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Abstract
Investigation of Seepage Induced Internal Instability in Dense Gap-graded

Soils under Complex States of Stress

by FAHED GABER

As well as providing and storing water and regulating flows, hydroelec-
tric dams function as a sustainable and clean source of energy and energy
storage. However, many large embankment dams were constructed before
engineers had a sound understanding of filter design. As a result, seepage
induced internal erosion of fines through the coarser matrix is the biggest
challenge to existing embankment dams, such that nearly 50% of embank-
ment dam stability problems are due to internal instability. The initiation
and later effects of internal erosion depend on a combination of both ge-
ometric and hydromechanical criteria, with the complex stress states that
the soil is subject to being one of the determinant factors.

The fact that internal erosion is stress state dependent has been recently
recognised and reported. Therefore, this thesis aims to develop an under-
standing of the role that the critical stress condition plays in the erosion
process. This research investigates the influence of varying different hy-
draulic gradient, fines content, stress path and finally, shearing rate. All
erosion tests were conducted while changing the stress state (continuously
shearing while eroding). To attain this objective, a triaxial permeameter
was developed to study the effect of seepage flow through a dense gap-
graded samples under controlled stress conditions. This enables the per-
meability to be examined, as well as the quantity of eroded soil. The triax-
ial permeameter is equipped with a pressurised water supply system, fine
particles collection system and water collection system. The pore pressure
differential across the sample, volume change, outflow rate of water and
the mass of eroded particles were recorded during all tests. This allowed
the hydro-mechanical parameters including hydraulic gradient, seepage ve-
locity, permeability and the internal erosion rate to be determined.

The tests reveal that shearing under seepage results in fines being re-
leased continuously from the soil, with the rate of release depending on
hydraulic gradient, initial fines content, stress path and shear strain devel-
oped. However, shear strain rate did not affect the rate of fines release. In
all tests, permeability decreased under downward seepage, irrespective of
fines loss. It was also concluded that the intensity of fines erosion could
affect the shear strength of the soil.
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Chapter 1

Introduction

1.1 Motivation

As resources are shifting towards more environmentally-friendly construc-

tion materials and natural solutions, dam engineering has to focus less on

the traditional concrete gravity, arch, or buttress dams, and more towards

embankment dams produced of entirely natural or engineered soil (Bonelli,

2013).

Research in embankment dams is still lagging behind, especially consid-

ering that the problems faced by embankment dams are often times of

very a different nature than those faced by other forms of dam construc-

tion (Chang and Zhang, 2011). Internal erosion is a problem that is vir-

tually non-existent for all types of concrete dams – this being one of the

main reasons why in comparison to concrete dam construction, there ex-

ists much less systematised knowledge about embankment dam construc-

tion and maintenance. Nevertheless, most of the embankment dams built

to date have as their most frequent cause of failure processes involving

internal erosion (Bonelli, 2013).
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Internal erosion is a very complex phenomenon, involving a multitude of

factors, from the fines content of the soil, to the stress state present. This

change in stress state (non-zero shearing rate) could be experienced dur-

ing an earthquake or if the geotechnical structure was altered externally

by excavation, wall height increase, or changes in water level.

In order to develop a framework capable of better dealing with the phe-

nomena that embankment dams are exposed to during their lifetime, it

is important to develop a means of analysing the soil in laboratory con-

ditions which mirrors as closely as possible the conditions to be found

in-situ (Chang et al., 2012).

Internal erosion can cause a variety of problems for an embankment dam,

such as loss of fines, change in the soil skeleton structure, change in poros-

ity, settlement, differential movement, and even structural failure. Settle-

ment in particular is problematic for an embankment dam as it decreases

the maximum water level it can hold and thus makes the dam more prone

to overtopping. In particular, settlement which occurs locally in only one

region of the dam, often known as differential settlement, can pose addi-

tional structural stability issues. For this reason, the geotechnical aspects

of the soil have to be better understood so as to enable the design and

maintenance of a wide variety of embankment dams which can fulfil local

needs safely.

Internal instability is caused by internal erosion which is particularly dan-

gerous and widespread for embankment dams. A large share of the cur-

rently existent embankment dams are susceptible to internal instability(Kenney
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and Lau, 1985; Bonelli, 2013) , and about 50% of embankment dam failures

worldwide are due to such instability. It is necessary to understand the

conditions under which these dams may actually become unstable in or-

der to prevent failure incidents that can lead to the destruction of nearby

infrastructure or loss of lives (Deutsches-Talsperrenkomitee, 2007).

To achieve maximum stability in geotechnical structures, it is a common

practice to aim for maximum in-situ density. Therefore this category is of

importance in investigating internal erosion. For the purpose of this re-

search, it was decided to investigate dense samples attempting to replicate

in-situ density as closely as possible.

This research focuses on suffusion and suffosion, and in particular, on the

role suffosion may have in affecting embankment dams. This study pro-

poses to investigate the commencement and progression of suffosion in

gap-graded soils and to develop a triaxial permeameter apparatus capable

of assessing the effects of the complex stress states often present in the

soil of dams. This knowledge will be used to investigate the effects of

internal erosion with the aim of developing a better understanding of the

geotechnical behaviour of embankment dams prone to internal instability.

The main motivation of this thesis is to answer the following set of ques-

tions:

• What is the role of shearing rate and stress path on internal erosion

progression as determined by loss of fines?

• How does the initial fines content affect the outcome of mass loss

during erosion and shearing?
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• How does internal erosion relate to hydraulic gradient during shear-

ing?

• How does disturbance of the soil fabric under monotonic shearing

result in release and erosion of fine particles?

• How does the progression of internal erosion affect permeability?

• Is there a relationship between loss of fines and shear strength?

1.2 Aim and objectives

The aim of this research is to examine the role of seepage flow on internal

instability in dense gap-graded soils under complex states of stress. Based

on the aim, several objectives were set out as follows:

• To develop a triaxial permeameter to investigate the internal erosion

in gap-graded soil under complex stress states.

• To study the behaviour of soil erosion while changing the stress state

(continuously shearing), i.e. propensity to erode, volume loss of fines,

permeability, and soil strength.

• To investigate soil erosion behaviour under complex stress states, i.e.

using stress path testing (changing radial and axial stress leading

to non-standard stress paths in q-p space) and using different shear

rate.

• To investigate the influence of different seepage flow and initial fines

content on internal erosion progression.
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• To use all findings from this research to develop an understanding

of the geotechnical behaviour of embankment dams more generally,

prone to internal instability.

1.3 The novelty of the research

The novelty of the research presented in this work is centred around de-

veloping an understanding of the role the stress condition plays in the

erosion process in embankment dams. Figure 1.1 illustration of the fac-

tors affecting internal erosion. It shows the three factors needed to pro-

duce internal erosion (at the nexus of the overlapping circles), according

to Garner and Fannin (2010) which is discussed further in Chapter 2.

The novelty of the research lies in the following facts: There are many

dams around the world which are deemed to be unstable based on an

investigation of their material susceptibility (bottom right circle) and hy-

draulic conditions (bottom left circle), therefore it is necessary to uncover

what is the future of such dams. Critical stress is a relatively neglected

area of research (top circle) when it comes to internal erosion, with very

little research performed to date.
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FIGURE 1.1: Illustration of the factors affecting internal erosion
modified after Garner and Fannin (2010)

For this reason, this project will improve on previous triaxial erosion test-

ing apparatuses in order to study different materials under complex states

of stress.

For the first time, the internal erosion process was studied under three dif-

ferent stress paths (changing radial and axial stress leading to non-standard

stress paths in q-p space). As well as studying the influence of the shear

rate on internal erosion by shearing the testing samples using three differ-

ent axial displacement rates.

This can model the change in stress state under constant fluid flow in a

geotechnical structure, which could be experienced during an earthquake
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or if the geotechnical structure was altered (loaded/unloaded) externally

via, for example, excavation or wall height increase which applies to tail-

ings dams (since they are built continuously upwards). This change in

load scenario could also occur due to changes in water level behind the

geotechnical structure. The loading experienced by the geotechnical struc-

ture can be cyclic or monotonic loading, for the purpose of this research,

only monotonic loading was used.

This will enable a better understanding of internal erosion behaviour and

may shed light on the reason for the failure of some dams and the ongo-

ing stability of others.

1.4 Thesis layout

This thesis comprises eight chapters. In Chapter 1, the motivation and the

novelty of this study were introduced, including the main aim and objec-

tives.

Chapter 2 reviews past and recent research on internal instability in em-

bankment dams, including geometric and hydromechanical constraints on

this field. Moreover, a comparison of experimental investigations on inter-

nal erosion is included.

Chapter 3, provides a description of the material used, characterisation

tests, the development of the triaxial permeameter, the testing program

and the testing procedures.
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Chapter 4 discusses a series of tests to qualify and quantify the influence

of the hydraulic gradient on the progression of internal erosion of a dense

gap graded soil.

Chapter 5, presents the second set of tests performed to study the influ-

ence of the initial fines content on the onset and progression of internal

erosion under a constant aimed-for initial hydraulic gradient of 10.

In Chapter 6, the third set of tests is presented to investigate the effect

of the stress path on the onset and the progression of internal erosion on

gap-graded soil. The experimental tests were carried out on six samples

of gap-graded soil under three different stress paths while shearing.

Chapter 7 examines the influence of different shearing rates on the inter-

nal erosion behaviour of different samples of dense gap-graded soil.

Chapter 8 provides discussion and conclusions drawn from this research

and recommendations for further research.



9

Chapter 2

Literature Review

2.1 Internal instability in embankment dams

2.1.1 Definitions

The following definitions are given with respect to embankment dams, al-

though may be applied to other hydro-geotechnical structures such as lev-

ees, dykes and retaining walls.

Internal instability

A term used to describe a soil element’s potential for loss of fine particles

as a result of suffusion or suffosion (Kenney and Lau, 1985; Moffat, 2005;

Crawford-Flett, 2014).

Internal erosion

In geotechnical structures, internal erosion refers to fine particles loss. There

is a series of different processes which can initiate internal erosion, the
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most common being suffusion, concentrated leak erosion, backward ero-

sion, and contact erosion (Deutsches-Talsperrenkomitee, 2007; Bonelli, 2013).

Suffusion

Sometimes separated into internal suffusion and external suffusion. Inter-

nal suffusion is the movement of particles within the soil skeleton (also

called fines migration), which may cause changes in hydraulic conduc-

tivity but no change in the overall particle size distribution of the soil

(Crawford-Flett, 2014). External suffusion involves fine particles being trans-

ported from the soil’s coarse particle matrix to the outside of the soil block

(Crawford-Flett, 2014). Recently theorists have assigned external suffusion

to represent solely the flow of fine particles from a coarse particle matrix

only if there are no structural changes (no total volume change) in the soil

skeleton due to this process (Moffat and Fannin, 2011).

Suffosion

Researchers have identified suffosion as being the same process as exter-

nal suffusion, with the sole difference that in suffosion the soil skeleton

changes or collapses, leading to a reduction in total soil element volume

(Moffat and Fannin, 2011). This is likely to occur when the skeleton de-

formation critical hydraulic gradient is reached. Suffosion usually occurs

when the soil is overfilled with fines, i.e. finer particles are partially or

fully in contact with coarse particles and provide support to them. Where

suffusion usually occurs when the soil is underfilled, i.e. finer particles

are fully confined within voids between coarse particles and provide no

support to the coarse particles.
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Contact erosion

The phenomenon of erosion that happens in the base soil at the interface

between the base and filter, illustrated in Figure 2.1.

Concentrated leak erosion

The phenomenon that can occur once a crack is formed within an em-

bankment dam or its foundation. The crack could originate from a vari-

ety of processes, such as differential settlement during or after construc-

tion, freeze-thaw damage, hydraulic fracture, or desiccation (Deutsches-

Talsperrenkomitee, 2007; Bonelli, 2013). Once the crack is formed, it can

be expanded by seeping water to form a pipe. The process can be self-

limiting if any one of the following conditions holds true: the soil doesn’t

have adequate strength parameters to hold the crack/pipe open, the hy-

draulic gradient present is limited, adequate dam filters are present to pre-

vent erosion, seepage causes the soil to swell, thereby closing the crack

(Bonelli, 2013).

Backward erosion

A form of erosion, illustrated in Figures 2.2, which begins at the point

where seepage flow exits the dam, and gradually moves backward as more

particles are eroded (Chang et al., 2012). Backward erosion is often asso-

ciated with piping (Bonelli, 2013; Chang et al., 2012).
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Backward erosion piping

A phenomenon happening when an erosion pipe forms, starting at the

free surface. It occurs most commonly underneath an existing embank-

ment dam through its foundation (Deutsches-Talsperrenkomitee, 2007; Bonelli,

2013).

Piping

A term used to describe a ’pipe’ that forms in a local area of the dam

where internal erosion occurs (Bonelli, 2013). Piping is often associated

with other phenomena, in particular with suffusion (Ke and Takahashi,

2014).

Heave

A phenomenon which occurs when the effective weight of the soil be-

comes negligible due to rising pore water pressures within the soil (Bonelli,

2013). This causes the seepage flow to move the surface of the soil in its

direction of flow. The soil also loses its structure in the process, i.e. par-

ticles lose contact with each other, and so the phenomenon can also be

known as liquefaction, although this term is more often associated with

seismic shaking or shearing collapse of loose cohesionless soil (Deutsches-

Talsperrenkomitee, 2007; Crawford-Flett, 2014; Bonelli, 2013).
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FIGURE 2.1: An illustration of erosion in earthen embankment

FIGURE 2.2: Backward Erosion forming a sinkhole; from Bonelli
(2013)
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2.1.2 Modes of failure due to internal instability

The primary modes of failure associated with internal instability are due

to the effects of external suffusion and suffosion (Bonelli, 2013). Indeed,

the two processes are linked to each other, and in most situations, a dam

can undergo both of them. Generally, a classification of the progression of

this erosion process is shown below.

Stage 1: No loss of fines

The embankment dam is in a stable soil configuration, with no fine par-

ticles being eroded (Deutsches-Talsperrenkomitee, 2007; Bonelli, 2013). The

soil forming the dam or its filter, due to its geometric constraints (to be

discussed in greater detail later), is prone to internal instability.

Stage 2: Initiation of loss of fines

A factor such as increasing hydraulic gradient due to an increased reser-

voir level behind the dam, or increasing deviatoric stress initiates the ero-

sion process (Chang et al., 2012). This stage is associated with increas-

ing permeability, which often results in higher seepage velocities and may

therefore increase internal erosion even further (Bonelli, 2013; Chang and

Zhang, 2013).
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Stage 3: Massive loss of fines and change of structure (suffosion)

If either deviatoric stress or hydraulic gradient increase such that the skeleton-

deformation hydraulic gradient is reached, then a massive loss of fine par-

ticles , coupled with a large increase in permeability, settlement and defor-

mation and a collapse of the soil-skeleton will occur (Chang et al., 2012;

Bonelli, 2013). This stage terminates very quickly, and is generally fol-

lowed by a re-organisation of the soil under a different matrix, with an

altered voids ratio. This newer matrix, in theory, has its own skeleton-

deformation hydraulic gradient, which when reached will cause another

re-arrangement (Luo et al., 2013; Chang and Zhang, 2013). Nevertheless, it

is possible for another stage to happen if the migration paths of the fine

particles are clogged or blocked.

Stage 4: Hydraulic fracture

Assuming that the remaining fine particles are clogged up and cannot eas-

ily escape the soil-skeleton, increases in hydraulic gradient may lead to

hydraulic fracturing between the coarse particles due to the rising pres-

sure inside the soil, and thus failure of the embankment dam (Bonelli,

2013).

However – it must be noted that a dam is likely to already have failed

once stage 3 is reached. The most likely causes of failure in such a sce-

nario would be very large settlements in the embankment dam as well as

weakening of its structure which makes the dam a risk to operate. Set-

tlement due to suffosion is indeed a common cause of failure according

to the embankment dam literature. Therefore, it should be aimed in its
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design that a dam never reaches the third stage under the stress and hy-

draulic gradient conditions it is likely to experience in its lifetime.

Another important risk of suffosion and suffusion for a dam occurs when

its filter is prone to internal instability. If the filter starts to lose fine par-

ticles, then the core of the dam often becomes exposed to erosion as well.

This loss of fine particles can continue, thereby causing large settlements

and ultimately undermining the entire earth structure (Bonelli, 2013). Filter

material is therefore key to ensure the structural integrity of an embank-

ment dam.

2.1.3 Requirements in embankment dams to prevent suffos-

ion

There is a series of conditions that can be looked for to ensure that dams

are internally stable and thus not prone to suffosion. The first order con-

dition is that the fines content in the filter is greater than 35% (Skempton

and Brogan, 1994). If this is the case, all the pores are filled and the struc-

tural matrix integrates the fine particles, thereby making it more difficult

for them to be removed. The second order condition involves geometrical

constraints – primarily the particle size distribution curve of the soils. If

the soil is not gap-graded then the probability is that it is internally stable

(Kézdi, 1979; Kenney and Lau, 1986).

If neither of these two conditions are met, then the soil is potentially

unstable. However, for instability to actually occur it is necessary that

the soil be exposed to a critical hydraulic gradient due to seepage flow
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(Bonelli, 2013; Chang and Zhang, 2013). The value of this critical hydraulic

gradient required for erosion to happen depends on a several factors, the

most important being stress state (including stress level and whether isotropic

or deviatoric), hydraulic load or water level behind the dam, and relative

density (Crawford-Flett, 2014; Chang et al., 2012; Bonelli, 2013)). In gen-

eral, lower relative density and higher deviatoric stress will lead to lower

critical hydraulic gradients (Chang and Zhang, 2013).

This chapter will continue with an investigation of the aforementioned

conditions in order to enable an understanding of the behaviour of soils

prone to internal instability. Further investigations along this line will

yield a better understanding of cohesionless soil behaviour under inter-

nal erosion, thereby allowing an assessment of the settlement potential of

such soil as part of an embankment dam.

2.2 Geometric constraints on internal erosion

A constraint on internal erosion, for the purposes of this work, will be

defined as a physical mechanism capable of influencing the likelihood of

internal erosion on the geotechnical and hydraulic integrity of an embank-

ment dam (Kenney and Lau, 1985; Moffat, 2005). Constraints determine

the conditions under which fine particles from an embankment’s core ma-

terial or filter may be prevented from, susceptible to, or caused to mi-

grate. According to Moffat (2005), constraints on the internal erosion of

dams can be separated in two different categories: geometric constraints,

and hydromechanical constraints.
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The former constraints include the composition, porosity and particle size

distribution of the soil, whereas the latter encompass effects due hydraulic

gradient and velocity of seepage flow, as well as effective stress level in

the fines content(σ′f ) (Kenney and Lau, 1985; Moffat, 2005; Moffat and Fan-

nin, 2011). In general, the geometric constraints will determine whether

particles can move within the soil matrix (which is, at least theoretically,

influenced by whether the pores of the primary matrix are sufficiently

large for the fine particles to move through) while hydromechanical con-

straints will determine the flow velocity required to initiate erosion of fine

particles (Moffat, 2005; Moffat and Fannin, 2011).

Before investigating the methods commonly used to approximate the ge-

ometric constraints of the soil from its particle size distribution curve, it

is necessary to explore the macro-conditions that govern the use of these

methods. These conditions have to do primarily with the fines fraction by

mass out of the entire soil composition, which largely determines the type

of soil skeleton formed, its porosity, and how the internal stresses are car-

ried (Skempton and Brogan, 1994; Shire et al., 2014).

The fines composition (F) is an important factor to understand internal

erosion because it determines how loads are transmitted through the soil.

Skempton and Brogan (1994) have defined a critical fines content S∗ at, or

above which the internal voids between the coarse particles are filled by

fine particles. At fines compositions lower than S∗, fine particles are gen-

erally held completely within voids between coarse particles and offer no

support in carrying the loads. The critical fines content, S∗ was calculated

to be 24% for densely packed specimens and 29% for loosely packed spec-

imens based on the permeameter seepage studies performed by Skempton
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and Brogan (1994). It must be noted that this range seems very general

and would change with material, seepage flow and stress condition.

The other important fines content limit is 35%, which represents the fines

composition when coarse particles are completely separated from one an-

other, Smax (Shire et al., 2014).

As noted from the bottom diagram in Figure 2.3, increasing the fines con-

tent up to S∗ decreases the porosity as fine particles are used to fill the

voids that exist between the coarse ones. Thus, if the fines content is

lower than S∗ and the geometric criteria indicates that the pore network

is sufficiently large for fine particles to pass through, then the soil is inter-

nally unstable Shire et al. (2014). If the fines content is larger than Smax,

the matrix is completely filled and fine particles have no paths to escape

and so the soil is internally stable, Table 2.1. If the fines content is be-

tween S∗ and Smax, then it may be prone to instability, but increasing rel-

ative density will improve stability (Shire et al., 2014).



20 Chapter 2. Literature Review

FIGURE 2.3: Illustration of the effect of fines content on the struc-
ture of soil and its porosity; from Skempton and Brogan (1994)

Other authors have attempted to separate soil skeletons into different classes

in order to further clarify the difference between each. Thevanayagam

(1998) have classified particles in four different classes, as illustrated in

Table 2.1; as cited in Shire et al. (2014).



2.2. Geometric constraints on internal erosion 21

TABLE 2.1: Different classes of soil skeleton cases as classified by
Thevanayagam (1998); images from Shire et al. (2014).

Case Description Illustration 

1 

and 

3 

(F<Sf) 

Case 1: 

-Fine particles carry no load/stress 

-Fine particles are trapped in pores 

-Prone to internal instability. 

Case 3: 

-Most fine particles are trapped in pores 

-some fine particles separate coarse particles 

from one another and reduce their load 

carrying ability 

-Prone to internal instability. 

 

2 

(F<Sf) 

Case 2: 

-Fine particles carry limited load/stress 

-Prone to internal instability, but less so than 

case 1 and 3. 

 

 

 

4(a) 

and 

4(b) 

(F>Smax) 

Case 4 (a): 

-Both type of particles carry loads/stresses 

-Internally stable, but may be prone to piping 

Case 4 (b): 

-Soil skeleton created by fine particles 

governs strength 

-Internally stable, but may be prone to piping  
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Thus, for soils with fines content below 35%, it is necessary to determine

whether the pore sizes in the network are sufficiently large to allow the

migration of fine particles, which, under the right hydromechanical con-

ditions, can cause erosion. This is done by investigating geometric con-

straints based on the particle size distribution of the soil, which governs

the behaviour of the pore network. This review will analyse the three

most common methods used in practice for investigating whether a filter

is stable or unstable, and their developments. These are the Kenney and

Lau (1985), the Kézdi (1979) and the Burenkova (1993). These methods

remain the most widely used, however, there have been recent improve-

ments that have occurred in their usage, which will also be discussed.

Such improvements do appear to offer better predictive power, and cer-

tainly offer a more thorough variety in the assessment of internal instabil-

ity (Li and Fannin, 2008).

2.2.1 Kenney and Lau method

Kenney and Lau (1985) describes the primary geometrical constraint in

granular filter materials to be given by the particle size distribution, PSD

of the soil. The method categorises the granular material as being com-

posed of three different elements: the primary matrix, which is responsible

for carrying stresses and which is generally stable and not prone to move-

ment, the loose particles present which are prone to being transported in

the soil skeleton, and the constrictions generated by the presence of dif-

ferent size particles which can prevent the aforementioned particle trans-

portation (Kenney and Lau, 1985).

This makes it evident that cohesionless filters which are gap-graded, such
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that there is an absence of sufficient particles of the size required to block

traveling paths of fines in-between the much larger coarse particles, are

more likely to be internally unstable. Indeed this hypothesis has been ver-

ified by a few research studies (Kenney and Lau, 1985; Skempton and

Brogan, 1994). This is also supported by Kenney and Lau (1985) calcula-

tions for compacted filter material which indicate that uniformly graded

materials have a higher relative mass content of maximum loose particles

(30%) than widely-graded materials (20% maximum loose particles).

