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Abstract

L’erosione interna e un fenomeno che puo indurre il collasso di rilevati in terra e si
manifesta con differenti modalita. Consiste nel distacco e dilavamento delle particelle
piu fini del terreno ad opera di un flusso d’acqua sotterraneo, che puo avvenire in modo
diffuso (sulwdion) o localizzato (piping). Sono stati sviluppati nel corso degli anni
numerosi modelli sperimentali fisici a piccola e media scala per valutare I'influenza dei
diversi fattori sui fenomeni di erosione interna, ma caratterizzati da alcune limitazioni.
L’obiettivo della tesi ¢ stato quello di realizzare un nuovo dispositivo piu versatile,
denominato Erosion-Piping Box (EPBox) che superasse alcune di queste limitazioni.
L’EPBox permette di analizzare i fenomeni di erosione interna su modelli di varie
dimensioni, effettuando test in pressione per raggiungere alti gradienti e ricostruendo
il modello per strati che hanno una inclinazione prescelta rispetto alla direzione del
flusso. Lo schema generale di funzionamento del’EPBox puo essere descritto con un
serbatoio di monte e uno di valle tramite i quali una differenza di carico idraulico, e
quindi un gradiente, viene applicata al campione, o al modello di rilevato, posizionato
tra essi. Il dispositivo € dotato di un circuito idraulico che consente di mantenere
costanti i livelli dei serbatoi, di un sistema di misurazione delle pressioni neutre, e
di un sistema di raccolta del materiale che viene eroso. Per le prove di validazione
si ¢ utilizzato un materiale con gradazione suscettibile all’erosione interna, ovvero
sferette di vetro di diametro compreso tra 0.07 mm e 2 mm, di cui sono state stimate
la conducibilita idraulica tramite un permeametro e le proprieta di compattazione.
Il permeametro e stato opportunamente modificato per misurare anche la quantita
di materiale eroso nel tempo, quando si applicano gradienti idraulici sempre piu
elevati. Dopo aver realizzato alcune prove per collaudare 'EPBox, si ¢ proceduto
con una serie di test con gradienti differenti, per verificarne 'effetto sulla quantita
di materiale eroso nel tempo e sulla conducibilita idraulica, valutando anche come
le diverse particelle vengono dislocate all’interno del campione. Dalle prove svolte
si & potuto osservare l'effetto del gradiente sulla stima di K e sul quantitativo di
materiale eroso, che risultano crescere con i sia nelle prove verticali che orizzontali. I

test sullEPBox hanno mostrato una diminuzione del materiale eroso nel corso delle

il
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prove anche a causa della formazione di pipes che permettono all’acqua di passare
facilmente all’interno del campione. Inoltre, il processo di erosione interna agisce sulle

particelle medie e fini trascinandole verso il serbatoio di valle.

Internal erosion is a phenomenon that can lead to the collapse of earth works and
occurs in different ways. It consists of the detachment and washout of the finest soil
particles by a flow of underground water, which may occur in a diffuse (su[udion) or
localised (piping) manner. Several small- and medium-scale physical experimental
models have been developed over the years to assess the influence of different factors
on internal erosion phenomena, but they are characterised by some limitations. The
aim of this thesis was to develop a new, more versatile device called the Erosion-Piping
Box (EPBox) that overcomes some of these limitations. The EPBox allows to analyse
internal erosion phenomena on models of various dimensions, performing pressurised
tests to reach high gradients and reconstructing the model for layers that have a
chosen inclination with respect to the flow direction. The general operating scheme of
the EPBox can be described with an upstream and a downstream reservoir through
which a hydraulic head difference, and hence a gradient, is applied to the sample, or
embankment model, placed between them. The device is equipped with a hydraulic
circuit to maintain constant levels in the reservoirs, a system for measuring pore
pressures, and a system for collecting material that is eroded. For the validation tests,
a material with a gradation susceptible to internal erosion was used, consisting of glass
spheres with diameters between 0.07 mm and 2 mm, whose hydraulic conductivity was
estimated using a permeameter and whose compaction properties were estimated. The
permeameter was suitably modified to also measure the amount of eroded material
over time when progressively higher hydraulic gradients were applied. After a few tests
to validate the EPBox, a series of tests were carried out with different gradients to see
the effect on the amount of material eroded over time and the hydraulic conductivity,
including how the different particles are displaced within the sample. From the tests
it was possible to observe the effect of the gradient on the estimation of k and on the
amount of eroded material, which increased with i in both vertical and horizontal
tests. The EPBox tests showed a decrease in the amount of eroded material during
the tests also due to the formation of pipes that allow water to pass easily through
the sample. In addition, the internal erosion process acts on the medium and fine

particles, dragging them towards the downstream reservoir.

v
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Introduction

Earth works are used either as structures to prevent the over ow of watercourses or as
gravity barriers to delimit a reservoir. In the rst case they are termed levees, while if
they have the function of permanent con nement of water basins they are referred to
as embankments.

Internal erosion is one of the most critical phenomena that may induce a collapse or
failure in embankments. Statistical investigations have highlighted that approximately
0.5% of embankment dams worldwide have experienced failure due to internal erosion
(Fell and Fry 2007). Localised internal erosion phenomena such piping can lead to
the collapse of the structure, through the formation of cavities due to the continuous
transport of material, with failures causing overtopping of the embankment crest
and allowing the uncontrolled passage of water downstream of the structure. The
triggering of the pipe is marked on the valleyside of the earth dam by the presence
of "sand volcanoes" consisting of the eroded material from which the Itering water
emerges. Equally dangerous are distributed erosion processes suchuassion, a
phenomenon that occurs when the dragging action of the water is exerted on the ner
particles and the solid skeleton consisting of the coarser component of the grains is
left intact. If there is collapse in the soil, the phenomenon becomes more dangerous
and is termedsu osion.

