2005). 

5. Supporting fill. Gives stability to the construction and has some capacity of withstanding 

erosion (Fell et al., 2005). To secure the supporting stability for the dam toe is of most importance 

(Svensk Energi AB & SveMin, 2012).  
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6. Grout curtain for reducing the permeability of the subgrade (Svensk Energi AB & SveMin, 

2012). 

7. Special surface sealing, could be concrete, asphalt or similar if used (Fell et al., 2005). 

8. Rip rap, erosion protection, helps the dam to withstand erosion on the upstream side caused 

by wave action. It can also be used on the downstream toe to withstand erosion caused by the 

backwater flows from the spillway (Fell et al., 2005). 

9. Dam crest, should have a smallest width of 5 m for dams that are less than 30 meters high; 

this because it should be wide enough to allow space for each material type included in the dam. It 

should be even enough so that movements of the crest can be noticed. It should also be constructed 

to prevent frost heave of the core and in some extent it should resist water from flushing over the 

crest. The dam should be built high enough to allow settlements of the crest without loss of free 

board (Svensk Energi AB & SveMin, 2012). 

10. Rock-fill, adds stability to the construction, allows drainage through and below the dam. It 

also protects the dam against surface erosion (Fell et al., 2005). 

4.1 Glacial till as core material 

According to the Swedish Dam Safety Guidelines, RIDAS, a core material of glacial till should 

have low permeability, small water submersion subsidence at first rise of water, small subsidence 

at loading, high strength in general and finally it needs to be high plastic. RIDAS furthermore 

states that if glacial till is used as core material it should be silty-sandy with only few blocks and 

with a moderate degree of gravel (Svensk Energi AB & SveMin, 2012). 

The limits of permeability and the grain size distribution are the most important aspects for a 

soil to function as core material. Since glacial till has both low permeability and high internal 

friction, it is considered to be the best and cheapest core construction material in Sweden 

(Vattenfall, 1988).  

The permeability is related to the grain size distribution, the porosity and to some extent, the 

degree of compaction. Figure 3 presents approximate values of the effect compaction have on the 

permeability for unigraded soils (Svensk Energi AB & SveMin, 2012). 
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Figure 3. Approximate values of the permeability for unigraded soils and the effect of compaction (Svensk Energi AB & 

SveMin, 2012). 

The permeability is shown on the y-axis and the grain size 𝑑10 on the y-axis in Figure 3. The top 

area of the blue curve visualizes a loose compacted unigraded soil and a firm compaction is 

visualized at the bottom of the blue curve (Svensk Energi AB & SveMin, 2012). 

A core soil of a dam should have low permeability, and in terms of glacial till the hydraulic 

conductivity should be least 3 ∗ 10−7m/s (Svensk Energi AB & SveMin, 2012).  
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In Figure 4, the effect of water content and dry density on permeability is presented (Vattenfall, 

1988).  

 

Figure 4. The effect the water content and the dry density have on the permeability for a glacial till (Vattenfall, 1988). 

In Figure 4 the water content is presented in the x-axis and the corresponding dry density and 

permeability is presented on the top and bottom y-axis. Figure 4 shows that the lowest permeability 

is not reached at maximum dry density, but at water content that is slightly greater than optimum 

water content.  

What affects the permeability for a glacial till is complex, as properties like grain shape and 

mineralogical origin also of importance apart from the pore volume and the grain size distribution 

(Vattenfall, 1988).  
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5. INTERNAL EROSION IN EMBANKMENT DAMS  

5.1 Internal erosion 

Erosion (by water) is when a flow of water through or alongside a soil layer is transporting away 

the soil material. It occurs when the velocity of water exceeds a certain velocity limit. This is 

related to withstand the force of the flushing water. There are two big different groups of erosions 

that are usually referred to; surface- and ground water erosion (Vattenfall, 1988). 

Surface erosion takes place at the surface in the boundary between the flowing water and the 

soil layer. Erosion of soil materials in rivers is a typical way of this type of erosion. The grain size 

and the water flow are the biggest governing factors when a soil erodes this way. The greater the 

water flow is; the coarser grains can be transported. Naturally when the flow is high enough all 

grains are flushed away. Generally, the critical velocity for the soil to erode is proportional against 

the square root of the grain diameter. For fine graded soils the resistance force against erosion is 

greater because of the adhesion force between the grains. These plasticity characteristic soils are 

later described in the report. The most erosion-sensitive soils are found in the grain size interval of 

0.1 to 1.0 mm (Vattenfall, 1988). This corresponds to a grain fraction from fine- to coarse sand 

(Larsson, 2008).  

Ground water erosion, or internal erosion in dam structures as referred to in this report, occurs in 

a soil layer where the velocity of the groundwater/seepage water gets too great (Vattenfall, 1988). 

This type of erosion is in focus in this study. 

5.2 Failure due to internal erosion 

Internal erosion is statistically one of the biggest risks for dam failure. Record of dam failures 

for large dams constructed between year 1800 and 1986 shows that, (with exclusion of dams in 

China and dams constructed in Japan before 1930), 94 % of failure is due to erosion. More 

specifically, external erosion in form of overtopping is the cause of 48 % of the failures and 

internal erosion 46 %. The remaining 6 % of failures is caused by sliding because of static 

instability (4 %) and because of seismic instability (2 %) (Bulletin 164, 2014a).  

Failures due to internal erosion are generally categorized in three different failure types, 1) 

internal erosion through the embankment, 2) internal erosion through the foundation and 3) internal 

erosion of the embankment- into the foundation or -at the foundation (Bulletin 164, 2014b).  

According to Bulletin (2014b) internal erosion can be divided into the stages: initiation of 

erosion, continuation of erosion, progression to form a pipe or to create instability on the surface 

and finally initiation of a breach (Bulletin 164, 2014b). In Figure 5 are four different kinds of 

breaches caused by internal erosion presented (Fell et al., 2005). 
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Figure 5. Different kinds of breaches that are caused by internal erosion (Fell et al., 2005). 

In Figure 5A a pipe is collapsed, while in 5B the pore pressure has increased causing instability 

due to internal erosion and loss of freeboard follows (Fell et al., 2005).  

In 5C the crest is dropped due to suffusion and in 5D a pipe is causing the rock-fill to unravel 

(Fell et al., 2005). 

5.3 Critical conditions for internal erosion 

For internal erosion to arise three critical conditions need to be fulfilled, that is: 1) critical stress 

condition, 2) critical hydraulic load and 3) material susceptibility (Bulletin 164, 2014b). See Figure 

6 for a graphic explanation of the critical conditions. 

 

A B 

C D 
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Figure 6. Critical conditions for internal erosion (Bulletin 164, 2014b). 

Critical stress conditions are when low effective stress conditions can cause voids to form in the 

soil structure (Bulletin 164, 2014b). Kenney and Lau (1985) say that for internal erosion to happen; 

the coarser grains in the soil structure have to be able to carry the generated stresses so that small 

voids can be created without imploding.  

Critical hydraulic load is the energy required to cause internal erosion. For a soil to erode there 

must be energy enough in the seepage water so that grains can be disconnected and transported 

away from the soil structure (Bulletin 164, 2014b). 

Material susceptibility is the sensitivity for a soil in terms of losing a portion of its finer grains. 

The size of the grains and the grain size distribution are the greatest factors between a stable and an 

unstable soil (Bulletin 164, 2014c). There must be loose particles to be transported away with the 

seepage water. There must also be escape paths in the soil, large enough to allow loose particles to 

find their way out of the soil system (Kenney & Lau, 1985). 
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When all critical conditions are fulfilled there is a high risk of internal erosion. This is 

visualized as the centre area in Figure 6 where are circles are intersected. 

5.4 Initiation of erosion 

There are four initiation mechanisms of internal erosion, that is: 1) concentrated leak erosion, 2) 

backward erosion, 3) contact erosion and 4) suffusion (Bulletin 164, 2014b). The different types of 

initiation mechanisms are shortly described below. 

5.4.1 Concentrated leak erosion 

Concentrated leak erosion occurs in a crack caused by e.g. hydraulic fraction, differential 

settlements, frost action or through desiccation at high levels in the fill. Poorly compacted material 

during construction or animals digging their way in to the dam can also be causes for these 

concentrated leaks to arise. Soils to be affected by concentrated leaks are plastic soils, and in some 

cases unsaturated silt, silty sand or silty sandy gravel (Bulletin 164, 2014b).   
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5.4.2 Backward erosion 

There are two types of backward erosion and both are occurring in non-plastic soils (Bulletin 

164, 2014b). 

Backward erosion piping is the first type, Figure 7. It mainly takes place in foundations and is 

usually formed on the downstream side of an embankment, at the free surface, when the gradient is 

unfavourably high. There is risk for backward erosion piping if the overlying soil can form a roof 

that helps the pipe from collapsing. The process can then be continued backwards underneath the 

embankment, flushing away material downstream in a backward erosion pattern (Bulletin 164, 

2014b).  

 

Figure 7. Backward erosion piping in foundation (Bulletin 164, 2014b). 

The second type of backward erosion is global backward erosion. There is a risk for global 

backward erosion if the dam core is not sufficiently filter protected. Gravity is helping the particles 

to be moved downstream (Bulletin 164, 2014b). In this case there is no need for a supporting roof 

to cause a pipe. Sinkholes in cores consisting of glacial tills are often formed this way (Bulletin 

164, 2014b). See Figure 8 for global backward erosion.   
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Figure 8. Global backward erosion (Bulletin 164, 2014b). 

It is difficult to see signs of ongoing erosion piping. The piping are often not noticed until the 

pipe is collapsed, creating sinkholes, or when it is seen in relation with other damages. There is 

always some seepage in a dam, but seepage may not necessary come from a pipe. It is important to 

control if the leakage water contains particles. If the water is dirty, internal erosion is likely to be 

going on. It is then important to take the signs seriously to be able to prevent a disaster (Vattenfall, 

1988). 

5.4.3 Contact erosion 

Contact erosion happens when water is flushing through a coarse permeable soil such as gravel 

in parallel contact to a finer more impermeable soil layer. The flushing water can then start to erode 

the fine particles of the impermeable layer (Bulletin 164, 2014b). See Figure 9 for contact erosion. 
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Figure 9. Different kinds of contact erosion (Bulletin 164, 2014b). 

9A) Present a homogenous dam that has a permeable foundation and layered fills with varying 

permeability. There is risk for contact erosion when the high velocity seepage water comes in 

contact with the more impervious soil (Bulletin 164, 2014b).  

9B) Present a dam with the core more impermeable than the rest of the construction. Contact 

erosion can arise on top of the core when the reservoir level is high, or by erosion of the core 

through the coarser foundation (Bulletin 164, 2014b).  

5.4.4 Suffusion 

Suffusion is the washing out of fines from a soil. It occurs when there is seepage through a soil 

that is widely graded or gap graded and has a non-plastic behaviour, as some fills- and filters in 

dams (Bulletin 164, 2014b).  

Internal erosion can arise in an unstable soil by letting the fine-graded particles escape through 

the pores that are formed by the coarser grains (Bulletin 164, 2014b). A soil that is eroded this way 

leaves behind the coarse grains that are representing the soil skeleton (Wan & Fell, 2004).  

If the fine particles in a filter medium are flushed away, the filter will become coarser. This 

makes the filter function less effectively (Kenney & Lau, 1985). Suffusion is known for giving a 

small change in local permeability but no change of the soil volume (no settlements) (Moffat, 

Fannin, & Garner, 2011).  

A 

B 
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Figure 10 present three soils with different grans size distributions and their vulnerability to 

internal erosion in form of suffusion. 

 

 

Figure 10. Principal grain size distribution curves with corresponding structures of soil by Bartsch (1995) according to 

Rönnqvist & Viklander (2014b). 

In Figure 10A, an internally stable soil is shown where the voids created by the coarser grains 

are filled by the finer grains. This generates a linear grain size distribution curve (Rönnqvist & 

Viklander, 2014b).   

In Figure 10B, an internally unstable soil is shown. That is a soil that is susceptible to internal 

erosion in form of suffusion. The voids created by the coarser grains are not supported by the finer 

grains. This generates a gap graded or upward concave grain size distribution curve (Rönnqvist & 

Viklander, 2014b).   

