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Introduction 

We will here briefly outline the status of fluid mechanics of internal erosion in 
embankment dams. Of particular interest is models for fluid flow generated forces 
on particles located in porous beds. This condensed review will be divided into 
two parts where part one deals with homogenous materials for which averaged 
expressions such as Darcy’s law and Ergun Equation can be applied. This 
includes a general background to porous media flow, continuum models for flow 
through embankment dams and routes to numerically model the flow. In part two, 
models to derive forces on individual particles are discussed starting from dilute 
(single particle) systems and ending with very dense and periodic systems of 
particles. The review is then finalised with a discussion. Let us however start with 
a presentation of some scenarios for internal erosion in embankment dams and 
please notice that the review has no intention of being complete. It rather aims at 
given a flavour of the area hopefully inspiring the reader to search for more 
information from other sources some of which are presented in the list of 
references. 

Internal erosion processes 

Internal erosion in embankment dams is not a completely understood 
phenomenon. Dam failures, accidents and deterioration of dams caused by ageing 
do take place as a result of internal erosion. Even if dams generally should be 
considered as safe constructions, a large part of the present knowledge about 
problems associated with internal erosion is a result of studies of former dam 



incidents. This circumstance is almost inevitable since internal erosion processes 
are very complex and have effect inside the embankment or foundation making 
the erosion transparency limited until it has progressed enough to be visible or 
detected by measurements. 

The soil fractions that are considered as most susceptible to erosion are 
relatively uniform coarse silt and fine sand. Cohesive soils as clays are more 
resistant to erosion as long as the chemical bonds are not destroyed, Srbulov 
(1988). It seems like some core materials of glacial origin can be particularly 
susceptible to internal erosion. Glacial till is of special interest since it is a 
common core material in Swedish dams. Erosion susceptibility of glacial till is 
described in e.g. Foster et al. (2000), Ravaska (1997) as well as Norstedt & 
Nilsson (1997). 

According to Fell et al. (2005), four conditions must exist for internal 
erosion and piping to occur. These are:”1) there must be a seepage flow path and a 
source of water; 2) there must be erodible material within the flow path and this 
material must be carried by the seepage flow; 3) there must be an unprotected exit, 
from which the eroded material may escape and 4) for a pipe to form, the material 
being piped, or the material directly above, must be able to form and support 
“roof” for the pipe”. Hence for internal erosion to occur particles within the dam 
must be subjected to forces high enough to make them move. It is therefore in-
place to determine the magnitude and direction of the hydrodynamic forces 
generated by the flow on different types of particles at a variety of conditions.

In a central core earth and rockfill dam there are mainly three processes, Fell 
et al. (2005), which can initiate piping: backward erosion, concentrated leak and 
suffusion. Backward erosion is initiated at the exit point of seepage and the 
erosion is gradually progressing backward forming a pipe. Concentrated leak 
initiates a crack or a soft zone emanating from the source of water to an exit point. 
Erosion gradually continues along the walls of the erosion hole causing the 
concentrated leak. Suffusion is the process where the fine particles of the soil 
wash out or erode through the voids formed by the coarser particles. This can be 
prevented if the soil has a well graded particle size distribution with sufficiently 
small voids. 

Internal erosion and piping might occur in the embankment, in the 
foundation and from embankment into the foundation, see Fell et al. (2005). 
Failure statistics presented by Foster et al. (2000) show that piping through the 
embankment is the most common piping mode of failure of those mentioned 
above, while piping from embankment into the foundation is the least common. In 
Figure 1, backward erosion piping through the embankment is sketched. 



Figure 1. Backward erosion piping. 

It is reasonable to assume, that under normal conditions processes of 
internal erosion and piping may be in progress in dams to a smaller extent without 
any accidents or failures as result. However, potential breach mechanisms (Fell et 
al., 2005) for extensive internal erosion and piping might be: ”gross enlargement 
of the pipe hole, unravelling of the toe, crest settlement or sinkhole on the crest 
leading to overtopping and instability of the downstream slope”. 