The e ects of the action of water on earth works have been studied since their
rst construction, almost 5000 years ago, such as the structures built in the area
around the Nile by the rst colonies that inhabited its delta to protect themselves
from ooding or in the Tigris and Euphrates river valleys. The design approach was
mostly empirical but with good results, considering that some of these structures -
which could be built with stone blocks used as bricks or with earth materials - have
last for many centuries with few damages. For example, the Proserpina dam, one
of the rst hydraulic constructions, was built by the Romans, has a lifetime of 2000
years and still today is in function, though with some modi cations and adjustments
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in the last centuries (Jansen 1983). The phenomenon piping became an engineering
concern only in 1898, after the collapse of the Narora Dam on the Ganges River in
India. In this incident, internal erosion was recognised as the trigger and therefore
the beginning of the rst investigations into this issue (Jones 1981).

The importance of the study of internal erosion phenomena such pging and
su usion in a laboratory scale is given by the lack of standardized procedures, espe-
cially in soils constituted by non-cohesive materials. Various experimental physical
models at small and medium scales have been developed over the years to assess the
in uence of di erent factors on the initiation and development of internal erosion
processes in soils, often with many limitations due to sample size, applicable gradients
and the possibility of analysing only a single internal erosion phenomenon. Models
made at full scale are rarer, but extremely useful for reproducing the phenomenon in
its totality up to the collapse of the structure, and thus evaluating the correspondence
of the results obtained from tests made at a smaller scale. Usually it is common to
perform simulations with nite element analysis to evaluate risks related to inter-
nal erosion, but the role of laboratory tests is irreplaceable (Richards and Reddy 2007).

The objective of this thesis is to build a new device and verify its feasibility and
reliability in performing laboratory tests for the analysis of internal erosion in a
model of an embankment, in particulampiping and su usion phenomena. Material
choices and design solutions have been made with the aim of improving several aspects
of the instruments used in the literature, creating a versatile apparatus for various
applications, allowing for:

the analysis of various internal erosion phenomena;

the use of models of di erent sizes;

pressurised tests when high gradients are to be achieved,;

the installation of piezometers to directly measure pressures in the sample;
the visual analysis thanks to the transparency of the walls;

the creation of samples with inclined layers thanks to a rotational mechanism of
the base of the box with respect to the horizontal;

the possibility to easily replace lters according to the materials employed or
the requirements of the test.



The rst two chapters of this thesis are devoted to the description of the di erent
forms of internal erosion and to the analysis of some of the experimental models avail-
able in the literature. In the third chapter the new model designed and implemented
is presented examining construction details and the reasons for the choices made. The
fourth chapter describes the material used, reports the particle size distribution curves
of the di erent fractions available and presents the analyses carried out on the void
ratio during the preparation of the sample for the subsequent tests. The fth chapter
analyses the vertical seepage tests carried out in a permeameter modi ed to be used
with the material of interest, while the sixth chapter reports the tests carried out with
the EPBox starting from the preliminary analyses to verify the instrumentation up to
the horizontal seepage tests. The last chapter is devoted to conclusive considerations
on the work carried out.






Chapter 1
Erosion In soils

The process of erosion consists in the removal of soil particles caused by an external
action that may be due to atmospheric agents, subsurface and super cial water seep-
age or other factors. It can be subdivided into two di erent phases, which are the
detachment of the single particle from the whole body and then its transportation.
The movement occurs if the mobilising forces on the particle exceed those resisting the
movement, thus causing the beginning of the phenomenon. It then proceeds until the
particle is deposited, when the energy underlying the movement is no longer su cient
to keep it in a state of motion, unless the particle is completely washed o from the
soil mass. The factors in uencing the occurrence of erosion can be geometric, meaning
soil properties such as average grain size, distribution and size of voids, and grain size
distribution, hydraulic such as hydraulic gradient, ow direction and velocity, and
mechanical, meaning density, layer inclination, cohesion and stress state.

There are two main categories that can be distinguished: super cial and internal
erosion.
Super cial erosion is usually known asveathering and mainly relates to the action of
wind, rain and snow on the portion of the soil in contact with the atmosphere. The
surface is more a ected when subjected to degradation by chemical elements (e.g.
acid rain), so the combined e ect of chemical and physical action must always be
considered.
Internal erosion involves the inner part of the soil and the causes of the movement are
mostly of a physical nature; however, some researchers (Lutz et al. 1934) have focused
on the combined e ect of chemical nature on the erosion processes, showing how this
joint action can be one of the main factors in uencing the stability of embankments.
The investigation of this phenomenon is of great importance because the data collected
showed that approximately 0.5% of embankment dams worldwide have experienced
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failure due to internal erosion (Fell and Fry 2007).

A considerable volume of research has been published in the literature on the
phenomenon of internal erosion and, considering that these works often derive from
international and multidisciplinary studies, there can often be confusion in terms
of de nitions of the speci c mechanism that is taken into account. Often several
phenomena are gathered under the term giiping, which, although leading to similar
end results, are triggered by di erent causes, and for this reason an understanding
and distinction between them is fundamental.

