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Abstract 
 

Suffusion, also called internal instability, is an internal erosion mechanism that occurs 
in embankment dams when fine-grained particles are washed out of the core soil 
matrix by seepage. Initiation of internal erosion depends mainly on three major 
factors: grain size distribution of the soil, stress conditions and hydraulic load; whilst 
its continuation depends of the filter properties. Broadly graded moraines, as glacial 
tills, are more susceptible to internal erosion by suffusion than other types of soils 
used in dams. 

Most embankment dams in Sweden consist of a central core of glacial till built more 
than 50 years ago. At the time of its construction, the available guidelines did not 
include specific grain size boundaries for the core and the filter related to internal 
erosion susceptibility. Today, several Swedish embankment dams have experienced 
incident of internal erosion such as leakages and sinkholes, making internal erosion an 
important safety issue. This circumstance allows raising the questions: How safe are 
the Swedish embankment dams and what conditions are needed for internal erosion by 
suffusion to initiate? 

This research aims to contribute to the assessment of dam safety by giving inputs 
regarding the characterization of internal erosion by suffusion and the relation among 
the main factors involved on its occurrence (geotechnical characteristics of soil 
material, degree of compaction and hydraulic load). This in order to increase the 
knowledge regarding the critical hydraulic gradient needed to develop suffusion in a 
given till material with a known degree of compaction. 

The research includes a laboratory program consistent on suffusion tests, which is an 
extension of the standard permeability test, and considers post-test examination and 
diagnosis of the samples. Two main groups of tests were performed: small and large 
suffusion tests. The small tests serve as a reference of the expected behaviour of soil 
samples under different boundary and test conditions, which allows optimizing the 
number of test to be performed in large tests. 

Results show that suffusion mechanism can be classified as internal suffusion (or 
filtration) and external suffusion (loss of soil particles from the soil matrix). The 
influence of compaction degree on the initiation of suffusion is limited in internally 
stable soils. However, poorly compacted specimens exposed to high hydraulic 
gradients could develop both internal and external suffusion if the filter is not capable 
to retain the eroded particles. The hydraulic conductivity of specimens with internal 
suffusion tends to decrease with a step wise increase of the hydraulic gradient. Such 
tendency is the result of the matrix of soil reaching equilibrium with the new seepage 
stresses. The hydraulic conductivity of specimens with external suffusion tends to 
increase with the increase of the hydraulic gradient. 
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1  INTRODUCTION 

1.1  Background 

1.1.1  Internal erosion in embankment dams 
Embankment dams are water retention structures made either from earth or rock, or a 
combination of both. Zoned embankment dams are a common type of embankment 
dam typically consisting of a central core of low permeability flanked by a fine 
grained filter of sandy gravel, a coarse grained filter (drainage), supporting rockfill 
shoulders, and an upstream layer of rip-rap (Figure 1.1). The function of each zone of 
the dam is described in Fell et al. (2005). The purpose of the core is to control 
seepage through the dam. The layers of filter have two main functions: (i) prevent the 
migration of soil particles from the core material; and (ii) guaranty a discharge 
capacity to avoid the build-up of pore pressure in the downstream face. The rockfill 
shoulders provide stability and free draining to allow discharge of seepage through 
and under the dam. The layer of rip-rap protects the upstream face from erosion by 
action of waves and ice. 

 
Figure 1.1: Typical cross section of a zoned embankment dam (after Fell et al. 2005). 

Internal erosion is a deterioration process that occurs when the forces imposed by 
seepage exceed the ability of the soil particles within an embankment dam or its 
foundation to resist them (ICOLD 2015). Foster et al. (2000) showed that internal 
erosion is the second most frequent cause of failure in large embankment dams, 
surpassed only by overtopping (Figure 1.2). Other common incidents related to this 
phenomenon include new or increased seepage and leakage, sinkholes and 
accelerating settlements of the dam (ICOLD 2015). Regarding the location of 
internal erosion in the dam, ICOLD (2015) refers to internal erosion: i) through the 
embankment, ii) through the foundation, and iii) of the embankment into or at the 
foundation. 
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Figure 1.2: Causes of failure in large embankment dams (Foster et al. 2000). Based on 
Data of dams constructed between 1800 and 1986 worldwide, excluding dams constructed 
in Japan before 1930 and dams in China. 

The initiation of internal erosion depends on three major factors: material 
susceptibility to internal erosion (grain size distribution of the dam core), stress 
conditions and hydraulic load (ICOLD 2015). Garner and Fannin (2010) indicated 
that internal erosion initiates when an unfavourable combination of at least two of 
those three factors occur (Figure 1.3). Based on the factors and conditions involved, 
ICOLD (2015) identifies four mechanisms of internal erosion: i) concentrated leaks, 
ii) contact erosion, iii) backward erosion and iv) suffusion. A brief description of 
each mechanism is presented below based on what is described in ICOLD (2015), 
USBR and USACE (2015); and Fell and Wan (2005). 

- Concentrated leak: may occur where there is a crack in the embankment caused 
by differential settlement, desiccation or hydraulic facture due to low stresses 
around conduits. 

- Contact erosion: selective erosion of fine particles from the contact with a 
coarser layer caused by the passing of flow through the coarser layer parallel to 
the contact. 

- Backward erosion: involves the detachment and wash out of soil particles when 
the seepage exits to a free surface such as the ground surface downstream of a 
soil foundation, the downstream face of a homogeneous embankment or an 
inadequate filter. This mechanism gradually develops towards the upstream side 
of the embankment or its foundation until a continuous pipe is formed. 

- Suffusion: may occur in dam cores made of coarse widely graded or gap graded 
soils. This mechanism involves selective erosion of fine particles through the 
constrictions between the coarser particles by seepage flow. As described by 
Shire et al. (2014), in suffusion the coarse particles dominate the stress transfer 
and the finer particles can be eroded with no loss of matrix integrity or change in 
total volume. If the total volume changes, the internal erosion mechanism is 
called “suffosion”. Soils susceptible to suffusion and suffosion are classified as 
internally unstable (Fell and Wan 2005). 

According to ICOLD (2015), the process of internal erosion may be broadly broken 
into four phases: i) initiation, ii) continuation, iii) progression, and iv) breach. 
Whereas the initiation of internal erosion depends on the conditions of the core 
material (grain size distribution and stress condition) in relation to the hydraulic load, 
the continuation phase depends on the capability of the downstream filter to stop the 
process by arresting the fine particles eroded from the core. As pointed out by 
Sherard (1979), the principal job of the core is to be impervious; prevention of 
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internal erosion is the job of the filter. The progression phase involves the formation 
of a pipe within the dam body (piping); except in internal erosion by suffusion. In 
suffusion, the effective stresses are largely transferred though the coarser particles, 
consequently limiting the formation of pipes (Fell and Wan, 2005). The initiation of 
a breach is related to slope instability and uncontrolled loss of storage. 

 
Figure 1.3: Factors affecting the initiation of internal erosion (adapted from Garner 
and Fannin 2010) 

Tailing dams are usually constructed similar to conventional embankment dams in 
order to create an impoundment for tailing storage. However, tailing dams differ 
from water retention dams in both construction material and structure (Jantzer, 
2009). Tailings themselves are often used as constriction material in the dam body; 
and the impounded tailings and the tailing dam often become integrated due to 
construction method (Bjelkevik, 2005). There are basically three tailing dams 
construction methods: the upstream, the centreline and the downstream construction 
method. Tailing dams constructed with downstream method (embankment raise is 
done at the downstream slope of the previous dike) facilities defining the boundary 
between the dam and the impoundment; and make it possible to integrate drainage 
layers to control the hydraulic gradient in the structure (Bjelkevik 2005; Jantzer 
2009). Internal erosion can occur in tailing dams constructed with any construction 
method. However, the concepts to its prevention are easier to apply to tailing dams 
constructed with the downstream method. 

1.1.2  Internal erosion in Swedish embankment dams 
The major part of Swedish dams is earth and rockfill embankment dams typically 
consisting of a central core of glacial till (Norstedt and Nilsson, 1997). Glacial till 
(silty-sandy moraine) is a type soil formed by the action of glaciers. Sherard (1979) 
recognized that dams with core of broadly graded glacial till exhibit signs of 
suffusion to a larger extent than dams constructed with other types of materials. This 
was confirmed by Foster et al. (2000), who concluded that dams with glacial till 
cores are more likely to experience internal erosion incidents than other core 
materials, but less likely to progress to failure. 

According to Norstedt and Nilsson (1997), about sixty percent of the large 
embankment dams constructed in Sweden before 1997 experienced some kind of 
incidents named “deterioration events”. Surface erosion in slope protection was the 
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most common type of incident, followed by sinkholes in the dam crest or at the dam 
shoulders, which are typically related to internal erosion. In many cases, sinkholes 
were combined with other types of incidents, such as leakage in the foundation or in 
the dam body. Nilsson et al. (1999) found that the occurrence of sinkholes was linked 
to two main factors: the year of construction and the grain size distribution of the 
downstream filter. 

Regarding the filter, Foster et al. (2000) showed that the internal erosion incidents 
involving glacial till core materials have been mostly attributed to the use of coarse 
or segregated filters adjacent to the broadly graded glacial core. This agrees with 
Rönnqvist and Viklander (2015b), who illustrated on the “unified plot” that filters in 
Swedish dams are sometimes too coarse grained to be effective.  

Concerning tailing dams, Bjelkevik (2005) showed that internal erosion is the third 
most common cause of events (incidents and events driving maintenance) at Swedish 
tailing dams during the period 1944-2004. 

Based on these facts, internal erosion by suffusion is an important dam safety issue in 
Sweden. Furthermore, from an international perspective, this internal erosion 
mechanism is also a relevant issue since glacial till is extensively used as core 
material in dams located in areas once glaciated, such as: U.S., Canada, Russia, Great 
Britain, New Zealand, Australia and Scandinavian countries (Rönnqvist, 2015). This 
dam safety issue is of the interest of dam owners, consultant engineers, constructors, 
operator of hydropower dams and competent authorities. 

1.1.3  Internal erosion by suffusion – research context 
Up to date several studies of suffusion have been performed both theoretically and 
experimentally (Sherard 1979; Kenney and Lau 1985,1986; Wan and Fell 2004, 
2008; Hellström 2009; Rönnqvist 2015; Rochim et al. 2017; among others). In 
experimental studies, the improvement of test devices and technology of data 
acquisition has contributed to better understand the relation among the three main 
factors critical for internal erosion, i.e. soil susceptibility, degree of compaction, and 
hydraulic load. However, there is limited documentation regarding the development 
of the suffusion process and its recognition from other internal erosion mechanisms. 
In addition, despite the large amount of data related to suffusion tests on different 
types of soils, the variability of test conditions in terms of stress conditions controlled 
by the degree of compaction (initial void ratio) and axial loads, different hydraulic 
loading, and the different experimental scale, makes it difficult to generalise 
conclusions towards the likelihood of suffusion in a specific soil. Rochim et al. 
(2017) pointed out that the hydraulic loading can substantially modify the value of 
the critical hydraulic gradient at which suffusion occurs. Moreover, Moffat and 
Fannin (2011) demonstrated that the onset of instability, and its subsequent 
progression, is governed by a critical combination of hydraulic gradient and effective 
stresses. 

This research intent to complement the ongoing researches about suffusion and has 
as hypothesis that results regarding the internal stability or not of a soil depends on 
the test conditions. Therefore, an experimental investigation on the factors affecting 
the initiation of suffusion in glacial till dam cores is performed.  
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1.2  Aim, research questions and objectives 
Research aim: 
This research aims to contribute to the assessment of dam safety of embankment 
dams with glacial till core, by giving inputs regarding the characterization of internal 
erosion by suffusion and the relation among the factors involved in its occurrence.  

Research question: 
The overall research question in this research is: What is the critical hydraulic load 
that a given glacial till material can be exposed to without internal erosion by 
suffusion to evolve? 

Objectives: 
In order to reach the research aim, the general and corresponding specific objectives 
of this work are: 

1. Define the state of the art in internal erosion by suffusion and its experimental 
study. 

2. Identify the optimum method for the prediction of internal instability of glacial 
till. 

3. Identify the critical hydraulic gradient that represents the limit to initiate internal 
erosion by suffusion in a given glacial till. 

- Define the optimum laboratory set-up for assessing internal erosion by 
suffusion. 

- Evaluate the influence of different void ratios and hydraulic gradients on the 
initiation of internal erosion by suffusion of glacial tills. 

- Identify the influence of different hydraulic gradients on the hydraulic 
conductivity and susceptibility to internal erosion by suffusion of glacial till 
material. 

1.3  Research limitation 
This research is based on experimental work and a review of the literature. 
Numerical modelling is not a part of the scope of this work. However, previous 
studies in Sweden covering those aspects where used as reference, e.g.: Mattsson et 
al. (2008), Hellström (2009) and Ferdos (2016), performed within the research 
program on dam safety supported by the Swedish Hydropower Center (SVC). 

1.4  Structure of the thesis 
This thesis is divided in the following six chapters: 

Chapter 1 – Introduction: Includes a general background on internal erosion in 
embankment dams, followed by a description of why internal erosion is a dam safety 
issue. The research aim, research question and objectives are included. 

Chapter 2 – Literature review: Presents the state of the art of suffusion in 
cohesionless and glacial till soils, including its main characteristic and a description 
of the major factors involved in its occurrence. A literature review regarding 
suffusion tests, its characteristic, limitations and factors affecting test results is 
presented. 
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Chapter 3 – Prediction of internal instability: Presents a comparison of the available 
methods for predicting internal instability of soil materials. Paper 3 complements this 
chapter. 

Chapter 4 – Suffusion test on glacial till: Gives a description of experimental 
investigation on suffusion performed in this research, including the test program, test 
devices, soil material, limitations, and results. Papers 1 and 2 are related to this 
chapter.  

Chapter 5 – Discussion: Includes the analysis of the results of suffusion tests and a 
comprehensive discussion in relation to previous studies. Paper 1 corresponds to this 
chapter. 

Chapter 6 – Concluding remarks and future work: Conclusions regarding the 
characterization of suffusion mechanism and the influence of the factors involved in 
its initiations are given. Conclusions regarding the test configuration and ideas for 
further work are also included. 
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2  LITERATURE REVIEW 

2.1  Introduction 
This chapter presents a literature review of suffusion and a description of the major 
factors affecting its initiation: soil susceptibility to internal erosion, degree of 
compaction and hydraulic load. A description of suffusion tests, its concept, factors 
involved and limitations are also included. 

2.2  Suffusion 
Suffusion is an internal erosion mechanism that occurs when fine-grained particles are 
transported out of the soil matrix by seepage, gradually washing-out the soil causing 
some of its geotechnical properties, such as its permeability, to change (Rönnqvist and 
Viklander 2014a). The removed fine particles leave behind an intact soil skeleton 
formed by the coarser particles that are in point-to-point contact (Figure 2.1b); thus 
there is not volume change of the soil matrix. If the coarser particles are not in point-
to-point contact (Figure 2.1c), volume changes occur; therefore the internal erosion 
mechanism is named “suffosion” (USBR and USACE 2015). Both suffusion and 
suffosion may lead to clogging, which is a process where pores get clogged by the 
removed and transported finer particles (ICOLD 2015). 

Internally stable soils (Figure 2.1a) subjected to upward seepage flow can be 
susceptible to “heave”, also known as "blowout" or "liquefaction" (Fell and Wan 
2005). Heave occurs in cohesionless soils when seepage pore pressures are such that 
the effective stress becomes zero; thus the pore pressure equals total stress (Fell and 
Wan 2005). Heave may often be followed by backward erosion if the seepage gradient 
remains high enough at the surface (ICOLD 2015). A differentiation between heave 
and suffusion is that heave is primarily a problem of balance between upward and 
downward acting forces; whilst the soil must be internally unstable for suffusion to 
occur. Consequently, the hydraulic gradient at which suffusion initiates is not the 
same as the critical gradient to initiate heave, but is usually less (Fell and Wan 2005). 

 

 
Figure 2.1: Example of stable and unstable soils (a) internally stable soil, (b) unstable 
gap-graded soil with few fine grains, and (c) unstable gap-graded soil with few coarse 
grains (after Vattenfall 1988, cited in Jantzer 2009). 

According to ICOLD (2015), suffusion results in an increase in permeability, greater 
seepage velocities, and under potentially higher hydraulic gradients accelerating the 
rate of additional suffusion, it can lead to the transport of substantial amounts of fines 
that may cause clogging and occasionally hydraulic fracture. Stable situations may be 

(a) (b) (c) 
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reached if some of the finer fraction remains in equilibrium with the seepage stresses. 
However, suffusion may re-initiate during cycling periods of water loads or during 
higher reservoir or river water level (ICOLD 2015). In practice, this situation might 
occur in hydropower dams, where the water head might be adapted to the inflow of 
water, energy demand during different seasons and rapid changes in availability of 
other power generation. In case of tailing dams, the storage capacity, and thus the 
water level of the reservoir, is often increased over time along with the rise of the dam 
crest. 

Regarding the time at which internal erosion may occurs, Foster et al. (2000) found 
that about sixty percent of failures, due to internal erosion through the embankment, 
occurred between the first filling (40 percent) and the first five years of operation (24 
percent). However, the same researchers also pointed out that there appear to be a 
trend for older dams to experience internal erosion incidents (about 30 percent); which 
may reflect their deterioration by time. In addition, Foster et al. (2000) also showed 
that nearly all internal erosion failures reported in the embankment occurred when the 
reservoir level was at the highest level ever, or within one meter of that level. 

2.3  Geotechnical properties of soils susceptible to suffusion 
Among the factors that define the likelihood of a soil to suffusion are: particle size 
distribution curve, weight of the soil particles, grain shape, plasticity index and degree 
of compaction. Each of these factors is briefly described below. 

Particle size distribution 
According to Kenney and Lau (1985) and ICOLD (2015), soils susceptible to 
suffusion, known as internally unstable, are either coarsely graded with a flat tail of 
fines or gap-graded with a low percent of fine particles (Figure 2.2). This due to a 
potential deficiency in the number of particles of a certain range, such that 
constrictions in the pore network remain open and allow the continued passage of 
smaller particles. Gradations susceptible to suffosion are also gap-graded but with a 
high percent of fine-grained particles (Figure 2.1c). 

In dams, core soils composed of glacial till are typically broadly or widely graded with 
a mixture of contents that ranges from clay to boulder up to ≈ 180 mm (Rönnqvist 
2015). Often, the North American glacial tills used as dam cores are relatively fines-
rich with 20% < 0.075mm < 70%; whilst in Scandinavian typically contain 15% to 
60% fines, and in Russia 5% < 0.075mm < 20% (ICOLD 1989, cited in Rönnqvist 
2015). 

In addition, according to Rönnqvist (2015) the following grading characteristics 
appear influential to the susceptibility to suffusion of glacial tills: 

- Low fines content: particles < 0.06 mm < ≈15–20 % (at dmax ≈ 30 mm), 
- Low sand fraction: particles 0.06 – 2mm < ≈20%, and  
- High gravel fraction: particles 2 – 60 mm > ≈60%. 
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Coefficient of uniformity (Cu) 
The shape of the complete gradation curve was noted to have a minor effect on the 
pore size channels in the soil structure (Kenney et al. 1984). Thus, a clear relation 
between coefficient of uniformity Cu, defined as d60/d10, and internal instability have 
not been clearly expressed (Jantzer 2009). On the other hand, Rönnqvist (2015) 
showed that there is no relationship between Cu and the soil susceptibility to 
suffusion. Nevertheless, since wide graded soils are susceptible for segregation during 
placement, soils with Cu < 10 are regarded as being stable; while those with Cu > 20 
are considered unstable (Skempton and Brogan 1994). Rönnqvist (2015) also showed 
that there is no relationship between the coefficient of curvature Cc, defined as 
d302 (d60 ∙ d10)⁄ , and the soil susceptibility to suffusion. 

 
Figure 2.2: Soil gradation types potentially internally unstable thus susceptible to 
suffusion (ICOLD 2015). 

Weight of the soil particles 
The larger and heavier the soil particle, the higher is the erosion resistance (Kenney 
and Lau 1985). However, as particle size increases, the seepage velocity available to 
move soil particles tends to increase (soil is more permeable). The increase of seepage 
velocity may lead to transportation of the loose fine particles of the matrix soil and to 
the initiation of suffusion. 

Plasticity index 
The plasticity index (PI) indicates the range of water content where the soil exhibits 
plastic properties. Plastic soils, such clay, have the attitude to be shaped and deformed 
in an irreversible way without breaking and cracking (Lancellotta 2012). The inter-
particle bonding present in non-dispersive clayey soils provides additional resistance 
to seepage than in non-cohesive silts and coarser soils. Therefore, internal erosion 
mechanisms are more likely to occur in cohesionless granular soils than in cohesive or 
plastic soils (Wan and Fell 2004). Fell et al. (2000) showed that dams constructed of 
silts of low plasticity experienced more internal erosion incidents than average; and 
concluded that soils with plasticity index > 7 are non-sensitive to suffusion.  

Regarding glacial till soils, those with plastic limit < 4 may be vulnerable to internal 
instability (Crawford-Flett 2014, cited in Rönnqvist 2015). However, for silty gravel 
moraine with clay content < 5%, the plastic limit is not relevant in the assessment of 
internal erosion susceptibility. 
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Particles angularity 
Marot et al. (2012) found that, with a same grain size distribution, angularity of coarse 
grains contributes to an increase of the suffusion resistance. Their study took into 
account the internal friction angle, gravitating flow duration and angularity index. 
However the researchers recommended further studies to characterize the influence of 
grain angularity of both fine and coarse fractions. 

2.3.1  Methods to identify soils internally unstable 
Empirical methods available to evaluate the potential of soil internal instability are 
generally based on the shape of the particle size distribution curve (Figure 2.2). The 
methods widely used to evaluate the potential of internal instability of granular soils 
are: i) Kezdi (1979), ii) Kenney and Lau (1985, 1986), iii) the modified Burenkova 
(1993) method by Wan and Fell (2004), and iv) the alternative Wan and Fell (2008) 
method. Each method is briefly described below. 

NOTE: In the following methods the term “base soil” refers to the soil that is being 
tested or analysed. In this research represents the soil used as core in dams. Capital D 
is used throughout this thesis indicating particle size of the filter, while d refers to 
particle size of the core material (base soil). 

Kezdi (1979) 
Kezdi (1979) method, also derived independently by Sherard (1979), considers a soil 
internally unstable if the “coarser” fraction of the soil does not filter the “finer” 
fraction. The “coarser” and “finer” fractions are defined by splitting the gradation 
curve at its point of inflection, which is named “Kezdi splitting point” (Figure 2.3). 
The splitting point is located where the grain size distribution curve changes in slope 
from the initial slope of the coarse fraction to its transition into the finer fraction 
(Rönnqvist 2015). The filter criterion is based on Terzaghi and Peck (1948) 
“D15/d85 < 4” (see section 2.3.2), where D15 is the particle size for which 15% of the 
filter weight is finer and d85 is the particle size for which 85% of the base soil weight 
is finer. In Kezdi (1979) method the criterion is re-written as “D15C/d85F < 4”, where 
D15C and d85F are obtained, respectively, from the coarser and finer fraction of the base 
soil. Gradations with D15C/d85F < 4 are deemed to be potentially stable (Kezdi 1979). 

This criterion was also verified by Moffat and Fannin (2006), who experimentally 
demonstrated that gradations close to the limit value of D15C/d85F = 4 appear stable, 
whereas a soil with D15C/d85F ≈ 7 exhibited instability at a relatively low hydraulic 
gradient. The most vulnerable point along a gradation curve is represented by the ratio 
(D15C/d85F)max obtained along the curve (Rönnqvist 2015). However, as pointed out by 
Sherard (1979), the calculation of the D15C/d85F ratio is very sensitive to relatively 
small differences in the slope of the particle size distribution curve.  



Literature review 
 

 
 11 

 
Figure 2.3: Schematic of the the Kezdi (1979) method showing how to determine d85F 
and D15C (after Rönnqvist and Viklander 2014b). 

Kenney and Lau (1985, 1986) 
Kenney and Lau (1985, 1986) introduced the H:F shape curve with the ratio H/F 
defined as stability index; where F denotes mass passing (%) at grain size d and H 
denotes mass increment (%) between d and 4d, with d as an arbitrary particle size 
(Figure 2.4). The evaluation range is defined by F≤ 20% for widely graded soils 
(uniformity, Cu > 3), and F≤ 30% for narrowly graded soils (Cu ≤ 3). A stability index 
less than one within the evaluation range ((H/F)min<1) indicates that the soil is 
deficient in the finer fraction, thus, potentially internally unstable (Rönnqvist and 
Viklander 2014c). This method was developed based on tests on sand – gravel with 
particles up to 60 mm. 

Li and Fannin (2008) adapted the Kenney and Lau (1985, 1986) method to incorporate 
the Kezdi (1979) split-gradation method. They found that the mass increment (H) over 
D15C and d85F (values from the split curves) is constant and equal to 15 percent, 
resulting in a criterion for instability of H less than 15 percent. In addition, Rönnqvist 
(2015) includes a transition zone 0.68 ≤ H/F < 1.0 to the Li and Fannin (2008) 
adaptation of the Kenney and Lau method (1985, 1986). This transition zone, shown 
in yellow colour in Figure 2.4, was defined based on experimental work on glacial till. 
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Figure 2.4: Kenney and Lau method (1985, 1986) adapted by Li and Fannin (2008) and 
Rönnqvist (2015) (right), and characteristic values from particle size distribution curve 
used in this method (left). (After Rönnqvist 2015). 

Modified Burenkova (1993) method by Wan and Fell (2004) 
The Burenkova (1993) method is based on experiments in cohesion-less sand-gravel 
soils with Cu ≤ 200 and dmax ≤ 100mm, as well as in some specimens with fines 
(0.075mm < 10%). This method introduced the factors of uniformity h’ and h’’, 
d90/d60 and d90/d15, respectively. The d90/d60 ratio represents the slope of the coarse 
part of the particle size distribution plot, whilst d90/d15 ratio is regarded as a measure 
of the filter action between the coarse fraction and the fine fraction (Figure 2.5- left). 
Wan and Fell (2004) found that the Burenkova (1993) method does not give a clear-
cut boundary between internally stable and unstable soils. Therefore, the authors 
proposed the modified Burenkova method for broadly graded silt-sand-gravel soils, 
which uses logarithmic regression to define contours of equal probability of internal 
instability (Figure 2.5- right). Grain size distribution curves falling outside of the 
contours of equal probability of internal instability are classified as internally stable. 

