































































































the broadly graded coarse soils are internally unstable”. The self filtering of the base soil
does not work satisfactory and the fine particles will erode through the coarse particles.
The general process leading to this type of incidents was described by Sherard (1979) as
follows: a concentrated leak developed through the core which caused a type of internal
erosion in which the soil fines are eroded selectively and carried out of the core, leaving
the coarse sand and gravel particles behind to act as a pervious drain. The volume of fine
material eroded was larger than the volume of the void spaces between the coarser soil
particles causing progressive collapse of the material above the initial leakage channel,
which action finally reached the dam surface as manifested by the sinkhole or crater.”
Observe that this implies that the coarser particles are floating in a matrix of fines, which is
common for glacial moraine (Sherard and Dunnigan, 1989), and the fines are carrying the
embankment compressive stresses. In addition, it was noticed by Sherard (1979) that
”probably sinkholes in the downstream shell are more hazardous than in the upstream shell
if the dam has a central core, because the sinkhole could remove lateral support for the
core allowing it to move locally downstream under the water pressure”. Milligan (2003)
means that “many tills, except when badly gap-graded, are highly stable to seepage in situ”
and explains that “internal erosion (piping) of broadly graded till core materials may result
more often as a consequence of segregation during placement”. Foster ef al. (2000a) writes
that it is possible that these glacial soils are more erodible because their fine silt and clay
size fractions are finely ground rock, rather than more common clay minerals”. Ravaska
(1997) obtained test results that pointed out that “the higher the specific surface area is the
better the capability of the till to resist erosion”. Milligan (2003) states that “most of the
incidents, not exclusively, apparently occur in tills of lower plasticity”. The term plasticity
is a measure of the ability of a soil to undergo unrecoverable deformation without cracking

and is therefore also important for the ability of the soil to resist internal erosion.
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5. FILTER DESIGN

It is widely accepted that the safety of large embankment dams is mainly dependent on the
reliability of the performance of their critical filters. Filters have two basic functions:
prevent erosion of soil particles from the soil they are protecting (named the base soil) and
allow drainage of seepage water. A summary of the chronological development of filter
design criteria is found in ICOLD (1994). In Fell et al. (2005) a brief review of available
methods for designing filters is presented. Fell ef al. (2005) also recommend a modified
method for designing critical filters with flow normal to the filter; the method is based on

Sherard and Dunnigan (1985, 1989) as well as USDA-SCS (1994).

In general, filter design criteria are worked out with the base soils grouped under various
categories (e.g. four categories) based on their fines content, and a different filtering
criterion is given for each base soil category. The quantity D (particle size of the filter
material for which 15 % by weight is finer) is supposed to reflect the particle capture
ability of the filter material. The basic idea is to design the particle size distribution of the
filter so that the voids in the filter are sufficient small to prevent erosion of the base soil
and the void size in the filter is controlled by the finer particles, for which D,s; is a
measure (Sherard ef al., 1984a). In most filter design methods, the quantity Dy (particle
size of the base material for which 85 % by weight is finer) represents the particle size and
the erosion parameter of the base soil. No sufficiently adequate physical explanation for
the use of Dy;; was found in the literature during the work with this literature survey (see
e.g. Sherard er al., 1984a as well as 1984b and Sherard & Dunnigan, 1989). As an example
of a filtering criterion, it is prescribed in the recommended method in Fell ef al. (2005)
that for base soils of sand and gravel with less than 15 % material finer than 0.075 mm, the
filter quantity D,; must be smaller or equal to 4X Dy (valid for base soil after regrading).
The filter should be permeable enough for the seepage flow to pass through it without
building up high pore pressures. This is normally accounted for in filter design by
prescribing a smallest allowed value of the quotient D;s:/D 55 (e.g. D5p/D;s5> 4 or 5
ensures a much higher permeability of the filter than of the base soil) and restrict the
amount of fines in the filter. Low fines content is also desirable in order to avoid cracks in
the filter. Internal instability or suffusion in the filter material should be avoided, a number
of different criteria to handle this are proposed based on the analysis of the grain size
distribution, see e.g. Fell et al. (2005). Segregation at placement of the filter material
should be prevented, e.g. by specifying a maximum particle size. The issue of segregation
1s of high importance in the context of internal erosion, and discussed further in Section