A concentrated leak in the embankment (Fell et al., 2005) may be initiated 
by e.g. cracking due to differential settlements, hydraulic fracturing, and soft 
zones with high permeability as well as piping modes associated to the presence 
of conduits or walls. There are a lot of different scenarios in connection to the 
development of cracks because of differential settlements, see e.g. Fell et al. 
(2005) and Kim et al. (2004). Hydraulic fracturing, see e.g. Ng & Small (1999) 
and Sherard (1986), can occur in a core if the vertical effective stress is reduced 
enough to allow the water pressure to create a crack or a soft zone. This can for 
example happen if the core settles more than the material in adjacent zones and 
thereby “hangs up” on it, with a decrease in the vertical stress locally in the core 
as a result. Soft zones with high permeability in a dam can have several reasons, 
e.g. segregation of materials. 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. Milligan 
(2003) warns that the issue of segregation is a critical uncertainty that is generally 
poorly recognized and dealt with in dam engineering. Foster et al. (2000) points 
out that many piping failures and accidents through the embankment are 
associated with the presence of conduits. In Fell et al. (2005) three different 
modes of such piping are described: piping into the conduit, piping along and 
above the conduit as well as flow out of the conduit. 

Some common observations during piping incidents in embankment dams 
are listed in Fell et al. (2005) as: excess pore pressures, whirlpool in reservoir, 
sand boils, cracking, settlements, sinkholes, muddy leakage and increase in 
leakage. Further, Fell et al. (2005) states that ”it is apparent that many accidents 
would have become failures if they had not been detected by monitoring and 
surveillance and some action taken”. According to Fell et al. (2005), the most 



important detection methods and items to monitor in dam surveillance are: 
”inspection by trained observers, seepage flow, vertical and horizontal 
displacement by direct survey of surface points, pore pressures as well as 
reservoir water level and rainfall (as these link to the other factors)”. 

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 e.g. the finite element method. By utilizing 
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 et al., 1997) 
and, hopefully, models for strain localisation could give valuable input to the 
formulation of internal erosion localisation. Such a numerical 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 and 
ageing effects in dams, analysing the amount of instrumentation needed and the 
proper location for monitoring and surveillance, designing dams etc. 

Continuum models 

Flow through porous media is generally modelled by a continuum approach 
implying that the flow in the pores is averaged and that averaged quantities such 
as the permeability are introduced.  

General background 

The flow through porous materials is often described by Darcy’s law that gives a 
linear relationship between the flow rate and the pressure. The law was originally 
derived from experiment (Bear 1972; Scheidegger 1972; Dullien 1992) but 
Tucker and Dessenberger have shown that the law can be derived from the 
Navier-Stokes Equations (Tucker III 1994). The conditions are that inertia and 
long-range viscous effects are negligible of which the former is generally a too 



crude assumption for at least the final stages of internal erosion. Let us, however, 
for the moment stick to the stated assumptions and write Darcy’s law in its 
general form: 
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where v is the superficial velocity, K the permeability tensor  the viscosity and p
the pressure. An obvious interpretation of (1) is that the permeability can vary as a 
function of direction. It is also important to notice that: 
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where ui is the average 
velocity in the pores and  the 
porosity. In this rigorous 
form of Darcy’s law the 
permeability is solely 
dependent on the detail 
geometry of the porous 
material and has the unit m2.
In the literature describing 
embankment dams it is also 
common to give the 
permeability the unit m/s, 
conductivity or velocity, Fell 
et al (2005). This implies that 
the viscosity and the 
gravitational constant are 
incorporated in the actual 
permeability value. The 
advantage of this approach is 
that a velocity-like 

component is explicitly given. The draw-back is that the actual value is 
dependent on the conditions for the measurements. 

Figure 2. Set-up by Darcy. 

The permeability of a porous material is generally obtained from 
measurements although numerous models often based on the microgeometry of 
the porous media have been derived. The models are developed for special cases 
and measurements need to be carried out in order to calibrate the models (Gebart 
1992). Many methods for the experimental assessment of the permeability tensor 



have been proposed since the experiments by Darcy, (Kershaw 1972; Adams 
1988; Pikulik 1991; Parnas 1993; Parnas 1995; Young 1995; Gebart 1996; 
Lekakou 1996; Weitzenböck 1998; Lundström 1999; Lundström 2000). Most of 
these methods are based on either of two fundamentally different principles: (i) 
parallel flow, by which the liquid is made to flow in a controlled direction through 
the porous sample (the Darcy experiment, see Figure 2); and (ii) radial flow, by 
which the liquid is injected at a “point” and flows freely in all directions (usually 
in a plane). Either of these principles may be applied in a variety of ways, e.g. by 
driving the liquid by a constant flow rate or a constant pressure drop. The 
advantage of the radial flow techniques is that a full permeability tensor, including 
principal directions, can be obtained in a single experiment (Ahn 1995; 
Weitzenböck 1998). The disadvantage is that they are based on tracking a flow 
front, i.e., the flow must be unsaturated, with the risk of including various 
transient effects, such as capillary action and void formation at the wetting flow 
front. Parallel flow measurements, on the other hand, can be carried out under 
steady state conditions (Lundström 2000) and edge effects can be avoided 
(Lundström 2002). Hence there are by all means several ways to determine the 
overall permeability of a porous material.  

