[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

oo /00000
Article / Book Information
oo@a) 00000000000 DOO0DOO0DOO0oOoDooooooooaon
Title(English) Investigation on internal erosion characteristics and its mechanical

consequences for saturated non-cohesive soill

oo@a) 00

Author(English) Lin Ke

oo@a) O0:00@0),
oOooooo:0oo0ooa,
OO000:0095720,
O0000:20140 30 260,
ooooo:0o0o0a,
OO00:00000,00000,00000,00000,0000000000 000
0ao

Citation(English) Degree:Doctor (Academic),

Conferring organization: Tokyo Institute of Technology,
Report number:[J 0 957201,

Conferred date:2014/3/26,

Degree Type:Course doctor,

Examiner:,,,,
goog@mao) ooong
Type(English) Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)


http://t2r2.star.titech.ac.jp/

| nvestigation on internal erosion characteristics
and its mechanical consequences for saturated
non-cohesive soil

Lin KE

February 2014

A Dissertation Submitted to
Faculty of Graduate School of Engineering at
Tokyo Institute of Technology
In Partial Fulfilment of the Requirements for the Degree of

Doctor of Philosophy

Department of Civil Engineering



DEDICATION

e

my beloved Mother (Ziujang Yul



ABSTRACT

The phenomenon of internal erosion in cohesionless soils exhibits itself as the gradual
migration of fine grains through the voids of the coarse matrix transported by volumes
of seepage water. With the erosion of soils, it may cause a loose soil packing and
consequently, a reduction in soil strength. This dissertation mainly reveals the
mechanical consequences of internal erosion.

To preliminarily understand the mechanism of erosion, seepage tests are conducted in a
commonly-used fixed-wall permeameter. A multi-stage test procedure is followed to
assess the hydraulic conditions necessary to trigger the internal erosion. Parametric
study is conducted to examine the effects of soil properties (i.e., relative density, initial
fines content) and hydraulic conditions on the erosion mechanism. The soil strength
reduction after erosion in the fixed-wall seepage test is elaborated by interpreting the
cone tip resistance profile of the eroded specimens. It is found that internal erosion
initiates at a hydraulic gradient much lower than the Terzaghi’'s critical hydraulic
gradient. With the progress of erosion, large amounts of fines would be eroded away
and the hydraulic conductivity increases. Erosion of fines would cause the contractive
deformation. The specimens with larger initial fines content and looser state would be
more vulnerable to erosion. The internal erosion causes a reduction in cone tip
resistance, the extent of which may be related to the imposed hydraulic gradient.

A new triaxial permeameter, capable of directly investigating not only the hydraulic
characteristics of soils at the onset and the progress of internal erosion under preferred
stress state but also the mechanical behaviors of those internally eroded soils, is
developed. By installing a sedimentation tank, back pressure could be maintained in the
tested specimens during erosion test to ensure a relatively high saturation degree. A
system of measuring the cumulative eroded soil mass is installed in the tank to
continuously record the eroded soil mass. Erosion tests are performed by constant-flow-
rate control with the measurement of the induced pressure difference between the top
and the bottom of the tested specimens.

By conducting seepage test in a triaxial condition, the hydromechanical behaviors of
tested specimen during the progress of internal erosion are studied by assessing the
changes of the key parameters, such as hydraulic gradient, hydraulic conductivity, soll
deformation and cumulative eroded soil mass. The effects of effective confining
pressure and initial fines content are experimentally investigated. The influence of
erosion on the stress ~ strain relationship is directly indicated by conducting undrained
& drained monotonic compression test on the internally eroded soil specimen. The
influence of effective confining pressure and initial fines content are considered.
Influence of internal erosion on the cyclic resistance of tested specimens is studied by
performing undrained cyclic test on the eroded soil specimens and companion
specimens without erosion, respectively, under the same effective confining pressure.

Test results indicate that under the constant-rate-flow, the hydraulic gradient changes
with the progress of internal erosion accompanying with the dislodgement of large



amounts of fines. Assigned the seepage flow with the same velocity, the specimens with
the larger effective confining pressure show less increments in hydraulic conductivity
within the test range. A larger effective confining pressure would cause a less
percentage of cumulative fines loss and volumetric strain induced by internal erosion. In
terms of initial fines content, a larger fines loss and volumetric strain is observed at the
specimens with larger initial fines content. In this series of seepage tests, the tested
specimens show contractive behavior and the post-erosion void ratio increases.

