Internal Erosion in Dams
L. Caldeira
Abstract. In embankment dams and dam foundations, internal erosion is the major cause of structural dam failures and
incidents. Internal erosion develops locally along concentrated leaks or in the largest flow velocity zones, where the
permeability is high, and at the interface between coarse and fine materials, where the flow velocity in coarse material may
be high compared to the adjacent fine material. The mechanics of the equilibrium of the particle governs the initiation of the
internal erosion. Filter and drain systems constitute a first line of defense against the phase of continuation of erosion. It is
assumed by several authors that the continuation of internal erosion can be prevented by using adequate granular filters in
areas where important hydraulic gradients may develop. This lecture addresses the most important and frequent of those
internal erosion mechanisms in dams - induced by concentrated leaks or by backward erosion piping, presenting event trees
for estimating the resultant probabilities of failure. To assist in the determination of the range of probabilities of their
branches, a set of laboratory tests is described. In complement, some knowledge gaps related to the described mechanisms
are identified, where future research efforts are directed at LNEC. Two case studies of dams and one case study of a
cofferdam with internal erosion problems are described. The first is an embankment dam, Lapão dam, where due to design
and construction problems an internal erosion process was developed. The other is Crestuma dam, a gated structure type.
Since the dam started operating, the riverbed near the dam has been subject to frequent monitoring that showed progressive
scour of the protective rockfill layer. This lecture presents the results of the studies undertaken in relation to the hydraulic
stability of the alluvial foundation of the dam stilling basins and of the downstream rockfill, and the main features of the
implemented repairing solutions. The last case is a cofferdam constituted by natural decomposed granite rock mass and a
water tightness solution with jet grouting columns and grouting. The problems of internal erosion related to this type of
formation are described, as well as the interventions adopted to overcome their effects.
Keywords: backward erosion piping, case studies, concentrated leaks, laboratory tests.

1. Introduction
Internal erosion is a major cause of structural dam
failures and of incidents on embankment dams and on foundations of concrete or masonry dams. The statistics of embankment dam failures shows that internal erosion is responsible for 46%, overtopping for 48%, and sliding for
only 6% (4% in static conditions and 2% in seismic conditions) of the failures with known failure mode.
Most of these failures occurred on the first filling, but
they also can happen after this period due to cracking (more
likely to occur in the upper part of the dam), deterioration of
the conduits through embankments and adjacent structures
confining with embankments or the ground, and nonexistent or deficient filter systems. Incidents include excessive, new or increased seepage and leakage, sinkholes, sand
boils, and fast settlements of the dam. Sinkholes may be
present in all types of internal erosion, and if they are observed, the erosion has already progressed and time to failure may be small.
In recent years, two lines of investigation of internal
erosion have been addressed: the application of risk assessment methods in the estimation of the probability of failure
of dams due to internal erosion phenomena, and the improvement of the knowledge about the mechanisms that

can result in dam failure by internal erosion (ICOLD,
2017).
Internal erosion develops locally along concentrated
leaks or in the largest flow velocity zones, where the permeability is high, and at the interface between coarse and fine
materials, where the flow velocity in coarse material may
be high compared to the adjacent fine material. The mechanics of the equilibrium of the particle governs the initiation of the internal erosion, and five main mechanisms can
be distinguished: concentrated leaks along flaws, backward
erosion, contact erosion, suffusion and suffosion.
This lecture addresses the most important and frequent failure mechanisms in dams: those induced by concentrated leaks and backward erosion piping. It describes in
detail the internal erosion process necessary to evaluate the
probability of dam failure, based on event tree analyses,
and including the purpose and functions of filters. It also
presents the tests that assist the assessment of some of the
probabilities of the branches. Some of the gaps of knowledge that require further investigation are also identified.
Case studies of two dams and a cofferdam with internal erosion problems are presented. The first is an embankment dam, Lapão dam, where due to design and construction problems internal erosion processes were developed
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through concentrated leaks. The other is a large gated concrete structure type where the riverbed near the dam had
been subject to frequent monitoring that showed progressive scour of the protective layer. With this scour, the foundation of the dam was no longer protected against backward erosion piping. Finally, it is presented a cofferdam,
with internal erosion initiation and progression in natural
decomposed granite, and the evidences of their occurrence
are described.

2. Failure Probability Due to Internal
Erosion Induced by Concentrated Leaks
A methodology for estimating probabilities of failure
of embankment dams by internal erosion and to investigate
aspects related with internal erosion in embankment dams
and their foundations is being developed, which involves
the decomposition of the internal erosion failure process
into a sequence of steps (Fell et al., 2008). Generally, the
steps considered are the following: (1) loading conditions
assessment; (2) identification of the location where the
internal erosion can start, and of its paths; (3) initiation of
erosion; (4) filtration or continuation of erosion; (5) progression; (6) detection; (7) intervention and repair; (8) and
formation of a breach mechanism. This sequence can be interrupted if there are zones capable of stopping the erosion
process once initiated, or if it is detected and inhibited during the erosion phases prior to the formation of the breach.
In terms of loading conditions, the historic cases
showed that nearly all internal erosion failures in the embankment took place when the reservoir was at the highest
level ever, or within one meter of that level, while in the
foundation the reservoir level was not as determinant
(ICOLD, 2017). However, Engemoen & Redlinger (2009)
and Engemoen (2011), based on a detailed analysis of internal erosion incidents of 220 embankment dams, concluded
that they can occur at any time in the dam life, when the reservoir level is close to normal high water level.
Figure 1 presents the event tree developed for the estimation of the probability of failure induced by a concen-

trated leak due to the presence of a transverse crack in the
embankment, caused by differential settlement. To evaluate the probability of failure, one must assess the probability of the initial event (the assumed reservoir loading) and
the probability of each branch of the event tree that leads to
the breach formation, i.e., the failure of the dam, in Fig. 1
represented by the red triangular shape.
Internal erosion may initiate in the embankment due
to a concentrated leak in transverse cracks, poorly compacted or high permeability zones, a gap at the interface
with concrete structures formed due to differential settlement between the embankment and the structure, or due to
the collapse settlement of poorly compacted fill in the embankment around conduits and adjacent to walls.
Cracking in embankment dams can be induced by
vertical stress release caused by arching between two or
more locations that do not settle as much as the location between them, by hydraulic fracturing, and by seismic action.
Most of hydraulic fracturing occurs during the first filling
of the reservoir as a wetting front passes through the dam.
Nevertheless, water penetrating the sides of a crack may
produce some swelling in unsaturated soils that can close
the crack before erosion begins to make it wider, the behaviour of the dam being dependent on which process progresses faster (swelling or erosion).
If the gradient is sufficient to detach particles by slaking along the walls of the crack or flaw, the soil is subsequently eroded by water flowing at relatively high velocity,
and the erosion or scour process initiates.
If there is a proper filter, the eroded particles are then
carried out through the preferential flow path to the filter
face, and the filter will stop particle erosion through the
crack by a self-healing process presented in Fig. 2.
In an initial stage (Fig. 2a), the soil eroded from a
crack is caught at the filter face, forming a cake (a material
with high solids content and low permeability), by a penetration mechanism. The eroded particles progressively fill
the voids with a velocity that decreases with increasing
head loss, until equilibrium between driving forces and

Figure 1 - Event tree for estimation of the probability of failure by internal erosion induced by concentrated leaks (adapted from
Shewbridge, 2014).
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Figure 2 - Self-healing process at the end of a crack: a) initial stage; b) intermediate stage; c) final stage (adapted from Redlinger, 2014).