There is a large amount of data collected over the years on the causes and modal-
ities of the collapse of embankments or dams - both in earth and concrete - over
time, but it is often di cult to trace the real causes of the event. In fact, with the
collapse of the embankment, any evidence of what may have caused the disaster is
also washed away. Therefore, from a statistical point of view, observing the records of
the various events over time, it is necessary to note that these data must be associated
with broader engineering considerations in order to have a better interpretation of the
individual phenomena (Richards and Reddy 2007).

The most relevant problems due tgiping are concentrated ows due tobackward
erosion, although historical data on dam collapses show that there are often other
factors involved. In fact, a large part of them are due to internal erosion, inadequate
sizing or lack of maintenance of the lters. From these data it appears that only 31.1%
of piping failures are associated with the classical model backward erosionbut this
could be much less if the speci cs of these failures were known. The majority of these
events are attributed to mechanisms opiping along conduits, other structures and
internal erosion (49.8%) into or along foundations or abutments (15%) qiping due
to tunnelling (4.1%) (Jones 1981).

Based on the data collected, the most relevant phenomena in terms of number are
those related topiping and di use phenomena such asu usion. For this reason, the
development of an apparatus such as the EPBox, capable of simulating these types of
mechanisms, is essential to better understand their causes and the ways in which they
occur.

The di erent types of internal erosion, are triggered by di erent factors and have
di erent characteristics, which will be described in the following chapter starting with
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the phenomena that can be studied by means of the apparatus designed in this thesis
work and ending with a short analysis of two other types of internal erosion.

1.1 The piping phenomenon

1.1.1 Description of the process

The water in Itration movement which is responsible for the transport of material

is established due to the di erence in hydraulic head between the reservoir side and
the countryside of the embankment. The in Itration of water can cause instability of
the earth dam due to internal erosion processes. The material removal and transport
begins at the foot of the embankment on the countryside and tends to extend, creating
real channels which amplify, leading to the possible collapse of the structure.

"Pipes" can be de ned as linear voids created by the ow of water in soil works.
They can occur under all climatic conditions and vary from a diameter of a few
millimetres up to several metres (Figure 1.1).

Figure 1.1. Geomorphic and climatic distribution of pipes: (a) frequency ofpiping in di erent
landsurface units; (b) frequency and mean size of pipes in di erent climatic
zones (Canocher and Dalrymple 1977, NULM classi cation)

It is often di cult to clearly de ne a distinction between these types of conduits
and other macroporosity present in the soil. The substantial di erence that can be

7
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taken into account is that pipes, once generated, become preferential conduits that
allow water to ow with ease (Figure 1.2). These conduits can also create an under-
ground network of small tunnels that form a subterranean grid capable of creating
rami cations of up to several metres in length.

Figure 1.2. Pipe development in laboratory tests (Van Beek, Knoe , et al. 2011)

Once conduits of this type are created, due to micro collapses of their walls caused
by continuous erosion, tunnels can be formed by the union of smaller pipes, further
increasing the possibility of water crossing the ground. These openings are called
gullies and are often one of the main causes of embankment collapses (Jones 2004).

In cases where pipes run through the embankment, the traditional slope stability
analysis based on material properties is no longer able to give a good indication of
the risk of collapse. For this reason Karl Terzaghi (1922) drew the attention of the
science of soil mechanics to this phenomenon, as it is the cause of numerous collapses
in earth dams, hillslopes, riverbanks or cli s.

The water ow velocity according to the Darcy law (1856), can be expressed as in
(1.1):

Ve =  Kgig (1.2)
With:

Vs water ow velocity in the s direction;
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A

ks hydraulic conductivity or coe cient of permeability;

is hydraulic gradient in the s direction.

The hydraulic conductivity of soils depends on several factors: uid viscosity,
pore size distribution, particle size distribution, void ratio, mineral particle roughness
and degree of soil saturation. The value of hydraulic conductivity varies widely for
di erent soils (Table 1.1). The hydraulic conductivity of unsaturated soils is lower
and increases rapidly with the degree of saturation (Das 2006).

Table 1.1. Typical values of hydraulic conductivity of saturated soils

Soil type k (cm/s)

Clean gravel 107 -1

Coarse sand 140 2
Finesand 102 10°3
Siltyclay 103 10°
Clay 10° 106

The importance of the role of the hydraulic gradient in the seepage phenomenon
can also be explained by (1.2), in whiclh is related to the seepage forcds;:

Fs = wisV (1.2)
With:

w Speci ¢ weight of water;

V volume of soil.

The driving force increases with an increment of the hydraulic gradient, con-
stituting the most important trigger in the developing of piping. The shape and
dimension of the grains have an in uence on the possibility of detachment, the mi-
crostructure of the soil on the dragging of the eroded material. If the erosion is
localised in a limited zone, so-calletpipes” can be created, areas in which the removal
of material leads to the formation of preferential channels that widen and propa-
gate in the material to the point of possible collapse of the structure in the worst cases.
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Once the particles begin their movement, the grains can only be transported if
the voids are large and interlinked enough to allow their passage. If the particles do
not nd su cient space, they are deposited and obstruct the pores of the soil with a
phenomenon known aglogging This is the case ofelf-healingof the soil mass.