Departing from clean sand, an exceptional mechanical behavior of eroded soil is
observed. The volumetric strain at failure derived from drained tests reduces with the
increasing of effective confining pressure. A temporary drop in soil stiffness at the
initial stage of shearing with respect to the axial strain ranging from 0% ~ 1% is
observed. In terms of undrained tests, generally, the mobilized friction angle at peak
shows trend of increasing with the increasing of effective confining pressure.
Compression test results have revealed the probable existence of a reinforced packing of
soil grains after internal erosion. The reinforced post-erosion soil packing renders the
eroded specimen much stiffer and less compressible. The changes in soil strength after
internal erosion are assessed by various criteria. In terms of ASTM criterion, the drained
strength of eroded specimens is less than that of original specimens by 20% in average,
irrespective of effective confining pressure. The variations in undrained strength appear
to be influenced by the effective confining pressure. Mostly, the soil strength decreases
after erosion. The critical friction angle of eroded specimen and original specimen,
derived from drained monotonic tests, is 35.27° and 36.87°, respectively. At the same
normal stress, the shear strength decreases by 5.7% after internal erosion. A larger
instability region is observed for the eroded specimens. The cyclic strength increases by
two times after internal erosion.
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NOTATIONS

A: cross sectional area of a soil specimenffrm

C.: Curvature coefficient;

C.: uniformity coefficient;

dso: median grain size (mm);

dio: effective grain size (mm);

Dy grain size for which x% mass passing is finer of the coarse fractions of a grading curve (mm);
dy: grain size for which x% mass passing is finer of the fines fractions of a grading curve (mm);
Dy grain size for which x% mass passing is finer of the filter (mm);

dyg: grain size for which x% mass passing is finer of the base soil (mm);

dy: grain size for which x% mass passing is finer of a soil (mm);

d: representative grain diameter of a soil specimen (mm);

do: average diameter of the assumed capillary tubes, proposed by Kovacs (1981) (mm);

D:: relative density (%);

Dn": average diameter of an interval of grain distribution of the coarse fraction (mm);

e: soil void ratio;

€. postulated void ratio of eroded soil assuming that no volumetric deformation occurs during
internal erosion;

&:: void ratio after consolidation;

€.: post-erosion void ratio;

e: initial void ratio, referring to the void ratio after saturation in this study;

€max Maximum void ratio;

€min. Minimum void ratio;

es void ratio of coarse grains in a binary mixture (fines are regarded as voids) (intergranular void
ratio);

es : equivalent intergranular void ratio;

e void ratio of fines in a binary mixture;

€:_max Maximum void ratio of the coarse fractions in a binary soil;

e:_min Minimum void ratio of the coarse fractions in a binary soil;

& max Maximum void ratio of the fine fractions in a binary soil;

& min Minimum void ratio of the fine fractions in a binary soil;

FC: percentage of fines content by volume (%);
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FCin: threshold fines content denoting the soil fabric transform (%);

fs mass ratio of coarse grains;

ff - mass ratio of fines;

Gs: specific gravity of soil grain;

h: water head difference in the fixed-wall seepage test (cm);

ho: total water head difference in the fixed-wall seepage test (cm);

h.: local water head difference in the fixed-wall seepage test (cm)

l;: instability degree;

i: hydraulic gradient;

io: average hydraulic gradient in the fixed-wall seepage test;

in- local hydraulic gradient in the fixed-wall seepage test;

ic. critical hydraulic gradient for solil stability;

is. critical hydraulic gradient for internal erosion;

ko: average hydraulic conductivity of tested specimens in the fixed-wall seepage test (cm/s);
kn: local hydraulic conductivity in the fixed-wall seepage test (cm/s);
K: intrinsic permeability (rf);

Lo: length of tested soil specimen for the fixed-wall seepage test (cm);
Ln: length of seepage flow at different layers for the fixed-wall seepage test (cm);
n: soil porosity;

nc: porosity of the coarse fraction in a soil;

Ng: bearing capacity number;

p’: mean effective stress at Cambridge stress field (kPa);

po’: initial mean effective stress (kPa);