friction forces stops the flow. The depth of penetration of
the eroded particles into the confining filter is governed by
the hydraulic gradient and the geometrical characteristics
of the pore system. The high gradient between water in the
crack and the adjacent filter causes some widening of the
filter cake near the crack. Further widening of the filter cake
is induced in the next stages (Fig. 2b), until the local hydraulic gradient is reduced. At the final stage (Fig. 2c) the
low permeability filter cake covers the opening and the adjacent zones on each side of the crack. The remaining filter
adequately collects seepage flow through the pores of the
soil.
Once the internal erosion process starts, for a given
load condition, and there are no effective filters stopping
eroded particles along the erosion path, the continuation
and progression of internal erosion are governed by the mechanics of grain transport and shall be assessed. Mechanical and hydraulic conditions must take place simultaneously (ICOLD, 2017), namely cracks, pipes, or other
defects must be sustained, and the drag force by seepage
flow must be sufficient to continue the particle transport.
The erosion will progress unless an equilibrium situation
develops and the eroding forces become equal to or less
than the resisting forces.
Soils capable of holding a crack or pipe, either fully or
partially saturated, are: well compacted soils containing
more than 5% plastic fines, poorly compacted soils containing more than 15% plastic fines, and soils containing more
than 30% non-plastic fines. Non-plastic silts, sands, and
gravels will not in general hold a roof as the roof will collapse when they become saturated. However, partially saturated and non-plastic soils with high fines content may hold
a roof along the phreatic surface, for example, but the roof,
which in this situation is sustained by the negative pore water pressure, i.e., by suction, may collapse when saturated.
As the flaw enlarges, the hydraulic shear stresses increase, and the erosion will progress unless the reservoir is
drawn down to reduce the gradient. In general, this enlargement is rapid, leading to the dam breach, usually within few
hours. However, in some cases, even though initially concentrated leaks had rapidly been developed in the embankment, the flow stopped or tended to stabilize. The most
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relevant issue in zoned dams appears to be related to the
types of material upstream of the cracked core (Fell et al.,
2003). In the described scenarios, the limitation of erosion
progression may be attributed to the flow restriction and/or
crack-filling actions. Therefore, it is necessary to evaluate
the possible contribution of those materials in the internal
erosion process.
The flow restriction action is in place when the upstream shell or an upstream transition zone in a zoned dam
is able to restrict the flow that can pass through a concentrated leak in the core. An example of an accident where the
flow appears to have been restricted has occurred in the
Balderhead dam.
Balderhead dam is 48 m high earth-rockfill dam, built
in England in 1961-1965, where transverse cracks were detected in the thin central clayey core, likely due to hydraulic
fracture (Sherard, 1973). Compacted schist materials constituted the upstream shell. A transition zone was adopted
immediately upstream of the core, using fine schist material. The flow restriction action was partially imputed to the
relatively low permeability of the upstream transition zone.
The upstream crack-filling action involves the washing in of particles of the upstream material into core cracks.
These particles are transported by seepage flow from the interface with the cracked core up to the downstream material. The upstream material from higher levels may fall
down into the empty space created by the particles dislocated at the crack level, and then carried away downstream.
This continuous process can fill up the crack and stop the
concentrated leakage, and eventually may lead to the development of a sinkhole at the crest or at the upstream slope.
This concept has been incorporated into embankment
dam design for some decades, by the use of upstream sandy
zones as crack stoppers (Sherard & Dunnigan, 1985), a redundant measure that takes into account the possible presence of a deficiently designed or constructed filter. The
filter might not properly hold the eroded particles from the
cracked core, but it can retain the particles washed from the
upstream material.
Foster et al. (1998) identified several case studies
with evidences of the washing in of materials into cracks
(shown by sinkhole formation), and of the decrease of leak-

239

Caldeira

age flow rates. Examples include Balderhead dam in England, Matahina dam in New Zealand, Viddalsvatn dam in
Norway, Wreck Cove dam in Canada, Uljua dam in Finland, and St. Stephen Powerhouse dam in USA. They noticed the following common characteristics of those dams:
a downstream filter or permeable zone, which enables the
filtering of particles washed from upstream materials, and a
coarse granular material constituting the upstream zone.
When the upstream material is unable to provide flow
limitation or a crack filling action and if the internal erosion
phenomenon is not detected, or proper mitigation measures
are not implemented, the crack tends to enlarge very
quickly, the crack walls become very unstable, collapsing
into the flow, and a breach is formed.

sloughing and transport under essentially zero effective
stress).

3. Failure Probability Due to Backward
Erosion Piping

If the soil is unable to hold the cavity, the pipes collapse, resulting in the movement of the soil above, and
unravelling if it occurs on the downstream slope of an embankment. In this case, the phenomenon is called global
backward erosion.

The detachment of particles at the exit of the leakage
path characterizes the initiation of a backward erosion
mechanism. Along any given seepage flow path through
the pore space, each soil will have a critical gradient based
on its properties. If this gradient is exceeded at the discharge point, soil particles will be eroded away with the
flow water. For silts and clays (IP > 7), very high gradients
are required to initiate backward erosion piping, but for
non-clayey soils (IP < 7) and particularly non-plastic soils,
much lower gradients will initiate it.
The critical gradient depends on the uniformity of
particle size distribution, the mass and size of particles, and
soil density. High susceptibility to detachment is present in
soils with particles of fine uniformly graded sand with no
clay (SP or SP-SM according to the Unified Soil Classification System), low particle mass, and lack of inter-particle
attraction. More resistant are large sand particles and gravels, due to their large mass, well-graded sands, where small
particles are blocked by larger particles in the mass, and
compacted or dense soils. According to Schmertmann
(2001), the minimum hydraulic gradient that leads to material movement is only 0.08 and the velocity required for
scour along a concentrated leak is 40 to 90 times that required for piping (a quick condition resulting in localized

When a filter does not support the discharge face and
the critical gradient is exceeded, soil particles are eroded
from that discharge face. A cavity or a pipe is formed and it
progresses from downstream to upstream at a faster and
faster rate, as the gradient and the flow increase with the
loss of soil.
If the soil is capable of supporting the cavity, failure
follows as the cavity enlarges rapidly due to the intense erosive forces. This type of occurrence is called backward erosion piping, and its onset at the foundation is often detected
by the presence of sand boils at the downstream side of the
dam.

To protect against backward erosion piping, a granular filter is placed in contact with a surface of the soil
(herein called base soil), properly confined by a downstream zone such that positive pressure is ensured. Filters
support the discharge face with points of contact spaced at
some distance as determined by the gradation of the filter.
Figure 3 shows the interface between the base soil and the
filter, where after stabilization, the coarse particles of the
soil base (D85) are retained by the fine particles of the filter
(D15), creating a bridging effect between contact points,
which prevents any particle movement (including colloidal
particles).
Filters are granular soils, cleaned of fine particles,
manufactured from natural earth materials by grading,
screening, washing and/or crushing. The fines content must
be insufficient to bind the granular particles together (no
cohesion criterion) and to prevent free flow of water. It consists of an internally stable granular porous medium (selffiltration or stability and segregation criteria) with pore size
openings small enough to prevent migration of the base soil
through which the water is flowing into the filter (retention

Figure 3 - Bridging effect at the interface between the base soil and the filter (adapted from Cedergren, 1977).
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criterion) and sufficiently pervious to offer little resistance
to water flow (drainage criterion).
They serve to accommodate high gradients through a
dam by intercepting the seepage flow from the zone containing high gradients and reducing them to near zero in the
internal drainage system. The filter materials must be of
sufficiently high quality (strength criterion) so that the filter
will not be able to sustain a crack. The compaction characteristic must also be controlled, because there is some evidence that very dense compacted filters, namely gravels,
may hold a crack (Redlinger et al., 2011).
In the past and presently, the development of filter
criteria for soils has been centred on empirical relationships
based on laboratory testing, focused on determining the
grain size of a filter required to protect a base soil, which
limited the fines content and precluded the use of materials
with plasticity or any type of binders or cementing agents.
However, analysing the results of tests, Foster and
Fell verified that filters which were too coarse to satisfy the
usual design criteria could eventually seal after retaining a
certain quantity of eroded material. The coarser particles
from the base soil may become retained at the surface of the
filter forming a finer filter, which in turn may stop the erosion process. Therefore, they considered three filter erosion
boundaries, namely: no erosion, excessive erosion, and
continuing erosion boundaries (Fig. 4). These boundaries
allow to define when the filter works with practically no
erosion, after “some” erosion of the base material and after
“excessive” erosion of the base material, and when the filter
is too coarse to retain the eroded base materials, i.e., is
prone to continuing erosion. Based on test results, they proposed the criteria for these boundaries that can be found in
Foster & Fell (2000, 2001).
The criteria for excessive and continuing erosion
boundaries are particularly useful when assessing existing
dams with a filter or transition zone which is coarser than
required by current filter design criteria. ICOLD (2017),
based on the information about case histories, suggests the
following categories for filters as a function of the maxi-