The materials most susceptible tgiping are ne sands and silts, often with a
gap-graded size distribution, where the ner particles can be moved easily within the
pore network of the coarser grains matrix. The process can occur in the foundation
soil, in the body of the embankment, or also at the interface between soil and the
structure (Figure 1.3). Speci cally, the EPBox is a useful device for studying this
phenomenon along the interface surfaces between the material and the walls of the
box, which are the areas whergiping is most likely to develop.

Figure 1.3. Piping in the interface between a dyke and the soil (Van Beek, Van Essen, et al.
2015)

The di erence in water level between the inner and outer side of the river results
in greater criticality during periods of ooding, when the watercourses reach a height
that could causepiping; in fact, the average hydraulic gradient is proportional to this
di erence (denoted by the letterH in Figure 1.3).

The signs that the process is occurring can be noticed in the countryside close to
the embankment: in fact, it is possible to see the presence of "sand boils" in the spots
where the water begins to ow to the surface, creating holes with accumulation of
uids, with solid particles in suspension if material transport is taking place. This
Is the evidence of whether the process is also acting with the removal of soil or only
with the passage of water.

10
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Figure 1.4. Large "sand boil" at the base of the landside of the levee on Coutts Island Road,
New Zealand (Green and Cubrinovski 2010)

1.1.2 Hystorical analytical approaches

From the beginning of the 1900s onwards, a greater awareness of the phenomenon
of piping began to develop, partly as a consequence of the collapse of the Narora
dam on the Ganges river in India in 1898 (Richards and Reddy 2007). It was
precisely in India that Bligh developed a theory in 1910, following this event, that de-
scribes thepiping phenomenon from an analytical point of view and how it is triggered.

Through the line of creep theoryhe identi ed a potential connection between the
length of the seepage path and the tensile forces capable of moving soil particles. This
method is derived from experimental observations made to evaluate the probability of
occurrence of thepiping phenomenon at the interface between soil and structure.

What Bligh observed is that the ow occurring at the contact surface between
soil and structure does not follow a Darcian ow rule, but is governed by a cubic
law typical of planar openings, in which the width of the opening plays a key role.
The ow path followed is not Darcian either, however the ow rate follows Darcy's
law in which the discharge rate, and consequently also the ow velocity, is directly
proportional to the hydraulic head and inversely proportional to the length of the
seepage path. According to Bligh's theory, the length of the seepage path has to be
calculated as the sum of the vertical and horizontal distances measured along the
interface between structure and soil (Figure 1.5). The aspect of this theory according
to which the ow occurs across the boundary surface between the two has generated

11
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Table 1.2. Bligh's line of creep recommended values fopiping stability (Richards and Reddy
2007)

discussion in the early 1900s, because according to other researchers the ow takes
place as intergranular (Lane 1934).

Figure 1.5. Vertical and horizontal distances at ground-structure contact (Richards and
Reddy 2007)

The equation that governs Bligh's theory is as follows:

L = cH (1.3)
With:
L ow length (calculated as the sum of vertical and horizontal length);
c percolation factor;

H hydraulic head across the structure.

Regarding the percolation factorc, Bligh developed guidelines to identify a safety
coe cient for percolation from his equation and relating it to dam failure events,
while classifying the soil into ve di erent classes as shown in Table 1.2.

12
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Lane in 1934, based on Bligh's studies, used the temqiping to describe the process
of the removal of soil particles along the dam-foundation soil contact. He also provides
a clear distinction between the ow that occurs at the soil-structure contact and the
one within the granular medium. Lane re nes theline of creep theoryby taking
into account the anisotropy of soils and the conditions governing the ow of water in
strati ed soils.

The equation of Lane's theory known as theveighted creep methods as follows:

Lh = cH (1.4)
With:
Ln maximum length of seepage path that can be considered on the safety side;
c safe weighted creep ratio.

The relationship is similar to Bligh's (1.3) but the seepage path is approached
di erently. Lane indeed considers an anisotropic ow and introduces a reduction of
the seepage path length by 30%. On the basis of equation (1.4) in conjunction with
studies on more than 200 dams, the author provides the values of thecoe cient
for twelve di erent soil classes (Table 1.3). It is thus observed that the risk gbiping
increases with the hydraulic gradient and decreases inversely with the length of the
seepage path. This method is still in common use, especially when applied at soll
structure boundaries.

1.1.3 Backward erosion

In the wider category ofpiping the speci c process calledbackward erosioncan be
described in detail, being frequently observed.

This phenomenon is triggered from the bottom of the structure at the countryside,
through a progressive mechanism in which, following the opposite direction to the out-
going ow, soil particles are removed until a pipe is formed that may reach the water
basin. Once the ow has found a preferential path, the phenomenon becomes quite
similar to that described above generally apiping. The particles are progressively
removed from the soil matrix by drag forces produced by the intergranular in Itration
ow. The mobilising forces are balanced by the shear strength of the grains and the

13
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Table 1.3. Lane's weighted creep recommended values fquiping stability (Richards and
Reddy 2007)

weight of the soil particles. The drag force that causes this type of erosion is directly
proportional to the velocity of the ow between the grains. Moreover, the erosive
forces are highest where the stream of water is concentrated at a single exit point
and, once the soil particles are removed by erosion, the magnitude of the erosive
forces increases due to the greater concentration of the ow and the lack of resistance
considering that the grains have been dislodged. This mechanism is representative of
backward erosion piping Backward erosionis generally triggered where the ground
surface allows an opening to be formed.