 
Figure 2.5: Modified Burenkova (1993) method by Wan and Fell (2004) (right) and 
characteristic values from particle size distribution curve used in this method (left). 
(After Wan and Fell 2004). 
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Wan and Fell (2008) 
Wan and Fell (2008) proposed an alternative method for broadly graded silt-sand-
gravel soils as a function of d90/d60 and d20/d5. The ratios d90 /d60 and d20/d5 represent, 
respectively, the slope of the coarse and fine-grained content of the particle size 
distribution curve. As shown in Figure 2.6, this method defines two boundaries: one 
above which soils are classified as internally stable; and the other below which soils 
are classified as internally unstable. The area defined by both boundaries is defined as 
a transition zone between the stable and unstable conditions. According to Wan and 
Fell (2008) this method is not able to identify the internal instability of gap graded 
soils. 

 
Figure 2.6: Wan and Fell (2008) method for assess likelihood of internal instability 
(right) and characteristic values from particle size distribution curve used in this 
method (left). (After Wan and Fell 2008). 

2.3.2  Methods to identify core-filter systems internally unstable 
According to Fell et al. (2005) and ICOLD (2015), two fundamental functions are 
required for the filters in embankment dams: (i) retention: prevent the migration of 
core soil particles, and (ii) permeability: guaranty sufficient discharge capacity for 
avoid the build-up of pore pressure. Moreover, there are other conditions that the filter 
must meet: (iii) it must not segregate, (iv) it must be internally stable, and (v) it must 
not have apparent or real cohesion. Each of these conditions is briefly described 
below, followed by the most common methods applied for assessing the filter 
retention ability. 

The segregation at placement of the filter material should be prevented by specifying a 
maximum particle size, which is typically represented by D90F and is function of D10F 
(Fell et al. 2005). On the other hand, as for the core material, filters might be 
susceptible to suffusion, and its potential for internal instability can be evaluated by 
applying the methods presented in sub-section 2.3.1. Concerning the permeability 
function, Sherard et al. (1984) highlighted that the size of pore channel governing the 
permeability is determined by the size of the finer particles, which is well represented 
quantitatively by the D15 size. Therefore, the empirical permeability criterion normally 
used is D15F > 4d15b (ICOLD 2015), where D15F and d15b represent the characteristic 
grain size controlling the permeability of the filter and the base soil, respectively. 
Another aspect related to the permeability function of the filter is the cohesion. Soils 
with real cohesion tends to have low permeability, and those with apparent cohesion 
leads to suction, which is not desired as it contributes to the build-up of pore pressure 
(Fell et al. 2005). 
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Regarding the retention function, there are different methods that allow assessing the 
stability of the system core-filter, thus the likelihood of continuation of internal 
erosion. The methods considered in this research are: Terzaghi and Peck (1948), 
Foster and Fell (2001), Rönnqvist et al. (2015b), Svensk Energi (2011) and Indraratna 
et al. (2007, 2015). The “Constriction-base filter retention criterion” by Indraratna et 
al. (2007, 2015) is described but not applied at this stage of the research. 

Terzaghi and Peck (1948) –Filter criterion 
The empirical criterion proposed by Terzaghi and Peck (1948), D15F/d85B < 4, is 
commonly applied to assess the retention ability of the filter. Where: d85B and D15F are 
the particle size for which 85% of the base soil and 15% of the filter soil, respectively, 
is finer. D15F represents the largest particle size that can possibly be transported 
through the filter by seepage. This criterion, illustrated in Figure 2.7, is based on 
laboratory tests carried out on cohesionless uniform base and filter material. 
Therefore, it has limitations when applied to non-uniform soils (Lafleur 1984; 
Indraratna et al. 2007). Lafleur (1984) also found that the base soil particles larger 
than the sieve Nº4 (4.75 mm) do not influence filtration. In this sense, most of the 
current design practices recommend, for well graded base soils, the use of d85B after 
regrading the base soil particle size distribution to maximum particle size 4.75 mm 
(Indraratna et al. 2007). Consequently, the Terzaghi and Peck (1948) criterion is re-
written as D15F/d’85B < 4, where the d’85B represents the particle size for which 85% is 
finer after base soil particle size distribution curve is adjusted to maximum particle 
size of 4.75 mm. 

 
Figure 2.7: Conditions at the interface core - protective filter (after Cedergren 1989). 

Foster and Fell (2001) – Filter erosion boundaries 

This method considers four possible conditions regarding the internal erosion 
continuation (Figure 2.8). These conditions are: 

i) No erosion: filter seals practically without erosion of the base soil. 
ii) Some erosion: filter seals after “some” erosion of the base soil. 
iii) Excessive erosion: filter seals, but after “excessive” erosion of the base soil. 
iv) Continuing erosion: the filter is too coarse to allow the eroded base soil particles to 
seal the filter. 
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Figure 2.8: Conceptual filter erosion boundaries (after Foster and Fell 2001). 

The empirical boundaries that define the mentioned conditions are briefly presented 
below; further details on its calculation are found in Foster and Fell (2001): 

i) No-erosion boundary (NE): is defined based on the recommended D15F, which 
depends on the percent of fines content of the base soil. Fines content refers to the 
percent finer than 75 μm after base soil is adjusted to maximum particle size 4.75 mm. 

ii) Excessive erosion boundary (EE): defined based on the filter opening size (D15F/9) 
and the accepted amount of eroded particles. Such amount is estimated as a percent of 
the particles eroded in continuing erosion, and varies depending on the maximum size 
(d95B) and fine content of the base soil. 

iii) Continuing erosion boundary (CE): is based on Sherard et al. (1984), who found 
that the continuing erosion condition were generally reached when D15F/d85B = 9. In 
fact, approximately 97 to 99% of the particles washed out were finer than D15F/9, and 
the median maximum particle size was about 0.16D15F. In this sense, for continuing 
erosion the filter opening size (D15F /9) must be larger than the maximum particle size 
of the base soil (represented by d95B). Base soils with d95B up to 4.75 mm do not need 
to be regraded. Base soils with larger particles, d85B and d95B are determined using 
grading curve adjusted to a maximum particle size of 4.75 mm. The experimental 
research carried out by Forster and Fell (1999, 2001) on continuing erosion filter 
provided results in good agreement with Sherard et al. (1984). Kenney et al. (1985) 
also obtained similar results and found the D5F /4 or D15F /5 to be the maximum 
possible particle size that can pass through a filter. 

Rönnqvist et al. (2015b) – A unified approach 

Rönnqvist et al. (2015b) proposed a unified plot (Figure 2.9) of the relationship 
between stability index of the filter gradation ((H/F)min) and specific ratios concerning 
the filter retention ability: D15max/ D15NE and D15max/D15EE. Where: D15max = maximum 
particle size, from a set of gradation curves, for which 15% of the filter is finer; D15NE 
and D15EE are the D15 value that defines the no erosion (NE) and the excessive erosion 
(EE) boundaries according to Foster and Fell (2001). In Figure 2.9, the solid symbols 
represent cases of dams with probable occurrence of internal erosion; and the hollow 
symbols represent dams with no indication of internal erosion. The distribution of both 
types of symbol allows defining the boundary between stables and potentially unstable 
core-filter systems. 
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Figure 2.9: Dimensionless unified plot for assessing likelihood of internal erosion of 
the system core-fiter: (a) D15max/D15NE; (b) D15max/D15EE (after Rönnqvist et al. 2015b). 

Svensk Energi (2011) – Swedish guidelines for filter design 

Svensk Energi published the Swedish dam guidelines named RIDAS (Hydropower 
Companies' Guidelines for Dam Safety). RIDAS 2011 recommends the boundaries 
that define the range for what the filter material is considered to self-filter and be 
internally stable. The main criteria for the filter boundaries design are summarized in 
Table 2.1, and a schematic example based on such criteria is shown in Figure 2.10. 
The example is given for the base soil named “Base soil A”. 

Table 2.1: Criteria for design of fine and coarse filter (Svensk Energi, 2011). 

Filter Criteria 

Fine filter 

 

 

[ point 1 ]: D15 max. < 0.7 mm, with content of fines (<0.06mm) 
between 30 –  80%. 

[ point 2 ]: Max. value between D15 min. > 4• d15 max., or                   
D15 min. > 0.06 mm; to ensure enough permeability. 

[ point 3 ]: D50 < 25 • d50. 

[ point 4 ]: D90 ≤ 25 mm, to avoid segregation. 

[ point 5 ]: d85 selected so that the range of the fine filter must 
approximately fulfil the void ratio.  

Coarse filter [ point 6 ]: D15 ≤ 4• d85.  

[ point 7 ]: D100 max. = 60 - 75mm.  

[ point 8 ]: d85 max. = 30mm. 

Note: The numbers of point indicated in brackets represent those points shown in Figure 2.10. 
Dx = particle size for which X% of the filter soil gradation is finer. dx = particle size for which X% of the core soil 
gradation is finer. 
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Figure 2.10: Example of the design of a fine and coarse filter at a given core material 
and a given fill support (after Svensk Energi, 2011). 

Indraratna et al. (2007) – Constriction-based filter retention criterion 
Indraratna et al. (2007) pointed out that the use of particle size distribution for 
assessing the efficiency of the system base-filter, introduces errors in well graded 
filters. This because large particles with a high individual mass but low in number will 
be over represented, as it is unlikely that these few large particles will meet together to 
form a large constriction. Nonetheless, those small numbers of large particles impose 
significant contact with other particles due to their large surface area. Therefore, 
Indraratna et al. (2007) proposed a comprehensive criterion for assess the retention 
ability of the filter applicable to both uniform and well graded materials. Such 
criterion, known as “Constriction-based retention criterion” is defined by the ratio 
“Dc35/d85,SA < 1”. Dc35 represents the constriction size of the filter for which 35% of 
the constriction size distribution curve (CSD) is smaller. The CSD is defined based on 
the filter particle size distribution (PSD) and relative density (Rd). d85,SA represents the 
particle size for which 85% of the particle size distribution based on surface area 
(PSDSA) is smaller. 

The advantage of the Indraratna et al. (2007) criterion in comparison with the other 
methods is that it is susceptible to both soil particle size distribution and the degree of 
compaction (hence, the role of constriction sizes). However, according to the authors, 
it must be applied with caution on gap-graded and cohesive soils. It is important to 
highlight that Indraratna et al. (2007) also observed that the “Dc35” is similar to the 
controlling constriction sizes (Dc

*) proposed by Kenney et al. (1984) for filters of 
cohesionless base soils (see below). Moreover, the researchers verified that, as 
expected by Sherard et al. (1984), the controlling constrictions sizes in non-uninform 
filters are smaller than those in uniform filters for the same D15. 

The “Constriction-based filter retention criterion” is a reliable method according to the 
validation performed by Indraratna et al. (2015). However, as it was recently 
developed, the most common methods applied for assessing the core-filter 
incompatibility, and thus the likelihood of continuation of internal erosion, are based 
on Terzaghi and Peck (1948) filter criterion. In this research, the methods applied to 
assess the compatibility of the system core-filter are: Terzaghi and Peck (1948), Foster 
and Fell (2001), Rönnqvist et al. (2015b) and Svensk Energi (2011). 
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Kenney et al. (1984) – controlling constriction size 
The controlling constriction size (Dc

*) proposed by Kenney et al. (1984) is equal to the 
diameter of the largest particle that can possibly pass through a filter material of 
specific thickness. Dc

* primarily depends on the size of the small particles of the filter 
material, which are represented by D5F or D15F. Therefore, the proposed controlling 
constriction size is defined as: (a) Dc

* ≤ 0.25 D5F, or (b) Dc
*≤ 0.20 D15F. On the other 

hand, it is expected that Dc
* become smaller as filtration length increases. This since 

by increasing the filtration length, each water particle must flow through an increased 
number of constrictions. The filtration length mr is defined as mr = L/Dr, where: L is 
filter thickness and Dr is representative grain size. Kenney et al. (1984) also found that 
for m5 >200 the ratio Dc

*/D5F is independent of the filtration length. 

2.4 Degree of compaction – void ratio  
Indraratna et al. (2007) pointed out that a particle size distribution is considered 
internally unstable when the size of the constrictions in the pore network is larger than 
the size of the loose particles forming the primary soil matrix, giving these particles 
the possibility of being moved. They also observed that constrictions (Dc) are defined 
by a group of three or four particles representing, respectively, the densest and loosest 
arrangements. The constriction size represents the diameter of the larges soil particle 
that can pass through a particular constriction (Figure 2.11). 

 

 
Figure 2.11: Particle arrangements in (a) densest state; (b) loosest state (after 
Indraratna et al. 2007). 

The degree of compaction defines the soil density and, therefore, the effective stress 
conditions, which is closely related to susceptibility to initiate internal erosion (Figure 
1.3). Consequently, it is expected that the higher the density of the soil (higher degree 
of compaction and lower void ratio), the harder it becomes to dislodge the soil 
particles and initiate erosion. Nevertheless, the pin-hole erosion tests on glacial till 
performed by Ravaska (1997) showed that the degree of compaction (90%; 95% and 
100%) did not significantly influence the erosion susceptibility. This is in agreement 
with Wan (2006), whose downward flow suffusion tests allowed to conclude that the 
90% versus 95% degree of compaction had little effect in specimens prepared with 
similar gradation curves. In addition, Rönnqvist (2015) showed that, for borderline 
unstable specimens, the higher compaction effort increases the resistance to erosion, 
but it appears to have little effect for specimens with pronounced instability. In 
contrast, Watabe et al. (2000) highlighted that pore-size distribution and hydraulic 
conductivity are significantly influenced by the degree of compaction. 

Water content at compaction 
Zhong et al. (2018) indicated that till compacted at water content lower than the 
optimum water content, corresponding to standard Proctor, results in an increased 
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hydraulic conductivity due to the development of macroporosity. In contrast, till 
compacted at water contents larger than the optimum macroporosity is less developed, 
which results in a lower hydraulic conductivity. This is in agreement with Watabe et 
al. (2000) who found, for a non-plastic well graded till, that specimens compacted at 
water content greater that at the optimum, the hydraulic conductivity did not vary 
significantly with variations in void ratio. On the other hand, specimens compacted at 
water contents less than the optimum showed a significant decrease in hydraulic 
conductivity with a decrease in void ratio. From the perspective of internal erosion, 
changes of the hydraulic conductivity may be interpreted as a sign of internal erosion. 

2.5 Hydraulic gradients 
According to Moffat et al. (2011), the initiation of suffusion is controlled by the nature 
of the flow regime in the soil and triggered where seepage-induced forces exceed a 
critical threshold. In agreement with this, Shire et al. (2014) found that, in soils 
internally unstable, suffusion will initiate if a critical hydraulic gradient is applied to 
the soil. Figure 2.12 illustrates the concept of hydraulic gradient in zoned embankment 
dams. 

 
Figure 2.12: Hydraulic gradient in zoned embakment dams (after Cedergren 1989). 

Skempton and Brogan (1994) tested sand and gravel mixes exposed to upward 
seepage flow without vertical confining stress, and postulated a tentative relation 
between stability index ((H/F)min) and critical hydraulic gradient (icr) to cause the 
initiation of suffusion. In such relation, the critical hydraulic gradient associated with 
the initiation of suffusion was defined as that causing a disproportionate increase in 
seepage flow, and consequently changes in hydraulic conductivity. Nevertheless, 
Skempton and Brogan (1994) also highlighted that further work is required in order to 
define more closely the relation of critical gradient and stability index, as well as the 
effects of varying the void ratio and proportions of sand to gravel. 

Moffat and Fannin (2011) proposed a hydromechanical relation governing internal 
stability of cohesionless soil. They found a trend of increasing critical hydraulic 
gradient (icr) by increasing the mean vertical effective stress (σ’v). According to the 
authors, the spatial variations of local hydraulic gradient (iL) and mean vertical 
effective stress (σ’vm) govern the location where onset of particle migration occurs in a 
specimen. The onset of internal instability is triggered either by an increase in 
hydraulic gradient or by a decrease in effective stress. However, Marot et al. (2012) 
pointed out that the critical hydraulic gradient concept depends on the length of the 
seepage path within the soil matrix. 
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Cedergren (1989) found that the maximum expected gradient in a dam depends on the 
thickness of the impervious core; it may exceed 5 in relatively wide central vertical 
cores, and 10 in thin sloping cores. In addition, Lafleur (1984) observed that a 
maximum gradient of 8 is probable near the interface core – filter of an earthfill dam 
with homogeneous material in the core and absence of internal erosion. Nonetheless, 
Rochim et al. (2017) showed that the history of increment of hydraulic gradient can 
substantially modify the value of the critical hydraulic gradient at which suffusion 
occurs in cohesionless soils. 

2.6 Suffusion tests 

2.6.1  Overview 
Research on suffusion of granular cohesionless soils includes Sherard (1979), Kenney 
and Lau (1985, 1986), Burenkova (1993), Skempton and Brogan (1994), Lafleur et al. 
(1989), Chapuis et al. (1996), Foster and Fell (2001), Wan and Fell (2004, 2008), Li 
and Fannin (2008), Moffat and Fannin (2006, 2011), Hunter et al. (2012), Rönnqvist 
et al. (2017), Indraratna et al. (2015), Douglas et al. (2016), Rochim et al. (2017) and 
Zhong et al. (2018), among others. The test device generally used consists of a 
seepage based setup, such permeameters often with the inclusion of piezometers. 
Suffusion test basically consists on seepage of water passing through a cylindrical soil 
specimen, either in upward or downward direction. In both cases the applied hydraulic 
gradient is normally increased stepwise until the onset of internal instability. 

The initiation of internal instability can be established on the basis of three conditions, 
depending on the type of test device. The three conditions are: i) observation of 
outflow turbidity; ii) sudden changes of the seepage rate through the specimen; and iii) 
sudden changes of the hydraulic pressure head at various depths of the specimen (Wan 
and Fell 2008). Changes in the seepage rate lead to changes in hydraulic conductivity, 
which can be explained as the result of the changes of void ratio generated by the 
detachment, filtration or wash-out of the eroded particles. When the test is finished, a 
layer by layer post-test grain size distribution examination allows measuring the 
amount of particles that migrates inside the specimen. 

2.6.2  Basics of suffusion test 
This type of tests, also known as “seepage tests” is based on Darcy’s law (Eq. [2.1]). 
Figure 2.12 shows an application of such law in embankment dams. In suffusion, the 
increase of porosity leads to an increase of the fluid flow velocity through the pores 
and, consequently, to an increase of hydraulic conductivity (Eq. [2.5]). 

v =  K
µw
∙ ∆P
∆x

 

Where:  
v = discharge velocity, also known as Darcy velocity [m/s] 
K = intrinsic (or absolute) permeability [m2] 
μw = dynamic viscosity of the water [Pa∙s] 
ΔP = applied pressure difference [kg/(m∙s2)] 
Δx = thickness of the soil sample [m] 

The pressure exerted by a column of liquid of height “h” and density “ρ” is given by 
the hydrostatic pressure equation P = ρgh. Thus, Eq. [2.1] can be written as: 

Eq. [2.1] 
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v =  K
µw
∙ ρwg∆h

∆x
 

With 

i =  ∆h
∆x

 

Permeability can be calculated as:  

K =  µw
ρwg

∙ v
i
 

With  

k =  v
i
 

K =  µw
ρwg

∙ k 

Where: 
ρw = density of the water [kg/m3] 
g = acceleration due to gravity [m/s2] 
Δh = hydrostatic height of the water [m] 
i = hydraulic gradient [m/m] 
k = hydraulic conductivity or coefficient of permeability [m/s] 
 
In addition, Darcy velocity can also be calculated as: 

v =  q
A
 

Where: 
q = seepage rate [m3/s]  
A = area of cross section of the specimen [m2] 

q =  Q
t
 

Where: 
Q = total quantity of flow collected in a measuring cylinder [m3]  
t = duration of the collection period [s] 

The velocity, v, given by Eq. [2.1] is the discharge velocity calculated on the basis of 
the gross cross-sectional area. Since water can flow only though the interconnected 
pore spaces, the actual velocity of seepage through soil, vs, is given by: 

vs =  v
n
 

Where: 

vs = actual seepage velocity [m/s]  
n = porosity of the soil [-] 

The linear relation of Darcy’s law in Eq. [2.5] is valid for laminar flow in porous 
media. Therefore, the validity depends on the Reynolds number Re, which denotes the 
ratio between inertia and viscous forces to describe flow transitions from laminar to 
turbulent. For flow through soils, Reynolds number is given by the Eq. [2.10]. 

𝑅𝑅𝑅𝑅 =  ρwv𝑠𝑠D
µw

 

 

Eq. [2.2] 

Eq. [2.3] 

Eq. [2.4] 

Eq. [2.5] 

Eq. [2.6] 

Eq. [2.7] 

Eq. [2.9] 

Eq. [2.10] 

Eq. [2.8] 
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Where: 

ρw = density of the fluid [kg/m3] 
vs = actual velocity of seepage [m/s] 
D = effective diameter [m] 
μw = dynamic viscosity of the fluid [Pa∙s] 

It is generally accepted that Darcy’s law applies at low Reynolds numbers. Hellström 
(2009) showed that inertial effects have to be taken into account when Re exceeds 10; 
thus, above this limit the linearity of Darcy’s law cannot be applied. A more 
conservative boundary was introduced by Perzlmaier et al. (2007), who indicated that 
Darcian flow occurs at Reynolds between 10-5 and 2 or 3. On the other hand, Kenney 
et al. (1984) mentioned that Re ≥ 10 causes transport of the largest possible particles, 
that is, particles equal in size to Dc

*. For Re < 10 the largest particle transported are 
smaller than Dc

*. Dc
* is the controlling constriction size (see section 2.3.2). 

Regarding the effective diameter D, Hellström (2009) concluded that it strongly 
depends on both hydraulic gradient and porosity. However, Kenney and Lau (1985) 
assumed it equal to D5, which is the characteristic grain size that governs the hydraulic 
conductivity of the soil (see next heading). Another simplified but conservative 
approach is to compare it with the controlling constriction size Dc

*. 
Finally, it must be considered that the water temperature affects the kinematic 
viscosity and consequently the hydraulic conductivity, which is generally expressed at 
a temperature of 20ºC. The hydraulic conductivity at 20ºC can be estimated 
considering the equations [2.11] and [2.12] proposed by Chapuis (2012) and Dorsey 
(1968), respectively. Such equations are accurate between 1 and 50 ºC: 

k(T°C) = k(20°C) µw(20°𝐶𝐶)
µw(𝑇𝑇)

 

µw(20°𝐶𝐶)
µw(𝑇𝑇)

= 10
1.37023(𝑇𝑇−20)+0.000836(𝑇𝑇−20)2

109+𝑇𝑇  

Where:  

k (T ºC) = measured hydraulic conductivity at the temperature T [m/s] 
k (20 ºC) = predicted hydraulic conductivity at 20 ºC [m/s]  
T = temperature of the water [ºC] 
μw (20 ºC) = dynamic viscosity of the water at 20 ºC [Pa∙s] 
μw (T) = dynamic viscosity of the water at the temperature T [Pa∙s] 
 

Theoretical estimation of hydraulic conductivity: 
The hydraulic conductivity estimated experimentally (k) can be compared with the 
hydraulic conductivity calculated based on empirical equations (kt). The hydraulic 
conductivity is influenced by the size of pores within the soil, which is governed by a 
characteristic grain size “Dc” (Jantzer 2009). The relation between the pore size and 
the hydraulic conductivity is proportional, and an increase in k is related to the square 
of the characteristic grain size (Hazen 1892 cited in Chapuis 2012). Even though 
researchers have not come to an agreement on the characteristic grain size, it is 
generally agreed to be roughly between d5 and d15 of the soil (Hellström 2009). 

In this research, the equations considered to calculate the hydraulic conductivity, are 
those most commonly used in soil mechanics for soils in the rage of silt-sand-gravel. 

Eq. [2.11] 

Eq. [2.12] 
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- Hazen (1892), cited in Chapuis (2012): applies to sand and gravel and requires three 
conditions: loose compactness (e ≈ emax), Cu ≤ 5, and d10 between 0.1 and 3.0 mm. 

k [m/s] = 1.157 ∙ d10 
2 ∙ (0.70 + 0.03𝑇𝑇)  

Where d10 is in [mm] and water temperature T in [ºC]. 

- Sherard et al. (1984): based on tests in dense sand and gravel filters. The authors 
indicated that k is in the range between k= 0.002(D15)2 and 0.006(D15)2, with an 
average of about: 

k [m/s] = 0.0035 ∙ d15  
2  

Where d15 is in [mm]. 

- Kozeny – Carman, cited in Chapuis (2012): developed based on permeability tests of 
industrial powders to determine their specific surface. However, is roughly valid for 
sand, but not for clays. 

k [𝑚𝑚/𝑠𝑠] = 𝐶𝐶
𝑔𝑔

𝜇𝜇𝑤𝑤𝜌𝜌𝑤𝑤
𝑅𝑅3

𝐺𝐺𝑆𝑆2𝑆𝑆𝑆𝑆2(1 + 𝑅𝑅)
   

With 

GS = ρs
ρw

 

Deff =
100%

∑(fi Dave,i)⁄  

Where: 

C = constant which depends on the porous space geometry 
g = acceleration due to gravity [m/s2] 
μw = dynamic viscosity of the water [Pa∙s] 
ρw = density of the water [kg/m3] 
e = void ratio [-] 
GS = specific gravity of solids [-] 
SS = specific surface [m2/mass of solids in kg] 
ρs = density of solids [kg/m3] 
Deff = effective diameter [mm] 
fi = fraction of particles between two sieve sizes [%] 
Dave,i = average particle size between two sieve sizes [mm] 

- Chapuis (2004): defined on the basic of tests on natural uniform sand and gravel 
(Cu<12) but, according to the author, can be extended to natural silty sands without 
plasticity. The conditions required for it to be applied are: 0.003 ≤ d10 [mm] ≤ 3 and 
0.3 ≤ e ≤ 1. The author also mentioned that the boundaries 3k and k/3 define the 
expected error of laboratory results in comparison with Eq. [2.18]. This error is due to 
specimens not fully saturated (Sr < 100%).  

k [m/s] =  0.024622 �𝑑𝑑102 ∙ 𝑒𝑒3

(1+𝑒𝑒)
�
0.7825

 

Where d10 is in [mm] and the e is the void ratio.  
Comparing the previous equations between each other, it is noted that the 
disadvantage of Hazen (1892), Eq. [2.13], and Sherard et al. (1984), Eq. [2.14], is that 
their expression does not account the density condition (void ratio) of the soil. On the 
other hand, Kozeny – Carman equation (Eq. [2.15]) has as drawback the difficulty to 

Eq. [2.13] 

Eq. [2.14] 

Eq. [2.15] 

Eq. [2.16] 

Eq. [2.17] 

Eq. [2.18] 
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accurately calculate the specific surface. Therefore, in this case, the Chapuis (2004) 
equation (Eq. [2.18]) is considered as the most suitable to be applied as long as the test 
conditions are within the requirements. 