Finally in Figure 10C, a matrix supported soil is shown. That is also a stable soil. A matrix 

supported soil has so much fines that the coarser grains are never in contact to each other. 

Therefore no voids are created. The grain size distribution curve of a matrix supported soil 

becomes convex due to the great amount of fines (Rönnqvist & Viklander, 2014b).    

Glacial tills are typically very broadly graded soils, which potentially do not self-filter. Wide 

graded soils do not have much fine particles to fill up the voids created by the coarser grains. More 

single graded soils have more even distribution of the grains, i.e. the grains lock each other. Glacial 

tills may therefore be in risk of suffusion (Wan & Fell, 2004). 

 

A B C 
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6. MATERIAL PROPERTIES AFFECTING INTERNAL EROSION 

A soil not losing its own fines is considered to have a stable particle gradation, while a soil 

losing particles is considered to have an unstable particle gradation (Bulletin 164, 2014b). Loose 

particles may be present within the pores of a soil consisting of cohesionless, granular material. 

This is due to less amount fines in the voids created by the coarser grains. The fine particles can 

then move within the created voids. If these particles will remain stable or not, is in addition to the 

size and the size distribution of the particles, also depending on and how well the soil is 

compacted. These are conditions that control the soils ability to resist seepage and vibration 

(Kenney & Lau, 1985).  

6.1 Grain size and grain size distribution    

Classification of the soils with regard to the grains size distribution is the most important 

analysis for dam construction materials (Vattenfall, 1988).  

Thus far the focus has been set on unstable soils. However, if a soil’s loose particles are bigger 

than the smallest constraints, the loose particles will be stopped. The loose particles instead will be 

acting in symbioses with the bigger particles as a filter that is self-filtering. A self-filtering soil is a 

stable soil. Kenney and Lau (1985) say that grain size distribution instability often occurs in soils 

that have a wide range of particles sizes.  

The range between a soil’s finer and coarser fraction, in terms of its grain size distribution 

curve, can be determined by the coefficient of uniformity 𝐶𝑢, equation (1) (Larsson, 2008).  

𝐶𝑢 = 𝑑60/𝑑10  (1) 

 Where 𝑑60 is the 60 % by mass grain size of the soil and 𝑑10 is the 10 % by mass grain size of 

the soil.  

The higher the number for 𝐶𝑢 the more widely graded the soil is. See Table 1 (Larsson, 2008). 

Table 1. The scale of the Cu-numbers (Larsson, 2008). 

Grain size distribution 𝑪𝒖 
Wide graded > 15 

Middle graded 6 - 15 

Single graded  < 6 

Gap graded Usually high 
 

Note that if the grain size distribution is uneven, equation (1) is not representative (Larsson, 

2008). 
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6.2 Compaction 

As previously referred to, Kenney and Lau (1985) state that the degree of compaction in form of 

the dry density plays a role for how stable a soil is. Degree of compaction is defined in equation 

(4). 

The water content is expressed in [%] and is defined as the relationship between the mass of the 

water in the soil 𝑚𝑤 divided by the mass of the solid substance 𝑚𝑠, equation (2) (Larsson, 2008). 

𝑤 =
𝑚𝑤

𝑚𝑠
 

(2) 

The water content is obtained by weighing the soil sample before and after it has been dried at 

105℃ for usually 12 hours (Larsson, 2008).  

The highest possible compaction of a soil is related to the maximum dry density 𝜌𝑑 , 𝑚𝑎𝑥 

(Vattenfall, 1988). The dry density is given by the solid mass of the grains 𝑚𝑠 divided by the 

volume 𝑉 of the sample, equation (3) (Larsson, 2008). 

𝜌𝑑 =
𝑚𝑠

𝑉
  (3) 

  𝜌𝑑,𝑚𝑎𝑥 is only reached for a certain water content; the optimum water content, referred to as 

𝑤𝑜𝑝𝑡. The optimum water content is changing depending on type of soil and also by the type of 

compaction work. 𝑤𝑜𝑝𝑡 can therefore not be seen as a material constant (Vattenfall, 1988).  

The ratio between the maximum dry density in laboratory testing 𝜌𝑑,𝑚𝑎𝑥 and the in-situ dry 

density of a certain soil 𝜌𝑑 gives the degree of compaction (𝑅𝐷) (Larsson, 2008).  

𝑅𝐷 =
𝜌𝑑

𝜌𝑑,𝑚𝑎𝑥
 

(4) 

In this study, the glacial till soils used for the tests have been compacted to 𝑅𝐷 = 90 % 

and 𝑅𝐷 = 95 % . 

6.3 Plasticity  

The fines and especially the clay content are responsible for the soils plasticity (Vattenfall, 

1988). This is normally referred to as the plasticity index 𝐼𝑃. The plasticity index is calculated as 

the difference of the soil’s liquid limit (𝑤𝐿) and the plastic limit (𝑤𝑃). Equation (5) presents the 

plasticity index (Larsson, 2008). 

𝐼𝑃 = 𝑤𝐿 − 𝑤𝑃 (5) 

Without particle movements there will be no erosion. A high plastic soil is harder to move the 

finer grains from. The plastic consistency is therefore important when it comes to the ability for a 

soil to erode (Bulletin 164, 2014b). 
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Only fine graded soils such as clay and clayey silt is plastic with values above zero; for non-

plastic soils 𝐼𝑃 = 0. Table 2 shows the plasticity index based upon Swedish Geotechnical Society`s 

classification from 1981 (Larsson, 2008). 

Table 2. Classification based upon Plasticity Index, 𝐈𝐩 (Larsson, 2008). 

Designation Liquid limit 𝑾𝑳 Plasticity index 𝑰𝑷 
Low plastic < 30 < 10 
Middle plastic 30 - 50 10 - 25 
High plastic 50 - 80 25 - 50 
Very high plastic > 80 > 50 
   

The higher the plasticity index 𝐼𝑃 the more plastic behaviour do the soil have (Larsson, 2008).  

As explained, the plastic behaviour plays an important role in how sensitive a soil is to erode. 

Soils are therefore sometimes divided into three different groups based upon the plastic behaviour 

(Bulletin 164, 2014b). 

Plastic, cohesion soils, as clays, clayey sands and clayey sandy gravels usually have higher 

resistance against erosion than non-plastic soils but are instead in risk of concentrated leak erosion. 

Plastic soils do not self-heal as well as non-plastic soils and are likely to hold a crack when 

saturated. The resistance of erosion is then dependent on the force that is generated by the flowing 

water in a crack and the soils critical shear stresses on the sides of the crack (Bulletin 164, 2014c).  

Since plastic soils generally have more resistance against erosion; more force is needed to 

separate the grains. However those grains are small so they are easily transported away when loose 

(Bulletin 164, 2014b).  

Non-plastic or cohesion-less soils, as coarse silts, sands and gravels are relatively easily eroded. 

The coarser theses soils are; the more force is needed for them to move. Backward erosion, contact 

erosion and suffusion are the typical types of erosion that lies in the risk for non-plastic soils 

(Bulletin 164, 2014b). 

The final group of soils is the dispersive soils. This is plastic cohesion clay soils that have very 

low critical shear stress and that is extremely easily eroded. This is especially if the seepage fluid 

has a low salt content. Salt works as a binder for these types of soils. The running water can flush 

away the salt, breaking the soil down to smaller pieces that is more easily eroded (Bulletin 164, 

2014b).  
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7. GLACIAL TILL USED IN SEEPAGE TESTS 

To be able to study the problem of internal erosion of glacial till soils; about a half cubic meter 

of a glacial till have been given for the studies. This glacial till was collected from a borrow area 

and is used as core material in a dam that is located in Västerbotten, in the north of Sweden.  

7.1 Recipe of the glacial till used in the study 

Four tests were conducted for this study. Test GR1, test GR2, test GR3 and test GR4. 

GR1 consisted of a natural glacial till soil. The other tested soils; GR2, GR3 and GR4 consisted 

of the natural soil to which it was added 8-30 mm gravel mixed in by hand at optimum water 

content (𝑤𝑜𝑝𝑡 = 6.5 %). The recipes for the tested soils are presented in Table 3. 

Table 3. Recipe for the soil-mixtures of the study. 

Test ID 

Degree of 
compaction 

[%] 

Initial fines 
content 

[%] 

Initial glacial 
till content 

[%] 

Gravel 
(8-30 mm) 

[%] 

Estimated increase 
of dry density 

[%] 

GR1 90 27.9 100 0 0 

GR2 90 17.7 60 40 11 

GR3 90 9.3 30 70 20 

GR4 95 16.5 55 45 13 
 

The initial fines content seen in Table 3 is based upon the grain size distribution curves before 

testing and is therefore more exact than the other values that show the target numbers for the 

mixes. 

 

The increase of dry density due to adding of gravel is seen to the right in Table 3. It was 

correlated based upon tests made on the dry density when adding of gravel on a similar glacial till. 

This was made to try to better find the optimum water content when mixing of gravel. For the 70 % 

mixture of gravel, GR3, the correlation did not work as well with so high amount of gravel. 

Therefore, water was added based upon performance of the other soils at optimum water content.  

7.2 Grain size distribution of the studied soil 

The grain size distribution curves for the natural glacial till and the mixed soils were obtained by 

first washing out the fines and collecting the fines in a bucket. The coarser sample that remained 

after the washing was then sieved. A sedimentation analysis for the finer particles was conducted to 

obtain the total grain size distribution curve. The grain size distribution curve of the natural glacial 

till soil is shown in Figure 11. 
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In Figure 11 (the red lines) it can be seen that the natural glacial till, from test GR1, contained 

relative high amounts of fines, grain size less than 0.063 mm, of 27.9 % by mass, but relatively 

little amount of clay (approximately 2 % < 0.002 mm).  

According to equation (1) and data obtained by Figure 11 (the blue lines), the studied glacial till 

had an approximate 𝐶𝑢 value of 33. This categorizes the glacial till used as a wide graded soil 

according to Table 1.  

The studied glacial till contained grain sizes reaching from clay to gravel. The grain size 

distribution curve is a little concave at first but is turned around after about 𝑑50. The grain sizes are 

rather evenly spread. 

The classification of the soil according to Implementeringskommissionen för Europastandarder 

inom Geoteknik (2011) is a silty sand till, siSaTi. The classification system used is presented in 

Appendix A - Determining Soil type. 

Figure 11. The grain size distribution curve for the natural glacial till soil. 

The fines content Cu = d60/d10 
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7.3 Compaction of the studied soil 

The glacial till used for the tests was compacted to 𝑅𝐷 = 90 % in the first three tests called; test 

GR1, test GR2 and test GR3. For the last test, test GR4, the soil is compacted to 𝑅𝐷 = 95 %. 

7.4 Plastic test of the studied soil 

Since the glacial till of the tests contained quite lot of fines it may have plastic properties due to 

cohesion depending of the clay content. To investigate such properties, the plastic limit (𝑤𝑃) of the 

natural glacial till was examined. 

The plastic limit is defined as the lowest water content that a soil sample can be rolled out to a 

three millimetre thin thread without collapsing. The test is most commonly performed on a water 

absorbent paper (Larsson, 2008). 

A sieved part of the glacial till with sieve 0.5 mm where used for the test. See Figure 12 for the 

plastic limit test. 

 

Figure 12. The plastic limit test for the glacial till of this study. 

As can be seen in Figure 12, the soil could not be rolled out to a three mm thick string. This was 

independent on the water content, and not even when the string was short. The sample falls apart 

when trying further.  

Thus, the plastic limit test showed that the plastic limit (𝑤𝑃) could not be decided. The liquid 

limit, (𝑤𝐿), for the natural glacial till was not tested in this study. The plasticity index (𝐼𝑃) was 

either not decided as it is depending on the liquid limit according to equation 6.  
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7.5 Sand castle testing of the studied soil 

The glacial till assigned did not show signs of plastic properties in the plastic limit test and the 

soils plasticity was neither not decided. However, the glacial till still might have vague signs of 

cohesion, so called “apparent” cohesion. Also the collapsibility and the self-healing properties are 

not known. Therefore sand castle tests were conducted.   