Figure 4 - Conceptual filter erosion boundaries (Foster & Fell,
2000, 2001).

mum leakage flow that could develop due to piping: up to
100 L/s, filters with some erosion; between 100 and
1,000 L/s, filters with excessive erosion; and more than
1,000 L/s, filters with continuing erosion.
Figure 5 presents the event tree developed for the estimation of the probability of failure induced by backward
erosion piping due to the presence of an unfiltered exit associated to a continuous layer of sandy soil. As explained
before, the internal erosion starts when the critical gradient
is exceeded at the exit point (internal erosion initiation).
Whether the erosion progresses upstream towards the reservoir depends on the seepage gradient within the erosion
pipe. There is a critical gradient above which the soil particles will be detached and a critical flow velocity above
which the particles will be transported in the erosion pipe.
For reaching dam failure, it is essential that no filter exists

Figure 5 - Event tree for estimation of the probability of failure by backward erosion piping (adapted from Shewbridge, 2014).
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or filters with continuing erosion be present along the seepage path ending in the formed pipe, that the pipe is stable,
and that the reservoir level is sufficient high to continue the
detachment and transport of the particles from the pipe surface (internal erosion progression). Breach initiation is less
likely if some or excessive erosion are expected. Additionally, it is necessary that no detection or no timely intervention take place.
There are two basic approaches to make dams capable
of resisting internal erosion: barriers, to prevent seepage
from passing through the dam or foundation, and filters to
trap any particles eroded by seepage, while allowing the
water to drain away downstream.
In general, filters are associated to drains, which are a
second stage to the first stage filter, and are used to convey
larger amounts of seepage flow, in order to control the saturation level and the seepage pressure in the downstream
section of the dam, and to carry the water to a safe and controlled exit. The filter and drains must have sufficient
capacity to carry the volume of seepage water, and a permeability larger than any of the layers of the dam or foundation
that encounters the filter. Otherwise, the pressure will build
up in the layers with higher permeability.

4. Tests to Assist the Assessment of Failure
Probability Due to Internal Erosion
Some of the probability ranges associated to some of
the branches of the event trees presented can be estimated
through laboratory testing, namely, the dispersion of clayey
soils, the soil erodibility, as well as the flow restriction and
the crack filling actions. In the following, this section de-

scribes some of the tests used for those purposes, and
presents their results.
4.1. Pinhole test
For evaluating the adequacy of a filter, it is necessary
to characterize the soil to be protected in terms of its dispersion. The pinhole test is possibly the most used direct and
qualitative measurement of the dispersibility and colloidal
erodibility of clayey soils.
Figure 6 shows the setup of the pinhole test, which
models the action of water flowing along a flaw. The test
starts with distilled water flowing horizontally under a hydraulic head of 50 mm through a 1 mm diameter pipe
punched in a nominal 38 mm long specimen of clay. During
the test, it is appreciated the cloudiness of the flowing solution emerging from the specimen, and evaluated the flow
rate and the final size of the pipe through the specimen. The
first measurement of discharge corresponds to the time, in
seconds, required to collect 10 mL, and the following to the
time interval required to collect 25, 50 or 100 mL of effluent. Normally, the duration of the test is 5 or 10 min (see
Table 1). It is important to observe and record the characteristics of the pipe at the end of the test. Due to the heterogeneous nature of the soil, it is possible to have all the colloidal erosion develop in one or more small areas along the
pipe through an undisturbed sample.
Flow from dispersive clay is dark, and the specimen
pipe enlarges rapidly with an increase of the flow rate. Flow
from slightly to moderately dispersive clay is slightly dark,
but the pipe diameter and the flow rate remain constant dur-

Figure 6 - Pinhole test apparatus (Sherard et al., 1976).
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ing the test. In nondispersive clay, the flow is clear with no
measurable increase in the pipe size.
Table 1 shows the criteria for evaluating the results of
pinhole tests. Soils that fall into the categories D1 and D2
are dispersive. Soils that fall into the categories ND1, ND2,
ND3 and ND4 are considered non-dispersive.

Perfectly clear
Perfectly clear
1020
ND1

5

£ 3.0

Barely visible
Clear
> 3.0
5
1020

1.8-3.2
5
380

ND2

Slightly dark

Moderately dark
Slightly dark

Barely visible
ND3

1.4-2.7

0.8-1.0

5

50

180

ND4

10

Dark
Moderately dark
1.0-1.4
50
D2

10

Very dark
Dark
1.0-1.4
5
50
D1

Head (mm)

Test time for given head (min)

Final flow through specimen (mL/s)

From side

From top

4.2. Hole erosion test

Dispersive
classification

Table 1 - Summary of criteria for evaluating results of pinhole test (ASTM D4647 / D4647M, 2013).

Cloudiness flow at end of test

Hole size after test (mm)
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For evaluating the probability of initiation of internal
erosion induced by concentrated leaks, it is necessary to
compare the applied hydraulic shear stress with the critical
shear stress that will initiate erosion at the degree of saturation of the soil on the sidewalls of the flaw. For this purpose, it is necessary to carry a series of Hole Erosion Tests
(HET) at varying heads.
This type of tests has been conducted in the laboratory to simulate erosion through a concentrated leak in an
undisturbed cylindrical specimen or in an unsaturated soil
specimen compacted into a mould. It is suitable for soils
containing plastic or non-plastic fines, which will sustain
an opening when wetted during the test.
Figure 7 shows a schematic diagram of the HET apparatus used at LNEC. The soil specimen can be compacted
inside a standard Proctor mould, a 6 mm diameter hole is
drilled along the centreline axis, and the mould with the
specimen is assembled between two chambers made of
acrylic glass. The monitoring devices of the HET are an
electromagnetic flow meter, located upstream of the test
cell, and two standpipe piezometers installed on the acrylic
chambers near the ends of the test specimen. A control
valve is installed upstream of the test cell, to assist in the
test procedures.
The test starts imposing a selected head loss, by fully
opening the control valve. During the test, the flow rate and
the piezometric levels are recorded at regular intervals. The
test ends when one of the following criteria is attained: 3 h
of test duration; 1,000 L/h of flow rate; 25 mm of diameter
of the pipe eroded; blocking or collapse of the erosion pipe.
After dismantling the test apparatus, the compaction
mould is placed vertically, and the pipe filled in with
melted paraffin wax. After cooling of the paraffin wax, the
specimen is extracted from the compaction mould, and the
soil surrounding the paraffin mould is carefully removed.
The equivalent diameter of the resulting erosion pipe is estimated by measuring the paraffin mould volume. The paraffin mould also gives an indication about the shape of the
erosion pipe at the end of the test, and the roughness of the
surface along its length.
In order to have a successful test, a condition of progressive erosion must be achieved, where the enlargement
of the pipe leads to further increase in shear stress and
higher rates of erosion. When both the rate of erosion, &e, and
the applied hydraulic shear stress, t, increase, they usually
have an approximately linear relationship, given by
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Figure 7 - Schematic diagram of the Hole Erosion Test (HET) setup used at LNEC (Santos, 2014).

e& = C e ( t - t c )

(1)

where Ce (kg.N-1.s-1) is the coefficient of soil erosion, and tc
(Pa) the critical shear stress for soil detachment, which corresponds to the intersection of the straight line with the horizontal axis. This equation is valid only for t > tc. Wan &

Fell (2002, 2004) have found it convenient to define the
erosion rate index, I, as
I = - log C e

(2)

Figure 8 shows the results of a HET, with the evolution of the erosion pipe diameter and its time derivative