2.6.3  Suffusion test apparatus 
Suffusion tests are generally performed in seepage based apparatus, which consistent 
of rigid wall permeameters adapted from the device used in permeability tests (e.g. 
ASTM- D2434 2006). As described by Fannin et al. (2018), suffusion test devices 
have been improved and nowadays the use of three major types of permeameters can 
be distinguished. The first type of permeameter (Figure 2.13a) determines the 
susceptibility to suffusion based on mass loss, post-test analysis of the particle size 
distribution and, in some cases, measurement of the flow rate through the specimen to 
determine changes of hydraulic conductivity (Lafleur 1984, Kenney and Lau 1985, 
Burenkova 1993, Foster and Fell 2001, Hunter et al. 2012, Indraratna et al. 2015). The 
second type of permeameter (Figure 2.13b) incorporates monitoring of the pore water 
pressure distribution along the specimen height, which allows measuring the hydraulic 
gradient layer by layer (Skempton and Brogan 1994, Wan 2006, Li 2008, Moraci et al. 
2014, Rönnqvist et al. 2017, Douglas et al. 2016, Rochim et at. 2017). The third-type 
permeameter (Figure 2.13c) is based on triaxial device, thus incorporates an axial 
loading system that allows monitoring axial or volumetric deformations of the test 
specimen (Moffat and Fannin 2006, 2011; Sail et al. 2011; Marot et al. 2012; Chang 
and Zhang 2013; Sibille et al. 2015; Slangen and Fannin 2017; Zhong et al. 2018). 
Complementary to this three type of permeameters, Marot et al. (2012) performed 
experiments in a centrifuge device aiming to reproduce full-scale stress states. The 
device comprised a rigid wall cylinder cell, a hydraulic control system and an effluent 
sampling system. 

Permeameters can be of rigid or flexible wall type. Typically, the first and the second 
type of permeameters consist on a rigid wall cylinder; whereas the third type consists 
on either rigid or flexible wall, depending of its scale. Third type - large scale 
permeameters are usually of rigid wall, whilst the third type - small scale 
permeameters are an adaptation of the triaxial test device made of flexible wall. 
Nonetheless, Marot et al. (2017) developed a large triaxial device of flexible wall. 
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Figure 2.13: Type of permeameters: (a) first type of permeameter (basic setup), (b) 
second type of permeameter (includes piezometers) and (c) third type of permeameter 
(includes piezometers and axial load). 

2.6.4  Definition of initiation of suffusion 
The initiation of suffusion can be defined by the following aspects:  

(a) visual observation of erosion: loss of fine grained particles can be observed in the 
outflow turbidity. 

(b) changes of seepage rate: Skempton and Brogan (1994) proposed to relate the 
initiation of suffusion with a sudden increase of seepage, thus with an increase of 
hydraulic conductivity. The sudden increase of seepage is followed by a tendency to 
be steady while the erosion rate decreases. Skempton and Brogan (1994) also 
proposed to characterize the hydraulic loading threshold with the hydraulic gradient, 
termed critical hydraulic gradient. 

It is important to highlight that the filtration of some detached particles can induce a 
clogging process within the soil; condition that might decrease the hydraulic 
conductivity locally (Bendahmane et al. 2008 and Zhong et al. 2018) and lead to 
misinterpretation in the data analysis. On the other hand, the measurement of seepage 
through the specimen does not indicate in which layer suffusion occurs. As Perzlmaier 
et al. (2007, cited in Moffat and Fannin 2011) observed, use of a global hydraulic 
gradient (iG) will not yield the same precision as the local hydraulic gradient (iL) at the 
point where the onset of instability occurs. 

(c) variation in the hydraulic pressure head along the specimen: Piezometers located 
along the test sample allow identifying local increase in hydraulic conductivity due to 
particle migration from a particular layer. The onset of instability is defined by a 
significant decrease in local hydraulic gradient over a relatively short period of time. 
This behaviour is accompanied by the increase of another piezometer, as a 
consequence of the control system seeking to maintain the target local hydraulic 
gradient (Moffat et al. 2001). In addition, Rönnqvist (2015) found that, in general, the 
unstable specimens exhibit local gradients significantly higher than the global gradient 
applied over the whole specimen. 
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2.6.5  Factors affecting suffusion tests 
The factors affecting suffusion tests are similar to those affecting permeability tests. 
Those factors are briefly described in this section along with the factors that define the 
likelihood or not of suffusion to take place, which are: soil susceptibility to suffusion, 
degree of compaction, hydraulic gradient and type of filter. This section includes a 
brief description of each factor from the perspective of their influence on the 
estimation of hydraulic conductivity (k) and initiation of suffusion of glacial till soils. 

- Particle size distribution of core soil: Leroueil et al. (2002) showed that, in case of 
glacial tills, the hydraulic conductivity is extremely sensitive to small variations in 
grain-size distribution. Hydraulic conductivity decreases when Cu increases. 

- Type of filter: similarly to the design of filter for dams, the filter used in suffusion 
tests must fulfil the permeability criterion D15F > 4D15b (ICOLD 2015). Regarding the 
retention criterion, tests can be configured in two different ways: i) closed system and 
ii) open system. Each system is discussed below and illustrated in Figure 2.14: 

i) Closed system: filter consists of a layer of natural soil that might or not fulfils 
the retention criterion presented in section 2.3.2 (Foster and Fell 2001, Wan 2006, 
Rönnqvist et al. 2017). In those filters fulfilling the retention criterion, the eroded 
material is gradually retained. In this case, the progressive clogging leads to a 
misleading interpretation of the seepage measurement. Therefore, suffusion is 
detected mainly based on changes of the local hydraulic gradient (iL). In this case, 
the percent of particles eroded is obtained by post-test sieve of the filter and 
comparing it to the initial gradation. Those filters that do not fulfil the retention 
criterion behave as filters in open system. 

ii) Open system: filter consists on a pore opening grid or wire mesh that does not 
fulfil the retention criteria and is defined according to the “continuous erosion 
boundary” presented in section 2.3.2 (Li 2008, Moffat et al. 2011, Hunter et al. 
2012, Moffat and Fannin 2011, Rochim et al. 2017, Zhong et al. 2018). As 
mentioned by Douglas et al. (2016) the aim of such configuration is to guaranty a 
continuing erosion filter to the core soil, so that the internal erosion behaviour is 
controlled by the particle size distribution of the core soil, not the filter. This 
condition represents what happens in dams without or poor downstream filter.  

Experimental set-ups consisting of filter of base mesh have the advantages of easy 
capture of the material removed from the specimen during testing. Furthermore, 
allow a clear view from beneath the specimen, which could warn of flow 
concentration within the sample (Douglas et al. 2016) or non-uniformity of 
particle loss across the exit boundary (Moffat et al. 2011). In addition, this type of 
filter should also consider the following aspects: (i) avoid excessive collapse of 
the bottom layer of the test specimen into its voids (Wan 2006); (ii) allow an easy 
and consistent compaction; (iii) support the weight of the soil sample and the 
water load. 
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Figure 2.14: Suffusion test set-up: (a) closed system with soil filter, and (b) open 
system with wire mesh filter. 

- Void ratio: Leroueil et al. (2002) noted the relevance of void ratio in the variation of 
hydraulic conductivity and initiation of suffusion. They showed that macroporosity 
can make increase the hydraulic conductivity by a factor of about 5 for tills with low 
clay-size particle content (<3%), and by a factor of 1000 for tills with clay-size 
particle content greater than about 10%. 

- Water content for compaction: According to Chapuis et al. (1989), wet till specimen 
heavily compacted may generate high pore pressure and a local internal erosion 
followed by clogging, which results in an underestimation of the hydraulic 
conductivity. Compaction of dry till, on the other hand, may produce micro-fissures 
and increase the hydraulic conductivity. 

- Degree of saturation (Sr): hydraulic conductivity is usually described as a function 
of the degree of saturation. Lafleur (1984) found that, in permeability tests, the 
hydraulic conductivity of unsaturated specimens varies significantly over time 
compared to saturated specimens. Consequently, considering that the initiation of 
suffusion is related to variations of the hydraulic conductivity, it is important to 
guaranty full saturation of the specimens. 

Regarding the flow direction during saturation, upward saturation is recommended. 
This since downward saturation (percolation) may lead to entrapped air that reduces 
the hydraulic conductivity. Nevertheless, this technique has the advantage of reduce 
the time required for saturation. Among the researchers that saturated their specimens 
by downward saturation are: Wan (2006), Hunter et al. (2012), Douglas et al. (2016) 
and Rönnqvist et al. (2017). Tests performed by Rochim et al. (2017) and Zhong et al. 
(2018) with upward saturation consider a previous upward injection of carbon dioxide 
(CO2) to replace the air to improve dissolution of gases into water, which decrease the 
time needed for saturation of the specimen. 

For both upward and downward saturation, the applied hydraulic gradient must be low 
enough to prevent disturbing the original condition of the sample from hydraulic 
fracture or fines sizes particles removal. In this regards, Zhong et al. (2018) observed 
that the percentage of particles lost during the saturation step can be significant. This 
percentage showed to have great influence on the initial hydraulic conductivity. E.g., 
for a gap-graded soil composed of sand and gravel and classified as internally 
unstable, the hydraulic conductivity increased in two orders (from 1x10-4 to 1x10-2 
m/s) when the percentage of particles lost increased in about 1.8%. In case of glacial 
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till, the recommended hydraulic gradient for downward saturation ranges between 1 
and 2 (Rönnqvist et al. 2017). 

It is important to highlight that, due to uncertainty in the experimental setup and 
procedure; it is difficult to guaranty 100% saturation. In fact, the degree of saturation, 
Sr, usually lies between 75 and 85%, thus the measured hydraulic conductivity (k), 
typically represents only about 15–30% of k for Sr = 100% (Chapuis et al. 1989). In 
addition, Chapuis (2012) mentioned that, in rigid-wall permeameter, the specimen 
saturation may be increased up to 100% by either: (i) applying a high vacuum 
followed by circulation of de-aired water in initially dry specimen (ASTM-D2434 
2006), or (ii) applying a back pressure increased in steps in initially wet specimen 
(ASTM-D5856 2006). 

- Flow direction (downward or upward): According to Lafleur (1984) a downward 
flow simulates the most adverse conditions since, in this case, the seeping or drag 
force on the particles acts in the same direction as gravity. In downward flow 
suffusion tests, the maximum hydraulic gradient applied is typically between 8 and 10; 
what is in bounds of what can occur in dams according to Cedergren (1989) and 
Lafleur (1984) (see section 2.5). However, Rochim et al. (2017) reached hydraulic 
gradient up to 15 after a multistage hydraulic loading starting from i = 0.1. In glacial 
till, Hunter et al. (2012) used a maximum global gradient of 9, and Rönnqvist et al. 
(2017) of about 9.5. Nevertheless, Rönnqvist et al. (2017) also found that for 
specimens with a gravel content higher than 65%, the maximum hydraulic gradient 
applied can be as low as 1, even in poorly compacted specimens.  

In upward flow suffusion tests performed without consolidating the specimen by an 
axial load, Skempton and Brogan (1994), Wan and Fell (2004) and Correia dos Santos 
(2014) found that, for well-graded and gap-graded sandy gravels, erosion will begin at 
seepage gradients lower than the critical or zero effective stress gradient (critical 
hydraulic gradient to initiate heave). Wan and Fell (2008) also noted that gap graded 
soils tended to begin to erode at lower gradients than non-gap-graded soils with the 
same fines content. On the other hand, when specimens are consolidated by an axial 
load, the critical hydraulic gradient can be considerably higher than the critical value 
found without axial load. An example of this is Moffat et al. (2011), who gradually 
increased the average gradient from 1 to 29. 

- Historical hydraulic load: In order to know what hydraulic gradient particular 
gradation experience suffusion, tests must be performed by increasing the hydraulic 
gradient stepwise (Douglas et al. 2016). In agreement, Rochim et al. (2017) showed 
that the type of hydraulic loading and the duration of each load stage can substantially 
modify the value of the critical hydraulic gradient at which suffusion occurs. They 
performed suffusion tests by increasing the hydraulic gradient “progressively” in a 
first case, and “sudden” in a second case. In the first case the increment of hydraulic 
gradient started by steps of Δi = 0.1 until i = 2, followed by steps of Δi = 0.5 until 
i = 4, and finally steps of Δi = 1. In the second case, the increment of hydraulic 
gradient was by steps of Δi = 1. Similarly, Moffat and Fannin (2011) and Moffat et al. 
(2011) applied, for both downward and upward suffusion test, a multistage hydraulic 
gradient with Δi = 1, starting from i = 1. Douglas et al. (2016) also increased the 
hydraulic gradient by steps of Δi = 1 in their tests, reaching gradients up to 10 in some 
specimens. Wan (2006) and Rönnqvist (2015) instead performed their tests with a 
constant hydraulic gradient. 
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It is important to consider that the maximum hydraulic gradient to apply in suffusion 
tests is limited by the potential development of other type of internal erosion 
mechanics such as: suffosion, hydraulic fracturing or backward erosion. 

- Duration of the experiments: the duration of the experiments depends on both 
material and test conditions. Suffusion tests are mostly considered finished when the 
seepage rate and hydraulic conductivity becomes steady, and particles are no longer 
flushed out (Kenney and Lau 1985). Therefore, tests should be performed during a 
time long enough to reach such steady-state conditions. As highlighted by Hunter et 
al. (2012), tests need to continue for long periods of time, since experiments of short 
duration might give misleading results. From an engineering practice perspective, 
suffusion development may takes from months up to years to develop (Foster et al. 
2000). In laboratory, Douglas et al. (2016) observed that erosion by suffusion occurred 
rapidly, usually in minutes and occasionally in hours; whilst global backward erosion 
occurred slowly, usually in days up to around 100 days in some tests. In the 
downstream tests performed by Kenney and Lau (1985) the duration of the 
experiments varied from 30h to 100h. In case of glacial till, the longest test ran by 
Rönnqvist et al. (2017) lasted 77 days and the shortest 5 hours. They found that the 
higher the amount of gravel fraction the shorter the test time and, furthermore, some 
of the longest test developed pipe thought the sample, suggesting global backward 
erosion. 

2.6.6  Limitations in the performance of suffusion tests 
Similar to the well-known permeability test, suffusion tests are sensitive to several 
uncertainties due to limitations in the experimental setup and specimen preparation. 
Some of those limitations are listed below: 

- Specimen preparation: heavy compaction can break and degrade soil particles, 
which creates finer grained particles that could migrate due to segregation or seepage. 
This condition might lead to mistakes on the interpretation of the results (Chapuis et 
al. 1989). 

- Specimen homogeneity: difference in homogeneity among the reconstituted soil 
specimens leads to uncertainty in the measurement of seepage flow, consequently in 
the measurement of hydraulic conductivity. 

- Saturation: Chapuis (2012) pointed out that permeability tests may be far from a 
steady-state condition if full saturation is not completed, even though the ratio of 
outflow to inflow rate is between 0.75 and 1.25, as suggested by ASTM-D2434 
(2006). 

- Water temperature: variations in the temperature of the test room lead to changes in 
the temperature of the water passing thought the specimens, which affects the 
kinematic viscosity (υ) and consequently the hydraulic conductivity. The hydraulic 
conductivity at 20 ºC can be estimated considering equations [2.11] and [2.12]. 

- Air bubbles: as pointed out by Chapuis et al. (1989), hydraulic conductivity is 
affected by the size and positions of air bubbles, which may appear in the system and 
in the specimen during the test when tap water is used. Air bubbles will form 
preferentially in places of different thermal conductivity, such metallic valves or 
connections along plastic pipes, acting as constriction and producing local head and 
pressure variations. The effects of air bubbles can be reduced by the injection of C02 
in the specimen prior saturation. Figure 2.15 shows an indicative scheme of the size 
and distribution of air bubbles in granular soils with low and high saturation. 
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Figure 2.15: Air bubbles in granular soils with: (a) low saturation and (b) high 
saturation. (After Chapuis et al. 1989). 

- Preferential leakage: preferential leakage may be due to several causes, such as: (i) 
large particles may generate preferential lateral leakage due to poor compaction 
conditions, with large voids along the cylinder wall. According to ASTM-D2434 
(2006) the inner diameter of the permeameter must be at least 8 or 10 times of the 
maximum particle size of the tested specimen; (ii) soil segregation: can occur during 
compaction, resulting in preferential seepage through large pores; and (iii) smooth 
permeameter walls: permeameter with smooth wall surface lead to a preferential 
leakage path due to low friction in the wall. Some researchers avoid it by sealing of 
the edges of rigid wall permeameter with silicon (Douglas et al. 2016) or applying 
Vaseline grease along the permeameter wall. However, Garner and Sobkowicz (2002) 
illustrated the effects of suffusion with CTscans and showed that preferential leakage 
might also occur inside the specimen. 
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3 PREDICTION OF INTERNAL INSTABILITY 

3.1  Introduction 
This chapter presents a study of the susceptibility to internal erosion by suffusion of 
two soils sourced from Swedish dams. The study is based on the grain size distribution 
of each soil, and the methods used are those described in Chapter 2: Kenney and Lau 
(1985, 1986), Kenney and Lau (1985, 1986) adapted by Li and Fannin (2008) and 
Rönnqvist (2015), the modified Burenkova (1993) method proposed by Wan and Fell 
(2004) and Wan and Fell (2008). A comparison of the results reached in each method 
is also presented. The comparison aims to define the methods that more accurately 
predict the likelihood to internal erosion of glacial till. 

The investigated soils are glacial till provided by dam owners from embankment dam 
sites in northern Sweden (Dam A and Dam B). The first type of soil (DA) was 
obtained in-situ from the dam core of “Dam A”. The second type of soil (DB) is 
sourced from the borrow area used for the construction of the embankment dam “Dam 
B”. Up to date, the study of the soil from Dam A includes the grain size distribution 
analysis of each borehole; whilst the soil from Dam B has been used for suffusion 
tests. 

3.2  Material 
Soil from Dam A – case study 
Dam A consists of one concrete dam in between two embankment dams, left (V) and 
right (H). The embankment dams are zoned and have a central core of silty sandy 
moraine. Two major sinkholes occurred close to sections 0/020V of the left 
embankment dam, suggesting the occurrence of internal erosion by suffusion. The 
right embankment dam has not experienced sinkholes. The tested material was 
obtained in-situ from three boreholes performed at the dam crest (Figure 3.1). The 
material from each borehole was subdivided in layers of 0.80 m labelled by its 
location and depth relative to the dam crest. The location refers to the distance 
between the concrete dam and the boreholes in the left (V) or right (H) embankment 
dam. One of the boreholes was executed in the right embankment dam at the section 
0/090H, and the other two in the left embankment dam, at sections 0/013V and 
0/045V. Further details regarding Dam A and the experimental work are provided in 
Paper III (Silva et al. 2017) annexed to this thesis. 

Figure 3.2 shows the mean grain size distribution curves of boreholes 0/090H (R1), 
0/013V (L1) and 0/045V (L2), and of the outlier layers of boreholes 0/045V and 
0/013V located at the depth 7.7- 8.5 m and 4.3 – 4.7 m, respectively. The label of each 
grain size distribution is summarized in Table 3.1. Figure 3.2 also includes the 
gradation curves of the core design boundaries and the soils named “GR2” and “10”. 
The soil “GR2” has gradation curve similar to the sample “L1_(4.3 - 4.7m)”, and was 
shown to be internally unstable in the suffusion test carried out by Rönnqvist (2015). 
The soil “10” has gradation curve similar to the sample “L2_(7.7 - 8.5m)”, and was 
showed to be internally unstable in the suffusion test performed by Wan (2006). These 
gradations are used as reference for the comparison of the methods applied to define 
the soil susceptibility to suffusion. 
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In relation to the Atterberg limits, three samples of the fine-grained fraction were 
tested for each borehole according to the ASTM-4318 (2005). The average values 
obtained are: liquid limit = 2, plastic limit = 1 and plastic index =1. However, for silty 
gravel moraine with clay content < 5%, the plastic limit is not relevant in the 
assessment of internal erosion susceptibility (Crawford-Flett 2014). 

Table 3.1: Label of tested grain size distribution 

Soil   Code 
0/090H _Mean R1 
0/013V _Mean L1 
0/045V _Mean L2 
0/013V _(4.3 - 4.7m) L1 _(4.3 - 4.7m) 
0/045V _(7.7 - 8.5m) L2 _(7.7 - 8.5m) 

 

                       
Figure 3.1: Location of boreholes (L1, l2 and R1) and sinkhole (S) in Dam A. 

 
Figure 3.2: Grain size distribution for soils from Dam A, Dam B (DB and reference 
materials “GR2” and “10”. 
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Soil from Dam B 
The soil is sourced from the borrow area used for the construction of the embankment 
dam. The grain size distribution is shown in Figure 3.2. The soil, herein named “DB”, 
is a well graded silty sandy moraine, with coefficient of uniformity Cu = 50, 
maximum grain size 16 mm, 2.5% content of particles was smaller than 2 µm, 
plasticity index Ip = 1 and specific gravity Gs = 2.67. 

3.3  Assessment of internal instability 
Gradations “R1_Mean”, “L1_Mean” and “DB” are expected to be internally stable 
since they are within the design boundaries of Dam A, which is considered as the 
range for which the core soil should be internally stable. Gradation “L2_Mean” is 
slightly out of the design boundaries; therefore, there is uncertain regarding its 
susceptibility to suffusion. Gradations “L1_(4.3- 4.7m)” and “L2_(7.7- 8.5m)”, which 
are coarsely graded with a flat tail of fines, are expected to be internally unstable, as 
shown in the suffusion tests of the soils “GR2” and “10” performed by Rönnqvist 
(2015) and Wan (2006), respectively.  

The results obtained by applying the methods for asses the susceptibility to suffusion 
are summarized in Table 3.2 and reported from Figure 3.3 to Figure 3.6. All four 
methods provide similar results for those gradations expected to be internally stable. 
However, Kenney and Lau (1985, 1986) method provides the most conservative 
results by classifying the soil “DB” as internally unstable. Gradation “L2_Mean” is 
internally stable according to most methods except for Kenney & Lau (1985, 1986) 
method. Gradation “L1_(4.3- 4.7m)”, expected to be internally unstable, is classified 
as internally stable in the Li and Fannin (2008) adaptation of Kenney and Lau (1985, 
1986) method, as well as in the Wan and Fell (2008) method. Furthermore, it is also 
observed that, according to the modified Burenkova (1993) method by Wan and Fell 
(2004), the probability of this soil to be internally unstable is very low (≈0.05%). 
Gradation “L2_(7.7 - 4.7m)” is, as expected, classified as internally unstable in all the 
methods, except in the Wan and Fell (2008) method. However, in this last case the 
gradation is significantly close to the “transition” region. 

Table 3.2: : Results of prediction of internal instability 

Soil R1 L1 L2 L1  L2  DB 
  Mean Mean Mean (4.3- 4.7m) (7.7- 8.5m)   
Kenney and Lau 
(1985,1986). S S U U U U 

Kenney and Lau (1985,1986) 
with Li and Fannin (2008) 
adaptation (H = 15). 

S S S S U S 

Modified Burenkova (1993) 
by Wan & Fell (2004). S S S U U S 

Wan and Fell (2008) S S S S S S 
Note: S = stable and U = unstable 

      
 
 
 



Suffusion of glacial till dam cores - An experimental investigation 
 

 
34 

 
Figure 3.3: Shape curve of samples applying Kenney & Lau method (1985, 1986). 

 
Figure 3.4: Shape curve of samples applying Kenney & Lau method (1985, 1986) 
adapted by Li and Fannin (2008). 

 
Figure 3.5: Probability of internal instability of borehole samples applying the modified 
Burenkova (1993) method proposed by Wan & Fell (2004). 
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Figure 3.6: Wan & Fell (2008) method for assessing the likelihood of internal instability. 

3.4  Discussion 
Kenney and Lau (1985, 1986) method provides conservative results on the prediction 
of internal instability of glacial till soil gradations. This result is consistent with Wan 
and Fell (2008), who found that, for soils containing silt, the Kenney and Lau (1985, 
1986) method is conservative.  

The method that predicted the best experimental findings is the Kenney and Lau 
(1985, 1986) method adapted by Li and Fannin (2008). This result was expected 
considering the comparative analysis performed by Rönnqvist and Viklander (2015a), 
in which the Kenney and Lau (1985, 1986) method with its Li and Fannin (2008) 
adaptation was relatively more successful in identifying dams with probable 
occurrence of internal erosion. 

The modified Burenkova (1993) method by Wan and Fell (2004) provided results 
similar to the provided by the adaptation of the Kenney and Lau (1985, 1986) method. 
However, showed to be slightly more conservative. On the other hand, the Wan and 
Fell (2008) method provided the most optimistic results by classifying all the soil 
gradations as internally stable; which suggests that this method is not too accurate in 
the internal stability assessment of glacial till soils. These results agree with the 
Rönnqvist and Viklander (2015a) who found that both Wan and Fell (2004) adaptation 
method and the Wan and Fell (2008) alternative method appear to be less successful 
for glacial till gradations. However, Crawford-Flett (2014) reported that the Wan and 
Fell (2008) alternative method provides suitable assessment of stable behaviour in 
glacial tills. 