Q: flow rate (volume of fluid in unit time) (c¥fs);

v: Darcy velocity (cm/s);

g: deviator stress at Cambridge stress field (kPa);

Opeak deviator stress at peak (kPa);

Oss local minimum deviator stress after initial peak at quasi-steady state (kPa);
Re Reynolds number;

S cross-section area of pipette in the fixed-wall seepage tedt (cm

Un: Degree of undercompaction (%o);

V: Average velocity (interstitial velocity) (cm/s);

Vs Volume of coarse grains forming the primary fabric of soil;

Vi: Volume of erodible fines filling in the voids between coarse grains;
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Vw: Volume of water (void volume for fully saturated soil);

W Weight of coarse grains;

W Weight of erodible fines;

v: specific volume, equals tbte;

i Unit weight of water (KN/;

v: kinematic viscosity of fluid (cfts);

AV: water volume difference between pipettes (ml);

AVs: soil volume change caused by fines loss;

AV, void volume change due to the rearrangement of coarse grains;
Adc: increment of cone resistance (kPa);

Ad’\: vertical effective stress (kPa);
@ : drained angle of shearing resistance (degree);
AR: strength reduction by ratio after erosion;

angle of shearing resistance after internal erosion (degree);

wpos—terosion '

angle of shearing resistance before internal erosion (degree);

(dbeforeerosion :
1c. critical shear stress (Pa);

ap: shape coefficient;

o1 : major principle stress, corresponding to axial stress in a triaxial test (kPa);
o3 : minor principle stress, corresponding to radial stress in a triaxial test (kPa);
ocyed Cyclic stress difference applied to a specimen (kPa);

o : initial effective confining pressure (kPa);

;. axial strain (%);

er. radial strain (%);

ev. Volumetric strain, equals tg+2¢, (%);

&s. Shear strain, equals toeg{e;)/3(%);

@.: slop angle of the phase transformation line at QSS (°);

A: Ratio of the increments of void volume to that of solid volume due to particle removal
(McDougallet al, 2004, 2013)

CSL:critical state line;
NCL: normal compression line;

QSSL quasi-steady state line;

XX



CHAPTER 1

INTRODUCTION

1.1 Problem Statement

Phenomenon of seepage-induced transfer of soil grains is observed widely both in natural soil
deposits and in earth structures. This process is generally known as “eragors (1981)
comprehensively illustrated the factors governing seepage-induced erosion in natural deposits from
the hydrological perspective, as is shownFig.1.1 Flow of water rushes into downstream river
through the “pipes” or conduits, which are called “macropores” in hydrology literature, triggers
erosion of soil grains. The hydraulic conductivity of those regions is substantially higher than
adjacent areas. Climatic factors, human activities, soil morphology, composition and physical-
chemical properties primarily initiate and accelerate soil erosion.

Significant damage to potentially eroded high embankments of mountainside roads during Noto
Peninsula Earthquake of Japan in 2007 stimulates the research interests on the effects of internal
erosion on soil strength changigitaet al. (2008)discovered that the road facilities in approximate

80 places had been devastated. A number of the damage was the flow slide of embankments
constructed on catchment topography such as swamps and valleys which usually accompanied by a
large volume of fresh water. It is possible that those earth structures have suffered from years of
erosion, which chronically turned the soil packing becoming loose, and consequently was vulnerable
to seismic shaking. Similarly, numerous soil structure failure reported in literature was attributed to
soil erosion.Crosta and Prisco (1999yesented a slope failure along an old fluvial terrace in Italy.

By site investigation and numerical analysis, authors concluded that seepage erosion and tunnel
scouring in the superficial layers, and seepage erosion at the slop toe would be the vital factors
triggering the failureMuir Wood (2007)reported two large sinkholes, formed by internal erosion,
were observed at the crest of the W.A.C Bennett Dam in Canada, which would be huge threats for
dam safety. The most critical influence of soil erosion is on earth structure, the failure of which
would have catastrophic consequence. By literature review of the recent dam fRidhesds and

Reddy (2007xoncluded that nearly half of the world’s dam failure was triggered by internal erosion.
Although the statistics was rough and based on the engineering judgment, it was specific that the
main reason of soil dam failure might be attributed to soil erosion. In Hagi city of Yamaguchi
Prefecture of Japan, the ground was suddenly subsided, forming a 5-meter-in-length sinkhole in
December of 2009 because of intense soil erosion by a large amount of underground water which
was resulted from the pipeline breakdtjekkei Construction, 2009)

However, hitherto, the mechanism of erosion triggered soil strength change is not fully understood.
A clear and explicit explanation of soil fabric and strength change induced by internal erosion is
necessary for engineering practice.

