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A BSTRACT
Dams that comprise broadly and widely graded glacial
materials, such as moraines, have been found to be susceptible
to internal erosion, perhaps more than dams of other soil types.
Internal erosion washes out fine-grained particles from the
filling material; the erosion occurs within the material itself or at
an interface to another dam zone, depending on the mode of
initiation. Whether or not internal erosion proceeds depend on
the adequacy of the filter material. If internal erosion is allowed,
it may manifest itself as sinkholes on the crest, increased
leakage and muddy seepage once it surfaces, which here is
called surfacing internal erosion (i.e. internal erosion in the
excessive erosion or continuation phase). In spite of significant
developments since the 1980s in the field of internal erosion
assessment, the validity of methods developed by others on
broadly graded materials are still less clear because most
available criteria are based on tests of narrowly graded granular
soils. This thesis specifically addresses dams that are composed
of broadly graded glacial soils and investigates typical
indicators, signs and behaviors of internal erosion prone dams.
Based on a review of 90+ existing moraine core dams, which are
located mainly in Scandinavia as well as North America and
Australia/New Zealand, this thesis will show that not only the
filter’s coarseness needs to be reviewed when assessing the
potential for internal erosion to surface (i.e., erosion in the
excessive or continuing phase); in addition, the grading stability
of the filter and the core material as well as non-homogeneities
that are caused by filter segregation need to be studied. Crossreferencing between these aspects improves the assessment of
potential for internal erosion in dams of broadly graded soils and
furthermore it provides aid-to-judgment.
Key words: Internal erosion; Internal stability; Filters; Moraine
core; Embankment dams; Sinkholes; Internal erosion assessment.
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F REQUENTLY USED NOTATIONS AND TERMINOLOGY
Notations
dx
Dy
Dmax
F
H
H/F
Cu
Terminology
Backward
erosion
Base material

Clogging or
sealing

Concentrated
leak erosion
Continuation

Core material

Filter material
Filter-transition
component
Fines and fines
content

Meaning
Particle size of the base for which x % by
weight of particles are smaller.
Particle size of the filter for which y % by
weight are smaller.
Maximum particle size in the material.
Mass passing at particle size d.
Mass increment between particle size d and
4d.
H:F shape curve; if < 1, the material is
potentially internally unstable.
Coefficient of uniformity, D60/d10.
Meaning
Internal erosion when the particles detach at a
free unfiltered surface and erosion progresses
upstream of the seepage path.
Usually the core material, but the term refers
to the material or zone located upstream of
the filter or transition layer.
Clogging or sealing may occur when
migrating fines gets collected in the parent or
interfacing material. It may give rise to a
pore-pressure build up and locally high
gradients.
Erosion along a concentrated leak path.
Depends on the filtering capacity of the
downstream filter, and it occurs when the
filter is too coarse to be sealed by eroded
fines from the base (core).
Impervious core in dams, which can be
composed of various material that undergo
processing to be virtually watertight.
Granular material placed downstream of the
zone that it is to protect.
Transition layer between the protective filter
and the shell.
Percentage of material finer than 0.075 mm.
It should be noted that internationally the
“fines content” for base soils (cores) is
usually expressed with regards to the 4.75
mm sieve, while in Sweden to 20 mm.
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Initiation

Internal erosion

Internal
instability

Moraine

Piping

Self-filtering

Sinkhole

Suffusion

Surfacing
internal erosion

First phase of internal erosion; the initiation
processes are comprised of concentrated leak
erosion, suffusion and backward erosion.
The process of wash-out of fine-grained
particles from a filling material by seepage
flow.
Insufficient amount of particles in a certain
fraction that allows the migration of loose
fine-grained particles. Internally unstable
soils are susceptible to suffusion.
In this thesis a despription of a broadlygraded soil of glacial origin commonly used
as core material in dams. The term moraine
actually refers to the formation in areas once
glaciated and not the soil itself; geologically
the correct term for this is till. However, in
the field of dam engineering, moraine and till
are used more or less interchangeably
(describing the same thing, i.e., the soil), and
traditionally the term moraine is in particular
used for Scandinavian dams and their core
soils.
Internal erosion that initiates by backward
erosion or via a concentrated leak and
develops into a continuous pipe.
A soil composition that makes the coarse
particles in the soil prevent erosion of
gradually finer-grained particles.
Manifestation of internal erosion that has
progressed to the extent that loss of material
is visibly detectable on the dam.
Movement of free fines that involves
selective erosion of fine particles through
voids and constrictions of load-bearing
coarser particles.
A term used in this thesis to describe internal
erosion that has progressed to the stage when
sinkholes, sudden increases in leakage and/or
turbidity become visible. Surfacing internal
erosion would then be in the excessive or
continuation phase of erosion.
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I NTRODUCTION
The main objectives of this research are the following:
To investigate the potential indicators/predictors of moraine
core dams that are prone to internal erosion.
To investigate the signs and typical long-term behaviors of
moraine core dams that are prone to internal erosion.
To propose a method that is based on existing dams to predict
the potential for surfacing internal erosion in dams
comprising moraine cores.
To advance the understanding of internal erosion in dams that
are comprised of impervious cores with broadly graded
material of glacial origin.
Background
Dams impound water in reservoirs to be used for energy or
irrigation. In terms of embankment dams (earthfill or rockfill)
the reservoir is maintained by an impervious core over which
the energy from the reservoir is dissipated. Normally this causes
manageable seepage, but in adverse conditions, where there is a
lack of erosion-control, this seepage may cause movement of
soil particles in a dam (i.e., internal erosion).
Following a series of serious piping accidents in embankment
dams in the 1960s and 1970s, Sherard (1979) was perhaps the
first to recognize that dams comprised of cores with broadly
graded glacial soils tend to develop sinkholes from internal
erosion more frequently than other types of dam fillings. Foster
et al. (2000) confirmed this with statistical analysis. Such dam
types, i.e. central core dams with base (core) material of glacial
moraine and often widely-graded filters, are common in
Scandinavia and North America, which are areas that were once
glaciated. Filters or transition zones in dams are there to protect
their base (usually the core) materials from eroding. With regard
to internal erosion control, the filter located downstream of the
impervious core is generally considered to be the most important
zone because of its ability to control the possible continuation
process of erosion. Filter criteria for modern dams were first
developed in the 1940s; up to the 1980s, filters to protect
broadly graded core materials were still basically designed in
terms of the core’s d85 as well as parallel gradings between the
core and the filter. The complexity that comes with broadly
graded soils in terms of protective filters was not yet fully
realized, but in the early 1980s, the Soil Conservation Service
(SCS) carried out extensive testing of filters with different types
of bases, which included broadly graded glacial soils.
As reported in Sherard and Dunnigan (1989), the SCS
eventually found that a filter with a D15 less than 0.7 mm is
needed for there to be no erosion of a core that is comprised of
broadly graded glacial moraines. A filter that is designed
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according to this (which nowadays is the accepted filter criterion
for this type of core soils) will probably not permit any
substantial internal erosion to occur. In previous inventories of
dams composed of moraine (glacial till) cores, the majority had
filters that did not satisfy current criteria (Norstedt and Nilsson,
1997). Thus, only a fraction of these dams had actually
developed continuing internal erosion (Nilsson et al., 1999); the
filter coarseness and internal erosion that surfaces are clearly not
directly proportional. Thus, filter coarseness alone is not a clearcut predictor of internal erosion, and there are potentially other
factors that affect a dam’s potential to develop excessive or
continuing internal erosion.
Evidently, the boundaries and criteria are less clear for filters
that are coarser than required. Hence, the difficulty lies in
assessing existing dams with filters that fall into the category in
between the no-erosion and continuing erosion boundary (the
no-erosion boundary is the filter design criteria with built-in
factors of safety and the boundary for continuing erosion usually
equals the filter’s opening size). In spite of significant
developments in the field of filter design for dams with broadly
graded soils, assessing the potential for internal erosion in these
types of dams remains difficult, although Foster and Fell (2001)
proposed criteria to assess the likely filter performance in
existing dams (based on the relationship between the filter and
the core material).
This thesis focuses on dams that are comprised of cores with
broadly graded glacial moraine soils and internal erosion; a
framework to predict surfacing internal erosion (i.e., erosion in
the excessive or continuation phase) is proposed based on the
indicators of the dams that have developed internal erosion and
the long-term behaviour of these dams. This thesis will show
that if the filter coarseness is combined with the grading stability
of the filter and the core material, it is possible to assess the
potential for surfacing internal erosion (e.g., sinkhole
development due to excessive or continuing erosion) and
provide aid-to-judgment in prioritizing among groups of dams.
Methodology
The principal components of the study are as follows.
i) A literature review on the topics of internal erosion,
internal stability and methods by others to assess internal
erosion and internal stability. From this the following are
extracted:
- typical modes and mechanisms of internal erosion, and
- relevant methods by others to assess morainic dams.
ii) An inventory and data compilation of existing moraine
core dams to develop a database of the following:
- filter and base (core) compositions (determine the
grading envelope),
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iii)
iv)
v)

vi)

- historical internal erosion performance, and
- dam geometry (filter-transition components).
An investigation of possible indicators of moraine core
dams that are prone to develop internal erosion.
An investigation of long-term behaviour (typical signs)
of dams that are prone to develop internal erosion.
An application of selected methods by others to existing
dams to investigate the potential validity in terms of
dams with moraine cores to do the following:
- screen out which methods work comparatively better.
Proposal of a framework to assess the potential for
surfacing internal erosion in moraine core dams (i.e.,
erosion in the excessive or continuation phase).

Layout of the thesis
Chapter 1 gives an overview of the thesis with the objective,
background and methodology. Chapter 2 provides a brief
account of internal erosion, methods by other to assess it and an
overview of various available filter design criteria. Chapter 3
compiles un-interpreted data and results from this study’s
research. Chapter 4 describes the conclusions and discusses the
proposed method to predict internal erosion in moraine core
dams. Chapter 5 provides recommendations for possible future
work.

I NTERNAL EROSION , INTERNAL STABILITY AND FILTERS
For internal erosion to occur it basically requires a soil particle
to detach from its parent material and become transported
through sufficiently large voids and constrictions. Detachment
and transport of soil particles require a lifting force against the
inter-granular forces (strong enough to cause detachment) as
well as drag forces relative to the buoyancy weight of the grain
(strong enough for the transport). For internal erosion to
continue, it then calls for large enough soil constrictions to
permit further movement of the particles. Thus, the material
properties as well as the stress and load are factors that influence
the internal erosion process; according to Garner and Fannin
(2010), the interaction of the following conceptual adverse
conditions are required for the initiation and progression of
internal erosion (Fig. 1):
i) Material susceptibility (inability to resist internal erosion,
e.g., internal instability and filter incompatibility),
ii) Critical hydraulic load (e.g., seepage velocities and
hydraulic gradients) and
iii) Critical stress conditions (e.g., arching and low stresses).
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Fig. 1. Conceptual
approach showing
overlapping and
interacting adverse
conditions and
internal erosion
mechanisms (Garner
and Fannin, 2010).

The generally accepted phases of internal erosion are as follows:
initiation, continuation, progression and ultimately a breach
phase. The initiation processes are grouped as follows
(definitions according to Fell and Fry, 2007):
i) backward erosion (and piping),
ii) concentrated leak erosion, and
iii) erosion due to suffusion and internal instability.
According to the conceptual approach by Garner and Fannin
(2010), the combined influence of weaknesses (i.e., material
susceptibility, critical hydraulic load and critical stress)
determines the form and extent of internal erosion processes
(Fig. 1).
Initiation processes and continuation of internal erosion
Internal erosion may initiate for a number of reasons, but it
generally stems from the erodibility of the material itself: i.e. the
material’s susceptibility to erode (Höeg, 2001; Garner and
Fannin, 2010). This is primarily influenced by the material’s
grading (e.g., internal instability) but also by causes connected
to defects arising from construction or design: e.g., segregation,
low effective stresses due to arching and cracks, filter and core
incompatibility, etc. (Garner and Fannin, 2010; Nilsson and
Rönnqvist, 2004).
The initiation may discontinue if there exists a filter function
within the parent material (i.e., self-filtering ability) or if the
downstream interfacing material (usually the filter) is adequately
graded in relation to its base (usually the core). However, if the
filter is incompatible to the core (i.e. too coarsely graded to
function as a filter) erosion may progress; depending on the
4
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Fig. 2.
Conceptual filter
erosion
DF15
boundaries of
Foster and Fell
(1999a, 2001).