Sand castle testing is a simple and sensitive way of detecting cohesion for filter materials. Sand 

castle testing is a type of compression test that are performed with zero confining pressure and with 

very small shear stress (Vaughan & Soares, 1982). Sand castle testing is also an easy way of 

determining soils self-healing potential and its collapsibility. Therefore the method of sand castle 

testing is widely used over the world in projects concerning embankment dams (Soroush, 

Tabatabaie Shourijeh, Farshbafaghajani, Mohammadinia, & Aminzadeh, 2012).  

7.5.1 Types of sand castle tests 

There are different types of sand castle testing methods. Here method A, method B and method 

C as referred to in Soroush et al. (2012) are explained. 

According to Soroush et al. (2012) method A is a sand castle test were a compacted soil sample 

is placed in a tray that is filled with water of a height between 30-40 mm. See Figure 13 for method 

A. 

 

Figure 13. Method A according to Soroush et al. (2012).  
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Method B is similar to method A but it uses a reinforced bottom section as can be seen in Figure 

14. 

 

Figure 14. Method B according to Soroush et al. (2012). 

Sand castle testing according to method B have not been performed in this study. 

Method C is a sand castle method where capillary rise of water through the specimen is made 

accessible by suction through a perforated board. The soil is standing on a perforated board that 

lies in level of the water surface (Soroush et al., 2012). Method C is presented in Figure 15. 

 
Figure 15. Method C were suction is made possible by a perforated board (Soroush et al., 2012).  

Sand castle testing according to method C have not been performed in this study. 
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7.5.2 Evaluating sand castle tests 

According to Soroush et al. (2012) did Lafleur et al. (1989, 1964) do sand castle tests on broadly 

graded non plastic tills. Lafleur found that soils with very low cohesion collapsed totally within 30 

min of testing.  

Vaughan and Soares (1982) found that if soil samples collapses to its “angle of repose” it is non 

cohesive. Vaughan and Soares further said that it is often hard to evaluate the angle of repose due 

to its irregular often unidentifiable shape.  

Soroush et al. (2012) also identifies that if a soil collapses in a sand castle test after 15 minutes 

or more for method A (and for method C) it then has the ability to support a roof for a pipe if a 

crack is formed. 

7.5.3 Test set up for the sand castle tests 

A vertical split mould cylinder with a diameter of 100 mm and a height of 120 mm were used 

for the tests, see Figure 16. The water content of 6.5 % and the measurements of the cylinder used 

satisfy the criterions that Soroush et al. (2012) has set for sand castle tests. Soroush et al. (2012) 

recommends a water content of about 6 % ± 1 − 2 % and an aspect ratio for the height/diameter of 

1 to 1.5 for the sample.  

 

Figure 16. The vertical split mould cylinder used for the sand castle tests. 
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The amount of water and the amount of soil were pre calculated to obtain the desirable degree of 

compaction at optimum water content for each test. The same mixing and compaction procedure 

was used for the sand castle tests as for compaction in the seepage cell, as presented in appendix A 

and appendix D. For the sand castle tests particles bigger than 20 mm were sorted out. 

Four different types of sand castle tests were conducted. Two different degrees of compaction 

were tested; 90- and 95 %, all at optimum water content (𝑊𝑜𝑝𝑡 = 6.5 %). The first two tests were 

tested as method A with a water level of 35 mm. The following two tests were also conducted as 

method A, but by fully submerging the samples.  

7.5.4 Results of the sand castle tests 

The first two tests were conducted as Method A. See Figure 17 and Figure 18 for the tests of 

method A.  

 

Figure 17. Sand castle test method A. Degree of compaction 90 % and water level 35 mm. 
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The sand castle collapsed after approximately 12 minutes and 39 seconds for method A that had 

a degree of compaction of 90 %. 

 

Figure 18. Sand castle test method A. Degree of compaction 95 % and water level 35 mm. 

The sand castle collapsed after approximately 30 minutes and 50 seconds for method A that had 

a degree of compaction of 95 %. 
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The second two tests were performed in the same way as Method A but with the sample totally 

submerged having the water level covering the sample. See Figure 19 and Figure 20 for the fully 

submerged tests. 

 

Figure 19. Sand castle test method A. Degree of compaction 90 % and the sample fully submerged. 

The sand castle collapsed totally after approximately 9 minutes and 49 seconds for the fully 

submerged sample that had a degree of compaction of 90 %. 
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Figure 20. Sand castle test method A. Degree of compaction 95 % and the sample fully submerged. 

The sand castle collapsed totally after approximately 17 minutes and 26 seconds for the fully 

submerged sample that had a degree of compaction of 95 %. 

See Table 4 for a summary of the results of the sand castle tests. 

Table 4. Summary of the results for the sand castle tests. 

Type of sand castle test Degree of compaction [%] Time for failure 

Method A - 35 mm water table 90 12 min 39 sec 

Method A - 35 mm water table 95 30 min 50 sec 

Method A - fully submerged sample 90 9 min 49 sec 

Method A - fully submerged sample 95 17 min 26 sec 
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7.5.5 Evaluation of the sand castle tests 

For the submerged tests it was a bit difficult to see at which time the soils collapsed due to the 

muddy water so the time for collapse was estimated to the best of ability. 

It was also hard to evaluate the “angle of repose” since the sample collapsed in differently 

angles in all cases and the cohesion could thereby not be decided that way. Theoretically the 

cohesion might still be enough to support a roof for a pipe in the cases where the soil was 

compacted to 95 % degree of compaction. This was concluded on that both of the high compacted 

tests collapsed in times beyond 15 minutes.  Especially the second test of method A with a degree 

of compaction of 95 % showed signs of small “cohesion force”, as it collapsed after more than 30 

minutes.  

The summary of the sand castle tests shows that the soil might have a small cohesion. The 

effects of compaction is clear, the samples that were compacted to 95 % lasted approximately twice 

the time in both test setups. The “cohesion force” for the soil may not be neglected if the soil is 

well compacted. 



GLACIAL TILL USED IN SEEPAGE TESTS 

 

34 

 

  



PREDICTING UNSTABLE SOILS 

35 

 

8. PREDICTING UNSTABLE SOILS  

The work of Kenney and Lau (1985) is of much importance in the aspect of suffusion. Wan and 

Fell (2004) states that the method of Kenney and Lau (1985) is broadly used for examining the 

potential for cohesion-less sand-gravel soils to be unstable. The method has also been applied to 

examining the risk for erosion on silt-sand-gravel soils (Wan and Fell, 2004). The test set up used 

for this study is mostly based on the test setup of Kenney and Lau (1985). 

8.1 Seepage testing by Kenney and Lau 

Kenney and Lau (1985) tested compacted, cohesion-less, granular soils to evaluate the 

likelihood for this kind of filter materials to erode. The granular soils where tested by downward 

seepage and light vibration in a seepage cell. The fine particles were then stimulated to erode 

towards the bottom of the seepage cell until equilibrium was reached (Kenney and Lau, 1985).  

After testing, Kenney and Lau excavated their tested soils layer by layer for evaluation. The 

grain size distribution was analysed to see if there had been some changes in the layers. Based on 

the results it was concluded that the soils often consisted of three zones. This was if there had been 

some movement of the finer grains. The top transition zone often contained coarser material in 

comparison with the other zones. A central layer was often to be more homogenous than the top 

and the bottom layer. The bottom transition zone was depending on the coarseness of the bottom 

filter. When differences of the grain size distribution of the top layer where found, it was evidence 

of that small particles had migrated downwards. Thus internal erosion had occurred. Not all types 

of granular soil showed theses signs of movement (Kenney and Lau, 1985). The stable and the 

unstable grain size distribution curves for the tests of Kenney and Lau (1985) are presented in 

Figure 21.  
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Figure 21. Unstable- and stable- grain size distribution curves from the tests made by Kenney and Lau (1985). 

The unstable grain size distribution curves of the Kenney and Lau (1985) tests are seen to the 

left and the stable grain size distribution curves of their tests are seen to the right.  

Kenney and Lau (1985) used downwards seepage cells with diameters of 245- and 580 mm, see 

Figure 22.  

 
Figure 22. The seepage cells used by Kenney and Lau (1985). The 245 mm seepage cell to the left and the 580 mm seepage cell 

to the right (Kenney and Lau, 1985). 

As can be seen in Figure 22, an upper reservoir generated the water that was flowing thru the 

seepage cell. The water was continuously circulated by a pump. The particles that were washed out 

of the sample were collected in a sedimentation tank. To prevent seepage along the sides of the 
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samples, a compressible rubber layer was mounted against the inside wall of each cell. The 

mounted rubber layer also prevented the primary fabric particles from coming loose during 

vibration. A spring-loaded 10 kPa perforated plate was mounted against the soil on top of the 

seepage cell. This was mounted to prevent the coarser grains of the smaller test samples from 

coming loose during vibration (Kenney and Lau, 1985). 

All tests were conducted on densely compacted soils. The vibrations were created by manually 

rubber hammering, and the tests lasted for between 30 to 100 hours. This is a rather short testing 

time compared to real conditions. Embankment dams are usually not exposed to these kinds of 

vibrations but the vibrations were added to speed up the process due to the relative short testing 

time (Kenney and Lau, 1985). 

The hydraulic conditions used for the tests were according to Kenney and Lau (1985) based on 

equation (7); the hydrodynamic number. Equation (7) satisfies maximum transportation of particles 

through filters (Kenney and Lau, 1985).  

𝑅´ =
𝑞 ∗ 𝑑5

𝑛 ∗ 𝑣
≥ 10. 

  (7) 

 

Where 

𝑅´ is the hydrodynamic number [m
2
*10

3
], 

𝑞 is the maximum unit flux [cm/s]. 

𝑑5 is the 5 % particle size [mm]. 

𝑛 is the porosity [m
3
/m

3
]. 

𝑣 is the kinematic viscosity of water approximately (1 𝑚𝑚2/𝑠). 

The hydrodynamic number of Kenney and Lau (1985) corresponds to a hydraulic gradient of 

between five and 60 (Rönnqvist and Viklander, 2014b).  

The hydraulic gradient is defined as the loss of pressure height per length unit in the direction of 

flow, 𝑖, equation (8) (Larsson, 2008). 

𝑖 =
ℎ

𝑙
 

(8) 

ℎ is defined as the pressure loss on the distance [m]. 𝑙 is defined as the length in the direction of 

flow [m] that has the pressure drop (Larsson, 2008). 
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8.2 The Kenney and Lau method for predicting internal instability 

Kenney and Lau (1985) found that the factor mostly affecting the stability was the particle 

gradation. They further found that in soils coarser than silt the size of the grains do not have much 

importance in comparison to the shape of the grain size distribution curve (Kenney and Lau, 1985).  

The maximum amount of loose material, a granular soil can contain is important in aspect of 

internal erosion. It shows how much loose material that can be flushed away. This is also the 

amount that is enough to analyse in order to assess if a soil is internally stable or not (Kenney and 

Lau, 1985).  

Kenney and Lau (1985) conclude that the maximum fraction by mass of loose material, fine 

grains, that a granular soil can contain, 𝑓𝑙, can be described by equation (9). 

𝑓𝑝 + 𝑓𝑙 = 1 (9) 

Where 1 is the total mass fraction of grains. 

𝑓𝑝 is the mass fraction of the primary fabric, the percentage by mass of coarser grains forming 

the soil skeleton.  

𝑓𝑝 can be described by equation (10). 

𝑓𝑝 ≥
1

1 + 𝑒𝑝(1 − 𝑛𝑙)
 

  (10) 

Where 

𝑒𝑝 is the void ratio of the primary fabric, the ratio between the pore volume and the solid 

volume for the primary fabric. 

𝑛𝑙 is the average porosity of the loose particles that are within the pore spaces of the primary 

fabric. 

Kenney and Lau (1985) states that a narrow distribution of the grain size distribution with 𝐶𝑢 

less than three results in a large pore volume with maximum 𝑒𝑝value of 0.7. The pores created 

between the coarser grains then contains loose widely graded fines making 𝑛𝑙 ≈ 0.4. Then the 

value 𝑓𝑝 > 0.7 or 𝑓𝑙 < 0.3 is attained (Kenney and Lau, 1985). 