Figure 8 - Estimation of the diameter of the pipe and of the erodibility parameters: a) evolution of the erosion pipe diameter and its time
derivative; b) erosion rate vs. applied shear stresses.
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(Fig. 8a), used to estimate the erosion rate and shear
stresses applied in the pipe walls along the test (Fig. 8b).
Based on those results, the erodibility parameters are:
Ce = 6.38 ´ 10-5 s/m, tc = 32.8 Pa and I = 4.2.
Soils with erosion rate index lower than 2 are usually
so erodible that they cannot be successfully tested in HET
devices. Since erodibility is strongly influenced by the
compaction characteristics, the authors have defined a rep~
resentative erosion rate index, I , determined for soils compacted to 95% standard Proctor maximum dry unit weight
at optimum water content, and the classification system is
shown in Table 2. The time for erosion to progress is very
dependent on the erosion properties expressed by the erosion rate index.
Most clayey soils tested have significantly higher erosion rate indices (slower erosion) and higher critical shear
stresses when saturated than at the partially saturated compaction condition. This is an important finding because it
means that once the core of a dam built of clayey soil is saturated and consolidated, it may have a slower rate of erosion, and a higher critical shear stress.
Intact samples, with in-place soil structure, are preferred to remoulded samples. Large differences of critical
shear stresses are often noticed between them.
4.3. Flow limiting erosion test
Fry (2007) states that an upstream shell of a relatively
fine-grained material can generate such relevant head loss
that it can stop the erosion in a crack passing through the
core. The author considers that crack erosion is mainly dependent on the relation between the critical shear stress of
the core and the permeability of the shell. Cyganiewicz et
al. (2007) suggest that the likelihood of upstream soil
cracking should also be considered, since the ability of an
upstream material in limiting the flows may be substantial
reduced if it can sustain the crack.
To study the flow restriction action, a new test apparatus and its setup procedures have been developed by
Santos et al. (2014), aiming at the assessment of vulnerability to internal erosion progression of the cracked core of a
zoned dam, taking into account the presence of a shell or
transition zone upstream of the damaged core.
Table 2 - Qualitative classification of erodibility of soils based on
the representative erosion rate index (Wan & Fell, 2002).
Group

Representative erosion rate index Classification

1

<2

Extremely rapid

2

2-3

Very rapid

3

3-4

Moderately rapid

4

4-5

Moderately slow

5

5-6

Very slow

6

>6

Extremely slow
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Figure 9 - LNEC test cell used in the flow limiting erosion test
(Santos et al., 2014).

Figure 9 shows the new test cell designed. It is composed of three aluminium plates, three aligned aluminium
rings (with an inner diameter of 280 mm) and a circular
cover plate of acrylic glass. The different pieces are sequentially assembled, as the core and the upstream material are
being compacted, using threaded steel rods and nuts. The
test cell allows the compaction of a specimen composed of
a 170 mm long core, and an upstream material up to
250 mm long. The cell has a water inlet chamber, where, to
ensure lateral support for the upstream material, two concentric springs of similar stiffness and a rigid annular or a
porous plate are installed. At the downstream side, an outlet
chamber collects the eroded material from the pipe in the
core. The acrylic glass plate allows direct visualization into
this chamber. The inlet and outlet chambers have purge
valves used for air release/entrance during the filling/emptying of the test cell.
Figure 10 shows a schematic diagram of the setup of
the flow limiting erosion test (FLET). A pipe is drilled in
the centre of the core to model a concentrated leak. In some
tests, to take into account the observation by Cyganiewicz
et al. (2007), the pipe is also drilled in the upstream material. The specimen is subjected to water flow imposed
through a constant hydraulic head loss. The measurements
made during the tests include piezometric heads, flow rate,
and visual observations through the downstream acrylic
glass cover plate. The particle transportation and the turbidity of the effluent observed through the acrylic cover plate
are recorded using a digital camera. Detailed information
about the test cell, specimen preparation, test concept, test
setup, and test procedures can be found in Santos et al.
(2014).
The FLET results allow the identification of four
types of behaviour: flow stopping or decreasing greatly due
to upstream pipe collapse (type F1), flow limitation to a
threshold value (type F2), slowing down of core erosion
(type F3), and progression of severe erosion (type F4). Figure 11 shows the trend of the flow rate for each behaviour
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Figure 10 - Setup of the FLET (Santos, 2014).

particles are trapped inside the core pipe, which has no
erosion, since the core material has considerably higher resistance than the upstream material. The flow rate starts to
diminish while the upstream material continues to erode,
filling the voids between the trapped particles with even
smaller particles. This results in the progressive limitation
of the water flow, and the collapse of the pipe in the upstream material, due to prolonged soaking.

Figure 11 - Behaviour types observed in the FLET (Santos et al.,
2014).

Type F2 occurs when the upstream soil is non-erodible for the applied hydraulic load. The initial increase of
the flow rate is mostly due to the erosion of the pipe in the
core. In general, this occurs with the drop of the hydraulic
head loss in the core and with a slight increase of the hydraulic head loss in the upstream material. Consequently,
the shear stress, due to the eroding fluid on the pipe surface
in the core, decreases below its critical value. The erosion
process in the core slows down substantially, or even stops,
resulting in a constant flow rate.

type, and illustrates the typical layout of the specimen at the
end of the tests.
An extremely rapid erosion of the fines in the inner
surface of the erosion pipe in the upstream material, followed by the release of the surrounding coarser particles
with fast increasing flow rate, characterize the behaviour
type F1. After a short time, some of those coarser eroded

In type F3, after the initial increase of the flow rate,
the fines of the upstream material erode at a faster rate than
the core. This results in release of the coarse particles of the
upstream material, whose maximum dimension is higher
than the diameter of the pipe in the core. These particles become trapped at the interface with the core, resulting in
near-stabilization of the flow rate. Nevertheless, this rate is
sufficiently high to continue to erode the core, and those
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coarse particles end up being transported from the interface
downstream, with the flow rate increasing with no marked
restriction.
In type F4, the flow rate increases continually at a
very fast rate, mainly because of the high erosion rate of the
upstream material. Despite the low erosion resistance of the
upstream soil, the developing erosion pipe sustains its roof
during the progression of erosion.
Soils exhibiting behaviour type F1 are considered
highly capable of stopping the leak along the flaw. Soils
with behaviour type F2 are effective at limiting the increase
of the flow and thus controlling the progression of the internal erosion along a flaw in the core. Upstream soils showing type F3 and type F4 cannot be relied upon for providing
limitation to the progression of internal erosion.
4.4. Crack filling erosion test
There are very few laboratory experiments focused
on this topic. The exceptions are the laboratory tests carried
out by Maranha das Neves (1989, 1991), at LNEC, with the
Crack Erosion Test (CET). The CET allowed, for the first
time, the direct observation of the transport of eroded materials, from a crack wall to the filter face, as well as the assessment of the filtering mechanism at the filter layer.
Using a uniform layer located upstream of the core (which
acted as a crack stopper), the tests performed also enabled
the visualization of the crack filling action. Figure 12 shows
the setup of the CET. This apparatus allows to test any
crack orientation (horizontal, vertical or inclined), by setting the position of the test cell, and a range of applied hydraulic gradients and crack apertures. The original test
setup, represented in Fig. 12, was slightly changed by replacing the pea gravel layer enwrapped with an upstream
soil acting as crack filler.
Instead of simulating a crack, the crack filling erosion
test (CFET), designed by Santos et al. (2015) to study the
crack filling action, uses the test apparatus and cell developed for the FLET. For establishing the setup procedures,

the authors assumed the following basic assumptions: there
is a downstream filter that may not properly filter the particles eroded from the core, but can retain some of the particles that are washed from the upstream material. Consequently, this test aims to assess the vulnerability to internal
erosion progression of the cracked core of a zoned dam,
taking into account the presence of a shell or transition zone
upstream, and an inadequate filter.
As in the previous type of test, the different pieces of
the test cell are sequentially assembled, as the core, the upstream material, and the filter are being compacted. The
downstream filter is compacted within the outlet chamber,
which allows the compaction of a specimen with a 120 mm
long filter. A pipe is drilled in the centreline of the core to
model the concentrated leak.
Figure 13 shows a schematic diagram of the specimen
used in a CFET. The hydraulic loading conditions, measurements and observations made during the tests are those
described for the FLET. Detailed information about the
specimen preparation, test concept, test setup, and test procedures can be found in Santos et al. (2015).
The CFET results allow the identification of three
main types of behaviour: rapid crack filling with almost no

Figure 13 - Longitudinal section of specimen in a typical CFET
(Santos, 2014).