CONTINUING
EROSION
EXCESSIVE
EROSION
SOME
EROSION
NO EROSION

Continuing Erosion
Boundary

Excessive Erosion
Boundary

No Erosion
Boundary

Other factor e.g. DB85

adequacy of the filter (i.e., to what extent to which the filter is
sealed by the eroded core material), Foster and Fell (1999a,
2001) sub-grouped the progression phase into the following
conceptual levels (Fig. 2):
i) no-erosion (filter seals with practically no erosion of
base material),
ii) some erosion,
iii) excessive erosion (filter seals only after excessive
erosion of the base), and
iv) continuing erosion (filter too coarse to allow the eroded
base particles to seal the filter, which allows unrestricted
erosion of the base).
Although the downstream filter has the most influence on the
continuation, this phase may also be affected by the upstream
filter’s “crack-filling” ability or other upstream zones (Fell et
al., 2003). The continuation phase may also be affected by other
possible “self-healing” mechanisms, such as the collapse of an
upstream erosion path or the collapse of an erosion pipe in the
core. When the volume of the eroded fine-grained material is
larger than the volume of the coarser particles’ void spaces, a
progressive collapse may be caused (Sherard, 1979). Thus,
sinkholes on the surface of dams (or other clear signs of internal
erosion) are possible manifestations of excessive or continuous
internal erosion.
Backward erosion is one initiation mode of internal erosion (Fig.
3, Fig. 8); in this mode, there is a detachment of the fine-grained
particles and seepage exits to a free unfiltered surface (e.g.,
excessively coarse downstream filters or the downstream face of
a homogeneous embankment). Seepage then carries the particles
downstream; erosion progresses gradually upstream towards the
source of water. To occur, it requires a seepage exit gradient that
is high enough to mobilize soil particles, which normally is less
than the critical gradient to cause heave (Fell et al., 2007).
Garner and Fannin (2010) suggest that this serious failure
mechanism requires a combination of material susceptibility,
5
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Fig. 3. Illustration of backward erosion in a dam (Foster and Fell, 1999b). The left side
is the initiation phase; the right side represents the continuation and progression.

hydraulic load and critical stress (as indicated by the central
location in Fig. 1 for which each circle overlap).
Unlike the slow progress of suffusion (see below), the onset of
backward erosion is more sudden (Garner and Fannin, 2010).
The usual time for the development of backward erosion is slow
(from months up to years), but the process may become
rapid/very rapid (days to hours) if influenced by a concentrated
leak or a break-through to the reservoir (Fell et al., 2003).
Incompatible gradings (between two interfacing materials) and
porosity (packing of the coarser filtering material) were factors
found to have a substantial effect on the erosion time (Wörman
and Olafsdottir, 1992). Internal erosion by piping develops to a
continuous pipe through the embankment by way of backward
erosion or concentrated leak erosion. The progression of piping
depends on the following: the soil’s ability to hold a roof, the
enlargement of the pipe and whether the flow through the pipe is
limited by a material upstream of the pipe (Fell et al., 2003).
Piping occurs if seepage continues beyond the onset of
backward erosion (Garner and Fannin, 2010).
Concentrated leak erosion (Fig. 4), which is also an initiation
mode of internal erosion, occurs when there is erosion along a
concentrated leak path or in the form of a continuous permeable
zone that contains coarse and/or poorly compacted materials
(definition after Fell and Fry, 2007). To initiate, it requires
hydraulic shear stresses that exceed the critical shear stress of
the material (Fell et al., 2007). Regardless of the filter’s
coarseness and hydraulic gradient, Sherard (1979) believes that
it is essentially impossible for fines to be washed out of a core
unless there is a concentrated leak because normal seepage
would not have sufficient energy.

Fig. 4. Illustration of concentrated leak erosion in a dam (Foster and Fell, 1999b). The
left side represents the initiation phase; the right side represents the continuation and
progression.
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Fig. 5.
Concentrated
leak in a dam
core that exits
into a filter
(Sherard et al.,
1984a).

Concentrated leaks may be caused by deficiencies in
construction, hydraulic fracturing and open cracks from
differential settlement, along dam foundations and abutting
concrete structures (Sherard et al., 1984a). Concentrated leaks
may also develop due to ice lenses that form by freeze-thaw
effects (Vuola et al., 2007) and possibly by winter-horizons (ice
lenses built into a dam during construction). In terms of broadly
graded cohesionless and nonplastic tills, Lafleur (1984) found it
unlikely for open cracks to be sustained when the soil is
saturated. Sherard et al. (1984a) provides the following evidence
for concentrated leaks:
i) seepage discharge in the downstream face of wellconstructed homogenous embankments shortly after first
filling,
ii) nearly full reservoir head in the downstream end of the
impervious core in dams (Fig. 5), and
iii) leaks discharged at the toe of central-core dams.
Sherard et al. (1984a) continue by indicating the risk for sealing
of the downstream filter if the concentrated leak carries eroded
particles to the filter’s face (Fig. 5), which will result in an
abrupt rising of the water pressure in the leakage channel and a
high seepage gradient at the downstream part of the core. Peck
(1990) attributes a nearly full reservoir head in the downstream
part of dam cores to the development of a “filter skin” on the
upstream filter face (the filter gets impregnated with eroded
fines), over which most of the head loss occurs (sometimes to
the extent that it serves as a substitute core). The mechanism of
a concentrated leak is described by Sherard (1983) as the
following:
i) concentrated leak develops and carries eroded particles
of all sizes toward the filter,
ii) sand particles get caught in the filter’s voids because the
fines migrate into the filter, which seals the filter at the
end of the leak,
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iii) sealing causes the water pressure in the channel to rise
and approach the reservoir’s level,
iv) high gradients are created over a short distance through
the core to an unsealed filter face area nearby (Fig. 5),
v) the leak breaks through again due to the high pressure
and by-passes the initial leak, and
vi) a regenerated leak repeats the scenario.
Unless the protective filter can withstand high water pressure,
this repetitive action may continue until the core is damaged
substantially and the filter is sealed over a large area (Sherard,
1983).
Suffusion and internal instability (Fig. 6), which is also a
potential initiation mode, is the process of selective erosion of
fine particles from a soil matrix composed of coarser particles;
this leaves behind an intact soil skeleton that is formed by
coarser particles (definition after Fell and Fry 2007). Soils that
are susceptible to suffusion are internally unstable. For suffusion
to occur, an internally unstable grading and high enough
seepage gradient are required to move fine particles within the
matrix of the coarse fraction (Fell et al., 2007). Garner and
Fannin (2010) found that the onset of instability is triggered by a
hydraulic gradient increase which is consistent with the
interaction between material susceptibility and critical hydraulic
load as indicated in Fig. 1. From tests on widely graded
cohesionless soils, Li (2008) attributed instability to the grain
size distribution in addition to the combined effect of the
effective stress and gradient. Garner and Fannin (2010) found
the suffusion phenomena to be time-dependant, and Fell et al.
(2003) estimated the time for development as slow (from
months up to years).
Kezdi (1979) differentiated the process of suffusion (Fig. 7) into
the following categories: internal suffusion (not long-lasting),
external suffusion (on the free surface independent of the
seepage direction) and contact suffusion (on the contact surface
between two layers where particles from the fine layer are
carried into the coarse layer). Based on large-scale permeameter
tests on widely graded gravel and sand material with a gapgrading at 30-40 % of the passing weight, Garner and
Sobkowicz
(2002)
distinguished
between
suffusion
(redistribution of fine grains within a packed skeleton, which is
Fig. 6.
Illustration of
suffusion (Fell
and Fry, 2007).
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Fig. 7. Suffusion mechanisms according to Kezdi (1979).

considered relatively benign) and suffosion (which is backward
erosion with mass erosion due to seepage, which is considered
permanently damaging). Sections of the tested samples were
subsequently CT-scanned (cross-sections in Fig. 8), which
revealed an illustrative picture of suffusion (movement of free
fines in between fixed load-bearing particles) and backward
erosion (mass movement around coarser particles that floats in
the finer soil matrix).
Other side-effects of suffusion in internally unstable soils may
also be zones with extremely low permeability and high
gradients (Garner and Sobkowicz, 2002). According to Garner
(2010), this may indicate that fines have migrated only a short
distance before creating a clogging layer, resulting in reduced
permeability and pore-pressure build-up, which in time may
trigger suffusion with mass movement. Evidence of clogging
layers as a result of suffusion has been seen during laboratory
permeameter tests and is a plausible explanation for porepressure build up in existing dams (Garner, 2010). Unexpectedly
high pore pressures in the core have also been attributed to gas
exsolution, which is due to the entrapment of air during
reservoir impoundment (Sobkowicz et al., 2000; Höeg, 2001).

Fig. 8. Effects of suffusion on the left and backward erosion (“suffosion”) on the
right (Garner 2010, by permission).
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From a dam safety point of view, experience shows that there is
often a need to improve resistance against internal erosion, and the
type or combination of measures to be constructed are generally
dependent on the historic performance of internal erosion as well
as the discrepancy between the dam in its existing condition and
the desired design according to today’s standard (Nilsson and
Rönnqvist, 2004). Remedial measures to counteract the root cause
of initiation (where there is a loss of core function) may be
grouting and slurry trenching; reverse filters and stabilization with
toe berms may also be methods to prolong the progression phase.
Possibilities to intervene directly where there is an inadequate
filter are not used frequently, because it is seldom practically nor
economically achievable to replace existing filters with a new
material (Nilsson and Rönnqvist, 2004). Improved surveillance
and instrumentation may provide warnings of initiated or
continued internal erosion, but it is the perception of Fell et al.
(2003) that many dam owners overly rely on monitoring instead
of implementing real remedial measures on the dam.
Use of broadly graded glacial soils as core materials in dams
Tills are formed during glaciated periods; most of the materials
were formed during the last glaciation. As the glacier (inland
ice) advanced and ultimately regressed, the substratum in
connection with the ice sheet was pulled away, crushed, mixed
and transported a considerable distance before being deposited.
The gradings of tills (moraines) are typically broadly or widelygraded with a mixture of fines up to boulders. Note, in this
thesis the term moraine is used to desbribe this glacial soil,
which is in accord to the tradtion of the field of dam engineering
(in particular in view of Scandinavian dams), although
geologically the correct term is till.
Glacial soils depend on the parent-rock from which it is formed:
softer sedimentary bedrock gives the till a generally clayey
matrix (e.g., British boulder clay), and in conditions of harder
crystalline bedrock, as is the case in Scandinavia, this produces

Fig. 9. Typical widely and
broadly graded glacial
soils used as impervious
cores in dams (Sherard
and Dunnigan, 1989).

10

Predicting Surfacing Internal Erosion in Moraine Core Dams

a sandy silty matrix with negligibly low clay content. In North
America, the Canadian moraines in the Western Prairie
provinces generally have fines with high plasticity; in contrast,
the moraines in eastern Canada (generally formed under igneous
and metamorphic bedrock) usually have non-plastic fines
(Milligan, 2003). Tests on moraines from the James Bay area
(Québec, Canada) confirm that these are non-plastic and have no
cohesion intercept (Lafleur, 1984). Broadly graded glacial soils
have been widely used as impervious cores of dams, and this
type of material is relatively similar throughout the world with
typical gradings (Fig. 9).
In ICOLD (1989), the mean curves are compiled of glacial
moraines used in dams in various parts of the world; in general,
North American glacial soils appear to have a somewhat higher
fines content in comparison to Scandinavian moraines (roughly
20-70 % versus 15-60 % fines), whereas moraines used in
Russian dams appear to be relatively low on fines (i.e., 5-20 %).
The fines are mostly non-plastic (except for tills from West and
Central Canada, as mentioned above); in terms of strength, the
glacial moraines behaves similarly to granular material, and the
slight cohesion that may be exhibited occasionally is mostly
disregarded.
Ravaska (1997) tested soil samples (taken from existing Finnish
earth dams, e.g., Uljua dam) by performing erodibility tests
(according to the pinhole test methodology used by Sherard et
al., 1984a); a more rapid erosion rate and a wider eroded pin
hole (through which the water flows) occurred for moraines than
clays. Furthermore, the eroded material consisted of coarse silt
or fine sand, and the degree of compaction did not significantly
influence the erosion susceptibility. Ravaska (1997) concluded
that the eroded material in the tested soils was predominately of
coarse-silt and fine-sand fractions, which should be taken into
account when designing filters to prevent erosion. No-erosion
tests (NEF-test) on the coarser parts of glacial moraine showed
that under relatively low gradients, large erosion tunnels
developed with gravel particles that formed roofs over the
tunnels (Sherard and Dunnigan, 1989). Wan and Fell (2004a)
concluded that soils with low plasticity, which usually
encompass soils with a glacial origin, may erode extremely
rapidly and that the erosion rate is strongly influenced by the
degree of compaction and the water content. Large scale
internal-erosion-tests on embankments composed of non-plastic
sand and silt mixtures confirms the very rapid erosion rate that is
expected of silty sandy soils (Hanson et al., 2010).
Criteria for assessing internal stability
Clast-supported soils, i.e., where the coarser grains support the
structure and the finer-grained particles fill the voids to a
different extent, may be internally unstable if the grading is gapgraded or if the fine soil particles are smaller than constrictions
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in the coarser particles (Fig. 10, middle sketch). An internally
stable clast-supported soil (Fig. 10, left sketch) is linearly
graded, where all of the grains contribute to the stability of the
soil structure. In matrix-supported soils (Fig. 10, right sketch),
the soil consists predominately of fines and finer-grained
fractions to the extent that the coarser grains “float” in the finergrained matrix. Such a material is not susceptible to suffusion
because there is no possibility for coarser grains to create a loadbearing “roof” through which finer particles can wash out by
internal erosion.
Vaughan (1994) distinguishes between clast- and matrixsupported gradings in terms of the following:
i) under-filled packing (where there is a shortage of fines
that creates a few highly stressed particle contacts), and
ii) filled packing (where there is an excess of fines and thus
many low stressed particle contacts).
USACE criterion
The U.S. Army Corps of Engineers, USACE (1953), proposed
that for suffusion to occur in cohesionless filter material, the
following is required: turbulent flow conditions, a hydraulic
gradient of five or higher, and a coefficient of uniformity of Cu >
20. The tests were conducted with downward seepage. Sand and
gravel mixtures were tested to investigate the most suitable
combination in terms of internal stability and permeability.
Based on seepage tests of 20 soils (UNSW samples), Wan and
Fell (2004b) obtained considerable scatter in the results when
using the USACE (1953) criterion. Wan and Fell (2004b)
concluded that using Cu > 20 as a predictor of internal instability
was too conservative. The coefficient of uniformity (Cu) in use
as a predictor of internal erosion susceptibility was not found to
be effective on the basis of data from existing moraine core
dams (Rönnqvist, 2008b).