Generally, according to Kenney and Lau (1985), stable filters will be char-

acterised by particle displacement paths smaller than the thickness of the

filter. The paper then provides both an empirical and a theoretical frame-

work for assessing the internal stability of a filter material based on these

considerations.

Empirically, their proposal is a seepage test having the material setup il-

lustrated in Figure 2.4. The specimen would be exposed to vibration and

flow velocity characterised by a hydrodynamic flow number greater or

equal to 10 (Kenney and Lau, 1985). The test involves measuring the grad-

ing of the soil sample prior to the test, and afterwards, to enable identify-

ing losses or changes that occur due to seepage in the PSD curve. Assum-

ing no losses and/or changes occurred, the filter in question is deemed

stable (Kenney and Lau, 1985).
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FIGURE 2.4: Material setup in a seepage test according to Kenney
and Lau (1985)

In this testing methodology, it is proposed to compact the specimen prior

to testing and use a coarse drainage layer, as well as use vibrational forces

to increase the likelihood of particle motion (Kenney and Lau, 1985). The

settings recommended therefore act to maximise internal erosion, and there-

fore are likely to be conservative in determining whether, in practice, an

embankment dam’s filter is internally stable based on its PSD. Indeed, it

has been found by the authors that 23 out of 45 dams that were retroac-

tively studied had filters that were, according to their empirical methodol-

ogy inadequate, although their performance in practice showed no issues

(Kenney and Lau, 1985). Nevertheless, the empirical seepage tests can pro-

vide a lower bound solution to the problem of determining potential for

internal stability.
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Theoretically, Kenney and Lau (1985) propose that a soil may be assessed

by ensuring that for all particle diameters D chosen, corresponding to

points on the PSD curve with a cumulative fines content by mass smaller

than 30% for uniformly graded material and smaller than 20% for a widely-

graded material, the fines content F at that diameter is smaller than or

equal to the mass fraction H that exists between diameter D and 4D (Ken-

ney and Lau, 1985). Initially it was thought that H had to be larger than

1.3 F, however, this proved to be overly conservative, and it was read-

justed to H having to be bigger than 1F (Kenney and Lau, 1986). The

reason cited by Kenney and Lau (1985) for picking the range of D to 4D

is that particles in this range are required to block the migration paths of

particles of size D between the larger particles out of this range. This can

be simplified mathematically into the formula below:

H
F

> 1 (previously 1.3) (2.1)

This is also shown graphically in Figure 2.5, and it is seen that the ma-

terial in question is unstable, as there are fines contents below 30% for

which H/F is smaller than 1 as shown on the right.
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FIGURE 2.5: Kenny and Lau Method as illustrated by Li (2008)

The Kenney and Lau method appears to be best suited for widely graded

soils, where it has been found to have better predictive power than the

other two methods investigated below (Moffat, 2005; Li and Fannin, 2008).

On the other hand, in soils containing significant contents of silt the method

may be overly conservative, finding such soils to be internally unstable,

when experimentally they are in fact stable (Bonelli, 2013). The method

was improved by Li and Fannin (2008) when they created dual criteria

by combining the Kenney and Lau criteria with an extension of the Kezdi

criteria (to be discussed next) as follows:

I f F < 15% => H ≥ F (2.2)

I f F ≥ 15% => H ≥ 15% (2.3)

The improved Kenney and Lau method shows better agreement with em-

pirical results than its first version, nevertheless both methods have shown
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validation and continue to be used (Kenney and Lau, 1985; Moffat, 2005;

Li and Fannin, 2008; Brown and Bridle, 2008).

However, actual behaviour may be more difficult to predict, as there cer-

tainly are flow, hydraulic gradient and stress conditions under which sam-

ples which are deemed internally unstable by the Kenney and Lau method

do prove to be stable in practice (Li and Fannin, 2008). Skempton and

Brogan (1994) illustrate that there exists, depending on the stability index

which is quantified by the ratio of H/F and the porosity of the sand, a

certain critical hydraulic gradient, ic which needs to be met in order for

migration to start. This is illustrated by the relationship sketched in Figure

2.6.

As shown in the figure, the critical hydraulic gradient lowers significantly

below (H/F)min = 1.3. This brings in the important point that some soils

are prone to erosion due to the geometrical constraints they have, how-

ever, whether erosion actually takes place in those soils will be the result

of the hydromechanical constraints imposed on them, such as the critical

hydraulic gradient, which will be further explored later.
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FIGURE 2.6: Relationship between ratio of (H/F)min and ic ac-
cording to Skempton and Brogan (1994)

2.2.2 Kezdi method

The Kezdi Method is based on the division of the particles of the filter

into fines and coarse, with the expectation that each component should

obey Terzaghi’s filter law, which states that the ratio of the diameter of

15% by mass of coarse passing particles, D15 to the diameter of 85% by

mass of fine passing particles, d85 should not be greater than 4 to ensure

internal stability (Kézdi, 1979; Skempton and Brogan, 1994; Moffat, 2005;

Shire et al., 2014; Li, 2008). This is mathematically simplified as shown

below:
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D15

d85
< 4 (2.4)

The procedure is also illustrated graphically, with the separation of the

fines and coarse particles in two different PSD curves and the two diame-

ters calculated by Li and Fannin (2008) in Figure 2.7.

FIGURE 2.7: Li (2008) illustration of the Kezdi Method

The Kezdi Method has very strong empirical backing, and is especially

suited to the analysis of gap-graded cohesionless soils compared to the

other two methods presented here (Skempton and Brogan, 1994; Moffat,

2005; Li, 2008; Moffat and Fannin, 2011). However, care must be taken

that the percentage of the finer fraction isn’t greater than 35% of the filter

by mass, because in that case the coarse particles would possess a poros-

ity higher than the maximum required to be in contact with each other
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and thus they would be suspended in a soil skeleton formed of fine par-

ticles (Skempton and Brogan, 1994; Moffat, 2005). This would mean that

the coarse particles won’t be able to act as a filter even if the Terzaghi

equation is fulfilled (Skempton and Brogan, 1994).

The empirical backing of the method is illustrated in Figure 2.8. As can

be noted, the method is useful to predict whether a soil may be internally

unstable, however, as it can be seen, there are some soils with a D15/d85

factor greater than 4 who yet show a low total loss by mass similar to

the one found in those with a D15/d85 smaller than 4. This illustrates that

more conditions may need to be met for a soil to be unstable.

FIGURE 2.8: Loss of particles by mass for specimens of different
D15 to d85 ratio as compiled by Li (2008)
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2.2.3 Burenkova method

For materials with coefficients of uniformity up to 200, Burenkova deter-

mined another method to assess internal instability caused by suffosion

(Li, 2008; Wan and Fell, 2004). This was done by calculating two factors

of uniformity:

h1 =
d90

d60
(2.5)

h2 =
d90

d15
(2.6)

Where d90, d60 and d15 are the sizes of the sieves under which 90%, 60%,

and 15% respectively of the soil by mass pass (Wan and Fell, 2008). h1 is

regarded as a measure of the slope of the PSD for coarse particles while h2

is an estimation of the filtering between the coarse and fine particles (Wan

and Fell, 2008). The calculation of these factors enabled each material to

be assigned to a certain zone as shown below – where zone I and III

represent internally unstable soils, zone II represents stable soils, and zone

IV represents artificial soils (Li, 2008): Burenkova used the presence of the

zones to develop a formula to account for when a certain soil is in the

stable zone based on h1 and h2 , Figure 2.9 (Li, 2008):

0.76 log(h2) + 1 < h1 < 1.86 log(h2) + 1 (2.7)

Burenkova’s Method was further adapted to the study of widely-graded

and gap graded cohesionless soils by Wan and Fell (2008), who reported

that the method did not give conclusive information on the stability/instability
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of soil. They used a logistic regression in order to define a probability of

internal instability P based on Burenkova’s Method (Wan and Fell, 2008):

P =
ez

1− ez (2.8)

Where Z is a parameter that is calculated differently depending on the

conditions and type of the soil. Wan and Fell (2008) defined a Z value

(Z1) for soils containing clay or silt particles as well as sand/gravel par-

ticles and having a plasticity index and clay size fraction lower than 13%

and 10% respectively and another (Z2) for cohesionless soils containing

predominantly sand and gravel where there existed less than 10% non-

plastic fines smaller than 0.075mm diameter (Wan and Fell, 2008). These

are mathematically illustrated below:

Z1 = 2.378 log(h2)− 3.648 h1 + 3.701 (2.9)

Z2 = 3.875 log(h2)− 3.591 h1 + 2.436 (2.10)

The Burenkova method has been reported as being less conservative than

either of the other two methods presented before (Wan and Fell, 2008;

Li, 2008; Bonelli, 2013). For this reason, it will be useful to treat it as

providing an upper bound probabilistic solution.
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FIGURE 2.9: Illustration of the zones based on the Burenkova
Method as shown by Li (2008)

2.3 Hydromechanical constraints on internal erosion

So far, the literature review has determined that for filters to be suscep-

tible to erosion, their fines content must be lower than 35% (and if their

fines content is between the critical fines content and 35%, then relative

density is also a factor) and the particle size distribution must be such

that it proves potentially unstable according to one or more of the three

criteria previously discussed. If these conditions are met, then the soil is

potentially unstable. However, for instability to actually occur in such a
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soil, and for the erosion process of fine particles to be initiated, hydrome-

chanical conditions must also be met. These conditions primarily have to

do with hydraulic gradient or seepage flow, and with the effective (mean

and deviatoric) stress on the fine particles, which determines how the flow

may move and transport fine particles within the voids. In general, the

higher the hydraulic gradient and the lower the mean effective stress on

the fine particles, the easier it will be for internal erosion to occur (Skemp-

ton and Brogan, 1994; Shire et al., 2014; Moffat, 2005).

2.3.1 Hydraulic gradient and vertical effective stress

Understanding of hydromechanical constraints started with Terzaghi’s anal-

ysis of the critical hydraulic gradient, ic in 1939 which was defined as

being the hydraulic gradient which, when reached, would cause the soil

to undergo failure through piping and/or heave (Skempton and Brogan,

1994; Crawford-Flett, 2014; Fannin, 2008; Li and Fannin, 2012; Terzaghi,

1939):

ic =
γ′

γw
(2.11)

This followed from an observation made by Terzaghi (1935) that as the

hydraulic gradient experienced by a sample of sand with water flowing

vertically upwards increased, so did the velocity, v, of the seepage flow,

while the vertical effective stress decreased (Fannin, 2008). As this hap-

pened at a constant ratio, the increase in seepage flow was in accordance

with Darcy’s law (Skempton and Brogan, 1994; Fannin, 2008):
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v = ki (2.12)

Where

v is the seepage flow velocity

k is the coefficient of permeability

i is the hydraulic gradient

However, when the vertical effective stress reached zero, the permeabil-

ity and velocity of the soil increased exponentially until failure (Fannin,

2008; Crawford-Flett, 2014). This is illustrated graphically in Figure 2.10.

FIGURE 2.10: Illustration of the change in seepage flow velocity
with increasing hydraulic gradient; from Skempton and Brogan

(1994)
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Terzaghi’s theory proved to be adequate at predicting the behaviour of

soils which were geometrically stable. However, experimental results in-

dicated that the theory predicted much higher critical hydraulic gradients

for geometrically unstable soils than were actually seen in practice. This

was explained by Skempton and Brogan (1994) who, based on their obser-

vations of seepage experiments in a rigid walled permeameter, considered

that in these unstable soils, the effective stress taken by the fine particles

was much lower than the average effective stress taken by the entire sam-

ple, with most of the stress being taken by the coarse particles. This of-

fers further support to Thevanayagam (1998) classification of soil based on

its matrix structure; typically soil with a fine’s content smaller than 35%,

having a structure of case 1-3, has most of the load taken by the coarse

particles, with the fines being relatively unstressed. This means that the

real effective stress that matters in the calculation of the critical hydraulic

gradient is the effective stress felt by the component of fines (Skempton

and Brogan, 1994). For this reason, Skempton and Brogan (1994) intro-

duced an adjustment factor α such that the effective stress of the fines, σ′f

under zero seepage is:

σ′f = ασ′ (2.13)

Where σ′ is the average buoyant stress of the entire soil skeleton. This

meant that the critical hydraulic gradient would become:

ic = α
γ′

γw
(2.14)

The difficulty with this way of resolving the issue is that α is a factor that



2.3. Hydromechanical constraints on internal erosion 37

needs to be calculated after a permeameter test in the laboratory (α is cal-

culated by finding the critical hydraulic gradient according to Terzaghi’s

equation, and then dividing it by the actual critical hydraulic gradient as

measured), and the calculation cannot be applied without testing (Shire et

al., 2014). Nevertheless, it proved to be an empirically valid way of as-

sessing cohesionless filters.

The method was later extended in Li and Fannin (2012), based on their

experiments using rigid walled permeameters, where it was adapted to

account for samples under a vertical effective overburden stress σ′v. Thus

the critical gradient at the base of the sample would be:

ic = α

(
σ′v

γwh
+

γ′

γw

)
(2.15)

It is important to note that the effective overburden stress is divided by

h, which is the distance over which the hydraulic gradient is calculated in

order to account for the fact that the critical hydraulic gradient increases

with decreasing h (Shire et al., 2014).

Li and Fannin attempted to produce a unified mathematical expression for

the critical hydraulic gradient, taking into account overburden stress, for

both stable and unstable soils. They developed an equation relating the

mean normalised overburden stress
(

σ′vm = σ′vm
γwh

)
and the hydraulic gradi-

ent i:

i =
α

1− 0.5α

(
σ′vm +

0.5γ′

γw

)
(2.16)
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The paper includes a graphical hydromechanical envelope to illustrate this,

shown in Figure 2.11. To use the diagram, the user first establishes the

overburden stress. If this stress is 0, then the point chosen is Q0 on the

diagram which corresponds with just the buoyant self-weight of the soil,

otherwise it is a point P0 which accounts for that overburden. This con-

dition represents a hydrostatic situation with no hydraulic gradient. The

user will then move upwards at a slope of -2, and stop when the critical

gradient is reached which is a function of α. If the user knows either the

stress, or the hydraulic gradient the user can use the diagram to determine

the other condition.

FIGURE 2.11: Hydromechanical envelope for one-dimensional
upward flow; from Li and Fannin (2012)
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Moffat and Fannin (2011) results investigating the relationship between

critical hydraulic gradient (taking effective stress into account) and soil in-

ternal instability have revealed the importance of assessing local hydraulic

gradients at different depths within the soil, as opposed merely to aver-

age hydraulic gradients. They have developed the hydromechanical enve-

lope from their observations that local effective stresses and corresponding

critical local hydraulic gradients are related, and further identified that a

sudden decrease in local hydraulic gradient at a certain depth indicates

the beginning of instability (Moffat and Fannin, 2011). The research also

reveals that internal instability may be triggered either by a decrease in ef-

fective stress, or an increase in hydraulic gradient such that the hydrome-

chanical boundary is reached. This serves to prove the usefulness of the

hydromechanical envelope. Nevertheless, this approach has been devel-

oped based on one dimensional seepage flow under rigid walled perme-

ameter conditions (Li and Fannin, 2012), however the reality in embank-

ment dams may be different due to the effects of the complex shear stress

states present in core walls and filters (Chang and Zhang, 2011).

Chang et al. (2012), based on experiments conducted in a triaxial perme-

ameter, show that the critical hydraulic gradient of internally unstable soils

may lower when the shear stress (or deviatoric stress) increases, and addi-

tionally, following the observation made by Moffat and Fannin (2011), that

there are two critical hydraulic gradients responsible for different levels of

erosion in the same specimen. The next section will focus on understand-

ing the effects of complex stress states, including the K0 at rest condition,

which includes the effects of lateral earth pressure, and relative specimen

density on the critical hydraulic gradient and the subsequent erosion.
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2.3.2 The initiation of erosion by hydraulic gradient

The hydraulic gradient of the flow can initiate erosion in a given soil at a

critical value in accordance with its hydromechanical boundary (Li, 2008;

Moffat and Fannin, 2011; Shire et al., 2014). In experiments conducted

using rigid walled permeameters, upward and downward seepage direc-

tion have different effects on the behaviour of the soil sample in question

(Chang et al., 2012). The first difference noticed is in the value of effective

stress, especially in the bottom layers of the sample. Under upward flow,

vertical effective stress at the bottom is likely to be smaller than under

no flow conditions, as upward flow generates an upward pressure which

diminishes the effective weight of the soil. Under downward flow, verti-

cal effective stress at the bottom is likely to be greater, as the downward

pressure will increase the effective weight of the soil (Moffat and Fannin,

2011). This is illustrated in Figure 2.12:

FIGURE 2.12: Illustration of effective stress under (left) no flow
conditions, and (right) upward or downward flow; diagram

taken from Moffat and Fannin (2011)
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The other significant difference has to do with the local critical hydraulic

gradient observed, which is higher in the bottom layer than in the top

layer for downward flow, and lower in the bottom layer than in the top

layer for upward flow (Chang et al., 2012). This is significant because the

erosion process always commences from the layer which is hydraulically

the "weakest" (smallest critical hydraulic gradient) – for upward flow this

would be the bottom layer, and for downward flow this would be the top

layer. The explanation for this is that the vertical effective stress – which

has a stabilising effect as illustrated by the hydromechanical envelope –

is smallest in the bottom layer for upward flow, and smallest in the top

layer for downward flow – as shown by Figure 2.13 –necessarily imply-

ing that erosion would be greatest in these layers. Further ramifications

of this vertical asymmetry suggest that this could account for the greater

loss of fines from the top layers than the bottom layers under downward

flow conditions, and may provide a possible explanation for the clogging

mechanism of particles within the bottom layers of the sample. The pro-

cess is, however, more complex as the local hydraulic gradient also differs

through the sample and changes as the soil skeleton evolves under the

effects of seepage (Moffat and Fannin, 2011).
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FIGURE 2.13: Illustration of hydromechanical boundary in
gradient-stress space; soils which were tested in upward flow are
illustrated with a "U" at the end of their name, and soils tested
with downward flow are illustrated with a "D"; diagram from

Moffat and Fannin (2011)

At a micro-level, even in downward flow, the fine particles are gener-

ally less stressed than the coarse particles and thus more susceptible to

erosion. Furthermore, water travels through the path of least resistance,

through the gaps in the soil skeleton. It is possible that the uneven flow

through the gaps and the vibrations caused by them on the surrounding

fine particles cause them to be dislodged (Li, 2008; Crawford-Flett, 2014),

and once this process is initiated, more and more fine particles continue to

be dragged away. Downward flow has vertical forces applied to the fine

particles but that effect combines with lateral forces, breaking the shear

connections between particles. Once the shear connections between parti-

cles are weakened, the flow will seep through the particles dragging the
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fines. Once erosion commences – regardless of whether it is upward, or

downward flow – it will start removing fine particles from the soil skele-

ton and thus lead to a gradual weakening of the material (Li and Fannin,

2012). As the fine particles are removed from in-between the coarse par-

ticles, the lateral support of the force chains formed between coarse parti-

cles in the soil skeleton is removed, thereby making them more likely to

buckle or fail under the weight they are exposed to.

Generally, the higher the hydraulic gradient, the faster and greater the

quantity of particles will be removed, thereby weakening the soil skele-

ton more. This process ultimately leads to failure. In the case of upward

seepage, this failure will occur at a smaller critical hydraulic gradient be-

cause the average effective stress of the sample is smaller (Li, 2008; Chang

et al., 2012). In downward seepage, the critical gradient will be in abso-

lute terms greater due to the greater effective stress (Li, 2008; Chang et al.,

2012). However, in relative terms – both gradients will lie on the same hy-

dromechanical boundary (Moffat and Fannin, 2011).

In summary, the hydromechanical boundary in gradient-stress space is in-

dependent of flow direction (meaning that the corresponding critical hy-

draulic gradient lies on the same hydromechanical line, despite the dif-

ferent effective stress conditions that the soil skeleton is exposed to), but

the critical hydraulic gradient is greater in the same soil under downward

flow than under upward flow due to higher average effective stress con-

ditions.
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2.3.3 The effects of complex stress states and relative density

Tests on samples under isotropic stress or K0 (zero lateral strain) condi-

tions generally find that the higher the stress, the lower the loss of fines

and volumetric strain at the same hydraulic gradients (Ke and Takahashi,

2014), in accordance with the relationship postulated by Li and Fannin

(2012). However, tests under more complex stress states, involving devia-

toric or shear stresses find that the higher the deviatoric stress, the higher

the loss of fines, volumetric strain and increase in permeability (Chang

and Zhang, 2013). The loss of fines in both stress cases, isotropic and

anisotropic, seems to be more accentuated in the top layer of the soil, as

opposed to the bottom (Chang and Zhang, 2013; Ke and Takahashi, 2014),

most likely due to the fact that, on the way to the bottom starting at the

top, the particles have to travel longer distances, and as such, the proba-

bility of them becoming clogged and having their migration paths blocked

is greater.

Experiments with more complex stress states also reveal that there are

two critical hydraulic gradients which are of importance. The first one

is the hydraulic gradient at which the initiation of loss of fines begins

with a slight increase in permeability, loss of fines and deformation, and

the second one, termed the skeleton-deformation hydraulic gradient repre-

sents the critical gradient at which the soil skeleton changes its structure,

thereby dramatically increasing permeability, loss of fines and total defor-

mation almost instantaneously (Chang and Zhang, 2011). For this reason,

for structural purposes in embankment dams, it is this latter skeleton-

deformation hydraulic gradient that is of most interest. It has been found
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that the higher the deviatoric stress, the greater this increase in permeabil-

ity, loss of fines (both average erosion rate and maximum erosion rate),

and total deformation is (Chang and Zhang, 2013), as illustrated in Figure

2.14.

FIGURE 2.14: Illustration of variation of (a) cumulative eroded
soil weight, (b) permeability, (c) axial strain, (d) radial strain with
hydraulic gradient; GS-I-1 corresponds to isotropic stress, GS-C-
4 and onwards to progressively higher deviatoric stresses; from

Chang and Zhang (2013)

Furthermore, Chang and Zhang (2011) have found that the higher the de-

viatoric stress, the smaller the skeleton-deformation hydraulic gradient is,
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which suggests that stress state is a controlling factor in the value of the

gradient, as shown in Figure 2.15.

FIGURE 2.15: Illustration of the evolution of pore structure and
how they change from isotropic to deviatoric conditions during
(a) triaxial compression and (b) triaxial extension; from Chang

and Zhang (2013)

Their experiments with relative density at the same deviatoric stress also

illustrate that reducing density, thereby making the soil more porous, also

decreases the skeleton-deformation hydraulic gradient (Chang and Zhang,

2013).
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However – at isotropic conditions the critical hydraulic gradient is still

much larger for the same density than at a complex stress state condition

(Chang and Zhang, 2013). This can be explained by noting that a more

porous skeleton makes it easier for fine particles to be lost, and when fine

particles are lost, the stability of the matrix begins to be undermined until

the deviatoric stress can produce a sudden change in the soil skeleton –

deviatoric stress is more likely than isotropic stress to produce collapse as

it acts perpendicular to the force chains, illustrated in Figure 2.16.