Figure 12 - Setup of the Crack Erosion Test (Maranha das Neves, 1989).
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Figure 14 - Behaviour types observed in the CFET (Santos et al.,
2015).

erosion of the core (type C1), filtering and stabilization after erosion of the core and/or upstream material (type C2),
and continuing erosion of the core and upstream material
(type C3). Type C2 behaviour can be divided into two
groups: after some erosion (type C2a), and after excessive
erosion (type C2b). Figure 14 shows the trend of the flow
rate for each behaviour type and Fig. 15 displays the typical
layout of the specimen at the end of the tests.
An extremely rapid transport of a considerable amount
of particles of the upstream material at the interface with the
core, along the pipe (forming a ‘sand jet’) up to the downstream filter face, characterizes the behaviour type C1. The
flow rate falls abruptly at an earlier stage of the test.
In tests of type C2, the flow rate increases rapidly due
to the development of suffusion in the upstream material.
The downstream filter is unable to retain this fine material
coming from the upstream material. At a given time, the hydraulic shear stresses, applied to the inner surface of the
pipe, reach values high enough to detach the sand-size particles, which are retained at the downstream filter face. This
filtering mechanism leads to a progressive decrease of the
flow, even to its stabilization. The eroded particles are
transported by flow up to the filter face, and, then, slowly
seep into the filter. This leads to two opposite effects on the
flow rate. On the one hand, the widening of the pipe diameter tends to increase the flow, and, on the other hand, the decrease of the filter permeability causes the decrease of the
seepage flow. This balance may result in an increase or stabilization of the flow for a period.

In tests of type C3, the flow rate increases rapidly.
There is a fast progression of suffusion in the upstream material, and the filter is too coarse to retain those particles.
Upstream soils showing behaviour type C1 in the
CFET are considered highly capable of rapidly filling
cracks in the core, and are effective in limiting the progression of internal erosion. Upstream soils exhibiting behaviour type C2 can stop the progression of the internal erosion
process by providing the filtering mechanism, which will
occur after some erosion or after excessive erosion. Upstream soils showing behaviour type C3 cannot be relied
upon for providing any effect on the progression of internal
erosion caused by a crack-filling action.

5. Knowledge Gaps in the Internal Erosion
Failure Process
There are some topics in the methodology and tests
presented that need further investigation in theoretical and
experimental terms, Namely the following are recognised
as very important:
• the conditions required for the stability of the walls of
cracks or the roof of pipes during and after the erosion
process;
• the influence of the seepage forces in the stability conditions in both types of internal erosion mechanisms (along
concentrated leaks or backward erosion piping);
• the representativeness of the laboratory tests, mostly performed on pipes, for the evaluation of erodibility conditions along cracks.
The concern about the structural behaviour of a dam
has always been to try to ensure a ductile, thus more stable,
structural behaviour, for which conditions of placement
and construction should be established so as to locate the
soil on the wet side of the critical state line (CSL), exhibiting a contractile behaviour. According to the critical states
concepts, the soil must be in a state of optimal compaction
when subjected to the service loads. Over-compaction has
the risk of cracking the soil body in blocks, presenting a
permeable to highly permeable behaviour as a whole.
An element of the core after compaction is characterized by its non-saturated state and some overconsolidation,
that is, the value of h = q/p’ is less than M. The stresses in
the element will proportionally increase due to the weight
of the overlying embankment. The mean stress increment

Figure 15 - Typical layout of the specimen at the end of the tests (Santos, 2014).
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determines a reduction in void ratio, and if the initial saturation degree is relatively high (80 to 90%), the soil becomes
saturated. Nevertheless, at the end of construction, the
stress state will remain slightly OC (point A in Fig. 16). The
soil will then exhibit a stable contractive behaviour.
When the dam is in operation, the total stresses before
and after reservoir filling are practically constant, and the
rise of the water level in the reservoir will induce saturation
in most of the core. However, it will also increase the pore
water pressure, uw, decreasing the effective stress, and the
soil becomes progressively OC (p’ decreases and q remains, from a practical point of view, constant). The corresponding stress path is represented in Fig. 16 by the arrow
AB. Depending on the value of uw and the depth of the element, the soil can reach a highly OC state (point B in
Fig. 16). Figure 16 also shows that, the larger the value of h
(represented, for example, by point B1), the larger the increase in the specific volume needed to reach failure, i.e.,
the critical state.
Independently of some precisions relative to the above (total pressure increase with soil saturation, flow effect,
etc.), in general terms, a core transition effect is plausible
from slightly OC to strongly OC, associated with the filling
of the reservoir, especially at dam lower levels (Maranha
das Neves, 2018).

Figure 16 - Decrease of p’ due to the increase of uw bringing the
soil from a slightly OC state to very OC states (passage of a contractile behaviour to a dilative behaviour) (Maranha das Neves,
2018).
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The mechanical (and hydraulic) behaviour of a saturated highly OC soil is very different from that of a NC soil
or slightly OC. This contrast is well identified in the behaviour map of a saturated remoulded soil (Fig. 17) presented
by Schofield (2005). In this figure, nl is a measure of the liquidity and degree of compaction of a set of stressed soil
particles, and h = q/p’ is a measure of the stress obliquity.
The left part of the map is of major interest as it concerns
heavily OC soils. The contrast of the soil behaviour in this
area with that of the area on the right is flagrant. In the latter, the soil behaviour (NC or slightly OC, that is, with OCR
of the order of 2.5) is the most well known and, in terms of
the stability of most geotechnical structures, the desired
one.
In the leftmost part of the map (h = 3 in compression),
the action of q can originate several types of possible mechanical and hydromechanical behaviour, such as cracking,
generation of fluidized soil blocks (rubbles), hydraulic
fracturing and internal erosion (piping). They all are situations difficult to model, barely known in their characteristics. For Mc < h < 3 (in compression), the action of q gives
rise to impervious sliding planes (in the sense that the water
pressure on a slip surface does not transmit to that of the
neighbouring soil).
It should be noted that the stress-strain behaviour of
highly OC soils is far from having been as well studied as
that of the NC or slightly OC soils. In the former, the occurrence of shear bands, despite the many difficulties that the
subject raises, has been widely studied. In the evaluation of
the localization, it is legitimately assumed that the soil is
uniform, since the shear bands corresponds to a plastic
flow. But, once critical situations are established regarding
the obliquity of stresses, such legitimacy is indeed dubious
(Gudehus, 2011).
On the other hand, a prolonged major drawdown of
the reservoir will substantially increase effective stress and
the undrained strength. With the refilling of the reservoir,
the water content will be increased but it will not reach the
values before the lowering of the water level in the reservoir, resulting in an increase of the undrained strength and
the resistance to hydraulic fracture (Atkinson et al., 1994).
This helps to explain why hydraulic fracture, in undrained
conditions, is more likely to occur during the first impounding of the reservoir.
Consider, now, a longitudinal or transversal vertical
crack developed during construction or induced by hydraulic fracture after or during reservoir filling, and filled with
water. Knowing that saturated soils do not exhibit effective
cohesion, what must be analysed is if there is a justification,
based on the high OC generated by the increase in pore water pressure, for crack sidewalls to be stable. This must consider the equilibrium of the flat face of the soil element
where the effective normal stress is zero. Up to now, there
is no knowledge of studies that meet all of these conditions
(of experimental nature or based on the study of mechanical
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Figure 17 - Map of disturbed saturated soil behaviour (Schofield, 2005).