Based on the results and previous discussion, it is concluded that the Kenney and Lau 
(1985, 1986) method adapted by Li and Fannin (2008) is the most suitable method for 
assessing the internal stability of glacial the till soil here studied. Therefore, this 
method is the one preliminarily recommended to be applied in glacial tills, taking the 
ratio ((H/F)min) as representative stability index “Sindex”. Nonetheless, further 
comparison of the methods considered here and the constriction size method by 
Indraratna et al. (2011, 2015) are necessary. 
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4 SUFFUSION TEST ON GLACIAL TILL 

4.1  Introduction 
This chapter presents a description of the suffusion test program, test devices and 
materials used in the laboratory investigation carried out in this research. At this stage 
of the research, the laboratory work includes specimens of soil categorized as 
internally stable. Specimens were prepared at three different degrees of compaction 
related to the maximum dry unit weight obtained in the modified Proctor test. Two 
types of permeameters were used, the small (ϕS = 101.6 mm and hS = 115 mm) and 
the large (ϕL = 300 mm and height hL = 450mm). 

The laboratory work aims to assess the effects of different test factors on the initiation 
of internal erosion by suffusion in glacial till soils, as well as on the definition of the 
critical hydraulic gradient. Among the factors considered are: the degree of 
compaction, hydraulic load path, properties of filter, duration of the experiments and 
size of the permeameter. Further details regarding the test program, materials, 
specimen reconstitution technique, instrumentation and data acquisition, factor 
affecting suffusion tests and data analysis is provided in the following sections. 

4.2  Material 

4.2.1  Core material 
Grain size distribution 
The material used as base soil is a non-plastic silty sandy moraine (glacial till) sourced 
from Dam B, and here named “DB”. As shown in Chapter 3, this soil is categorized as 
internally stable, thus it should be capable to self-filtering. Figure 4.1 shows the grain 
size distribution of the core soil “DB”, the filter design boundaries from the Swedish 
dam safety guidelines proposed by Svensk Energi (2011), and the filter material (Filter 
f3) defined based on Svensk Energi (2011). 

 
Figure 4.1: Grain size distribution of the tested glacial till and filter material (f3) 
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Dry unit weight and water content 
The maximum dry unit weight obtained with the modified Proctor compaction test 
(Figure 4.2) is γd = 20.6 kN/m3 for an optimum water content wopt = 6.5%. In addition, 
a series of test changing the energy of compaction (number of blows) were performed. 
These tests aimed to measure the influence of the number of blows on the degree of 
compaction and on the void ratio. The minimum number of blows applied was 10, 
which is the minimum number of blows needed to cover compaction of the whole 
surface of each layer. The water content used in each test was equal to the optimum 
water content of the modified Proctor test (wopt = 6.5%). In Figure 4.2, hollow 
symbols are results of individual tests and solid symbols represent the average of the 
individual tests. 

The void ratio (e) calculated for each dry unit weight (γd) corresponding to each 
number of blows (Nbl) is related to the density index (Id) by applying Eq. [4.1]. On the 
basis of the density index, the soil can be characterized as: loose or poorly compacted 
(0 < Id < 1/3), medium dense or moderately compacted (1/3 < Id < 2/3), and dense or 
well compacted (2/3 < Id < 1). 

Id = (emax – e) / (emax – emin)   Eq. [3.1] 

In terms of dry unit weight: 

Id = γdmax • (γd – γdmin) / γd • (γdmax – γdmin)  Eq. [3.2] 

The corresponding degree of compaction (RD) is calculated as: 

RD = (γd / γdmax)∙100    Eq. [4.3] 

The maximum and minimum void ratio (emax = 0.35 and emin = 0.26, respectively) 
were calculated according to ASTM-D4253 (2006) and ASTM-D4254 (2006), 
respectively. 

The relation between number of blows, void ratio, density index and theoretical 
hydraulic conductivity is summarized in Table 4.1, Figure 4.3 and Figure 4.4. For 
each void ratio a theoretical hydraulic conductivity, kt-value, was calculated by 
applying Chapuis (2004) equation Eq. [2.18]. Figure 4.3 shows that there is a linear 
relation between the number of blows (energy of compaction) and the void ratio (e). 
On the other hand, Figure 4.4 shows the increase of the theoretical hydraulic 
conductivity (kt) with the increase of void ratio. 

Table 4.1: Void ratio and hydraulic conductivity of tested soil DB 

Nbl γd e n kt Id Compaction RD 
  [kN/m3] [-] [-] [m/s] [-] condition [%] 
0 19.3 0.35 0.25 8.7E-07 0.0 loose (P)     93 

10 19.7 0.31 0.24 6.9E-07 0.3 loose (P)       95 
15 20.0 0.30 0.23 6.1E-07 0.5 medium (M) 96 
20 20.2 0.28 0.22 5.4E-07 0.7 dense (W) 98 
25 20.7 0.25 0.20 4.2E-07 1.0 dense (W) 100 

Note: Nbl = number of blows applied with the modified Proctor hammer; γd = dry unit weight; e = void 
ratio; n= porosity; kt = theoretical hydraulic conductivity; Id = density index (loose (poorly compacted): 
0 < Id < 1/3; medium (moderately compacted): 1/3 < Id < 2/3; dense (well compacted): 2/3 < Id < 1); 
RD = degree of compaction. 
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Figure 4.2: Modified Proctor compaction curve of soil DB and dry unit weight for 
different number of blows. 

 
Figure 4.3: Void ratio vs. number of blows. 

 
Figure 4.4: Theoretical hydraulic coductivity (kt) and dry unit weight vs. void ratio and 
density index. 3kt and kt/3 are the boundaries suggested by Chapuis (2004). 
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4.2.2  Filter material 
Three types of filter were used in the small permeameter are: i) polypropylene porous 
sheet (f1) 3.2 mm thick with maximum and minimum pore diameter of 75 µm and 
17 µm, respectively; ii) steel wire mesh (f2) with opening size 1.3 x 1.3 mm; and iii) 
soil filter (f3), prepared by mixing particles obtained from the core soil “DB” has 
D15 = 0.18 mm and gradation curve defined according to the filter criteria proposed by 
Svensk Energi (2011) (see Figure 4.1). Figure 4.5 shows the mentioned types of filter. 

Specimens with filter f1 represent the control specimens, since this is the type of filter 
regularly used in permeability tests (ASTM-D2434 2006). Filter f3 fulfils the Terzaghi 
and Peck (1948) filter criterion presented in Section 2.3.2: D15F/d’85B < 4, where 
d’85B = 1 mm; thus this filter should be able to prevent the migration of fine-grained 
particles from the base soil “DB”. The fines content of the base soil after regrading to 
maximum particle size of 4.75 mm is ≈ 39%. Therefore, according to Foster and Fell 
(2001) the no-erosion boundary is defined as D15F < 0.7 mm. Considering the opening 
size of filters f1 and f2, and the D15F of filter f3, it is expected that specimens with 
filter f1 and f3 do not present erosion, whist in specimens with filter f2 the eroded 
particles smaller than the opening size could be washed out. 

 
Figure 4.5: Types of filter used in small scale permeameter 

4.3  Apparatus 
Tests were performed in two scales by small and large permeameters. Based on the 
description of suffusion test devices presented in Section 2.6.3, the small permeameter 
is categorized as first type permeameter and the large permeameter as second type 
permeameter. The experimental set-up of each permeameter is described below.   

Small permeameter 
The small permeameter (Figure 4.6) is an adaptation of the Proctor compaction 
cylinder and has an inner diameter ϕS = 101.6 mm and height L = 115 mm. The rigid 
wall cylinder is made of PMMA (polymethyl methacrylate or acrylic glass). Through 
the top/bottom covers there is an inlet/outlet tube of ϕ5mm. The inlet tube is 
connected to an upstream fixed reservoir filled with unfiltered municipal tap water and 
has an outlet for overflow that allows insuring a constant hydraulic head. A 2.5 mm 
thick polypropylene porous plate is placed between the top cover and the sample in 
order to get a uniform distribution of the water. The outlet pipe is connected to a 
container where the seepage water is collected. The flow rate is estimated by the 
weight of water collected by time. Each cylinder is placed on a steel plate support that 
holds on a steel bar. The support can be changed of position along the steel bar 
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according to the desired hydraulic gradient, which could vary between imin = 0 and 
imax = 28. Since the small permeameter does not allow to measure changes in the water 
head along the specimen height, the estimation of initiation of suffusion is based on 
considerable changes of the seepage rate, which is also related to changes of hydraulic 
conductivity. 

 

 

 
Figure 4.6: Laboratory setup for small permeameter: (a) details drawing, (b) apparatus 
in the laboratory. 

  

(a) 

(b) 
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Large permeameter 
The large permeameter is a rigid-wall stainless steel cylinder with an inner diameter 
ϕL = 300 mm and total height hL = 450mm (Figure 4.7a and Figure 4.7b). The set-up is 
similar to the one used by Rönnqvist et al. (2017). The specimen is compacted on top 
of a layer of filter 50 mm thick and covered by a layer of coarse material of 150 mm 
thickness, which allows a uniform distribution of the water flow (Figure 4.8). The 
specimen height is 200 mm (four layers 50 mm each). The cylinder is closed at the top 
and the bottom by stainless steel covers, each of them connected in the middle to a 
transparent inlet/outlet pipe of ϕ = 15 mm. The inlet pipe is connected to an upstream 
reservoir, which is filled with unfiltered municipal tap water. The hydraulic gradient 
can be adjusted by changing the vertical position of the reservoir. The maximum 
hydraulic gradient possible to apply is imax = 12. The top cover is sealed with silicone 
O-rings against the cylinder and fixed in place by a beam placed over the top plate. 
The cylinder is mounted on a square steel bottom frame, which is placed in a tub. The 
tub has a fixed overflow dump which keeps a constant downstream water head. 
Seepage outflow is collected in a container and estimated by the weight of water 
collected on a time increment. 

An advantage of the large permeameter is the present of lateral piezometers along the 
cylinder wall (Figure 4.7c), which allows identifying local increase in hydraulic 
conductivity due to particle migration from a particular layer. Each port is connected 
to a standpipe of ϕ5mm. The upper piezometer (P6) gives the pore water pressure in 
the top drainage layer, which allows identifying any losses in the supply system from 
the constant head reservoir. Piezometer 5 (P5) is located at the interface between 
drainage and the top of the sample, thus gives the effective hydraulic head applied on 
the top surface of the specimen. Ports 1, 2, 3 and 4 indicate the head losses through the 
specimen. Local hydraulic gradients are estimated by the head difference between two 
consecutives piezometers. In this type of configuration the initiation of instability is 
defined by a significant decrease in the local hydraulic gradient over a relatively short 
period of time at the layer where local internal erosion develops, as described by 
Moffat and Fannin (2011). 
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Figure 4.7: Laboratory setup of large permeameter: (a) details drawing, (b) device in 
place, (c) piezometer ports. 

(b) (c) 

(a) 
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Figure 4.8: Placement of filter, core and drainage material inside large permeameter. 

4.4  Experimental program 
As mentioned in Chapters 1 and 2, the three major factors affecting suffusion are: 
susceptibility of the soil to internal erosion, the degree of compaction and the 
hydraulic gradient. Furthermore, as the continuation of suffusion depends on the filter, 
this became also an important factor affecting test results. In this sense, the laboratory 
program was planned aiming to cover all these factors. 

The test program includes experiments in the small and large permeameters. Due to 
the large amount of material required to accomplish the test program, the majority of 
tests were performed in the small permeameter, which requires less amount of 
material in comparison to the large permeameter. These tests aimed: (i) to understand 
the potential effect of the type of filter on the measurement of seepage at different 
hydraulic gradients; and (ii) to evaluate the influence of void ratio on the initiation of 
suffusion in specimens subjected to different hydraulic gradients. Complementary 
tests to evaluate the effect of the experimental scale were performed in the large 
permeameter. The test conditions in the large permeameter represent those scenarios 
found in the small permeameter in which suffusion initiates or changes in the 
hydraulic conductivity were significant.  

The tested core soil is categorized as internally stable. Specimens were prepared at 
four degree of compaction, which are expressed in terms of void ratio and density 
index (Id), as shown in Table 4.1. 

Regarding the hydraulic gradient, tests were performed with downward flow and 
hydraulic gradient increased stepwise. In total, four multistage hydraulic gradient 
conditions, here named “hydraulic load paths (HLP)”, were considered. The three first 
hydraulic load paths (HLP 1, HLP 2 and HLP 3) were applied to specimens in the 
small permeameter; whilst the fourth (HLP 4) was applied to specimens in the large 
permeameter. All hydraulic load paths here considered represent severe conditions 
compared with the increment of hydraulic head in dams, which is usually a slow 



Suffusion test on glacial till 
 

 
 45 

process. Furthermore, HLP 2 and HLP 3 reach extreme hydraulic gradients in 
comparison with what is expected according to Cedergren (1989) and Lafleur (1984) 
(see Section 2.5). The time step of each hydraulic load depended on the time needed 
for the seepage rate to reach steady conditions. 

HLP applied in small permeameters: 
- HLP 1: consisted of increasing the hydraulic gradient by steps Δi = 1 until i= 4.3, 

followed by steps Δi = 2 until i= 8. HLP 1 was applied to the first series of tests 
aimed to understand the potential effect of the filter type on the measurement of 
the hydraulic conductivity at different hydraulic gradients. 

- HLP 2: the hydraulic gradient was increased by steps Δi = 1 until i= 20. HLP 2 
was applied to specimens with filter f1 and f2 in the second series of test, which 
aimed to evaluate the influence of initial void ratio on the initiation of suffusion in 
specimens subjected to different hydraulic gradients. 

- HLP 3: the hydraulic gradient was increased by steps Δi = 2 until i= 15. In some 
cases the Δi applied was 2.5 HLP 3 was applied to specimens with filter f3 in the 
second series of test in the small permeameter. 

HLP applied in large permeameter  
- HLP 4: the hydraulic gradient was increased by steps Δi = 0.5 or 2.5 until a 

maximum i = 12. 

The tests performed in this study and the main characteristics of each specimen are 
summarizes in Table 4.2. Considering that well compacted internally stable soils are 
not expected to get suffusion, results of the first series of tests are used as reference for 
the comparison of results. 

Table 4.2: Tested specimens and test conditions 

Series of Specimen  Type of Id RD Type of HLP 
test ID filter   [%] permeameter   

1 f1_W100_sp f1 1.0 (W) 100 small (sp) 1 
f2_W100_sp f2 1.0 (W) 100 small (sp) 1 

  f3_W100_sp f3 1.0 (W) 100 small (sp) 1 

2 

f1_W98_sp f1 0.7 (W) 98 small (sp) 2 
f1_M96_sp f1 0.5 (M) 96 small (sp) 2 
f1_P95_sp f1 0.3 (P) 95 small (sp) 2 
f2_W98_sp f2 0.7 (W) 98 small (sp) 2 
f2_M96_sp f2 0.5 (M) 96 small (sp) 2 
f2_P95_sp f2 0.3 (P) 95 small (sp) 2 
f3_W98_sp f3 0.7 (W) 98 small (sp) 3 
f3_M96_sp f3 0.5 (M) 96 small (sp) 3 
f3_P95_sp f3 0.3 (P) 95 small (sp) 3 

3 f3_P95_BP(a) f3 0.3 (P) 95 large (BP) 4 
f3_P95_BP(b) f3 0.3 (P) 95 large (BP) 4 

Note: Id = density index; RD = degree of compaction; HLP = hydraulic load path; In specimen ID the 
capital letters W, M and P stand for well, medium and poorly compacted, respectively. 
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4.5  Experimental procedure 
(a) Soil preparation  
The maximum grain size of the tested soil (dmax) is limited by the size of permeameter 
(ϕP). To avoid large voids along the wall, the maximum particle size of the tested soil 
was limited to be at least 10 times smaller than the inner diameter of the permeameter 
(ϕP/dmax > 10), as suggested by ASTM-D2434 (2006). Therefore, in the small 
permeameter the maximum particle grain size was 10 mm (particles > 10 mm were 
remover by hand); whilst, in the large permeameter, the entire gradation was used. 

(b) Soil placement and compaction 
In the small permeameter the specimens were compacted at the optimum water 
content of the modified Proctor test (ωopt = 6.5%) to the desired density index by 
varying the number of blows per layer. The relation between number of blows, void 
ratio, density index and theoretical hydraulic conductivity is summarized in Table 4.1. 
The total height of the specimen depends on the type of filter used in the test. For tests 
with plastic and wire mesh filter, the total height of the specimen was 115 mm 
compacted in five 23 mm thick layers. For tests using natural soil as filter, the 
specimen was placed on top of a layer of filter 23 mm thick; giving specimen height 
of 92 mm compacted in four 23 mm thick layers. 

Specimens in the large permeameter were prepared at the relative density representing 
the scenario in which suffusion or a significant increase of hydraulic conductivity took 
place in the small scale permeameter. Each cylinder of 450 mm height consists on a 
specimen 200 mm thick compacted in four 50 mm thick layers. A layer of gravel of 
200 mm thickness was placed over the specimen in order to allow a uniform 
distribution of the downward flow. A filter of 50 mm thickness was located at the 
bottom of the sample.  

(c) Specimen saturation 
Similar to Rochim et al. (2017) and Zhong et al. (2018), specimens in both the small 
and large permeameter were injected with CO2 (carbon dioxide) in upward direction 
prior to saturation. The CO2 replaces the air content in the matrix of soil and then 
dissolves in water during the following upward saturation, which contributes to a 
much quicker and more effective saturation. 100% saturation was considered 
accomplished when the upward outflow rate reached approximately steady values. 
The applied hydraulic gradient for upward saturation was i ≤ 1 to prevent hydraulic 
fracture or removal of fines. 

(d) Suffusion testing 
Tests were performed with downward flow direction and hydraulic gradient increased 
stepwise according to the corresponded hydraulic load path (HLP). Increases of 
hydraulic gradient took place when the seepage rate reached steady values, i.e. when 
the difference between two consecutive measurements of seepage varies between 0.75 
and 1.25 (as suggested by ASTM-D2434 2006). Seepage rate through the specimen 
was monitored every 3 hour in a basic and every hour when the hydraulic gradient was 
increased. During the tests it was also observed if any eroded material was collected in 
the container. In case of the large permeameter, each piezometric level was measured 
every four hours, and also at the moment when the seepage rate increased, suggesting 
internal instability. Tests were concluded when: (a) the measured seepage rate reached 
steady values after, at least, four consecutive measurements; (b) there was negligible 
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erosion; and (c) when piezometric levels reached steady conditions after a sudden 
increase of the seepage rate. 

(e) Post-test grain size distribution analysis  
After concluded the tests, the specimens were examined layer by layer by visual 
inspection and particle size distribution analysis. This method was used by Wan 
(2006), Lilja et al. (1998), Lafleur and Nguyen (2007), among others. Layers were 
identified with suffusion if the post-test gradation curve exhibits changes in 
comparison to the initial condition, particularly, a decrease in the fine particles content 
without appreciable volume change (Rönnqvist et al. 2017). In addition, eroded 
particles retained in the collector containers were recovered and sieved, if possible. In 
some tests, the amount of eroded particles was too small to be recovered, but 
appreciate due to a light turbidity of the outflow water. 

4.6  Limitations 
The potential sources of error during the test are listed below. This list aims to be 
aware of the testing improvement to consider for future studies. 

- Potential loss of mass in the handling of the specimens (e.g., in the post-test 
examination, transportation, drying, washing, sieving, etc.). 

- Variation in soil gradation an inhomogeneity.  
- Maximum dry unit weight and optimum water content were determined from a 

modified Proctor test on soils with d <10 mm. 
- There might be preferential seepage along the cylinder wall, even though Vaseline 

grease was applied on the cylinder walls. 
- Precision in the measurement: seepage measured by hand with stopwatch and 

bucket weighted on a scale with unit of measure of 1 g. 
- Evaporation was not accounted for.  
- Tests were performed with unfiltered municipal tap water. 
- Potential variation in water and ambient temperature was not accounted for. 

4.7  Results 
NOTE: In the following figures “kt” represents the theoretical hydraulic conductivity 
calculated based on the Eq. [2.18] proposed by Chapuis (2004); whilst “3kt” and 
“kt/3” represent the boundaries suggested by the same author (see Section 2.6.2). The 
hydraulic conductivity derived from the experimental work is denoted as “k”. 

Small permeameter 
Figure 4.9 shows the results of the first series of suffusion tests performed in the small 
permeameter at the optimum water content and maximum dry density (wopt = 6.5%, 
γdmax =20.6 kN/m3). Results indicate that the hydraulic conductivity of the tested soil 
(k), is in the order of 10-7 m/s for all filters studied. Furthermore, all k are within the 
expected range according to Chapuis (2004). However, it is also observed that k tends 
to decrease when increasing the hydraulic gradient. 

Figures 4.10 to 4.12 show the variation of the hydraulic conductivity for each 
specimen tested in this study. As appreciated in the first set of test (Figure 4.9), k has 
the tendency to decrease when increasing the hydraulic gradient. An exception is the 
specimen “f2_P 95_sp” (Figure 4.12), for which the k curve is characterized by an 
initial smooth increases from i = 2 until i = 5 (Phase I – Initial detachment), followed 
by a decreases phase until i = 9 (Phase II - Filtration). After decreasing, k starts to 
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increases until i = 18 where it reaches a value two times higher than the initial k 
(Phase III - Erosion). By last, the k reaches a steady condition (Phase IV - 
Stabilization). These phases are also described in Figure 5.1. The notable increase of k 
in Phase III suggests, according to Darcy’s law (Eq. [2.5]), that the increase of flow 
rate is higher than the increase of hydraulic gradient. Such increase of flow rate might 
be an indication of suffusion. The final phase, Phase IV, where k tends to reach steady 
condition, suggests either self-filtration or that the fraction of fine-grained particles 
remaining in the matrix of soil reached equilibrium with the seepage stresses. 
However, it is relevant to highlight that the final k is still within the expected value for 
this type of soil and is just two times higher than the initial k, suggesting a moderate 
level of suffusion. 

 
Figure 4.9: k vs. i in specimens compacted at 100% (e =0.25) in filters f1, f2 and f3. 

 
Figure 4.10: k vs. i in specimens compacted at 98% (e =0.28) in filters f1, f2 and f3. 
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Figure 4.11: k vs. i in specimens compacted at 96% (e =0.30) in filters f1, f2 and f3. 

 
Figure 4.12: k vs. i in specimens compacted at 95% (e =0.31) in filters f1, f2 and f3. 

Figure 4.13 summarizes the results of the tests performed in the small permeameter. 
This figure shows the variation of hydraulic conductivity in specimens prepared at 
four different void ratios (e=0.25, e=0.28, e=0.30 and e=0.31) and tested with different 
type of filters (f1, f2 and f3). The corresponding degree of compaction for each void 
ratio is (100%, 98%, 96% and 95%). The hydraulic conductivity for each void ratio 
was calculated as the average of the hydraulic conductivity determined, for the same 
specimen, at different hydraulic gradients. For all three filters k ranges between 1x10-8 
and 1x10-6 m/s. 
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Figure 4.13: Hydraulic conductivity vs. void ratio for filters f1, f2 and f3. 

Table 4.3 summarizes the maximum Darcy’s velocity and corresponding Reynold 
number (Re) for each specimen. Re was calculated by applying Eq. [2.10], and 
considering an effective diameter equal to D5B (D5B = 0.0036 mm) and the porosity (n) 
indicated in Table 4.1. It is observed that all calculated Reynold numbers are 
significantly smaller than 10; thus, according to Hellström (2009) and Perzlmaier et al. 
(2007), the flow through the specimens is laminar and Darcy’s law is applicable.  

Figure 4.14 presents, for each type of filter, the maximum Darcy’s velocity of 
specimens at different degree of compaction. As expected, specimens with filter f2 
have higher Darcy’s velocity. In addition, it is observed that there is not a clear 
relation between seepage velocity and the degree of compaction. 

Table 4.3: Maximum Darcy’s velocity, maximum Reynold number (Re) and 
corresponding hydraulic gradient in each specimen. 

 

 

Parameter Filter Degree of compaction 
95% 96% 98% 100% 

vmax [m/s] 
f1 4.5E-06 6.2E-06 4.8E-06 2.6E-06 
f2 8.4E-06 1.0E-05 8.2E-06 4.5E-06 
f3 4.2E-06 2.9E-06 4.9E-07 2.7E-06 

Max. Re [-] 
f1 6.8E-05 9.7E-05 7.9E-05 4.6E-05 
f2 1.3E-04 1.6E-04 1.3E-04 8.0E-05 
f3 6.3E-05 4.5E-05 8.1E-06 4.8E-05 

i at vmax [-] 
f1 11.0 8.0 20.0 3.5 
f2 20.0 20.0 20.0 4.3 
f3 5.6 10.0 5.4 4.3 
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Figure 4.14: Maximum Darcy’s velocity vs. type of filter (f1, f2 and f3). 

Figure 4.16 shows the pre and post-test grain size distribution of specimen 
“f2_P95_sp”. It is observed that, for all layers, the pre and post-test gradation curves 
are similar and just a reduction of about 7% of the particles finer than 0.063 mm is 
detected. Such reduction is constant for all layers, suggesting that it can be due to the 
loss of fine particles while handling the material during post-test sieving. Nonetheless, 
layer L1 presents a slightly increase (≈5%) of the mass retained in the coarser fraction 
(between particle sizes 1 and 8 mm), which suggests a loss of mass in the finer 
fraction. 

 
Figure 4.15: Pre and post-test grain size distribution of specimen “f2_P95_sp”. 