Another fundamental element of the phenomenon are the cracks caused by desic-
cation, which are commonly used by water, either meteoric or from any reservoir to
nd an easy seepage path. The openings are lled and are also kept open by ltering
water, following preferential paths given for example by tree roots, burrows dug by
animals or in the surroundings of installed arti cial conduits.

Earth embankments are generally designed and constructed in such a way that
piping formation is limited, for example by the use of special Iters designed to
counteract the issue. Foundation soils, on the other hand, are more susceptible to the
phenomenon because they are less treated and therefore it is necessary to consider the
erosion process in detail in this context. In addition, it is di cult to monitor what is
happening in the subsoil and, once there is evidence that the process has taken place,
it may be too advanced for any action to be taken. The main factor is lithography
and in particular the presence of an aquifer con ned by a layer of cohesive material.

14



1.1. The piping phenomenon

The formation of the pipe generally occurs due to an increase in pressure in the layer
of sand that generates a fracture within the layer of cohesive material, determining a
preferential path that the ow of water can undertake to emerge easily. The particle
removal mechanism is triggered on the downstream side of the structure, at the fracture
and at the interface between the two solil layers, where the ow is concentrated and
the mobilising forces are at their peak. Once the removal of particles takes place, the
pipe develops in the direction opposite to the movement of the water until it reaches
the upstream side of the structure; the layer of cohesive material forms the upper limit
of the pipe. A hydraulic conduit is formed in which the velocity of the water tends to
increase, accelerating the phenomenon: the pipe progressively increases in diameter,
compromising the stability of the structure. The main evidence of the process is
the leakage of "sand boils" and the presence of water at the downstream side of the pipe.

Backward erosionconsists of four phasesn ltration , erosion and pipe for-
mation , pipe extension and collapse. Taking a simple stratigraphy into account,
the four characteristic phases of the phenomenon will be analysed below.

The process starts with a rstin ltration  phase triggered by the di erence in
hydraulic head between the upstream and downstream reservoirs. The water ows
through the foundation soil until it reaches the downstream side at an exit point,
which may be present naturally if the portion is constituted by coarse-grained material
and there is no ne-grained soil limiting the free up ow of the water (Figure 1.6) or
if there is an arti cial channel crossing the cohesive layer (Figure 1.7) or a natural
fracture.

On the other hand, if the exit point is not already present, the rising of water is
possible when the pressure value of the water within the sandy state exceeds the
weight of the overlying ne-grained soil layer, thus causing local fractures and allowing
the water to escape (Figure 1.8).

Figure 1.6. Embankment on a sandy layer (Van Beek, Knoe, et al. 2011)
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Figure 1.7. Embankment on a cohesive layer but with the presence of an arti cial channel
crossing it (Van Beek, Knoe, et al. 2011)

Figure 1.8. Local fracture in the cohesive layer (Van Beek, Knoe, et al. 2011)

Once the fracture has been generated, the ow is concentrated at the outlet area
and the seepage rate increases. The sand particles begin to be removedrbgion
when the mobilising forces exceed the resisting ones.

If the portion of the sand layer is uidised, the value of the e ective force becomes
positive again, because the water can ow out more easily. If the ow velocity is
high enough to drag the ner soil particles with it and deposit them on the surface,
so-called "sand volcanoes" (Figure 1.9) are formed, from which sand bubbles emerge
and increase in size. During this phaseipe formation occurs at the interface
between the two layers of soil, with the shallow one acting as a roof and allowing the
pipe to remain intact.

The most critical periods for the generation of this type of phenomenon are the
prolonged oods of the watercourses, during which there is a particularly high dif-
ference in hydraulic head between upstream and downstream reservoirs and seepage
occurs with greater forces (1.2), having more potential to move the ne particles and
erode them.
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Figure 1.9. Formation of the "sand volcanoes" (Van Beek, Knoe, et al. 2011)

A critical gradient is identi ed as that value for which the mobilising and resisting
forces are equivalent, thus leading to a limit value that allows the pipe to lengthen.
If the value of the gradient is higher than it, the dragging forces exerted by the
water on the bottom of the pipe remove the grains so that gipe extension occurs
(Figure 1.10). Therefore there exists an upstream reservoir level such that the gradient
exceeds the critical level and this height can be considered as the one at which the
phenomenon takes place.

From recent literature it has been stated thatpiping is common even if the hy-
draulic gradients are not very large. In fact, generally values less than 1.0 had been
considered safe, but there are nowadays some instances of phenomenguipafig
occurred even with gradients as little as 0.17.

Figure 1.10. Development of a pipe (Van Beek, Knoe, et al. 2011)
Laboratory studies have demonstrated that the hydraulic head required to enlarge

the pipe is lower than that required to trigger the phenomenon, due to the fact that
the laws governing the two mechanisms are di erent.
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Initially the water ow follows a Darcian mechanism, but once the pipe is formed,
the hydraulic of the phenomenon can be represented by the Poiseuille equation:

k= — (1.5)
With:
"k hydraulic conductivity or coe cient of permeability;
S section of the pipe;

viscosity of the uid.
When the pipe grows large enough to directly connect the upstream reservoir

with the downstream reservoir, a ow of water is established so high that there is no
resistance from the grains and erosion increases as a result.

Shields' theory identi es the incipient motion condition of a soil grain, both in the
case of laminar and turbulent ow (Figure 1.11). It is based on the de nition of the
parameter given by the ratio of the drag force exerted by the water on the soil and
the immersed weight of the grain (Shields 1936).