FIGURE 2.16: Transmission of forces in the soil, taken by the
coarse matrix in (a) initial state, (b) after the beginning of internal
erosion, (c) after the skeleton-deformation hydraulic gradient has

been reached. From Chang and Zhang (2013)

The deviatoric stress plays such a role because it alters the structure of

the soil. As noted from the Figure 2.16, as particles are removed by inter-

nal erosion, moving from (a) to (b) the force chain loses its lateral support

and hence becomes prone to a phenomenon alike internal buckling which

can be initiated due to the deviatoric stress. The hydraulic gradient at

which this buckling and skeleton re-arrangement occurs is the skeleton-

deformation gradient.
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Chang and Zhang (2013) have also noted that relative density plays an

important role on the first critical hydraulic gradient at which loss of fines

starts to occur. A more porous material will naturally require less seepage

force to commence the erosion of fine particles, with pores in the soil ma-

trix being larger, and thus particles escaping more easily. Thus it is found

that erosion rate decreases with increase in relative density at the same

deviatoric stress (Chang and Zhang, 2013). The two researchers also iden-

tify that the peak stress reached for samples not exposed to erosion is also

significantly higher than to those tested after they have been exposed to

erosion (Chang and Zhang, 2011).

It is also important to note that non-eroded specimens show a stress-strain

relationship of strain-softening and dilative response to deviatoric stress,

whereas the eroded samples show a strain hardening and contractive re-

sponse (Chang and Zhang, 2011). As fine particles are removed from the

skeleton, this alters the voids ratio which causes the noted change in the

stress-strain relationship. This is similar to the differences observed in

loose sand compared to dense sand tested triaxially under conventional

drained loading, which suggests that the erosion process leads to a de-

creasing densification of the sample, which can account for the behaviour

changes observed. Thus, it is evident that both relative density and stress

state play an important role regarding both the initiation hydraulic gra-

dient and the skeleton-deformation gradient. Furthermore, both these fac-

tors alter the response of soils in terms of loss of fines, permeability, and

settlement. It is to be expected that higher deviatoric stresses will pro-

duce greater settlements in embankment dams, and therefore such dams

may be at increased risk of failure. It must be noted that complex stress

state analysis is more relevant to the real conditions faced by embankment
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dams, and since such analysis reveals that stress state plays an important

role in determining the critical hydraulic gradient further research along

this line must be carried, which is the purpose of this research.

In order to analyse internal instability under complex stress states a rigid

walled permeameter such as was used by Moffat and Fannin (2006) for

the study of the impact of axial stress on internal stability is inadequate

as such an apparatus cannot measure or generate shear stress within the

sample. As most embankment dams are subjected to complex stress states

involving shear (rees2013; Chang et al., 2012), it is necessary when investi-

gating internal instability as applied to dams to be able to analyse similar

situations under laboratory conditions (rees2016). As cited in Chang and

Zhang (2011), some researchers have already taken steps towards achiev-

ing this: Bendahmane et al. (2008) have developed the apparatus required

to undertake tests under isotropic stress conditions and Richards and Reddy

(2007) used a triaxial system to investigate piping, however the relation-

ship between the soil’s stress-strain properties and erosion due to internal

instability was largely uninvestigated. Thus, Chang and Zhang (2011) de-

veloped an apparatus capable of independently modifying the stress state

of the sample as well as the hydraulic gradient it is exposed to. Such

a system is formed of four subsystems: a triaxial apparatus, a supply of

pressurised water, a water collection system, and a soil collection system

(Chang and Zhang, 2011). This, and a history of experimental develop-

ments will be discussed next.
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2.4 Comparison of experimental investigations on

internal erosion

To understand the behaviour of soil under seepage, one may choose to

replicate typical site conditions accurately in a laboratory where bound-

ary conditions can be easily controlled. Many factors play a role in soil

behaviour, and it is practically impossible to explore all the factors while

testing under a single experimental set up. Hence, for different types of

erosion, different types of equipment are used to examine specific param-

eters, based on the aim of the research.

Most of the laboratory tests conducted to explore internal erosion within

unstable soils take place under controlled head and flow of water. Per-

meameters are often used with most apparatuses being rigid walled and

some being flexible walled, in order to explore stress states other than

K0. Seepage is generally upward or downward (with some horizontal flow

cases). Key examples are given in the following.

2.4.1 Moffat and Fannin (2006)

Moffat and Fannin (2006) developed a large rigid-walled cylindrical per-

meameter and conducted experiments on uniformly graded and gap graded

soils under fixed axial load and increasing hydraulic gradient and reported

hydraulic gradient and stress conditions at the onset of failure. The tests

were performed using a rigid-wall permeameter made of acrylic tube with

a cylindrical test specimen that is 279 mm in diameter and about 450 mm

in length with an aluminium top and base plate sealed using O-rings and
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six external tie rods, Figure 2.17).

Three specimen configurations were tested. The first configuration was re-

constituted entirely by uniformly graded fine glass beads to a length of

430 mm. The second configuration was formed by mixing coarse and fine

beads to create a 435 mm length specimen. The third specimen was re-

constituted entirely from gap gradation beads to create a 460 mm speci-

men. All testing specimens were subjected to downward seepage flow un-

der a controlled water head. The local hydraulic gradient variation across

the specimen was calculated from the water head distribution, which was

measured using pressure transducers. Though the test could not draw a

conclusive relationship between effective stress and the critical hydraulic

gradient, it focused more on developing suitable apparatus.

FIGURE 2.17: Permeameter cell used by Moffat and Fannin (2006)
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2.4.2 Marot et al. (2011)

An oedo-permeameter (i.e. rigid walled) was used to conduct tests on

coarse soils, and a triaxial erodimeter was used for fine soils. The eroded

mass was calculated by using a multichannel optical sensor developed by

Marot et al. (2011). The oedo-permeameter comprises a cylindrical cell

made of a rigid transparent acrylic tube. Specimen diameter was 279 mm

with an initial length in the range of 250 mm to 600 mm. The specimen

support was a 15 mm thick mesh screen with a 10 mm pore opening size,

and different wire meshes can be fixed by a rim on the mesh screen. The

piston comprises two perforated plates separated by a 61 mm thick layer

of gravel to diffuse the injected fluid uniformly at the top of the specimen.

The cell’s downstream outlet has a vertical funnel-shaped design and was

connected to a soil collecting system. This collecting system has an over-

flow outlet with a 0.08mm mesh in order to catch the extracted fine par-

ticles, and it was equipped with a rotating sampling system containing

several beakers where eroded particles are collected. With the objective to

allow only the migration of fine particles, a wire mesh with a 1.25 mm

pore opening size was fixed on a wire mesh screen. The tested cohesion-

less material was a mixture of glass beads. This mixture was composed

of 40% of fine fraction (over-filled) and 60% of coarse fraction. The fine

fraction’s grain size distribution was within the range of 0.1-0.2 mm, and

the grain size distribution of the coarse fraction was within 1.18-3.55 mm.

Six tests were performed with different values of initial specimen length

and different histories of hydraulic loading. The applied hydraulic gradi-

ent was increased by stages until a strong localised blowout appeared or
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the capacity of the device was exceeded. The results reveal that the suffu-

sion characterisation is independent of specimen length and not influenced

by the loading history.

2.4.3 Moffat and Fannin (2011)

Moffat and Fannin (2011) present further experiments in continuation of

their previous research (Moffat and Fannin, 2006). The emphasis was laid

on the local hydraulic gradient. In this study, it was found that under a

stable condition, if the effective stress was applied at the top, almost the

same stress was noted at the bottom. When seepage flow was introduced

in the sample, the bottom stress increased owing to the stress created by

water flow.

In stable samples, the average hydraulic gradient (considered between top

and bottom) was found to be equal to the local hydraulic gradient (consid-

ered between any two points in the sample). However, in samples where

suffusion was initiated, a sudden decrease was noticed in the local hy-

draulic gradient somewhere along the height of the sample.

2.4.4 Xiao and Shwiyhat (2012)

Xiao and Shwiyhat (2012) conducted experimental investigations of the ef-

fects of suffusion on physical and geomechanical characteristics on gap-

graded samples. The samples were created mixing uniformly-graded river

sand and Kaolinite clay, forming a specimen of 51 mm in diameter and

102 mm in height. A triaxial apparatus was used, where the pedestal was
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modified to allow water flow and eroded soil to be captured and to mon-

itor changes in total volume. In this experiment, a fixed confining stress

(13.2 kPa) and fixed downward hydraulic gradient (20.7) was maintained

throughout the erosion procedure. The results were based on the dry mass

of eroded solids captured in the collection containers. Volume change, per-

meability, rate of erosion and cumulative erosion were compared between

different samples. Further, undrained compression tests were conducted

on eroded samples to assess different samples’ post erosion behaviour. The

results show an evident influence of suffusion on permeability, compres-

sive strength characteristics, and volume (settlement). A reduction with

the progress of suffusion was recorded for the permeability, volume and

compressive strength. Gap-graded soils showed more physical and geome-

chanical changes than uniformly-graded soils, as indicated by the greater

erosion rates, permeability reduction, and volume reduction.

2.4.5 Zou et al. (2013)

Zou et al. (2013) designed a large-scale plane-strain permeameter (Figure

2.18) and conducted a study on the behaviour of critical hydraulic gra-

dients under one-dimensional and two-dimensional stresses and different

hydraulic load conditions. The apparatus provided a rectangular cubic

specimen, 800 mm long, 400 mm wide, and 400 mm high. It was equipped

with a horizontal and vertical loading system with a capacity of 1000 kN

in the horizontal direction and 2000 kN in the vertical direction coupled

with a water pressure system that can provide water head up to 300 m.

The test was performed on a gravelly core soil of the Shuangjiangkou

Dam, with a grain size attaining 60 mm, and a granular filter of the same
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dam, with a maximum grain size of 20 mm. Before installing the speci-

men, a high plasticity clay layer (5 mm) thick was coated onto the bot-

tom and sidewalls of the specimen container. The test specimens were

subjected to incremental water heads applied to the soil specimen by the

water pressure pump. The increment of the hydraulic gradient in the soil

specimen during the test was about 10.

FIGURE 2.18: Layout of the Testing System used by Zou et al.
(2013): (a) Rectangular Cubic Box, (b) Water Pressure System, (c)
Two-directional Loading System, (d) Data Control and Acquisi-

tion System

The results showed that the critical hydraulic gradient increased with the

progression of the volumetric compressive strain under one-dimensional

stress (vertical loading), and the critical hydraulic gradient first increased

and then decreased with the progression of the volumetric compressive

strain under two-dimensional stresses increases, as shown in Figure 2.19.
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FIGURE 2.19: Critical gradient vs volumetric strain under one
dimensional stress and under two-dimensional stress (Zou et al.,

2013)

2.4.6 Ke and Takahashi (2014)

In the experimental procedure by Ke and Takahashi (2014), the effect of in-

ternal erosion was measured under different confining pressures (50 kPa,

100 kPa and 200kPa) and for gap graded soil samples of different fines

percentage (15%, 25% and 35%). Their newly developed triaxial cell (Fig-

ure 2.20) mainly consisted of a constant flow-rate control unit, an auto-

mated triaxial system and an eroded soil collection unit. A perforated

plate with several 1 mm openings was mounted in the top cap, to which

the specimen was directly attached, to minimise induced head loss. An-

other plate was at the base pedestal and served as a filter. A paramet-

ric study was performed subjecting the specimens to downward seepage

flows. The two variables in this study were the effective confining pres-

sure (50 kPa, 100 kPa and 200 kPa) and initial fines content (35%, 25%

and 15%). The tests samples were reconstituted by gap-graded cohesion-

less soil, which consisted of binary mixtures of silica sands with different

dominant grain sizes.
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Three main conclusions observed from the results. First, with greater ef-

fective confining pressure, there was an apparent reduction in suffusion.

With the increase in the confining pressure, it was generally expected that

the fines would be packed more densely and inhibit their erosion. Second,

with greater initial fines content, more fines eroded. Finally, the monotonic

compression tests suggested that suffusion would cause a reduction of the

soil strength.

FIGURE 2.20: Schematic diagram of apparatus assembly used by
Ke and Takahashi (2014)

2.4.7 Chen et al. (2016)

In the experimental procedure followed by Chen et al. (2016), the effect

of erosion on stress-strain response was measured by dissolving salt as
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a proxy for fines within the pore space of gap graded material. A gap

graded soil samples were created by mixing coarse sand with sand/salt

fines. Two different mixtures of soil were tested, group A and B –four

tests under group A with 20% of fines content (0, 5, 10 and 15% of parti-

cles by mass replaced by salt) and four tests under group B with 35% of

fines content (0, 10, 20 and 30% of particles by mass replaced by salt).

The experimental set up consisted of a triaxial apparatus, water supply,

water collection, and a data collection system similar to Chang and Zhang

(2011). Using the triaxial apparatus, a constant confining stress of 50 kPa

was applied to the samples. The artificial effect of erosion was created by

dissolving the salt by creating a seepage flow for a long time (36 hours)

under a small head (0.1m). The complete dissolution was checked by

measuring the concentration of salt in the outflow. Settlement and vol-

ume change was noted after the erosion. The stress-strain behaviour of

the eroded sample was found by conducting a conventional drained shear

test by increasing axial pressure on triaxial apparatus and measuring vol-

ume change and settlement.

They concluded that samples with less fines loss showed more dilative

response during the drained triaxial shearing test. In addition to that, the

shear strength decreased with samples that experienced more fines loss.

The drawback of this approach using artificial fines (salt) might be that

no influence of flow path and fines clogging could be examined and all

fines would be dissolved in this process (excluding the possibility that any

would remain in situ).
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2.4.8 Slangen and Fannin (2017)

Slangen and Fannin (2017) developed a double-walled flexible wall perme-

ameter device to investigate seepage-induced internal instability by moni-

toring volume change during multi-stage seepage flow. By measuring vol-

ume change, axial strain and hydraulic conductivity, suffusion and suffos-

ion were observed.

The double-walled triaxial cell comprises an inner acrylic tube (Figure 2.21),

with an internal diameter of 206 mm and length of 440 mm, and an outer

acrylic tube with an internal diameter of 236 mm and length of 440 mm.

This device accommodates a cylindrical test specimen (100 mm in diam-

eter by 100 mm height). The cavity in the base pedestal was shaped as

an inverted cone with mesh. Two bottom wire meshes were placed on the

perforated plate: the primary bottom wire mesh had a small opening size

of 0.033 mm, to prevent particle loss during specimen reconstitution. A

secondary, coarser and stiffer bottom wire mesh, with an opening size of

0.6 mm, kept the primary wire mesh in place. Four gradations of spherical

glass beads were tested. A stable gradation was used for the commission-

ing of the device and as a base test. Three other gap-graded gradations

were prepared by mixing fine and coarse components, one at 20% and

two at 35% with different gap ratios D’15/d’85.

From these tests, they considered that if a noticeable increase in the hy-

draulic conductivity was found during testing, with no volume change

and no increase in axial strain, it could be concluded that this is because

of particle migration which indicated suffusion. If this increase in hy-

draulic conductivity was accompanied by an increase in volumetric strain,



60 Chapter 2. Literature Review

but axial strain showed no appreciable change, then it was concluded that

soil was undergoing suffosion.

FIGURE 2.21: Overview of flexible wall permeameter arrange-
ment used by Slangen and Fannin (2017), (A) Double-walled tri-
axial cell and (B) Systematic plan view of double-walled triaxial

cell

2.4.9 Liang et al. (2017)

Liang et al. (2017) conducted experiments to assess the effect of isotropic

and anisotropic stress conditions on the suffusion behaviour of the soil un-

der upward seepage flow conditions. In their experiments, confining pres-

sure was applied to create an isotropic stress state. Confining and vertical

stresses were applied to the saturated specimen using a stress-controlled

triaxial apparatus to create an anisotropic stress state.
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The apparatus consisted of a loading chamber, a vertical loading system, a

confining loading system, an upstream water supply system, a soil-water

separating system and a water collecting system. In this research, 36 gap-

graded samples were used; all samples were 200 mm in height and 100

mm in diameter. An isotropic stress state was produced using the con-

fining loading system solely, and an anisotropic stress state was achieved

by adding axial stress on the confining pressure using the vertical loading

system. The specimens were subjected to an increment rate of the hy-

draulic gradient controlled at about 0.05 per 10 min, and the increment

was terminated when sustained erosion was triggered in the specimen.

The eroded fines were collected using the soil-water separating system as

shown in Figure 2.22.

FIGURE 2.22: Sketch map of the designed apparatus by Slangen
and Fannin (2017)

The authors defined two different critical hydraulic gradients: low critical
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hydraulic gradient LCHG (causing the threshold for the local initiation of

suffusion) and high critical hydraulic gradient HCHG (causing the global

initiation of the suffusion).

As shown in Figure 2.23, variation of the critical hydraulic gradient was

found to be significantly different under the two stress conditions; with

a near linear increase in critical hydraulic gradient with isotropic stress,

but an increase, then decrease in critical hydraulic gradient as increasing

deviatoric stress was applied. Hence, critical hydraulic gradients depend

on the magnitude of stress and type of stress (isotropic or anisotropic).

FIGURE 2.23: Influences of stress states on the critical hy-
draulic gradients: (a) under isotropic stress states; and (b) under

anisotropic stress states (Liang et al., 2017)

2.4.10 Prasomsri and Takahashi (2020)

Recently, Prasomsri and Takahashi (2020) conducted an experimental in-

vestigation of the contribution of non-plastic fines to the development of
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seepage-induced internal instability and its impact on the undrained me-

chanical response of gap-graded sands using a pressure-controlled triaxial

erosion device (flexible wall permeameter), Figure 2.24.

The triaxial erosion apparatus mainly consists of an automated triaxial sys-

tem, a seepage control system, and an eroded soil collection unit. The

seepage system in the current apparatus was based on the principle of hy-

draulic head control, in which the internal erosion experiments can be per-

formed with high back pressure under pressure controlled condition. The

seepage control system was designed to apply the differential hydraulic

head between the top and the base of the sample. The hydraulic gradient,

i, was calculated using the differential pressure between top pressure and

base pressure.

Gap-graded mixtures of silica sand as the coarse fraction and coloured sil-

ica sand as the fine fraction were used. Seven mixtures with fines content

of 15, 20, 25, 30, 32.5, 35, and 40% were used to construct specimens at

the height of 150 mm and a diameter of 75 mm. Eight erosion tests were

performed on the medium dense sand, where the inlet tank was used to

impose the seepage flow throughout the sample in a downward direction

by increasing the inlet tank pressure from 400 to 430 kPa at a rate of 2

kPa/min, keeping it constant for 30 min, and then decreasing it to 400 kPa

at the same rate. The base pressure of 400 kPa was maintained through-

out the tests. The results indicate that the initial fines content significantly

affects the initiation and progress of internal instability. Undrained com-

pression tests on eroded soils reveal that suffusion made the soil looser

and more contractive, while suffosion makes the soil more dilative at large

strain levels.
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FIGURE 2.24: General configuration of the triaxial apparatus
used by Prasomsri and Takahashi (2020)

A summary of the details of these studies is shown in Table 2.2.
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TABLE 2.2: Summary of various experiments on the assessment
of susceptibility and the mechanism of internal erosion.

Research Equipment Parameters varied 
in the experiment 

Conclusions 

Moffat & 
Fannin 
(2006) 

Rigid-walled 
cylindrical 
permeameter 

Gradation 
Hydraulic gradient 

Critical Hydraulic gradient local and global hydraulic gradient 
identified by a sudden increase in hydraulic conductivity. 
There is a relation between the effective stress and the critical 
hydraulic gradient to trigger instability. The exact nature of the 
effective stress needs further investigations. 

Moffat & 
Fannin 
(2011) 

Rigid-walled 
cylindrical 
permeameter 

Gradation 
Hydraulic gradient 

Vertical effective stress and corresponding local critical gradients are 
measured, and a hydromechanical path was proposed to draw a 
hydromechanical envelope with critical hydraulic gradient and stress 
values below which that particular soil will be stable. 

Marot et 
al. (2011) 

Odeopermeametre Fines Percentage 
Initial specimen 
length 
Hydraulic gradient 

The relation between erosion rate per unit pore area and hydraulic 
shear stress is inconclusive. 
Cumulative eroded mass increases with cumulative expended energy. 

Marot et 
al. (2011) 

Triaxial 
erodimeter 

Flow rate 
Hydraulic gradient 

The hydraulic shear stress decreases with time (progression of 
suffusion) under hydraulic gradient controlled conditions and 
increases underflow rate controlled conditions. 
The relation between erosion rate per unit pore area and hydraulic 
shear stress is inconclusive. 
Cumulative eroded mass increases with cumulative expended energy. 

Xiao & 
Shwiyhat 
(2012) 

Triaxial apparatus Gradation 
 

Apparent influence of suffusion was obtained on permeability, 
compressive strength characteristics, and volume (settlement).  
Gap-graded soils showed more physical and geomechanical changes 
than uniformly-graded soils, as indicated by the greater erosion rates, 
permeability reduction, and volume reduction. 

Chang & 
Zhang 
(2012) 

Triaxial apparatus Hydraulic gradient 
Stress magnitude 
stress type 
(isotropic, 
compression and 
extension stresses) 

For the same porosity, the initiation gradient is higher for extension 
stress than compression stress condition. 
 
The skeleton-deformation hydraulic gradients are higher under 
isotropic stress conditions. 

Zou, 
Chen & 
He (2013) 

large-scale plane-
strain 
permeameter 

Hydraulic gradient 
Stress magnitude 
stress direction 
(One dimensional 
and two 
dimensional) 

Under horizontal or vertical stresses (one-directional stress), hydraulic 
conductivity decreases, and the critical gradient increases with an 
increase in volumetric compressive strain. 
Under two-directional stress, hydraulic conductivity decreases and 
then increases and 
critical hydraulic gradient increases and then decreases with the 
increase in volumetric strain. 

Ke & 
Takahashi 
(2014), 

Triaxial 
permeameter 

Confining pressure 
Gradation 
 

Reduction in suffusion with greater confining pressure. 
Fines loss was more for the specimens with greater  
initial fines content (30%, 25% and 15%). 
The compression tests indicated that suffusion causes a reduction in 
soil strength. 

 Lianga et 
al. (2014) 

Triaxial apparatus Hydraulic gradient 
Stress magnitude 
stress type 
(isotropic and 
anisotropic) 

Low & high critical hydraulic gradients increase with the increase of 
confining pressure (isotropic state) and increase then decrease with the 
increase in deviatoric stress (anisotropic state). 
 

Chen, 
Zhang & 
Chang 
(2016) 

Triaxial apparatus Fines content (20 
and 35%) 
 

For higher suffusion amounts (i.e., as % loss of particles increases), 
upon shearing, developed axial strain is higher at the same deviatoric 
stress. 
As suffusion progress, for the same axial strain, the volumetric strain 
increases. 

Slagen & 
Fannin 
(2017) 

double-walled 
flexible wall 
permeameter 

Hydraulic head  
(Total dynamic head 
is increased 
gradually, thereby 
increasing seepage 
flow) 

Suffusion: low volume change with the increase of hydraulic 
conductivity, indicating particle migration. 
Suffosion: noticeable volume change with the increase of hydraulic 
conductivity, indicating re-arrangement of particle assembly.  

Prasomsri 
& 
Takahashi 
(2020) 

Triaxial apparatus Fines content (15, 20, 
25, 30, 32.5, 35, and 
40%). 

The initial fines content affects the initiation and progress of internal 
instability. 
Suffusion made the soil looser and more contractive while more 
dilative at large strain levels. 
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2.4.11 Numerical modelling of internal erosion

In the last two decades, numerous studies have introduced the notion of

stress as a parameter controlling the internal erosion process (e.g., Tom-

linson and Vaid (2000), Fell and Fry (2007), Richards and Reddy (2007),

Moffat and Fannin (2011), and Chang and Zhang (2013)).

The advancement of discrete element methods (DEM) is generally cred-

ited to Cundall and Strack (1979). DEM can be described as a numerical

method that simulates granular materials’ behaviour considering the indi-

vidual particles to be rigid and uses relatively simple models to simulate

their interactions (O’Sullivan, 2011). Using the increasingly powerful com-

puting capability, DEM has become widely used in the geomechanics re-

search community as an effective and efficient method to study granular

materials’ complex behaviour.