A more spread grain size distribution with 𝐶𝑢 greater than three naturally give less pore volume 

with suggested value for 𝑒𝑝 ≈ 0.4. The loose widely graded fines within the pore spaces created by 

the coarser grains is still 𝑛𝑙 ≈ 0.4. This gave the value 𝑓𝑝 > 0.8 or 𝑓𝑙 < 0.2 for a widely graded soil 

(Kenney and Lau, 1985). 
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The conclusion drawn from this is that the maximum content of loose particles in a granular soil 

is less 30 % when there is a narrow grain size distribution. The most wide grain size distribution 

curve gave a maximum content of loose particles of 20 % for a compacted granular soil mixture. 

The values of 30 % of fines for a narrow grain size distribution and 20 % of fines for a wide grain 

size distribution correspond to the estimated maximal amount of grains that possibly are free to be 

eroded away. Therefore it is enough to check these loose fractions for internal stability to be able to 

say if the soil is internally stable or not (Kenney and Lau, 1985).  

Kenney and Lau (1985) also set a limit to determine if a soil is in risk to erode. They showed 

that the limit between a stable and an unstable grain size distribution could be described by the 

stability number, equation (11).  

𝐻 = 1.3𝐹 (11) 

Where 

𝐹 is the value of mass fraction smaller than D. 

D is any given grain size on the grain size distribution curve [mm]. 

4D is particle size D times 4. 

𝐻 is the mass fraction between particles sizes 𝐷 and 4𝐷.  

F and H are graphically presented in Figure 23. 
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Figure 23. The Kenney and Lau (1985) limit between a stable and an unstable soil is given by the red line (Li and Fannin, 

2008). [The original figure is edited]. 

If a soils grain size distribution curve lies above the red line seen in Figure 23, (𝐻 > 1.3 ∗ 𝐹) the 

soil is considered to have a stable particle distribution. In Figure 23 the grain size distribution curve 

lies below the red line given by equation (11), (𝐻 < 1.3 ∗ 𝐹), which means that the grain size 

distribution for this soil is considered to be unstable.  

The particle sizes 𝐷and 4𝐷was chosen because the size of the dominating constraints between 

the biggest particles in a filter is approximate four times bigger than the smallest particles in the 

filter (Kenney and Lau, 1985).  

The higher amount of fines between grain size D and 4D the soil has in comparison to the 

amount of fines up to grain size D; the more stable will the soil become. This is clear in Figure 24 

where the suggested limit between stable and unstable grain size distributions, of equation (11), are 

graphically marked as dotted lines. The grain size distribution curves are from tests made by 

Kenney and Lau (1985). 
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Figure 24. Limit between stable and unstable grain size distributions for the seepage tests made by Kenney and Lau (1985). 

According to Kenney and Lau (1985) in the left side of the Figure 24 the unstable grain size 

distributions are visualized. The soils to the left are widely graded and gap graded so that the loose 

particles can escape out from the voids created by the coarser grains. The grain size distribution to 

the left are defined unstable since all grain size distributions curves in some extent are located 

below the dotted line within the interval of mass fraction smaller than 0.2 for a widely graded soil. 

In the right side of Figure 24 all grain size distributions are located above the dotted marked 

line, within the limit interval of mass fraction smaller than 0.2 for a widely graded soil and 0.3 for a 

narrow graded soil. The soils on the right side are therefore considered to be stable according to the 

criterion by Kenney and Lau (1985). 

According to Wan and Fell (2004), did Kenney and Lau in 1986 revise their boundary to the less 

conservative: 𝐻 = 𝐹, equation (12).  

𝐻 = 1.0 ∗ 𝐹 (12) 

Equation (12) is referred to as the stability number H/F (Wan and Fell, 2004). 

The space created by equations (11) and (12) is considered to be a transition zone between 

stable and unstable grain size distributions.  



PREDICTING UNSTABLE SOILS 

 

42 

 

The new limit, equation (12) make the limits of Figure 24 to be mismatching making the soil 

called 𝐴𝑠 in Figure 24, previously defined as unstable to be stable with the new definition. 

Equation (11) can be considered as an upper bound for unstable soils (Wan and Fell, 2004). 

Kenney and Lau (1985) states that the safest way of telling if a granular soil is internally stable 

or not is to perform seepage tests on it.  

8.3 Shape of the grain size distribution curve and internal instability 

Wan and Fell (2004) tells that Lafleur, Mlynarek and Rollin (1989 and 1993) did seepage tests 

on broadly graded core materials to determine criterion of the filters with aspect of suffusion. 

Lafleur et al came to the conclusion that the stability of a soil can be assessed based upon the form 

of its grain size distribution curve. See the conceptual classification in Figure 25 (Wan and Fell, 

2004). 

 

Figure 25. Conceptual classification for gradation curves of broadly graded soils (Wan and Fell, 2004). 

Curve 1 in Figure 25 is linearly graded all the way, which means that the soils grains are even 

spread. These soils are considered to be stable from internal erosion (Wan and Fell, 2004). 

Curve 2 is only linear at the beginning and dips towards the coarser particles, being more 

convex. These soils are also considered to be stable from internal erosion (Wan and Fell, 2004). 

Curve 3 has a gap-graded distribution; as it has some particle sizes missing. The “gap” is 

extinguished by being horizontal, this time around the 30 % fractions. There is some uncertainty’s 

regarding gap-graded curves since these can be both stable and unstable (Wan and Fell, 2004). 
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Curve 4 is unstable as can be seen by its concave, upward shape (Wan and Fell, 2004). 

8.4 The Wan and Fell 2004 method for predicting internal instability 

According to Wan and Fell (2004), Burenkorva did laboratory work in 1993 on suffusion by 

mixing soils in a container and then to measure the volume increase. 22 cohesion-less sand-gravel 

soils of a maximum particle size of 11 mm, with 𝐶𝑢 stretching to 200 were mixed. The hypothesis 

was that if a finer fraction that was added to the mix did not have an effect of a volume increase, it 

was considered to belong to the loose particles. Otherwise it belonged to the soil skeleton. Based 

on the laboratory work made, Burenkorva suggested that the internal stability depends on the 

factors of uniformity, equation (13) and (14) (Wan and Fell, 2004). 

ℎ´´ = 𝑑90/𝑑15  (13) 

 

ℎ´ = 𝑑90/𝑑60 (14) 

Wan and Fell (2004) further tells that Burenkorva plotted h´ against log (h´´) to separate the 

soils that would erode in suffusion against the soils that would not. Equation (15) describes the 

limit for “the safe from suffusion soils”, zone II, as described in Figure 26 (Wan and Fell, 2004). 

0.76 log(ℎ´´) + 1 < ℎ´ < 1.86 log(ℎ´´) + 1 (15) 
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Figure 26. Burenkorvas classification between suffusion- and non-suffusion soils (Wan and Fell, 2004). 

Zone 𝐼𝑉 in Figure 26 shows the artificial soils, zone 𝐼 and zone 𝐼𝐼𝐼 shows the Suffusive soils 

and zone 𝐼𝐼 describes the soils that are non-suffusive as described before (Wan and Fell, 2004).  

As previous referred to and according to Wan and Fell (2004); can equation (11) by Kenney and 

Lau (1985) be regarded as the upper limit for unstable soils. No unstable soils grain size 

distribution are located above the line generated by equation (11), see Figure 24. Wan and Fell 

(2004) further tells that equation (15) by Burenkorva seems to be an approximate lower limit for 

stable soils; in that way that soils grain size distribution curves located below the lower limit are 

most likely unstable. Wan and Fell (2004) came to the conclusion that none of the methods given 

by Burenkorva (1993), or the stability number 𝐻/𝐹 by Wan and Fell (1985, 1986) can for sure tell 

if a soil is unstable or not. However, if both methods show that a soil is unstable it is most likely 

true. Due to this Wan and Fell (2004) did regression analyses on different tests and compared them 
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to the two methods. They were then able to show on a probabilistic way if a soil is stable or not 

(Wan and Fell, 2004). 

The concept for predicting instability by Wan and Fell (2004) is using the same graph as 

Burenkorva did, see Figure 26 (Wan and Fell, 2004). 

Equation (16) is the predicted probability of internal erosion, the higher the value the more 

likely is the soil unstable (Wan and Fell, 2004). 

𝑃𝑓 =
𝑒𝑧

1 + 𝑒𝑧
 

(16) 

Where the value of 𝑍 is given depending on the type of soil and by equation (13), (14) (Wan and 

Fell, 2004). 

𝑍 = 2.378 log(ℎ´´) − 3.648ℎ´ + 3.701 (17) 

 

Equation (17) should be applied to a mixture of silt-sand-gravel and clay-silt-sand-gravel with 

less than 10 % of clay passing 0.002 mm and with a plasticity index less than 12 % (Wan and Fell, 

2004).  

𝑍 = 3.875 log(ℎ´´) − 3.591ℎ´ + 2.436 (18) 

Equation (18) should instead be applied to a mixture of sand and gravel. That is coarse soils that 

have less than 10 % of non-plastic fines passing a sieve of 0.075 mm (Wan and Fell, 2004). 

Equation (17) is assumed to best fit the glacial till of this study since the glacial till used 

contains silt. In Figure 27 is the method by Wan and Fell (2004) for evaluating the internal stability 

of a soil presented, here with use of equation (17).  
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Figure 27. The method of predicting internal stability of (Wan and Fell, 2004). 

The red dashed lines seen in the lower part of Figure 27 symbolizes when a soil is in risk of 

internal erosion. If the plotted value obtained by the tested soil is in the zone of the first red dashed 

line, it is in risk of being internal unstable with a probability of 5 %. The further down a plotted 

value is; the bigger is the risk for the soil to be internally unstable. The lowest red dashed line 

corresponds to 95 % probability of internal erosion (Wan and Fell, 2004). 

8.5 The Li and Fannin 2008 method for predicting internal instability 

Li and Fannin (2008) contributed with a method to determine the stability of a soil. They 

compared the methods between the stability number 𝐻/𝐹, equation (12), from Kenney and Lau 

(1986) with Kezdi’s filter criterion from 1979. Kezdi’s filter criterion is derived by limiting 

formula, equation (19) (Li and Fannin, 2008). 

𝐷´15

𝑑´85
= 4 

(19) 

Equation (19) founded by Terzaghi (1939), was first noted as the limiting criteria for soil 

retention between two adjacent uniformly graded soils. Terzaghi defined d´85 as the 85 % by mass 

grain size of the finer base material. Terzaghi also defined D´15 as the 15 % by mass grain sizes 

passing in the coarser filter material. Kezdi (1979) used equation (19) to define that the percentage 

by mass between grain sizes D and 4D has to be at least 15 % by mass for a soil to be internally 
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stable. That is H = 15 %. This expression is derived by the fact that D´15 is considered to be the 

limited pore size constriction created by the coarser grains in the soil (Li, 2008). 

Figure 28 shows a comparison between the two methods as described by Li and Fannin (2008). 

 

Figure 28. Comparison of the criterions given by Kezdi (1979) and by Kenney and Lau (1986). S is the schematic base point 

(Li and Fannin, 2008). 

As can be seen in Figure 28, for the method by Kenney and Lau (1986), the 𝐻-value differ 

depending on the value of mass passing, F. But for the method given by Kezdi (1979), the 𝐻-value 

is constant at 15 % by mass passing. When mass passing, 𝐹 =  15 % both methods are equal 

conservative. For mass passing of 𝐹 > 15 % the stability number 𝐻/𝐹 is the conservative limit. 

But the criterion by Kezdi (1979) is more conservative when 𝐹 < 15 % (Li and Fannin, 2008). 

Li and Fannin (2008) compared old test results of soils with the stability number, 𝐻/𝐹, given by 

Kenney and Lau (1986), and the Kezdi (1979) method. Li and Fannin did this research to examine 

how successful the methods are in distinguishing between stable and unstable grain size 

distributions. Li and Fannin (2008) then found that the Kenney and Lau method gave safer results 

for widely graded soils. When evaluating gap-graded soils, Li and Fannin (2008) found that the 

method given by Kezdi was more successful. By combining the two methods together, Li and 

Fannin (2008) found a method that gives satisfying results for both gap-graded and widely graded 
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soils. The combined method given by Li and Fannin (2008) is visualized in Figure 29 (Li and 

Fannin, 2008). 