behaviour), as well as the stability condition of cracks in
unsaturated soils. In addition, the mechanism of hydraulic
fracture in dam cores remains to be fully resolved (Atkinson et al., 1994).
There is no doubt that cracks decisively influence the
mechanical behaviour of the soil, but it is very difficult that
the occurrence of cracks can be detected using constitutive
relations. The transport of pore water and air becomes chaotic due to cracks, which can lead to a deterioration of the
soil skeleton and internal erosion (Gudehus, 2011).
The study of the stress-strain behaviour of highly OC
soils at low effective stress will be carried out at LNEC, using triaxial tests. The stress path of a soil element of the
core during construction, first filling and operation of a dam
will be simulated, in order to assess the failure mechanism
and configuration, and the strength of the soil in those conditions.
Another question is the contribution of the seepage
forces to the stability of the walls of cracks or the roof of the
pipes originated by both internal erosion mechanisms (concentrated leakage and backward erosion piping). An example of a flow net induced in the cracked core of a dam is
presented in Figure 18. Around the crack, the flow lines diverge from the crack and the seepage forces are directed
into the core, having a stabilizing effect on the crack walls.
Figure 19, on other hand, represents the flow nets of
an incipient pipe and of a developed backward erosion pipe.
Based on this figure, it can be concluded that the erosive capacity of the erosion pipe increases as its length, as well as
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Figure 18 - Flow net in a homogeneous core with a crack
(Löfquist, 1992).

the intake area (in blue), increase. The seepage forces originated by the flow in the soil are directed towards the pipe,
having therefore a diminishing (or negative) effect on the
pipe stability.
These opposite effects of seepage forces on these
mechanisms may help to justify the fact that the hydraulic
gradient needed to induce backward erosion piping is much
lower than that required for erosion along concentrated
leaks. Nevertheless, this subject requires further and systematic investigation.
As described in the previous section, the most commonly used tests involving internal erosion mechanisms
rely on pipes in cylindrical specimens, which are easier to
prepare. However, their results are used to evaluate the soil
erodibility along cracks and the flow restriction and crack
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Figure 19 - Flow nets illustrating increase of flow intake area as
length of erosion pipe increases: a) incipient state; b) after backward erosion piping has proceeded to a considerable distance
from the exit point (Terzaghi et al., 1996).

filling actions, which have very distinctive geometry,
boundary conditions and stress state around the crack.
Moreover, the tests are generally performed on unsaturated
soils, imposing hydraulic gradients much higher than those
present in dams.
Carrying out HETs, FLETs and CFETs, using cracks
with different orientations to model a concentrated leak in
the core, can be helpful for the research on the differences
in terms of stability, erodibility, flow limitation and crack
filling actions between cracks and pipes. Presently, these
tests are being performed and their results compared with
those of pipes, to establish correlations or correction factors
between both flaw geometries.
Nevertheless, the relationship between dam internal
erosion and the laboratory tests is less certain, and the results must be carefully calibrated with data from real case
studies.

6. Case Studies
6.1. Lapão dam
Lapão dam is located in the central part of Portugal,
6
3
with a total reservoir volume of 1.26 ´ 10 m , and was built
for water supply and irrigation purposes. The dam, with a
maximum height of 39 m, is constituted of clayey and silty
materials in the upstream shell and core, and materials re-

jected from Mortágua and Gândara ceramic industries in
the downstream shell, essentially composed of clayey
sands and gravels (Fig. 20). An internal drainage system,
with a vertical filter, a horizontal drainage blanket over the
riverbed and a downstream toe drain, was designed to control the seepage through the dam body and its foundation.
The downstream shell also contains several horizontal
drains to help the dissipation of pore water pressures resulting from the construction process. The upstream and downstream slopes are, respectively, 1(V):4(H) and 1(V):2.9(H).
The normal water level (NWL) is 217 m, the maximum water level is 218.6 m, and the crest elevation is 220 m. The
downstream slope includes an access road to the bottom
outlet exit. The dam is inserted in a narrow valley, with very
steep slopes (1(V):1.39(H), at the left riverbank, and
1(V):1.32(H), at the right riverbank), especially at the bottom, where the slope reaches 1(V):0.32(H) (Fig. 21).
The rock foundation is constituted by schistose rocks,
highly fractured superficially. From the hydraulic conductivity point of view, a series of Lugeon tests was executed,
in which very high absorptions were recorded down to 15 m
depth. Nevertheless, during construction, the foundation
treatment was limited to a restricted zone in the right riverbank, discarding the bottom valley and the left riverbank.
During the first filling of the dam, in 2002, only 2
months after the beginning of the reservoir filling, when the
water level was 211 m, it was detected an extensive cracking and settlements at the crest, mainly at the interface with
the spillway structure (Fig. 22). As a precautionary measure, it was decided to lower the reservoir level, to open the
bottom outlet valve, to carry out a proper field and laboratory investigation, and to install additional monitoring devices to identify the causes of such anomalous behaviour of
the dam.
In January 2003, after an intense rainfall in the catchment area, the reservoir level exceeded the NWL. It was recorded a large increase of seepage at the downstream toe
drain exit with cloudy water, as well as the formation of
sinkholes in the berm over the toe drain (Fig. 23) and in the
access to the bottom outlet valve (Fig. 24). These cavities
were promptly filled with sand bags to reduce the rate of
progression of internal erosion (Fig. 25), and the labyrinth
weir of the spillway was partial demolished to lower the

Figure 20 - Typical cross section of Lapão dam.
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Figure 21 - General view of the bottom valley before construction and during the placement of the drainage blanket.

Based on the valley shape and rock mass characteristics at the foundation and abutments, the design should
include transition zones composed of plastic materials
compacted on the wet side in contact with the rock formation and the spillway structure, as well as, in the lower
part of the dam, where the arching effects could be significant.

Figure 22 - Extensive cracking and settlements at the crest.

water level in the reservoir (Fig. 26). During and after emptying of the reservoir, two upstream sinkholes were noticed
at the spillway wall vicinity (Fig. 27).
The analysis of the design and construction available
elements, field and laboratory tests results, monitoring
data, and results from the visual inspections (Marcelino et
al., 2003) led to the following conclusions.

Lefranc and Lugeon tests carried out at the foundation
and foundation-embankment interface allowed to detect
several high permeability zones. The drainage blanket dimensions seemed to be insufficient to catch and safely
carry the seepage water downstream.
The records of the compaction control tests revealed
that the embankment was compacted with water contents
lower than the optimum, which could result in an excessive
stiffness and high susceptibility to cracking induced by
wetting collapse or differential settlement. They also
showed that the average thickness of lifts was excessive for
the vibrating rollers adopted.

Figure 23 - Sinkhole in the berm over the toe drain.
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Figure 24 - Sinkhole in the access to the bottom outlet valve.

Figure 25 - Sand bags placed inside the sinkholes.

Figure 26 - View of the spillway after partial demolition of the labyrinth weir.
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Figure 27 - Upstream sinkhole in the spillway vicinity.

The in situ investigation confirmed that the embankment was poorly compacted, especially in the upper part of
the dam.
The monitoring data indicated a deferred increase of
the settlement rates with the increase of the water level in

the reservoir, and horizontal displacements towards upstream and in the valley direction, during the first filling
(Marcelino, 2004, 2008). The results of two groups of total
cell pressures showed very pronounced arching effects at
the bottom of the dam, with the vertical stress of the group
at elevation 187.7 m (32 m deep) reaching the minimum
value of 100 kPa (Fig. 28). It is apparent in this figure that,
especially during the first filling, the embankment experienced significant changes in the stress field, capable of
causing hydraulic fracturing.
The above description of the dam and of its behaviour
allows to conclude that internal erosion processes have occurred in Lapão dam, initiated by two simultaneous mechanisms, both induced by concentrated leaks.The first was
caused by arching in the lower part of the dam, which resulted in hydraulic fracture during the filling of the reservoir. The cracks remained open until pore water pressure
dropped because of the lowering of the reservoir water levels. The cracks that closed, probably, re-opened when the
reservoir water level raised during the intense rainfall event
of January 2003, producing the downstream toe sinkhole.
These arching effects are due to the very narrow
shape of the bottom valley and the very difficult compaction conditions in the lower part of the dam, and have been
confirmed by the total pressure cell data. The materials of
the core and shells, being unsaturated clayey materials,
could easily sustain the crack, so the internal erosion process could continue as long as the hydraulic gradient was
enough to erode the walls of the crack, leading to the formation of the sinkhole over the downstream toe drain.
The other mechanism is associated to the interface between the embankment and the spillway wall, and the con-