Fig. 10. Widely graded curves and matching soil structures (Bartsch, 1995). Clastsupported (far left) and matrix-supported (far right).
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Isotomina criterion
According to Wan and Fell (2004b), the Isotomina (1957)
classification in terms of the potential for suffusion is as
follows: no suffusion if Cu 10, transition if 10 Cu 20, and
suffusion-liable if Cu 10. Similar to the USACE (1953), this
criterion is also based on the ratio between D60 and D10 (i.e., Cu),
which in Rönnqvist (2006, 2008b) was found to be a less
effective relationship to be used when assessing dams of broadly
graded soils.
Kenney and Lau method
In Kenny and Lau (1985), a method to evaluate the potential for
grading instability is presented. The underlying theory to the
method is that there is a “primary fabric of particles” that is load
bearing and that transfers stress; within its pores, there may exist
loose unfixed particles that are movable. In an internally
unstable material, certain constrictions will stay open and allow
the migration of smaller-sized particles; this is most likely to
occur in materials with gently inclined grading curves in the fine
tail section (lower portion).
Kenney and Lau (1985) tested granular materials that were
subjected to downward seepage and light vibration. To evaluate
the internal stability, the “H:F shape curve” should be
established (Fig. 11), which is the ratio of the mass fraction of
particle sizes between d and 4d (denoted by H) and the passing
weight at particle size d (i.e., F). Should there be a deficiency in
the number of particles of a certain fraction between d and 4d,
particles that are more fine-grained than d can potentially be
eroded out of the fabric. Given that the predominant filter
constriction is approximately one-quarter the size of the small
particles making up the filter, particles of size d can pass
through constrictions of filters that have particles of size 4d and
coarser. To avoid transportation of size d particles, the openings
must be occupied by particles larger than d; hence, the choice of
Fig. 11. Methodology
to establish the H:Fshape curve (Kenney
and Lau, 1985).
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the interval of four when evaluating internal stability (Kenney
and Lau, 1985). The proposed evaluation range for widelygraded material is a passing weight from 0-20 %, which by
Kenney and Lau (1985) is the maximum range for loose
particles. The boundary between stable and unstable was
initially H=1.3F (Kenney and Lau, 1985) but was later adjusted
to that of a Fuller curve with H=1.0F (Kenney and Lau, 1986)
due to the advice of Ripley (1986) and Milligan (1986).
Out of the 14 granular cohesionless materials that were tested by
Kenney and Lau (1985), 4 were evaluated as unstable (Fig. 12).
Given the shapes of the curves, it is clear that regularly shaped
gradings may also exhibit internal instability. The consequences
of an internally unstable material that has been washed out may
be illustrated by unstable gradings “A” and “D”: these both had
D15 values of 0.7 mm before the test and afterwards increased to
1.4 and 5.0 mm, respectively. Moreover, the lost fraction during
the test was 15 and 19 % with erosion of particles up to 2 mm
size. In material “X”, particles up to 5 mm were lost. The
maximum content of loose particles within the compacted
granular material (that potentially can be lost) is estimated to be
F=0.3 if narrowly graded and F=0.2 if widely graded (Cu > 3),
which both correspond to the stipulated evaluation range
(Kenney and Lau, 1985). Li (2008) carried out permeameter
tests on six cohesionless widely graded soils, which included a
Fuller curve; Li found that the Kenney and Lau (1985, 1986)
method successfully evaluated the internal stability and was
comparably more accurate when assessing widely graded soils
than the Kezdi (1979) criterion or Burenkova’s model (1993).
When discussing the method of Kenney and Lau (1985),
Milligan (2003) recognized that internally unstable gradings
tend to be typical of materials that segregate readily.

Fig. 12. Gradation curves of the tested materials (Kenney and Lau, 1985). Left hand
– unstable gradings, right hand – stable gradings.

14

Predicting Surfacing Internal Erosion in Moraine Core Dams

Fig. 13. Burenkova
method for evaluation of
suffusiveness (from
Wan and Fell, 2004b).
The suffusive zones are
I and III, whereas the
non-suffusive is within
zone II. Zone IV
describes artificial soils.

Burenkova criterion
Burenkova (1993) performed downward and upward seepage
tests on granular materials of sizes up to 100 mm and with a Cu
of 200, from which a method was proposed to predict the
suffusiveness of a soil in terms of three representative soil grain
sizes: D90, D60 and D15.
The Burenkova (1993) method proposes that a soil is internally
stable if 0.76log(h’’)+1<h’<1.86log(h’’)+1, (Fig. 13), where h’
= d90/d60 and h’’ = d90/d15.
The larger the ratios of h’ and h’’, the more widely graded the
material becomes. The Burenkova method (1993) was validated
against six widely graded permeameter-tested soils by Li (2008),
and the method was found to be slightly unconservative when
evaluating internal stability. On the other hand, Wan and Fell
(2004b) concluded its prediction to be satisfactory (of which
some tested soils were of widely-graded silt, sand and gravel
mixtures).
Wan and Fell approach
In Wan and Fell (2004b), the factors that affect the internal
stability of soils were investigated and validated with current
available methods by others on widely graded soils. Up- and
downward seepage tests were carried out on 21 soils with fines
of up to 40 %, and the influencing factor on the internal stability
was found to be the presence of gap-grading; however, there

Fig. 14. Assessing the likelihood for internal instability of silt, sand and gravel
mixtures (Wan and Fell, 2004b).
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Fig. 15.
Combination of
the Kenney and
Lau as well as the
Kezdi criteria (Li
and Fannin,
2008).

was no obvious relationship in terms of the fines content or the
density of soils. Wan and Fell (2004b) showed that combining
the criteria of Burenkova (1993) and Kenney and Lau (1985,
1986) (Fig. 14) yields a reliable estimation of the internal
stability of silt, sand and gravel mixtures. Wan and Fell (2004b)
determined moreover that the maximum possible fraction of
erodible particles in internally unstable soils is not greater than
40 %, which indicates that soils with a higher proportion of fine
particles will not be susceptible to internal instability (but may
still be susceptible to backward erosion and an inability to selffilter).
Li and Fannin approach
Li and Fannin (2008) investigated the approaches of Kezdi
(1979) and Kenney and Lau (1985, 1986) to assess the internal
stability of soils. Both of the methods examine the slope of the
grading curve over a certain length; as reported by Li and
Fannin (2008), the methods differ in how the length is
established: the Kezdi criterion is incremental over the
percentage that is finer by mass, whereas the Kenney and Lau
criterion is incremental over the grain size.
Li and Fannin (2008) found the Kenney and Lau (1985, 1986)
approach to be more conservative at a passing weight of F > 15
%, whereas Kezdi (1979) was found to be more conservative at
F < 15 %. Their comparative analysis revealed moreover that it
may be useful to combine aspects of the two empirical methods
when assessing the internal stability of soils (Fig. 15).
Criteria for assessing self-filtering and filter performance
At the interface of the base and the filter, Lafleur et al. (1989)
explained that the self-filtration mechanism is initiated as the
fine base particles migrate into the filter (opening size) while a
layer of coarse particles is left behind at the interface (Fig. 16).
The coarse particles are then gradually brought together, and
16
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Fig. 16. Illustration of self-filtration and schematic gradings (Lafleur et al., 1989).

within the base soil, the coarse layer retains gradually finer
particles until further migration is impossible. The gradations of
the material that has undergone self-filtering will differ from the
original base grading (Fig. 16). Soils that will potentially not
self-filter usually include those susceptible to suffusion (internal
instability).
Kezdi criterion
The Kezdi(1979) criterion to investigate self-filtering is to
divide the filter material’s gradation curve into a coarse fraction
and a fine fraction at a point on the curve; in effect, the fine
fraction works as the base, and the coarse fraction works as the
filter to the base. Kezdi (1979) proposed that if the fine and
coarse part of the curve satisfied Terzaghi’s well-known filter
criterion D15/d85 < 4, it would be self-filtering (and thus
internally stable). Lafleur et al. (1989) reported that the Terzaghi
criterion involves a factor of safety of approximately two. The
Sherard (1979) recommendation is also based on the Terzaghi
criterion.
Li (2008), Chapuis (1992) and Skempton and Brogan (1994)
showed that it is not necessary to actually split the original
gradation curve into two parts for each and every checked point
along the curve (Fig. 17). In practice, D15 and d85 can be
Fig. 17. Illustration
of the Kezdi approach
(Li, 2008).
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Fig. 18. Conceptual
envelope showing
broadly graded
materials with a
lack of self-filtering
ability (Sherard,
1979).

obtained by determining the grain size at the mass that passes
d85 = D0.85F0 and D15 = D0.85Fo+15, where F0 is the passing weight
(%) at an arbitrary point S0 (Fig. 17), Ff is the fine fraction of the
split grading, and Fc is the coarse fraction.
Sherard criterion
Sherard (1979) found that sinkholes appeared in dams that were
composed of remarkably similar broadly graded soils of which
most were of glacial origin (Fig. 18). This was primarily
attributed to the internal instability of these types of soils.
Sherard (1979) explained further that an internal instability
occurs when the fine portion of the soil is not compatible with
the coarse part in terms of the filter’s requirements. With
reference to deMello (1975), Sherard (1979) considered a soil as
being self-filtering if D15coarse/ d85fine < 4 to 5 after splitting the
curve in two.
Foster and Fell method
The UNSW method by Foster and Fell (2001), where the likely
filter performance in existing dams during a concentrated leak
through the core can be assessed, investigated the factors that
influence the no-erosion and continuing erosion filter
boundaries. The method is based on reviews of filter
performances in existing dams worldwide, analysis of results
from filter testing done by others and their own extensive noand continuing erosion tests. The no-erosion tests procedures are
similar to the work done by Sherard et al. (1984a, 1984b). The
boundaries for no, excessive and continuing erosion are
proposed; they found that the filter test’s performance relates to
the filter’s D15 and the characteristic sizes of the core material
(d85 and d95).
The proposed “soil group 2A” by Foster and Fell (1999a, 2001),
i.e., bases with 35-85 % fines content and d95 > 2 mm (which is
a slight adjustment from the soil group 2 of Sherard and
Dunnigan, 1989) is the group of base materials to which

18

40mm

30

5

Hyttejuvet
Hills Creek

Balderhead

Rowallan

No Erosion
Boundary
for Soil Group 2
DF15=0.7mm

10

Tarbela AD1

Juklavatn Secondary

Range of DF15 for dams with
good filter performance

15

Contours of
Erosion Loss
from Filter
Tests
2

1.0g/cm

2

0.5g/cm

0.25g/cm
Wreck Cove

Average DF15 for dams with
poor filter performance

20

Viddalsvatn

Juktan

25

Churchill Falls FF11

Range of DF15 for dams with
poor filter performance

Filter DF15 (mm)

Fig. 19. Erosion
losses to dams
with poor and
good filter
performance
(Foster and Fell,
1999a).

Mud Mountain

Predicting Surfacing Internal Erosion in Moraine Core Dams

2

2

0.1g/cm

Brodhead
Songa

0
0

5

10
15
20
25
30
35
40
45
50
Core material % fine - medium sand (0.075 - 1.18mm)

55

60

moraine/till normally belongs. The excessive erosion boundary
for this soil group is based on CEF test results that were
compared to the filter characteristics of dams with good and
poor filter performance (Fig. 19). The more gap-graded the base
is (over the fine-medium sand fraction 0.075-1.18 mm), the finer
the necessary D15 filter for excessive erosion to occur. Foster
and Fell (2001) proposed the following criteria for excessive
erosion:
i) average filter D15 greater than the D15 which yields an
erosion loss of 0.25g/cm2 in the CEF test (Fig. 19) and/or
ii) an upper limit filter D15 greater than the D15 which yields
an erosion loss of 1.0g/cm2.
Foster and Fell (2001) proposed a method to assess likely filter
performance in the event of a concentrated leak (Fig. 20), with
the no-erosion boundary the same as the filter design limit of
D15 = 0.7 mm found by Sherard and Dunnigan (1989) for soil
group 2. In terms of continuing erosion, the boundary was