5.1.
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The current filter design criteria are mostly empirical, based on statistical correlations of
experimental observations. These criteria are constantly being questioned and revised as
long as new experimental data becomes available. Inherent in the design methods are for
example the assumptions that percent fines content reflect the erodibility of the base soil,
Dy reflects the erosion parameters of the base soil and D;;, reflects the particle capture
capacity of the filter material. According to Reddi and Kakuturu (2004) have these
assumptions not been validated thus far. On the other hand, Sherard and Dunnigan (1989)
express themselves like this: “the filter boundary D, determined in the no erosion filter
(NEF) test for each given impervious soil is a unique value, which can be considered a
fundamental property of the soil in the same sense that the Atterberg limits or the effective
shear strength envelope parameters are fundamental properties of impervious soil”.
Anyway, it feels like more research in the field of filter design would be valuable since it is
so important, and then with a physical sound mechanical approach instead of constantly
applying empirical methods. A recent alternative filter criterion is proposed by Indraratna
et al. (2007), based on a mathematical procedure to determine the controlling constriction
(opening) size. The main idea is that it is the constriction sizes rather than the particle sizes
that influence filtration. Constriction sizes have been studied before by e.g. Kenney et al.
(1985).

If filters in existing dams do not satisty the modern filter criteria there is always a potential
of internal erosion. The filter performance mainly affects the continuation of erosion.
There are many dams built with filters not meeting the accepted filter criteria. To
exemplify, a study of case histories of piping incidents, discussed in Foster and Fell (2001),
pointed out that the dams included in the study were “generally constructed from the
1960s to 1970s, which coincides with a period when there was a trend away from the use
of uniformly graded multiple filters and towards the use of a single filter of substantial
width and broad gradation”. The filters in the study had wide gradings and low
proportions of sand sizes, which can make them susceptible to segregation and potentially
internally unstable. Dams with filters that do not fulfil modern design criteria rarely fail but
damage to the dam in the form of sinkholes and large leakage is rather common. Foster
and Fell (2001) presents a method for assessing embankment dam filters that do not satisty
design criteria. ”The method can be used to determine whether filters that are coarser than
required by modern filter design criteria will eventually seal or experience continuing
erosion leading to possible failure of the dam in the event piping initiates.” The method is
empirical, based on laboratory test results and characteristics of dams that have experienced
piping incidents. An interesting outcome of this study is that it seems like it is a
considerable margin between no-erosion and continuing erosion criteria for most soils;
except for fine base soils where the margin is much less (Fell ef al., 2005). This might help
to explain why self-healing so frequently occur at dam incidents. Empirical filter design
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criteria do not normally take into account the variability in the particle size distributions of
the base soil and filter. Minguez et al. (2000) present a new general method for assessing
the probability of fulfilling any empirical filter design criteria considering base soil and filter
heterogeneity by means of first-order reliability methods. The method can be used by
engineers to estimate the safety of existing filters in terms of probability of fulfilling their

design criteria.

More research would be desirable in the field of ageing effects of dams and uncertainties of
core/filter appearance after accidents, incidents etc. This is a difficult research subject since
it is not easy to “look inside” a dam without damage it; detection with installations and
geophysical methods might not be sufficient so the authors” of this literature survey suggest
numerical modelling as a complementary approach. Results from the no erosion filter tests
reported by Sherard and Dunnigan (1989) gave interesting information about the soil
behaviour at the interface between the base specimen and the filter. This result might at
least partly reflect the real behaviour in a dam. The laboratory test setup of the no erosion
filter test is shown in Figure 5.1. Series of this type of tests were made and a filter
boundary size D', was found between successful and unsuccessful tests for each base soil
in the study, where ’successful” was defined as no visible erosion of the walls of the

preformed hole in the base specimen and “unsuccessful” when the erosion was visible.
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Figure 5.1 The no erosion filter test (Sherard & Dunnigan, 1989).
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The condition observed at the end of successful tests on fine silt or clay as base soil (that
have more than 85 % by weight of particles finer than the 0.075 mm sieve) is presented in
Figure 5.2. The seal of the filter did not take place only at the small area at the end of the
preformed leakage hole. The water flowing in the leakage hole turned 90° at the filter face
and progressively eroded out radially from the hole, creating a thin slot and sealing the
filter face over the entire diameter. In unsuccessful tests, for filters with D, sizes up to
two to five times larger than D', essentially the same thing happened; a thin slot
appeared and the filter face was finally sealed, however, the preformed hole was enlarged
since eroded material from the walls of the initial leakage channel was needed for the self

healing.
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Figure 5.2 Condition at end of successful test on fine silts and clays
(Sherard & Dunnigan, 1989).