1.2 Terminology

A number of technical terms are used in literature regarding different types of internal erosion
phenomena such as piping, backwards erosion, suffusion, tunneling and heave etc. There is no
universally accepted definition of these terms. Under most circumstance, seepage-induced soll
erosion is simply regarded as piping. For clarity, it is necessary to specifically define those
commonly used terms.
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1.2.1 Internal erosion

In the present study, internal erosion is a versatile term to describe the phenomenon that the soil
grains within the body of natural deposit or earth structure are carried away by the seepage flow
generated by the reservoir or groundwater. It includes two fundamental types: suffusion and piping,
which differs in how the soil grains are eroded away from soil body.

1.2.2 Suffusion

As early as the beginning of 20 century, Russian researcher has published a comprehensive study
about the phenomenon of the selective erosion of fine grains through a coarse matrix (coarse grains
are not floating on the fines) leaving the coarse skel@ahdin and Rumyantsev, 2009)he fine

grains are transported through the voids among the larger grains by seepage flow. Now this
phenomenon is named as “suffusion”, which comes from the Latin “suffossio, onis”, meaning
digging under or up, undermining. Another frequently used term “percolation” in power industry
refers to the same phenomenon as well.

A schematic diagram showing the suffusion process is presented.in2 In the non-cohesive
materials, suffusion leads to great changes of porosity and significant increase of hydraulic
conductivity. Gap-graded soils, like sandy gravels, are more prone to suffusion due to its deficiency
in certain grain size. Soils that are vulnerable to suffusion are often thought of internally unstable.
Recently, a greater refinement of the definition is preseMeéfat and Fannin (2006eparated the
phenomenon as “suffusion” and “suffosion”. They defined “Internal instability describes the
migration of a portion of the finer faction of a soil through its coarser fraction. Redistribution of the
finer fraction, termed suffusion, may yield a loss of grain and instigate a process of undermining,
termed suffosion.Richards and Reddy (200@learly defined suffusion as “the phenomenon that the
finer fraction of an internally unstable soil moves within the coarser fraction without any loss of
matrix integrity or change in total volume”, whereas suffosion, “on the other hand, means the erosion
of grains would yields a reduction in total volume and a consequent potential for collapse of the soil
matrix”.

Another commonly accepted category is propose&dyacs (1981)He divided the suffusion into

two subcategories: Internal suffusion and external suffusion. “Internal suffusion” occurs when the
hydrodynamic forces are large enough to move fine grains from soils, affecting only the local
hydraulic conductivity. In contrast, the “external suffusion” occurs at the surface of a soil layer,
which is “when volume of the solid matrix is reduced, accompanied by an increase in permeability,
but the stability of the skeleton composed by the coarse grains is unaffected”.

Suffusion is a comparatively slow seepage process. Therefore, it is a chronic problem which
accompanies with the constant quantities of seepage flow over a period of years.

1.2.3 Piping

Piping describes the phenomenon that underground water flows along a continuous opening, such as
crack and simultaneously soil erosion takes place along the wall of a “pipe”. Different from
backwards erosion which is initiated by Darcy flow at an exit point, piping is triggered by erosive
forces of water along a “pipe”. Therefore, it can be expected that piping erosion would initiate in
accordance with the cubic law of flow for planar openifiggehards and Reddy, 200/ig. 1.3

shows the schematic diagram of piping process.
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Strong piping may also be found at a soil-structure contact where the flow velocity is higher. Erosive
force would be much larger for a given hydraulic gradient. Also, as the hydraulic conductivity tends
to be slightly greater at soil-structure contact, this is often the first place that increasing hydraulic
gradients may express themselves through erosion.

1.2.4 Backward erosion

Backward erosion indicates the erosion of soil grains at the exit of a seepage path due to a high exit
velocity (Wan, 2006) The exit of the seepage path is usually a free surface, such as the ground
surface downstream of a soil foundation or the downstream face of a homogeneous embankment. In
the case of backward erosion, resistance to the removal of soil grains is dependent on the hydraulic
gradient through the soil (which is necessary to overcome soil resistance) and the stress state of the
soil around exit.