Large permeameter 
Figure 4.16 presents the variation of hydraulic conductivity with respect to global 
hydraulic gradient (iG) of the specimens in the large permeameter. For both specimens 
k is below the theoretical boundaries defined based on Chapuis (2004), suggesting that 
fully saturation was not achieved. However, the k curves are similar in both specimens 
and have similar shape to the k curve of the small permeameter. The curves are 
characterized by an approximately steady conditions followed by a smooth decrease of 
k at iG = 7 and iG = 8 in specimens “f3_P95_BP(a)” and “f3_P95_BP(b)”, 
respectively. This behaviour is likely considering that the base soil is classified as 
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internally stable. Furthermore, the layer of filter (f3) was designed according to the 
Svensk Energi (2011), and fulfils the Terzaghi and Peck (1948) filter criterion as well 
as the no-erosion boundary proposed by Foster and Fell (2001). Figure 4.17 shows the 
variation of Darcy’s velocity with the increase of the global hydraulic gradient (iG). it 
is observed that the global hydraulic gradient (iG) at which the Darcy’s velocity 
initiates to decrease coincides with the iG at which k initiates to decrease. 

 
Figure 4.16: Hydraulic conductivity vs. global hydraulic gradient in specimens poorly 
compacted in large scale permeameter. 

 
Figure 4.17: Flow velocity vs. time at different global hydraulic gradients. Specimens 
f3_P95_BP(a) (top) and f3_P95_BP(b) (bottom). 
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Figure 4.18 presents, for both specimens, the variation of local hydraulic gradient 
along the specimens (iL1, iL2, iL3, and iL4) at different global hydraulic gradient (iG). 
Based on the criterion described in 2.6.4, the local hydraulic gradient and the 
respective global hydraulic gradient for which the suffusion initiated are: iL3 = 6 at 
iG = 8.5 for specimen f3_P95_BP(a), and iL2 = 11.5 at iG = 11 for specimen 
“f3_P95_BP(b)”. Therefore, the layers where suffusion developed are layer 3 and 2 
for the specimens f3_P95_BP(a) and f3_P95_BP(b), respectively. 

 
Figure 4.18: Local hydraulic gradient (iL) along specimens exposed to a global 
hydraulic gradient (iG). Specimen “f3_P95_BP(a)” (left) and “f3_P95_BP(b)” (right). 

Figure 4.19 shows the pre and post-test grain size distribution of the large specimens. 
It is observed that, in both specimens, the post-test gradation of layer L1 shows a 
coarser gradation regard to its initial condition. The fine fraction (particles 
< 0.063 mm) of layer L1 decreased around 7% and 10% in the specimens 
f3_P95_BP(a) and f3_P95_BP(b), respectively. This “coarsening” suggest the washed 
out of particles smaller than the base soil constriction size Dc

* (smaller than ≈ 0.9 μm 
or 2.2 μm, considering the constriction size proposed by Kenney et al. (1984) – see 
section 2.3.2). On the other hand, it is also observed that the particles washed out from 
L1 were filtered by the layer of filter. 

In addition, in case of specimen f3_P95_BP(a), the mass percent of coarser particles 
decreased around 5% in layer L2. This decrease suggests the filtering of fine-grained 
particles washed out from the upstream layer (L3). By last, the final gradation of layer 
L4 was almost identical to the initial gradation; which was expected considering the 
approximately steady condition of the local hydraulic gradient of this layer during the 
test (Figure 4.18). 

Regarding specimen f3_P95_BP(b), the layer L2 also presented a final gradation 
coarser than the initial one. This coarsening suggests that suffusion occurred, as 
indicated by the decrease of local hydraulic gradient (Figure 4.18). It could also be 
related to backward erosion mechanism; nonetheless, no pipe was observed when 
digging out each the specimens. Layer L3 and L4 showed a post-test gradation similar 
to the original condition, which is in coherent with the approximately steady local 
hydraulic gradients showed in Figure 4.18. 
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Figure 4.19: Pre and post-test grain size distribution of specimens “f2_P95_BP(a)” (top) 
and “f2_P95_BP(b)” (bottom). 
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5 DISCUSSION ON SUFFUSION TESTS 
This section presents a discussion of the results of the suffusion tests performed in this 
research. The discussion is presented in the following sub-sections: hydraulic 
conductivity estimated experimentally, influence of: type of filter, degree of 
compaction, hydraulic load path, specimen scale; characterization of suffusion 
mechanism and influence of the duration of the experiments. 

Hydraulic conductivity estimated experimentally 
The hydraulic conductivity (k) estimated experimentally is in the order of 10-7 m/s 
regardless the type of filters and degree of compaction. However, for specimen 
f3_W98_sp, the hydraulic conductivity was an order of magnitude lower (10-8 m/s). 
This result is in close agreement with the theoretical hydraulic conductivity (kt) 
calculated based on Chapuis (2004). In addition, it is also within the expected range 
for glacial till according to Leroueil et al. (2002), who pointed out that the hydraulic 
conductivity of glacial tills may vary from 2x10-10 to 5x10-6 m/s; as well as Viklander 
(1998), who found that the values for fine-grained till were in the order of 10-7 m/s in 
both unfrozen condition and after a number of freeze/thaw cycles. Moreover, Douglas 
et al. (2016) confirmed that the hydraulic conductivity of silty-sand gravel with no or 
very limited erosion were in the range 10−8 to10−6 m/s. 

Influence of type of filter: 

Comparing the hydraulic conductivity results of specimens tested with filter f1 and f2 
(Figure 4.9 to Figure 4.12), it is observed that test conducted with filter f1 tends to 
give the lowest hydraulic conductivity at different hydraulic gradients. This behaviour 
is comparable with the results of Douglas et al. (2016), who showed that variations of 
hydraulic conductivity depend on the base mesh opening size, resulting in lower 
values for a smaller base mesh. 

The tendency of the hydraulic conductivity to slightly decrease when increasing the 
hydraulic gradient, particularly with filter f1 and f2, could be explained with the 
detachment and relocation of loose fine particles until the matrix of soil reaches 
equilibrium with the new seepage stress conditions. The rearrangement of fine 
particles might leads to clogging within the soil matrix or the filter, which reduces the 
rate of seepage and thus the hydraulic conductivity. The initial increase of hydraulic 
conductivity in specimens with filter f2 and f3 (Figure 4.9) suggests that tests with this 
type of filters are more susceptible to experience loss of fine particles before clogging 
and/or reaching equilibrium. In addition, the low hydraulic conductivity obtained with 
tests using filter f3 (Figure 4.10) indicates that the layer of filter is susceptible to get 
clogged by fine particles from the core or formed by crushing at compaction of the 
core-filter interface. In this case, the filter is controlling the hydraulic conductivity of 
the system, misleading the interpretation of measurements. Therefore, for using filters 
made of soil material it is recommended to measure the local hydraulic gradients. 
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Influence of degree of compaction 
Figure 4.9 to Figure 4.12 show that, in the internally stable till studied here, the 
compaction degree is a variable that has limited influence on the hydraulic 
conductivity and initiation of suffusion for a degree of compaction above 95% and full 
saturation conditions. However, it is also observed that the rate of change of hydraulic 
conductivity is higher in specimens moderated and poorly compacted than in well 
compacted specimens. This result is consistent with Wan (2006), Watabe et al. (2000) 
and Ravaska (1997). 

In addition, based on the results of specimen“f2_P95_sp” , it is possible to say that a 
system formed by a poorly compacted internally stable glacial till and a filter that does 
not satisfy the filter retention criterion, might be susceptible to suffusion when severe 
hydraulic gradients are applied. Severe hydraulic gradients refer to those higher than 
what is expected in real dams according to Cedergren (1989) and Lafleur (1984), see 
section 2.5. This is in agreement with the finding of Li (2008) in widely graded soils, 
and Rochim et al. (2017) in gap-graded and widely graded soils subjected to 
multistage hydraulic gradients. 

Influence of hydraulic load path (HLP) 
In this study, the increment of hydraulic gradient is higher in HLP 1 (Figure 4.9) than 
in HLP 2 (from Figure 4.10 to Figure 4.12). Results show that, the higher the 
increment of hydraulic gradient the higher the rate of change of the hydraulic 
conductivity, even though the compaction degree was higher for the first series of 
tests. Similar observations were made by Rochim et al. (2017), who highlighted that a 
multistage hydraulic loading with higher increments induces a higher final value of 
hydraulic conductivity in specimen where internal erosion initiated. In this study, it 
was also observed that the hydraulic conductivity of specimens well compacted and 
with filter that fulfil Terzaghi and Peck (1948) filter criterion do not change 
significantly as the hydraulic gradient increases slowly (e.g. specimen “f1_W98_sp”). 

Influence of specimen scale 
Based on the variation of the hydraulic conductivity with respect to the global 
hydraulic gradient (Figure 4.16), it is possible to conclude that none of the tested 
specimens presented suffusion. However, measurements of the local hydraulic 
gradient (Figure 4.18) suggest the occurrence of suffusion in the intermediate layers of 
the specimen. The layers identified with suffusion based on the changes of the local 
hydraulic gradient are in good agreement with the layers identified with suffusion 
based on post-test grain size distribution examinations. Therefore, as observed by 
Perzlmaier et al. (2007), the use of a global hydraulic gradient (iG) does not yield the 
same precision as the local hydraulic gradient (iL) at the point where the onset of 
instability occurs.  

On the other hand, the global hydraulic gradient at which suffusion initiates is 
consistent in both scale of permeameters (iG ≈ 8), except for the second large 
specimen (f2_P95_BP(b)) in which the onset of suffusion is at iG = 11. This result is in 
contradiction with Kenney et al. (1985), Li (2008), Marot et al. (2012) and Zhong et 
al. (2018), who found that the critical hydraulic gradient decreases with the length of 
the seepage path. This contradiction can be explained considering that full saturation 
might not have been achieved in this large permeameter.  
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Characterization of suffusion  
Based on the hydraulic conductivity curves as function of the global hydraulic 
gradient presented in this study, and considering that suffusion is associated with the 
transport of loose fine-grained particles through constrictions between the coarser 
particles in a soil matrix, the suffusion process can be characterized by the following 
four phases (Figure 5.1): 

- Phase I - initial detachment: occurs as consequence of the wash-out of particles 
segregated or crushed during compaction. The increase of hydraulic conductivity 
is very low, almost neglectable. 

- Phase II - internal suffusion or filtration: part of the detached and loosed fine 
grained particles are transported and filtered within the matrix of soil. The 
filtration clogs several pores leading the hydraulic conductivity to decreases. 

- Phase III - external suffusion: as hydraulic gradient increases, the new seepage 
stress conditions are able to transport and washout from the matrix of soil both the 
loosed fine particles and those clogged in the previous phase. This condition leads 
the hydraulic conductivity to increases. 

- Phase IV - stabilization: the fraction of fine-grained particles remaining in the 
matrix of soil reaches equilibrium with the seepage stresses. Therefore, the 
hydraulic conductivity tends to steady values. In addition, the potential formation 
of preferential flow channels might contribute to reach constant values of 
hydraulic conductivity. 

 
Figure 5.1: Characterization of suffusion process (e.g. with specimen “f2_P95_sp”). 

Each phase will take place or not depending on the type of soil and the test conditions. 
In internally stable soils, the phases that use to take place during suffusion tests are: 
phase II (filtration) and IV (stabilization). However, the phase III (erosion) might 
occur in specimens poorly compacted and tested with filters that do not satisfied the 
Terzaghi and Peck (1948) filter criterion or the no-erosion and continuing-erosion 
boundaries proposed by Foster and Fell (2001). 
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Influence of the duration of the experiment 
Considering the characterization of suffusion described above, Table 5.1 summarizes 
the phases of suffusion process identified in each of the tests performed in this 
research. The total duration of each test as well as the duration of the identified phases 
is also indicated. 

Results show that there is not a clear relation between suffusion initiation and 
hydraulic gradient. As mentioned by Zhong et al. (2018), the time evolutions of the 
hydraulic conductivity and of the erosion rate can be complex due to the coupling 
between erosion and filtration. Nonetheless, Lafleur (1983) mentioned that the 
rearrangement of the grain particles occur at the very beginning of the test, and the 
erosion process, after relatively sudden initiation, is still continuing with time but at a 
slower rate. In addition, several researchers observed that, with or without added axial 
load, erosion by suffusion occurs rapidly, usually in minutes and occasionally in hours 
(Moffat and Fannin 2006, Douglas et al. 2016, Rochim et al. 2017 and Zhong et al. 
2018). However, other researchers such Lafleur (1983) and Rönnqvist et al. (2017) 
performed tests of longer duration ranging between 5h to 76 days.  

The duration of the tests performed in this study was long in comparison with tests 
conducted by Rochim et al. (2017) and Zhong et al. (2018). This can be explained 
considering that the soil tested in this study is classified as internally stable, whereas 
the soil tested by the other authors was classified as internally unstable. However, it 
can be seen that curves of hydraulic conductivity (k) are similar in shape and can be 
described with the phases identifies in Figure 5.1. It is also important to highlight that 
soils internally stable might not initiate the phase of suffusion, and the phase of 
filtration might or not occurs depending on the hydraulic load path. In these cases, the 
tests could be considered concluded in an arbitrary time as long as the outflow rate 
reaches steady conditions. 

Table 5.1: Tests duration and observed phases of the suffusion process. 

Specimen  Test  Phases  i 0  i I  i II  i III  i IV  

ID duration  during test 
f1_W100_sp 1488 h II, IV 2.6  - 3.5 (470h)  - 6 (1167h) 
f2_W100_sp 1430 h I, II 2.6 2.6 (329h) 3.5 (500h)  -  -  
f3_W100_sp 1010 h I, II 3.5 3.5 (315h) 4.3 (308h)  -  - 
f1_W98_sp 360 h IV 2.0  -  -  - - 
f2_W98_sp 230 h I, II, IV 2.0 3 (72h) 7 (168h)  - 10 (216h) 
f3_W98_sp 330 h II, IV 5.6 - 5.6 (1h)  - 8 (240h) 
f1_M96_sp 528 h II, IV 4.0  -  8 (168h)  - 17 (456h) 
f2_M96_sp 610 h II, IV 2.0  - 2 (1h)  - 17 (520h) 
f3_M96_sp 280 h IV 5.0  -   -   -  5 (30h) - 
f1_P95_sp 672 h II, IV 4.0 4 (168h) 8 (312h)  - 19 (648h) 
f2_P95_sp 312 h I, II, III, IV 2.0 2 (1h) 5 (96h) 9 (180h) 18 (300h) 
f3_P95_sp 328 h II, IV 5.6  -  5.6 (1 h)  -  8 (234h) 
f3_P95_BP(a) 500 h II, IV 5.0  -  7 (235 h)  -  11 (400h) 
f3_P95_BP(b) 626 h II, IV 4.5  -  8 (433h)  -  9 (599h) 
Note: Phases during tests: (I) initial detachment; (II) internal suffusion - filtration; (III) external suffusion - 
erosion; (IV) stabilization. i0 = initial hydraulic gradient. iI, iII, iIII, iIV = hydraulic gradient at which phase I, II, 
III and IV, respectively, initiate. The value in brackets is the time at which the corresponding phase starts. 
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6 CONCLUDING REMARKS AND FUTURE WORK 

6.1  Conclusions 
Based on the literature review and the results obtained in the laboratory work performed 
in this research, the following conclusions are highlighted: 

- From the methods applied in this thesis, the Kenney and Lau (1985, 1986) method 
adapted by Li and Fannin (2008) is the most suitable in the prediction of internal 
instability of the glacial till soil studied here.  

- Suffusion mechanism can be classified in two categories: (i) internal suffusion or 
filtration and (ii) external suffusion. In internal suffusion the loosed fine grained 
particles are filtered in the matrix of soil, hence decreasing the hydraulic 
conductivity. External suffusion is characterized by an increase of hydraulic 
conductivity since eroded particles are washed out from the matrix of soil. 

- The type of filter influences the characterization of suffusion process. Filters that 
fulfil the retention criterion lead to a progressive decrease of hydraulic conductivity 
due to clogging. Filters that allow continuing erosion lead to external suffusion; thus 
to an increase of hydraulic conductivity. 

- The degree of compaction has limited influence on the initiation of suffusion. 
However, for the till studied here, poorly compacted specimens subjected to high 
increments of hydraulic gradients could present suffusion, particularly if the filter 
does not fulfil the retention criteria. 

- The hydraulic load path influences the activation of the transport of fine grained 
particles. The higher the rate of increases of the hydraulic gradient, the higher the 
seepage stresses with the soil matrix, thus the lower the critical hydraulic gradient 
needed to initiate suffusion. 

- In an internally stable soil the influence of the hydraulic load path on the initiation 
of suffusion is higher than the influence of the compaction degree. 

6.2  Future work 
Next stage of the research aims to evaluate the effects of the factors herein considered as 
major (degree of compaction, hydraulic load path, type of filter and specimen scale) on 
the behaviour of cohesionless glacial till soils with different internal stability 
classifications (stable, unstable and in transition between the two). Furthermore, in order 
to compare and verify the results obtained in this stage of the research, another set of 
tests with internally stable gradation will be included.  

The laboratory plan is expected to be similar to the one applied in this first stage. 
Nevertheless, optimization of laboratory equipment, test procedure and type of filter 
will be considered. Aiming to have a continuous measurement, the laboratory 
equipment can be improved with the inclusion of electrical piezometers and local stress 
transducers. The inclusion of axial load in order to study the effect of stress conditions 
is also expected. Regarding the test procedure, the hydraulic load path will be simplified 
to two types: one representing a smooth increment of hydraulic gradient, and other 
representing a severe increment of hydraulic gradient.  
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ABSTRACT 
Suffusion is an internal erosion mechanism that affects the particle size distribution, the void ratio 
and the hydraulic conductivity of embankment dams, particularly those constructed with glacial till 
as core material. Suffusion initiates when an unfavourable combination of internal instability, 
stress conditions and hydraulic load occur. Its continuation depends on the ability of the filter to 
hold the eroded soil particles or not. Several methods to decide about susceptibility of the soil to 
suffusion have been reported in literature. Most of these methods are based on experimental 
studies performed on specific specimens at a unique void ratio exposed to a constant hydraulic 
load. The objective of this study is to investigate the influence of the void ratio, hydraulic gradient 
and type of filter on the initiation of suffusion of a typical glacial fine-grained till. The study 
includes tests in a small (ϕ101.6 mm) and large (ϕ300 mm) permeameter. Results show that poorly 
compacted internally stable glacial till can develop suffusion if exposed to high hydraulic gradients 
when the filter is not capable to retain the eroded particles. 

INTRODUCTION 
Suffusion is an internal erosion mechanism that occurs when seepage velocities are large enough 
to detach and transport fine-grained particles through constrictions between coarser particles and 
voids of a soil matrix (ICOLD 2015). Soils susceptible to suffusion are internally unstable (Fell 
and Wan 2005) and typically consist of gap graded or widely graded granular particle size 
distribution. The particles size ranges from silt to gravel showing a concave upward gradation and 
a low plasticity index (Wan 2006). Glacial till is a widely graded soil formed by the action of 
glaciers and has been extensively used as impervious core of embankment dams worldwide 
(Watabe et al. 2000) because of it low hydraulic conductivity. Dams constructed with this type of 
soil exhibit evidences of suffusion to a larger extent than dams constructed with other types of core 
materials (Sherard 1979, Foster et al. 2000). In Sweden, the core of most embankment dams is 
made of fine-grained glacial till. Norstedt and Nilsson (1997) have shown that about 15 per cent of 
the total number of such dams showed sign of internal erosion. 

Kenney and Lau (1985) stated that soils with unstable gradation show their potential for 
instability depending on the flow conditions to which they are subjected. In agreement with this, 
Fell and Wan (2005) proposed that the initiation of suffusion depends on three factors: a geometric 
factor, a stress factor and a hydraulic factor.  

The geometric factor is related to the size of the fine-grained particles in relation to the 
constrictions size among the larger particles forming soil matrix. Kenney and Lau (1985) pointed 
out that a potential deficiency in the number of particles of a certain range allows constrictions in 
the pore network to remain open, which permits the continued passage of smaller particles.  

The stress factor is related to the amount of fine particles within the voids of the soil matrix 
and its relation to the transfer of effective stresses. The degree of compaction defines the soil 
density and the effective stress conditions, which are closely related to the susceptibility to initiate 
internal erosion. It is expected that the higher the density of the soil (higher degree of compaction 
and lower void ratio), the harder it becomes to dislodge the soil particles and initiate erosion. 
Nevertheless, pin-hole erosion tests on glacial till performed by Ravaska (1997) showed that the 
degree of compaction (90%; 95% and 100%) did not significantly influence the erosion 
susceptibility. This is in agreement with Wan (2006) who conclude that the 90% versus 95% 
degree of compaction had limited effect on the initiation of suffusion.  

The hydraulic factor is related to the hydraulic gradient and its effects on the ability of the 
seepage velocity to move the fine particles through the constriction and voids of the soil matrix. 
Rochim et al. (2017) showed that the type of hydraulic loading and the duration of each stage can 



substantially affect the value of the critical hydraulic gradient at which suffusion occurs. Another 
relevant factor in close relation to suffusion is the filter. Sherard (1979) pointed out that 
continuation of suffusion depends on the ability of the filter to catch the eroded soil particles. The 
cases of reported internal erosion incidents involving glacial core materials were mostly attributed 
to the use of coarse or segregated filters (Foster et al. 2000). 

In the early stage, many suffusion tests of granular soils were performed in simple rigid wall 
permeameters similar to the device used in conventional permeability tests of granular soils (e.g. 
ASTM-D2434 2006). Nowadays three types of permeameters for suffusion tests can be 
distinguished (Fannin et al. 2018). In the first type the soil is evaluated based on observation of 
mass loss, post-test analysis of particle size distribution and measurement of flow rate through the 
specimen to determine the hydraulic conductivity (Lafleur 1984; Kenney and Lau 1985; 
Burenkova 1993; Foster and Fell 2001; Hunter et al. 2012; Indraratna et al. 2015). The second type 
of permeameters incorporates monitoring the pore water pressure distribution along the specimen 
(Skempton and Brogan 1994; Wan 2006; Li 2008; Moraci et al. 2014; Douglas et al. 2016; 
Rönnqvist et al. 2017; Rochim et at. 2017). The third type of permeameters includes an axial 
loading system and monitoring of axial or volumetric deformations (Moffat and Fannin 2006, 
2011; Sail et al. 2011; Marot et al. 2012; Chang and Zhang 2013; Sibille et al. 2015; Slangen and 
Fannin 2017; Zhong et al. 2018). The type of filter used in these devices can be characterised 
either closed system or open system. Filters in closed system consists of a layer of natural soil that 
might or not fulfils the Terzaghi and Peck (1948) filter retention criterion “D15 / d85 < 4”. D15 and 
d85 are the particle sizes for which 15% of the filter and 85% of base soil weight, respectively, is 
finer. Filters in an open system consist on a pore opening grid or wire mesh that does not fulfil the 
retention criteria and is defined according to the “continuous erosion boundary” proposed by 
Foster and Fell (2001). The improvement of experimental devices has contributed to the 
performance of a larger number of studies to better understand the relation among the three main 
factors critical for internal erosion, i.e. soil susceptibility, degree of compaction, and hydraulic 
load. However, the variability of test conditions in terms of stress conditions controlled by the 
degree of compaction (initial void ratio) and axial loads, different hydraulic loading, and the 
different experimental scale, makes it difficult to generalise conclusions towards the likelihood of 
suffusion in a specific soil. 

This paper presents an experimental study on the impact of initial degree of compaction and 
stepwise increased hydraulic gradient on the initiation of suffusion in a glacial fine-grained till. 
Tests were performed in small (ϕ= 101.6 mm) and large (ϕ= 300 mm) rigid wall permeameters. 
Three types of filters were included: f1 – filter used in conventional permeability tests (ASTM-
D2434, 2006), f2 – open system filter and f3 – closed system filter. 

EXPERIMENTAL WORK 

Testing Apparatus 
Small and large rigid wall permeameter were used in this study. The small permeameter (Fig. 1a) 
is an adaptation of the conventional rigid wall Proctor compaction cylinder is made of PMMA 
(polymethyl methacrylate) with an inner diameter ϕS = 101.6 mm and height L = 115 mm. The top 
and bottom covers have a central opening where a transparent ϕ5mm plastic pipe is connected. The 
plastic pipe works as inlet or outlet depending on the direction of the water flow. The inlet pipe is 
connected to a fixed reservoir supplied with unfiltered municipal tap water and with an outlet for 
overflow to guarantee constant head conditions. A polypropylene porous plate is placed on top of 
the specimen to secure a uniform distribution of the water directed- down flow. Seepage water is 
collected in a small container and measured in defined time increments. The global hydraulic 
gradient (iG) ranges from 0 to 28 by adjusting the vertical position of the permeameter. 

The large permeameter consist of a rigid-wall stainless steel cylinder with inner diameter 
ϕL =300 mm and height L =450 mm (Fig. 1b), similar to the one used by Rönnqvist et al. (2017). 
In this permeameter, the specimen is covered by a 150 mm coarse material (gravel) to secure a 
uniform downward flow distribution. The cylinder is closed at the top and the bottom by stainless 
steel plates connected to a transparent inlet/outlet pipe of ϕ =15 mm. The inlet pipe is connected to 
an upstream reservoir filled with municipal tap water. The global hydraulic gradient (iG) varies 
from 1 to 12 by adjusting the reservoir level. Piezometers are located along the permeameter wall 



at the interface between the soil layers. Each port is connected to a standpipe. Local hydraulic 
gradients (iL) are measured by the head difference between two consecutives piezometers.  

    

 
Fig. 1: Schematic view of small permeameter (a) and large permeameter (b)  

Testing Soil - Glacial Till 
The tested soil is a silty sandy moraine (glacial till) herein named “base soil”. The material was 
obtained from an embankment dam in northern Sweden. The grain size distribution is shown in 
Fig. 2. The till is classified as well graded, with a coefficient of uniformity Cu = 50, maximum 
grain size dmax = 16 mm, 34.2% non-plastic fine content (d<0.063 mm), and specific gravity 
Gs = 2.67. The maximum dry unit weight γd = 20.6 kN/m3 at optimum water content wopt = 6.5% 
according to modified Proctor compaction test. The soil is classified as internally stable according 
to Kezdi´s (1979) split-gradation technique, the Li and Fannin (2008) adaptation of the Kenney 
and Lau (1985, 1985) method, the modified Burenkova (1993) method by Wan and Fell (2004) 

(a) 

(b) 



and the alternative Wan and Fell (2008) method. However, the method of Kenney and Lau (1985, 
1986) classifies the soil as internally unstable. The characteristic values of each method are 
summarized in Table 1.  