 

Figure 29. Stable and unstable soils, Kenney and Lau (1986) vs Kezdi (1979) (Li and Fannin, 2008). 

Figure 29 is a visualisation of the combined method given by Li and Fannin (2008). For widely 

graded soils only 20 % by mass needs to be analysed, and for narrow graded soils only 30 % by 

mass needs to be analysed to be able to tell if the soil is internal stable or not. The Kenney and Lau 

method from 1986 make soils unstable below the (𝐻 = 𝐹)-line. Kezdi’s methods from 1979 make 

soils unstable below 𝐻 = 15 %. The combined method as proposed by Li and Fannin 2008 is given 

as the checked area. If a grain size distribution curve of a soil is plotted in the checked area the soil 

is in risk of internal instability (Li and Fannin, 2008). 
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9. TEST SETUP 

9.1 The seepage cell used for the study 

The setup chosen for the tests is similar to the setup given by Kenney and Lau (1985). Luleå 

University of Technology´s seepage cell, Figure 30, has a diameter of 300 mm and a depth of 450 

mm.  

 

Figure 30. The seepage cell used in the tests. 

In the test cell, see Figure 30, there is an intake at the cap. A reservoir that is set with a head of 

approximate 1600 mm was connected to the intake. The reservoir head generated an average 

gradient of approximate 8 over the total soil sample. The gradient is calculated according to 

equation (8), 𝑖 = ℎ/𝑙. Where ℎ is the loss of pressure height calculated between outlets: 𝑍1, 𝑍2, 𝑍3 

and 𝑍𝑜𝑢𝑡 that are used as level indicators over the samples. 𝑙 is the vertical length of the soil that is 

situated between the level outlets. 

Outlet 𝑍1 is nearest the intake, in the top filter. Outlet 𝑍2is located between layer 3 and layer 4. 

𝑍3is located between layer 1 and 2. 𝑍𝑜𝑢𝑡 is the outlet of the tray, located in the middle of layer 1.  
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There are seven outlet holes in the bottom of the seepage cell, each with a diameter of 12 mm. 

This let the water through the sample. A tray underneath the seepage cell collected sediment that 

eroded and 𝑍𝑜𝑢𝑡let the seepage water out. 

At the bottom of the cell a filter layer with an approximate thickness of 50 mm was placed. The 

filter layer consisted of 8-11 mm gravel. Four layers of base material were placed in equal sized 

layers of 50 mm with the amount of soil depending on the desirable degree of compaction, 

 𝑅𝐷 , equation (4). Finally some stones >30 mm followed by a drainage layer of 16-22 mm gravel 

were added on the surface of the soil to protect the base material from the flushing of water. A 

cover cap that had a tightening were locked and secured to be able to hold the generated gradient.  
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9.2 Working procedure for the seepage tests 

The working procedure for the laboratory work is presented under A) to E) below. A more 

detailed description is presented in Appendix B to Appendix G. 

A) Preparing of test material. 

B) Compaction of the test material inside the seepage cell. 

C) Conducting the experiment of internal erosion. 

D) Take out the test material out of the seepage cell. 

E) Analysing the test. 

To evaluate if the tests had settled or not, evaluation of suffusion; the top layer was measured 

before and after testing according to Figure 31. 

 

Figure 31. measuring points of the top surface. 

9.3 Definition of stable and unstable tests 

When evaluating if there had been internal erosion in form of suffusion after testing in the 

seepage tests, the tests were defined stable or unstable in a similar way as the criterion given by 

Kenney and Lau (1985). The relation between the grain size distributions of the different layers in 

a test are then compared according to the following criteria:  

When a soil is unstable; the grain size distribution of the top layer, layer 4, should clearly have 

lost fines in comparison to the initial layer. The middle layers should also diverge in relation to the 

initial layer. Layer 1 could be neglected due to the possibly effect of the coarser filter.  

If only layer 4 diverge in comparison to the initial layer, and not the middle layers, the test is 

decided to be marginally unstable. 

If all layers are equal (except layer 1), the test is decided to be stable.  
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10. RESULTS OF THE SEEPAGE TESTS 

10.1 Test GR1  

The GR1 test consisted of a natural glacial till soil with a 90 % degree of compaction. 

10.1.1 Gradients 

Test GR1 where running from October 16, 2014 to October 30, 2014, a total of 14 days. 

Gradients over time that is generated between the level outlets seen in Figure 30 and the reservoir 

level (head) for the test is presented in Figure 32. The reading of the gradients is seen on the right 

y-axis and the reading of the head level can be seen on the left y-axis.  

 

Figure 32. Head and gradients over time for test GR1. 
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In GR1 air bubbles were formed in the inlet tube due to inadequate hatching. These created 

problems and made the gradients differ over time. This can be seen in Figure 32 where gradient 

𝑖(1 − 2) could not get a higher level until 2014-10-28 when the bubbles where evacuated. Also, 

gradient 𝑖(3 − 𝑜𝑢𝑡) decreased and gradients 𝑖(1 − 3) and 𝑖(2 − 3) increased from 2014-10-24 

until 2014-10-28. The levels went stable without much change at the end of the testing.  

The water head was at approximately 1600 mm in test GR1 as seen in Figure 32 which yielded 

an average gradient 𝑖(1 − 𝑧𝑜𝑢𝑡) of around eight as can be seen (on the right y-axis) in Figure 32.  

The flow from the outlet tube of the tray was measured at two occasions October 28, 2014. The 

flow then differed between 0.2 and 0.7 ml/s for test GR1. 
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10.1.2 Visual signs in seepage cell 

Layer 4 of GR1 as it was seen during the dismantling of the seepage cell is presented in Figure 

33. 

 

Figure 33. Layer 4, the top soil layer of test GR1. 

The top layer was really moist since water had been standing in the quite impermeable soil 

sample the whole time. No visual signs of erosion could be seen on the top layer, the soil structure 

appeared to be unchanged. 

The soil became much drier further down in the cell, but still without signs of erosion when 

layer by layer was taken out.  
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10.1.3 Settlement measurements of top soil layer before and after testing 

The settlement measurements that were made on the top layer of test GR1, according to Figure 

31, before and after testing are presented in Table 5.  

Table 5. Settlements of test GR1. 

Measuring point 1 2 3 4 5 
 Before [mm] -198 -200 -200 -198 -202   

After [mm] -208 -211 -208 -206 -201 
 Difference [mm] 10 11 8 8 -1 Positive = settlement 

Displacement  [%] 5 5.5 4 4 -0.5 
  

The settlement measuring that was made of the top layer of test GR1, before and after testing, 

differed at most 5.5 %  
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10.1.4 Grain size distribution curves 

The grain size distribution curves of the different layers of test GR1, natural soil with an initial 

fines content of 27.9 % is presented in Figure 34.  

 

Figure 34. The grain size distribution curve of test GR1. 

In Figure 34 it can be seen that all curves follows the dotted line, the initial curve, well. Test 

GR1 is therefore determined to be stable. 
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10.2 Test GR2  

The second test, GR2, consisted of a glacial till soil with a 40 % mixture of 8-30 mm gravel that 

was compacted to 90 % degree of compaction. 

10.2.1 Gradients 

Test GR2 where running from October 30, 2014 to November 11, 2014 a total of 4 days.  

Gradients over time that is generated between the level outlets seen in Figure 30 and the 

reservoir level (head) for the test is presented in Figure 35. The reading of the gradients is seen on 

the right y-axis and the reading of the head level can be seen on the left y-axis.  

 

Figure 35. Head and gradients over time for test GR1. 
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In GR2 there were at first no signs of eroding material in the tray and the reservoir was 

increased to the final head height of 1600 mm. All outlet levels presenting the gradients over the 

soil then dropped suddenly. This was a clear sign of that something had happened to this test, as 

also can be seen in the gradient readings of Figure 35. All gradients drop to zero and only the head 

remained at almost the same level as before.  

The water level could not be raised inside the seepage cell, not even when the cap was opened 

up so that water could be poured in directly. Test GR2 was therefore stopped after only 4 days. 
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10.2.2 Visual signs in seepage cell 

The top layer of GR2, layer 4, as it was seen during the dismantling of the cell is presented in 

Figure 36. 

 

Figure 36. Layer 4, the top soil layer of test GR2. 

As can be seen in the red circled area in Figure 36; a pipe had been formed. This was probably 

due to global backward erosion. 

 

Pipe  
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It seems like fine material from the layer has been flushed away through the pipe. Big stones of 

the soil are located above the rest of the soil as if the soil around the stones has settled. It also 

appears that the area around the pipe formed have settled more than the rest of the surface. 

The bottom layer of GR2, layer 1, as it was seen during the dismantling of the cell is presented 

in Figure 37. 

 

Figure 37. Layer 1, the bottom soil layer of test GR2. 

Pipe  
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When layer by layer was excavated it appeared that the pipe was going all the way down to the 

filter. The pipe however seemed to be decreasing in size further down. It was not clearly seen as in 

Figure 36 since it is containing more fines in Figure 37.  

10.2.3 Settlement measurements of top soil layer before and after testing 

The settlement measurements that were made on the top layer of test GR2, according to Figure 

31, before and after testing are presented in Table 6.  

Table 6. Settlements of test GR2. 

Measuring point 1 2 3 4 5 
 Before [mm] -215 -212 -215 -211 -217   

After [mm] -230 -210 -215 -208 -219 
 Difference [mm] 15 -2 0 -3 2 Positive = settlement 

Displacement  [%] 7.9 -1.1 0 -1.6 1.1 
  

The settlement measuring that was made of the top layer of test GR2, before and after testing, 

differed at most 7.9 % at measuring point 1. The depth to the pipe from the top of the seepage cell 

was at its deepest 235 mm which corresponds to a total settlement of 8.9 % based upon a top 

surface of 215 mm.  
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10.2.4 Grain size distribution curves 

The grain size distribution curves of the different layers of GR2, a glacial till soil with a 40 % 

mixture of 8-30 mm gravel and a fines content of 17.7 % is presented in Figure 38. 

 

Figure 38. The grain size distribution curve of test GR2. 

In the grain size distribution curves of Figure 38, all layers have less fines content than the 

dotted initial layer. The top layer has the smallest amount of fines which clearly is a sign of 

suffusion erosion. GR2 is therefore determined to be unstable.  
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10.3 Test GR3  

The third test consisted of a glacial till soil with a 70 % mixture of 8-30 mm gravel and a 90 % 

degree of compaction. 

10.3.1 Gradients 

The test of GR3 where running from November 04, 2014 to November 05, 2014 a total of one 

day.  

In GR3, the third test, the water level could not be raised inside the seepage cell. The water just 

flushed through the test; colouring the water in the tray brown. The soil sample was eroding. 

Therefore, instead of raising the reservoir head, approximately 100 litres of water were poured 

carefully into the seepage cell by hand after which the test was stopped. 
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10.3.2 Visual signs in seepage cell 

The top layer of GR3, layer 4, as it was seen during the dismantling of the cell is presented in 

Figure 39. 

 

Figure 39. Layer 4, the top soil layer of test GR3. 

When looking at the top layer of test GR3, layer 4, it appears that the sample has lost fines, since 

some of the stones look like they have been cleaned and mostly stones are visual. It also appears 

that the sample has lost more fines at the edge of the cell. This is clearly seen when looking at the 

top of layer 3 in Figure 40.  
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Figure 40. Layer 3 of test GR3. 

The signs of erosion due to washing out of fines were not as clearly seen in the layers further 

down as in Figure 39, but in layer 3, Figure 40, it is clearly seen that fines is missing towards the 

edge of the cell.  
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10.3.3 Settlement measurements of top soil layer before and after testing 

The settlement measurements that were made on the top layer of test GR3, according to Figure 

31, before and after testing are presented in Table 7.  

Table 7. Settlements of test GR3. 

Measuring point 1 2 3 4 5 
 Before [mm] -198 -208 -201 -196 -196   

After [mm] -200 -208 -199 -195 -198 
 Difference [mm] 2 0 -2 -1 2 Positive = settlement 

Displacement  [%] 1 0 -1 -0.5 1 
  

The settlement measuring that was made of the top layer of test GR3, before and after testing, 

differed at most 1.0 %. The absent of settlement is a sign of that the test only has eroded in form of 

suffusion; the washing out of fines.  
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10.3.4 Grain size distribution curves 

The grain size distribution curves of the different layers of GR3, a glacial till soil with a 70 % 

mixture of 8-30 mm gravel and a fines content of 9.3 % is presented in Figure 41. 