Fig. 20. Likely filter performance in the event of a concentrated leak (Foster and Fell,
1999a).
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assumed to be related to the filter’s opening size (0.11 D15), i.e.,
filter D15 > 9d95. As a comparison, Kenney et al. (1985) found
the maximum passable particle size to be 0.2 D15 for the filter.
To take any influence of the filter’s internal instability or
inability to self-filter into consideration, Foster (2007) proposed
the following additions when assessing the filter’s performance:
i) if the filter is susceptible to suffusion, adjust the filter’s
grading curve by assuming that all of the erodible material is
washed out and obtain the filter’s D15 from the adjusted grading
curve and ii) if the filter is not self-filtering (according to
Sherard, 1979), assume the filter’s finer fraction is washed out
and obtain the adjusted filter’s D15 from the rearranged filter
curve. Moreover, if poor construction procedures were used or if
segregation of the filter is suspected, then the likelihood should
be weighted toward poor filter performance (Foster and Fell,
2001).
Filter design criteria for broadly graded soils
Filters or transition layers provide the most important internal
erosion control in dams, and any continuation of internal erosion
depends on the effectiveness of the filter.
ICOLD (1994) stipulates two basic required functions of filters
in dams:
i) retention function (the filter must prevent migration of
particles from the base material) and
ii) permeability function (the filter must be able to accept
seepage without excessive pore-pressure build-up).
Furthermore, ICOLD (1994) recommends that the filter should
do the following:
iii) not segregate,
iv) not degrade and change gradation,
v) not have cohesion,
vi) be internally stable, and
vii) be able to seal concentrated leaks.
According to the NEH (1994), the filter should also have the
following characteristics:
viii) the width of the filter band should be such that the ratio
between the maximum and minimum diameter is at
maximum five to prevent gap-grading (up to 60 %
passing weight) and
ix) a Cu of six or less of the coarse and fine grading (to
establish the limits of the filter band).
In addition to the permeability function and the nonsusceptibility to segregation, Ripley (1984) recommends the
following capabilities of filters:
x) appropriate gradation so that migration of core fines is
limited to only a few millimeters, and
xi) crack-stopping ability (2 % minus no. 200 sieve (0.075
mm) is recommended, but 0 % no. 100 sieve (0.150 mm)
is preferable).
20
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Foster and Fell (1999a) found that dams with a good filter
performance on average had the following:
xii) filters with a D15 0.5 mm (with the coarsest gradings
finer than 0.5-1.5 mm).
A two-zone filter transition component upstream of the core and
a three-zone filter transition downstream of the core have by
experience proven to be fully effective defensive measures to
prevent piping of the core (Ripley 1984, 1988). Proceeding
away from the core, the three-zone downstream filter component
should be comprised of the following: clean sand minus 12 mm
(1/2 in.), gravel 12-50 mm (1/2 to 3 in.), and rock (gravel to
cobbles) 50-250 mm (3 to 10 in.). Leps (1979) recommended a
slightly less strict solution that is composed of a two-zone filter
drain, of which the zone next to the core should consist of fine
to medium sand.
Glacial till (moraine) generally consists of a mixture of coarser
particles (e.g., gravel and cobbles) in a matrix of finer soil; the
coarser particles will not generate any filtering influence
(Bartsch, 1995). Hence, the filter should be designed so that it
prevents erosion of the core’s finer soil matrix and any coarser
fraction should be neglected (Leps, 1979). Lafleur (1984) found
by filter testing that the filter should be designed with respect to
the core fraction that is finer than 1.0 mm. To avoid segregation
of the broadly graded core soil, Leps (1979) recommended
eliminating the coarser fraction (e.g., plus 50 mm) in the core by
processing.
The Terzaghi filter criterion
One of the first modern filter design criteria is the well-known
Terzaghi criterion. According to Kezdi (1979), Terzaghi
stipulated that a soil will serve as a filter if its D15 is located
between 4d15 (for sufficient permeability capacity) and 4d85 for
the base (Fig. 21), where the retention criterion is D15/d85 < 4. A
filter coefficient of four was established based on the diameter
of a sphere that can fit into the voids created by the arrangement
of spheres in a dense and loose state (Kezdi, 1979). Applying
the Terzaghi criterion to widely graded moraines (glacial tills)
will probably result in filters that will not satisfy current filter
criteria nor function effectively against a moraine base in terms
of internal erosion control.
Fig. 21. Illustration
of the Terzaghi filter
criterion (from
Kezdi, 1979).
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Work by the Soil Conservation Service
At the beginning of the 1980s, the Soil Conservation Service
extensively investigated “critical” and “non-critical” filters for
different types of base soils to improve the understanding of
filters and their design. They found that a uniform filter will
catch particles with a diameter of 0.11 D15 (i.e., D15/9) and finer
grained particles than that can thus be carried through the voids
of the filter (Sherard et al., 1984b). Well-graded filters (Cu of
about 20) will catch particles of about ½ the size of uniform
filters with the same D15 (Sherard et al., 1984b).
Experiments on uniformly graded sand and gravel filters (with
D15 sizes ranging from 1.0 mm up to 10 mm) were carried out in
addition to testing of finer-grained filters to protect the cores of
clay and silt. With the laboratory “No erosion filter” test or
NEF-test, which is an apparatus with a preformed hole through
the base soil (to imitate a concentrated leak), Sherard and
Dunnigan (1989) concluded that for broadly graded glacial
moraine soils (which are included in their soil group 2), tills, a
filter with D15 of 0.7 mm or finer was necessary to prevent all
internal erosion.
Results from the James Bay projects
During the hydro development of the James Bay area (Québec,
Canada), Lafleur et al. (1989) investigated extensively the
filtration of moraines from the James Bay by performing screen
tests (base material put against screens of different openings)
and compatibility tests (base against filter). They found that the
filter criteria at the time (beginning of the 1980s) were not
suitable on broadly graded base soils. Lafleur et al. (1989)
proposed the following steps (i.e., flow chart and consuptual
gradings) to design filters of broadly graded cohesionless glacial
till bases (Fig. 22):
i) determine if the base is broadly graded,
ii) if linearly graded and internally stable (curve 1 or 2,
Fig. 22), the self-filtration size is dSF = d50 ,
iii) if gap-graded but internally stable, dSF equals the lower
gap size (curve 3, Fig. 22),
iv) if internally unstable and concave upwards, dSF = d20
(curve 4, Fig. 22). The proposed retention criterion is D15
< 4dSF.
v) Compare the self-filtration size of the base to the filter
opening size, Of = D15/4 (ICOLD, 1994).
For a typical Swedish glacial moraine core (with a fines content
of 25-45 % without evident gap-grading), a filter designed
according to Lafleur et al. (1989) method would allow a filter
D15 of 0.1-0.2 mm or 0.2-1.6 mm (depending on the d20 or d50
used as the self-filtration size of the core).
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Guidelines for filter segregation
Segregation causes unwanted non-homogeneities in a material.
Criteria for filter segregation or methods to quantify it are still
less clear, but there are guidelines in the literature on how to
minimize problems with segregation. The use of widely graded
materials increases the risk for segregation, and as put by Ripley
(1984), “segregation is the major culprit to be guarded against as
the risk of uncontrollable segregation increases as the range of
particle sizes becomes wider”. For a segregated filter to actually
work, sufficient migration of finer-grained particles from the
base must exist to fill the voids of the segregated filter (Sherard
et al., 1984b).
Work by Kenney and Westland
Kenney and Westland (1993) carried out laboratory segregation
tests on cohesionless granular materials by using a rotating
drum. The tests revealed that even a uniformly graded sand and
gravel material, which is typical of a protective filter in moraine
core dams, segregated from an initial D15 filter of less than 1.0
mm to a D15 up to 10.0 mm. Kenney and Westland (1993) also
Fig. 22. Flow
chart and
conceptual
gradings for
filter design to
broadly graded
base soils
(ICOLD 1994,
Lafleur et al.,
1989).
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found that segregation is reduced by the presence of water due
to capillary tension; furthermore, segregation occurred to a
smaller extent if the soil contained fines. Although the rotary
drum perhaps induced a degree of segregation greater than
would be expected in the field, it still clearly indicates that
segregation is more or less unavoidable when using widely
graded materials. To limit the segregation of filters, Kenney and
Westland (1993) recommended using narrowly graded granular
soils and keeping the soil in a wet state during handling.
Guidance given in the literature
There is guidance in the literature as to how segregation
resistance may be achieved; Ripley (1986) and Sherard et al.
(1984a) recommended restrictions on the filter’s gravel content
and maximum particle size (Table 1). To minimize segregation,
NEH (1994) recommends a specific relationship for the filter’s
D10:D90 (Table 1).
Foster and Fell (2001) found that the following characteristics of
sand-gravel filters tend to make them susceptible to segregation:
i) broad grading and maximum particle size > 75 mm, ii) low
amount of sand (< 40% finer than 4.75 mm), and iii) poor
construction practices. In Sutherland and Grabinsky (2003),
field procedures were proposed to quantify and control
segregation. They proposed the following framework to test the
potential for segregation: i) dumping, ii) sampling the dumped
pile to establish initial homogeneity, iii) spreading, iv) multiple
sampling of the lift, v) repeat to generate upper and lower bound
limits of segregation in the lift, and vi) decide whether the limits
are acceptable.
In terms of well-graded transitions of gravel sizes and coarser
(up to cobble-sized material), Ripley (1984) recommends a ratio
of D100/D10 < 6, which has provided effective segregation
resistance from construction experience (based on the use of
fractions 16-75 mm and 75-250 mm that worked without
harmful segregation). Commonly, the governing particle size for
segregation is particles larger than D60; thus, the use of the
coefficient of uniformity (i.e., Cu=D60/D10) as an indicator for
segregation susceptibility would be less effective (Sherard et al.,
1984b).
Table 1. Sand-gravel filter characteristics to limit segregation.
Source

Finer than 4.75 mm

D10 min

Dmax

Sherard et al.
(1984a)

At least 40 %

50 mm

Ripley (1986)

At least 60 %

18 mm

NEH (1994)

< 0.5 mm

20 mm (D90MAX)

NEH (1994)

0.5-1.0 mm

25 mm (D90MAX)
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I NVENTORY OF EXISTING DAMS AND EVALUATION
The study is based on an inventory of existing dams that is
exclusively comprised of dams composed of broadly graded
glacial soils (moraine/till) as filling in the impervious core. Data
was obtained through inventory from the following sources:
i) inventory of archives with dam records (exclusively
Swedish dams),
ii) case studies from the published literature on dams with
moraine (glacial till) cores (mainly international dams),
iii) whenever possible, using existing inventories of dams
carried out by others, and
iv) whenever possible, collecting data from direct sources
and contacts or via international dam owners.
The collected data comprise the following:
v) filter gradings (full samples and preferably as-built data),
vi) base (core) gradings,
vii) dam geometry and construction (preferably as-built
data),
viii) historic performance data since commissioning (special
focus on occurrence of internal erosion), and
ix) other (e.g., instrumentation readings).
Data set of existing dams and dam categories
The data set of existing dams consists of 91 glacial moraine core
embankment dams (where the proportion of rockfill dams is
approximately 51 %). Of the dams, 21 are afflicted by internal
erosion with reported sinkholes or other internal-erosion-related
signs (whereof rockfill dams are a majority, with 71 %). The
composition and structure of the dams in this study varies
somewhat, but the common features are the glacial moraine core
and the filter-transition zones of the sand-gravel. The dams’
impervious moraine cores classify as Sherard and Dunnigan
(1989) soil group 2 base soils (40-85 % finer than No. 200
(0.075 mm) sieve, which was determined from base soil
regraded on the 4.75-mm sieve).
The data from Swedish dams in this study were compiled by the
author as part of an ongoing review of moraine core dams. Data
from previous inventories of Swedish dams, which were
conducted by Nilsson (1995), Nilsson et al. (1999) and
Rönnqvist (2002), were also used in this study where applicable.
When using data sets from Nilsson (1995) and Nilsson et al.
(1999), no complete grain sizes curves were available, only
specific grain sizes (e.g., filter D15, filter D50 and maximumsieved particle). International dams were also included; data was
mainly collected from published literature but also through
contacts with dam owners. The prerequisite is the impervious
core (base) material of glacial moraine (till) with a similar
composition (e.g., widely/broadly graded, fines volume up to
approximately 60 % and low to negligible clay content).
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Fig. 23. Number of
dams in terms of the
performance history
of internal erosion
(category 1, 2 and
3) and the elapsed
time until the first
internal erosion
event.