This type of erosion is produced by the tractive forces of intergranular seepage water. The mobilizing
tractive forces are balanced by the shear resistance of grains, soil grains weight and filtration. The
erosive forces are greatest where flow concentrates at a point of exit and as long as soil grains are
transported by erosion the magnitude of the erosive forces increases due to the increased
concentration of flow. The tractive forces are directly proportional to the velocity of intergranular
flow.

1.2.5 Tunnelling or jugging

This occurs within the vadose zone and results from chemical dispersion of clay soils induced by
rainwater passing through open cracks or natural conduits. It is usually observed in dispersive soils
caused by rainfall erosion and is discussed by a number of Australian and New Zealand scholars
(Jones, 1981)

1.2.6 Heaving, boiling or blowout

This seems to be an engineering term rather than a hydraulic termaghi (1943yeported this
phenomenon when assessing a sheet pile cofferdams. According to him, heaving or boiling happens
when a semi-permeable barrier overlies a pervious zone under relatively high fluid pressures.
Different from the failure mode of suffusion or piping, it requires a high enough seepage velocity to
move individual soil grains causing a “zero” effective stress of the soils.

From the above definitions, it can be noted that wholly different mechanisms dominate various
modes of soil erosion. Meanwhile, it also shows that those types of erosion are internally related.
Heaving initiates suffusion as well as backward eroggkempton and Brogan, 1994rom micro
perspective, suffusion is caused by a number of piping erosion. Also, the piping erosion will greatly
accelerate the extent of suffusional erosion. Suffusion and piping are always coupled phenomenon.
Hence, it is impossible to exactly simulate one type of soil erosion without the occurrence of other
types. To avoid the dilemma, the common term “internal erosion” is used in this dissertation to
describe the target phenomenon that small grains are washed out through the voids between the
coarser grains by seepage flow.
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1.3 Phenomena description

The nature deposits are usually comprised of, respectively, a “fine fraction” and a “coarse fraction”.
When underground water flows through the deposit, the tractive force of seepage water, theoretically
given by ‘iy,”’, is capable of dislodging fine grains from the matrix of the coarser fraction, triggering
the soil instability. This phenomenon would be understood from two perspectives: hydraulic
mechanism and soil mechanics.

From hydraulic point of view, it is of significance to understand that (I) the factors governing the
onset of internal erosion, (Il) the amount of soil grains passing through the soil matrix and,
correspondingly, (Ill) the variation of hydraulic parameters during the progress of internal erosion.
The onset of internal erosion is governed by two constrains, geometrical constraint and hydro-
mechanical constraint. Instinctively, geometrical constraint refers to the size of fines should be
smaller than the size of voids in soil. Following the basic idea, many empirical criteria have been
proposed to assess the internal stability of soil based on the grain size distiib&iéinmy Corps

of Engineers, 1953; Istomina, 1957; Lubochkov, 1962, 1965; Kezdi, 1979; Kenney and Lau, 1985,
1986; Burenkova, 1993; Skempton and Brogan, 1994; among otidrigh will be delivered in

detail in Chapter 2Kovacs (1981)efined the hydro-mechanical constraint as “the critical velocity

or hydraulic gradient, above which the fine grains start to move”, which is found closely related with
the effective stress level in sofkkempton and Brogan (1994iystly analyzed the influence of
effective stress level on soil internal stability. A reduction factor was proposed to note that the soil
internal stability will be triggered at a hydraulic gradient significantly lower than the anticipated
from theory. Based on the results of series of permeameter Msfit and Fannin (2011)
demonstrated the effective stress level dependent hydraulic gradient characteristics and proposed the
concept of a hydromechanical path in stress ~ gradient dpa@d Fannin (2012proposed a linear
hydromechanical envelope in stress ~ gradient space. The envelope is governed by the proportion of
effective stress in fines.