Shire et al. (2014)

Shire (2014) started a discrete element modelling DEM based research to

investigate the soil fabric and effective stress distribution within 16 gap-

graded gradations at three relative density levels (a total of 48 DEM sim-

ulations). The DEM simulations were carried out on cubic samples us-

ing the open-source DEM code Granular LAMMPS (each simulation had

a minimum of 500 coarse particles). The reduction in stress in the finer

fraction was quantified by the α-factor, calculated at the microscale using

DEM variables.
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The results confirmed the hypothesis by Skempton and Brogan (1994), sup-

ported experimentally by Moffat and Fannin (2011), that fines erosion ini-

tiated at lower hydraulic gradients than would be required for failure by

heave or piping as fines carry less stress than would be expected consider-

ing the average stress conditions alone. Additionally, the initiation of fines

erosion is usually at the weakest layer (most porous layer) if permeability

changes through the sample.

Also, from the DEM results, if fines content was less than 25%, fines

would sit between voids (underfilled). If fines could fit through the void

network, there was a potential for suffusion. In contrast, if the fines con-

tent was more than 35%, the soil could be considered overfilled, where

the fines fill the voids and stress transfer is shared between coarse and

fine particles; in this case, the soil is considered internally stable.

Wautier (2018)

By using a 3D discrete element method, DEM (with open source code

YADE), Wautier (2018) investigated the influence of the stress increments

on the onset of mechanical instability in cohesionless granular materials

by studying interparticle interactions. A cloud of 10,000 non-overlapping

spheres surrounded by six bounding planes cube were used in this re-

search.

Afterwards, the existence of mechanical instability was linked to the flow-

induced microstructure modifications by exploring flow-grain interactions.

A theoretical framework of the second-order work linked to the second-

order variation of the kinematic energy was used to detect and assess the

existence of the instability at the material point scale.
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The results showed that large stress increments have a noticeable desta-

bilising influence on stable granular materials. This influence is more im-

portant with the increase of stress increment and can be negligible for

small loads. Afterwards, this dependence on the stress increment was ex-

plored at the microscale by defining a sliding index for grain contacts,

and it was found that high-stress increments had a noticeable impact on

the distribution of these contacts and provoked important microstructure

re-organisation through gain and loss of contacts. This process was found

to lead to a generalised unjamming/rejamming process, leading to force

chain renewal occurring in the granular material between the initial and

the final state. Whereas the application of small stress increments hardly

changed the contact distribution.

Rattlers are fine particles that fail to be incorporated in the force chains.

In order to highlight the role played by these particles with respect to

mechanical stability in cohesionless granular materials. Wautier (2018) has

subjected different samples of these materials to stress probes: a loose

sample, where rattlers are removed artificially and naturally. The obtained

results showed that the loose sample experienced an important instabil-

ity during the incremental loading. At the macroscale, this resulted in a

larger plastic increment occurring in the depleted sample. Therefore, rat-

tlers, even though they do not contribute to supporting the mechanical

loading, play an important role with respect to mechanical stability, and

their removal weakens the skeleton of the granular material. Provided

that the current contact network fails to withstand an incremental load,

the mechanical stability of granular material at the macroscale is closely

related to the ability of free particles to get jammed into new force chains.
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On the other hand, artificially adding rattlers inside the pores of an un-

stable granular material is shown to have a stabilising effect, Figure 2.25.

This particle enrichment process offers new possibilities in rebuilding con-

tact networks and strengthening the existing force chains. As a result, the

sample becomes more stable than the natural and depleted samples (Wau-

tier, 2018).

FIGURE 2.25: Schematic diagram comparing a microstructure
with rattlers (a) and the same microstructure without rattlers (b)

(Wautier, 2018)

A mechanically unstable sample depleted of its rattlers (free particles that

are not participating in stress transmission) was subjected to a fluid flow

under an incremental loading. The results showed that the internal fluid

flow can apply additional forces on the sample at the grain scale. Some

contacts will reach their limit of sliding, which may lead to grain detach-

ment following force chain re-organisation. Therefore, the internal flow



70 Chapter 2. Literature Review

acts as a perturbation factor that is sufficient to trigger a local failure of

the existing contact network, causing re-arrangement of the existing chain

force. Even if the failure remains localised, this can affect the whole con-

tact network as stresses are forced to redistribute. If the new force chain

is not able to sustain the stress increment, it can lead the sample to col-

lapse till it finds a new equilibrium. As a result, chained particles can be

detached from force chains during these microstructural re-arrangements

to either be reincorporated in the new force chains or become a rattler.

The second impact of the internal fluid flow is the transport of rattlers

and possibly detached particles through the pore network. In this case,

the fluid flow can have either a stabilising or a destabilising influence.

When the clogging dominates over erosion, the fluid is able to restabilise

initially unstable granular materials. This influence was explained by the

distribution of the mobilised rattlers in the pores’ space, increasing their

possibilities of being incorporated in the force chains during microstruc-

tural re-arrangements.

In conclusions this literature review has examined experimental research

and discrete numerical work on the influence of geometric and hydrome-

chanical constraints on internal erosion. This sets the state of the art for

the following experimentally based investigations.
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Chapter 3

Methodology

3.1 Introduction

The research presented in this thesis is centred around developing an un-

derstanding of the role that the stress condition and the change in stress

play in the erosion process in embankment dams. There are many dams

around the world which are deemed to be unstable based on an investi-

gation of their material susceptibility and hydraulic conditions, therefore it

is necessary to uncover what is the future of such dams. The role of stress

state in the erosion process is a relatively neglected area of research when

it comes to erosion. Chang et al. (2012) commenced research in this area

but the published research was limited to a single material and a limited

stress path due to the apparatus used.

This project includes the design and commissioning of a new triaxial ero-

sion testing apparatus in order to study different materials under differ-

ent stress paths. This new apparatus enables a better understanding of

the critical stress condition and its effect on erosion and may shed light
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on the reason for internal instability in some dams. As well as the ap-

paratus commissioning, the research investigates the influence of varying

the hydraulic gradient, the influence of different fines contents, the role of

different stress paths and finally, the influence of the rate of shearing on

erosion.

This chapter outlines the tested materials and their characterisation, the

testing concept including the development of the triaxial permeameter, the

research testing program, and the testing procedures used to prepare and

perform the erosion tests.

3.2 Materials and characterisation testing

Prior to undertaking erosion triaxial tests, preliminary tests were under-

taken in order to determine the characteristics of the soils to be tested.

The particle size distribution of soils to be tested, their internal stability

according to geometric criteria, and more general soil characteristics such

as maximum/minimum density and voids ratio, relative density, as well

as the behaviour of the soil under conventional drained triaxial conditions

are found below.
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3.2.1 Soil type

A large number of existing dams have filters made of cohesionless soils,

and therefore this category is of importance in investigating internal ero-

sion. For the purpose of this research it was decided to investigate a co-

hesionless gap-graded sandy soil. Figure 3.1 shows the particle size distri-

bution of the soil tested.

The samples are geometrically unstable according to Kenny & Lau, Bu-

renkova and Kezdi methods (Kenney and Lau, 1986; Burenkova, 1993;

Kézdi, 1979). The particle size distribution curve of a typical sample is

illustrated in Figure 3.1, more fines percentages have been tested in the

following chapters.
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FIGURE 3.1: A typical particle size distribution graph with 35%
fines

The soil gradation is a replication of G4-C which has been used by Moffat

and Fannin (2006) and was originally tested by Honjo et al. (1996). The

fines content used for G4-C was 40% where in this research the fines con-

tent varied from 10% to 50% keeping the same gap ratio of 5.57, Equation

3.1. Leighton Buzzard sand is a standard sand used regularly for the pur-

pose of laboratory testing, and hence in this research the same type of

sand has been used to achieve comparable data in future research, Figure

3.2.
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FIGURE 3.2: Leighton Buzzard sand fraction A & D

The soil for this research was obtained by mixing the coarse and fine par-

ticles into different proportions. To obtain the correct coarse particles size,

Leighton Buzzard sand type ‘A’ has been sieved and only particles be-

tween sieves 1.18mm and 2mm have been used. For the fine particles,
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Leighton Buzzard sand type ‘D’ has been sieved and only particles be-

tween sieves 0.150mm and 0.212mm have been used to achieve the de-

sired gap ratio of 5.57, Figure 3.3 and 3.4.

FIGURE 3.3: Leighton Buzzard sand fraction A & D particle size
distribution curves
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FIGURE 3.4: Microscopic image of Leighton Buzzard sand frac-
tion A (top) and D (bottom)

The intended gap ratio has been calculated using the following equation:

GapRatio =
D′0

d′100
(3.1)

1.180
0.212

= 5.57 (3.2)

Where
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D′ represents the coarse fraction

d′ represents the fine fraction

3.2.2 Geometric constraints

Six different soil mixes were investigated, Figure 5.1. All six mixes have

been checked for internal stability using Kenney & Lau, Kezdi and Bu-

renkova (Kenney and Lau, 1986; Burenkova, 1993; Kézdi, 1979). All sam-

ples are geometrically unstable according to these criteria.

FIGURE 3.5: The particle size distribution curve for the six sam-
ples used in this research
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It can be seen from Figure 3.6 that all six mixes are unstable according to

the combined Kenney & Lau and Kezdi methods (Kenney and Lau, 1986;

Kézdi, 1979).

FIGURE 3.6: H against F for, showing the samples fails under the
Kenny and Lau and Kezdi boundaries (Kenney and Lau, 1986;

Kézdi, 1979).

The Kezdi Method is based on the division of the particles of the filter

into fines and coarse, with the expectation that each component should

obey Terzaghi’s filter law, which states that the ratio of the diameter of

15% by mass of coarse passing particles (D15) to the diameter of 85% by

mass of fine passing particles (d85) should not be greater than 4 to ensure
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internal stability. This is mathematically simplified as shown below:

D15

d85
< 4 (3.3)

The procedure is also illustrated graphically using the sample with 35%

fines content as an example, with the separation of fines and coarse par-

ticles in two different PSD curves, Figure 3.7. As shown by the red line,

the Kezdi criteria is not satisfied as the ratio of D15 to d85 is greater than

4 as simplified below.

D15

d85
=

1.28
0.20

= 6.4 > 4 (3.4)
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FIGURE 3.7: Illustration of the Kezdi Method (S4-35%)

The third check used in this research is the Burenkova method (Burenkova,

1993). Burenkova determined another method to assess internal instability

caused by suffosion, this was done by calculating two factors of unifor-

mity:

h1 =
d90

d60
(3.5)

h2 =
d90

d15
(3.6)



82 Chapter 3. Methodology

Where

h1 is a measure of the slope of the PSD for coarse particles

h2 is an estimation of the filtering between the coarse and fine particles

dx is the percentage passing a given grain size by mass

The calculation of these factors enabled each material to be assigned to

a certain zone as shown in Figure 3.8, where 1st and 3rd zone represent

internally unstable soils, 2nd zone represents stable soils, and 4th zone rep-

resents artificial soils.

Burenkova developed a formula to account for when a certain soil is in

the stable zone based on h1 and h2.

0.76 log(h2) + 1 < h1 < 1.86 log(h2) + 1 (3.7)

A summary of the main three methods used to check the stability of sam-

ples has been presented in Table 3.1.
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FIGURE 3.8: Illustration of the zones based on the Burenkova
method (Burenkova, 1993)

TABLE 3.1: Summaries of results of Kenney & Lau, Kezedi and
Burenkova methods.

10% 20% 30% 35% 40% 50%

d85 Kezdi 0.20 0.20 0.20 0.20 0.20 0.20

D15 Kezdi 1.28 1.28 1.28 1.28 1.28 1.28

D15/d85 Kezdi 6.4 6.4 6.4 6.4 6.4 6.4

d90 Burenkova 1.890 1.870 1.860 1.840 1.830 1.800

d60 Burenkova 1.580 1.540 1.480 1.450 1.410 1.310

d15 Burenkova 1.220 0.195 0.178 0.174 0.171 0.166

h1 Burenkova 1.196 1.214 1.257 1.269 1.298 1.374

h2 Burenkova 1.549 9.590 10.449 9.575 9.702 10.843

Kenney & Lau US* US US US US US

Kezdi US US US US US US

Burenkova US US US US US US

*US denotes Unstable sample.
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3.2.3 Relative density

To achieve maximum stability in geotechnical structures, it is a common

practice to aim for a high in-situ density. Therefore this category of den-

sity is of importance in investigating internal erosion. For the purpose of

this research, it was decided to investigate dense samples attempting to

replicate a typically aimed for in-situ density as close as possible.

The voids ratio and density have to be determined as a function of rel-

ative density, Dr, for purposes of soil characterisation and also to enable

the mass required for the compaction of the soil to a certain relative den-

sity to be calculated. The aim is that for erosion testing, the samples are

prepared with a uniform relative density. In order to achieve this, the fol-

lowing relationship in Equation 3.8 was used:

Dr =
emax − eo

emax − emin
(3.8)

Where

Dr is the relative density

emax is the maximum void ratio

emin is the minimum void ratio

eo is the initial void ratio

Two experiments were set up, one to find the maximum density ρmax and

the other to find the minimum density ρmin. This would enable calcula-

tion of the maximum and minimum voids ratio for each sample using the
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relationship:

emax =
Gs × ρw

ρmin
(3.9)

emin =
Gs × ρw

ρmax
(3.10)

Where

Gs is the specific gravity taken as 2.67, a typical value for Leighton Buz-

zard sand (Cavallaro et al., 2001)

ρw is the density of water

3.2.4 Minimum and maximum density

Minimum density ρmin

The minimum density of the soil was found using a method adapted from

BS1377: Part 4:1990:4.3. A quantity of 500g of room temperature dried

soil for each sample was added to a glass cylinder of volume 1000cm3.

The top of the cylinder was covered with a rubber plug, and the cylinder

was shaken three times, afterwards it was turned upside down and then

quickly turned to its normal position. The volume of sand displayed on

the cylinder was recorded. The cylinder was emptied, and then the same

procedure was repeated another two times with new additions of soil for

each sample.

A final volume for 500g of soil was recorded for each sample. The mass
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M and volume V from the three trials were used to calculate an average

value of the minimum density for each soil sample:

ρmin =

M1
V1

+ M2
V2

+ M3
V3

3
(3.11)

Where

M is the mass in g

V is the volume in cm3

Maximum density ρmax

The maximum density for each sample was found using a dry method

adapted from K.H. Head’s Manual of Soil Laboratory Testing (1996). The

same method was repeated for each different soil sample. For this method

a steel mould of height 115.4mm and inner diameter of 104.5mm was used

along with guide sleeves, a surcharge plate, see Figure 3.9, and a vibration

deck.

The process began by weighing the empty mould using an electronic mass

balance measuring to the nearest 0.1g. This was followed by installing the

guide sleeve on top of the mould and using the butterfly wing nuts to

ensure that the sides of the mould line together.

Afterwards the sample was divided to 3 portions, each portion was added

to the mould, the surcharge base plate was positioned at the surface of the

soil and then the surcharge weight was lowered onto the soil. Each por-

tion was vibrated for 10 minutes fixing the mould into the vibration deck
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using steel clamps.

At the end, the surcharge weight, excess sand above the mould and guide

sleeves were removed, and the soil in the mould was flattened and then

the whole ensemble weighed. Subtracting the weight before the soil was

added Mm to the weight after the soil was added Mm+s yielded the mass

of soil added Mm. The volume of the mould was used as the volume of

sand Vs to calculate the maximum density ρmax as shown in 3.12 :

ρmax =
Mm+s −Mm

Vs
(3.12)

Where

Mm is the mass of the mould in g

Mm+s is the mass of the mould and the soil in g

Vs is the volume of the mould in cm3

These results enable the voids ratio at a specific relative density to be cal-

culated. This was done for all samples, Table 3.2 shows the maximum

and minimum values for density and void ratio for all samples used in

this research.



88 Chapter 3. Methodology

FIGURE 3.9: Illustration of the steel mould, guide sleeve and sur-
charge plate used

TABLE 3.2: Minimum & maximum density and void ratio

Fines content ρmin ρmax emax emin

% g/cm3 g/cm3 - -

10 1.493 1.777 0.788 0.503

20 1.563 1.894 0.709 0.410

30 1.560 1.933 0.711 0.381

35 1.575 1.940 0.695 0.376

40 1.569 1.937 0.702 0.378

50 1.551 1.915 0.721 0.394
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3.3 Development of triaxial permeameter

A triaxial permeameter has been developed to study the effect of seepage

flow through a gap-graded soil under controlled stress conditions.

The triaxial permeameter, Figure 3.10, enables the permeability to be ex-

amined, as well as the quantity of eroded soil, under a complex stress

state where axial and radial stress can be controlled.

FIGURE 3.10: Schematic of the triaxial permeameter
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3.3.1 Main triaxial system

A Bishop and Wesley stress path cell, Figure 3.11, has been adapted to

create the triaxial permeameter. The apparatus is computer controlled and

pressure controlled by a GDS system allowing independent control of hy-

draulic gradient and stress state. Figure 3.13 illustrate the main parts of

the triaxial permeameter system. The GDS controller has a maximum pres-

sure capacity of 4 MPa and a pressure resolution of 0.1 kPa. A metric load

cell with +/- 5 kN capacity was used to record axial load to allow the ax-

ial stress to be calculated.

A 3D printed funnel has been added to the base of the triaxial with a

wide transparent tube to guide the eroded soil through from the base of

the sample to the soil collection system. A pressure sensor was connected

to the funnel neck to ensure that the pressure is close to zero (no block-

age), as the end of the tube is at atmospheric pressure flowing onto the

sieve (soil collection system), see Figure 3.14. The funnel was coated using

a seal coating to prevent any leakage.

Typically used porous stones at the bottom and top of the sample have

been replaced with a Perspex perforated plate and mesh at the bottom to

support the body of the sample while allowing the eroded fine particles

to pass through to the soil collection system, see Figure 3.12 and 3.15. A

mesh finer than the fine particles was used at the top of the sample to

stop any fines migration upwards during the saturation stage.

The perforated solid plastic plate is 10mm thick and 100mm in diameter.

Between the specimen and the perforated plate, a mesh with an opening
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size of 1mm has been placed in order to screen eroded particles and to

ensure that only the fines are removed and not the coarse particles.

When typical top-cap with a single outlet was used, it was visually ap-

parent that fine particles were eroding from one side of the specimen. As

a result, the usual top-cap has been replaced with a top-cap with four

outlets to ensure that water input is evenly distributed across the speci-

men. Compared to the usual metal top-cap, the lightweight Perspex top-

cap used in this research would reduce the self-weight effect on the total

stress, Figure 3.16.

The sample’s vertical settlement was measured externally using a linear

variable differential transformer, LVDT, with a precision of 0.05 mm. Lo-

cal on-sample submersible strain transducers (two axial: RDP model D5-

400WRA, and one radial, RDP model D5-400W) were mount on the spec-

imen to measure vertical and radial strain internally, removing bedding

and apparatus compliance errors, Figure 3.17. The holder of two vertical

transducers and one radial was glued (using LOCTITE Super Glue) to the

centre of the sample prior to each test. The local strain transducers have a

displacement range of +/- 10 mm with a displacement resolution of 4µm.

Each axial submersible LVDT were mounted on the test specimen by means

of two diametrically opposed pads glued to the test specimen’s membrane

and has a weighted rounded end that rests freely on the lower pad anvil.

The radial strain belt is positioned at the midpoint of the sample and is

hinged at one side, and holds the transducer and pin on the other. The

radial submersible LVDT is positioned across the opening of the radial

strain belt calliper, where it measures the opening and closing of the jaws.
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All submersible LVDTs work with a free-moving internal pin inside the

cylindrical barrel, Figure 3.18.

FIGURE 3.11: Fully assembled triaxial permeameter
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FIGURE 3.12: The triaxial permeameter base with the mesh
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FIGURE 3.13: Main triaxial permeameter system
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FIGURE 3.14: 3D printed funnel
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FIGURE 3.15: Perforated plate with 1mm mesh

FIGURE 3.16: Amended top-cap with four outlets
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FIGURE 3.17: local strain sensors and specimen attachments (ax-
ial mounts and radial strain belt)

FIGURE 3.18: Sample with and without local strain sensors
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3.3.2 Water supply system

The pressurised de-aired water system allowed a steady flow rate to be

achieved through the soil. The system was composed of two water tanks

formed of a Perspex cell 400 mm in diameter and 600 mm in height and

supported on metal bars as illustrated in Figure 3.19.

The pressurised water system had two valves at the top: Valve 1 allowing

the hydraulic head to be air pressure controlled through a pressure reg-

ulator, and Valve 2 allowing a way to de-pressurise the system when it

is desired to reduce pressure. Valve 3 was used to fill the tank with de-

aired water which would be used in erosion tests as an outlet valve. The

pressure regulator was operated through the pressurised air supply.
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FIGURE 3.19: Pressurised de-aired water system
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3.3.3 Fine particle collection system

The fine particle collection system commenced from the 3D printed fun-

nel and its pipe, which guided the eroding soil and accompanying water

towards a fine sieve with a 63 micron mesh size. The size of the mesh

screen was in accordance with the minimum particle size of the test soil.

Figure 3.20 illustrates the soil collection system from the funnel to the wa-

ter collection system. The quantity of the eroded fine particles was col-

lected every 10 minutes to study the erosion behaviour.

3.3.4 Water collection system

The water collection system was formed of a downstream reservoir which

was fully filled with de-aired water prior to testing, which directed water

into a water container sets on an electronic mass balance.

The electronic mass balance was used to periodically log the data to a

computer in order to be able to determine the discharge flow rate, seep-

age flow and permeability of the sample throughout the internal erosion

process. The mass balance has a weighing capacity of 6 kg and a resolu-

tion of 0.1g.

A software program was developed using Labview to record a reading

for the water container every 10 seconds. The software converted the time

and weight readings to an excel sheet file.
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FIGURE 3.20: Fine particles collection system

3.3.5 Previous trials

The design of the 3D printed funnel evolved as a result of two main tri-

als. A detachable plastic funnel located inside a metal pedestal was used

for the initial design, Figure 3.21(A). The sharpness of the output neck of

the plastic funnel was found to block fine particles, and hence another de-

sign was needed.
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The second trial, Figure 3.21(b), used a 3D printed funnel with a curved

output pipe to avoid fine particles blockage, Figure 3.14. The funnel ini-

tially was printed using a low density printing mode. This caused water

leakage through the wall of the funnel.

The final design, Figure 3.21(c) used the maximum density setting on the

3D printer to reduce the porosity of the printed medium to the lowest

possible value. Moreover, the funnel was then coated using a seal coating

(XTC-3D brush-on coating) to prevent any leakage.

FIGURE 3.21: Fine particles collection system (previous trials)

During the design progress, many perforated plates and meshes were used.

Some of the attempts are presented in Figure 3.22.
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FIGURE 3.22: Design progress trials

3.4 Testing program

To study the behaviour of fine particles erosion, this research conducted

four main testing sets. All four testing sets were tested while shearing the

samples.

Firstly to establish a baseline of data, a series of triaxial tests with down-

ward seepage flow at different hydraulic gradients was conducted on a

gap-graded soil in order to determine and quantify the influence of the

hydraulic gradient on the onset and progression of internal erosion, Chap-

ter 4.



104 Chapter 3. Methodology

The second set of tests were performed to study the influence of the initial

fines content on the onset and progression of internal erosion. To cover

a variety of possibilities found in geotechnical structures, from under to

overfilled, the erosion tests were performed on six samples with different

fines contents in the same conditions under a constant aimed-for initial

hydraulic gradient of 10, Chapter 5.