Figure 1.11. Motion initiation as a result of the drag force (Van Beek, Knoe, et al. 2011)

The critical drag action is de ned by:

=( s wd (1.6)
With:
s Speci ¢ weight of grains;

N

w Speci ¢ weight of water.
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d diameter of grains.

Considering the total number of grains, the shear stress exerted by the water on
the grains can be calculated by introducing the parameter (White 1940):

N d?
= — 1.7
A (17
With:
~ N number of particles;
" A area involved in the shear stress.
The drag force acting on the single particle is then given by:
2
= 9 (1.8)

The correction factor takes into account that the point of application of the
force Fs is slightly displaced from the centre of the grain. Theangle of reposé is
also introduced, which is the angle between the line of action of the weight force and
the line passing through the point of contact between the particle and the underlying
grains acting as support (Figure 1.12).

Figure 1.12. Forces acting on the particle according to the White theory (Van Beek, Knoe
et al. 2011)
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The particle is in equilibrium if the drag force is balanced by the frictional force
between the grains due to the weight of the particle. The shear stress is then de ned by:

= g(ls wdtan(l) (1.9)

With the increasing of the dimension of the pipe, the water tends to erode more
and more material, resulting in thecollapse and the sinking of the structure above it
(Figure 1.13, Figure 1.14). This phenomenon can act also in a short timeframe (6-12
hours) providing little warning signs and therefore becoming even more critical.

Figure 1.13. Collapse of the levee (Van Beek, Knoe, et al. 2011)

Figure 1.14. Sinking of the levee (Van Beek, Knoe, et al. 2011)

1.2 Su osion and su usion

The term su osion describes the gradual migration of ne material into a rigid matrix
of coarse material, which is thus brought to local collapse. This phenomenon results in
a framework of granular material with zones of high hydraulic conductivity that can
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Figure 1.15. Piping and su usion phenomena (Xiao and Shwiyhat 2012)

lead to the collapse of the soil skeleton itself. With non-cohesive materials this results
in zones where water easily ows through the material and the seepage forces are con-
sequently increased. The concept was introduced by Eastern European researchers and
can result in a much slower process than what is generally observed wtiping Jones
1981. In fact,su osion can be associated with long-term e ects of seepage, resulting
in an increasing amount of out ow over time. The gradual loss of ne material in a ma-
terial supported by a rigid solid skeleton is calledu usion. The seepage-induced mass
loss does not induce a variation in volume and the hydraulic conductivity increases.
Su usion usually can take place if the matrix of soil is su ciently coarse to allow the
movement of ne particles through the openings between coarser grains. As will be
described in more detail in the following chapters, the type of material used for the
EPBox tests has been chosen to be well suited to the investigation of this phenomenon,
with a matrix of coarser grains forming the solid skeleton through which the water
ows, removing some of the ner material. If this leads to the collapse and loss of
stability of the structure then it is termed su osion, observed with mass loss that oc-
curs with a reduction of volume and a consequent change in the hydraulic conductivity.

The process di ers greatly frompiping in that the latter is a phenomenon in
which preferential water ow pipes are formed with a localised erosive action, whereas
su usion is a distributed e ect that acts on the ner particles while leaving the
structure of the coarse portion intact (Figure 1.15).
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1.3 Other erosion mechanisms

1.3.1 Internal erosion

The term internal erosion is also used to refer to a speci ¢ phenomenon that has a
mechanism similar tobackward erosiorwith drag forces that remove soil particles.
The di erence is that in the case of internal erosion the ow occurs through fractures
in the cohesive materials or along voids at the interface between soil and structure.
Internal erosion does not follow the dynamics of intergranular ow and the hydraulic
laws governing it are di erent from backward erosion rather than being initiated by
Darcian ow at an exit point, internal erosion is triggered by the erosive forces of
water along a pre-existing planar opening. Therefore, it can be expected that internal
erosion would begin according to the cubic law of ow for planar openings. In the
case of internal erosion the tensile force acts along the entire length of the fracture,
whereas forbackward erosiorthe phenomenon is mainly localised at the exit point.
Due to the nature of the hydraulic conductivity at the soil-structure boundary, uid
velocities may be more erosive for a given hydraulic gradient due to higher velocity
ows. In addition, since hydraulic conductivity tends to be slightly higher at the
interface, this is often the rst location where increasing hydraulic gradients can
manifest themselves through erosion.

1.3.2 Tunnelling or jugging

Tunneling or jugging refers to the erosion that occurs within dispersive soils due to
precipitation. Dispersive soils are those in which the mineralogical constitution and
microstructure result in repulsive forces between the ne grains greater than attractive
forces when they come into contact with water. As a result, in the presence of water
the ner grains separate from the soil aggregate and are therefore more easily subject
to erosion. As several Australian and New Zealand researchers have explained (Jones
1981), this phenomenon occurs in the unsaturated zone of the soil. In fact, rainwater
in ltrates the openings already existing in the soil, thus eroding the ner fraction of
the grains. The phenomenon occurs with a high risk of collapse of the earth structures,
similar to the e ect of animal burrows or cavities induced by the plant root apparatus.
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Figure 1.16. Heave zones lifted by pore water pressure in cohesionless soils where upper
layer is less permeable than lower layer (Koltuk et al. 2019)

1.3.3 Heave

The phenomenon oheavewas discussed by Karl Terzaghi (1922), who was studying
the e ect of the phenomenon in sheet pile co erdams. As reported by Terzaghigave
occurs when the underpressures acting in a permeable zone beneath a semi-permeable
one are relatively high. A signi cant aspect otheaveis that if uid pressures in the
pervious zone increase, as during a ood, a point can be reached where the uplift
at the base of the semipermeable barrier exceeds the vertical e ective stress of the
overlying barrier (Figure 1.16).