The condition at the end observed on silty and clayey sands with low fine contents (15 %
or less by weight finer than the 0.075 mm sieve) as base soil in a successful no erosion filter
test 1s fundamentally different from the behaviour of the clays and silts previously
discussed, see Figure 5.3. For the sandy soils with low contents of fines no eroded slot
developed at the bottom of the base specimen. It was believed that the main reason for this
was that the coarser particles are in contact and form a granular skeleton with high
intergranular friction forces that resist movement of particles by erosion. In the
unsuccessful tests on silty and clayey sands a large crater immediately developed through

the base specimen.
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Figure 5.3 Condition at end of successful test on silty and clayey sands with low fine contents
(Sherard & Dunnigan, 1989).

Reddi and Kakuturu (2004) proposed a mathematical method to analyse the self healing
nature of concentrated leaks at core-filter interfaces. The relative degree of self healing of
various filters for a given base soil can be studied with the method. An experimental
method was also developed to determine the erosion properties of the base soil and obtain
input values to the parameters of the mathematical model. It was noticed that the entire
particle size distribution of the filter governs particle accumulation at the interface between
the base soil and the filter. "It is suggested that a wide range of particle accumulation
shapes (ranging from a rapid reduction in particle accumulation to a relatively uniform

particle accumulation) is possible for soils when only D, 5 of the filter is specified.”

5.1. Segregation of filter materials

It has been noticed that dams with good filter performance have filters with characteristics
that would tend to make them less susceptible to segregation, Foster and Fell (2001).
Segregation is the process that causes separation of a graded soil material into finer and
coarser zones. It might occur at placement of material by downslope discharge during
dumping and spreading operations. The larger particles have a tendency to accumulate at
the bottom of the slope. All broadly graded materials that do not have sufficient fines to
provide some degree of cohesion are difficult to place without segregation. If a segregated
zone of sufficient coarseness arises in the filter there is a risk for loss of fines from the core
by internal erosion. Since it is the large soil particles that are most sensitive to segregation,
it is especially important to restrict the maximum particle size included in a filter. Milligan

(2003) warns that the issue of segregation is a critical uncertainty, which is generally poorly
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recognized and dealt with in dam engineering. In many projects the problem with
segregation is handled by a declarative statement in the specifications telling that “materials
must be placed without any segregation taking place”. This is, however, in many practical
cases very difficult to accomplish and the specifications thereby places an obligation on the

contractor that cannot be met.

Kenney and Westland (1993) performed rotary-drum segregation tests to study the process
of segregation in different granular soils, including granular filter materials. It was found
that: 1) all dry soils consisting of sands and gravels will readily segregate; 2) the patterns of
segregation are repeatable in repeated tests and the amount of segregation might be
predictable; 3) water effectively prevents segregation of finer soils (e.g. sandy soils) while it
has no influence on the segregation behaviour for coarser soils (e.g. gravels). Water in
unsaturated soils reduces segregation because the sorting mechanism is suppressed by the
increased effective stresses caused by the capillary tensions acting at points of contact
between wetted particles. Soils with a high content of small particles are most strongly
influenced by these effects of capillary stresses. In Figure 5.4, an approximate gradation
limit for wetting effects is presented. Further, Kenney and Westland (1993) carried out
tests at different water content and the results showed that the ability of water to inhibit
segregation was not changed even at water contents equal to one half of the field

capacity” values.
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Figure 5.4 Approximate gradation limit for preventing segregation by wetting

(Milligan, 2003).
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Milligan (2003) concludes that “much of the uncertainty related to appropriate filter
design and placement may be largely resolved by specifying the use of wide, narrowly
graded, sand-rich filters, of a gradation finer than the limit suggested in Figure 5.4 and
placed wet in thin lifts. Then the specification clause that “segregation will not be

permitted” is a practical reality.”
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6. MICROMECHANICAL MODELS OF HYDRO
DYNAMICAL LOADS ON SINGLE PARTICLES
AND SYSTEM OF PARTICLES

Continuum formulations of flow through porous media often results in equations
consisting of a few unknown parameters such as the permeability. The physical
background of such parameters can often be traced to the detailed flow in the pores and it
is therefore in place to study the flow on this level, as well. To start with we can scrutinize
models for single particles. The viscous drag force on a single sphere in an infinite fluid at

Re < 1 is, for instance, described by Stokes law:
f =6xRuy (6.1)

where R is the radius of the sphere and v the velocity of it. This expression was early
extended by Oseen to be valid for Re up to about 10 according to Lamb (1932):

f= 672'R,uv(1 + %Rej (6.2)

and later on by Happel and Brenner (1957) to be valid for the case of a sphere moving
through a tube with diameter D to be:

f= 67rR,uv(1 + 2.1%} : (6.3)

The drag force has also been derived for particles with other geometries than spherical. For
slender rods the drag force per unit length along the rod is, Emersleben (1925):

f=4nuy. (6.4)

While the following expression has been derived for flow perpendicular to the rod, Lamb

(1932):

r= 4 6.5)
2—InRe)" '
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The obvious conclusion is that the drag on a particle is linearly dependent on the averaged
velocity as long as Re is less than unity. The importance of velocity then increases to 2™

order.