21

60

10

6

First filling

4
1

Within 1st year
Year 1-5

5

Year 5-10

5

Year 10-15

1: Dams with probable occurrence of internal erosion
2: Dams where observations may be signs of internal erosion
3: Dams with no observations to indicate internal erosion

The inventoried dams are grouped in three proposed categories
with regard to the occurrence of internal erosion (Fig. 23); the
categories are as follows.
1-dams Embankment dams with a probable occurrence of
internal erosion – The dam has had incidents with
visible sinkholes and settlements on the surface of the
dam as well as leakage with dirty water (eroded
material in suspension) or other observable signs of
internal erosion. The presence of internal erosion is
documented (e.g., by test pits or drill cores).
2-dams Embankment dams where observations may indicate
signs of internal erosion – Sinkholes and settlements
occurred in the dam, but no leakage with eroded
material was noted. The presence of internal erosion is
not clear, and until proven otherwise, the signs are
considered unrelated to internal erosion.
3-dams Embankment dams with no observations to indicate
internal erosion – No sinkholes or settlements have
occurred in the dam, and no leakage with eroded
material has been observed.
1-dams have experienced typical signs of deterioration that are
related to internal erosion; in particular, the prerequisite of 1dams is a confirmed and documented occurrence of surfaced
internal erosion. 2-dams are “borderline cases” that have
exhibited signs maybe related to internal erosion, but it is not
clear; thus, the observations of the dam in question are
considered to not be related to internal erosion and more related
to deterioration for other reasons until further notice. 3-dams
have exhibited no signs of internal erosion and are regarded as
fully functional embankment dams (at least in terms of internal
erosion).
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Placing existing dams into the categories of internal erosion is
delicate because in most cases, the process of internal erosion is
concealed and often has a very slow progression. There are 21
dams that qualify as 1-dams with a probable occurrence of
internal erosion (Fig. 23); in six of these dams, the internal
erosion (in the shape of sinkholes and turbidity) surfaced almost
immediately after the first reservoir filling. However, the
majority of the category 1-dams showed the first internal erosion
event as long as 5 to15 years after the dam’s commissioning.
Filter D15 distribution
Spreadsheets of the D15 filter that belong to 1-dams (sample size
n2 = 21) and 2-3-dams (sample size n1 = 70) are shown in Table
2 and Table 3, with the respective values of the mean, variance
and quartiles (Fig. 24).
ANOVA calculations (analysis of variance by using the
statistical package SPSS (2009) that involve post-hoc multiple
comparisons and univariate analysis using Tukey) show that
there is a significant difference (P-value < 0.01) between the
maximum filter D15 of 1-dams and 2-dams, and 1-dams versus
3-dams, but there is no significant difference in the D15 between
2-dams and 3-dams. In terms of the filter D15, category 2-dams
and 3-dams are therefore at least statistically from the same
population (and are considered to belong to the same group in
the following, namely 2-3-dams).
If the coarse limits of the filter’s D15 are illustrated in terms of a
dot (scatter) diagram and a box plot (Fig. 24), the bell-shaped
distribution of 2-3-dams (i.e., dams with no observations to
indicate internal erosion) indicates the center to be around 0.80.9 mm (which is confirmed by the box plot). Dams with a
BOX plot & Dot diagram of Filter D15(max)
14

2-3-dams:

x1

0,94

s12

0,457

Q1

0,5

Q2

0,8

Q3

1,2

Q1 Q2 Q3

12

1-dams:

x2

7,82

8

s22

115,2

6

Q1 1,5

4

Q2

2

Q3 10,0

10

2,4

0
0,1

1
10
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100

1-dams Filter D15(max) Box plot

2-3 dams Filter D15(max) Dot diagram

2-3 dams Filter D15(max) Box plot

1-dams Filter D15(max) dot diagram

Fig. 24. Combined box plot and dot diagram of the maximum filter D15:
1-dams against 2-3-dams.
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probable occurrence of internal erosion, i.e., 1-dams, have a D15
mean value of 7.8 mm but a median of 2.4 mm (probably
affected by the outliers with a D15 of 32 mm and 40 mm,
respectively). If the outliers are disregarded, the mean is 4.85
mm. By testing the potential difference between the two
populations ( 1 and 2 ), the t-distribution (as written in eq. 1) is
assumed (small sample in regards to 1-dams) and the sample’s
means ( x1 and x 2 ) are used to test the hypothesis ( 1 = 2 ).

x1

t

x2

[

]

1

H0 :

1

2

(eq. 1) H 1 :

1

2

2 H0

s 2p

s 2p

n1

n2

: 0.05
2

The pooled (weighted) variance s p , which is the best estimator
of the two variances, can be calculated with the expression in eq.
2:

s

2
p

(n1 1) s12 (n2 1) s 22
n1 n2 2

26.2 (eq. 2)

Based on the degree of freedom (df = (21-1)+(70-1) = 89) and at
a 5% error level, the range of the double-sided t-distribution t
becomes [-2.045, 2.045]. From eq. 1, the t-value, which is based
on the sample means, is 5.4; this is outside the range of t . The
hypothesis H0 can thereby be rejected, and on a 95 % confidence
level, the means differ between the two populations, which
confirms the possible difference in the D15 coarseness between
the categories of dams (i.e., 1-dams versus 2-3-dams). In other
words, had the null-hypothesis been true (i.e., no difference in
means), there was less than a 5% chance of getting the above
result. A 95% CI (confidence interval) for 1-dams is given by
eq. 3 (t-distribution is assumed given the small sample of 1dams).
Table 2. Ascending order of the filter’s D15 (coarse limits) for
category 2-3-dams (n1 = 70).
0,1

0,11

0,2

0,25

0,25

0,34

0,35

0,35

0,4

0,4

0,4

0,4

0,5

0,5

0,5

0,5

0,5

0,5

0,5

0,55

0,6

0,6

0,6

0,6

0,6

0,7

0,7

0,7

0,7

0,7

0,7

0,75

0,8

0,8

0,8

0,8

0,8

0,8

0,8

0,8

0,8

0,9

0,9

0,9

0,9

0,9

0,9

1,0

1,0

1,1

1,2

1,2

1,2

1,2

1,2

1,2

1,3

1,3

1,4

1,4

1,4

1,6

1,6

1,6

1,6

2,1

2,5

2,6

3,5

3,7

Table 3. Ascending order of the filter’s D15 (coarse limits) for
category 1-dams (n2 = 21).
0,9

1,4

1,5

1,5

1,5

1,5

1,5

1,7

1,8

2,0

2,4

3,0

3,0

5,0

7,5

10,0

11,0

17,0

18,0

32,0

40,0
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95% Confidence Interval & BOX plot of Filter D15(max)
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No erosion D15<=0.7 mm

2-3 dams Filter D15(max) Box plot
95% CI 1-dams (no outliers)
95% CI 2-3 dams (no outliers)
D15=1.4 mm

Fig. 25. 95 % confidence intervals and box plots of the maximum filter D15: 1dams against 2-3-dams.

.

x2

t

s 22
(eq. 3)
n2

In regards to the 20 degrees of freedom ( =21-1) at a 95%
confidence level, the CI becomes 7.8 ± 4.86 [2.9, 12.7], which
means that the true mean 2 lies within 2.9-12.7 mm for the 1dams with a 95% confidence level. Two outliers were identified
for 1-dams, i.e., D15 = 32 and 40 mm (Fig. 25), and if the
influence from these are disregarded, the 95% CI becomes 4.9 ±
2.6 [2.3, 7.5] (based on the revised parameters x 2 4.85 ,
s 22 28.7 and =19-1=18).
In terms of 2-3-dams, the sample size is n1 = 70, and a 95% CI is
given by eq. 4 (large samples):

x1

z

s12
(eq. 4)
n1

Given that z0.025 is 1.96, the 95% CI for the true mean 1 for 2-3dams becomes 0.94 ± 0.16 [0.8, 1.1]. By disregarding the
influence of the four outliers (i.e., D15 = 2.5, 2.6, 3.5 and 3.7
mm), the 95% CI becomes 0.81 ± 0.1 [0.7, 0.9] (based on the
revised parameters x1 0.81 , s12 0.172 and n1=66).
From the distribution of dams in terms of the filter D15 and
category 1-dams versus 2-3-dams (Fig. 26), it indicates that out
of the 91 dams, regardless of the history of internal erosion,
67% of the dams have filters with a coarse limit that does not
meet the “no-erosion” boundary and design criterion of D15
0.7 mm (for soil group 2 base soils as stipulated by Sherard and
Dunnigan, 1989). This suggests that the criterion is for design
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Max Filter D15 (mm)

27,0 (90%)
3,0 (10%)
0,0

<= 0.7

24,0 (80%)
5,0 (16.7%)
1,0 (3.3%)
9,0 (31%)
2,0 (6.9%)
18,0 (62.1%)

> 0.7, < 1.4
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0
0

>= D15 = 9 d95 (CEboundary )
0

2,0 (100%)
10

20

30

3: Dams with No
observations to indicate
internal erosion
2: Dams where
Observations may be
signs of internal erosion
1: Dams with Probable
occurrence of internal
erosion

No of dams in
category 1, 2 and 3-dams
40

Fig. 26. Distribution of dams in terms of the filter D15 (coarse limit) and the dam
category 1 to 3 (the proportion of dam category is given for each case in brackets).

% 1*, 2* and 3* dams

purposes and less effective for analysis purposes (especially
when discerning between dams with and without internal
erosion). On the opposite end, in terms of excessively coarse
filters (with coarse limits beyond the continuing erosion
boundary of D15/9 > d95, as proposed by Foster and Fell, 2001),
the proportion of 1-dams is 100 % (without any 2-3-dams),
which would be expected. This suggests that the “no-erosion”
and the “continuing erosion” criteria provide quite strict endboundary conditions. As shown in Fig. 26 in brackets, 100% of
the dams that meet the “no-erosion” boundary are dams without
internal erosion (i.e., 2-dams and 3-dams); in contrast, there are
no 1-dams, which confirms the strict no-erosion criterion.
As the coarseness of the filter D15 increases, the proportion of 1dams increases (i.e., dams with probable occurrence of internal
erosion): category 1-dams amount to approximately 65% of the
total of dams with D15 1.4 mm (which is a boundary between
the quartile Q3 of dams without erosion and the quartile Q1 of
dams with internal erosion (Fig. 25), and between the
confidence intervals (Fig. 26) of these two categories of dams),
which makes up 95 % of the category 1-dams. On the other
80
60
40

55,6
16,7
18,2

50,0 68,2
44,4
16,7
0,0 0,0

20

16,7 13,6
0,0

0
CORE: SUFFUSIVE and CORE: SUFFUSIVE and CORE: NO SUFFUSION CORE: NO SUFFUSION
FILTER: SUFFUSIVE FILTER: NO SUFFUSION
and FILTER:
and FILTER: NO
SUFFUSIVE
SUFFUSION

Dams with Probable occurrence of internal erosion
Dams where observations has been made that can be signs of internal erosion
Dams with no observations on internal erosion

Fig. 27. Distribution of results using the USACE criterion (Rönnqvist, 2006).
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hand, almost one in three dams (29 %) is still a 3-dam (without
indication of internal erosion), which indicates that the filter D15
alone is a relatively ineffective predictor of the potential for
internal erosion dams (i.e., when D15 is in the range between the
no-erosion boundary and the continuing erosion boundary).
Applying the selected methods of others
USACE criterion
In Rönnqvist (2006), the USACE (1953) criterion was tested on
data from existing moraine core dams. Given the inherent wide
and broad gradation of such dam materials, the criterion presents
generally conservative results (Fig. 27). Suffusive core and filter
material was found in about 56% of 1-dams, as opposed to 18%
of 3-dams which may seem discerning between these two
categories. However, the proportion of 1-dams versus 3-dams
with both a suffusive core and filter material is 45 %,
respectively, which indicates an unsuccessful divider between
the two categories of dams. Wan and Fell (2004b) indicate based
on seepage tests of widely graded soils that predicting suffusion
only in terms of a Cu higher than 20 is overly conservative and
an inappropriate criterion for this use. In Rönnqvist (2008b), the
coefficient of uniformity, Cu, was found to be ineffective in
terms of moraine core dams if used as the only measure of
internal erosion susceptibility.

% 1*, 2* and 3* dams

Burenkova criterion
The Burenkova (1993) criterion was investigated in Rönnqvist
(2006), where more than 70% of the 3-dams (dams with no
observation of internal erosion) and approximately 55% of the
dams with a probable occurrence of internal erosion (1-dams)
are predicted to have suffusive core and filter material (Fig. 28).
The proportion of 1-dams versus 3-dams with suffusive core and
filter material are 20% versus 64%; an indication on an inability
to separate dams with a probable occurrence of internal erosion
from dams with no observation of internal erosion. However, the
Burenkova (1993) criterion satisfactorily predicted the internal
stability of the soil samples in Wan and Fell (2004b).
80,0
60,0

55,6

66,7 72,7
44,4 33,3

40,0
20,0

27,3

11,1

0,0 0,0

0,0
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and FILTER:
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and FILTER: NONSUFFUSIVE

CORE: NONSUFFUSIVE and
FILTER: SUFFUSIVE

CORE: NONSUFFUSIVE and
FILTER: NONSUFFUSIVE

Dams with Probable occurrence of internal erosion
Dams where observations has been made that can be signs of internal erosion
Dams with no observations on internal erosion

Fig. 28. Distribution of results using the Burenkova criterion (Rönnqvist, 2006).
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Fig. 29. Likely filter performance by using the Foster and Fell method (Rönnqvist,
2007).

Foster and Fell method
The Foster and Fell (2001) filter testing method for existing
dams links the filter D15 and the percentage of fine-medium sand
in the core material (i.e., the gap-grading if it is low). They
recommended that erosion was more likely for “Group 2A base
soils” when a lower degree of fine-medium sand in the core and
a higher filter D15 were present. Foster and Fell (2001) define
three categories for filter performance: seal with “No erosion”,
seal with “Some erosion”, and partial or no seal with “Large
erosion”.
For category 1-dams, the Foster and Fell (2001) criterion
indicates that erosion is possible (some or large) under a
concentrated leak (Fig. 29). Furthermore, none of the 1-dams is
highly likely to seal with “no erosion” in case of a leak, which
corresponds well to the dams in the study. 93 % of the category
1-dams are assessed as being likely to highly likely with “large
erosion” in case of a leak, which relates well with the
performance history of internal erosion (Fig. 29). However,
there may be a conservative side to the method because 34 % of
the dams with no observation of internal erosion (3-dams) are
also placed in the “large erosion” group. Furthermore, there
appear to be limits as to differentiating between the dam
categories because the proportion of 1-dams versus 3-dams for
the “large erosion” group is almost equal (i.e., 46% versus
43%).
Kenney and Lau method
By applying the Kenney and Lau (1985, 1986) method to the
data set of dams, the filters’ internal stability (H/Fmin) is
distributed according to Table 4 and Table 5 (in terms of 2-3dams with a sample size n1 = 46 and for 1-dams with a sample
n2 = 20).
ANOVA calculations (by using the statistical package SPSS
(2009), which involves post-hoc multiple comparisons and
univariate analysis using Tukey) show that there is a significant
difference (P-value < 0.05) in internal stability between 1-dams
and 2-dams, as well as between 1-dams and 3-dams; however,
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BOX plot & Dot diagram of Filter internal stability
(H/Fmin)
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Fig. 30. Combined box plot and dot diagram of the filter’s internal stability:
1-dams against 2-3-dams.

no significant difference in the filter’s internal stability exists
between 2-dams and 3-dams. In terms of the filter’s internal
stability, 2-dams and 3-dams are therefore at least statistically
from the same population (and in the following considered to
belong to the same group, namely category 2-3-dams).
By putting the filters’ internal stability (H/Fmin) into dot (scatter)
diagrams and box plots (Fig. 30) (for the dot diagram, however,
the observed values have been rounded up to one decimal), it is
possible to calculate the mean of 1-dams to 0.69 (which is equal
to the median) and for 2-3 dams, 1.39 (median 1.28).