 
Fig. 2. Grain size distribution of the tested glacial till (base soil) and filter material (f3), as well as fine and 

coarse components of base soil according to Kezdi (1979) method. 

Table 1. Summary of characteristic values according to soil classification methods Kezdi (1979), 
Kenney and Lau (1985,1986), Kenney and Lau (1985,1986) with Li and Fannin (2008) adaptation, 
Modified Burenkova (1993) by Wan and Fell (2004) and Wan and Fell (2008). 

Kezdi (1979) Stable 
dsplit  [mm] 0.063 
d15C  [mm] 0.11 

    d85F   [mm] 0.034 
d15C / d85F 3.2 

Kenney and Lau (1985,1986) Unstable 
(H/F)min 0.7 
d(H/F)min  [mm]  0.01 

Kenney and Lau (1985,1986) with Li and Fannin 
(2008) adaptation (H = 15) 

Stable 

H(H/F)min  [%]  15 
Modified Burenkova (1993) by Wan and Fell (2004) Stable 

h'' = d90/d15 282 
h' = d90/d60 11 

Wan and Fell (2008) Stable 
30/log(d90/d60) 29 
15/(log(d20/d5) 23 

Note: dsplit = particle size at the splitting between the coarser and the finer fraction (point of inflection of 
the gradation curve); d15C = particle size for which 15% of the “coarser fraction” is finer; d85F = particle 
size for which 85% of the “finer fraction” is finer; F = mass passing (%) at particle size d; H = mass 
increment (%) between particle sizes d and 4d ; (H/F)min = stability index, defined by the smallest value 
of H/F, for 0 < F ≤ 20 % in widely-graded soil; d(H/F)min = corresponding diameter with the minimum 
value of ratio H=F; H(H/F)min = corresponding H in the minimum value of ratio H=F; dP% = sieve sizes 
for which “P-percent” of the weighted soil is finer.  



Experimental program  
The experimental program includes experiments in the small and large permeameter. In the small 
permeameter, impact of degree of compaction on the initiation of suffusion subjected to different 
hydraulic gradients was studied. In addition, three types of bottom filter were tested: i) 
polypropylene porous sheet (f1) 3.2 mm thick with maximum and minimum size of pore diameter 
of 75 µm and 17 µm, respectively; ii) steel wire mesh (f2) 2.0 mm thick with opening size 
1.3 x 1.3 mm; and iii) natural soil filter (f3), with D15 = 0.18 mm defined by the filter criteria 
proposed by Svensk Energi (2011). Filter f3 is a glacial till soil prepared by mixing particles 
obtained from the base soil. Specimens with filter f1 represent the control specimens, as this is the 
conventional type of filter regularly used in permeability tests (ASTM-D2434, 2006). Both filter f2 
and f3 fulfill the Terzaghi and Peck (1948) filter criterion D15/d85 < 4, thus both filters should be 
able to prevent the migration of fine-grained particles from the base soil. However, as filter f2 
consists of a 2.0 mm thin wire mesh of steel, eroded particles smaller than the filter opening size 
could be transported out from the specimen. In addition, based on the criteria of no-erosion 
boundary of filter tests proposed by Foster and Fell (2001), the no-erosion boundary D15 < 0.7 mm 
for the base soil here studied is D15 < 0.7 mm. Thus, it is expected that specimens tested with filter 
f1 and f3 in the bottom do not develop erosion. 

Tests performed in the large permeameter aims to study the impact of the specimen scale on 
the results of suffusion test. The degree of compaction used in this scale was chosen to be equal to 
the lowest degree of compaction tested in the small permeameter. This since it is expected that, if 
suffusion takes place, it might occur at the lowest degree of compaction. The type of filter used in 
this permeameter is the soil filter f3. 

The hydraulic gradient was increased stepwise according to a predefined multistage hydraulic 
gradient, here named “hydraulic load path (HLP)”. Four HLP were used. The three firsts HLP 
were applied to specimens in the small permeameter; whilst HLP 4 was applied to specimens in 
the large permeameter. 1) HLP 1: applied to specimens at 100% of the compaction, consisted of 
increasing the hydraulic gradient by steps Δi = 1 until i = 4.3, followed by steps Δi = 2 until i = 8. 
2) HLP 2: applied to specimens compacted at degree of compaction lower than 100% and with 
filter f1 and f2, consisted of increasing the hydraulic gradient by steps Δi = 1 until i = 20. 3) 
HLP 3: applied to specimens compacted at degree of compaction lower than 100% and with filter 
f3, comprised the increment of hydraulic gradient by steps Δi = 2 until i = 15; in some stages the 
increment, Δi, was 2.5 instead of 2. 4) HLP 4: applied to specimens in the large permeameters, 
consisted of increasing the hydraulic gradient by steps Δi = 0.5 until a maximum i = 12; in some 
stages of this HLP the increment, Δi, was 2.5 instead of 0.5. Increments of hydraulic gradient took 
place at the time where the rate of seepage among four consecutive measurements reached 
approximately steady values (i.e. seepage rate varies between 0.75 and 1.25). 

Table 2 summarizes the specimens tested in the small and large permeameters and its test 
conditions: type of filter used; degree of compaction and its corresponding density index (Id), void 
ratio (e) and expected hydraulic conductivity (kt); and the HLP applied. The expected hydraulic 
conductivity, kt, corresponding to each void ratio was calculated according to Chapuis (2004) 
equation (Eq. [1]). Where: kt = calculated hydraulic conductivity [m/s], d10 = particle size for 
which 10% is finer [mm], and e = void ratio [-]. 

 

 

 

  

kt = 0.024622 �d102 ∙
e3

(1 + e)�
0.7825

                 𝐸𝐸𝐸𝐸. [1]  



Table 2. Tested specimens, test conditions and theoretical hydraulic conductivity 

Type of Specimen  Type of Id Degree of  e HLP kt  

permeameter ID filter   compaction 
[%] [ - ]   [m/s]    

E-07 

Small (sp) 

f1_W100_sp f1 1.0 (W) 100 0.24 1 4.2 
f1_W98_sp f1 0.7 (W) 98 0.28 2 5.4 
f1_M96_sp f1 0.5 (M) 96 0.3 2 6.1 
f1_P95_sp f1 0.3 (P) 95 0.31 2 6.9 
f2_W100_sp f2 1.0 (W) 100 0.24 1 4.2 
f2_W98_sp f2 0.7 (W) 98 0.28 2 5.4 
f2_M96_sp f2 0.5 (M) 96 0.3 2 6.1 
f2_P95_sp f2 0.3 (P) 95 0.31 2 6.9 
f3_W100_sp f3 1.0 (W) 100 0.24 1 4.2 
f3_W98_sp f3 0.7 (W) 98 0.28 3 5.4 
f3_M96_sp f3 0.5 (M) 96 0.3 3 6.1 
f3_P95_sp f3 0.3 (P) 95 0.31 3 6.9 

Large (BP) 
f3_P95_BP(a) f3 0.3 (P) 95 0.31 4 6.9 
f3_P95_BP(b) f3 0.3 (P) 95 0.31 4 6.9 

Note: Id = density index (loose (poorly compacted): 0 < Id < 1/3; medium (moderately compacted): 1/3 < Id < 2/3; dense 
(well compacted): 2/3 < Id < 1); e = void ratio; kt = theoretical hydraulic conductivity; HLP = hydraulic load path. In 
specimen ID the capital letters W, M and P represents well, medium and poorly compacted, respectively. 

Tests procedure 
(a) Specimen preparation and placement: The maximum particle size of the tested soil was limited 
to be 10 times smaller than the inner diameter of the permeameter, as suggested by ASTM- D2434 
(2006). Specimens in the small permeameter were compacted in five layers 22 mm thick, except 
the specimens tested with the soil filter f3 which were compacted in four 22 mm layers (Fig.3a). 
Specimens in the large permeameter were compacted in four layers 50 mm thick placed on a 
50 mm filter layer (Fig.3b). In both permeameters specimens were compacted at the optimum 
water content of the modified Proctor test (wopt = 6.5%). The target degree of compaction was 
reached by adjusting the number of blows applied. 

(b) Specimen saturation: Specimens in both the small and large permeameter were injected with 
CO2 (carbon dioxide) in upward direction prior to saturation with water. The CO2 replaces the air 
content in the matrix of soil and then dissolves in water during the following upward saturation, 
which contributes to a much quicker and more effective saturation. The applied hydraulic gradient 
for upward saturation was less than one to prevent hydraulic fracture and/or movement of fines. 
Full saturation was considered accomplished when the rate of discharge of water among three 
consecutive measurements varied between 0.75 and 1.25, as suggested by ASTM-D2434 (2006). 

(c) Suffusion test: Tests were performed with downward flow direction and hydraulic gradient 
increased stepwise according to the corresponded hydraulic load path (see Table 2). Initiation of 
suffusion was defined by the following aspects: (i) visual observation of outflow turbidity; (ii) 
sudden increase of seepage, thus a sudden increase of hydraulic conductivity based on Darcy’s 
law; and (iii) sudden decrease of the local hydraulic gradient (iL), which is related to particle 
migration from a particular layer. The global hydraulic gradient (iG) at which suffusion initiates is 
termed critical hydraulic gradient (ic) (Skempton and Brogan 1994). Tests were concluded when 
the following conditions were reached: (a) steady values of the measured seepage rate when 
comparing, at least, four consecutive measurements; (b) negligible erosion or end of outflow 
turbidity; and (c) steady piezometric levels in the large permeameter after the sudden increase of 
seepage rate. 

(d) Post-test grain size distribution analysis: Specimens were examined layer by layer by visual 
inspection and particle size distribution analysis. Layers were manually dug out using a 



longitudinal scale on the permeameter wall as reference. Before digging out, the position of the top 
of the specimen was measured in order to detect if volume change took place. Layers are identified 
with suffusion if the post-test particle size distribution curve exhibits changes in comparison to the 
initial condition, particularly a decrease in the fine content without appreciable volume change of 
the specimen (Rönnqvist 2017). 

        
Fig. 3: Sketch tested specimens in small permeameter (a) and (b) large permeameter.  

Test limitations and possible sources of error. 
Results of suffusion test could be affected by the following limitations: (a) Specimen preparation: 
heavy compaction can break soil particles and create a more fine-grained matrix of particles, which 
could lead to misleading results. (b) Specimen homogeneity: inhomogeneity of the reconstituted 
soil specimens might lead to formation of preferential flow paths, thus to uncertainty in the 
measurement of seepage flow. (c) Air bubbles: air bubbles may appear in the system and in the 
specimen when tap water is used without backpressure, limiting the fully saturation and affecting 
the seepage rate as well as the hydraulic conductivity. (d) Preferential leakage: the smooth wall of 
rigid permeameters tends to be a preferential leakage path; this risk was reduced by applying 
Vaseline along the permeameters wall. (e) Temperature: temperature variation in the testing room, 
and so in the water, was depreciable during the tests, ranging around 22 ºC. 

RESULTS AND DISCUSSION 
Fig. 4 shows the hydraulic conductivity (k) versus the hydraulic gradient for specimens prepared at 
four initial degree of compaction (100%, 98%, 96% and 95% of the maximum modified Proctor 
density) and tested with three type of filters (f1, f2 and f3) and different hydraulic paths (HLP 1, 
HLP 2, HLP 3) in the small permeameter (sp). Results indicate that the hydraulic conductivity of 
the tested soil is in the order of 10-7 m/s for all studied conditions. An exception is the specimen 
with filter f3 compacted at 98% (e= 0.28) and named “f3_W98_sp”, for which k is in the order of 
10-8 m/s (Fig.4b). This is in agreement with the estimated theoretical value, kt (Eq. [1]), and 
within the range for this type of soil e.g. Leroueil et al. (2002) pointed out that hydraulic 
conductivity of tills may vary from 2x10-10 to 5x10-6 m/s; Douglas et al. (2016) found that the 
hydraulic conductivity of silty sandy gravel with none or very minor erosion is in the range 10−8 
m/s to10−6 m/s; and Viklander (1998) reported that the hydraulic conductivity of fine-grained till 
is in the order of 10-7 m/s in both unfrozen condition as well as after a number of freeze/thaw 
cycles. 

It is also observed that the hydraulic conductivity tends to decrease when increasing the 
hydraulic gradient until reaching an approximately steady condition. Based on Darcy’s law, it is 
expected that an increment of hydraulic gradient results in a proportional increment of flow rate 
and flow velocity. However, the increase of seepage velocity also increases the seepage stresses, 
and consequently affect the movement of loose fine-grained particles until the matrix of soil 
reaches equilibrium with the new seepage stresses conditions. The rearrangement of fines might 
lead to clogging within the soil matrix or clogging of the filter, reducing the seepage rate and thus 
the hydraulic conductivity. 

The outlier of specimen “f3_W98_sp” (Fig.4b) suggests either segregation of the base soil, 
crushing of base soil particles during compaction or air trapped in the pipes during the test. 



 
 

  
Fig. 4: Hydraulic conductivity (k) vs. hydraulic gradient (i) in specimens compacted in the small 

permeameter at (a) 100% (e = 0.24); (b) e = 98% (e = 0.28); (c) 96% (e = 0.30) and (d) 95% (e = 0.31) and tested 
with filters f1, f2 and f3. 

Note: The lines 3kt and kt/3 define the boundaries of expected error of laboratory results in 
comparison to Eq. [1]. Such boundaries are defined according to Chapuis et al. (1989), who 
indicated the hydraulic conductivity estimated in the laboratory ( k) typically represents only about 
15–30% of k for Sr = 100%. 

Influence of type of filter 
Fig. 5a summarizes the hydraulic conductivity in specimens prepared at four initial void ratio 
(e = 0.24, e = 0.28, e = 0.30 and e = 0.31) and tested with different type of filters (f1, f2 and f3) in the 
small permeameter. Such void ratios correspond, respectively, to the degrees of compaction: 
100%, 98%, 96% and 95%. The hydraulic conductivity for each void ratio was calculated as the 
average of the hydraulic conductivity determined, for the same specimen, at different hydraulic 
gradients. For all three filters k is in the order of 1x10-7 m/s. The specimen with filter f3 at e=0.28 
represents an outlying point with k in the order of 1x10-8 m/s. Even though k is very similar for all 
specimens, the measured hydraulic conductivity is highest for filter f2 (wire mesh), followed by 
filter f1 (porous sheet) and lastly by filter f3 (soil filter). This behavior is comparable with the 
results presented by Douglas et al. (2016), who showed that variations of hydraulic conductivity 
depend on the filter mesh opening size, resulting in much lower k for filter mesh with smaller 
opening size. In addition, Fig. 5b shows, for each type of filter, the maximum Darcy’s velocity 
reached during the test by each specimen prepared at different void ratio. As expected, specimens 
with filter f2 have higher seepage velocity. 

The initial increase of hydraulic conductivity in specimens with filter f2 and f3 shown in Fig. 
4a suggests that specimens in contact with this type of filters are more sensitive to loss of fine 
particles before reaching equilibrium with the seepage stresses imposed by changes of hydraulic 

(a) (b) 

(c) (d) 



gradient. Moreover, filter f3 has the ability to retain detached particles from the base soil, leads to 
a clogged layer of filter that controls the measurement of seepage rate and, consequently, the 
hydraulic conductivity of the system. This condition generates misleading interpretation of the 
results from suffusion tests. Therefore, for using filters made of soil material it is recommended to 
measure the local hydraulic gradients. 

  
Fig. 5: (a) Void ratio vs hydraulic conductivity of specimens with filters f1, f2 and f3. (b) Maximum Darcy’s 

velocity vs. type of filter. 

Influence of void ratio 
Results given in Fig. 5 show that the void ratio (degree of compaction) is a variable that has 
limited influence on the hydraulic conductivity and thus also on the initiation of suffusion for the 
internally stable fine-grained till studied in this research. This result is consistent with Ravaska 
(1997), Wan (2006), and Watabe et al. (2000) who concluded that specimens compacted close to 
the optimum water content show moderate changes of hydraulic conductivity as void ratio 
changes. Nonetheless, it is also observed that the hydraulic conductivity curve is more stable in 
well compacted specimens (Fig.4b) than in medium or low compacted specimens (Fig.4c and 4d). 

In addition, in Fig.4d it can be seen that the hydraulic conductivity of specimen with filter f2 
has a particular behavior as k is characterized by an initial smooth increase from i = 2 until i = 5 
(Phase I), followed by a decrease phase until i = 9 (Phase II). After this phase, k increases again 
until reach a value two times higher than the initial k at the hydraulic gradient of 18 (Phase III). 
About this hydraulic gradient k reaches a steady value (Phase IV). The notable increase of k in 
Phase III suggests the initiation, starting point, of suffusion, which also was visually observed 
during the test with the migration of fine-grained particles through the outlet pipe. Filter f2 has a 
larger minimum opening size of pores than filter f1 and is not capable of self-healing as filter f3. 
Therefore, the poor compacted specimen together with the incremental of seepage stresses 
contributed to the initiation of suffusion in the base soil, which continued due to the incapability of 
the filter in the bottom to retain the fine grained particles being washed out from the soil matrix. 
The final phase, Phase IV, where k tends to reach steady conditions, suggests self-filtration to 
occur and thus an inner equilibrium of the matrix of soil. Nevertheless, it is relevant to highlight 
that the final k is still within the expected value for this type of soil estimated by calculation (Eq. 
[1]), and from laboratory testing in the literature, and is just two times higher than the initial k. 
This suggests a “medium level of suffusion”, based on the categorization proposed by Douglas et 
al. (2016).They suggest a ratio between the final and the initial hydraulic conductivity of 1 to 7 for 
the “medium level of erosion”. 

Changes of macroscopic volume in the specimen were not observed. Fig. 6 shows the grain 
size distribution of specimen “f2_P95_sp” prior and after the suffusion test. It can be noticed for 
all layers that the pre and post-test gradation curves are similar, but and a reduction of about 7% of 
the content of fines is detected. This reduction is similar for all layers, suggesting that this 
difference can be due to the loss of fines while handling the material during post-test sieving or, 
more likely, that a constant amount of fines has been washed out from all layers. In addition, layer 
L1 presents an increase of about ≈5% of the mass retained in the coarser fraction (particle sizes 
from 1 to 8 mm), which also suggests a loss of mass of the finer fraction.  

(a) (b) 



 
Fig. 6: Pre (red dashed line) and Post (black dashed line)-test grain size distribution of specimen “f2_P95_sp”. 

Influence of hydraulic load path (HLP) 
In this study the rate of increment of hydraulic gradient was higher in HLP 1 than in HLP 2. Fig.4a 
and Fig.4b show for well compacted specimens that changes of k were faster in specimen exposed 
to HLP 1 compared to HLP 2, even though the degree of compaction was higher in specimens 
exposed to HLP 1. Therefore, it is possible to conclude that the variation of hydraulic conductivity 
(k) depends on the rate of increment of the hydraulic gradient. Similar results were also observed 
by Rochim et al. (2017), who highlighted that a multistage hydraulic loading with higher 
increments of hydraulic gradient induces a higher final value of hydraulic conductivity. This 
because of higher increments may limit the filtration process.  

It is also important to highlight that HLP 2 and HLP 3 reached extreme values of hydraulic 
gradients in comparison with what is expected in embankment dams according to Cedergren 
(1989) and Lafleur (1984). According to (Cedergren 1989), the maximum expected gradient in 
wide central vertical cores might exceed 5, while in thin sloping cores it may exceed 10. Lafleur 
(1984) pointed out that flow net studies on earth dam sections assuming homogeneous material in 
the core have shown that a maximum gradient of 8 is probable near the zone between filter and 
base interface. Furthermore, since the water-flow direction was downward, the seeping or drag 
force on the particles acted in the same direction as gravity, thus the testing conditions can be 
considered adverse. Nonetheless, despite such testing conditions, the variations of hydraulic 
conductivity showed by each tested specimen were within the expected range of hydraulic 
conductivity value for this type of soil. 

Influence of experiment scale 
For a vertical seepage flow, the specimen length corresponds to the seepage path. Li (2008), Marot 
et al. (2012) and Zhong et al. (2018) found that the critical hydraulic gradient decreased with the 
length of the seepage path. This is in agreement with Kenney et al. (1985), who found the filtering 
capability of a soil material dependends on: (i) the minimum sizes of constrictions along the flow 
path; and (ii) seepage path thickness (specimen thickness): The greater the length of a flow path, 
the greater the probability of encountering a smaller constriction.  

With purpose to study the effects of the specimen scale, i.e. impact of permeameter diameter 
and seepage thickness, tests were performed in the conventional Proctor cylinder as well as the 
large 300 mm permeameter. All specimens were prepared similar as specimen “f2_P95_sp”, tested 
in the small permeameter with a degree of compaction of 95% and the soil filter (f3). In Fig. 7 the 
variation of hydraulic conductivity is presented in regard to the global hydraulic gradient (iG). The 
measured k for both specimens is outside of the boundaries of the calculated hydraulic 
conductivity (Eq. [1]), suggesting that fully saturation was not achieved or that clogging was 
formed. Nonetheless, the hydraulic conductivity vs. the global hydraulic gradient of both 
specimens is similar and have both similar shape compared to the result of the small specimens, 



suggesting consistent results. In addition, it can be seen that, for both specimens, the 
approximately initial steady condition was followed by a smooth decrease of k, suggesting that 
suffusion might took place for global hydraulic gradients above 7. 

 
Fig. 7: Hydraulic conductivity vs. global hydraulic gradient for large specimens. 

Perzlmaier et al. (2007) stated that the use of a global hydraulic gradient (iG) will not yield the 
same precision as a value of local hydraulic gradient (iL) at the point where the onset of internal 
instability occurs. Therefore, the local hydraulic gradient, in this study, was also measured in the 
large permeameter. Fig. 8 presents the local hydraulic gradient along the specimens (iL1, iL2, iL3, 
and iL4) at different global hydraulic gradient (iG) vs. number group of measurement. The local 
hydraulic gradient represents the average value of a group of measurements performed at a steady 
seepage flow. When seepage flow varied, a new group of measurements was started. The onset of 
instability is defined by a significant decrease in local hydraulic gradient over a relatively short 
period of time (Moffat and Fannin 2011). Based on this criterion, results in Fig. 8 show that the 
local hydraulic gradient and the respective global hydraulic gradient for which the onset of 
suffusion occurred are: iL3 = 6 / iG = 8.5 for specimen f3_P95_BP(a), and iL2 = 11.5 / iG = 11 for 
specimen “f3_P95_BP(b)”. Therefore, the layers in which suffusion developed are layer 3 and 2 
for the specimens f3_P95_BP(a) and f3_P95_BP(b), respectively. It is also observed that, as 
described by Moffat et al. (2011), the decrease in local hydraulic gradient is accompanied by the 
increase of piezometric head in another piezometer, this as a consequence of the system seeking to 
maintain the target global hydraulic gradient across the specimen length.  

  
Fig. 8: Variation of local hydraulic gradient (iL) with changes of global hydraulic gradient (iG). Specimens 

“f3_P95_BP(a)” (left) and “f3_P95_BP(b)” (right). 

Figure 9 shows the pre and post-test grain size distribution of these two specimens in the large 
permeameter. In both specimens, the bottom layer L1 shows a coarser gradation compared to the 



initial condition. The coarser post-test gradation is characterized by a decrease of the fines between 
7% and 10% for the specimens f3_P95_BP(a) and f3_P95_BP(b) respectively. It also can be 
observed that the particles washed out from L1 were filtered by the layer of filter beneath. 

In specimen f3_P95_BP(a), the mass of coarse particles decreased around 5% in layer L2. This 
decrease suggests the filtering of fine-grained particles washed out from the upstream layer (L3). 
The final particle size distribution of layer L4 was almost identical to the initial gradation, which is 
expected due to the approximately steady condition of the local hydraulic gradient of this layer 
during the test (Fig.9 - top). In specimen f3_P95_BP(b), the layer L2 also was coarser grained than 
initially. This effect suggests that suffusion occurred, as indicated by the decrease of local 
hydraulic gradient (Fig.9 - bottom). This change can also be explained by backward erosion 
mechanism; nonetheless, no pipe was observed during post-test evaluation of the specimen. In 
layers L3 and L4, the particle size distribution was the same after testing as before testing, which is 
supported with the almost steady local hydraulic gradients in Fig.8. 

 

 
Fig. 9: Grain size distribution of the tested specimen “f3_P95_BP(a)” (top) and “f3_P95_BP(b)” (bottom). 

Influence of testing duration  
In practice, suffusion may takes from months up to several years to develop (Fell et al., 2000). 
However, experimentally, several researchers observed that, with or without added axial load, 
erosion by suffusion may occur rapidly, usually in minutes and occasionally in hours (Moffat and 
Fannin 2006, Douglas et al. 2016, Rochim et al. 2017 and Zhong et al. 2018). This is affected by 
the laboratory setup, e.g. hydraulic gradient, type of soil and particle size distribution by others. 
Other researchers such Lafleur (1983) and Rönnqvist et al. (2017) performed tests of longer 
duration ranging between 5h to 76 days. In this study, the test duration is relatively long in 
comparison to most researchers in literature. The duration of each test is summarized in Table 4. 



As mentioned by Zhong et al. (2018), the time evolutions of the hydraulic conductivity and the 
erosion rate can be complex due to the coupling between erosion and filtration. Therefore, there is 
no distinct relation that allows to predict the time when suffusion initiates nor the hydraulic 
gradient needed to start the process. However, rearrangement of the grain particles occur at the 
very beginning of the test, and the erosion process, after relatively sudden initiation, is still 
continuing with time but at a slower rate. In case of long term tests, it should be considered that 
constant hydraulic gradient might lead to the predominant process of filtration, so that the 
hydraulic conductivity stops increasing even if the gradient increases further. In addition, soils 
internally stable might not reach the onset of suffusion, thus the tests could be considered finished 
when the outflow rate reaches steady values. 