Failure requires seepage velocity su cient to remove individual soil particles. This
phenomenon occurs when the pore water pressure developed by the seepage ow is
enough to lift up the less permeable base, causing the failure bgave
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Chapter 2

Literature review of experimental
tests

The aim of this chapter is to study how some devices and models have been developed
in the literature for the analysis of internal erosion, manifested by di erent processes.
In particular, attention has been paid to the materials used, the physical quantities
taken into account, the measuring instruments used and the structure of the apparatus.

The devices impose a hydraulic gradient on a soil sample (which can be of various
sizes, from a small scale to a full-scale model) positioned between an upstream and
a downstream reservoir. Tests are carried out with an increasing head di erence
between the two reservoirs, eventually leading to the failure of the sample.

2.1 Purposely designed laboratory test

2.1.1 A tiltable model for internal erosion investigation

The e ect of the direction of ow on internal erosion is very relevant. Within the same
earthen embankment there may be regions where there is a ow of water directed as
gravity, but also others where the ow is di erently directed (Figure 2.1). For this
reason, an apparatus capable of changing the relative angle between the vertical and
the ow direction was developed to analyse the e ect of internal erosion on samples
consisting of bentonite and rock our. In particular, having used gap-graded samples
the speci c phenomenon examined isu usion (Pachideh and Hosseini 2019).

In order to analyse the e ect of ow direction and inclination of the soil layers,
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Figure 2.1. Direction of ow in dierent areas of an earth embankment (Pachideh and
Hosseini 2019)

a two-dimensional apparatus with the possibility to rotate the sample was designed
and developed. By rotating the sample at angles betweefi &nd 180 with respect to

the vertical direction, the in Itration conditions of the water can be changed with
respect to the direction of gravity while maintaining the load and pressure conditions.
In order to monitor and record the data and control the testing process, a special
computer software called Soil Erosion Software (SES) was designed and developed
for this device. The main components of the device consist of device frames and
a sample container, a water supply and pressure control system, a loading system,
monitoring instrumentation, and a system for controlling and collecting the eroded
mass (Figure 2.2, Figure 2.3).

Figure 2.2. Overview of the tiltable apparatus developed for internal erosion studies
(Pachideh and Hosseini 2019)

The device consists of two rigid steel structures, one containing the sample con-
tainer, hydraulic jacks, and input control valves, with the possibility of being rotated,
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Figure 2.3. Schematic representation of the apparatus (Pachideh and Hosseini 2019)

and the other acting as a base and support for the structure above. The sample
container has a base of 140 mm by 210 mm and a height of 400 mm. The ratio of length
to width is approximately two, so that the container is long enough to observe possible
erosional pipes and particle movement during the test. The smallest size of the box
determines the maximum diameter of the soil particles, as the experimental evidences
observed during the tests showed that the ratio between the diameter of the particles
and the smallest size of the box must be less than about 0.2. For the experiments
the author used a ratio of 0.14. The box containing the sample is divided into four
sections, namely an inlet cap (small), big cap, sample cell, and outlet cap (Figure 2.4).
The inlet cap is usually lled with sand so that the input is uniformly applied to the
sample, the sample is placed in the sample cell, while the shape and type of the outlet
cap are chosen according to the relative angle between the sample and the horizontal.
The load cell is connected to the base by means of a hinge, which allows the upper part
to be rotated by an angle betweenUand 9C, but with suitable modi cations it can be
rotated up to 18 (condition for which the ow is in the opposite direction to gravity).

The pressures are set by imposing the height of the inlet water column and applying
an average gradient to the sample. A pipe with a diameter of 110 mm and a height
of 17 m (equivalent to a pressure of 1.7 bar) was used for the water input. A water
inlet valve with a capacity of 10 L/min was inserted at the base of the pipe, and the
same valve was used for the discharge unit. In addition, a pump with a capacity of
4 bar was added so that in the case of a pressure drop the desired quantity can be
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Figure 2.4. Sample container components and loading frame (Pachideh and Hosseini 2019)

generated and maintained, as well as in the case of applying higher gradients than
those provided by the tube alone. The data of pressure, weight of the eroded mass and
deformation of the sample are measured by means of electronic sensors, connected to
a data logger and transferred to a computer, which records and monitors the progress
of the test using the dedicated SES software.

Since one of the most important consequences of internal soil erosion is the change
of the gradient acting on the soll, it is important to measure the water pressure and
thus the gradient at any point. Here, four pressure sensors were used, with two sensors
monitoring the gradient and two sensors placed inside the soil sample. The position of
each of the sensors can be changed depending on the type of sample or the test angle.
In this device, one plexiglass side of the container has been perforated to allow the
sensors to be mounted in any position. A thin tube with an approximate length of
70 mm is also mounted inside to measure the water pressure in the centre of the sample.

The load is applied using two hydraulic jacks with a maximum displacement of 70
mm on two faces of the sample. Each jack is connected to a load plate, applying a
force to the sample from two directions.