The third set of tests main objective was to investigate the effect of the

stress path on the onset and the progression of internal erosion on gap-

graded soil. A series of experimental tests was carried out on six samples

of gap-graded soil under three different stress paths (two repeats for each

path). For stress path ’A’, the radial pressure was decreasing, and axial

stress was maintained so as to decrease the total mean stress p while in-

creasing the deviatoric stress q, Figure 6.1. For stress path ’B’, the radial

pressure was decreasing, the axial stress increasing, and hence, deviatoric

stress increased while keeping the total mean stress constant (taking a ver-

tical stress path). In stress path ’C’, the radial pressure was kept constant,

increasing the axial stress and hence, total mean stress while increasing the

deviatoric stress (a typical conventional stress path used in triaxial testing).

The influence of different shearing rates on the internal erosion behaviour

of different samples of gap-graded soil was studied in the last set of tests.

Six samples of internally unstable soil, of a given particle size distribu-

tion, were tested in the triaxial permeameter using three different shearing

rates, Chapter 7.

Table 3.3 provides a summary of the testing program used in this research.

The first segment of the name refers to the specimen number, followed by
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the initial fines content and then the intended hydraulic gradient with the

stress path used apart from the last set of tests where the third segment

represents the shearing rate. All tests in this set used hydraulic gradient

of 10 with B stress path (refer to Figure 6.1 for an illustration of the stress

paths used in this research).
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TABLE 3.3: Summary of the testing program

Test name Hydraulic gradient Fines content Stress path Shearing rate

(%) (mm/min)

Seepage flow study

S1-35-10B 10 35 B* 0.1

S2-35-15B 15 35 B 0.1

S3-35-20B 20 35 B 0.1

S4-35-25B 25 35 B 0.1

Fines content study

S5-10-10B 10 10 B 0.1

S6-20-10B 10 20 B 0.1

S7-30-10B 10 30 B 0.1

S1-35-10B 10 35 B 0.1

S8-40-10B 10 40 B 0.1

S9-50-10B 10 50 B 0.1

Stress path study

S10-35-10A 10 35 A 0.1

S11-35-10A 10 35 A 0.1

S12-35-10B 10 35 B 0.1

S1-35-10B 10 35 B 0.1

S13-35-10C 10 35 C 0.1

S14-35-10C 10 35 C 0.1

Shearing rate study

S15-20-0.05 10 20 B 0.05

S6-20-0.1 10 20 B 0.1

S16-20-0.2 10 20 B 0.2

S17-35-0.05 10 35 B 0.05

S1-35-0.1 10 35 B 0.1

S18-35-0.2 10 35 B 0.2

*Refer to Figure 6.1 for an illustration of the stress paths used in this research.
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3.5 Testing procedures

3.5.1 Test preparation

De-airing water

At the start of any test, a considerable amount of de-aired water needed

to be prepared and stored in water tanks, see Figure 3.19. Two de-aired

water systems with 8 litres capacity were used to prepare the de-aired

water supply, Figure 3.23. It could take to up to 5 hours to fill enough

water to start an erosion test. To store de-aired water without introducing

any air to the system, the water tank was under negative pressure when

storing the de-aired water.

FIGURE 3.23: De-Aired Water system
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Soil preparation

Samples were prepared for triaxial testing using the undercompaction method

proposed by Ladd (1978). The method helps to ensure an even distri-

bution of particles through the sample. It is very efficient in the com-

paction of sand, avoiding the issue of having the asymmetrical compaction

throughout the sample (bottom layers having a higher relative density in

comparison to top layers).

The rubber membrane was visually inspected for tears before each test to

avoid any leakage, then a thin layer of silicon grease was applied around

the base of the pedestal before the membrane was applied, and the perfo-

rated plate with the mesh and O-rings were added to secure the ensemble.

An external 3D printed split compaction mould was used with an inter-

nal diameter of 100mm and a height of 100mm, Figure 3.24. The split

mould was added around the membrane and sealed using plasticine. A

suction vacuum was created between the mould and the membrane in or-

der for the membrane to expand in the mould against its sidewalls. The

sample was placed in 5 layers, thus leading to a layer height of 20 mm.

Each layer mass was determined by dividing the soil mass, calculated for

the desired level of relative density, by the total number of layers. For

each layer a moist tamping method was used in order to ensure that the

particles would adhere well to each other, and to avoid particle size seg-

regation.

For each layer, the soil mass required for one layer was added and then
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compacted with a wooden tamping rod in a circular motion from the pe-

riphery towards the centre until the respective layer reached the desired

height, as calculated by the formula adapted from Ladd (1978):

hn = 12.5[(n− 1) + (1 + Un)] (3.13)

Where

n denotes the layer number (with the layers being counted in the order of

placement)

hn is height of compacted material at the top of the layer being considered

Un is the percent (as a decimal) of undercompaction

The percentage of undercompaction can be calculated for each layer using

the following formula Ladd (1978):

Un = Uni −
[

Uni

15
× (n− 1)

]
(3.14)

Where

Uni is the percent undercompaction as a decimal chosen, for the first layer

to be 5% for this research (recommended to be between 0 and 15% de-

pending on the density of the sand from dense to loose).

After the compaction process was finished, the top cap was added, greased

as for the pedestal, and an O-ring was added. The split mould was re-

moved after a negative pressure of 15 kPa had been applied to the sample,

in order to ensure that the sample could stand on its own. At this point
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the height (100mm) and diameter (100mm) of the sample were measured

in order to ensure that they corresponded to the planned dimensions. The

submerged local strain transducers were mounted and glue left to dry. At

this point the logging of data could be started.

FIGURE 3.24: 3D printed split compaction mould

3.5.2 Soil saturation and consolidation

After preparing the sample, the cell cap was placed and sealed while the

cell was allowed to be filled with water. The negative pressure was slowly

lowered as the cell pressure was increased from 0 to 15 kPa.

The sample was then injected with CO2 at a slow rate for 1 hour in or-

der to remove air bubbles present in the sample. This process improves
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sample saturation as CO2 dissolves much easier in de-aired water in com-

parison with air.

The sample was then saturated by very slow de-aired water flow from

the bottom upwards. The saturation process was verified by checking the

outflow water using a dissolved oxygen meter (inoLab Oxi 730). Totally

de-aired water has a reading below 4 mg/L. Aerated water (water fresh

from the tap) always gave a reading of above 9 mg/L.

Both the funnel, the base plate and the transparent tube were submerged

with de-aired water throughout the test. During all tests, the downward

flow was maximum at the top of the sample and very close to atmo-

spheric pressure at the bottom of the sample. The sample sets on the

3D printed base with funnel, a flexible wide transparent tube was used

to guide the eroded soil through from the base of the sample to the soil

collection system.

The sample was then consolidated to 50 kPa mean total stress by increas-

ing the cell pressure. The consolidation process was complete when the

desired cell pressure was reached, and the axial and radial strain of the

sample no longer changed with time. Any amount of axial or radial strain

before the start of the erosion testing would be considered when determin-

ing the initial values of void ratio.

3.5.3 Erosion testing

A hydraulic gradient of 10 was chosen for all tests apart from seepage

flow study tests (Chapter 4) to study the behaviour of internal erosion
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under the applied stress conditions and material used. This value was

used within the chosen hydromechanical boundary which was set follow-

ing preliminary tests, presented in Chapter 4 and Appendix B.

Before starting to shear the sample, the seepage flow was increased gradu-

ally until reaching the intended hydraulic gradient. The amount of eroded

fine particles was found to be negligible at this stage. The erosion phase

of the test was generally commenced by shearing the sample with the in-

tended shearing rate (either 0.05, 0.1 or 0.2 mm/min - see Chapters 4 to

7). This phase was generally last 1 to 4 hours depending on the shearing

rate used.

The eroded particles were collected every 10 minutes, and the water flow

was recorded using an electronic balance every 10 seconds.

Once the sample reached failure, the test was stopped and the confining

pressure was brought back until it reached atmospheric pressure, the wa-

ter from the cell was emptied, and the cell was dismantled.

Each stage of collection was numbered for subsequent oven drying to be

weighed using an electronic balance with a maximum capacity of 210 g

and a very high resolution of 0.1 mg.

3.5.4 Post test grain size distribution analysis

All tested samples was equally divided into three layers, top, middle and

bottom after each test. All layers were oven-dried separately and sieved
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to analyse the effect of erosion on particle size distribution for each layer,

See Chapter 7.

3.6 Summary

This chapter summarises the tested materials and their characterisation,

the testing concept including the development of the triaxial permeameter,

the research testing program, the procedures used to prepare and perform

the erosion tests.

For the purpose of this research, a cohesionless gap-graded sandy soil was

used. Characterisation tests were undertaken to determine the characteris-

tics of the soils to be tested.

A triaxial permeameter has been developed to study soil erosion behaviour

in a gap-graded soil under controlled stress conditions. The triaxial per-

meameter enables the permeability to be examined, as well as the quantity

of eroded soil, under a complex stress state.

To study the behaviour of fine particle erosion, this research conducted

four main testing sets to investigate the effect of seepage flow, initial fines

content, stress path and shearing rate on the onset and progression of in-

ternal erosion.
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Chapter 4

Seepage Flow Study

4.1 Introduction

It has been shown that the potential for internal erosion within a soil is in-

fluenced by the geometric, hydraulic and mechanical conditions of the soil

(Kenney and Lau, 1985; Tomlinson and Vaid, 2000; Richards and Reddy,

2007; Moffat et al., 2011).

A considerable amount of literature has been published on the influence

of seepage flow on the internal erosion process. In this chapter, in order

to establish a baseline of data, a series of triaxial tests with downward

seepage was conducted on a gap-graded soil in order to determine the in-

fluence of the hydraulic gradient on the onset and progression of internal

erosion.

Over recent decades, investigating the influence of seepage flow on the

onset of internal instability in granular materials has been a constant con-

cern in the literature. Bendahmane et al. (2008) found a gain in the rate
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of suffusion with increased hydraulic gradient and with reduced confin-

ing stress, from triaxial tests on sand samples with different clay content.

Moffat et al. (2011) proposed a hydro-mechanical boundary concept in the

stress-hydraulic gradient space to quantify the onset of internal erosion

based on the results of erosion.

For a gap graded sand, Chang and Zhang (2013) conducted internal ero-

sion tests under complex stress states and investigated the influence of

stress on the critical hydraulic gradient. During erosion testing, the stress

state was kept constant while varying the hydraulic gradient. They de-

fined three critical hydraulic gradients which they named ’initiation’- i.e.

the critical hydraulic gradient at the onset of erosion or fines loss, ’skeleton-

deformation critical hydraulic gradient’ when buckling of force chains starts

and “failure critical hydraulic gradient” at soil failure. All the above re-

searchers indicated the importance of studying the hydraulic gradient’s

role in the development of internal erosion.

4.2 Preliminary work

In this research during erosion testing, the hydraulic gradient was kept

constant for each test while changing the stress state (i.e. continuously

shearing). Initial observational tests were conducted while shearing the

sample to determine the ideal range of hydraulic gradients to study the

seepage flow behaviour for the soils examined in the thesis at the initial

stress state chosen.
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The chosen hydraulic gradients needed to be enough to initiate the inter-

nal erosion under each set of test conditions but not so high as to enable

them to be related to realistic field scenarios. The primary outcomes of

the analysis of these preliminary tests were; first, a hydraulic gradient of

10 would be a minimum sufficient gradient to cause measurable fines loss

under the initial conditions. Second, a step of 5 in hydraulic gradient (i.e.

∆i = 5) would be adequate to observe a physical change in erosional be-

haviour.

The same experiment was repeated without shearing the sample, and there

was no measurable fines loss under the initial conditions. Therefore it has

been decided to shear all samples while conducting the erosion testing

in this thesis. The preliminary tests details and full observations can be

found in Appendix B.

4.3 Results of seepage flow study

Following the preliminary work, this chapter describes a series of triaxial

tests performed under different hydraulic gradients, above the threshold

of i=10, to investigate the influence of seepage flow on the onset and the

development of internal erosion in a gap-grade soil.

Four samples of gap-graded soil, named S1-35-10B, S2-35-15B, S3-35-20B

and S4-35-25B with an initial fines content of 35%, were tested under dif-

ferent hydraulic gradients, i, of 10, 15, 20 and 25, respectively. A summary

of the testing conditions is shown Table 4.1.
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The first segment of the name refers to the specimen number, followed

by the initial fines content and then the intended hydraulic gradient with

the stress path used. The experimental results are reported in detail and

discussed below.

TABLE 4.1: Summary of the testing program and results for seep-
age flow study.

Test Name* B2 S1 S2 S3 S4

Finer fraction (%) 35 35 35 35 35

Axial displacement rate (mm/min) 0.1 0.1 0.1 0.1 0.1

Gap ratio 5.57 5.57 5.57 5.57 5.57

Intended relative density, DR (%) 70 70 70 70 70

Initial relative density, DRi (%)** 71.3 70.9 69.3 72.5 71.7

Intended void ratio, e 0.472 0.472 0.472 0.472 0.472

Initial void ratio, e0 0.468 0.469 0.474 0.464 0.467

Coarse particles initial mass, mci (g) 889 889 889 889 889

Fine particles initial mass, m f i (g) 479 479 479 479 479

Intended Hydraulic Gradient i - 10 15 20 25

Mean hydraulic gradient im - 11.2 15.6 21.2 25.4

Initial total mean stress, pi (kPa) 50 50 50 50 50

Max Deviatoric stress, qmax (kPa) 102.8 86.4 82.2 78.6 71.6

Mean effective stress at qmax, p′qmax (kPa) 51.4 47.4 43.1 41.3 39.4

Shearing resistance internal angle, φpeak′ 48.6◦ 44.3◦ 46.4◦ 46.2◦ 44.3◦

Accumulated erosion mass, m f a (g) - 66.8 68.1 79.8 88.5

Accumulated erosion percent, m f ap (%) - 13.9 14.2 16.7 18.5

*S1=S1-35-10B, S2=S2-35-15B, S3=S3-35-20B, S4=S4-35-25B,and B2=B2-35-0B.

**Initial relative density was measured just before commencing the erosion stage (testing stages are discussed in Chap-

ter 3).
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4.3.1 Hydraulic gradient

Figure 4.1 plots the variation of the hydraulic gradient i with respect to lo-

cal axial strain, εa for the tested sample during the erosional experiments.

Different initial hydraulic gradients for each test were achieved by control-

ling the pressure on the air pressurised water tanks, which were pre-filled

with de-aired water, prior to the erosion stage. The hydraulic gradient at

the start of the test was then set at the desired value using the differential

pore pressure across the sample, and the initial corrected length, Lc. The

differential pore pressure was assessed using two pore pressure gauges

connected at each end of the tested samples and the corrected length, Lc

was determined by deducting the length reduction measured by the sub-

merged local strain devices from the original length, as explained in Chap-

ter 3.
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FIGURE 4.1: Relationship between hydraulic gradient and local
axial strain

4.3.2 Drained shear strength

To begin with, a ’baseline’ (no erosion) test, named B2-35-0B, was con-

ducted using the same fines content and stress conditions as for the ero-

sional tests, see details in Table 4.1.

In this suite of tests, all were conducted under the stress path ’B’ (Fig-

ure 6.1), taking a vertical stress path in p-q space to reach failure at or



4.3. Results of seepage flow study 121

above the critical state line (with a peak stress expected due to the soils

being prepared at a DR of approximately 70% - i.e. initially ’dense’).

In addition to the baseline test, four erosion tests (continuously shearing

while eroding) S1 to S4 – with a constant hydraulic gradient for each test

of i = 10, 15, 20 and 25, respectively – were conducted. Figure 4.2 demon-

strates the initial stress condition for all four tests presented in this chap-

ter. This figure highlights how increasing the hydraulic gradient creates

an increasingly non-uniform effective stress within the sample from top to

bottom. The mean p’ is reported in the results here.

The failure stress state estimation was taken at the centre of the sample

(mid-height), where the radial strain sensors are mounted to give a sim-

plified interpretation.

It is a common practice in triaxial testing to use a 1:2 slenderness ratio

(diameter:height) to avoid the effect of end restraint. Bishop and Green

(1965) discussed the impact of slenderness ratio and end restraint on the

behaviour of sandy soils in triaxial compression testing. They concluded

that reducing height to diameter ratio can increase the effect of end re-

straint leading to an increase in soil strength. However, in this research,

it was decided to investigate specimens with 100 mm diameter and 100

mm height (1:1 slenderness ratio) to reduce the differential pore pressure

across the sample for a given hydraulic gradient. Since all samples had

the same slenderness ratio, this research focuses on analysing comparative

values and behaviour and not concentrating on exact values.
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The mean stress was kept constant at 50 kPa, Figure 4.3. Note that, be-

cause of the seepage within the sample and resultant uncertainties in the

local effective stress, the total mean stress p was used, rather than effec-

tive mean stress p’ to control the stress path.

It is notable that the baseline test B2-35-0B displayed a more consistent

and less ’noisy’ stress path than the other tests due to the hydraulic con-

trollers being able to maintain the aimed-for stress path far more easily

without seepage and erosion taking place. This is more easily seen in Fig-

ure 4.4 which shows the deviatoric stress, q against the estimated mean

effective stress, p’.
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FIGURE 4.2: An illustration of the initial stress conditions
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FIGURE 4.3: Deviator stress, q versus total mean stress, p

The mean effective stress was estimated by deducting the average seep-

age flow pressure across the sample (the pore pressure at mid-point) from

the total mean stress, p. In general, all erosion tests recorded lower peak

deviatoric stress values comparing to the baseline test (without erosion)

B2-35-0B. Also, specimen S4-35-25B recorded the lowest peak deviatoric

stress value with specimen S1-35-10B recording the highest of the seepage

tests. This may be a result of two processes. The increase in seepage flow

rate from test S1-35-10B to S4-35-25B, as denoted by hydraulic gradient,

resulted in a higher seepage pressure and hence, lower effective stress at
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the specimen midpoint. This would result in less available shear resis-

tance for tests conducted at high flow-rate. In addition, there may be an

influence of fines loss, which is discussed later.

FIGURE 4.4: Deviator stress, q versus mean effective stress, p’

Figure 4.5(a) demonstrates the deviatoric stress, q against the local axial

strain, εa for the tested specimens. As it can be seen from the graph, the

peak deviatoric stress, qpeak decreases as the hydraulic gradient increases,

such that all the specimens recorded lower peak stresses compared to the

baseline test B2-35-0B. The reduction in peak stresses varies between 16.4
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kPa (16.0%) and 31.2 kPa (30.4%) for tests S1-35-10B and S4-35-10B, re-

spectively.

By increasing the hydraulic gradient from 10 to 25, the peak stress is re-

duced from 86.4 kPa for test S1-35-10B to 71.6 kPa for S4-35-25B – a re-

duction of 14.8 kPa in peak deviatoric stress. It is also notable that qpeak

occurs at a lesser axial strain (by εa of 6%) for all of the tests experiencing

internal erosion than for the no erosion test B2-35-0B, where qpeak occurred

at εa of 9%.

Previous literature, wherein Chang and Zhang (2011), Ke and Takahashi

(2014), among others, have reported a similar reduction in the soil’s strength

due to internal erosion/ fines loss. Once again, here it needs to be taken

in the context of the fact that seepage was occurring during shearing so

that the effective stress was reduced for higher flow-rate.

Figure 4.5(b) illustrates the variation of the volumetric strain with respect

to axial strain. All the specimens experienced contractive behaviour fol-

lowed by dilative behaviour, as expected. Specimens S1-35-10B, S2-35-15B

and S4-35-25B display similar dilative behaviour, reaching εv of approxi-

mately 3% at εa of 6%, while S3-35-20B contracted more and only achieved

2.5% dilative strain at εa of 6%. Note that S3-35-20B had the largest (and

somewhat anomalous) volumetric reduction unlike the other specimens.

However, all the specimens have recorded a more dilative response at ear-

lier axial strain in comparison with the no erosion (i=0) test B2-35-0B.
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FIGURE 4.5: Relationship between deviatoric stress and volumet-
ric strain vs local axial strain
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Figure 4.6(a) demonstrates the normalised deviatoric stress, qn (q/p’) against

the local shear strain, εs for the tested specimens. As it can be seen

from the graph, all the specimens recorded lower normalised peak stresses

compared to the baseline test B2-35-0B. The reduction in normalised peak

stresses varies between 0.3 (13.6%) and 0.5 (22.7%) for tests S4-35-10B and

S1-35-10B, respectively. The difference among the eroded tests in normalised

peak stresses, qn was 0.2 (10.5%). Comparing between the tests with ero-

sion, there is no clear difference in the stress-strain curves. Figure 4.6(b)

illustrates the variation of the volumetric strain, εv with respect to shear

strain, εs. All the specimens experienced contractive behaviour followed

by dilative behaviour. However, all the specimens have recorded a more

dilative response at earlier shear strain in comparison with the no erosion

(i=0) test B2-35-0B.
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FIGURE 4.6: Relationship between normalised deviatoric stress
and volumetric strain with local shear strain
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Figure 4.7 illustrates the difference between the peak stress ratio with and

without erosion. The peak stress ratio, ηpeak, has dropped from 2.00 for

the baseline test B2-35-0B to 1.86 for the average ηpeak for tests experienc-

ing internal erosion. This drop can also be seen using the internal angle

of shearing resistance, φ′. The relation between η and the internal angle

of shearing resistance, φ′ is shown in Equation 4.1 for a soil in triaxial

compression (Wood, 1990):

sinφ′ =
3η

6 + η
(4.1)

Where

φ′ is the internal angle of shearing resistance

η is the stress ratio, q/p’

From this, φ′peak has dropped from 48.6◦ for the baseline test B2-35-0B

to an average of 45.2◦ for tests experiencing internal erosion, a drop of

3.4◦ or 7.0%. The graph also shows a slight variation in the peak value

of stress ratio between S2-35-15B and S4-35-25B. The value was reduced

from 1.91 for the specimen S2-35-15B to 1.82 for the specimen S4-35-25B, a

reduction of 0.09 with similar reduction in the internal angle of shearing

resistance, φ′peak. The value was reduced from 46.4◦ for S2-35-15B to 44.3◦

for S4-35-25B, a reduction of 2.1◦ or 4.5%.
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FIGURE 4.7: Maximum deviatoric stress against mean effective
stress

4.3.3 Seepage velocity

The seepage flow velocity, v, was determined by measuring the outflow

rate throughout the specimen test and then dividing the outcome by the

corrected area (determined from the local radial strain) at the midpoint of

the sample. The measurement of seepage flow rate is discussed in Chap-

ter 3.
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The variation of seepage flow velocity, v, versus axial strain, εa, for each

test is plotted in Figure 4.8. The seepage flow velocities are strongly corre-

lated to the hydraulic gradient. In theory, for the same material, if the hy-

draulic gradient value doubles, it is expected that the velocity value would

double, maintaining similar permeability.

As expected, test S1-35-10B, with the lowest hydraulic gradient (im = 11.2)

resulted in the lowest seepage velocity with an average velocity of 0.39

mm/s. On the other hand, test S4-35-25B with the highest hydraulic gra-

dient (im = 25.4) resulted in the highest seepage velocity, with an average

of 1.10 mm/s. Tests S2-35-15B and S3-35-20B in between, had intermediate

average seepage velocity values of 0.55 and 0.90 mm/s, respectively.

All the tested specimens also exhibited a noticeable decrease in velocity

during the erosional tests – typically a drop of 0.11 mm/s over the course

of a typical test. With everything else being equal, this would suggest

a reduction in permeability throughout testing as discussed next. Some

jumps in velocity may be indicative of specific erosion events internal to

the specimen.
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FIGURE 4.8: Seepage velocity versus local axial strain

4.3.4 Permeability

The coefficient of permeability, k, is determined using both the seepage

velocity and the hydraulic gradient, which change slightly throughout the

test. Figure 4.9 illustrates the variation of the permeability versus the axial

strain for the tested specimens.