95% Confidence Interval & BOX plot of Filter internal
stability (H/Fmin)
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Fig. 31. Confidence interval and box plots of the filter’s internal stability: 1dams against 2-3-dams.
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Table 4. Ascending order of the filter’s internal stability
(H/Fmin) for category 2-3 dams (n1 = 46).
0,33

0,44

0,50

0,50

0,50

0,60

0,60

0,80

0,86

0,90

1,00

1,00

1,00

1,00

1,04

1,10

1,10

1,10

1,10

1,13

1,20

1,20

1,23

1,33

1,33

1,33

1,40

1,40

1,50

1,55

1,60

1,60

1,65

1,73

1,80

1,90

2,00

2,00

2,00

2,00

2,00

2,00

2,10

2,35

2,40

3,00

Table 5. Ascending order of the filter’s internal stability
(H/Fmin) for category 1-dams (n2 = 20).
0,38

0,43

0,50

0,50

0,50

0,50

0,57

0,60

0,67

0,68

0,70

0,70

0,73

0,77

0,78

0,84

0,85

0,86

1,00

1,25

It is reasonable to assume that there is a difference in means
(between the two categories of dams) just by studying the box
plot; thus, 1-dams and 2-3 dams differ in terms of the filter’s
internal stability. However, to confirm this, the hypothesis can
be tested similar to the filter D15 (see above). A t-distribution is
assumed (small samples), as per eq. 1 with 64 degrees of
freedom (df = (46-1)+(20-1) = 64) and a 5% error level; the
range of the double-sided t-distribution is as follows:

t is [-

2

2.045, 2.045]. The pooled variance s p becomes 0.258 (eq. 2).
The t-value (based on the means) becomes 4.9, which is outside
of the range of t , whereas H0 can thereby be rejected. On a
95% confidence level, the means differ between the two
populations, which confirms the difference between the two
categories of dams (i.e., 1-dams and 2-3-dams) in terms of the
filter’s internal stability.
A 95% CI (confidence interval) for the 1-dams (sample size of
20 observations) in terms of the filter’s internal stability can be
done by using eq. 3 (t-distribution is assumed given the small
sample size). With 19 degrees of freedom ( =20-1) at a 95%
confidence level, the CI becomes 0.69 ± 0.1 [0.6, 0.8], which
means that with 95% confidence, the true mean 2 is 0.6 to 0.8,
i.e., internally unstable (Fig. 31). For the 2-3-dams (sample size
Table 6. Ascending order of the core’s internal stability (H/Fmin)
for category 2-3-dams (n1 = 38).
0,25

0,45

0,45

0,6

0,6
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0,8
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0,9

0,92
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0,95

1,0

1,05

1,1

1,1

1,15

1,2

1,2

1,33

1,33

1,35

1,6

1,85

Table 7. Ascending order of the core’s internal stability (H/Fmin)
for category 1-dams (n2= 20).
0,40

0,4

0,44

0,45

0,5

0,5

0,55

0,56

0,58

0,6

0,61

0,66

0,67

0,67

0,7

0,75

0,75

0,88

0,88

0,95
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of 46), the 95% CI is given by eq. 4 (large samples), and the
95% CI for the true mean 1 of the 2-3-dams becomes 1.35 ±
0.17 [1.2, 1.5], i.e., internally stable.
In terms of the cores’ internal stability, the distribution of
(H/Fmin) for 2-3-dams (sample n = 38) and for 1-dams (sample n
= 20) is given in Table 6 and Table 7.
By putting the cores’ internal stability (with regard to the dam
category) into box plot and a dot diagram (Fig. 32), it indicates
that a difference in the two categories is less clear, which is
indicated by the slightly overlapping box plots. The mean of the
1-dams is 0.63, and 0.9 is the mean for 2-3-dams. By testing the
null hypothesis ( 1 = 2 ) with a t-distribution (as written in eq.
1) based on the sample’s means ( x1 and x 2 ) at a 5 % error level,
the range of the double-sided t-distribution is t = [-2.045,
2.045]. The t-value (based on the means) from eq. 1 is 1.3
(which is within t ); thus, H0 cannot be rejected. There is not a
significant difference in the means of the core internal stability
between the two categories of dams. This was expected given
the box plots (Fig. 32).
The internal stability is denoted by (H/Fmin) (Fig. 33); out of the
64 dams that wer evaluated, regardless of their history of
internal erosion, approximately 38% are assessed as having
internal instability in both the filter and the core material (when
applying the Kenney and Lau criterion). 85% of the 1-dams
have both an unstable core and filter, whereas the proportion is
75% for 1-dams against 25% for 2-3 dams (Fig. 33). With
regard to the internal stability in both the core and filter, which
involves none of the 1-dams, it provides a strict boundary for
dams without internal erosion (3-dams). With increasing internal
BOX plot & Dot diagram of Core internal stability
(H/Fmin)
2-3-dams:

x1
s12
Q1
Q2
Q3

0,9
0,104
0,65

14

Q1

12

1-dams:

Q2 Q3

10
8

0,87

6

1,1

4
2

x2

0,63

s 22

0,026

Q1

0,5

Q2

0,625

Q3

0,725

0
0

0,5

1
Core H/F(min)

1-dams Filter H/F(min) Box plot
2-3 dams Filter H/F(min) dot diagram

1,5

2

2-3 dams Filter H/F(min) Box plot
1-dams Filter H/F(min) dot diagram

Fig. 32. Combined box plot and dot diagram of the core internal stability: 1dams against 2-3-dams.
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INTERNALLY
INTERNALLY
INTERNALLY
INTERNALLY
UNSTABLE CORE UNSTABLE CORE STABLE CORE and STABLE CORE and
INTERNALLY
INTERNALLY
and INTERNALLY and INTERNALLY
UNSTABLE FILTER STABLE FILTER UNSTABLE FILTER STABLE FILTER

1: Dams with Probable occurrence of internal erosion
2: Dams where observations may be signs of internal erosion
3: Dams with no observations to indicate internal erosion

Fig. 33. Distribution of dams by internal stability using the Kenney and Lau criterion
(the proportion of the dam category is given for each case in brackets).

stability (ascending values of H/Fmin), the proportion of 1-dams
decreases and the proportion of dams without internal erosion
increases (Fig. 33).
Li and Fannin approach
Li and Fannin (2008) found by a comparative analysis that the
analysis of the internal stability of the soils may be optimized by
combining the Kenney and Lau (1985, 1986) criterion with the
Kezdi (1979) criterion. One possible improvement they suggest
from this is that the combination appears to make the Kenney
and Lau criterion less conservative above the 15% passing
weight. When testing the combined method on the data set of
dams, it plots according to figure 34 (core soils of moraine) and
figure 35 (filter materials).
The (H/F)min values of the core moraine of 59 dams in total are
included: 21 are 1-dams. The Li and Fannin (2008) approach
improves the accuracy (and reduces the degree of conservatism)
of the Kenney and Lau (1985, 1986) criterion by reducing six
50
Mass Increment, H (%)
.

Fig. 34.
Evaluating the
core moraine
material by
using the
approach of Li
and Fannin
(2008)
(combining the
criteria of
Kenney and
Lau, as well as
Kezdi).
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0
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Dams with no observations to indicate internal erosion (2-3 dams)
Dams with probable occurrence of internal erosion (1-dams)
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Fig. 35.
Evaluating the
filter material by
using the
approach by Li
and Fannin
(2008)
(combining the
criteria of
Kenney and Lau,
as well as Kezdi).

40
30

INTERNALLY STABLE
Kenney&Lau H=F

20
Kezdi H=15
10

INTERNALLY
UNSTABLE

0
0

10
20
Mass Passing, F (%)

30

Dams with no observations to indicate internal erosion (2-3 dams)
Dams with probable occurrence of internal erosion (1-dams)

dams without an indication of internal erosion (2-3-dams) that
previously were assessed as internally unstable (Fig. 34). In
terms of the filter materials, the (H/F)min of the 65 dams (where
21 are 1-dams) show that two dams without an indication of
internal erosion (2-3-dams) are correctly taken away from the
group of “internally unstable filters”; however, two 1-dams were
also taken away (Fig. 35). In terms of the data set of dams in this
study, the combination of Kenney and Lau (1985, 1986) and
Kezdi (1979), as proposed by Li and Fannin (2008), makes the
evaluation of the internal stability less conservative and more
accurate (to pin-point dams with a historic performance of
internal erosion) when it comes to widely graded base materials
(moraines). With regard to the dams’ sand-gravel filters, any
potential improvement in separation between 1-dams and 2-3dams is less clear.
The reason for the crowding of the (H/F)min values at a 20%
passing weight (Fig. 34, Fig. 35) is that the lowest value of H/F
along the H:F curve within the stipulated evaluation range of 020% passing weight (for widely graded materials, Kenney and
Lau (1985)) is obtained at exactly F = 20%. Beyond that, the
H/F generally gets gradually lower.
Combining the aspects of the filter D15 and the internal stability
In the investigation of possible predictors of dams that are prone
to develop internal erosion (that surface in sinkholes or other
internal erosion-related sign), the filter coarseness (i.e., D15) and
the internal stability of the filter and core appear to be the most
influential factors. The filter design criteria alone is less
effective in analyzing the potential for surfacing internal erosion
because 67% of the dams (regardless of the internal erosion
performance history) do not satisfy the filter criterion of D15
0.7 mm (the criterion is according to Sherard and Dunnigan
(1989) for soil group 2 base soils). Furthermore, merely
assessing the internal stability of the filter and the core is also
relatively ineffective, given that approximately 76% of the dams
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are assessed as having unstable gradings in the filter and/or the
core (from the Kenney and Lau method (1985, 1986)).
A closer analysis of the filter D15 indicates that a more
discerning boundary is obtained from D15 1.4 mm because
approximately 65% of the dams with D15 1.4 mm are dams
with internal erosion (1-dams), which includes 95% of the 1dams (analogous, 29% is 3-dams which comprise only 15% of
this dam category). Furthermore, 75% of the dams with an
internal instability in both the core and filter are 1-dams (which
is approximately 85% of this dam category). Combining the
aspects of the filter D15 and the internal stability increases the
proportion of dams with internal erosion (1-dams); the
distribution of dams is according to Fig. 36. Of the dams with a
filter D15 1.4 mm and an internal instability in the core and
filter, 82% are dams with a probable occurrence of internal
erosion (1-dams).
As expected, the horizontal distributions agree with the D 15
distribution (Fig. 26), whereas the vertical distribution agrees
with the internal stability (compare with Fig. 33). (The small
discrepancy is due to the difference in the population size). For
the diagonal distributions (Fig. 36), which cross-reference both
the filter D15 and the internal stability, the proportion of dams
without internal erosion (3-dams) increases gradually with a
finer filter and increasing internal stability, vis-à-vis, the
proportion of dams with internal erosion (1-dams), which
increases as the filter gets coarser and as the core and filter turn
internally unstable.

Fig. 36. Results and proportion of categories when combining the filter D15 and the
internal stability (using the Kenney and Lau method).
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Other potentially indicative parameters

Proportion of damcategories 1dams and 2-3 dams (%)

Filter susceptibility to segregation
Ripley (1986), Sherard et al. (1984a) and Foster and Fell (2001)
give guidance on how to minimize the susceptibility for
segregation when handling widely graded filter materials. Both
Ripley (1986) and Sherard et al. (1984a) recommend restrictions
on the gravel content (material coarser than 4.75 mm) and the
maximum allowed particle size (Dmax). If both of these aspects
are considered, the most discerning combination in terms of the
dams with internal erosion (1-dams) and dams without (2-3dams) is obtained if the dams are divided into the following
groups (Fig. 37):
i) A: > 60% coarser than 4.75 mm AND 100 mm
maximum particle size,
ii) B: < 60% coarser than 4.75 mm OR < 100 mm
maximum particle size.
Based on the set of 91 existing dams, 70% of the dams are
category 1-dams if i) the filter’s maximum particle size is
coarser than 100 mm and ii) there is more than 60% of filter
material coarser than 4.75 mm (i.e., sand fraction lower than
40%). Of the dams with a smaller maximum particle size than
100 mm and/or less than 60% coarser than 4.75 mm, 90% are
category 2-3-dams (dams with no observations to indicate
internal erosion) (Fig. 37).
By dividing 1-dams and 2-3-dams into categories with regard to
the gravel content and D max (denoted A and B, Fig. 37), the
observed frequencies distribute as shown in Table 8 (with the
expected values in brackets). A statistical 2 test of the
homogeneity (equality of proportions) between the two dam
categories can be carried out by using eq. 5, which is based on
the frequencies given in Table 8. By this action, it is possible to
test whether the filter’s segregation susceptibility is influential
90% (64 dams)

100
80

70% (14 dams)

60
40

30% (6 dams)
10% (7 dams)

20
0

A: 60% coarser than 4.75 mm, AND
100 mm maximum particle size

B: < 60 % coarser than 4.75, OR
<100 mm maximum particle size

Dams with Probable occurrence of internal erosion (1-dams)
Dams with no observations to indicate internal erosion (2-3 dams)

Fig. 37. Filter segregation susceptibility: gravel content versus maximum particle
size.
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Table 8. Observed frequency of 1-dams compared to 2-3-dams in
terms of the filter’s segregation susceptibility (with the expected
values in brackets).
A: > 60% coarser than 4.75 mm AND
Dmax 100 mm

B: < 60% coarser than 4.75 mm OR
Dmax <100 mm

1-dams

14
(E=4.6)

7
(E=16.4)

21

2-3-dams

6
(E=15.4)

64
(E=54.6)

70

20

71

91

by the occurrence of internal erosion (i.e., if the frequencies
between 1-dams and 2-3-dams differ from each other).