A special container was created to record the eroded mass data, consisting of
a sedimentation basin, a cylindrical base and a load cell. The sedimentation basin
consists of three cylinders with di erent diameters and heights located one inside the
other. The out ow enters from the outlet into the central cylinder, then into the
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outer cylinder and then into the outlet pipe. Thus, with a high probability (with an
error of less than 10%), it can be said that all soil particles suspended in the out ow
during a test will be deposited and collected. By increasing the amount of sediment
in the sedimentation container, the force applied to the load cell also changes. The
amount of particles in the out ow as a function of time can be analysed by their
weight. The remarkable point in this respect is that before the start of the test, the
entire sedimentation container is lled with water; therefore, after the particles have
settled, changes in the load cell force will indicate changes in particle weight. The
only weakness is that it will not be possible to record the amount of particles removed
at any one time or to show how the size of the eroded particles has changed over a
period of time.

Soils with the possibility of internal erosion are generally gap-graded. Therefore,
conventional and standard methods of sample preparation cannot be used for these
soils. The most important reason for this is the segregation of the grains during sample
preparation. For this reason, a new method callettleal moisture was introduced.
The method consists of reducing grain segregation during specimen preparation and
compaction by adding moisture to the soil. In this method, the soil sample is prepared
in a moisture that is in its most ideal condition compared to that found in nature.
Therefore, if a sample is made in ideal moisture, it would be closer to the eld con-
ditions with regard to the arrangement of ne and coarse particles in the soil structure.

The ne soil fraction is of the rock our and bentonite type, while the coarse
aggregates (sand and gravel) are riverbed materials, with a dry density of an average
of 1.7 g=cn?. In order to make a better simulation in the laboratory, the ratio of the
size of the largest aggregate (19 mm) to the smallest size of the sample container (140
mm) was taken to be about 0.14. The tests were aimed at investigating the e ect of
ow direction with respect to gravity and layer direction on internal erosionsu usion
by using lIters with a mesh size equal to 2.38 mm. Therefore, a total of twelve tests
were performed for soils with two di erent types of ne grains, as can be seen in
Figure 2.5.

The input ow has been set in increasing steps of the gradient until a given value
is reached and maintained constant for a given period of time, for a total of 13 steps.
Three types of gradient were identi ed for each testi; erosion threshold gradient, a
gradient whereby due to the seepage forces in the voids between the large particles, the
ner particles start to be moved, i; erosion occurrence gradient, a gradient whereby
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Figure 2.5. Di erent modes of testing (Pachideh and Hosseini 2019)

the ow of water causes the ne particles to detach and move into the spaces between
the coarse soil structure, with the formation of micropipes and pipes in the soil, with
the occurrence of bubbles on the surface in the case of vertical ow, anderosion
development gradient, for which the pipes formed expand in width and are more
di used throughout the sample. Values of speci c discharge have been associated
with each gradient in the results, and have been reported also the the eroded mass in
terms of percentage for each test.

From the results obtained it was observed that in the case of upward ows, the
time interval between the threshold and development of erosion is higher than in
downward ows, although the threshold gradient in downward ows is less than in
the upward ones. It is noted that the more rapid the initiation of erosion, the greater
the outlet speci c discharge. In general, erosion gradients are higher in upward ows
and lower in downward ows, while in horizontal ows it has an intermediate value.
This means that the higher the angle between the direction of ow and the direction
of gravity, the greater the erosion gradient.

With regard to the eroded mass in the upward ow tests, since the particles
were displaced and deposited on the upper surface of the specimen and were not
transferred to the outlet, the exact measurement of the weight of the eroded mass
was not possible. Furthermore, in almost all cases, for soils with ne fractions of the
same type, the weight percentage of the eroded mass is higher in the case of layers
parallel to the in ow than in the case of layers perpendicular to the in ow. This
con rms precisely the e ect of the inclination of the layers on the phenomenon of
internal erosion. Through visual observations during the tests, a dependence of the
pipe shape on the inclination of the soil layers was noticed. In samples where the
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layers are parallel to the ow direction the pipes are generally generated as straight
lines following the shape of the layer (Figure 2.6 on the right), whereas in the case
perpendicular to the ow, the pipes have broken line shapes and change their path
(Figure 2.6 on the left).

Figure 2.6. An example of the shape of the pipes in the tests (Pachideh and Hosseini 2019)

2.1.2 True-triaxial piping test apparatus

Richards and Reddy (2012) have designed a new true-triaxipiping test apparatus
(TTPTA) with the purpose to monitor the triggering factors of piping under di erent
stress and seepage conditions. The system allows the studybatkward erosiorand
su usion for di erent soil types, both cohesive and non-cohesive.

The equipment consists of a cubic cell in which the samples are placed and then
subjected to con ning pressure, with seepage controlled by varying the seepage rate.
The device is complex (Figure 2.7) and its main element is the true-triaxial cell
(Figure 2.8). Itis 120 mm x 120 mm x 150 mm in size and allows control of the
pressures in the three perpendicular axes. The hydraulic head in the cell is monitored
with a precision di erential pressure gauge, while the water pressures are measured
with transducers. The pore pressures are controlled by pressurised upstream and
downstream tanks and the ow through the apparatus is governed by a ow transducer.
During the consolidation phase the compression is applied to the sample with air
bladders and neoprene pads, sealing all the openings and allowing the isolation of
the chamber before the seepage test. The TTPTA is only able to simulate the stress
conditions of relatively small to medium scale embankment models, due to the limited
pressures that can be reached by the load cells.

The ow out of the TTPTA is monitored by measuring voltage readings of a ow
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