The average permeability ranges from 3.25× 10−5 m/s to 4.55× 10−5 m/s,

displaying fairly close values as the same fines content was used. All
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specimens experienced a slight decrease in permeability during the ero-

sional tests

Specimens S3-35-20B and S4-35-25B show the highest initial permeability

values at 4.60× 10−5 m/s and 4.70× 10−5 m/s, respectively with decreases

to 3.86 × 10−5 m/s and 4.06 × 10−5 m/s. Specimens S1-35-10B and S2-

35-15B recorded the lowest initial permeability values at 3.35× 10−5 m/s

and 3.48× 10−5 m/s respectively, with decreases to 3.05× 10−5 m/s and

2.90× 10−5 m/s. It is notable that the rate of decrease of permeability with

axial strain appears to be very similar across all the specimens. While the

permeability results seem to be two set of two similar tests, this is likely

to be just a coincidence.



4.3. Results of seepage flow study 135

FIGURE 4.9: Relationship between permeability and local axial
strain

4.3.5 Erosion

To study the behaviour of internal erosion, a series of graphs were pre-

sented throughout the thesis to plot erosion versus axial strain. Chapter 7

confirms the importance of shearing amount when studying internal ero-

sion, and hence all graphs were plotted against axial strain.
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The accumulated erosion with respect to axial strain is illustrated in Fig-

ure 4.10. The mass of eroded particles increases with axial strain for all

of the tested specimens. The results also clearly illustrates the effect of the

hydraulic gradient on erosion rate with greater erosion at higher hydraulic

gradients initially (Figure 4.11), but with a reduction in the difference in

the erosion rate subsequently. Note that S3-35-20B, which had the largest

(and somewhat anomalous) volumetric reduction also shows a strain range

(from 2.0% to 3.6%) over which the erosion rate is maintained, unlike the

other specimens.

By the end of the tests, the mass of eroded fines was 66.8g (13.9%) in

the specimen with the slowest seepage flow S1-35-10B, 68.1g (14.2%) in

S2-35-15B, 79.8g (16.7%) in S3-35-20B and more than 88.5g (18.5%) in the

specimen with the greatest seepage flow S4-35-25B.
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FIGURE 4.10: Accumulated erosion versus local axial strain un-
der different hydraulic gradient, with erosion presented (a) in

grams and (b) as a percentage of the initial fines content
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FIGURE 4.11: The erosion rate (accumulated erosion % / axial
strain %) versus local axial strain

4.4 Discussion and interpretation

The contribution of seepage flow rate or hydraulic gradient on the on-

set and development of internal erosion was apparent in the conducted

tests. The purpose of this study is to understand better the influence of

such factors on the internal erosion process in gap-graded soil. Therefore,

a series of erosional tests were performed on four tests under different

hydraulic gradients 10, 15, 20 and 25 with the same initial fines content
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percentage at 35%. Drained stress path, hydraulic gradient, seepage veloc-

ity, permeability, and erosion results have been reported.

Concerning the shear strength, after analysing the results of the tests, it

can be concluded that the shear strength of the tested samples decreases

with an an application of seepage resulting in fines loss, however, all sam-

ples recorded lower peak stress than the base test B2-35-0B. This can be

related to the erosion of particles. Losing fines meant disturbance to the

soil fabric and hence weakening the force chains, perhaps irrespective of

the exact quantity of that loss. This behaviour can be seen in Figure 7.13

where all tests performed in this thesis are compared.

As for the volumetric strain, all the specimens displayed a contractive be-

haviour at the first stages of the tests, which is afterwards became dilative

behaviour. This dilative behaviour occurred earlier with the increase of

the hydraulic gradient from 0 (no erosion) to i = 25. Chang and Zhang

(2011) believed that loss of fine particles increased the global void ratio

and shifted the soil condition to a looser state, ultimately leading to lower

drained shear strength. Recently, Wautier (2018), using discrete element

based numerical analysis, referred to rattlers being defined as free parti-

cles that provide support for the force chains, although they do not par-

ticipate in the transfer of the stress. He suggested that the loss of these

particles weakens the force chains which become prone to microstructural

rearrangements, which favours the development of plastic strain and con-

tractive behaviour. This finding may explain why the base test results

recorded higher peak stress compared to the samples that experienced fine

particles erosion.



140 Chapter 4. Seepage Flow Study

From a hydraulic perspective, the permeability and the seepage velocity

values are strongly correlated to the hydraulic gradient. All the tested

specimens also exhibited a noticeable decrease in permeability and veloc-

ity during the erosional tests. This decrease can be a result of blockages

within the seepage flow caused by eroded fines depositing internally. Sev-

eral researchers reported this decrease in permeability. Shwiyhat and Xiao

(2010) explained this behaviour as the clogging of the downstream soil

layer by the eroded fine particles. It was found that increasing the hy-

draulic gradient under which the tests were performed from 10 to 25 led

to a slight increase in the amount of eroded fines, with most of the in-

crease occurring at the start of erosion. This positive correlation between

the erosion and the hydraulic gradient is evident in all tested specimens.

Overall, these findings are in accordance with findings reported in previ-

ous studies wherein Bendahmane et al. (2008) using a fine sand with 10%

clay under downward seepage and constant isotropic stress, and a flexible

wall permeameter, found a gain in the rate of suffusion with increased

hydraulic gradient. Internal instability caused by erosion was found to

be significantly influenced by variations in the hydraulic gradient by Mof-

fat et al. (2011). Thus, using a rigid wall permeameter, they found that

the suffosion and suffusion processes are triggered by increasing the local

hydraulic gradient. Ouyang and Takahashi (2015) using a plane strain ap-

paratus, revealed that when the hydraulic gradient increases, the particle

displacement also increases and large amounts of fines are transported. In

each of these studies, however, the rate of erosion significantly decreased
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at a fixed hydraulic gradient over time. In many cases the erosion rate de-

creased to zero before the hydraulic gradient was increased in a stepwise

procedure.

In this study, the hydraulic gradient was kept constant during the ero-

sion in the four tests under constant shear rate to failure. The tests result

demonstrated a notable increase in the amount of eroded soil , which did

reduce with both time and axial strain, but not to the degree that was

noted in previous research studies conducted under constant stress. Wau-

tier (2018) using Discrete Element Modelling (DEM) simulations investi-

gated the influence of seepage on the internal stability of granular materi-

als and revealed that the seepage flow introduces additional forces in the

material, which results in reducing the internal stability of the material.

Thus, fine particles are prone to be detached from the force chains to be

transported by the internal flow. Here, it is seen that additional forces can

be induced also by shear in the soil, which can further detach fines from

the force chains to be removed by seepage flow.
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Chapter 5

Fines Content Study

5.1 Introduction

Fines content is one of the most important factors controlling internal ero-

sion in cohesionless soils, as the initial fines content controls the internal

stability of these materials (Kenney and Lau, 1985). Therefore, a consid-

erable amount of literature has been published on the influence of initial

fines content on the internal erosion process.

By performing piping tests on sandy gravels, Skempton and Brogan (1994)

proposed a critical fines fraction below which the finer particles will play

a diminished role in stress transfer and above which the finer particles

would completely separate the coarser particles from one another. The

critical fines content was calculated to be 24% for densely packed speci-

mens and 29% for loosely packed specimens based on the permeameter

seepage studies performed by Skempton and Brogan (1994). Ke and Taka-

hashi (2014) conducted suffusion tests on three different soil mixtures at

15%, 25% and 35% and found that the fine particle loss was larger for the

specimens with larger initial fines content.
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In this chapter, in order to ascertain the influence of the initial fines con-

tent on the onset and progression of internal erosion, erosion tests were

performed on six samples with different fines contents under the same

stress conditions and a constant aimed-for initial hydraulic gradient of 10.

5.2 Results of fines content study

There are a few options for comparing the mechanical behaviour of soils

that have different fines content but are otherwise the same (Carraro et

al., 2009). One option is to test all samples at the same overall void ratio.

This would have the effect of reducing the shear strength at higher fines

content as interparticle contacts become dominated by the finer soil. An-

other is to keep the void ratio of the coarse faction the same and vary the

quantity of fines. This would have the effect of creating a denser over-

all soil fabric as the fines content increases. A third option is to test all

samples, irrespective of the quantity of fines, at the same relative density,

which is an index of state from 0% to 100% (Thevanayagam, 1998). While

all methods have advantages and disadvantages, the advantage of using

the same relative density is that it defines the soil state in a precise and

consistent manner. This is the approach adopted here. Figure 5.1 presents

all six samples with different fines content tested in this thesis.
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FIGURE 5.1: The particle size distribution curve for the six sam-
ples used in this research

Maximum and minimum density tests were performed for each fines con-

tent from 0% to 50% to determine the maximum and minimum void ratio,

emax and emin, Figure 5.2. Using these values, the overall required void ra-

tio to obtain Dr =70% was determined for each triaxial test specimen.
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FIGURE 5.2: Maximum void ratio and Minimum void ration ver-
sus fines content percentage

Six samples of gap-graded soil were tested at increasing initial fines con-

tent 10, 20, 30, 35, 40, 50% named S5-10-10B, S6-20-10B, S7-30-10B, S1-35-

10B, S8-40-10B and S9-50-10B, respectively. All six tests were performed in

the same conditions under a constant aimed-for initial hydraulic gradient

of 10. The six tests were prepared and sheared using the stress path ’B’,

Figure 6.1, with the total mean stress kept constant at 50 kPa, taking a

vertical stress path to reach failure, where the deviatoric stress no longer

increased.
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The pore pressure differential across the sample, volume change, outflow

rate of water and the mass of eroded particles were recorded during all

six tests. This allowed the hydro-mechanical parameters including hy-

draulic gradient, seepage velocity, permeability and the internal erosion

rate to be determined. The obtained results are presented and discussed

below. A summary of the testing conditions is shown in Table 5.1.
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TABLE 5.1: Summary of the testing program and results for fines
content study.

Test Name* S5 S6 S7 S1 S8 S9

Finer fraction (%) 10 20 30 35 40 50

Axial displacement rate (mm/min) 0.1 0.1 0.1 0.1 0.1 0.1

Gap ratio 5.57 5.57 5.57 5.57 5.57 5.57

Intended relative density, DR (%) 70 70 70 70 70 70

Initial relative density, DRi (%)** 71.3 72.3 71.6 70.9 69.2 72.8

Maximum void ratio, emax 0.788 0.709 0.711 0.695 0.702 0.721

Minimum void ratio, emin 0.503 0.410 0.381 0.376 0.378 0.394

Intended void ratio, e 0.588 0.499 0.480 0.472 0.475 0.492

Initial void ratio, e0 0.585 0.493 0.475 0.469 0.478 0.483

Coarse particles initial mass, mci (g) 1141 1075 952 889 819 681

Fine particles initial mass, m f i (g) 127 269 408 479 546 681

Intended Hydraulic Gradient i 10 10 10 10 10 10

Mean hydraulic gradient im 11.0 9.8 11.4 11.2 11.6 11.5

Initial total mean stress, pi (kPa) 50 50 50 50 50 50

Max Deviatoric stress, qmax (kPa) 97.1 95.1 85.7 86.4 84.8 98.1

Mean effective stress at qmax, p′qmax (kPa) 48.8 48.3 46.4 47.4 45.1 49.0

Shearing resistance internal angle, φpeak′ 48.1◦ 47.9◦ 44.9◦ 44.3◦ 45.7◦ 48.6◦

Accumulated erosion mass, m f a (g) 10.8 25.9 50.2 66.8 46.7 18.3

Accumulated erosion percent, m f ap (%) 8.5 9.6 12.3 13.9 8.6 2.7

*S5=S5-10-10B, S6=S6-20-10B, S7=S7-30-10B, S1=S1-35-10B, S8=S8-40-10B, and S9=S1-50-10B.

**Initial relative density was measured just before commencing the erosion stage (testing stages are discussed in Chapter 3).
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5.2.1 Drained shear strength

The six erosion tests were conducted under the stress path ’B’ (see Figure

6.1), taking a vertical stress path in p-q space to reach failure at or above

the critical state line with a peak stress expected due to the soils being

prepared at a DR of approximately 70% - i.e. initially ’dense’. The mean

stress was kept constant at 50 kPa, Figure 5.3.

Figure 5.4 illustrates the mean effective stress, p’ which was estimated by

deducting the average seepage flow pressure across the sample (the pore

pressure at mid-point) from the total mean stress, p.

FIGURE 5.3: Deviator stress, q versus total mean stress, p
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FIGURE 5.4: Deviator stress, q versus mean effective stress, p’

Figure 5.5(a) presents the relationship of deviatoric stress, q with axial

strain εa. The maximum deviatoric stress, qmax values ranged from 84.8

kPa to 98.1 kPa represented by specimens S8-40-10B and S9-50-10B, respec-

tively. The highest two values for the maximum deviatoric stress recorded

for specimens S9-50-10B and S5-10-10B, which recorded the least accumu-

lated erosion mass loss, m f a 18.3g and 10.8g. Figure 5.3 (b) illustrates

the relationship between the volumetric strain and the axial strain. All

six samples exhibit a slight contraction at the beginning of the tests fol-

lowed by dilative behaviour manifested by an increase in their volumes.
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The highest two dilative strain values (toward the end of the tests) were

recorded with specimens S5-10-10B and S6-20-10B, and contained the least

initial fines content, i.e. 10 and 20%.
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FIGURE 5.5: Relationship between deviatoric stress and volumet-
ric strain vs local axial strain
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Figure 5.6(a) demonstrates the normalised deviatoric stress, qn (q/p’) against

the local shear strain, εs for the tested specimens. The variation in the

normalised peak stress is 0.28. Again the highest two values recorded for

specimens S9-50-10B and S5-10-10B, which recorded the least accumulated

erosion mass loss. Comparing all six tests, there is not a significant dif-

ference in the stress-strain curves. Figure 5.4(b) illustrates the variation of

the volumetric strain ,εv with respect to shear strain, εs. All the specimens

experienced contractive behaviour followed by dilative behaviour.
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FIGURE 5.6: Relationship between normalised deviatoric stress
and volumetric strain with local shear strain
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Figure 5.7 illustrates the peak stress ratio, ηpeak for the different tests. In-

terestingly, the highest two ηpeak values were found for S5-10-10B and S9-

50-10B with 1.98 and 2.00. Those two tests experienced the least accumu-

lated erosion mass loss percentage at 8.5% and 2.7%, respectively. Cor-

respondingly, the lowest two ηpeak values were found for S1-35-10B and

S7-30-10B with 1.82 and 1.85. Those two tests experienced the most accu-

mulated erosion mass loss percentage at 13.9% and 12.3%, respectively.

This behaviour can also be seen using the internal angle of shearing re-

sistance, φ′. The highest peak values, φ′peak found was 48.1◦ in test S5-

10-10B and 48.6◦ for specimen S9-50-10B. Conversely, the lowest two peak

internal angle of shearing resistance values were found for S1-35-10B and

S7-30-10B with 44.3◦ and 44.9◦, respectively.

The peak stress ratio envelope varies from 1.82 to 2.00, a difference of 0.18

(9%) across all six tests. Alternatively, the peak internal angle of shearing

resistance, φ′peak varied from 44.3◦ and 48.6◦, a difference of 4.3◦ (8.8%).
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FIGURE 5.7: Fines Content versus Peak Stress Ratio

5.2.2 Permeability

Figure 5.8 plots the coefficient of permeability determined for the six tests

as they progressed. The average permeability ranges from 2.73× 10−5 m/s

in S9-50-10B, 3.01× 10−5 m/s in S8-40-10B, 3.46× 10−5 m/s in S7-30-10B,

3.35× 10−5 m/s in S1-35-10B, 4.22× 10−5 m/s in S5-20-10B to 4.79× 10−5

m/s in S6-10-10B.
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These results show a high correlation with seepage velocity, plotted in Fig-

ure C.4. As expected, specimens with lower initial fines content, i.e. S5-10-

10B and S6-20-10B showed the highest average permeability of 4.22× 10−5

m/s and 4.79× 10−5 m/s, respectively. On the other hand, specimens with

higher initial fines content, i.e. S8-40-10B and S9-50-10B presented lower

average permeability of 3.01× 10−5 m/s and 2.73× 10−5 m/s, respectively.

In general, the average permeability value showed an inverse correlation

with initial fines content.

A decrease in the permeability during the test progression and with strain

is also notable for all the six specimens – typically a drop of around

1.06× 10−5 m/s, although this change appears to be greater for the speci-

mens with fewer fines (around 1.5× 10−5 m/s drop for 10% and 20% cases

S5-10-10B and S6-20-10B) than more fines (around 0.7× 10−5 m/s drop for

40% and 50% cases, S8-40-10B and S9-50-10B).
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FIGURE 5.8: Relationship between permeability and local axial
strain

5.2.3 Erosion

The accumulated mass erosion in grams versus axial strain is plotted in

Figure 5.9(a) while 5.9(b) presents the relationship between accumulated

erosion mass as a percentage of the original fines content mass. As shown

in both (a) and (b), the rate of fines erosion increases with the increase

of fines content until reaching 35% and then starts to decrease. Hence,

the accumulated erosion increases significantly from test S5-10-10B at 10.8g
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(8.5%), reaching 66.8g (13.9%) for test S1-35-10B. The erosion rate then

tends to decrease with the threshold percentage and goes down to 18.3g

(2.7%) for the specimen S9-50-10B. The same behaviour can be seen analysing

the erosion rate versus axial strain graph, Figure 5.10.
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FIGURE 5.9: Accumulated erosion versus local axial strain under
different hydraulic gradient, with erosion presented (a) in grams

and (b) as a percentage of the initial fines content
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FIGURE 5.10: The erosion rate (accumulated erosion % / axial
strain %) versus local axial strain

5.3 Discussion and interpretation

The influence of fines content on the onset and the development of inter-

nal erosion was apparent in the conducted tests. A program of erosional

tests was conducted, six tests were performed under the same hydro-mechanical

conditions on six samples with different fines content at 10%, 20%, 30%,

35%, 40%, and 50%.
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From a hydraulic perspective, the initial permeability and seepage velocity

values decrease with the initial fines content. With the progression of each

test, it can be seen that the seepage velocity and permeability values ex-

hibited a moderate decrease across all tested specimens. This decrease was

also noted by previous research by Shwiyhat and Xiao (2010), among oth-

ers and was explained by the clogging of the transported particles within

the constrictions.

Regarding the stress-strain behaviour, the results of the tests revealed that

the peak deviatoric stress value under the same hydraulic gradient and

imposed stress path reduces with fines content. This reduction of the peak

stress is linked to the loss of fines. Hence, specimens that have subjected

to higher fines loss recorded the lowest peak angle of shearing resistance

or peak stress ratio.

The peak stress ratio envelope clearly demonstrates a strong relationship

between fines loss and peak stress ratio. The most notable aspect of the

data is that the highest two peak stress ratio values reported for S5-10-10B

and S9-50-10B with 1.98 and 2.00. Those two tests experienced the least

accumulated erosion mass loss percentage at 8.5% and 2.7%, respectively.

Also striking is that the lowest two peak stress ratio values were found

for S1-35-10B and S7-30-10B at 1.82 and 1.85. Those two tests experienced

the most accumulated erosion mass loss percentage at 13.9% and 12.3%,

respectively. Overall, the loss of fines and loss of peak strength ratio were

found to be greatest at a fines content of 35% - which may be considered

to be a transition fines content between under and overfilled according to

Skempton and Brogan (1994). However, this was not clearly reflected in
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the volumetric strain data for which did not show a clear trend. A possi-

ble explanation for these results may be linked to how fine particles loss

can affect the internal structure of the soil. This loss of fine particles dis-

turbed the force chains by removing fine particles which were part of the

lateral support fabric.

This conclusion is consistent with what has been found in several previ-

ous studies wherein, Shuler (1995), Chang and Zhang (2011), and Ke and

Takahashi (2014) who have concluded that the loss of fines can lead to the

reduction of the shear strength of the soil. Wautier (2018) has explained

this behaviour by the weakening of the soil’s skeleton by the loss of rat-

tlers that provide lateral support for force chains leading to their failure

under an incremental loading. Hence, plastic strain occurs in the non-

cohesive granular material.

As for the volumetric strain, all the tested specimens exhibited a contrac-

tive behaviour at the first stages of the tests, followed by significant dila-

tion. The exhibited dilative behaviour shows a slight increase with fines

content.

On the other hand, in this chapter, it was also concluded that increas-

ing the initial fines content percentage led to an increase in the amount

of eroded fines. However, by surpassing the threshold value from 35% to

50% fines, no increase in erosion rate was detected. On the contrary, when

the amount of initial fines increases above 35%, the erosion rate generally

decreases with the increase of the initial fines content.

These experimental results found clear support for previous researches of
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Ke and Takahashi (2014), who stated that increasing the percentage of ini-

tial fines would increase the amount of eroded fines. However, soil mix-

tures used in their experiments did not exceed 35%.

The observed behaviour of the erosional process could as well be explained

by the participation of fines in the stress transfer hypothesis proposed by

Skempton and Brogan (1994). They defined 35% as a critical fine frac-

tion under which fine particles would play a diminished role in stress

transfer and above which fines would completely separate coarse parti-

cles. Indeed, the participation of fines particles in the strong force chains

and their participation in stress transfer would increase their resistance to

the internal erosion process. Also this could be the result of blocking the

erosion path when increasing the fines content above 35%. Hence, the

amount of eroded particles would decrease, as reported by the erosional

results above.
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Chapter 6

Stress Path Study

6.1 Introduction

The internal erosion process in soils is significantly controlled by the state

of stress. That internal erosion is stress state dependent has been recently

recognised and reported by previous works including Bendahmane et al.

(2008), Garner and Fannin (2010), Moffat et al. (2011), Chang and Zhang

(2013), and Luo et al. (2013).

However, none of the previous researches have investigated internal in-

stability while changing the stress state (continuously shearing while erod-

ing). As a result, this chapter will discuss the influence of shearing by

studying the internal erosion process under three different stress paths.

This chapter’s main objective is to investigate the effect of the stress path

on the onset and the progression of internal erosion on a dense gap-graded

soil. A set of experiments was carried out on six samples under three dif-

ferent stress paths, hence with two repeats per stress path.
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Figure 6.1 illustrates the stress paths used in this research, all three stress

paths are typical conventional paths used in geotechnical engineering. Stress

path ‘A’ where the radial pressure was decreasing, and axial stress was

maintained so as to decrease the total mean stress p while increasing the

deviatoric stress q. Stress path ‘B’, where the radial pressure was decreas-

ing, the axial stress increasing, and hence, deviatoric stress increased while

keeping the total mean stress constant (taking a vertical stress path). Stress

path ‘C’, where the radial pressure was kept constant, increasing the axial

stress and hence, total mean stress while increasing the deviatoric stress (a

typical stress path used in triaxial testing).
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FIGURE 6.1: An illustration of the stress paths used in this thesis

6.2 Results of stress path study

The pore pressure differential across the sample, volume change, outflow

rate of water and the mass of eroded particles were recorded during all

six tests. This allowed the hydro-mechanical parameters including hy-

draulic gradient, seepage velocity, permeability and the internal erosion

rate to be determined. The obtained results are presented and discussed

below. A summary of the testing conditions is shown in Table 6.1.
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TABLE 6.1: Summary of the testing program and results for stress
path study.