 

Figure 41. The grain size distribution curve of GR3. 

In the grain size distribution curves of test GR3, Figure 41, it can be seen that all layers have 

less fines content than the initial layer with exception from layer 1. The smallest amount of fines is 

found in the top layer and the highest amounts in the bottom layer. Lots of the fines that the top 

layer has lost seem to have got stuck into the layers below. An indication of this is that layer 1 is 

almost identical to layer 4. This is clearly signs of suffusion-erosion and test GR3 is therefore 

assessed to be unstable. 

  



RESULTS OF THE SEEPAGE TESTS 

 

69 

 

10.4 Test GR4  

Test GR4 consisted of a glacial till soil with a 45 % mixture of 8-30 mm gravel. This test had a 

degree of compaction of 95 % in comparison with 90 % for the rest. 

10.4.1 Gradients 

The test of GR4 where running from November 09, 2014 to November 24, 2014 a total of 15 

days.  

Gradients over time that is generated between the level outlets seen in Figure 30 and the 

reservoir level (head) for the test is presented in Figure 42.  

 

Figure 42. Head and gradients over time for test GR4. 
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In Figure 42 it can be seen that the gradients for test GR4 was stable in all cases. The water head 

was approximately at 1600 mm which gave an average gradient around eight. Only the gradient 

nearest the inlet, gradient 𝑖(1 − 2), differed somewhat during the test. No signs of erosion could be 

seen by the readings of the gradients. Therefore the test was driven for longer time than the other 

tests and was stopped after approximately two weeks. 

The flow from the outlet tube of the tray was measured at November 11, 2014 for GR2. The 

flow was at this time so low that it dripped only every 30th second. 

10.4.2 Visual signs in seepage cell 

The top layer of GR4, layer 4, as it was seen during the dismantling of the cell is presented in 

Figure 43. 

 

Figure 43. Layer 4, the top soil layer of test GR4. 

As for test GR1 the top layer of GR4 was really moist since water had been standing in the 

rather impermeable material the whole time. There were no visual signs of erosion for test GR4. 
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As well as for the stable test GR1, the soil of test GR4 become much drier further down in the 

cell. No signs of erosion were found, as layer by layer was taken out.  

10.4.3 Settlement measurements of top soil layer before and after testing 

The settlement measurements that were made on the top layer of test GR3, according to Figure 

31, before and after testing are presented in Table 8. 

Table 8. Settlements of test GR4. 

Measuring point 1 2 3 4 5 
 Before [mm] -215 -214 -209 -209 -217   

After [mm] -208 -210 -206 -207 -215 
 Difference [mm] -7 -4 -3 -2 -2 Positive = settlement 

Displacement  [%] -3.7 -2.1 -1.6 -1.1 -1.1 
  

The settlement measuring that was made of the top layer of test GR3, before and after testing, 

differed at most -3.7 %.  
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10.4.4 Grain size distribution curves 

The grain size distribution curves of the different layers of GR4, a glacial till soil with a 45 % 

mixture of 8-30 mm gravel and a fines content of 16.5 % is presented in Figure 44. 

 

Figure 44. The grain size distribution curve of test GR4. 

Since all layers except layer 1 in Figure 44 follows the dotted initial grain size distribution 

curve, without loss of fines content, the test of GR4 is determined to be stable.  
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11. ANALYSIS 

11.1 Predicting internal instability 

The methods given by Li and Fannin (2008) and by Wan and Fell (2004) were applied to see if 

internal instability could be predicted by interpretation of the initial grain size distribution curves of 

the different soil mixtures.  

11.1.1 The Li and Fannin (2008) method 

The applied method of Li and Fannin (2008) is presented in Figure 45. The Kenney and Lau 

(1986) method is illustrated by the black diagonal line and the Kezdi 1979 method is illustrated by 

the black horizontal line. Soils that potentially have unstable grain size distributions are plotted 

within the black striped area. 

 

Figure 45. The method by Li and Fannin (2008) for determining the risk of internal erosion based on the initial grain size 

distribution curves. 

In Figure 45 it can be seen that if the Kezdi (1979) method or the Kenney and Lau (1986) 

method would be used alone, all soils would be unstable. This is true because all soils lies below 

the lines defined by 𝐻= 15 and H=F within 20 % passing by weight. However, if the combined 

method is used, proposed by Li and Fannin (2008), all soils are unstable except GR1, the natural 

soil. GR4 is the red line furthest down and it seems to be clearly unstable. GR2 and GR4 are near 

to identical and are located in the black-striped area within 20 % by mass and they are therefore 
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also considered unstable. Since GR1 is almost tangential to the boarder of Kezdi (1979), the black 

horizontal line, GR1 is only marginally stable according to the Li and Fannin (2008) method.  

11.1.2 The Wan and Fell (2004) method 

The applied method by Wan and Fell (2004) for predicting the stability of internal erosion is 

seen in Figure 46. The number to the right of each dotted line describes the likelihood of internal 

instability a soil has that is plotted on the line. The further down in the diagram a soil is plotted, the 

higher is the likelihood for internal instability.  

 

Figure 46. Wan and Fell (2004) method for determining the risk of internal erosion. 

The method of Wan and Fell (2004) gives similar results as the method by Li and Fannin 

(2008). All soils are likely to be internally unstable with a probability of 90 % or more with an 

exception of the natural soil GR1. GR3 is most likely unstable with a probability of almost 95 %. 

GR2 is likely to be internally unstable with a probability of approximately 90 %, while GR4 lies in 

the range between GR2 and GR3. However, unlike the Li and Fannin (2008) method the Wan and 

Fell (2004) method seems to theoretically make GR1 internally stable with great marginal since the 

value of ℎ′ lies outside the range of the graph. 
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11.2 Deciding the limit of stability 

A table of comparison between the unstable test GR2 and the stable test GR4 is presented in 

Table 9.  

Table 9. Table of comparison between test GR2 and test GR4. 

Test ID 

Degree of 
compaction 
[%] 

Content of 
fines 
[%] 

Content of  
glacial till 
[%] 

Gravel 
(8-30 mm) 
[%] 

Status after 
seepage test 
[-] 

GR2 90 17.7 60 40 Unstable 

GR4 95 16.5 55 45 Stable 

As can be seen in Table 9, the material of the unstable test GR2 and the stable GR4 are similar 

to each other. The limit of stability for a soil mixture of this kind seems to be lying in the spectrum 

of 40- and 45 % adding of gravel. This corresponds to a fines content of 16.5- to 17.7 %. 

Based on content, GR4 should be more unstable than GR2 since it contains more gravel and less 

fines than the unstable test GR2. Based on test GR4 a fines content of 16.5 % is enough for a 

glacial till to be stable if it is compacted to a 95 % degree of compaction. The amount of fines and 

gravel needed for a glacial till mixture of 90 % degree of compaction to be stable is still unknown. 

The initial grain size distribution curve of each layer is shown in Figure 47. 
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Figure 47. The stable GR2 in red colour and the unstable GR4 in yellow colour. 

In Figure 47 it is clearly seen how the unstable grain size distributions are a lot more upward 

concave and gap graded then the natural soil (the green curve). It can also be seen that the mixture 

of test GR2 is similar in comparison with the mixture of test GR4. Normally would the grain size 

distribution of GR4 (the brown curve) be more unstable than GR2. But in these tests GR2 (the 

yellow curve) was the unstable material. The limit for a grain size distribution between a stable and 

an unstable soil seems to be located around the area of the brown and the yellow curves.   

The grain size distributions of GR2 and GR4 are very different from GR1. Based on the grain 

size distribution curves it cannot be said how stable GR1 is in comparison to GR2 and GR4.  
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12. DISCUSSION 

A dam core can be constructed of soils that have high content of fines and are plastic, or by soils 

as glacial tills, which is usually not plastic. There are advantages and disadvantages for both 

methods. Plastic soils often have high strength in withstanding erosion but the plasticity can make 

these soils vulnerable against concentrated leak erosion, allowing erosion to continue by an opened 

crack. If so it has insufficient self-healing properties. Dams that have cores constructed of glacial 

tills are the most common dam types in Sweden. Glacial tills usually have good self-healing 

properties. But since glacial tills are widely graded they instead can be sensitive against suffusion-

erosion. For a glacial till to be used as core construction material it has to be able to withstand 

suffusion. In this part of the report, different aspects is discussed with regard of seepage testing the 

studied glacial till. 

12.1 Delimitations 

The left-over soil that remained in the seepage cell after testing, the residual soil, was not 

analysed using the stability methods. The residual soil of the unstable tests could have shown to 

have stable grain size distribution after washing out of the fines. However, due to the washing out 

of fines these soils have got more permeable and is therefore most likely not suitable as core 

construction material any longer.  

Due to time a restrictions, sedimentation analyses were only performed on the initial layers and 

the layers that based on the sieve analyses differed most from the others of each test. That was top 

layer, layer 4, in all tests and in test GR2 and in test GR4 were sedimentation analyses also 

performed on the bottom layer, layer 1. The grain size distribution of the sieved middle layers 

remained in the interval between the initial layer and layer 4. Therefore the grain size distributions 

of the middle layers fines were assumed to fall in the same spectrum making further sedimentation 

analysis unnecessary.  

12.2 Classification of soil 

The natural soil, test GR1, was mixed to obtain soils more vulnerable to erosion, generating the 

soil mixture of test GR2, test GR3 and test GR4. These mixtures of soils are assumed to illustrate 

poorly mixed glacial tills or soils in transition zones between the core and filters.  

The plastic limit test showed that the glacial till of this study seems to be non-plastic. Sand 

castle tests were performed that strengthened the conclusion. The sand castle tests anyhow showed 

that when the soil was higher compacted it got more force to withstand failure, so called apparent 

cohesion. The self-healing properties of this glacial till seem to be fairly good since the test failed 

quite early in all cases. It is though difficult to evaluate the sand castle testing since it is no 

standardized test but the tests was made mostly to get a hint of the soils self-healing properties. 
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12.3 Seepage testing 

12.3.1 Gradients 

To be able to check for changes of the pressure height over the sample tested, outlets were 

installed to work as level indicators. In this way the gradient over the sample could be calculated. 

Below are the issues with the obtained gradients discussed. 

According to ICOLD in 2013 as referred to in Rönnqvist and Viklander (2014a) is a gradient of 

around four the highest gradient that is normally reached in an embankment dam. The setup and 

the gradient used for this study are however based upon previously made research and therefore 

should give comparable results. For example: Rönnqvist and Viklander (2014a) reports about 

gradients used by others; Lafleur and Nguyen (2007) and also Hunter et al. (2012) used gradients 

of about ten for their seepage tests. Rönnqvist and Viklander (2014a) further tells that Wan (2006) 

used gradients of about 8 in the downward tests he did (Rönnqvist and Viklander, 2014a).  

Gradient 𝑖(1 − 2) is the generated gradient over the top of the tested sample. It is calculated 

between outlet 𝑍1 (lying above the soil in the seepage cell) and outlet 𝑍2 (only 5cm down in the 

soil). Since the outlets of this gradient is located in the top of the seepage cell, near the inlet tube, 

makes this gradient more sensitive for changes of the inlet flow than the other gradients. Because 

of problems due to forming of air bubbles in the inlet tube this gradient differed some, especially in 

test GR1. This can be seen directly on Gradient 𝑖(1 − 2) in Figure 32 at date 2014-10-24 where the 

gradient drops rapidly. Gradient 𝑖(1 − 2) was generated between 2 and 7 when driving the tests. 

The level rose well higher than 7 at first in test GR4 due to the fact that the water had not reached 

equilibrium after raising the head. This makes it appear like the pressure loss was bigger than it 

really was at first. The high gradient at first can be neglected since the water had not had time to 

reach the right level due to the impermeable soil. The gradient laid at around 4 and 6 when it was 

not affected by the changes of inlet flow in the same way. 