As Re increases over 1-10 it is well-known that experimental data starts to 
deviate from Darcy’s law. The overall effect is that the pressure drop becomes 
higher than what is predicted by (1-2) due to inertia and turbulence and an 
additional term is introduced in the so called Forchheimer equation 
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where b is a property of the porous media and m is a measure of the influence of 
fluid inertia. The equation was later modified by Ergun by fittings to experimental 
data according to 
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where  is the fractional void volume in the bed and  Dp is the effective diameter 
of particles (Ergun 1952). The Ergun equation does not have any 
micromechanical basis and the geometrical parameters shaping the form of the 
equation are therefore unknown. Recent studies indicate that the parameters of the 
Ergun equation should be modified for certain geometries (Papathanasiou 2001; 



Nemec 2005) which was also confirmed by a study by Hellström and Lundström 
(2006).

Flow through embankment dams 

The flow through embankment dams can be modelled in numerous ways as 
outlined in Bear (1972). It can, for instance, be convenient to apply Hodographic 
methods in which the boundaries of the fluid including the free surface within the 
dam are transformed to form simpler geometries. Although the flow in it-self can 
be treated with explicit expressions such as Darcy’s law non-homogeneous and 
anisotropic permeabilities and the naturally formed free surface often makes 
realistic modelling with analytical tools complex.  

One possible way to model the flow through embankment dams is instead to 
solve for the momentum Equations for two phases and then add an advection 
Equation to deal with the motion of the surface formed between the phases, the air 
and the water, for instance. To deal with the sharp transition in viscosity and 
density a modified Heaviside-step function can be introduced, see (Sharif et al 
2001). Adaptive FEM analysis of free surface flow is also applicable, (Chen 
Sheng-Hong, 1996). Another method is to combine spectral analysis with a 
Laplace transform in order to model the transport of material through for instance 
the riprap, (Wörman & Xu, 2001). A combination of the Finite Element Method 
with a stochastic approach and the FEM part is used to solve the mechanical 
behaviour of the earth structure while the stochastic method is used for the 
probabilistic part of the earth modelling. (Mellah et al, 2000). Numerical 
procedures based solely on the finite element method are also common. Such a 
technique can, for instance, be applied to for hydraulic fracturing in the core of 
earth and rock-fill dams. The finite element procedure makes then use of special 
joint elements that allow fluid flow and fracture to be modelled This technique 
allows the progress of pore pressure in the core of a dam to be simulated, (Ng & 
Small, 1999). The Finite Volume Method can be used to solve the flow through 
the porous material. With such approaches the main flow features are resolved in 
a better way (Yang & Hemström, 1999, Eriksson & Yang, 2005). 

Micro mechanical models 

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: 

vRf 6         (5) 

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):

Re
16
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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: 

D
RvRf 1.216       (7) 

It 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 4 v         (8) 

While the following expression has been derived for flow perpendicular to the 
rod, Lamb (1932): 
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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 2nd 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 1968; Bear 1972; Scheidegger 1972; Sangani 1982; 
Jackson 1986; Dullien 1992; Wang 1994; Higdon 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: 
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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 (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: 
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where R is the radius of the rods and c and C are constants depending on the 
arrangement of the rods while min denote the minimum pore volume for this 
arrangement. Also in this case forces on individual particles can be calculated. 
Mei & 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: 

,Re2
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for a two-dimensional array. Here k0 and k2 are non-dimensional constants to be 
determined which is, for instance, done for both ordered and random arrays of 
spheres by Hill, Koch & Ladd (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.



Conclusions

To conclude fluid mechanics of internal erosion in embankment dams is rather 
complex independent on the scale studied. It is therefore of highest importance to 
do detailed studies of the flow to clarify the mechanisms behind the starting of the 
process, the development of it and then conditions for healing or complete 
progress to breakage. Such studies must then be coupled to formulations on the 
continuum scale giving macroscopic conditions.
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