CHARACTERIZATION OF SUFFUSION PROCESS 
Based on the results presented in previous sections, it is possible to suggest that suffusion process 
can be characterized in four phases, which may take place or not depending on the type of soil, 
specimen preparation, test setup etc. The four phases are illustrated in Fig. 10 using specimen 
“f2_P95_sp” as an example. 

Phase I – initial detachment: fine-grained particles in loose condition or segregated particles 
are washed-out from the matrix soil due to changes of flow velocity and seepage stresses, inducing 
a smooth increase of the hydraulic conductivity. Phase II – internal suffusion or filtration: 
detached and loose particles are transported and relocated within the matrix of the soil, clogging 
the pores and thus decreasing the hydraulic conductivity. Phase III – external suffusion or erosion: 
the continuous increase of hydraulic gradient leads to seepage stress conditions able to blow away 
previously clogged particles, hence increasing the hydraulic conductivity to values even higher 
than the initial condition due to an effective increase of void volume as fines are washed out. 
Phase II and Phase III were also observed by Li (2008) who named them “internal suffusion” and 
“external suffusion”, respectively. The hydraulic gradient at which the change from phase II to 
phase III occurs is related to the onset of suffusion based on Skempton and Brogan (1994), who 
proposed to relate the onset of suffusion with an increase of hydraulic conductivity. Phase IV – 
stabilization: the matrix of soil reach a stable equilibrium with the seepage stresses either because 
of that all fine-grained particles possible to erode were already washed out, or because that the 
formation of preferential flow paths created by the suffusion process led to steady stage. In this last 
phase, the hydraulic conductivity tends to stay at a steady value, even for relatively high hydraulic 
gradients. 

Table 4 summaries the results of this study in terms of the gradient needed to reach the phase I 
to IV. Comparing the results of this study with Rochim et al. (2017) and Zhong et al. (2018), it can 
be observed that, independently of the duration of the experiment, the suffusion process can be 
characterized with the phases identified in Fig. 10. It also is noticed that, in most cases where the 
rate of increment of hydraulic gradient was low, the hydraulic gradient for which phase II 
(filtration) initiates, is in the order of 6 to 8, which correspond to values close to the maximum 
expected gradient in dams given by Cedergren (1989) and Lafleur (1984). In specimen with higher 
increment of increase of the hydraulic gradient, filtration took place at lower hydraulic gradients, 
even in well compacted specimens. Considering that phase II (filtration) occurred in most 
specimens, regardless of the compaction degree, it is possible to conclude that the compaction 
degree is not a significant parameter that defines the initiation of filtration or internal suffusion. 



 
Fig. 10: Characterization of suffusion process (example with specimen “f3_P95_sp”) 

The phases that have been observed in most specimens were phase II (filtration) and IV 
(stabilization). Just the specimen “f2_P95_sp” presented clearly phase III (erosion by suffusion). 
Nonetheless, this specimen was poorly compacted with a boundary condition (type of filter) not 
contributing to the filtration process. Therefore, it is possible to conclude that the tested soil is 
internally stable, as predicted by the methods: modified Burenkova (1993) by Wan and Fell (2004) 
and Wan and Fell (2008). The Kenney and Lau (1985, 1986) method provided a conservative 
result, whilst its adaptation by Li and Fannin (2008) was correct in the prediction of soil 
classification. 

Table 4. Summary of test results  

Specimen  Test  Phases  i 0  i I  i II  i III  i IV  

ID duration [h]  during test 

f1_W100_sp 1488 II, IV 2.6  - 
3.5 

(470h)  - 6 (1167h) 

f2_W100_sp 1430 I, II 2.6 
2.6 

(329h) 
3.5 

(500h)  -  -  

f3_W100_sp 1010 I, II 3.5 
3.5 

(315h) 
4.3 

(308h)  -  - 
f1_W98_sp 360 IV 2.0  -  -  - - 
f2_W98_sp 230 I, II, IV 2.0 3 (72h) 7 (168h)  - 10 (216h) 
f3_W98_sp 330 II, IV 5.6 - 5.6 (1h)  - 8 (240h) 
f1_M96_sp 528 II, IV 4.0  -  8 (168h)  - 17 (456h) 
f2_M96_sp 610 II, IV 2.0  - 2 (1h)  - 17 (520 h) 
f3_M96_sp 280 IV 5.0  -   -   -  5 (30 h)- 
f1_P95_sp 672 II, IV 4.0 4 (168h) 8 (312h)  - 19 (648h) 
f2_P95_sp 312 I, II, III, IV 2.0 2 (1h) 5 (96h) 9 (180h) 18 (300h) 
f3_P95_sp 328 II, IV 5.6  -  5.6 (1 h)  -  8 (234h) 
f3_P95_BP(a) 500 II, IV 5.0  -  7 (235 h)  -  11 (400h) 
f3_P95_BP(b) 626 II, IV 4.5  -  8 (433h)  -  9 (599h) 
Note: Phases during tests: (I) initial detachment; (II) internal suffusion - filtration; (III) external suffusion - 
erosion; (IV) stabilization. i0 = initial hydraulic gradient. iI, iII, iIII, iIV = hydraulic gradient at which phase I, 
II, III and IV initiated, respectively. The value in brackets is the time at which the corresponding phase 
started. 



CONCLUSIONS 
Based on the results presented in this paper, the conclusions for the well graded, internally stable 
fine-grained glacial till studied, are: 

- Suffusion mechanism can be classified in two categories: (i) internal suffusion or filtration of 
loosed and transported soil particles; and (ii) external suffusion or wash-out of loosed and 
transported soil particles. 

- Initial degree of compaction has limited influence on measured of hydraulic conductivity at 
different hydraulic gradient. Thus, the effect of this variable, on the initiation of suffusion, is 
limited. However, suffusion might initiate in poorly compacted tills exposed to severe hydraulic 
gradient. 

- The rate of variation of hydraulic conductivity depends on the rate of increment of hydraulic 
gradient. The lower the increments of hydraulic gradient, the smoother are the changes of 
hydraulic conductivity. 

-The type of filter on the bottom of the specimen influences the characterization of suffusion 
process. Wire mesh filters allows external suffusion to take place, thus hydraulic conductivity 
tends to increase. Natural soil filters catch eroded particles; therefore hydraulic conductivity tends 
to continuously decrease until complete clogging of the filter occurs. For using this type of filter, 
experimental devices with lateral piezometers are recommended. 
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Abstract: Dams with core of broadly graded glacial moraines (tills) exhibit signs 
of internal erosion by suffusion to a larger extent than dams constructed with other 
types of materials, as reported by Sherard (1979). Garner and Fannin (2010) indi-
cated that internal erosion initiates when an unfavorable combination of soil mate-
rial, stress conditions and hydraulic load occur. A laboratory program, carried out 
at Luleå University of Technology (LTU), aims to study the effects of void ratio 
and hydraulic gradient on the initiation of suffusion of glacial till. It consists of suf-
fusion tests conducted in permeameters with an inner diameter 101.6 mm and a 
height of 115 mm. Results show, as expected, that the hydraulic conductivity is 
lower with lower void ratio. Nevertheless, as the hydraulic gradient increases, the 
hydraulic conductivity reaches steady values. Changes in the hydraulic conductivi-
ty suggest variation in the initial void ratio due to detachment of the finer particles 
from the soil matrix. These fine particles start clogging the lower layers, therefore 
the rate of water flow decreases and so does the hydraulic conductivity. The hy-
draulic gradient for which the hydraulic conductivity reaches steady values is con-
sidered as the upper limit without suffusion evolved. 

Keywords: Internal erosion, Suffusion, Glacial till, Void ratio, Hydraulic gradient. 

1. Introduction 

Suffusion, also called internal instability, is an internal erosion mechanism that oc-
curs when fine-grained particles are transported through the soil matrix by seepage. 
Garner and Fannin (2010) indicated that internal erosion initiates when an unfavor-
able combination of soil material, stress conditions and hydraulic load occur; 
whilst continuation of internal erosion depends on the capability of the filter to re-
tain the eroded fine graded particles. Sherard (1979) reported that dams with a core 
of broadly graded glacial moraines (glacial tills) exhibit signs of suffusion to a 
larger extent than dams constructed with other types of core materials. 



Several researches on suffusion have analysed the influence of the grain size 
distribution on the initiation of internal erosion by suffusion, including Wan and 
Fell (2008), Moffat et al. (2011), Hunter and Fell (2012), Correia dos Santos and 
Caldeira (2017), and Rönnqvist et al. (2017). Nevertheless, there is limited infor-
mation regarding the effect of compaction degree on suffusion. Watabe et al. 
(2000) highlighted for tills that pore-size distribution and hydraulic conductivity 
are significantly influenced by compaction. In agreement with this, Leroueil et al. 
(2002) pointed out that in tills the hydraulic conductivity must not be considered as 
a soil characteristic but as a parameter that varies depending on the compaction 
conditions. However, Wan (2006) found that the 90% versus 95% compaction de-
gree had little effect on suffusion to develop. 

This paper presents an experimental study on the effects of void ratio and hy-
draulic gradient on the initiation of suffusion of glacial till material. The test appa-
ratus is an adaptation of the cylinder used for Proctor compaction test, which is 
smaller than the one typically used by the researchers mentioned above.  

2. Material and method 

2.1 Soil sample and test program 

The soil tested in this study is silt-sand gravel (glacial till) from northern Sweden 
herein named “DB_S” (material from Dam B, with stable gradation). The grain 
size distribution is shown in Fig. 1. The till is well graded, with coefficient of uni-
formity Cu = 50, clay content (less than 2 µm) 2.5% and maximum grain size 
16 mm. The tested soil has a plasticity index Ip = 1, specific gravity Gs = 2.67, and 
maximum dry unit weight γd = 20.6 kN/m3 for an optimum water content 
ωopt = 6.5% according to modified Proctor test D-1557-91 (ASTM, 1991). The soil 
is classified as internally stable according to the method proposed by Kenney and 
Lau (1985, 1986) and adapted by Li and Fannin (2008). 

The test program consists of two experimental series. The first series of tests 
aims to understand the potential effect of the filter on the measurement of the rate 
of water flow at different hydraulic gradients. The samples of this group were pre-
pared with similar material and compaction conditions but different type of down-
stream filter. The types of filter used were: i) polypropylene porous sheet (f1) 
3.2 mm thick with maximum and minimum pore diameter of 75 µm and 17 µm, re-
spectively; ii) steel wire mesh (f2) with maximum and minimum aperture of 3 x 3 
mm and 1.3 x 1.3 mm, respectively; and iii) soil filter (f3), with gradation curve 
defined according to the filter criteria proposed by Svensk Energy (2012), 
D15F = 0.18 mm and prepared with the same glacial till used for preparing the sam-
ples. D15F is the particle size in filter for which 15% by weight of particles are 



smaller. 
The second series of tests aims to evaluate the influence of void ratio on the ini-

tiation of suffusion at different hydraulic gradients. For the three type of filter con-
sidered (f1, f2 and f3), samples were prepared at three degree of compaction: 95% 
(e=0.27), 90% (e=0.28) and 85% (e=0.29) of the maximum dry unit weight ob-
tained with the modified Proctor test. 

 

 
Fig. 1: Grain size distribution of the tested glacial till and filter material (f3) 

2.2 Testing system and test procedure 

The test apparatus is an adaptation of the conventional cylinder used for Proctor 
compaction test, with inner diameter ϕ= 101.6 mm and height l = 115 mm, made of 
PMMA (polymethyl methacrylate, also known as acrylic glass). At the top and bot-
tom cover transparent plastic pipes ϕ5mm are connected as inlet/outlet. The inlet is 
connected to an upstream fixed reservoir, which is supplied with unfiltered munic-
ipal tap water. The outlet pipe is connected to a small container. The flow rate is 
estimated by the weight of water collected in the outlet container on a time incre-
ment. 

The hydraulic gradient is changed by adjusting the vertical position of the per-
meameter. According to Wan and Fell (2008), the maximum hydraulic gradient 
expected in the core of a dam is around 8. In this study, hydraulic gradient varies 
between 2 and 20. 

The tested samples were prepared at the optimum water content and compacted 
at the required dry density directly in the cylinder. The maximum grain size was 
limited to 10 mm, considering a minimum ratio of sample diameter and maximum 
particle size, D/Dmax, of 10.The samples are compacted in five layers of 23 mm 
thickness to the height 115 mm. For the samples f3, having a natural soil filter of 
23 mm thickness, the height was 92 mm. 



Upward incorporation of CO2 (carbon dioxide) replaces the air content in the 
gaseous phase and contributes to a quicker saturation of the samples. The samples 
were saturated upward until a constant seepage rate measured at the top of the 
sample was reached. Once the samples get saturated, the suffusion tests with a 
downward flow started. The hydraulic gradient was increased stepwise. The initia-
tion of suffusion is estimated based on: i) visual observation of turbidity; and ii) a 
significant and constant increment of flow rate through the sample.  

Based on Darcy’s law (eq. 1), samples with a matrix of soil defined by its parti-
cle size distribution and void ratio, have a single hydraulic conductivity; therefore, 
it is expected that an increment of hydraulic gradient results in a proportional in-
crement of flow rate. However, when grains of the finer fraction migrate through 
interstices of the matrix formed by the coarser fraction, the increment of flow rate 
is significantly higher than the increment of hydraulic gradient, consequently in-
creasing the hydraulic conductivity. 

 
k =  Q

A∙i
         (1) 

 
Where: 
k = hydraulic conductivity    [m/s] 
Q = flow rate     [ml/h] 
A = area of cross section of the sample  [m2] 
i = hydraulic gradient    [-] 

 
Changes in water pressure through the sample were not possible to measure. 

After the test was finished, the sample was examined layer by layer by gradation 
analysis. The fine-grained eroded particles retained in the container during the test 
were weighted. In most cases, the amount of eroded particles was very small or in-
existent. 

3. Results 

3.1 Influence of the type of filter 

Fig. 2 shows the results of suffusion tests performed in samples prepared at the op-
timum water content and maximum dry density of the modified Proctor compac-
tion test (ωopt = 6.5% and γdmax =20.6 kN/m3, respectively). Results indicate that the 
hydraulic conductivity of the tested soil is in the order of 10-7 m/s for the filters 
studied. Filter f1 shows a constant decrease of hydraulic conductivity when in-
creasing the hydraulic gradient. Filters f2 and f3 show an initial increase in hydrau-
lic conductivity, but after additional higher hydraulic gradients the hydraulic con-



ductivity starts decreasing.  
Fig. 3 and 4 show results for samples with filter f1 and f2, respectively, the 

changes in the flow rate, Q, with time due to increment of the hydraulic gradient, i. 
In both cases the behavior of the graph is irregular; however, it is possible to ob-
serve that the flow rate ranges around 60 ml/h for filter f1 and 100 ml/h for filter 
f2. Irregularities in the measurement may be due to air trapped in the system, af-
fecting the flow rate; or mistakes in the collection of flow in the container. The 
peaks in the graphs may be due to a momentary increment of the seepage stress 
due to the increment of hydraulic gradient. The result of the sample with filter f3 is 
not presented in this paper, but is similar to filter f2 and has an average flow rate of 
75 ml/h. Considering filter f1 as reference, the flow rate of filters f2 and f3 are 67 
and 25% higher, respectively. 

It is important to highlight that, in samples with filter f2 and f3, the flow rate 
initially increases when increasing the hydraulic gradient, but starts to decrease af-
ter the second increment of hydraulic gradient. Such behaviour suggests that, both 
filters f2 and f3, get clogged by the small particles washed out from the core until 
the seepage stresses reach equilibrium with the matrix of soil. In case of the sample 
with filter f3 “100% (e=0.26)_f3”, small amount of eroded particles of soil were 
observed in the outlet pipe which, based on its size, might proceed from the filter. 
Considering Darcy’s law (eq. 1), the initial increment of flow rate in the samples 
with filter f2 and f3 when raising the hydraulic gradient explains the initial incre-
ment of hydraulic conductivity showed in Fig. 2. 

 

 
Fig. 2: Hydraulic conductivity versus hydraulic gradient for filters f1, f2 and f3 in 

samples at maximum dry unit weight (100% compaction (e=0.26)) 



 
Fig. 3: Flow rate vs. hydraulic gradient by time for sample “100% (e=0.26)_f1” 

 
Fig. 4: Flow rate vs. hydraulic gradient by time for sample “100% (e=0.26)_f2” 

3.2 Influence of void ratio 

In order to study the influence of the void ratio on the hydraulic conductivity, a 
second group of tests were performed for each type of filter. In case of filter f3, the 
set-up was improved by placing a sheet of filter f1 below the layer of filter f3; this 
in order to avoid segregation of the soil of filter f3 through the outlet, as happen to 
the sample “100% (e=0.26)_f3” described in the previous section. 

Figs. 5 and 6 show for filters f1 and f2, respectively, the changes in the hydrau-
lic conductivity with the increment of the hydraulic gradient in samples prepared at 
three different degree of compaction (95%, 90% and 85%). For both filters the hy-
draulic conductivity ranges between 1x10-7 and 1x10-6 m/s, which is in agreement 
with what is expected for glacial tills. 

In addition, for both type of filters the samples prepared at 95% of compaction 
show an approximately steady hydraulic conductivity even with hydraulic gradi-



ents up to 15 and 20, suggesting no or little suffusion. In case of the filter f1 the 
hydraulic conductivity decreases from 3x10-7 to 2x10-7 m/s; whilst for the filter f2 
decrease from 6x10-7 to 4x10-7 m/s. This result is expected considering that the 
samples have a high degree of compaction and the soil is classified as internally 
stable, thus it is supposed to not experience significant changes in hydraulic con-
ductivity. Comparing the results of filter f1 and f2, it is possible to say that the hy-
draulic conductivity measured with filter f1 is approximately half of the measured 
with filter f2. 

It is also noted that, for both filter f1 and f2, the hydraulic conductivity of sam-
ples at 90% of compaction decreases when increasing the hydraulic gradient. With 
filter f1 the change is from 8x10-7 to 3x10-7 m/s, whilst for filter f2 from 1.5 x10-6 
to 5 x10-7 m/s. For both type of filter, the rate of decrease of hydraulic conductivity 
is higher in samples at 90% compared to 95% of compaction. Nevertheless, for hy-
draulic gradient higher than 12, the hydraulic conductivity is approximately steady. 

In case of samples prepared at 85% of compaction, the hydraulic conductivity 
also stay in order of 1x10-7 m/s. For the sample with filter f1, changes of the hy-
draulic conductivity are similar to the sample compacted at 90%. The sample test-
ed with filter f2 presented different behavior in comparison to the others sample, in 
this case, the hydraulic conductivity tends to increase when increasing the hydrau-
lic gradient above approximately 10. This behaviour suggests that the increment of 
flow rate is higher than the increment of hydraulic gradient, therefore the hydraulic 
conductivity increases according to Darcy’s law (eq. 1). Fig. 7 shows that the in-
crement of the flow rate in the sample “85% (e= 0.29)_f2” is higher when the hy-
draulic gradient is above 8. In addition, this sample presented a visible migration of 
fine particles through the outlet pipe, which is an indication of suffusion. 
 

 
Fig. 5: Hydraulic conductivity vs. hydraulic gradient for different compaction degrees 

in samples with filter f1 (porous sheet) 



 
Fig. 6: Hydraulic conductivity vs. hydraulic gradient for different compaction degrees. 

Samples with filter f2 (wire mesh) 

 
Fig. 7: Flow rate vs. hydraulic gradient in time for sample “85% (e=0.29)_f2” 

Regarding the samples tested with filter f3, Fig. 8 shows that the sample com-
pacted at 95% has the lower average hydraulic conductivity of 6x10-8 m/s. The 
samples compacted at 90% and 85% have a hydraulic conductivity in the order of 
2x10-7 m/s. All samples showed an approximately steady behaviour for hydraulic 
gradients above 8. 

Figure 9 summarizes the results obtained in this study. The hydraulic conduc-
tivity ranges between 5x10-8 and 1x10-6 m/s, with an average of 4x10-7 m/s. The 
hydraulic conductivity for each void ratio evaluated in each filter was calculated as 
the average of the hydraulic conductivity determined at different hydraulic gradi-
ent. In general, the measured hydraulic conductivity is higher for filter f2 (wire 
mesh), followed by filter f1 (porous sheet) and lastly by filter 3 (soil filter).  

 



 
Fig. 8: Hydraulic conductivity vs. hydraulic gradient for different compaction degree 

in samples with filter f3 (soil filter) 

 
Fig. 9: Hydraulic conductivity vs. void ratio for filters f1, f2 and f3 

4. Analysis of results 

Considering all the conditions tested: different compaction degree (85%, 90%, 
95% and 100%), three type of filter (polypropylene membrane “f1”, wire mesh 
“f2”, and soil filter “f3”), and different hydraulic gradient (from 2 up to 20 in some 
tests), it was found that, for the grain size distribution of the tested soil, the hydrau-
lic conductivity ranges between 4x10-8 and 1x10-6 m/s, with an average of       
4x10 -7 m/s (Fig. 9). These values are within the expected range for this type of 
soils according to literature, including Leroueil et al. (2002) who pointed out that 



hydraulic conductivity of tills may vary from 2x10-10 to 5x10-6 m/s.  
Comparing the results obtained with different filters, samples with filter f1 

shows more steady results when changing both the hydraulic gradient (Fig. 2) and 
the void ratio (Fig. 8), which suggests that filter f1 has less influence on the meas-
urement. This result could be explained considering that clogging of filter f1 is less 
likely since the particles of soils smaller than its maximum pore diameter 
(0.075 mm) use to have high force of attraction, thus tend to attach together form-
ing conglomerates bigger than the minimum pore diameter of the filter. 

Comparing filter f2 and f3 to filter f1, Fig. 9 shows that the maximum differ-
ence in hydraulic conductivity is 24%; this excluding the outlier sample at 95% of 
compaction (e = 0.27) of filter f3, which has an average hydraulic conductivity of 
5.6x10-8 m/s. The low hydraulic conductivity of the outlier sample could be due air 
trapped in the testing system. 

Considering that results of the samples with filter f3 may be affected by the 
opening size of the bottom outlet, which is not suffıciently small to prevent move-
ment of particles from the soil filter (f3), it is recommended to protect the sample 
from segregation by placing a porous sheet (f1) below the layer of soil of filter f3. 

In most cases, the hydraulic conductivity has a tendency to decrease whilst in-
creasing the hydraulic gradient. Based on Darcy’s law (eq. 1), such tendency indi-
cates that the rate of hydraulic gradient, Δi, is higher than the rate of flow, ΔQ. An 
exception is the sample tested with filter f2 at 85% of compaction degree. These 
results can be explained as follow: 

a) The velocity of flow through the soil matrix was high enough to move the 
loose fine soil particles through the constrictions between the larger soil particles. 

b) Since the tested soil is classified as internally stable, the movement of fine 
soil particles may be a consequence of the process where seepage stresses reach 
equilibrium with the matrix of soil. Thus, the amount of moved fine particles rep-
resents a small fraction of the fine content. This is consistent with what was visual-
ly observed during the tests. 

c) In case of samples with filters f1 and f3, part of the fine soil particles moving 
out from the core were retained by the filter. This clogging reduced the outlet flow 
rate and thus the hydraulic conductivity.  

d) Filter f2 has a bigger minimum opening size than filter f1 (1.3 mm versus 
0.017 mm) and is not capable of self-healing as filter f3. Hence, the increment of 
the hydraulic gradient may contributes to the initiation and continuation of internal 
erosion by suffusion, increasing the flow rate thus the hydraulic conductivity. An 
example of this condition is the sample “85% (e=0.26)_f2” (Fig. 6 and 7), which 
experienced a high increment of the flow rate for hydraulic gradient above 8. In 
this case, the poorly compacted conditions together with the seepage stresses gen-
erated by high hydraulic gradients initiated suffusion in the core, which continued 
due to the incapability of the filter to retain the fine graded particles washed out 
from the matrix of soil. 

Finally, results show that, for samples compacted above 85% of the maximum 
dry unit weight, the compaction degree, which is associated to an initial void ratio, 



is a variable that has limited influence on the hydraulic conductivity of the internal-
ly stable till studied in this paper. This finding includes hydraulic gradients above 8 
and up to 20, which, based on Cedergren (1989) and Wan and Fell (2008), is high-
er than would normally be expected in dams. 

5. Conclusions 

Based on the results presented in this paper, the following conclusions were 
reached for well graded glacial tills classified as internally stable: 

- The hydraulic conductivity is little influenced by compaction degrees higher 
than 85% of the maximum dry unit weight. Therefore, the effect of such variable 
on the initiation of internal erosion by suffusion seems to be limitated. 

- The hydraulic conductivity of samples prepared at a degree of compaction 
above 85%, is little influenced by the hydraulic gradient. Nevertheless, hydraulic 
gradients above 8 seems to generate seepage stresses high enough to move the 
loose fine soil particles through the constrictions between the larger soil particles. 

- Regarding the experiment set-up, the type of filter used has little influence on 
the measurement of the hydraulic conductivity. Nevertheless, samples tested with 
porous sheet filter and soil filter provide more steady results than samples tested 
with filters made of wire mesh, especially in tests at low degree of compaction. In 
addition, the soil filter has the capability of retain the fine particles washed out 
from the core, what facilitates to quantify the amount of mass loss. This advantage 
makes the set-up with a layer of soil filter the optimum for suffusion test. 
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ABSTRACT

Zoned embankment dams are a common type of dam in Sweden consisting of an impermeable
central glacial till core flanked by zones of filter materials and rockfill shoulders. Dams with internal
unstable core material allow fine particles to be transported by seepage, which may result in leakage
paths and pore-pressure variations. These last two conditions are signs of initiated internal erosion.
However, the effectiveness of the filter zone, determines if the internal erosion will continue or not.
This paper presents the assessment of internal erosion susceptibility of the glacial till core of a
hydropower dam located in northern Sweden. The dam has experienced historical damages mainly in
the form of sinkhole and leakage related to internal erosion. The study includes the analysis of the
particle size distribution of samples obtained from boreholes, as well as a comparison of the
geotechnical properties of the core with the Swedish dam safety guidelines available both during the
dam construction in 1958 and today. The capability of the filter to stop the erosion process is not
investigated.
The results show that a well designed and constructed dams can be affected by local layers of
internally unstable (suffusive) material susceptible to internal erosion.
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1. INTRODUCTION 

Zoned embankment dams are a common type of dam in Sweden consisting of a central core of low 
permeability flanked by zones of considerably more pervious filter material and supporting fill 
shoulders. Internal erosion in embankment dams is a deterioration process that initiates when the 
forces imposed by seepage exceed the ability of the soil to resist them (ICOLD, 2015). Suffusion, also 
called internal instability, is an internal erosion mechanism that occurs when fine-grained particles are 
carried out of the soil matrix by seepage, gradually washing-out the soil causing its geotechnical 
properties to change (Rönnqvist & Viklander, 2014a). Foster et al. (2000) found that internal erosion is 
the second most frequent cause of failure in large embankment dams, surpassed only by overtopping. 
Garner & Fannin (2010) indicated that internal erosion initiates when an unfavourable coincidence of 
material susceptibility, stress conditions and hydraulic load occur. 