For very dense systems and at low Re the flow follows Darcy’s law and the porous media
can be characterised by their permeability through measurements or by the usage of
permeability models based on, for instance, the detailed rod geometry: cf. Speilman and
Goren (1968), Bear (1972), Scheidegger (1972), Sangani and Acrivos (1982), Jackson and
James (1986), Dullien (1992), Wang et al. (1994) and Higdon and Ford (1996). Generally
permeability models may be divided into the following models, phenomenological,
conduit flow (Kozeny-Carman for instance), empirical, network, deterministic (directly
from Navier-Stokes) and models based on flow around submerged objects (models

proposed by Brenner and Brinkman, for instance) Dullien (1992).

The permeability is often represented by the Kozeny-Carman relation, according to:

83

1
K=—__<
BS*(1-&)f

(6.6)

where ¢ is the porosity, B a constant and S the specific particle surface. The Kozeny-
Carman relation is based on a tube-like representation of a porous medium. The constant
B has to be determined experimentally, but has never been determined explicitly, Williams
et al. (1974). The Kozeny-Carman relation assumes an isotropic porous medium. For rods
other equations have been derived that distinguish between the permeability along and

perpendicular to the direction of the rods, according to:

3
K, —§€—2R2 6.7)
c(i-¢)
5/2
Kch( gm—in—l} R? 6.8)
&

where R is the radius of the rods and ¢ and C are constants depending on the arrangement
of the rods while ¢, denotes the minimum pore volume for this arrangement. Also in this
case forces on individual particles can be calculated. Mei and Auriault (1991) derived, for
instance, the average drag acting on a particle in a porous medium with fore-aft symmetry
at small Reynolds number to be:
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= wlk, +k, Re?) 6.9)

for a two-dimensional array. Here k, and k, are non-dimensional constants to be
determined which is, for instance, done for both ordered and random arrays of spheres by
Hill ef al. (2001). To summarize the forces on individual particles have been exploited for
certain geometries and for a number of flow conditions. We however need to investigate
further higher Reynolds number flows, more complex geometries and instationary
conditions.
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7. MICROMECHANICAL MODELS FOR FRICTION
BETWEEN SINGLE GRAINS AND SYSTEM OF
GRAINS FOR NON-COHESIVE SOILS

The forces outlined in the previous chapter must be balanced by gravity and forces that
emanates from particle interactions for the dam to be stable. As a first, and most simple,
criteria the size distribution of the particles being subjected to hydrodynamic pressure is
compared to the pore size distribution of the porous medium. Hence the particles will
move if they are small enough independent on magnitude of the force on it. In reality,
however, the hydraulic forces must exceed particle interaction forces and or gravitational
forces keeping the particles in place at normal conditions. The force due to gravitation is

given from:

L =mgi, 7.1)
it gravity, ¢ is directed along the z-axis and m is the mass of the particle. The type of the
dominating particle interaction force is dependent on the typical size of the particles. For
very small particles, around one micron and smaller cohesion dominates. For larger
particles up to fractions of millimetres adhesion becomes the major mechanism for particle
interaction while for even larger particles, that is in the range of one millimetre and larger
friction forces are major mechanisms for the particle interaction. The static frictional force
that is directly related to the normal forces on the particle is directed in the opposite

direction to the applied forces and has a magnitude according to:

0<F, <uN (7.2)

as long as the static friction factor, g is isotropic and can be treated as a scalar. Once the
drag force on the particle becomes higher than the expression on the right-hand side of
this expression the magnitude of the friction force can be expressed as

F, =uN (7.3)

where the kinetic friction factor, 4, often is smaller than g. The friction factor in this form

is usually determined by experiments.
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8. CONCEPT FOR NUMERICAL MODELLING OF
INTERNAL EROSION

In recent years, numerical methods have been used to an increasing degree for solving
more complicated problems in geotechnical engineering. A wide range of problems have
been analysed with the finite element method (FEM), the finite difference method (FDM)
and more recently the boundary element method (BEM). By utilizing e.g. the finite
element method, based on a continuum approach, stresses, strains, deformations and pore
pressures in an embankment dam can be theoretically analysed and it might be possible to
draw conclusions from that information about the initiation of internal erosion processes.
An approach worth considering, when initiation is established, is to interpret internal
erosion numerically as a type of localisation and describe the constitutive behaviour with
micromechanical models in localised zones. The mathematical description of the strain
localisation phenomenon is nowadays an intensive research area (see e.g. Adachi ef al.,
1997) and, hopefully, models for strain localisation could give valuable input to the

formulation of internal erosion localisation.