Test Name* S10 S11 S12 S1 S13 S14 B1 B2 B3

Finer fraction (%) 35 35 35 35 35 35 35 35 35

Axial displacement rate (mm/min) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1

Gap ratio 5.57 5.57 5.57 5.57 5.57 5.57 5.57 5.57 5.57

Intended relative density, DR (%) 70 70 70 70 70 70 70 70 70

Initial relative density, DRi (%) 71.6 69.3 72.4 70.9 68.9 71.2 70.4 71.3 70.8

Intended void ratio, e 0.472 0.472 0.472 0.472 0.472 0.472 0.472 0.472 0.472

Initial void ratio, e0 0.467 0.474 0.464 0.469 0.476 0.468 0.471 0.468 0.469

Coarse particles initial mass, mci (g) 889 889 889 889 889 889 889 889 889

Fine particles initial mass, m f i (g) 479 479 479 479 479 479 479 479 479

Intended Hydraulic Gradient i 10 10 10 10 10 10 - - -

Mean hydraulic gradient im 11.4 10.9 11.5 11.2 11.9 10.7 - - -

Initial total mean stress, pi (kPa) 50 50 50 50 50 50 50 50 50

Max Deviatoric stress, qmax (kPa) 34.9 31.4 84.1 86.4 175.3 185.4 46.3 102.8 201.6

Mean effective stress at qmax, p′qmax (kPa) 20.1 20.3 46.8 47.4 92.1 96.2 22.6 51.4 98.9

Shearing resistance internal angle, φpeak′ 42.4◦ 38.1◦ 43.8◦ 44.3◦ 46.1◦ 46.8◦ 49.8◦ 48.6◦ 49.3◦

Accumulated erosion mass, m f a (g) 60.5 76.2 62.2 66.8 46.9 36.9 - - -

Accumulated erosion percent, m f ap (%) 12.6 15.9 13.0 13.9 9.8 7.7 - - -

*S10=S10-35-10A, S11=S11-35-10A, S12=S12-35-10B, S1=S1-35-10B, S13=S13-35-10C, S14=S14-35-10C, B1=B1-35-10A, B2=B2-35-

10B, and B3=B3-35-10C.

6.2.1 Drained shear strength

Figure 6.2 demonstrates the stress condition at the beginning and the end

of tests for stress path ’A’, ’B’ and ’C’. This figure shows the relation be-

tween total mean stress p, seepage flow u, and the mean effective stress

p’. It must be mentioned that at the end of tests for stress path ’A’, the

effective stress p’ reached as low as 15 kPa at the top of the sample, at
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this low-stress level, there was a concern about the potential for hydraulic

fracturing (reaching the no-tension criterion), hence all tests in stress path

’A’ were terminated sooner than other stress paths. As it can be seen in

the calculation below, the difference between the radial stress, σr and the

pore pressure, u is only 2.5 kPa, hence the radial effective stress σr’ is

2.5kPa:

p = 25 kPa ( f rom
2
3
) q = 37.5 kPa (6.1)

p =
2σr + σa

3
=

2σr + (σr + q)
3

=
3σr + q

3
(6.2)

25 =
3σr + 37.5

3
, σr = 12.5 kPa, u = 10 kPa, σ′r = 2.5 kPa (6.3)

Figure 6.3 presents all nine tests sheared using stress path ‘A’, ‘B’ and ‘C’.

Two specimens were used for each stress path to validate the erosional

test results. Tests using the same stress path showed a high correlation

between results. Figure 6.4 illustrates the mean effective stress, p’ which

was estimated by deducting the average seepage flow pressure across the

sample (the pore pressure at mid-point) from the total mean stress, p.

Notably, the baseline tests B1-35-0B, B2-35-0B and B3-35-0B displayed a

more consistent and less ‘noisy’ stress path than the other tests due to the

hydraulic controllers being able to maintain the aimed-for stress path far

more easily without seepage and erosion taking place.
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FIGURE 6.2: An illustration of the stress conditions at the begin-
ning and end of tests for stress path ’A’, ’B’ and ’C’



6.2. Results of stress path study 171

FIGURE 6.3: Deviator stress, q versus total mean stress, p

FIGURE 6.4: Deviator stress, q versus mean effective stress, p’
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Figure 6.5(a) presents the relationship of deviatoric stress, q against axial

strain, εa. As expected, the maximum deviatoric stress, qmax values varied

between the three stress paths. Stress path ‘A’ recorded maximum devia-

toric stress values of 34.9 kPa and 31.4 kPa for tests S10-35-10A and S11-

35-10A, respectively. Stress path ‘B’ recorded maximum deviatoric stress

values of 84.1 kPa and 86.4 kPa for tests S12-35-10B and S1-35-10B, re-

spectively. Finally, stress path ‘C’ recorded the highest maximum devi-

atoric stress values of 175.3 kPa and 185.4 kPa for tests S13-35-10C and

S14-35-10C, respectively. In general, all erosion tests have recorded lower

peak deviatoric stress values comparing to the baseline test (without ero-

sion) sheared using the same stress path.

Figure 6.5(b) presents the volumetric strain curves of the tested specimens.

All the specimens exhibit contractive behaviour at the first stage of the

erosion tests but latter on changes to be more dilative. At the first stages

of the tests, the specimens S13-35-10C and S14-35-10C have recorded the

largest contractive behaviour under stress path ‘C’. As for stress path ‘B’,

specimens recorded a mean contractive behaviour ranging from -0.2% for

specimen S1-35-10B to 0.5% for specimen S12-35-10B. With the progres-

sion of the erosion tests, the contractive behaviour turns into dilative be-

haviour. However, specimens S13-35-10C, S14-35-10C, S12-35-10B and S1-

35-10B have recorded the largest dilative behaviour for the erosion tests.

Whereas, specimens S10-35-10A and S11-35-10A displayed less dilative be-

haviour at 0% for the former and -2% for the latter. Baseline tests showed

more dilative behaviour in comparison to all erosion tests apart from base-

line test B1-35-0A which showed somewhat anomalous volumetric strain

results.
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FIGURE 6.5: Relationship between deviatoric stress and volumet-
ric strain vs local axial strain
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Figure 6.6(a) demonstrates the normalised deviatoric stress, qn (q/p’) against

the local shear strain, εs for the tested specimens. In general baseline

tests showed a higher peak normalised deviatoric stress, qn. In terms of

erosional tests, S13-35-10C and S14-35-10C showed the highest peak nor-

malised deviatoric stress, qn. It is worth mentioning that those two tests

have recorded the least accumulated erosion mass with an average for

stress path ‘C’ of 41.9 g (12.6%).

In contrast, tests S10-35-A and S11-35-10A recorded the lowest peak nor-

malised deviatoric stress and the highest accumulated erosion mass with

an average between them for stress path ‘A’ of 68.3 g (20.5%). Stress path

‘B’ lies in between with an average accumulated erosion of 64.5 g (19.4%).

Figure 6.6(b) illustrates the variation of the volumetric strain , εv with

respect to shear strain, εs. All the specimens experienced contractive be-

haviour followed by dilative behaviour.
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FIGURE 6.6: Relationship between normalised deviatoric stress
and volumetric strain with local shear strain
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Figure 6.7 illustrates the average peak strength line for all three stress

paths and the baseline tests’ average value. The peak stress ratio, ηpeak,

has dropped from 2.02 for the average baseline test values to 1.92 for the

average ηpeak for stress path ‘C’, a drop of 0.1 (4.9%). Stress path ‘B’ ex-

perienced a drop of 0.21 (10.4%) in ηpeak. Stress path ‘A’ has recorded the

highest drop of 0.37 (18.3%) in the peak stress ratio, ηpeak.

This behaviour can also be seen using the internal angle of shearing resis-

tance, φpeak′ . The value was 49.2◦ for baseline tests (tests without erosion).

This value has dropped for all erosional tests. Stress path ‘A’ recorded

40.3◦ a drop of 8.9◦, stress path ‘B’ recorded 44.1◦ a drop of 5.1◦ and

stress path ‘C’ recorded 46.5◦ the least drop of 2.7◦. Figure 6.8 presents

the peak strength line for each stress path individually.

FIGURE 6.7: Illustration of the average peak strength line
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FIGURE 6.8: Illustration of the peak strength line for each stress
path individually

6.2.2 Permeability

Figure 6.9 plots the coefficient of permeability determined for all three

stress paths (six tests). The average permeability ranges from 2.63× 10−5

m/s in S12-35-10B, 2.77 × 10−5 m/s in S14-35-10C, 2.89 × 10−5 m/s in

S13-35-10C,3.35× 10−5 m/s in S1-35-10B,3.98× 10−5 m/s in S10-35-10A to

4.87 × 10−5 m/s in S11-35-10A. Specimens sheared using stress path ‘A’

recorded the highest coefficients of permeability.

These results show a high correlation with seepage velocity, plotted in Fig-

ure C.5. Similar to the seepage flow velocity, all specimens experienced a

slight decrease in permeability during the erosional tests. The results show

some differences in the determined permeabilities with a maximum aver-

age permeability difference of 2.24× 10−5 m/s.
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FIGURE 6.9: Relationship between permeability and local axial
strain

6.2.3 Erosion

The accumulated erosion with respect to axial strain is illustrated in Fig-

ure 6.10(a). All specimens exhibit the erosion of fine particles with the in-

crease of axial strain. The results showed an interesting relation between

the stress path used to shear the specimens and the amount of fine par-

ticles erosion. Before the start of each test, the water flow increased from

zero to the targeted hydraulic gradient before shearing the sample, any



6.2. Results of stress path study 179

erosion at this stage was recorded and considered.

Stress path ‘A’ recorded the highest average accumulated erosion of 68.3

g (14.3%). On the other hand, stress path ‘C’ recorded the lowest average

accumulated erosion of 41.9 g (8.8%). Stress path ‘B’ lies in between with

an average accumulated erosion of 64.5 g (13.5%).

Another way to study accumulated erosion by presenting the data as a

percentage from the original fines content mass, Figure 6.10(b). The high-

est accumulated erosion value at 22.9% was presented by specimen S11-

35-10A. Whereas, the lowest accumulated erosion value at 11.1% was pre-

sented by specimen S14-35-10C. Similar observations can be seen analysing

the erosion rate for the six tested samples, Figure 6.11.
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FIGURE 6.10: Accumulated erosion versus local axial strain un-
der different hydraulic gradient, with erosion presented (a) in

grams and (b) as a percentage of the initial fines content
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FIGURE 6.11: The erosion rate (accumulated erosion % / axial
strain %) versus local axial strain

6.3 Discussion and interpretation

The onset and the development of internal erosion within gap-graded soils

are investigated using a stress-controlled erosion apparatus. A series of

laboratory experiments was carried out on six specimens under three dif-

ferent stress paths; stress path ‘A’, ‘B’ and ‘C’. The purpose of this inves-

tigation is to understand the effect of these stress paths on the triggering

and the development of internal erosion.

To quantify the influence of erosion on the strength of the soil, baseline
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tests at the same initial fines content were performed. Figure 6.6 illustrates

the normalised deviator stress of the test specimens as well as the base-

line tests. The results revealed a clear relationship between the amount

of eroded fine particles and the peak normalised deviator stress. It seems

that the more fine particles lost, the more significant the drop in peak

normalised deviator stress value from the baseline tests. Stress path ‘C’

presented by S13-35-10C and S14-35-10C recorded the highest peak nor-

malised deviator stress value compared to stress path ‘A’ and ‘B’. The two

tests (stress path ‘C’) showed the lowest drop in the peak normalised de-

viator stress value from the baseline tests. In contrast to stress path ‘A’.

The same behaviour can also be seen using the internal angle of shear-

ing resistance, φ′peak. Stress path ‘C’ recorded 46.5◦ , the highest value (the

least effected value by erosion) compared to the baseline tests, 49.2◦. Stress

path ‘A’ and ‘B’ recorded 40.3◦ and 44.1◦, respectively. A possible expla-

nation for these results may be linked to how the loss of fine particles

could affect the internal structure of the soil. This loss of fine particles

could disturb the force chains, by removing fine particles which were part

of the lateral support fabric. These results are consistent with the findings

of other researchers wherein Chang et al. (2012), Chang and Zhang (2013),

Ke and Takahashi (2014), and Wautier (2018) among others which stated

that the internal erosion weakens the soil strength.

Regarding volumetric strain, all specimens exhibited a contractive behaviour

at the first stages of the tests. However, with the progression of the ero-

sion tests, the contractive behaviour turns into dilative behaviour. With the

massive loss of fines during the first stages of the erosion tests, specimens

tested under the stress path ‘A’ (S11-35-10A and S10-35-10A) exhibited the
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least dilative behaviour followed by those of the stress path ‘C’, whereas

the specimens tested under the stress path ‘B’ exhibited the most signifi-

cant dilative behaviour. These results are in perfect concordance with pre-

vious researches of Chang et al. (2012), Chang and Zhang (2013), Ke and

Takahashi (2014), and Slangen and Fannin (2017).

These occurring differences between the amounts of erosion among as well

as the hydraulic and the mechanical behaviours of the specimens under

the three stress paths can be explained by the different mean stress under

which the tests were performed. The mean stress is a stabilisation factor

that slows down the progression of the erosion. By providing lateral sup-

port for the force chains, mean stress strengthens these chains, which are

oriented vertically under positive deviatoric stress. Thus, fines particles are

kept trapped, enhancing the erosion resistance of the soil. Hence, under

stress path ‘A’, specimens were tested under reducing mean stress and

displayed the largest loss of fines. Whereas, specimens that were tested

under stress path ‘C’, the mean stress was much constant, and as a result,

the specimens exhibited the lowest fine erosion rate. The mean stress was

also decreasing in stress path ‘B’ but not as intensely as for stress path ‘A’.

Hence, the accumulated eroded fines is a mean value between the previ-

ous values.

Using flexible wall permeameters, Chang and Zhang (2011) and Ke and

Takahashi (2014) have reached similar conclusion and revealed that the in-

ternal erosion potential decreases with the increment of mean stress. Ben-

dahmane et al. (2008) stated that suffusion maximum erosion rate was

doubled when the mean stress was decreased from 150 to 100 kPa. This

behaviour was explained by the increase of interparticle contacts with the
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increment of mean stress intensifying the internal erosion resistance. Chang

and Zhang (2011) demonstrated that under the same confining stress, the

maximum erosion rate and the cumulative eroded soil shows an increasing

trend with the increase of deviatoric stress. Luo et al. (2013) carried out

suffusion experiments under different confining pressures, and the tests

results revealed that the initial porosity decreases with the increase of the

confining pressure. Furthermore, the initial porosity affects the migration

of fine particles, a decrease in initial porosity makes it harder for fine par-

ticles to migrate through the sample. Furthermore, in their experiments,

Ke and Takahashi (2014) found that the percentage of cumulative fines

loss was the least under a confining pressure of 200 kPa and the largest

under a confining pressure of 50 kPa. They supposed that under larger

confining pressure, fines are more densely packed among coarse grains -

hence, the interstitial spaces are narrower.

The results show some differences in the determined permeabilities among

all six erosional tests. These differences could be due to the non-uniformity

of specimens. Despite the permeabilities being different between tests that

are repeats of each other, there is no consistent difference in stress-strain

behaviour nor in the internal erosion behaviour.

All the specimens display decreasing permeability values during the ero-

sion tests, irrespective of the stress path, including the most dilative one,

stress path A. Several researchers report this reduction for the situation

where there is not continuous shearing, wherein Shwiyhat and Xiao (2010)

and Ke and Takahashi (2014) explained this behaviour by particle redepo-

sition and clogging processes within the soil fabric reducing its porosity.
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Chapter 7

Shearing Rate study

7.1 Introduction

Many researchers have asserted that the influence of the shearing rate

on soil mechanical behaviour cannot be neglected, mainly on the resid-

ual shear strength of soil (Li et al., 2017). However, none of them have so

far researched the influence of shearing rate on the hydraulic behaviour of

the soil specifically under soil internal erosion.

In the course of this chapter, the results of the study are presented and

discussed regarding the influence of different shearing rates on the inter-

nal erosion behaviour of different samples of gap-graded soil under down-

ward seepage. In this series of tests, six samples of internally unstable soil

were tested in the triaxial permeameter. The samples were prepared with

two different fines percentages, three samples at 20% fines content ("un-

derfilled") and the other three samples at 35% fines content ("overfilled").

Samples were tested under a constant downward seepage flow using dif-

ferent shearing rates between 0.05 mm/min and 0.2 mm/min. This was

performed while measuring the amount (mass) of particles which were
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eroded out under constant hydraulic gradient. The water outflow was

measured using an electronic scale to enable permeability to be tracked

throughout the test.

7.2 Results of shearing rate study

The six tests included in this chapter were prepared and sheared using the

stress path ‘B’ as explained in Chapter 6 under constant hydraulic gradi-

ent, i, of 10. The mean stress was kept constant at 50 kPa taking a vertical

stress path to reach failure.

The six erosion tests are named S15-20-0.05, S6-20-0.1, S16-20-0.2, S17-35-

0.05, S1-35%-0.1, and S18-35-0.2. The first segment of the name refers to

the specimen number followed by fines content percentage and the axial

displacement rate in mm/min. Table 7.1 shows a summary of the testing

program and key results for this chapter.

Two different fines contents were tested in order to examine the influ-

ence of shearing rate on soil erosion at the extremes of fines content. The

20% fines ratio was chosen because it is theoretically underfilled so that

the fine particles carry no load/stress and are held in pores between the

coarse fabric. On the other hand, the 35% fines ratio was chosen because

it is theoretically overfilled by fines so both fine and coarse particles carry

the load/stress via force chains (Shire et al., 2014). In both cases, the sam-

ples were prone to piping induced by the seepage flow. This concept has

been covered in detail in Chapter 3.
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The pore pressure differential across the sample, volume change, outflow

rate of water and the mass of eroded particles were recorded during all

six tests as discussed in Chapter 3. This allowed the hydro-mechanical pa-

rameters including hydraulic gradient, seepage velocity, permeability and

the internal erosion rate by mass to be determined. The obtained results

are presented and discussed below.
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TABLE 7.1: Summary of the testing program and results for
shearing rate study.

Test Name* S15 S6 S16 S17 S1 S18

Finer fraction (%) 20 20 20 35 35 35

Axial displacement rate (mm/min) 0.05 0.1 0.2 0.05 0.1 0.2

Gap ratio 5.57 5.57 5.57 5.57 5.57 5.57

Intended relative density, DR (%) 70 70 70 70 70 70

Initial relative density, DRi (%)** 71.4 72.3 69.4 71.2 70.9 70.5

Intended void ratio, e 0.499 0.499 0.499 0.472 0.472 0.472

Initial void ratio, ei 0.495 0.493 0.501 0.468 0.469 0.470

Coarse particles initial mass, mci (g) 1075 1075 1075 889 889 889

Fine particles initial mass, m f i (g) 269 269 269 479 479 479

Intended Hydraulic Gradient i 10 10 10 10 10 10

Mean hydraulic gradient im 10.6 11.2 12.1 11.3 11.2 10.1

Initial total mean stress, pi (kPa) 50 50 50 50 50 50

Max Deviatoric stress, qmax (kPa) 92.9 95.1 88.1 85.3 86.4 79.4

Mean effective stress at qmax, p′qmax (kPa) 47.9 48.3 44.9 47.3 47.4 44.9

Shearing resistance internal angle, φpeak′ 47.1◦ 47.9◦ 47.6◦ 43.8◦ 44.3◦ 43.1◦

Accumulated erosion mass, m f a (g) 21.4 25.9 25.6 62.2 66.8 68.9

Accumulated erosion percent, m f ap (%) 8.0 9.6 9.5 13.0 13.9 14.4

*S15=S15-20-0.05, S6=S6-20-0.1, S16=S16-20-0.2, S17=S17-35-0.05, S1=S1-35-0.1 and S18=S18-35-0.2.

**Initial relative density was measured just before commencing the erosion stage (testing stages are discussed in Chapter 3).

7.2.1 Drained shear strength

Figure 7.1 illustrates the relation between total mean stress p (50 kPa),

seepage flow u (hydraulic gradient of 10), and the mean effective stress p’
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for a typical sample.

FIGURE 7.1: An illustration of the initial stress conditions

Figure 7.2 presents all six tests results sheared using stress path ‘B’. Three

tests were used for each fines content, i.e. 20% and 35%. The peak de-

viator stress values ranged between 79.4 kPa and 95.1 kPa represented by

specimens S17-35-0.05 and S6-20-0.1, respectively. Also the mean effective

stress p’ can be seen in Figure 7.3, which includes the influence of the

seepage flow, with pore pressure determined at the midpoint as an aver-

age of the top and bottom PPTs.
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FIGURE 7.2: Deviator stress, q versus total mean stress, p

FIGURE 7.3: Deviator stress, q versus mean effective stress, p’
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Figure 7.4(a) demonstrates the deviatoric stress q against the local axial

strain εa for the tested specimens. On average, specimens with 20% initial

fine particles, S15-20-0.05, S6-20-0.1 and S16-20-0.2, record a higher peak

deviator stress values than specimens with 35% initial fine particles. Test

S6-20-0.1 recorded the highest peak deviator stress at 95.1 kPa. Test S18-

35-0.2 recorded the lowest peak deviator stress at 79.4 kPa a difference of

15.7 kPa (16.5%).

Figure 7.4(b) presents the volumetric strain curves, εv of the tested speci-

mens. All the specimens exhibit contraction followed by a significant di-

lation. Specimen S6-20-0.1 recorded the lowest volumetric strain at 1.2%.

All six tests showed similar behaviour, with tests at lower fines contents

showing slightly more contraction than those at higher contents in the

curves up to 1% axial strain.

In general, there is no noticeable correlation between the shearing rate

and volumetric strain development, and hence no discernible influence of

shearing rate on volumetric strain.
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FIGURE 7.4: Relationship between deviatoric stress and volumet-
ric strain vs local axial strain



7.2. Results of shearing rate study 193

Figure 7.5(a) shows the normalised deviatoric stress, qn (q/p’) against the

local shear strain, εs for the tested specimens. In general, tests with 20%

initial fines developed a higher peak normalised deviatoric stress apart

from S15-20-0.05, which showed a slightly lower value. Specimen S18-35-

0.2 recorded the lowest peak normalised deviatoric stress at 1.51, interest-

ingly the same test has recorded the highest accumulated fines loss at 68.9

g (14.4%).

Figure 7.5(b) illustrates the variation of the volumetric strain εv, with re-

spect to shear strain, εs. All the specimens experienced contractive be-

haviour followed by dilative behaviour.
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FIGURE 7.5: Relationship between normalised deviatoric stress
and volumetric strain with local shear strain
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Figure 7.6 illustrates the average peak strength line for the two initial

fine particles groups. The average peak strength line for 20% fines tests

recorded 1.96 where as 35% fines tests recorded 1.80 on average between

all three tests.

Alternatively, this can also be seen using the internal angle of shearing

resistance, φ′peak. The former tests at 20% fines developed 47.5◦ on aver-

age, whereas the 35% fines tests recorded 43.7◦.
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FIGURE 7.6: Maximum deviatoric stress against mean effective
stress for sheared and eroded soils. Initial fines contents of 20%

and 35% respectively

7.2.2 Permeability

The permeability k is determined from the recorded outflow rate induced

by the seepage water flow throughout the tested specimens, and the cal-

culated hydraulic gradient from the difference in the water pressure across
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the sample. Figure 7.7 shows the outcome of all six tests where the av-

erage permeability ranges from 2.5× 10−5m/s for specimen S17-35-0.05 to

5.4× 10−5m/s for the specimen S15-20-0.05.

Overall, specimens with 35% fines content had lower initial permeabil-

ity k when compared with specimens with 20% fines content. This can

be attributed to the general behaviour of soils with larger proportions of

fines. The difference in permeability between specimens with the same

fines content is a result of a slight difference in density within the speci-

mens’ layers. Unsurprisingly, these results display a high correlation with

the seepage velocity v results, shown in Figure C.6.