2

(O E ) 2
E

(eq. 5)

H0: Frequencies of 1-dams and 2-3dams are homogenous.
H1: Not homogenous (categories differ
in frequency).
: 0.05

The null hypothesis is that the frequency between the 1-dams
and 2-3-dams are homogenous and associated with one another,
which would indicate that the properties that typically make the
material highly susceptible to segregate will not have a
significant effect on the potential for internal erosion. Based on
the degree of freedom (df = (r-1)(k-1) = (2-1)(2-1) = 1) and at a
5% error level, the critical 2 –value is 3.841 (in other words, if
the test statistic is within the range [0, 3.841], the hypothesis is
not rejected).
2

(O

E)2
E

32

3.841

By using the observed values in Table 8 against the expected
values, the sum clearly exceeds the critical value; thus, H0, i.e.,
frequencies are homogenous, can be rejected. The frequencies of
1-dams and 2-3-dams do not relate.
Filter-transition component
To satisfy the filter grading compatibility between an
impervious core and a support fill that is composed of rockfill, it
is generally necessary to have filter-transition components (in
the form of transition layer(s)). There is no clear definition of
the term rockfill, but Leps (1988) proposed that it signifies
material comprising an average particle size of at least 50 mm (2
in.) and at the most 40 to 50% finer than 25 mm (1 in.). If a
material has a higher content than that, the fraction finer than 25
mm will begin affecting the stress-strain and permeability
properties as the rockfill particles become surrounded by the
finer matrix (Leps, 1988).
Based on the data set, the study comprises in total 46 rockfill
dams. Of these rockfill dams, 44 have complete records, and
review of these show that 50% (22 rockfill dams) are equipped
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Table 9. Observed frequency of 1-dams versus 2-3-dams in terms
of filter-transition component (with expected values in brackets).
Rockfill dams with transition
layer

Rockfill dams without
transition layer

1dams

2
(E=7.5)

13
(E=7.5)

15

2-3dams

20
(E=14.5)

9
(E=14.5)

29

22

22
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with one or more transition layer(s) between the filter and the
rockfill shell (Fig. 38). Only 9% (two of 22 dams) of the rockfill
dams that are equipped with transition layer(s) are 1-dams.
Conversely, almost 60% (or 13 out of 22) of the rockfill dams
without transition layers are dams with reported sinkholes or
other internal-erosion-related signs (Fig. 38), which amount to
87% (13 of 15 dams) of the rockfill dams with probable internal
erosion.
If the frequencies in terms of presence of transition layer(s)
(Table 9) are statistically tested with a 2 test of the
homogeneity (equality of proportions, eq. 5), it is possible to
show that with a 5% error level, the computed 2 statistic is
12.2, which exceeds the critical 2 value of 3.841. The nullhypothesis (i.e., the frequencies of 1-dams and 2-3-dams are
homogenous and associated with one another) can be rejected,
thus the categories of dams differ from each other. No transition
layer in rockfill dams and the occurrence of internal erosion may
be related.
However, it should be noted that this potential causality,
although logical, is less clear; another plausible explanation may
be that the devoid of sufficient transition layers may have made
it necessary to compromise the filter so that it is compatible to
both the core and shell. In doing so, the filter is probably
designed with a grading that makes it less effective as a filter to
the fine-grained core material (due to its coarseness and
susceptibility to segregate from the wide gradation).
Fig. 38. Rockfill
dams and
presence of the
filter-transition
component
(Rönnqvist,
2008a).

20

9

Dams without
observations of internal
erosion (2 and 3-dams)

50%
50%

13

2
Rockfill dams without transion layer
Rockfill dams with transition layer(s)
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P ROPOSED FRAMEWORK FOR PREDICTING INTERNAL EROSION
Embankment dams that are comprised of broadly graded
materials with a glacial origin have been found to develop
sinkholes more frequently than dams composed of materials
with other origins. Sherard (1979) concludes from case histories
that internal erosion in dams with cores of broadly graded soils
developed if the following unfavorable combination exists:
i) thin core,
ii) coarse sand and gravel downstream filter with little or no
fine sand sizes,
iii) a filter which is not processed other than removing
cobbles by screening,
iv) usually a steep, inadequately sealed foundation and very
rapid filling of the reservoir.
In addition to the presence of the thin, vertical core and coarse,
narrow filters, Bartsch (1995) found through statistical analysis
of Swedish embankment dams that the following variables may
affect the function of the dam in terms of internal erosion:
v) year of completion (1970 and forward), which was
confirmed in Nilsson et al. (1999), who explained further
that this period (i.e., 1970-1974) coincided with a phase
of poor design or construction procedures.
Based on extensive literature reviews of case histories of dams
with poor filter performance, Foster and Fell (1999a) conclude
that failing filters typically occurs in filters with the following
characteristics:
vi) on average, a filter D15 > 1.0 mm (with coarsest 7-40
mm),
vii) a maximum particle size 100 mm, and
viii) high susceptibility for filter segregation.
When it comes to dams that are comprised of widely graded
glacial materials, assessing internal erosion remains less clear in
spite of the recent development of methods and criteria. This
study will provide a possible aid-to-judgment by proposing a
Fig. 39. Schematic
causes for
initiation and
continuation of
internal erosion in
moraine core dams
(Rönnqvist,
2008a).
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Fig. 40. Statistically significant boundaries of the filter D15 and the filter’s internal
stability (H/F), box plots and dot diagrams. The black dots describe dams with
internal erosion (1-dams), and the hollow dots describe dams without internal
erosion (2-3-dams).

framework for predicting the potential for surfacing internal
erosion in moraine core dams. Surfacing internal erosion refers
to a process that has reached the excessive or continuation
phase, and thus, manifestations of internal erosion occur, such as
sinkholes. The framework is based on observations of existing
moraine core dams. The proposed criteria have been tested
against case study data, and confirmed cases of internal erosion
in dams (e.g., sinkholes) have been compared to dams that
apparently have performed successfully over the years. The
proposed framework encompasses the following:
1) a method for first assessing moraine core dams – a
screening tool for evaluating the potential for surfacing
internal erosion,
2) an additional set of possible indicators/predictors, and
3) a set of typical behaviors of existing moraine core dams
that have developed internal erosion.
Provided that the core-foundation contact is adequate, internal
erosion may basically only occur through the dam’s body. With
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reference to the schematic outline of internal erosion processes
in figure 39, the initiation of internal erosion occurs due to
suffusion (e.g., internal instability) or concentrated leak erosion
(e.g. arching, low effective stress zones, freeze-thaw and
cracks). The continuation depends on the downstream filter (i.e.,
filter and core compatibility or an unfiltered interface), which
may be influenced by processes that affect the filter’s
composition, such as a suffusive filter or unfiltered interface
between the filter and shell (which causes filter erosion).
This thesis indicates a possible connection between the filter’s
coarseness and the filter/core internal stability in terms of
moraine core dams and internal erosion. The correlation does
not automatically infer causality, but the filter’s importance for
internal erosion control is generally accepted; thus, it is
reasonable to assume that the filter’s coarseness is fundamental
to the assessment of the internal erosion and that the stability of
the filter and core may be influencing the process. The results
from this study show that there are statistically significant
boundaries (Fig. 40) between 1-dams and 2-3-dams in terms of
the following:
i) Maximum filter D15 = 1.4 mm (boundary between the
quartile Q3 (i.e., 75 percentile) of dams without internal
erosion and the Q1 (i.e., 25 percentile) of dams with
internal erosion. This boundary also separates the
confidence interval on the 95% significance level of 1dams and 2-3-dams), and
ii) Filter (H/F)min = 1.0 (between the Q3 of dams without
internal erosion and the Q1 of dams with internal erosion
and between the 95% confidence intervals, i.e. dams
without internal erosion are internally stable and dams
with internal erosion are unstable).
Proposed method for first assessment (paper I)
If the filter’s internal stability (with the core’s internal stability
indicated with a circle if unstable) is cross-referenced with the
filter’s coarseness (i.e., filter D15), the dams’ plots according to
figure 41 (cpr., Fig 40). The boundaries and criteria proposed by
others are also shown, i.e., the boundary between the internally
stable and unstable material (Kenney and Lau (1985, 1986)
shape curve ratio H/F = 1), the Sherard and Dunnigan (1989)
filter criterion and the later adopted no-erosion boundary in
Foster and Fell (2001) D15 0.7 mm (soil group 2 base soils, 4085% finer than No. 200, i.e., 0.075 mm). Furthermore, the
proposed filter boundary of D15 = 1.4 mm, which was adapted
from observations of existing moraine (glacial till) core dams, is
also included (Rönnqvist 2006, 2007).
The coarser the filter, the more likely the filter is to be internally
unstable (Fig. 41); furthermore, as the filter turns internally
unstable and the coarseness increases in the filter, the dam is
more likely to have an occurrence of internal erosion (1-dam).
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This suggests that the internal instability and the filter’s
coarseness are indicators that can be combined to make a clean
distinction between 1-dams and 3-dams. There is some
intermixing between the dams (1-dams versus 2-3-dams), but
the plot indicates that most 2-3-dams have an internally stable
filter and a filter D15 that is finer than 1.4 mm (Fig. 41). 1-dams
generally have an unstable filter (and core) and a filter D15 that is
coarser or equal to 1.4 mm. The core is assessed as being
unstable in most cases, but it is more distinct in the case of 1dams. Reasonably, the potential for surfacing internal erosion
(i.e., erosion in the excessive or continuation phase) is “high”
for dams with a filter and core that are placed in the shaded area
in the lower right corner (where the filter is coarser or equal to
1.4 mm and the filter and core are assessed as unstable) or at the
far right where the filter’s D15 exceeds the continuing erosion
“CE-boundary”, D15 > 9 x d95 (criterion according to Foster and
Fell, 2001), as indicated in Fig. 41. It is also reasonable to
suggest that the potential is “low” for dams in the upper left
corner box (Fig. 41), where the filter is finer grained than the
“no erosion boundary” of D15 = 0.7 mm and the filter and core
are evaluated as internally stable.
A method is proposed (Fig 42) that addresses the potential for
surfacing internal erosion (i.e., erosion in the excessive or
continuation phase) in terms of the following: filter coarseness
(i.e., filter D15) and internal stability of the filter and core (using
the criterion by Kenney and Lau 1985, 1986). By recognizing
Dams without observations on internal
erosion (2 and 3 dams)

Filter Internal Stability (H/F)min .