The failure of a soil material is usually accompanied by formation of narrow zones with
highly localised deformation. The development of such localised deformation zones might
cause significant stress redistribution and strength reduction by softening, which can lead
to a progressively developing slip line that induce failure of the entire soil structure. A
typical example in geotechnical engineering is the progressive development of the slip
surface in a slope stability failure. With conventional finite element techniques is it difficult
to capture deformation that is localised to narrow zones. If a very dense element mesh is
used, it would be theoretically possible to capture the localised deformation. However, this
is normally not practicable due to large computational costs. In addition, is the
conventional FEM technique not suitable for describing the kinematics at localised failure
and the constitutive laws included might not be representative for the material in the
localised zone. There exist a lot of different strategies for numerical modelling of
localisation, Tano (2001). In e.g. discrete crack formulations the shear bands are following
the boundaries of the elements and a remeshing algorithm is necessary, when the path is
not known in advance, in order to be able to get cracks in the proper directions. In
formulations based on element-embedded discontinuities, e.g. the inner softening band
method described by Tano (2001), remeshing is normally avoided and relatively large

elements can be used.

The choice of a suitable strain localisation model for reformulation in to an internal

erosion localisation model might not be an easy task. For example Tano (2001) write the
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following sentences about strain localisation models. ”Many methods have been developed
and their popularity is switching continuously. No method seems to lead to correct results
for all types of localisation analyses. Some of the methods are mathematically elegant but
may be impractical in large scale modelling due to the requirement of very dense finite

element meshes.”

One way forward is to develop a numerical model for internal erosion processes based on
micromechanical soil properties and implement it mathematically as a type of localisation
in e.g. finite element software. Besides the ordinary application for analysis of deformation
and stability in geotechnical engineering projects, such a software could be useful for:
increasing the knowledge about internal erosion processes, evaluating the risk for dam
incidents caused by internal erosion, estimating the time for progression of internal erosion
and piping, studying self-healing of leaks, changes in filter behaviour subsequent to particle
accumulation and ageing effects in dams, analysing the amount of instrumentation needed
in a dam and the proper location for monitoring and surveillance, designing dams etc. In
Figure 8.1, numerical modelling of backward erosion treated as a localisation in the finite

element method is illustrated.

Figure 8.1 Numerical modelling of internal erosion.

A fundamental understanding of the physical processes involved in internal erosion is
required to be able to successfully formulate models for the constitutive behaviour in
localised zones. Theoretical formulations of a model for internal erosion should be
complemented by performing laboratory tests. In the theoretical formulations, the

following matters should be paid attention to:

. Performing a literature survey of strain localisation models that could be useful as a

mathematical base for micromechanical internal erosion localisation models.
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o Examining which physical quantities that are of importance and should be included
in the internal erosion model.
. Formulating a micromechanical model for internal erosion (or utilising an existing,

see Section 6 and 7).

It is of considerable importance that the localisation model, the micromechanical model
and the finite element model are mathematically consistent with each other. Otherwise,
the whole exercise of developing models that should be used for practical purposes is
utterly pointless. Appropriate laboratory tests on internal erosion must be designed and
tests performed. The test result is expected to give useful information about internal
erosion processes as well as important physical quantities. It is desirable that foremost
measurable quantities are included as parameters in the models. Internal erosion models
should be based on test results and the type of tests needed is influenced of the type of
models chosen, so it is very important that the theoretical work and the practical

laboratory work are performed simultaneously and interactive.

When the internal erosion model is developed and included in software it is essential to
evaluate its behaviour. Since dams are complex structures it is not advisable to evaluate the
model directly on a dam; some simpler structure would be preferable. The evaluation of
the model may be carried out in two simplified steps before real dams are studied. First,
laboratory tests performed, according to the discussion above, could be numerically
simulated and the numerical result could be compared to the laboratory test result. It
would be advantageous if this kind of evaluation could be performed continuously, if
possible, during the development of the model. As a second step, small scale internal
erosion tests ought to be performed on model dams. These tests will be numerically
simulated and numerical and laboratory test results compared. An example of a small scale
test on a model dam at Vattenfall Research and Development in Alvkarleby is shown in

Figure 8.2.
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Figure 8.2 Model test at Alvkarleby.
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