Figure 7.7 also demonstrates that all samples exhibit a decrease of per-

meability k when eroding and shearing, except for specimen S17-35-0.05

that displays a relatively stable permeability.
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FIGURE 7.7: Relationship between permeability and local axial
strain

7.2.3 Erosion

The progression of internal erosion was determined by collecting the eroded

fines in ten minutes intervals meaning that the slower the shear rate, the

greater the number of individual fines collections with the strain. The

method is described in detail in Chapter 3 under fine particles collection

system section.
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Figure 7.8(a) illustrates clearly the effect of the shearing rate on erosion.

The most striking result to emerge from the data is that there is no signif-

icant difference in the amount of erosion when plotting accumulated ero-

sion against axial strain, even though, for example, tests with 0.05 mm/min

shearing rate were half the duration of 0.1 mm/min tests and quarter the

duration of 0.2 mm/min tests. This figure suggests that tests with 35%

fines content lost a greater amount of fines when compared with 20% fines

content tests.

Another way to present the data is as a percentage of the original fines

content by mass, Figure 7.8(b). The highest accumulated erosion propor-

tion at 14.4% was developed in specimen S18-35-0.2. Whereas, the low-

est accumulated erosion proportion at 8.0% occurred for specimen S15-20-

0.05. The same behaviour can be seen analysing the erosion rate versus

axial strain graph, Figure 7.9. In this figure, it is clear that for tests con-

ducted with 35% fines, the erosion rate decreases over the tests to approx-

imately 2.2, while for tests with 20% fines, the erosion rate is quite steady

at around 1.5 throughout.
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FIGURE 7.8: Accumulated erosion versus local axial strain for
two fines content (20% and 35%) under different shearing rates



7.2. Results of shearing rate study 201

FIGURE 7.9: The erosion rate (accumulated erosion % / axial
strain %) versus local axial strain

To draw a theoretical boundary on shear rate results, it is crucial to es-

timate the time it takes for a particle to move from the top of the sam-

ple (in theory) to be eroded out the bottom. This can be calculated using

Darcy’s velocity, vD which was calculated using water flow-rate, q and the

corrected area, Ac .

vD = q/Ac (7.1)
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To better estimate the particle travel time, Darcy’s velocity then can be

converted to true velocity. The true or tortuous fluid velocity vT is ob-

tained by dividing the flow-rate q by the cross-sectional area of the voids

alone. Assuming that the void ratio for the cross-section is the same as

the volumetric void ratio, the cross-sectional area of the voids is smaller

than the total area by a factor e/(1 + e) (Powrie, 2018).

vT = vD(1 + e)/e (7.2)

To demonstrate this, specimen S1-35-0.1 is used as an example. The aver-

age velocity determined was 0.38 mm/s, the initial void ratio, ei was 0.469

and the height of the sample before shearing was 99.3mm.

vT = vD(1 + e)/e = 0.38(1 + 0.469)/0.469 = 1.19mm/s (7.3)

t = x/vT = 99.3/1.19 = 83.4s = 1.4min (7.4)

Using the same method, The estimated average particle travel time was

1.1 minutes for all three tests at 20% fines. Figure 7.10 illustrates this con-

cept from the top and from the middle of the sample for both cases 20%

and 35% fines.

It must be noted that this time (the theoretical time assumed) was calcu-

lated assuming a straight flow path travelling from the top to the bottom

of the sample, whereas, in the actual sample, the fine particles would take

a devious flow path. Additionally, there is most likely to be a delay in

travel due to the effect of fine particles blockage.



7.2. Results of shearing rate study 203

FIGURE 7.10: particle travel time from the top and middle

All tested samples was equally divided into three layers, top, middle and

bottom after each test. All layers were oven-dried separately and sieved

to analyse the effect of erosion on particle size distribution for each layer.

Figure 7.11 and Figure 7.12 illustrate the variations in the particle-size dis-

tributions in different layers of the soil specimen for specimen S1-35-0.1

and S6-20-0.1. The tests presented here as examples, a general trend in all

tests is that more fine particles in the top layer are eroded than those in

the bottom layer.
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FIGURE 7.11: PSD in different layers, S1-35-0.1

FIGURE 7.12: PSD in different layers, S6-20-0.1
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Comparing these results with the fines eroded during the tests, the values

were 13.9% and 9.6% (Table 7.1) for samples with initial fines of 35% and

20%, respectively. Considering these values, the percentages of fines left

are 30.1% and 18.1% compared to 31.7% and 18.4%, respectively, the av-

erage fines left from dissecting the samples (Figure 7.11 and Figure 7.12).

The difference between the two methods is small and could be due to

fines loss during the preparation, fines collection or when drying the fines.

7.3 Discussion and interpretation

To evaluate the influence of the shearing rate on the internal erosion, a

series of laboratory experiments were conducted with a stress-controlled

apparatus. This was done on two different mixtures of gap-graded soil

containing 20% and 35% initial finer fraction, under three different axial

displacement rates 0.05, 0.1 and 0.2 mm/min.

It was found that the increase of the displacement rate from 0.05 mm/min

to 0.2 mm/min led to a near linear increase in the erosion rate for both

fines contents such that the same amount of erosion occurred with strain

developed. The result was somewhat unexpected in two ways: First, it

might be predicted that a greater amount of erosion would occur for a

longer duration test using the same material and under the same seepage

flow (i.e. hydraulic gradient). This indicates a direct positive correlation

between the amount of shearing and the amount of fines erosion. From a

micromechanical perspective, considering the interaction between particles,

It is thought that, in these tests, the continued shearing disturbs the fabric

of the sample and continuously frees fines from the force network (force
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chains), so they become "rattlers" able to be picked up by the flow. This

dominates the erosion compared to a process in which particles initiate

movement purely due to seepage flow (e.g. via viscous drag).

As discussed in Chapter 2, recent research by Wautier (2018) on inter-

nal erosion in granular material using numerical DEM simulations has

revealed that the materials, when exposed to seepage flow accompanied

with stress state change, are prone to force chain destabilisation and mi-

crostructural anisotropies, leading to structural rearrangements. Therefore,

fine particles are prone to be removed from force chains, transported by

the seepage flow, and can then result in being either eroded or clogged.

This behaviour from the DEM simulation can be seen in the erosion tests

conducted, where a continuous erosion was observed as a result of chain

destabilisation (chain renewal) and the movement of the coarse particles

relative to each other. It was found that this change in condition had a

noticeable impact on the distribution of these contacts and provoked im-

portant microstructure re-organisation through gain and loss of contacts.

The loss of fine particles weakens the force chains, which become prone to

microstructural rearrangements, which favours the development of plastic

strain and contractive behaviour. Even if that loss remains localised, this

can affect the whole sample by affecting the contact network as stresses

are forced to redistribute.

This research can not be certain about the main trigger of fine particles

erosion, if it was purely by shear stress (force chain reconfiguration) or

shear strain (movement of the coarse particles relative to each other). It

was assumed that both actions could lead to fine particles erosion. It must
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be mentioned that with erosion, there will be a potential risk of runaway

failure (fine particles erosion leads to strain, and strain leads to more fine

particles erosion).

The second unexpected outcome was that there appeared to be no dif-

ference in the behaviour of the two fines content tests - overfilled (35%

fines) and underfilled (20% fines). The accumulated erosion for fines of

35% is almost triple that of initial fines of 20%, as seen also in Chapter 5

(a result which is consistent with the previous work of (Ke and Takahashi,

2014)).

However, again - the shear strain accumulation dominated the erosion

process for both fines content, so that the same proportion of fines was

eroded, irrespective of shear rate, by the same strain. This suggests that,

while it is considered that fines are held between the voids in low fines

content gap graded soils, their release may be fundamentally linked to the

force chain network and its disruption, rather than viscous shear dislodg-

ing particles.

Considering the result that emerged from this chapter, the erosion phe-

nomenon is strain-dependent and not time-dependent. Erosion would stop

after the migration of fine particles that not held by the force chains and

needs a change in stress state or hydraulic gradient for the erosion to re-

sume again.

The specimens displayed a decrease in the deviatoric stress peak with

the increase of the fines content. This behaviour can be seen analysing

Figure 7.13 which illustrates the relationship between ηpeak reduction and
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fines loss% for tests from Chapter 6 (stress path study) and for tests from

this chapter (shearing rate study). All the compared erosional tests used

35% fines and a hydraulic gradient of 10. A 2nd order polynomial trend-

line was added to present the results. It can be concluded that in general

there is a positive relationship between ηpeak reduction and fines loss %,

supporting the argument of fines loss can affect the shear strength.

It can be assumed that if the fine particles were to be removed completely

in one of the samples, there would be no change in ηpeak and no fine

particles erosion and hence a point at the origin (0,0).

FIGURE 7.13: Relashinship between ηpeak reduction and fines loss

The nature of these tests does not allow the influence of the erosion on

volumetric strain to be clearly ascertained independently of the influence

of shearing. That is, the influence of shearing on volume change is con-

sidered to be much greater than the effect of fines removal on volume,

hence any volume change can be mainly referred to the shearing rather
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than fines removal. However, the influence of the change in mean effec-

tive stress can be discounted because the vertical stress path ensured that

this was kept near constant.

Analysing the erosion across the length of the sample, all tests experienced

more fines loss from the top layer compared to middle and bottom layer.

This is because the fine particles lost in the top layer under seepage force

and self-weight can be transferred to or captured in the bottom layer. In

their tests, when erosion developed, Moffat et al. (2011) also observed that

the local hydraulic gradient in the top layer to become higher than that in

the bottom layer under downward seepage flow, this could induce more

fine particles being eroded in the top layer. Figure 7.1 highlighted the

minor non-uniform effective stress within the sample from top to bottom

with more effective stress at the bottom, and that can play a stabilising

factor leading to more fine particles getting trapped at the bottom com-

pared to the top. Finally, the longer the erosion path, the more chances

for fine particles from the top to get trapped. All the above three reasons

could lead to more fine particles blockage at the bottom of the sample

than at the top.

Under a constant hydraulic gradient the permeability and the seepage flow

velocity exhibit a decrease with the progress of the internal erosion test-

ing. Several researchers have reported this decrease in permeability in ex-

periments conducted under downward seepage. Shwiyhat and Xiao (2010)

have explained this behaviour by the clogging of the downstream soil

layer by the eroded fine particles. This appears to be a factor for both

35% and 20% fines cases, with the permeability decreasing more for the

20% fines tests overall. Given that all soil layers, including the bottom
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layers, lost fines during testing, this suggests that clogging must be a very

localised phenomenon. There may be other factors contributing to this re-

duction, like the internal rearrangement of particles during the shearing

phase i.e. contraction of the sample as a result of shearing, although this

is then followed by dilation.

Furthermore, Chang et al. (2012) have concluded that the skeleton defor-

mation hydraulic gradient under an anisotropic stress state is much lower

than that under isotropic stress. This was explained by the buckling po-

tential of force chains in the soil being much larger under an anisotropic

conditions.

From this prospect, the observed increasing loss of fine particles by in-

creasing the amount of shear in this research can be attributed to the in-

fluence on the internal stability of the soil. This originates by acting di-

rectly on the force chains. As a result of these force chain destabilisations,

more fine particles are removed from their stable positions in the skeleton

and released from the stress chains. Hence, more fines are prone to be

transported and eroded from the specimens before the new force chain is

established.

This is a promising finding in the understanding of the progression of

internal erosion in soil under critical stress conditions.
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Chapter 8

Conclusions and Further Work

There are many embankment dams around the world that are deemed to

be unstable based on the investigation of their material susceptibility and

hydraulic conditions. As a result, they are continuously subjected to in-

ternal seepage flow that can affect their internal structure through internal

erosion.

These processes may generate mechanical instabilities that will lead to un-

expected failures in case of sudden changes in the loading conditions. The

research presented in this thesis is centred around developing an under-

standing of the role of seepage flow on internal instability in dense gap-

graded soils under complex states of stress in geotechnical structures.

8.1 Major contributions

• A triaxial permeameter has been developed to study the effect of

seepage flow through a gap-graded soil under continuous shearing

stress. A Bishop and Wesley stress path cell has been adapted to cre-

ate the triaxial permeameter. It is equipped by (i) a pressurised wa-

ter supply system, which allows the hydraulic head to be controlled.
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(ii) A fine particles collection system, which enables the erodibility

and the accumulated erosion to be determined during erosion exper-

iments. (iii) A water collection system, which allows the discharge

flow rate as well as the permeability of the sample to be determined.

More on the design of the triaxial permeameter was discussed in de-

tail in Chapter 3.

• For the first time, the internal erosion process was studied under

three different stress paths named "A", "B", and "C". For stress path

’A’, the radial pressure was decreasing, and axial stress was main-

tained so as to decrease the total mean stress p while increasing the

deviatoric stress q. For stress path ’B’, the radial pressure was de-

creasing, the axial stress increasing, and hence, deviatoric stress in-

creased while keeping the total mean stress constant (taking a ver-

tical stress path in p-q space). In stress path ’C’, the radial pres-

sure was kept constant, increasing the axial stress and hence, total

mean stress while increasing the deviatoric stress (a typical conven-

tional stress path used in triaxial testing). Analysing the results, it

can be concluded that greater fine particles erosion was recorded for

the samples tested under the stress path "A" followed by the stress

path "B". Whereas stress path "C" recorded the least fine particles

erosion.

• The influence of the shearing rate on internal erosion was investi-

gated for the first time. Two different mixtures of gap-graded soil

containing 20% and 35% of initial finer fraction were tested under

three different axial displacement rates 0.05, 0.1, and 0.2 mm/min.

The test results revealed a direct positive correlation between the

amount of shear and the amount of fines erosion.
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8.2 Conclusions

Series of triaxial tests were performed on dense gap-graded soil in order

to investigate the influence of varying the hydraulic gradient, the effect of

different initial fines contents, the impact of different stress paths and fi-

nally, this research studied the role of the rate of shearing on fine particles

erosion.

• The contribution of the seepage flow on erosion was investigated.

The tests’ results revealed that increasing the hydraulic gradient from

10 to 25 led to an increase in the amount of eroded fines. The seep-

age flow study is discussed in detail in Chapter 4.

• The increase of initial fines content percentage led to a significant

increase in the amount of eroded fines when initial fines content was

increased from 10% to 35%. However, by surpassing the threshold

value (35%) to 50%, no increase in erosion was detected. On the

contrary, when the amount of initial fines was increased above this

value, the amount of eroded fines decreased with the increase of the

initial fines content. This could be the result of blocking the erosion

path when increasing the fines content by more than 35%. The initial

fines content is discussed in detail in Chapter 5.

• Analysing all erosional tests, it can be concluded that, in general, the

shear strength of the soil decreases with the increase of the amount

of eroded fine particles. Fine particles loss can affect the internal

structure of the soil. This loss of fine particles disturbed the force

chains by removing fine particles which were part of the lateral sup-

port fabric. As for the volumetric strain, during the erosional tests,

all samples exhibited contractive behaviour at the first stages of the
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tests. However, with the progression of erosion, this behaviour changed

into dilative behaviour.

• All erosional test samples were equally divided after each test into

three layers, top, middle, and bottom, to analyse the effect of erosion

on each layer’s particle size distribution. A general trend in all tests

is that more fine particles in the top layer are eroded than those in

the bottom layer.

• The permeability deceased in all tests, despite the loss in fines in all

parts of the sample. It is possible that local clogging of one or more

thin layers could have reduced the permeability, despite the overall

fines reducing.

8.3 Real-world engineering implications

Embankment dams can be of virtually any height up to 300 m (i.e. the

highest embankment dam in the world, currently, is the Nurek dam in

Tajikistan at 300 m (Charles, 2005)). Assuming an earth or rockfill dam

has soil with a unit weight of 20 kN/m3 (typically), this equates to a max-

imum total vertical stress of 20× 300 = 6000 kPa at the base and centreline

of the dam. The maximum effective stress would be somewhat less than

this due to pore pressure influence. The highest of the approximately 2,800

embankment dams in Great Britain (BBC, 2019) is the 76 m high Scam-

monden dam in Yorkshire (Charles, 2005). Most dams are considerably

smaller, while stresses vary more-or-less linearly with depth.

For dams to be considered a “large” dam, and therefore to be regulated by

ICOLD (International Consortium on Large Dams), it needs to be greater
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than 15 m high (i.e. maximum total stress in a 15 m high dam would

be 300 kPa). There are approximately 58,000 of these large dams globally

(ICOLD, 2014). Hence, the stresses used in this thesis are at the “low” end

for a large embankment dam but may be considered to represent a typical

value at the base of a small dam (of which there hundreds of thousands

globally, most of which are unregulated) or at the middle or upper portion

of a large dam as designated by ICOLD.

This thesis aims to offer a better understanding of internal erosion be-

haviour and to shed light on the reason for the distress seen in some

dams and the ongoing stability of others. The seepage flow rate study

showed that a higher hydraulic gradient (equivalent in real geotechnical

structures to higher reservoir water levels) in a densely compacted in-

ternally erodible soil at 35% fines undergoing shearing does not lead to

a significantly greater rate of erosion within the soil, except at the com-

mencement of flow (which is similar to the behaviour without shearing).

This suggests that for a given well-constructed dam, whether the reservoir

level is relatively high or low, if it is undergoing monotonic shearing (e.g.

due to seismic displacement or by adding height to the embankment), this

will not significantly alter the amount of soil eroded.

The fines content study was conducted to ascertain the influence of the

initial fines content on internal erosion. In addition, by studying a range

of dense soil mixtures (from under to over filled), this study can relate to

broader material types used in geotechnical structures. This thesis com-

menced a stress path study where the influence of different stress paths

on internal erosion was studied as well as commencing shear rates study

where the influence of the shear rate on internal erosion was investigated

by shearing the testing samples using different axial displacement rates.
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This can model the change in stress state under constant fluid flow in a

geotechnical structure, which could be experienced during an earthquake

or if the geotechnical structure was altered (loaded/unloaded) externally

via, for example, excavation or wall height increase which applies to tail-

ings dams (since they are built continuously upwards). This change in

stress state could also occur due to changes in water level behind the

geotechnical structure. During those cases, it is vital to understand the

erosion behaviour and hence the behaviour of the whole geotechnical struc-

ture.

The results revealed that strain rate did not affect the amount of ero-

sion, but overall shearing displacement did - denoting that monitoring of

a dam for displacements may allow an engineer to work out how much

displacement-induced internal erosion has taken place for a given soil (i.e.

if there is internal shearing during an earthquake) if specific displacement-

focused lab testing is done on the soil in question.

This research concentration was on studying the behaviour of internal ero-

sion under a continuous change of stress state. Other researchers (as the

comprehensive literature review discussed) have investigated the effect of

stress state change prior to water flow, i.e. if the water flow stopped,

stress state changed, and then water flow re-imposed. The influence on

internal erosion would vary depending on the intensity of the stress state

change. In general, higher deviatoric stress would lead to lower critical

hydraulic gradients and an increase in internal erosion.

Indeed, by investigating the effect of seepage flow, initial fines content,

stress path and shearing rate on the onset and progression of internal ero-

sion, this research aimed to lay out a practical knowledge for real-world

engineering to use when approaching internal erosion phenomenon.
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8.4 Recommendations for further work

• The erosional tests conducted under different shear rate revealed fresh

insights into the role played by shear in the internal erosion process.

However, the research restricted to limited shear rates. Hence, it is

important to investigate the impact of this factor under lower rates

perhaps comparable to the time for particles to be driven out from

the sample, to examine the influence of path length. The challenge in

using lower shearing rates is that the experiments’ duration will be

increased, and hence more seepage flow de-aired water supply could

be needed.

• Coloured soil can be used to study soil erosion in distinguishable

colours to ensure that the eroded particles are from the original fines

content and not a product of crushing within the coarse matrix and

to use different fine particles colour in each layer to be able to visu-

ally investigate the soil erosion process (Appendix A).

• In all of the main series of tests, the hydraulic gradient i was above

10. This is because very little erosion was detected in a static (no

shear) situation at gradients lower than this (Appendix B). It would

be interesting to see how the critical hydraulic gradient is influenced

by shear - in other words, conduct shearing tests at lower hydraulic

gradients in future.

• The triaxial permeameter can be used for different erosional testing

applications. Different soil type, gap ratio, fines content or density

(e.g. loose soils) can be studied using the triaxial permeameter. Fur-

thermore, the triaxial permeameter can be used for tests conducted
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at a constant q and p’ (e.g. following the stress path B but without

flow and starting seepage at values along the stress path).

• Although the factor of time is rarely taken into account in the ma-

jority of literature, it constitutes an important agent controlling the

erosion process. The majority of laboratory permeameter tests are

relatively short with respect to embankment dams loading and un-

loading periods. Therefore, it is very important to develop new con-

cepts of long-term erosional experiments in order to shed light on

this neglected factor of time.
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Appendix A

Previous trial of coloured model

soil samples

Model soil samples of aquarium sand and gravel, Figure A.1, with a spe-

cific gravity, Gs, of 2.72 were used initially to study soil erosion in distin-

guishable colours to ensure that the eroded particles are from the original

fines content and not a product of crushing within the course matrix and

to use different fine particles colour in each layer to be able to visually

investigate the soil erosion process.
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FIGURE A.1: Model soil samples

FIGURE A.2: Model soil samples
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The fine particles were not eroding at the expected hydraulic gradient. A

microscopic investigation reveals the reason, Figure A.3. The fine particles

were shaped as cubes, and this did affect the soil erosion progress. The

particle size distribution used for the coloured soil is illustrated in Figure

A.4.

FIGURE A.3: Microscopic image of the model soil (top) and
Leighton Buzzard sand fraction D (bottom)
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FIGURE A.4: Particle size distribution used for coloured soil
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Appendix B

Observational tests

Observational tests were needed to identify the ideal range of hydraulic

gradients to study the behaviour of internal erosion in dense gap-graded

soil.

B.1 Seepage flow while shearing

The initial observational test was conducted while shearing the sample to

determine the ideal range of hydraulic gradients to study the seepage flow

behaviour for the soils examined in the thesis at the initial stress state cho-

sen. A soil with 35% initial fines content was tested, the sample was pre-

pared, saturated and consolidated using the method described in Chapter

3. The test was commenced by shearing the sample (0.1 mm/min), while

the hydraulic gradient was increased in stages to the final value of 26 (i.e.,

2 per 5 minutes).

A hydraulic gradient of 10 was found to be the minimum sufficient gradi-

ent to cause measurable fines loss under the initial conditions (Figure B.1).
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Also, it was observed that a step of 4 to 6 in hydraulic gradient would be

adequate to observe a physical change in erosional behaviour.

FIGURE B.1: Hydraulic gradient vs time for the observational test

B.2 Seepage flow no shearing

The same experiment was repeated without shearing the sample, and there

was no measurable fines loss until the hydraulic gradient of 14 was reached,

but the soil erosion was stopped after about 1 minute. There were fines

loss with each hydraulic gradient increment, but this loss was in general

ending after about 1 minute. The erosion rate decreased to zero before the

hydraulic gradient was increased in a stepwise procedure.
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Analysing the results from the observational tests, there were two choices

to get a continuous erosion (for the chosen initial conditions), either by in-

creasing the hydraulic gradient in stepwise procedure or conduct the ero-

sional tests while shearing. For the purpose of this research, it has been

decided to shear all samples while conducting the erosion testing.
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Appendix C

Additional Graphs

C.1 Hydraulic gradient

FIGURE C.1: Relationship between hydraulic gradient and local
axial strain
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FIGURE C.2: Relationship between hydraulic gradient and local
axial strain
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FIGURE C.3: Relationship between hydraulic gradient and local
axial strain
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C.2 Seepage velocity

FIGURE C.4: Seepage velocity versus local axial strain
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FIGURE C.5: Seepage velocity versus local axial strain
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FIGURE C.6: Seepage velocity versus local axial strain
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