Gradient 𝑖(2 − 3) illustrate the gradient over the middle of the seepage cell between outlet 𝑍2 

and outlet 𝑍3. They are not affected by the lower level of outlet 𝑍𝑜𝑢𝑡 and are representing the 

gradients in the middle of the seepage cell well. Gradient 𝑖(2 − 3) differed between 3 and 13 in the 

tests, except from test GR3 where the water was poured in manually. The level laid around 6 and 8 

when it was not affected by the changes of the inlet flow as in test GR1. 

Gradient 𝑖(1 − 3) is generated from the middle of the seepage cell between outlet 𝑍1 and 

outlet 𝑍3. It is not affected by outlet 𝑍𝑜𝑢𝑡 and is therefore representing the gradients in the middle 

of the seepage cell well. Gradient 𝑖(1 − 3) differed between 3 and 9 in the tests except for test GR3 

were the water was poured in manually. The level laid around 6 and 8 when it was not affected by 

changes of the inlet flow as in GR1. 

 Gradient 𝑖(3 − 𝑜𝑢𝑡) generates a bit diverse values that often are exaggerated. This since the 

water table of the outlet should have been higher if 𝑍𝑜𝑢𝑡would have been similar as the other level 
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indicators. But the water is flowing straight out from the outlet so the length of the soil between the 

outlets only becomes 3cm for this gradient. The level for 𝑍𝑜𝑢𝑡 is always constant making the 

gradient only to be decided how 𝑍3 differs. Therefore the gradient of 𝑖(3 − 𝑜𝑢𝑡) is not taken to 

consideration in the same way as the other gradients.   

The mean gradient, 𝑖𝑎𝑣𝑟(1 − 𝑧𝑜𝑢𝑡), is the gradient that is decided from 𝑍1 to the outlet 𝑧𝑜𝑢𝑡. 

This gradient works over the total sample and is therefore the given gradient used for the tests. As 

well as 𝑖(3 − 𝑜𝑢𝑡) the mean gradient is also a bit exaggerated due to 𝑍𝑜𝑢𝑡. But the difference is 

less for this gradient since it operates over the total length of the sample and is therefore not as 

sensitive for small changes of the water flow. The mean gradient lays around eight for all tests 

accept for test GR3 were the water was poured in by hand. 

As earlier discussed, higher gradients are used compared to what normally can be reached in 

embankment dams. The gradient of the seepage tests is chosen to be on the safe side of the margin 

since the tests are not lasting for as long time as in real conditions. Similar tests made by others 

have had higher gradients in some cases, which make the mean gradient of this study to be well in 

the spectrum for previously made tests.  

For all tests, accept for test GR3 were the water was poured in manually the head reservoir was 

increased in two steps until final height was reached. This procedure was implemented for trying to 

avoid getting too big differences of the water pressures too suddenly.  

The backward erosion pipe of GR2 started during the weekend which is unfortunate since there 

were no measurements taken of the gradient levels during that weekend. The initiation of the 

piping could therefore not be seen based on the gradients. Instead all levels were zero when 

measured after the weekend. For future testing to be made pore pressure gages could be installed so 

that the levels can be logged. In that way changes of the gradients is easier noticed and perhaps it 

then can be visual based on the gradient when erosion is initiating. It is though also an economic 

question whether it is worth installing pore pressure gages or not. 

12.3.2 Test GR1 

Test GR1, the natural glacial till with 90 % compaction, showed no signs of erosion on the 

gradients at first. However, the gradient levels decreased after a while, indicating instability. But 

when shaking the inlet tube, air bubbles were released. The inlet tube were then stretched which 

released the earlier trapped air bubbles. This had the effect that the levels increased towards the 

initial levels again. The gradients therefore seemed to have been unchanged aside from the effect of 

the inadequate hatching. There were also no visual signs of erosion when the seepage cell was 

opened out. The soil felt really soft when taking out the layers, and water was lying on top. The 

softness was likely a combination of the high fines content in combination of the saturated soil. 

The fact that water still was lying on the top layer is a sign of that the soil was quite impermeable 

until the end. This would not have been the case if fines had washed out. The grain size distribution 
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curve also showed that the test was stable, no erosion had occurred since all layers followed the 

initial layer. 

12.3.3 Test GR2 

Test GR2, the mixture of 45 % glacial till with 90 % compaction was decided to be unstable. 

This since it had all visual signs of erosion and it was also seen as unstable when analysing the 

grain size distribution. An eroding pipe could be seen when the test was opened up. It could also be 

seen that not only suffusion had been going on since the test had settled around the eroding pipe. 

The pipe seemed to be smaller further down in the seepage cell, but this may have been a visual 

illusion due to the mixing of material when layers was taken out. It is clear that layer 1 also had 

lost fines. In the grain size distribution curves it can be seen that layer 1 is as coarse as layer 4. This 

despite that layer 1 lays below the other layers and therefore will obtain some of the fine materials 

that is loosened from above. These are signs of that test GR2 probably eroded in a combination of 

global backward erosion and suffusion. Whether the erosion started with suffusion or global 

backward erosion is hard to evaluate. The initiation of erosion processes was probably started at 

approximately the same time. Which after the process was speeded up as the soil went coarser, 

making it possible for the velocity of the water to be increased. 

12.3.4 Test GR3 

Test GR3, the mixture of 70% glacial till with 90% compaction was also decided to be unstable. 

For GR3, the seepage cell could not be filled up with water so the reservoir was never raised above 

the seepage cell. The water went right through the seepage cell and was returned brown coloured in 

the tray below; carried fine materials. It seems that this test only suffered internal erosion in form 

of suffusion. This since the coarsest layer were layer 4, the top layer, and the layers below got finer 

and finer the further down in the seepage cell with layer 1 being almost identical as the initial layer. 

It cannot be neglected that layer 1 eroded in backward erosion and that it where refilled with fines 

from the layers above. Anyhow it was clear that this mixture of soil was unstable since layer 4 

differed a lot from the initial grain size distribution. There was also no settlement of this test, which 

also is sign of that only internal erosion in form of suffusion occurred.  

12.3.5 Test GR4 

Test GR4, the mixture of 45 % glacial till with 95 % compaction was tested for 15 days. Under 

those days the gradient levels showed no signs of erosion and were stable at all time. The soil still 

also seemed to be quite impermeable since the top surface was really moist in compare to the 

layers below. As seen in the grain size distribution curves, the test is decided to be safe since only 

layer 1 had lost fines. Layer 4 and Layer 3 deviates just a little bit from the initial grain size 

distribution, but not enough to say that it not could have been because of the mixing of the soil.  

 

It is quite remarkable that GR4 did not erode since the soil mixture contained more gravel than 

GR2 and GR2 clearly was internally stable. GR4 therefore should have been more erodible based 

on the initial grain size distribution curve. The only variable that was changed for GR4 in compare 

to the other tests was the compaction. For GR4 was the soil mixture compacted to 95 % instead of 
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90 %, this clearly made the difference for this test. And therefore it is assumed that the compaction 

plays a key role in if a soil will start to erode or not.  

 

After checking the gradient curves of GR4 it is it possible that the soil may have started to erode 

if the test was given more time as the fines content of layer 1 started to deviate from the rest of the 

layers. Erosion in form of backward erosion piping therefore may have been the case since this 

happened in test GR2. That would though have been depending on the coarseness of the filter. It is 

mainly the effects of suffusion that is analysed in this study. Since the test of GR4 was free from 

suffusion, test GR4 is considered to be stable. 

12.4 Predicting internal instability 

When predicting instability of internal erosion, the methods given by Li and Fannin (2008) and 

by Wan and Fell (2004) were used. Both methods generated the same results. It is though difficult 

to say with which certainty the Li and Fannin (2008) method is stable since the method does not 

give a value for the probability as the Wan and Fell (2004) method does. With the Li and Fannin 

(2008) test, GR1 becomes just precisely stable by being almost tangential to the Kezdi (1979) 

boarder. But the method given by Wan and Fell gave the result that the soil of test GR1 was well 

stable with the plotted value, from the grain size distribution curve, well above the risk zone. This 

indicates that the natural soil was regarded to be more stable with the method given by Wan and 

Fell. What also is clear is that both methods hold GR4, the soil mixture of 45 % 8-30 mm gravel as 

unstable. But the test of GR4 was decided to be stable when tested in the seepage cell. Which 

method that is nearer to hold GR4 as stable is hard to say in the same way as discussed for the 

stability of GR1. 

To be able to say more about when the mixture of glacial till soil is starting to behave unstable, 

more tests have to be made. However, according to the seepage tests of this study the limit between 

an unstable and a stable soil is with fines content around 16 % by mass. This is especially if the soil 

is well compacted. If the soil is loose compacted more content of fines is needed for the soils grains 

to lock each other.   

Grain size distribution curves of glacial tills used as core material can be analysed based on the 

methods given by Li and Fannin (2008) and by Wan and Fell (2004). These methods seem to give 

fairly good results. However, the methods of Li and Fannin (2008) and Wan and Fell (2004) is only 

using the grain size distributions when predicting the instability of a soil. This means that a soil still 

can be stable depending on outer factors even if the soils grain size distribution makes it 

susceptible to suffusion. The seepage tests however show that the compaction is important in 

telling how stable a soil is. The methods therefore need to be improved with a factor, taking into 

consideration also compaction in order to work even better. Otherwise the methods may be too 

conservative when analysing if a soil is stable or not. 
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The degree of compaction can differ in a dam due to several causes, as for example: because of 

differential tensions and settlements created because of the use of unequal construction materials in 

a dam.   

Since the degree of compaction makes a difference for a soils ability to erode, it should be 

regarded for future seepage tests of internal erosion. In this way the impact of the degree of 

compaction can be found out. 

12.5 Possible error sources  

Test GR4 with a similar mixture as test GR2 started to erode in Layer1 but showed no or barely 

any signs of erosion of the top layers. It is therefore possible that test GR2 also started to erode in 

form of backward erosion and that it was the pipe that generated the suffusion mechanism. The 

backward erosion piping of GR2 may not have happened if the bottom filter had been better 

optimized. It cannot be neglected that a better optimized filter from below also would have stopped 

the soil from eroding in suffusion. But if so, what is more difficult to understand is why only GR2 

suffered backward erosion piping, when both test GR3 and test GR4 that contained more 

percentage of mixed gravel and hade the same filter did not erode that way. GR3 showed perfect 

transition zones of how a soil that is affected of suffusion would look in the grain size distribution 

curve. The coarseness of the filter was chosen based on the permeability of the filter. If the filter 

would have been to fine an unstable soil perhaps would have shown to be stable.  

In the grain size distribution of the fines of layer 4 in test GR4 the purple line is a bit coarser 

than the initial layer. This is most likely because of the human factor using the pipette for the first 

time in the sedimentation analysis. However it does not have an effect of the results. 

If the mixtures of soil would have been a little less gap graded and upward concave with a 

smoother transition with more sand and fine gravel in the mix of the mixed soils it is likely that the 

soils could have been stable with a little less fines content. This since the unstable soils had lost 

most particles around grains size corresponding to sand and fine gravel (0.063 mm – 6 mm). This 

is a sign of that too big stones of gravel were added without enough backup from slightly smaller 

grains. 

When sieving the tests that contained a lot of fines it is important that not to big samples is 

sieved at a time. If the samples are too big, the finest grains may be stopped by the coarser grains, 

making the finest grains unable to find their way down towards the bottom when the sieve becomes 

full. For precaution of the GR1 that contained a lot of fines, the biggest layers were divided in to 

two layers when sieved, and added together after sieving.  

A problem that is caused when soil material is mixed, washed, dried and moved between 

buckets in between is that materials will disappear. There will always be small losses of the 

materials each time soil is moved. The finer grains suffer the biggest losses as finer grains easier 

get stuck on surfaces. To avoid as much spill as possible, each moment has been performed 

carefully.  
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When evaluating the gradients, corresponding values is often taken out by hand. Here it is 

possible to lose some decimal especially from the grain size axis that uses a logarithmic curve. 

However, to avoid mistakes have help lines been plotted to obtain as accurate numbers as possible.  