For the potentially unstable soils, the fine grains could be freely dislodged from the soil skeleton,
leading to certain amounts of soil loss. The amount of cumulative eroded soil mass is the vital
parameter because the derived erosion rate is necessary in assessing the soil erosion condition. Alsc
erosion of soil grains would induce the soil microstructure rearrangement, leading to the changes of
hydraulic conductivity, volumetric deformation and soil mechanical behaviors.
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There are other influential factors, such as vibration (e.g., earthquake induced or mechanical
tamping), saturation degree and temperature etc. Those factors are neglected in this research.

From soil mechanics point of view, the sand behavior is largely dependent on the friction along grain
contacts. With the progress of soil erosion, the original sand microstructure may be fully deteriorated
and lose the strength at certain hydraulic gradient, which is called “hydraulic gradient at failure”
(Chang and Zhang, 2011a}orrespondingly, the mechanical behavior of soil may vary with the
development of internal erosion. The study of the erosion dependent soil behavior is still on progress
in literature.Muir Wood et al. (2010) attempted to model the mechanical consequences of internal
erosion by two-dimensional discrete element analysis. The simulation indicated that the erosion
could trigger the soil state change, from “dense” (below the critical state line) to “loose” (above the
critical state line), with corresponding available strength lower than the critical state strength.
Scholteset al. (2010)considered the internal erosion as the progressive removal of the finest grains
and concluded that the soil strength was strongly influenced by the erosion: the soil behavior
changed from a dilatant to a contractant when extracting the fine grains. Those zones in the soll
structure where internal erosion occurs would be more prone to fail. By the seepage tests in newly
developed triaxial apparatu§hang and Zhang (2011pyoved that the originally dilative tested
specimens became contractive after the loss of a significant amount of fine grains due to internal
erosion.

1.4 Purpose and scope of the study

Gap-graded soils are frequently presented both in nature and construction practice, for example at the
River Indus at Tarbela in Pakistan mentionedSkgmpton and Brogan (1994)ig.1.4. This kind of

material has played a significant role in the potential for seepage induced internal erosion. Extensive
studies, focusing on the filter mechanism and soil internal stability from soil microstructure
geometrics, have been published. The main concern is to develop a reliable procedure for evaluating
internal erosion potentials, proper filter design criteria, and assess the hydraulic gradient which
triggers internal erosion. However, it is significant to note that the failure of soil structure due to
internal erosion is not only produced by hydraulic erosion but also mechanical failure. The
mechanical failure and hydraulic erosion is couple to one another because washing-out of soil grains
increases soil porosity and causes readjustment of intergranular forces leading to further strength
decrease and damage of soil structure. On the other hand, strength reduction leads to smaller
intergranular forces, which in turn increases the amount of fine grains potentially being able to leave
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Figure 1.4 Grain size distribution of Indus alluvium at Tarbela (after Skempton and Brogan, 1994)
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the coarse matrix and transport. Therefore the influence of both soil mechanics and hydraulic erosion
must be considered to properly account for soil failure induced by internal erosion. A clear and
explicit understanding of this coupled process is helpful for both engineering design and construction.

The primary objective of this research is to demonstrate the soil mechanical behavior change after
internal erosion. Specifically,

(1) Develop a triaxial permeameter capable of directly investigating the erosion mechanism of tested
soil at the onset and the progress of internal erosion and the changes in soil mechanical behaviors
induced by internal erosion.

(2) lllustrate the soil behavior during the erosion test. Special attentions are given to the vulnerability
of the tested specimen to internal erosion and the variation of the key parameters at the development
of erosion, such as hydraulic gradient, hydraulic conductivity, soil deformation and cumulative
eroded soil mass.

(3) Study the mechanical consequences of internal erosion in terms of the changes in soil strength
parameters.

To fulfill the objectives, the following work has been performed:

(1) Common fixed wall seepage test has been conducted to preliminarily understand the erosion
mechanism of the tested soil specimen. A multi-stage test procedure is followed to assess the
hydraulic conditions necessary to trigger the internal erosion. Parametric study is conducted to
examine the effects of soil properties (i.e., relative density, initial fines content) and hydraulic
conditions on the erosion mechanism.

(2) Several new components have been installed to an automated triaxial testing system to
accommodate the seepage test in a triaxial condition, including a flow pump, a sedimentation tank
and a revised pedestal.

(3) The hydromechanical behavior of tested specimen during the progress of internal erosion are
studied by assessing the changes of the key parameters, such as hydraulic gradient, hydraulic
conductivity, soil deformation and cumulative eroded soil mass in the new triaxial system. The
effects of stress state and initial fines content are experimentally investigated.