Figure 28 - Vertical stress recorded in the cell groups G1 (at elevation 187.7 m) and G2 (at elevation 196 m) and corresponding overburden stresses.
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ditions of the (poorly compacted) upper part of the dam.
Vertical walls are likely to have gaps, where the soil collapses on saturation, forming a flaw (an open pathway) in
which water flows. The upper parts are also more likely to
be affected by cracking and hydraulic fracture due to differential settlements within the dam and its foundation during
and after construction. The effects of this mechanism are
the upstream sinkholes and the various downstream sinkholes near the spillway wall.
Additionally, the internal drainage system was not
properly designed or built to protect the dam given that
cloudy water flowed downstream.
6.2. Crestuma-Lever dam
Crestuma-Lever dam (Fig. 29), located 13 km upstream from Porto, is the last downstream hydropower
scheme of a dam cascade system in the Douro River, which
comprises 6 Spanish and 8 Portuguese dams. The catch2
ment covers 97,603 km . The dam was designed and built
by Electricity of Portugal (EDP) (completed in 1985) for
hydropower purposes (105 MW), water supply and river
navigation. The dam safety control has been followed-up
closely by EDP, with technical support from the National
Laboratory for Civil Engineering (LNEC).
Crestuma-Lever dam must cope with a very wide
range of flow discharges (the maximum flood discharge is
3
26,000 m /s) and a considerable variation of water depths
downstream (from a few meters to over 20 m), involving
tidal effects. To deal with these hydraulic constraints, a
gated dam was designed, composed of 8 concrete stilling
basins (56 m long), equipped with double leaf vertical roller
gates (28 m wide, 13.8 m high - Fig. 30), supported by
seven concrete piers, discharging floods by the crest and
bottom. These piers reach the schist bedrock, and cross
40 m of sandy soils. The stilling basins rest in the alluvial
riverbed. To reduce the seepage flow and hydraulic gradi-

ents, upstream and downstream partial concrete cut-off
walls were adopted, reaching elevation -17.50 m.
For the construction of the dam, two cofferdams were
used in each riverbank (Fig. 31), essentially formed by the
natural sand of the river bed as shells and a central concrete
diaphragm wall, properly sealed to the bedrock. In the central part of the river (stilling basins 1E and 3E), two plastic
self-hardening slurry walls (constituted of bentonite and
cement, represented in Fig. 31 in red) were executed upstream and downstream down to the bedrock, at a distance
of around 1 m from stilling basins 1E and 3E.
This solution is particularly sensitive to any abnormal
scouring of the riverbed downstream, and its foundation to
backward erosion piping, especially stilling basins 1E and
3E. To prevent uncontrolled scouring, the riverbed has
been protected with rockfill extending 80 m downstream of
the spillway (Fig. 32), placed over filter layers to inhibit the
initiation of backward erosion piping.
From the records of the spillway operation, it was
concluded that the most severe conditions concerning energy dissipation are those involving flow passing under the
gates. In fact, in special conditions, the hydraulic jump can
be pushed downstream of the stilling basin end sill, or even
worse, the outflow can be, in essence, a high energy horizontal jet (Melo et al., 2014).
Regular surveying of the downstream rockfill stability has been carried out. Particular attention has been given
after the occurrence of significant flood discharges. The
survey completed after the first significant flood
3
(13,000 m /s), in the 1989/90 winter, detected a 4 m deep
scour cavity in the initial 10 to 20 m of rockfill, and a 1 to
2 m high bar around 30 m downstream of the spillway end
sill in three out of the four basins surveyed. The following
surveys showed a general scour of the rockfill protection
close to the downstream concrete cut-off wall (Fig. 33).
Three-dimensional bathymetry surveys performed from

Figure 29 - Crestuma-Lever dam aerial view.
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Figure 30 - Crestuma-Lever cross section (Álvares Ribeiro et al., 1982).

Figure 31 - Crestuma-Lever cofferdams and plastic self-hardening slurry walls, in red (Álvares Ribeiro, 1991).

October 2007 onwards confirmed the previous general
scour near the stilling basins. Also visual inspections performed by divers showed that most material in the scour depression was formed by sediments and that the protective
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rockfill and underlying filter layers, adjacent to the downstream cut-off wall zone, were severely damaged.
In these circumstances, unprotected exits of the seepage flow in the downstream foundation existed, as well as a
continuous layer of fine to medium uniform sand in contact
with the stilling basins. Therefore, there were conditions
for the initiation of backward erosion piping if a sufficient
hydraulic gradient was induced at the exit point. If initiated,
this phenomenon would tend to progress and continue,
given that the overlying concrete structures constitutes an
artificial roof, which could allow the enlargement of the
formed pipes.
In 2012, after 27 years of systematic observation of
the rockfill, it was decided to perform a detailed analysis of
the causes for the unexpected rockfill scour, and an assessment of the risk of backward erosion piping in the alluvial
foundation.
A seepage study through the foundation of stilling
basins 1E and 3E was carried out by LNEC (Caldeira et al.,
2012). For that purpose, a 2D numerical model was developed using the PlaxisFlow 1.1 software. The main goals of
the model were to assess the conditions for initiation of
downstream backward erosion piping and hydraulic heave.
The model allowed a comparison of foundation behaviour
considering the design assumptions and the scouring condi-
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Figure 32 - Rockfill downstream protection (Caldeira et al., 2013).

Figure 33 - Downstream rockfill scour (Caldeira et al., 2013).

tions observed in 2012. Geotechnical investigation data,
dating back to May 1972, was used to estimate the foundation hydraulic conductivity and the critical hydraulic gradient of the superficial alluvial formation. Data from piezometer readings provided information on pore water
pressures of the foundation to calibrate the main parameters
of the model. The finite element model reproduced the ge-

ometry of the stilling basin, concrete cut-off walls and
self-hardening slurry walls. The riverbed was modelled
considering a 32.5 m thick alluvium layer, over a 4.0 m
thick layer of slightly weathered rock on top of an 8.0 m
thick layer of moderately weathered rock. Figure 34 shows
that, in stilling basins 1E and 3E, the flow is concentrated in
the upstream and downstream zones between the basin and
cut-off walls and self-hardening slurry walls, increasing the
exit hydraulic gradients, and decreasing the safety conditions in terms of backward erosion piping and heaving.
More pronounced effects exist when the downstream scour
depression is considered, associated to a partial loss of confinement of the downstream cut-off wall.
The numerical modeling of the foundation provided
helpful information regarding its safety and the effect of the
erosion of bed material immediately downstream of the
stilling basin cut-off wall. It evidenced that any further development of the erosion would result in reduction of the
foundation safety margin comparing to the designed solution, namely if erosion went below elevation -8.0 m near
the downstream cut-off walls.

Figure 34 - Foundation 2D model of stilling basins 1E and 3E with the flow velocity vectors (Caldeira et al., 2012).
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Additionally, a physical hydraulic model was developed by LNEC, to study the causes of the scour and a corrective solution capable of resisting the hydrodynamic
actions imposed by spillway operation (Melo et al., 2014).
If the gate operation rules were followed or slightly violated, the model tests showed that no scour would be observed. Based on operational data, a new rating curve was
derived and applied in new tests. Then, the rockfill scour
developed in accordance with the monitored pattern of erosion, indicating that the unfavorable evolution of the river
natural rating curve was a major factor leading to the experienced scour.
Tests with rockfill involving larger blocks were then
carried out to assess the size capable of withstanding the
hydrodynamic actions of the flood discharges considering
the revised downstream rating curve of the river. A considerable increase of block dimensions was necessary. The average size increased from a range of 0.9 to 1.35 m, considered in the design, to a range of 1.0 to 2.2 m.
These studies made clear that the phenomenon of
backward erosion piping could be initiated and that remedial measures should be implemented for inhibiting its continuation and progression. Quoting Victor de Mello, in his
Rankine Lecture (de Mello, 1977): “Engineering involves
action based on decision despite uncertainty. Prediction is
one necessary vehicle for adequate decision; but, most often an engineer’s capacity at predicting is disparately poor
regarding what will happen, and quite competent, in comparison, at predicting what will not happen”.
In order to guarantee the non-occurrence of failure by
piping, the corrective measures found to address foundation safety of stilling basins 1E and 3E were the construction of an upstream solution completely watertight and new
filters beneath the rockfill protective layer (Caldeira et al.,
2012). These measures greatly decreased the hydraulic gradients in the active seepage zone of the dam, protected the