According to Norstedt & Nilsson (1997), about sixty per cent of the large embankment dams 
constructed in Sweden before 1997 have experienced some kind of deterioration. Surface erosion in 
slope protection was the most common type of deterioration, followed by sinkholes in the dam crest or 
at the dam shoulders. In many cases, sinkholes were combined with other types of deterioration, such 
as leakage in the foundation or in the dam body. Furthermore, about 15 per cent of the total number of 
embankment dams presented internal erosion in the foundation and/or in the dam body (Norstedt & 
Nilsson, 1997). 

Nilsson et al. (1999) found out that the sinkholes experienced in Swedish dams were linked to several 
factors, such as: height of the dam, type of dam, and the interface between the embankment dam and 
concrete structures. Two factors that stood out were: the year of construction and the grain size of the 
downstream filter. Filters in Swedish dams are sometimes too coarse to be effective, as illustrated on 
the “unified plot” (Rönnqvist & Viklander, 2015b and ICOLD, 2016). Nilsson et al. (1999) also 
highlighted that most of the Swedish dams with reported sinkholes were constructed in the period 
1970 to 1974; and the reason why this period has more frequent damage is due to either poor design 
or poor construction. 

Up to 1997, the design of most of the hydropower dams in Sweden was based on the guidelines 
developed by Vattenfall in 1958 (Vattenfall, 1958), which was reviewed, also by Vattenfall, in 1988 
(Vattenfall, 1988). In 1997 Svensk Energy published the dam guidelines named RIDAS (Hydropower 
Companies' Guidelines for Dam Safety), which have been revised and reissued three times since then 
(Svensk Energy, 2002, 2008, 2012). The overall objective of RIDAS is to define design requirements 
and provide guidelines for good and uniform dam safety. 

A hydropower earth and rockfill - central core embankment dam located in northern Sweden has 
presented damage mainly in the form of sinkholes and leakage, both signs of internal erosion. This 
paper aims to define if the internal erosion incidents reported could be due to: i) deficiencies in the 
compaction, affecting the initial stress conditions; ii) the use of material out of the designed grain size 
distribution; and iii) the use of material susceptible to internal erosion. The paper focuses only on 
assessment the internal erosion susceptibility of the core material; the capability of the filter to stop the 
erosion process is not investigated. 

The study included the comparison of geotechnical properties and design criteria of the dam core 
material with the Swedish dam safety guidelines available both during dam construction and today 
(Vattenfall 1958 and RIDAS 2012). In addition, the grain size distribution of drilled borehole samples 
from the dam core was assessed in terms of susceptibility to internal erosion by suffusion. The 
methods applied for the assessment were Kenney & Lau (1985, 1986) and the modified Burenkova 
(1993) method proposed by Wan & Fell (2004). 

2. CASE STUDY 

2.1 General characteristics of the dam 

The hydropower dam in this study was completed in 1970 after two years of construction. It is located 
in northern Sweden and consists of one concrete dam in between two embankment dams, left (V) and 
right (H). The dam is 20 m high, having a crest width of 4 m and length of 444 m. The concrete dam is 
114 m long and comprises the power station and spillway. The embankment dams are zoned and 
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consist of a central core of silty sandy moraine, a fine filter of sandy gravel, a coarse filter (drainage) 
with grain size range between 8 - 80 mm, and rockfill shoulders. The upstream slope is protected by a 
rip-rap layer. The upstream and downstream shoulders slopes are, respectively, 1:1.75 and 1:1.6 for 
both embankments; and the symmetric core slope is 5:1. 

The embankment dams were built during one season and completed within the month of September 
of different years. The core was placed in layers of 500 mm thickness by the dry compaction method. 

The left embankment dam and the concrete dam are founded on leptite overlying granitic rock. The 
right embankment dam is built on a heterogeneous foundation consisting of: leptite rock between 
sections 0/000 – 0/045, a concrete slab on the rock surface between 0/045 – 0/090, and natural 
ground between section 0/090 and the dam right abutment. The natural ground consists of a sandy 
moraine with relatively low silt content lying on bedrock with minor open fractures. Prior to the concrete 
slab construction, rock drillings showed weathered rock and the presence of open fractures filled with 
soil from the overlying strata. 

The dams were designed according to the recommendations in the 1958 Vattenfall guidelines 
(Vattenfall, 1958). The geotechnical properties of the core material reported in tests performed prior 
and during construction are summarized in Table 1. 

Table 1. Geotechnical properties of the core 

Parameter Left embankment dam Right embankment dam 

Lab. prior 
Construction 

Tests in- situ Lab. prior 
Construction 

Tests in- situ 

Material classification Silty sandy moraine Silty sandy moraine 

Dry unit weight [ kN/m3 ] 21.4 20.7 22.0 20.8 

Optimum water content [%] 5.0 – 6.0 7.9 – 9.1  4.5 – 7.0 7.0 – 8.9 

Degree of compaction [%] - Average: 96.7 
Min. 94.4 

 Average: 95.7 
Min. 93.8 

Permeability [ m/s ] 1.2 x 10 -7 -  5.1 x 10 -8 -  

 
2.2 Deterioration events in the dam 

During the first thirty years of operation, two major sinkholes occurred; both located close to section 
0/020 of the left embankment dam. Before the sinkholes were visible on the crest, some leakages with 
muddy water were detected at times. The first sinkhole appeared in 1980 at the upstream edge of the 
crest, and the second in 1993 in the middle of the crest. 

In the first sinkhole, the damage was deemed to have been caused by erosion along the downstream 
contact between the dam body and the rock foundation. For the second case, erosion was likely 
caused by the presence of a local defect in the downstream filter, in addition to hydraulic fracturing 
due to concentrated leakage. Repair measures for the first sinkhole consisted of grouting in the rock 
and the contact zone with the core; whilst for the latter incident, grouting of the core was applied 
together with the addition of strengthening by a downstream rockfill berm. 

The right embankment dam has not experienced sinkholes, but leakage incidents have been identified 
and repaired with grouting in the core. In addition, damage has been identified adjacent to the 
concrete structure on both sides of the tongue of the dams. The damaged areas were grouted and no 
further incidents have been reported. 

The characteristics and location of the deterioration events described above, suggest that the internal 
erosion mechanisms experienced are: concentrated leak along concrete walls and at the embankment 
– foundation contact, suffusion and backward erosion. Effective filters would have prevented 
continuation of erosion in all these situations. 
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3. DAM CORE PROPERTIES IN COMPARISON TO SWEDISH DAM SAFETY GUIDELINES 

Garner & Fannin (2010) indicated that internal erosion initiates when an unfavourable coincidence of 
material susceptibility, stress conditions and hydraulic load occur. The stress conditions are relative to 
the compaction procedure, thus the following section aims to evaluate if the construction method of 
the dam was successfully applied in comparison to the criteria indicated in the Swedish dam safety 
guidelines. The guidelines considered are those available both during the dam construction and today 
(Vattenfall 1958 and RIDAS 2012). 

In addition, the most relevant statements and recommendations in both guidelines regarding the core 
susceptibility to internal erosion were verified for the soil used in the construction. For the verification, 
it was considered that the soil’s susceptibility to internal erosion depends mainly on its composition 
and permeability. However, it is important to note that the 1958 guidelines did not require specific 
grain size boundaries for the core. 

Tables 2 and 3 compare the geotechnical properties of the dam core material and the design criteria 
given in Vattenfall 1958 and RIDAS 2012 for soils classified as moraine. Comparisons are based on 
the information reported in the technical reports of the embankment dams. Criteria fulfilled are 
indicated with “Yes (Y)”, those with a value close to the recommendations are marked as “Acceptable 
(A)”, and those not fulfilled are identified with “No (N)”. The sign “-“ is used in cases where the 
guidelines do not indicate a specific value or there is no data available. The notations used in the 
tables are summarized below. 

 P(<sieve N)   Percent of material passing the sieve N   [%] 
 k  Hydraulic conductivity     [m/s] 
 γd  Dry unit weight      [kN/m3] 
 γmax  Max. dry unit weight of modified Proctor test  [kN/m3] 
 w  Water content in situ     [%] 
 wopt  Optimum water content of modified Proctor test  [%] 
 h  Compaction layer thickness    [mm] 
 Lp  Maximum porosity     [%] 
 γs  Unit weight of solid      26.5 kN/m3 

Table 2. Comparison of dam core construction material to Vattenfall 1958 

Parameter Left embankment dam Right embankment dam 

Clay content <5% 0% Y Max. 5%  Y 

P(0.1 – 1 mm) 38% - 40% - 

P(<0.075 mm) ≥ 0.15∙P(<5.6 mm) P(<0.075 mm)  = 37.5% 
P(<5.6 mm) = 94.0% 

0.15∙P(<5.6 mm)= 14.1% 

Y P(<0.075 mm)  = 31% 
P(<5.6 mm) = 93.0% 

0.15∙P(<5.6 mm) = 14.0% 

Y 

Max. k= 2.8x10-7 m/s 
Min. k= 1.4x10-8 m/s 

1.2 x 10-7 m/s  
(See Table 1) 

Y 5.1 x 10-8 m/s  
(See Table 1) 

Y 

γd: 20 – 22 kN/m3  20.7 kN/m3 Y 20.8 kN/m3 Y 

γd ≥ 0.95 ∙ γmax 

(γd and γmax from Table 1) 
γmax = 21.4 kN/m3 

(0.95 ∙ 21.4) = 20.3  
γd > 0.95 ∙ γmax 

Y γmax = 22.0 kN/m3 
(0.95 ∙ 22.0) = 20.9  

γd ≈ 0.95 ∙ γmax 

Y 

w: 5 – 9 %  7.9 – 9.1% Y 7.0 – 8.9% Y 

 w ≈ wopt + 2% 
(w and wopt from Table 1) 

wopt = 6.0% 
w = 9.1% > wopt +2% 

N wopt = 7.0% 
w = 8.9% ≈ wopt +2% 

Y 

Degree of compaction > 90% Min. 94.4% Y Min. 93.8% Y 

Roller: vibratory or pneumatic Vibratory (5.5 t) Y Vibratory (5.5 t) Y 

h: 200 – 600 mm 500 mm (200 mm next 
to concrete) 

Y 500 mm (200 mm next 
to concrete) 

Y 
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Table 3. Comparison of dam core construction material to RIDAS 2012 

Parameter Left embankment dam Right embankment dam 

Moraine silty-sandy, block poor 
and moderate stone content 

Silty sandy moraine Y Silty sandy moraine Y 

P(<0.06 mm): 15 – 40 % of P(<20mm)  
In most cases > 0.3∙P(<20mm) 

Mean P(<0.06 mm) = 30% Y Mean P(<0.06 mm) = 30% Y 

P(≤2mm) ≤ 0.85∙P(<20mm) Mean P(≤2mm)= 85% Y Mean P(≤2mm)= 85% Y 

P(≤20mm) ≥ 0.7∙P(<64mm) No data of P(<64mm) - No data of P(<64mm) - 

Maximum grain size ≤ 0.6∙h 
 

h = 500 mm 
0.6∙h = 300 mm 

350 mm > 300 mm 

N h = 500 mm 
0.6∙h = 300 mm 

350 mm > 300 mm 

N 

Max. grain size next to 
concrete: 30 mm 

50 mm N 50 mm N 

Permeability: 
Min. k= 3.0x10-7 m/s 

1.2 x 10-7 m/s 
(See Table 1) 

A 5.1 x 10-8 m/s 
(See Table 1) 

A 

w ≈ wopt + 3% 
(w and wopt from Table 1) 

w = 9.1% 
wopt = 6.0% 

w ≈ wopt +3% 

Y w = 8.9% 
wopt = 7.0% 

wopt < w < wopt +3% 

Y 

Lp = 100∙(1-γd/γs) - w∙γd/γw  
Lp <10% 

γd = 20.7 kN/m3 
Lp = 3 % 

Y γd = 20.8 kN/m3 
Lp = 3 % 

Y 

Compaction: roller vibratory  Roller vibratory  
(5.5 t; Min. 8 passes) 

Y Roller vibratory 
(5.5 t; Min. 8 passes) 

Y 

Table 2 shows that the core complies with the 1958 guidelines in every respect except for the water 
content of the core material in the left embankment dam was slightly higher than the optimum. Table 3 
shows that the core in both embankments complies with the RIDAS 2012 requirements in most 
respects except that the maximum grain size is larger than recommended both generally and adjacent 
to concrete structures, and that the permeability was acceptable but lower than recommended. 

4. ASSESSMENT OF INTERNAL EROSION SUSCEPTIBILITY  

4.1 Laboratory work procedure 

The tested material was obtained in-situ from three boreholes performed at the dam crest. The 
material from each borehole was subdivided in layers of 0.80 m labeled by location and depth relative 
to the dam crest. The location refers to the distance between the concrete dam and the boreholes in 
the left (V) or right (H) embankment dam. One of the boreholes was executed in the right embankment 
dam at the section 0/090H, and the other two in the left embankment dam, at sections 0/013V and 
0/045V. 

The borehole at section 0/013V is located close to the sinkholes that occurred near to section 0/020V 
in 1980 and 1993, whilst the borehole 0/045V is close to the sinkhole at section 0/053V which 
appeared in 2001. Since no sinkhole incident has occurred in the right embankment, borehole 0/090H 
can preliminarily be considered as a representative sample of the original core material. In contrast, 
samples from the left embankment dam could be disturbed when compared to the original conditions. 
An influence of the drilling on the samples cannot be excluded but is neglected in the further 
assessment as this is valid for all three boreholes. 

The laboratory tests performed aimed to evaluate the current conditions of the dam core in terms of 
grain size distribution and compaction level. The laboratory work included: dry and wet sieving, 
sedimentation, Atterberg limit and modified Proctor compaction, and were accomplished according to 
ASTM-D2487, D422, D4318 and D1557, respectively. 
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The particle size distribution of the entire profile of the borehole 0/045V was determined by wet and 
dry sieving; whilst boreholes 0/090H and 0/013V were evaluated at only five equally spaced layers. 
For the last two boreholes, the gradation obtained at each depth was considered as representative of 
a theoretical thickness defined as the distance between two consecutive layers. 

The available samples included particles bigger than 16 mm and, in most cases, up to 22 mm. 
Isolated particles bigger than 22 mm and random cobbles up to 90 mm were been identified. However, 
as the aim was to compare the gradation curves of the borehole samples with the construction 
material, the maximum particle size considered in this study was 16 mm.  

4.2 Laboratory results 

Figure 1 shows the mean granulometric curves of boreholes 0/045V, 0/013V and 0/090H, as well as 
the design gradation boundaries. It is observed that the curves corresponding to 0/013V and 0/090H 
are within the design boundaries; whilst the curve of 0/045V is slightly below the lower boundary. The 
mean granulometric curves were calculated as the average of the gradation curves obtained for the 
layers assessed in each borehole. Layers reporting differences in the grain size distribution higher 
than 16% were excluded and studied separately as “outlier layers”. The upper limit of 16% was 
established considering that the design boundaries variation is maximum 16%. The design boundaries 
were defined based on the gradation of the construction material. 

Figure 1 also includes the gradation curves of the outlier layers of boreholes 0/045V and 0/013V 
located at the depth 7.7- 8.5 m and 4.3 – 4.7 m, respectively. These gradation curves show less 
content of fines, indicating that they have been washed out. In addition, the gradation curve of the 
9.8 – 10.6 m layer (in borehole 0/013V) contains more fines suggesting that the material might have 
experienced some crushing or was one of the recipients of the washed out fines from above. 

The particle size distribution at different depths of the boreholes 0/045V and 0/090H is shown in 
Figures 2 and 3, respectively. The percentage distribution considers three categories: 1) fine fraction 
(% < 63 µm), 2) sand fraction (between 63 µm and 4.75 mm) and 3) the gravel fraction (between 
4.75 mm and 16 mm). Figures 2 and 3 also include the boundaries of the fine and sand fraction 
corresponding to the design gradation, labeled as “design boundaries”. 

 

Figure 1. Granulometric curves from boreholes 0/045V, 0/013V and 0/090H 
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Figure 3. Particle size distribution in 
borehole 0/090H 

Figure 2. Particle size distribution in 
borehole 0/045V 
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In borehole 0/045V (Figure 2), the percentage of particles smaller than 63 µm is mostly within the 
design boundaries and, omitting the outlier layers at 5.70 – 6.50 m and 7.70 – 8.50 m, the curve has 
an approximately constant behavior. The maximum variation, relative to the minimum boundary of fine 
fraction, is about 10% in the 5.70 – 6.50 m layer. In relation to the material passing the sieve 4.75 mm, 
most of the samples are below the minimum design boundary. Significant variations of maximum 30% 
can be noted in the 7.7 - 8.5 m layer. 

The particle size distribution in borehole 0/090H (Figure 3) presents, approximately, constant behavior 
in its whole depth. The curve of fine fraction is within the construction boundary; whilst the curve of 
sand fraction reports some layers below the minimum design boundary. The maximum variation 
relative to the minimum boundary is about 10% in the 13.5 – 18.3 m layer. 

In relation to the Atterberg limits, three samples of the fine fraction were tested for each borehole. The 
samples were taken at different layers of each borehole (top, bottom and mid layers). The average 
values obtained are: liquid limit = 2, plastic limit = 1 and plastic index =1. Glacial till soils with plastic 
limit smaller than 4 may be vulnerable to internal instability (Crawford-Flett K.A, 2014, cited in 
Rönnqvist, 2015). However, for silty gravel moraine with clay content < 5%, the plastic limit is not 
relevant in the assessment of internal erosion susceptibility. 

The modified Proctor compaction tests performed for boreholes 0/045V and 0/090H indicate, on 
average, a maximum dry unit weight of 21.2 kN/m3 and an optimum water content of about 6.0% for 
both left and right embankment dam, which is within the recommendations of Vattenfall 1958. 

4.3 Assessment of susceptibility to internal erosion by suffusion (internal instability) 

In engineering practice, two methods are widely used to evaluate the potential internal instability of 
granular soils: Kenney & Lau (1985, 1986) and Burenkova (1993). The first method analyses the 
shape of the gradation curve of sand - gravels with particles up to 100 mm; while the second uses 
characteristic values of the slope of the gradation of silt-sand-gravel. Wan & Fell (2008) found that, for 
soils containing silt, the Kenney & Lau (1985, 1986) method is conservative, whilst the Burenkova 
(1993) method provides better but not totally accurate predictions of the internal stability. 
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Nevertheless, the comparative analysis performed by Rönnqvist & Viklander (2015a) indicates that 
both methods have merit in terms evaluating the internal stability of glacial till soils. 

Kenney & Lau (1985, 1986) introduced the H:F shape curve with H/F as stability index, where F 
denotes mass passing (%) at grain size D and H denotes mass increment (%) between D and 4D, with 
D as an arbitrary particle size. The evaluation range for widely graded soils (uniformity, 
Cu = d60/d10 > 3) is defined by F≤ 20%. A stability index less than one within the evaluation range 
((H/F)min<1) indicates that a soil is deficient in the finer fraction, thus, potentially internally unstable, 
which means that fine particles can be washed out by seepage (Rönnqvist & Viklander, 2014a). 

The Burenkova (1993) method is based on d90 /d60 and d90 /d15 ratios. The d90 /d60 ratio represents the 
slope of the coarse part of the particle size distribution plot, whilst d90 /d15 ratio is regarded as a 
measure of the filter action between the coarse fraction and the fine fraction. Wan & Fell (2004) 
proposed the modified Burenkova method for broadly graded silt-sand-gravel, which uses logarithmic 
regression to define contours of equal probability of internal instability (Figure 5). 

In this study, the internal erosion sensibility of the dam core was evaluated applying both the Kenney 
& Lau (1985, 1986) and the modified Burenkova methods (Wan & Fell, 2004). The analysis considers 
the gradation curves presented in Figure 1. The results are reported in Figures 4 and 5. 

 

Figure 4. Shape curve of borehole samples applying Kenney & Lau method (1985, 1986) 

 

Figure 5. Probability of internal instability of borehole samples applying the modified 
Burenkova Method proposed by Wan & Fell (2004) 
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Figure 4 shows that the mean gradation curve of boreholes 0/090H and 0/013V are stable (above the 
limit curve H/F=1 for F<20%); whilst borehole 0/045V and the layer 4.3-4.7 m of borehole 0/013V 
present unstable gradations. Figure 5 shows that the probability of the layer 4.3-4.7 m in borehole 
0/013V being unstable is low (about 5%), and that only the layer 7.7-8.5 m layer in borehole 0/045V is 
highly probable (90%) to be unstable; the mean grading of borehole 0/045V is predicted to be stable. 

5. DISCUSSION 

The comparison of the dam core properties reported during construction to the 1958 Vattenfall 
guidelines shows that the core complied with the criteria evaluated. An exception was identified in the 
water content of the left embankment dam, which exceeded the recommended value by 1%. However, 
this water content is local and does not necessarily represent the average water content in the dam; 
furthermore it is within the range permitted by the new guidelines. In addition, it is important to note 
that specific grain size boundaries related to internal erosion susceptibility were not given for the core 
in the 1958 guideline. 

Regarding RIDAS 2012, most of the criteria were also satisfied, with the exception of the maximum 
grain size both next to concrete surfaces and in the dam body. The presence of isolated particles 
bigger than the maximum recommended grain size could generate locally gap-graded layers 
susceptible to internal erosion. However, based on the borehole samples assessed, the oversized 
particles are isolated, and not likely to form a continuous layer. 

The results of the modified Proctor tests performed in this study are consistent with the values 
reported during construction, and within the range recommended by Vattenfall 1958 and by RIDAS 
2012. Thus, variations in the designed stress conditions due to deficiency in the core compaction are 
discarded. In addition, zones of weakness due to desiccation or embedded ice formation are unlikely 
as the embankments were built during one summer season and ended before next winter. 

The particle size distribution of the boreholes analyzed are similar, with a maximum difference in the 
gravel content of about 10% (Figure 1), thus it is assumed that the soil classification of both 
embankment dams is the same. As expected, the material from borehole 0/090H fits the design 
boundaries more closely (Figure 3). The soil classification is therefore based on the 0/090H particle 
distribution, which consists of: 18.1% gravel, 51.1% sand and 30.8% fines. According to ASTM D2487, 
the soil is classified as silty sand with gravel and, based on its origin (glacial till), can be defined as 
silty sandy moraine. This classification is consistent with the classification indicated in reports from the 
construction. 

The original composition of the samples could have been affected by loss of fines during the sampling 
process and the drilling. Nonetheless, the notable reduction of the fine sand fraction in borehole 
0/045V (Figure 2) in comparison to the design boundaries may indicate the occurrence of internal 
erosion. Moreover, the outlier layer at 7.70 – 8.50 m suggests a concentrated leak. The 4.3 – 4.7 m 
gradation curve in borehole 0/013V (Figure 1) shows a similar pattern. In borehole 0/090H (Figure 3) 
the local reductions in the sand fraction of about 10% might represent internal erosion at an early 
stage. 

Kenney & Lau (1985, 1986) and the modified Burenkova method (Wan & Fell, 2004) provide similar 
results. Both methods indicate that, based on the mean granulometric curve of each borehole, the 
core material is stable. An exception is borehole 0/045V, which is classified as internally unstable by 
the Kenney & Lau method but stable by the modified Burenkova method. Nevertheless, based on the 
profile of current grain size distribution (Figure 2) it is possible to conclude that the Kenney & Lau 
method provided a more realistic result. On the other hand, as expected, for the gradation curves 
corresponding to the outlier layers of boreholes 0/045V and 0/013V, the core material is categorized 
as internally unstable. The 7.7-8.5 m layer in borehole 0/045V has the highest probability (90%) of 
internal erosion. It is important to note that the mean curves evaluated represent an average of the 
material used during construction; therefore, the susceptibility to internal erosion could change layer 
by layer. 

Considering the type of incidents reported in the dam and the results discussed above, it is possible to 
conclude that the presence of internally unstable (suffusive) layers allowed the development of internal 
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erosion. Similarly, internal erosion could be developed in layers of internally unstable material in the 
right embankment dam. 

6. CONCLUSIONS 

Based on the results and discussion presented in this paper, the following conclusions are reached: 

 The dam core design and construction procedure complied with the recommendations of 
the 1958 Vattenfall guidelines. However, the guidelines do not prevent the use of suffusive 
internally unstable material as core fill; 

 Most of the criteria required by RIDAS 2012 evaluated in this study were also satisfied, 
except those related to the maximum grain size in core fill; 

 Construction material used in different layers contained varying amounts of fines in relation 
to the design boundaries; 

 The core material of both embankment dams is silty sandy moraine internally unstable in 
some layers, thus susceptible to internal erosion by suffusion; 

 Layers with a notable different of the fines and sand content respect to the design 
boundaries suggest that internal erosion by suffusion has occurred. 

Under these conditions, the general conclusion is that the internal erosion mechanisms experienced in 
the left embankment dam include suffusion due to layers of internally unstable material. It is likely that 
the filter was not effective enough (too coarse to trap the fine eroded particles) and allowed internal 
erosion to continue, leading to the formation of sinkholes. 

It is important to highlight that criteria for the filter were not clearly defined in the guidelines available 
during construction. Thus, in order to know the likelihood of continuation of internal erosion, the 
assessment of the filter regarding the currently available filter design criteria is recommended. 
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