(4) The soil strength reduction after erosion in the fixed-wall seepage test is elaborated by
interpreting the cone tip resistance profile of the tested specimens after erosion. For the flexible-wall
permeameter, the stress ~ strain relationship is directly indicated by conducting undrained & drained
monotonic compression test on the internally eroded soil specimen. The influence of stress state and
initial fines content are considered.

(5) Influence of internal erosion on the cyclic resistance of tested specimens is studied by performing
undrained cyclic test on the eroded soil specimens and companion specimens without erosion,
respectively, at the same effective confining pressure.

1.5 Organization of the dissertation

There are a total of 7 Chapters in the dissertation. Chapter 1 is the current chapter which introduces
the background of the research, the frequently used terms and the objectives of the research.
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Chapter 2 describes the review of literature related with internal erosion (suffusion) from four
perspectives: current soil erosion testing technique, mechanisms of internal erosion, analytical
models for internal erosion assessment and mechanical consequences of internal erosion. The criteriz
for soil internal stability assessment are provided, namely, geometrical and hydraulic criteria. The
soil behavior at the progress of internal erosion is summarized. The studied until now on mechanical
behavior of eroded solil are stated and in addition, effects of fines content on soil mechanical property
is discussed to seek for the full understanding of the mechanical influence of fine loss which is
induced by internal erosion.

Chapter 3 illustrates the details of the seepage test in the fixed-wall permeameter, including the test
apparatus, multi-steps test procedure and the primary properties of the tested soil. The soil behavior
at the onset and progress of internal erosion is demonstrated by the changes of hydraulic conductivity,
fine loss and soil deformation. By interpreting the cone tip resistance profiles, the soil strength
reduction after internal erosion is discussed.

Chapter 4 presents the details of the newly developed flexible-wall permeameter. The main
components, including constant flow rate control unit, automated triaxial system and eroded soil
collection unit are elaborated.

Chapter 5 mainly focuses on the soil hydromechanical behavior at the seepage test conducted with
the flexible-wall permeameter. The seepage tests are conducted at the constant flow rate. Changes o
hydraulic gradient, hydraulic conductivity, cumulative eroded soil mass and soil deformation are
presented. The influence of effective confining pressure and initial fines content is demonstrated as
well.

Chapter 6 examines the mechanical consequences of internal erosion on the tested specimens
Undrained monotonic test, drained monotonic test and undrained cyclic tests are performed on the
eroded specimens and the companion specimens. By comparison, the changes of soil mechanica
response induced by internal erosion might be fully discussed. Additionally, the effects of saill
erosion on the cyclic resistance of soil are illustrated.

Chapter 7 gives the conclusions drawn from the research and recommendations for future study.



CHAPTER 2

LITERATURE REVIEW FOR INTERNAL EROSION
RELATED STUDY

The phenomenon of internal erosion in cohesionless soils exhibits itself as the gradual
migration of fine grains through a coarse matrix leaving the coarse skeleton. It is
accompanied by great changes in porosity, significant increase of hydraulic conductivity,
and potential changes of soil fabric. This phenomenon was firstly observed in the
experimental investigations of filter and base soil compatibility. Thereafter, many
empirical methods were proposed by a number of investigators to evaluate the soil
instability by analyzing the geometrical size of the §di6 Army Corps of Engineers,
1953; Istomina, 1957; Lubochkov, 1962, 1965; Kezdi, 1979; Kenney and Lau, 1985,
1986; Burenkova, 1993; Skempton and Brogan, 1994; among othié&es)hydraulic
gradient at which internal erosion initiates, named *“critical hydraulic gradient”, had
been fully studied to understand the hydraulic conditions for the onset of soil erosion. In
addition, the possible influence of the difference in soil properties (i.e., cohesion, fines
content, etc.) on soil erosion was elaborated. The recent research showed that the stress
level exerted great influences on the onset of internal erosion in terms of the critical
hydraulic gradien{Moffat and Fannin, 2011; Li and Fannin, 2012; Chang and Zhang,
2012) A few physical models had been proposed to identify the hydro-mechanical
influence on the onset of soil internal stabiliyndraratna and Vafai, 2002; Bonelli and
Marot, 2008; Fujisawat al, 2010; among others)The mechanical consequences of
internal erosion were experimentally and numerically investigdtedr (\Wood et al,

2010, Scholtést al, 2010, Xiao and Shwiyhat, 20l2which proved that the soil
erosion would cause the soil strength reduction to some extent.