2,4

CE-boundary; D15>9d95 approx. 6-30 mm

REDUCED LOW
POTENTIAL

2,6

DF = 1.4 mm

2,8

DF = 0.7 mm

3

2,2
2
1,8
1,6
1,4
1,2

Stable
H/F = 1
Unstable

1
0,8

Dams with probable occurrence of
internal erosion (1 dams)
Internally unstable core

HIGH
POTENTIAL

0,6
0,4
0,2
0
0,1

1

10

100

Log Max Filter D15 (mm)

Fig. 41. Filter’s internal stability plotted against the coarse limit of the filter D15
(Rönnqvist, 2007).
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(1)

Max Filter D15
(mm)
1.4

(2)

< 1.4
> 0.7
0.7
Notes:

(3)

Kenney and Lau
(1985, 1986)
Unstable core Unstable core + Stable filter or
Unstable filter Stable core + Unstable filter
(2)

Stable core
Stable filter

INCREASED

NEUTRAL

INCREASED

NEUTRAL

REDUCED

NEUTRAL

REDUCED

LOW

HIGH

1

Internally unstable if (H/F)min < 1, internally stable if (H/F)min 1.
Always a high potential if DF15 > 9 DB95 regardless of the internal stability. Foster
and Fell (2001) continuing erosion boundary. Re-grade core soil on the 4.75 mm sieve.
3
Sherard and Dunnigan (1989) no erosion boundary (soil group 2 base soils).
2

Fig. 42. Potential for surfacing internal erosion in moraine (glacial till) core
embankment dams. The proposed method combines Kenney and Lau (1985, 1986),
Sherard and Dunnigan (1989), Foster and Fell (2001) and the filter D15.

that it is not possible to be precise in the internal erosion
assessment and especially in the prediction of its potential,
qualitative terms have been used (i.e., high, increased, neutral,
decreased and low). If the filter’s D15 1.4 mm (Fig. 41), the
proposed potential levels are high, increased or neutral
depending on the internal stability of the core and filter. As the
filter gets progressively finer-grained, the proposed potential
ranges from neutral, reduced and low. The basic internal erosion
scenario that can be suggested is schematically outlined in a
qualitative flow chart (Fig. 43), which shows a possible chain of
events leading up to the “high potential for surfacing internal
erosion” in moraine core (glacial till) embankment dams. A
filter that satisfies the current filter’s design criteria (e.g.,
Sherard and Dunnigan, 1989) may still permit erosion to initiate
but the process will most likely not continue.
In Fig. 44, the proportion of dams with probable internal erosion
(1-dams) and dams without (2-3-dams) are shown in terms of a
high to low potential, which is based on the distribution of dams
in each category and group. As seen, the proportion of 2-3-dams
increases as the level of potential gradually goes from the
proposed high to low. For 1-dams, it increases as the level of
potential goes from neutral to high (Fig. 44, compare with Fig.
36).
Possible indicators of moraine core dams with internal erosion (paper
II)
With the objective of examining the factors that possibly
influence the potential for internal erosion of moraine core
dams, this thesis identifies the importance of the filter’s
coarseness and the filter’s grading stability as well as the effect
of filter segregation and the absence of filter-transition
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Fig. 43. Conceptual flow chart showing the internal erosion process that lead up to the
high potential for surfacing internal erosion. The notation according to Foster and
Fell (2001) is “no, some and large erosion” as well as “initiation and continuation”.

components. By way of back-analyzing dams with a
performance history of internal erosion and by comparing these
with sets of dams with no observations to indicate internal
erosion, statistically over-represented features are traced back to
dams with internal erosion.
In Fig. 45, the coarse limits of filter gradings are compiled for
dams that have formed sinkholes (or other clear internal erosion
signs). The majority of filter D15 fall within the range between
the no-erosion boundary D15 0.7 mm (as proposed by Sherard
and Dunnigan, 1989) and the continuing erosion boundary
D15>9d95, which corresponds to approximately 10 mm
(boundary proposed by Foster and Fell, 2001). The filter D15
1.4 mm (as proposed by Rönnqvist, 2008) encompasses the
majority of dams with internal erosion and provides a possible
lower bound for the D15 of these dams. Furthermore, as the D15
filter becomes coarser, a filter grading instability becomes more
100%

22 dams

6 dams

14 dams

Proportion (%)

14 dams

8 dams

8

17

80%
60%

82
92

100

100
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18

0%
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Potential for surfacing internal erosion
Dams with Probable occurrence of internal erosion (1-dams)
Dams with no observations to indicate internal erosion (2-3 dams)

Fig. 44. Proportion of 1-dams versus 2-3-dams in terms of the proposed level of
internal erosion potential.
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Fig. 45. Coarse limits of filter gradings of dams that have formed sinkholes
(Rönnqvist, 2009).

likely and the dam will have a probable occurrence of internal
erosion (Fig. 46). By plotting the filter’s internal stability against
the core’s (internal stability is determined with Kenney and Lau
(1985, 1986)), it is clear that the majority of dams with internal
erosion (1-dams) have a grading instability in the filter and the
core (Fig. 47).
If a filter is susceptible to segregation (during processing,
handling, placing and spreading), there is a risk for a locally
coarser and thereby ineffective filter due to the formation of
pockets and streaks of gravel. Ripley (1986), Sherard et al.
(1984a) and Foster and Fell (2001) provided guidance on how to
0
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Fig. 46. Filter
D15 (coarse limit)
versus the filter’s
internal
instability
(Rönnqvist,
2008a).
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Fig. 47. The core’s internal stability versus the filter’s internal stability (Rönnqvist,
2008a).

minimize the susceptibility for segregation. Ripley (1986) and
Sherard et al. (1984a) recommended restrictions on the
maximum particle size in the filter and gravel content (material
coarser than 4.75 mm), as adapted in Fig. 48. With the amount
coarser than 4.75 mm in the filter on the y-axis and the
maximum filter particle size (which in most cases are assumed
being the reported maximum sieved particle size) on the x-axis,
Fig. 48 indicates that filters in the majority of dams are widely
graded: they have a fairly low sand fraction and a large
maximum filter particle size. Thus, their properties increase the
likelihood of filter segregation. Furthermore, most of the dams
with a performance history of internal erosion (1-dams) have a
filter of Dmax 100 mm and an amount > 4.75 mm above 60%
(i.e., sand fraction lower than 40%).
Statistically, the following unfavorable coinciding properties of
the filter and core (base material) are over-represented for
moraine core dams with a history of internal erosion:
i) Coarsely graded filter (generally with a maximum D15
1.4 mm).
ii) Grading instability of the filter material.
iii) Grading instability of the core (base) soil.
iv) High susceptibility to filter segregation (low sand
fraction (>60% coarser than 4.75 mm) and large
maximum particle size (>100 mm)).
v) Devoid of filter-transition component in rockfill dams
(between the protective critical filter and the shell of
rockfill).
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Fig. 48.
Susceptibility to
filter segregation
(gravel content
versus
Dmax)(Rönnqvist,
2008a).
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The above-mentioned core/filter properties, when unfavorably
coinciding, can serve as indicators and give an idea of a dam’s
potential for internal erosion. The proportion of dams with
internal erosion (1-dams) increases as a dam possesses the
proposed indicators (Fig. 49): 93 % of the dams that exhibit a
coarse filter, instability of the filter, instability of the core, and a
filter that is susceptible to segregation are dams categorized as
dams with probable internal erosion. One factor by itself may
not necessarily influence the potential for internal erosion, but a
32 dams
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Fig. 49. Indicators and proportions of internal erosion prone dams.
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combination of the above factors appears to increase the
potential for internal erosion in embankment dams of broadly
graded soils.
Long-term behaviour of moraine core dams with internal erosion
(paper III)
By compiling historic performance data from dams with
probable occurrence of internal erosion, the typical behaviours
of dams that are prone to internal erosion may be extracted. This
may be used to evaluate the status of other dams in terms of
internal erosion. In light of these performance data, the timing of
internal erosion, the possible early-warning signs, and the
warning-time may provide aid-to-judgment. With reference to
figure 50, for a dam that is subject to an internal erosion event
(i.e., sinkhole), the timing of the internal erosion incident refers
to the time between the commissioning of the dam to the event.
The possible early-warning time refers to the time that has
elapsed from the first sign of internal erosion to the actual event.
Based on 30 existing moraine core dams known to have been
subject to internal erosion, Table 10 summarizes the typical
behaviours of dams that are afflicted with internal erosion.
Internal erosion incidents are most likely to occur early on,
during first filling or within the first year of service. However,
without any previous warning, there are dams that experience
the first signs of internal erosion decades into operation. When
not randomly located over soil and rock foundations, the
surfacing of the internal erosion incident (generally a sinkhole)
has been found in this review to occur where dams abut concrete
structures or sheet pile walls as well as over foundation
irregularities (which confirms Foster et al., 2000).
The most common signs (precursors) that precede internal
erosion incidents are an increase in leakage, muddy leakage, and
pore-pressure variations in the dam’s body (although porepressure changes are less frequently observed). It is important to
point out that these signs are not exclusive to an internal erosion
Fig. 50.
Conceptual flow
chart of longterm behaviour
aspects of
internal erosion.

51

Hans Rönnqvist

TRITA LWR LIC Thesis 2050

process. They may occur for other reasons, but they are likely
indications of initiated and perhaps continued internal erosion.
Thus, increased leakage, muddy seepage, and pore-pressure
changes may work as early warnings of initiated and progressive
internal erosion. Note that there are also dams with no apparent
warning sign prior to the forming of sinkholes. A possible
“warning-time” can be extracted from the time elapsed from the
first warning sign to the actual internal erosion event (and it is
usually back-analyzed). Generally, there is a “warning-time” of
months or longer between the first sign of internal erosion and
the incident. However, rockfill dams account for the majority of
cases where there has been a relatively short period of time
between the first sign and the incident of internal erosion. Fell et
al. (2003) hypothesized that the usual time for initiation and
continuation depends on the mechanism of internal erosion and
any influencing factors; thus, in terms of backward erosion and
suffusion (internal stability), there may be up to years for
development, but the process may still be very rapid if
influenced by a concentrated leak.
Conclusions and application
This study has shown that the filter D15 probably is influential
on the potential for internal erosion because dams with internal
erosion (1-dams) and dams without (2-3-dams) differ from each
other in terms of the filter coarseness (confirmed statistically
with 95% confidence). Furthermore, the internal stability of the
filter is also likely to be influential because 1-dams are
internally unstable (with 95% confidence) as opposed to 2-3dams, which have internally stable filter gradings (with 95%
confidence). Initiation of internal erosion can occur for many
reasons, but the continuation of internal erosion is highly
dependent on the capacity of the core’s critical filter. This study
Table 10. Long-term behaviour of dams that have experienced internal erosion (sinkholes).

Timing of internal erosion
incident:

ROCKFILL DAMS

EARTHFILL DAMS

Generally during first filling or within the
first year. There are also rockfill dams with
incidents that occurred years into
operation.

Generally a few years into operation or
after several years.

However, first signs of internal erosion may also occur decades into operation
(irrespective of dam zoning).
Increase in leakage
Muddy leakage
Pore-pressure variations

Possible early-warning sign:

Possible warning time
between the first sign and the
internal erosion incident:

Location of the internal
erosion incident:

Account for the majority of dams with no
warning or up to days–weeks warning
time.
However, there are also rockfill dams with
a warning time of months or longer.

Generally, months or longer between the
first sign and the incident.

Generally higher incidence where dams do the following:
i) abut to concrete structures and/or sheet pile walls
ii) are placed on an irregular foundation.
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shows that the common features of moraine core dams with a
history of internal erosion are highly correlated to the filter, as
expected. The proposed framework for assessing the potential
for surfacing internal erosion in moraine core dams includes the
following: i) a method that combines the filter’s coarseness with
the filter and core internal stability, ii) a set of possible
indicators for dams prone to develop internal erosion, and iii)
typical signs and behaviours of internal erosion prone dams
based on historical performance data.
When analyzing the potential for internal erosion, the necessary
data usually include the following:
As-built data (e.g., gradings and dam zoning drawings)
Measurement data from instrumentation (seepage, pore
pressure and settlement data),
Visual inspection data (inspections need to be correlated
with measurement data).
If applicable, the necessary data also include the following:
Photos from the construction, which can be used to
verify the intended construction procedures or confirm
suspected poor control. Photos from construction can
prove valuable when assessing, for example, the
likelihood of segregation by showing end-dumping of
filters due to lagging core construction (also in Fell and
Wan, 2005),
Soil samples from test pits (testing of the core and filter
zones),
Test pits to confirm crest details or horizontal drains at
the toe.
Care should be taken even when dealing with as-built data. Fell
and Wan (2005) report that many as-constructed drawings are
incorrect, especially near the dam crest (e.g., filters have been
left out, changing of zoning, poor quality of materials, etc.).
When applying the proposed method in Fig. 42, adjustments to
the gradings may be necessary if the following are true:
The filter is assessed as internally unstable. Although the
method (Fig. 42) takes into account the potential internal
instability of the filter, it is still recommended to check
the influence of the instability on the filter’s D15. This
can be done by back-analyzing the unstable curve to an
internally stable one (and thereby simulating a curve that
has undergone suffusion to an internally stable shape) to
generate the “effective” filter D15 size. However, in
Kenney and Lau (1985), a method is given on how to
determine the erosion loss due to internal instability.
The filter is assessed as not self-filtering. Analogous with
the recommendation when applying the UNSW criteria
(Foster, 2007), the self-filtering ability of the filter
should also be checked. A filter that is unable to selffilter may be locally coarser than the initial curve; by
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back-calculating the initial curve to a curve that would
self-filter, the “effective” filter D15 may be obtained.
This may be done by checking the Sherard (1979)
criterion d85 D15/4 back-analyzed along the curve to
obtain a new “self-filtered” curve. However, in Kezdi
(1979), a method is given on how to determine the
erosion loss and, thus, the “effective” grading.
The filter is assessed as susceptible to segregate. In spite
of the less clear criteria surrounding filter segregation
susceptibility and methods to quantifying segregation, an
idea of its effect may be obtained by Kenney and
Westland (1993). If filter segregation is suspected, a
higher ranking of the potential for surfacing internal
erosion should be considered.

F URTHER RESEARCH
Future research should investigate whether other aspects are
possibly influential on the potential for internal erosion, such as
the following:
Other filter characteristics: various particle sizes of the
filter, D15 of the fine limit of the filter, average D15 of the
filter, fines content in the filter (devoid of “crackstopping ability”), fine limit versus the coarse limit of the
D15, etc.
Various construction procedures: compaction, lift sizes,
potential winter horizons (freezing during construction),
segregation, etc.
Investigate the criteria and the possibility to assess and
quantify filter segregation. Also, assess further the
influence of segregation in dam engineering and internal
erosion.
Future research should also investigate the erodibility of widely
graded glacial materials (moraines) by means of the following:
Permeameter seepage tests specifically on moraines and
their filters.
Carry out NEF and CEF tests to determine no erosion,
excessive erosion and continuing erosion boundaries,
specifically for the filter to cores of moraine.
Future research may also encompass the following:
Investigate further into failure modes and intervention
methods.
Investigate the initiation process due to low stresses (e.g.,
adjacent to concrete structures).
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