For test GR3 was the tray never filled up with water before water was added into the seepage 

cell. If the soil would have been saturated with water from below before, it is likely that it would 

have been a better scenario for the soil to be stable. This since a saturated soil is more impermeable 

than a dry soil and the underlying water may have decreased the flow in some extent. Anyhow, 

approximate 100 litres of water were carefully poured into the seepage cell of test GR3 until the 

test was stopped. Despite the small amount of water used, the test was regarded unstable. Whether 

the tray was filled with water before the test was started or not is therefore assumed to have no 

effect of the outcome of the test.  

Also for test GR3, the large mass percentage of gravel made that the stones to lay directly 

against the walls of the cylinder without filling the voids up by soil. Because of this, it seemed like 

more water had flushed against the wall in this test then in the other tests.  

When taking out the soil of the seepage cell in layer 4 and layer in 1 it was sometimes hard to 

see what was the core material and what was the filter material. Therefore some filter material is 

likely to be in sieve of the core material, especially for layer 1. However since the filter is rather 

one graded, the real mass percentage could be back calculated from the total mass if there were 

unreasonable amounts of layer 1. This happened one time for the tests, and gave a credible value.  

The amount soil that was taken out of the seepage cell for each layer could vary sometimes. This 

depending on that the soil was taken out by hand after measuring the height to the edge of the 

seepage cell. The differences were not so big so that it should make significant change of the 

results.  
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12.6 Possible improvements for future tests 

 Optimize the bottom filter by adding two layers for the filter  

By optimizing the filters, the risk of backward erosion decreases and the work of suffusion can 

easier be evaluated. The filter still has to be permeable enough to allow water to go through.   

 Colour the filter material in a clear colour 

By colouring the filter material it will be easier to separate the filter from the grains of the tested 

soil.  

 Seal the inside walls of the seepage cylinder with silicone 

To avoid water from flushing down the sides of tests with high content of gravel a silicone line 

can be drawn against the inside of the wall of the test cylinder. Or perhaps some kind of sealing 

fabric can be mounted against the sides of the cylinder.  

 Decide a standard in how to evaluate seepage tests  

It would be good if some standard were developed in how to evaluate tests of this type. For 

example, how many mass percentages of difference it is allowed to differ between layer 4 and the 

initial layer in the grain size distribution curves to still be able to say that a soil is stable. 

 Install logging pore pressure gages  

If logging pore pressure gages would be installed it may be possible to see exactly when a test is 

beginning to act unstable. A cheaper option would be to manually continuously measure in shorter 

time intervals.  

 Install the level outlets or pore pressure gages at equal distances of each layer 

By installing the Z-outlets or pore pressure gages with the same distance from each other it 

would be easier to evaluate the gradients obtained. How the different layers are affected by the 

gradients would be seen better. 

 Construct an inlet that gives continuous flow of water 

Stretch the inlet tube so that the tube has an even inclination and required escape way for 

forming air bubbles. Also reconstruct the cap of the seepage cell so that the inlet tube does not need 

to be bent to avoid air bubbles to form. 

 Construct an inlet that generates a gradient from the side 

In the seepage cell used, the water inlet is located in top of the cell making the water to flow 

perpendicular towards the soil sample and perpendicular to how the soil is compacted. In a real 

dam the gradient runs slightly from the side. Compaction is always made perpendicular to the soil. 

A soil that is compacted from above but is flushed from the side may be more vulnerable to erosion 

and more similar to real conditions. Therefor the inlet should be constructed on the side of the 

seepage cell instead of perpendicular to how the soil is compacted. 
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 Do more test with change of one variable at time for better statistical analysis 

Do more tests with variation of one variable at time and do the tests stepwise. Perhaps 

increasing the amount of gravel with 5 % at time and varying the compaction at different gravel 

mixtures. It takes time but it is then easier to evaluate the results. It would be interesting to see 

testing of gravel mixtures vs testing of compaction to see how much of an affect that the 

compaction really has on the result.  

 When planning for future tests remember that laboratory work are time consuming  

 When doing laboratory work of this kind it is understood how much work it is just to obtain the 

results from one seepage test. It is therefore important that the person who is doing this kind of 

work is given the help and resources that are needed to facilitate the work. The work is both 

physical, exhausting and demands planning. Soils has to be moved, mixed, washed and sieved and 

there are lots of things to keep track on.  
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13. CONCLUSIONS 

13.1 Answering the research questions 

“How is the internal stability for a specific dam with a core of glacial till affected by its 

content of fines and by its degree of compaction?” 

According to this study, a higher content of fines makes a glacial till more stable. The limit 

between a stable and an unstable soil is depending on the degree of compaction. The higher 

compacted (95 % degree of compaction) glacial till was stable with a fines content of 16.5 % but 

the lower compacted (90 % degree of compaction) glacial till was unstable with a fines content of 

17.7 %. This indicates that a higher degree of compaction makes a soil more resistant against 

internal erosion. 

The stability limit between a stable and an unstable soil is therefore lying somewhere in the 

range of 16 % and some percentage higher depending on how compacted and how gap graded the 

glacial till soil is. 

“Could the method given by Li and Fannin (2008) and the method given by Wan and Fell 

(2004) be used to decide if a soil of glacial till is stable from internal erosion or not?” 

Yes, both methods could be used to decide if a glacial till is in the risk to erode internally. 

However, the methods only take the grain size distribution in concern. None of the two methods 

consider the affect the degree of compaction has on the stability. Therefore both methods are a bit 

too conservative on a glacial till that is higher compacted. A soil that is higher compacted can 

behave stable even if it has an unstable grain size distribution. 

The method of Li and Fannin (2008) seems to be more conservative then the Wan and Fell 

(2004) method. This sine test GR1 only were just precisely stable with the Li and Fannin method 

but well safe with the Wan and Fell method. Based on the seepage tests of this study it is though 

difficult to say which method that is the more accurate one, this since both was showing the same 

results for the tests made. More tests have to be performed to be able to decide the better suitable 

method. 

  



CONCLUSIONS 

88 

 

13.2 Suggestions for further work 

The conclusion is that the compaction has effect of the stability, but this conclusion is only 

based on a single seepage test that was higher compacted then the three other tests and it was not 

the only variable changed. The uncertainty of the result is therefore quite big. 

To be able to say for certain at what gravel content and for what content of fines that a soil of 

this kind is starting to show signs of instability, the gravel would preferably be increased at small 

mass percentages at the time. This when holding the compaction constant. Later the same 

procedure could be performed on a higher degree of compaction. By only changing one variable at 

the time, safer results will be reached, and it will also be easier to analyse the results.  
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APPENDIX A - DETERMINING SOIL TYPE 

By data obtained by the grain size distribution curve is the glacial till soil tested classified 

according to Figure 48. 

 

Figure 48. Classification of the glacial till (IEG, 2011). 

siSaTi 
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APPENDIX B - PREPARING THE TEST MATERIAL, NATURAL 

GRAIN SIZE DISTRIBUTION 
1. The in situ water content of the soil is decided by weighing before and after drying the 

sample.  

2. The amount of mass of the in situ soil and also the water needed to obtain optimum water 

content at right compaction degree for five mm layers is calculated.  

3. A little more than the exactly amount of soil for all five layers is picked up. 

4. The stones that are bigger than 30 mm are sorted out. (1/10 of the diameter of the seepage 

cell of 300 mm). 

5. Soil material is added to replace the weight of the removed gravel. 

6. The entire sample is mixed to make it homogenous to a plane surface. 

7. The soil is put in equal size layers with equal weighed amount of stones in each layer, see 

Figure 49. 

 

 

 

 

  

Figure 49. The mixing of the soil with equal amount of stones in the layers. 
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8. The required mass of soil for each layer is placed in buckets and the buckets are marked by 

name and type. That is: Name-Initial, Name-Layer 1, Name-Layer 2, Name-Layer 3 and 

Name-Layer 4. 

9. The right amount of water is placed in each bucket to obtain optimum water content, then 

the soil in the buckets is mixed carefully with the water. 

10. The buckets is sealed to let the soil mature for some days. 
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APPENDIX C - PREPARING THE TEST MATERIAL, MODIFIED 

GRAIN SIZE DISTRIBUTION (ADDING OF GRAVEL) 
1. to 8. as Appendix B, but the amount of soil is depending on the desirable amount of gravel. 

8.1 The desirable mass of gravel needed for each layer is calculated. 

8.2 The amount of gravel needed for each layer is weighed and put it in the same buckets as the 

soil of each layer. (Half of the gravel with particle size 8-16 and the other half of the gravel 

with particle size 16-30). See Figure 50. 

 
Figure 50. The types of gravel that are mixed in to the glacial till soil. 

9. to 10. as A1. 

*Test GR3 contained 70 % of 8-30 mm gravel. The amount of gravel in the sample, without 

pores, made that the recipe gave to much water to correspond to the soils optimum water 

content. Therefore the 70 % mixture of soil were mixed by hand and compared to the earlier 

mixed soils to be able to obtain optimum water content. 



APPENDIX D 

 

95 

 

APPENDIX D - COMPACTION OF TEST MATERIAL IN SEEPAGE 

CELL 
1. The seepage cell is placed on the layup inside the tray and assured that the drainage holes 

are not blocked. 

2. The filter material is placed in the bottom of the seepage cell in a layer thickness of 50 mm. 

3. Layer 1 is placed and compacted inside the premeameter to a layer thickness of 50 mm, 

which is corresponding to the desirable degree of compaction. 

4. Before the next layer is added the surface is scratch for better adhesion between the layers. 

5. The same procedure is made for layer 2 to 4. 

6. The distance from the surface of layer 4 to the top of the seepage cell is measured at four 

places according to Figure 31.  

7. A drainage layer consisted of a covering amount of gravel > 30 mm followed by 16-22 mm 

gravel were placed above layer 4 approximately 50 mm below the top of the seepage cell. 
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APPENDIX E - CONDUCTING THE EXPERIMENT OF INTERNAL 

EROSION 
1. Before the cap is closed water is added in the tray up to the outlet of the tray in order to 

saturate the soil from below. 

2. The seepage cell is then slowly filled with water up to the top of the seepage cell and let it 

stand for some hour. This corresponding to a gradient of about two. 

3. The cap of the seepage cell is closed and secured to be able to raise the reservoir. 

4. The inflow tubes are connected when saturated to avoid air from coming in to the system. 

5. The reservoir is slowly increased in steps until desirable level has been reached. 

6. Readings of the different level indicators is made continuously during testing to calculate 

the gradients over the sample. 

7. When the flow is constant or/and no more erosion seems to be going on the test is stopped.  
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APPENDIX F - TAKE OUT THE TEST MATERIAL OUT OF THE 

SEEPAGE CELL 
1. Photos is taken thru out the disassembling process to document the result. 

2. The reservoir level is lowered below the top of the seepage cell. 

3. The cap is opened and the top water is drained away without taking away fines. 

4. The fines on the drainage stones are washed in to layer 4. The drainage stones is then taken 

away to uncover the top surface of the soil.  

5. The settlements of the top surface are measured in the same way as during compaction 

according to Figure 31. 

6. Photos are taken on the top surface to document the signs of internal erosion. 

7. The top layer, layer 4, of 50 mm is disassembled and put back in the same bucket as it was 

taken from. 

8. The same process is made for layer 3, layer 2 and layer 1. 

9. The filter is then disassembled and washed. The fines that are stuck in the filter are washed 

in to the bucket of layer 1. 

10. The seepage cell is washed to be able to start a new test and the soil layers collected in the 

buckets are sieved to be able to obtain the results in form of comparing grain size 

distribution curves. 
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APPENDIX G - ANALYSING THE TESTS 

1. Evaluate the gradients and the change of flow that was shown when testing. 

2. Evaluate the settlements that were measured according to Figure 31. 

3. Evaluate the signs that were visual from when open up the seepage cell and taking out the 

test material.  

4. Perform sieving and sedimentation analysis on the initial layers and the layers that have 

been tested in the seepage cell in order to generate grain size distribution curves.  

5. Compare the results and evaluate the differences of the grain size distribution curves of the 

initial glacial till layers and the glacial till layers that have been tested in the seepage cell. 

6. Use the methods by Kenney-Lau with Li-Fannin and the method given by Wan and Fell to 

evaluate if it is possible to predict internal instability for a glacial till soil. 

 

 