downstream flow exit points, avoiding the development or
progression of backward erosion piping, minimized the
thickness of alluvium material removal, limited the intervention area to the zone adjoining the stilling basins, and its
functioning is virtually independent of the downstream
scour conditions. The upstream watertight intervention
consisted of a secant pile wall, embedded, at least, 1 m in
the bedrock formation, sealed at the top by a jet grout slab
and laterally by grouting (Fig. 35).
Based on hydraulic test results, which required larger
rockfill blocks than those of the original design, new particle size curves and layer thicknesses were prescribed for
rockfill and underlying filter layers, taking into account
up-to-date filter criteria.
In order to ensure the global homogeneous behaviour
of the new rockfill protection, the removal of the damaged
rockfill was carried out, from the stilling basins end sill up
to the existing bar (formed approximately 40 m downstream, with crest approximately at elevation -2.0 m). Excavation near the downstream cut-off wall of the stilling
basins was foreseen until the original riverbed was attained,
and down to elevation -8.0 m, allowing to accommodate the
required thickness for the filter and rockfill layers (Fig. 36).
6.3. Caniçada cofferdam
Figure 37 presents the plan view and a cross section
of the cofferdam, excavation slopes and zone of the inlet
structure of the complementary spillway of Caniçada dam.
The proposed solution (MotaEngil, 2014; JetSJ, 2015) consists of a concrete gravity retaining wall, resting on a curtain with two rows of jet grout columns (with 1.0 m diameter) and on vertical and inclined steel profiles,
complemented with micro piles and grouting executed between the jet grout column rows. Therefore, the cofferdam
is made of the natural ground and the described ground reinforcement. The final geometry is achieved through the

Figure 35 - Upstream watertight intervention (Caldeira et al., 2013).
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Figure 36 - Schematic representation of the filters and rockfill replacement in the damaged zone (Caldeira et al., 2013).

Figure 37 - Plant and a cross section of the cofferdam, excavation slopes and zone of the inlet structure of the complementary spillway of
Caniçada dam (MotaEngil, 2014).

excavation of the ground and the application of nails and
drains at slope inner faces.
The ground is essentially a granite rock mass, very
decomposed superficially, but in depth formed by mixtures
of residual soils and granite blocks, and finally by sound
granite. In this type of ground, it was very difficult to materialize properly the jet grout columns, and it was necessary
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to complement the ground treatment with grouting, executed with tube à manchette.
The weathering process produced a wide range of soil
types within the weathered soil profile. This includes silty
sand residual soils, which are easily eroded, gap-graded
soils, which may be suffusive, zones of contrasting grading,
where contact erosion may initiate on the interface, and
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hard rock-like soil or granite blocks, which can provide a
roof below which backward erosion piping can occur, if the
hydraulic gradients are sufficient.
At the left abutment of the cofferdam, the curtain of
jet grout columns and grouting was too short and its extent
was not sufficient to prevent the described internal erosion
phenomena, and some signs of their occurrence began to be
observed during the ground excavation, such as sinkholes
(Fig. 38) and cloudy water exiting at some points.
To control seepage through the left abutment of the
cofferdam and adjacent excavation slopes, it was decided to
extend and deepen the water tightness curtain in order to
decrease the hydraulic gradient, installed in the decomposed granite rock mass, below the critical value, and to reduce the probability of occurrence of internal erosion.
Figure 39 shows the initial position of the jet grout columns
at the left abutment of the cofferdam and a secant pile wall
constructed for that purpose. After the pile wall execution,
the seepage flow from Caniçada reservoir had to skirt this
pile wall before reaching the definitive slopes contiguous to
the entrance structure of the spillway.
Nevertheless, due to the high susceptibility of the solution and of the decomposed granite rock mass to internal
erosion, other effects were observed during the construction of the spillway. Figure 40 shows an exit point of flow
with a pipe already formed, and water with fines entrainment (cloudy water). These effects, as well the seepage
flow inside of the cofferdam, worsened with the rise of the
Caniçada reservoir water level up to 151.7 m, in November
of 2016, as required for testing the hydraulic circuit of the
harnessing of Salamonde II. To stop the progression of the
internal erosion process, the downstream area of the
cofferdam was inundated (Fig. 41). The works were resumed with no major effects when the reservoir water level
decreased, and the water downstream of the cofferdam was
pumped. Nevertheless, during the final excavation, sand
boiling was detected at several points (Fig. 42), which pro-

Figure 39 - Jet grout columns at the left abutment of the cofferdam and secant pile wall built to decrease the internal erosion
effects (Caldeira et al., 2016a).

gressively disappeared with the drainage of the rock mass
at the slope.

7. Conclusions
In embankment dams and dam foundations, filters
and drainage systems constitute a first line of defence
against the phase of continuation of erosion. There is evi-

Figure 38 - a) Location of a sinkhole; b) aspect of the sinkhole (Caldeira & Santos, 2015).
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been reduced drastically (FEMA, 2011), due to the fact that
dams deteriorate with ageing due to undetected internal
erosion, and small embankments and dikes continue to be
built without adequate filter protection, and fail upon first
filling.

Figure 40 - Exit point of the flow with the formation of a pipe and
fines entrainment (Caldeira et al., 2016b).

The filters are means of controlling and directing the
seepage flow. They also prevent movement of soil particles
from or between various zones of the dam and its foundation. Even in dams designed with adequate hydraulic gradients, they are needed when dams present cracks, are poorly
constructed and are built with highly erodible materials, or
their foundation conditions allow large amounts of under
seepage. Therefore, filters constitute a defensive measure
to protect the dams from the less than desirable conditions.
Existing dams may not comply with the up-to-date
filter criteria or have deficient filters. In these cases, it is
necessary to assess the probability of failure by internal
erosion. Event tree analyses and laboratory tests were developed and are herein described to assist that purpose case
by case, thus supporting the judgement of the dam engineers.
In addition, new lines of research are needed to overcome some knowledge gaps regarding the behaviour of saturated and unsaturated soils under reduced effective
stresses, the stability conditions of cracks and pipes taking
into account the soil state and seepage conditions, and soil
erodibility characteristics, namely, flow limiting and crack
filling actions, along cracks based on laboratory tests.

Figure 41 - Inundation of the cofferdam interior up to elevation
138.0 m in November 2016 (Caldeira et al., 2017a).

Figure 42 - Soil boiling at the slope toe (Caldeira et al., 2017b).

dence from failure statistics (Foster et al., 1998) that since
the improvement of filter design and construction methods,
there was a reduction of the ratio of failures due to internal
erosion to the number of dams. However, such ratio has not
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As case studies, two dams with internal erosion evidences - in Lapão dam induced by concentrated leaks, and
the Crestuma-Lever dam affected by backward erosion piping - were presented in this lecture. The first is an embankment dam where during a flood several sinkholes were
detected. The causes of the anomalous behaviour are related to a deficient design that neglected the possible arching effects associated to the shape of the valley, and to the
compaction conditions, namely, at the interface with the
spillway structure. During construction, the compaction
control was ineffective and the foundation treatment was
limited to the right riverbank, despite the identification of
high permeability zones.
The second dam is a gated structure built in alluvial
foundation, where an abnormal rockfill scour was observed. Given that this solution is very prone to occurrence
of internal erosion, it was assessed its safety against backward erosion piping. Geotechnical analysis allowed the
definition of corrective measures for increasing the foundation safety and the downstream protective rockfill stability.
These measures involved the definition of an upstream water tightness solution and the redesign of geometry and
grading curves for rockfill and filters layers.
Finally, attention was focused on a cofferdam composed of a weathered soil profile, very susceptible to internal erosion phenomena. The evidences observed and the
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mitigation measures that allowed the conclusion of a spillway structure in safety conditions were described.
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