The critical review of the current knowledge about internal erosion is presented with
reference to experimental investigations, empirical criteria for internal erosion
assessment, analytical models and mechanical influences of internal erosion.

2.1 Review of current soil erosion testing technique

Experimental studies of soil grain migration began from filter design in Dam
Engineering. The phenomenon that the base soil that satisfies the geometrical criteria
may fail due to erosion of fine grains, discovered in the base soil and filter compatibility
studies inspired the laboratory test on those “poor graded” soils, such as gap-graded or
coarse widely graded soils. In those experimental investigations, not only the soil
geometric characteristics, but also the influence of flow velocity, flow direction,
hydraulic gradient and possible chemical reaction was taken into consideration.

2.1.1 Standard soil erosion test
The well-known standardize laboratory tests for soil erosion are pinholeA®sV(

D4647-06e) and the double hydrometer te&iS(TM D4221-1), developed byherard
et al. and Deckeret al. respectively in the 1970s. The purpose of those tests is to
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identify the dispersive clay in soils, which are highly prone to internal erosion. For
pinhole test, the equipment of the tests includes a cylinder and two steel or aluminum
plates with o-rings for sealing the tube at both ends. The clay is compacted into the
cylinder by tampers. A plastic nipple is pushed into the top of the specimen and a hole is
punched through the nipple along the cylinder axis to accelerate the erosion. Soil would
be categorized into five classifications according to the hydraulic gradient at which the
erosion begins, the visual estimate of clarity, and the size of the eroded hole after the
test. The recently developed standard laboratory tests to study the soil erosion of cracks
include slot erosion test (SET) and hole erosion test (&Bn and Fell, 2004a, 2004b;
Bonelli et al, 2006; Haghighet al, 2013) which could determine the erosion rate, the
minimum hydraulic shear stresses to initiate piping erosion, and their relationships to
the soil properties. SET and HET are mainly served for the dam risk assessment.
Indraratnaet al. (2013)developed the Process Simulation Apparatus for Internal Crack
Erosion (PSAICE) to assess the erosion rate of a sandy soil with cracks at different
hydraulic gradients.

2.1.2 Base soil and filter compatibility test

Extensive laboratory tests on filtration mechanism were firstly performed by Bertram in
1940s under the direction of Terzaghi and Casagréreléet al, 2005) Since then,
seepage tests on the various filters/base soil combinations probably encountered in
practice had been conducted to validate the effectiveness of filtrekiSn Army Corps

of Engineers, 1941; Pagt al, 1982; Sherarét al, 1984, Lafleur, 1984, Laflewst al.,

1989; Tomlinson and Vaid, 2000; among othefhe typical permeameters used are
stated inFigs.2.1~2.5 The main apparatus comprises a fixed-wall permeameter cell
together with the transducers for the measurement of pore water pressure spatial
variations and effective stress distribution along the specimen. To prevent the formation
of large seepage channels along the fixed-wall, an extra layer, such as a compressive
rubber layer or a silicon grease layer against the inside wall may be necessary. The
permeameter cell is usually transparent with opening on the top or bottom in order to
record the process of internal erosion by either microscopic or visual observation. For
those cases conducted with external loading, the permeameter cell is mounted into a
reaction frame to accommodate an axial loading system. Vertical effective stress on the
top surface is calculated from axial force of the loading rod. A displacement transducer
mounted on the loading rod monitors the axial displacement. The base soil could be
either cohesive soil or cohesionless soil while the filters are usually composed of
gravels with well grading. The reconstituted base soils could be either above one filter
layer or sandwiched between two filter layers.

Controlled seepage flow is necessary for internal erosion test. Occasionally, a light
vibration is also applied on soil sample to ensure full erosion. The seepage flow is
usually unidirectional, either upward or downward, which is generated by the hydraulic
pressure difference between the top and bottom of a specimen. In some studies,
horizontal flows are assigned to investigate the effects of flow directions on erosion
mechanism(Pareet al., 1982) Deaerated water is recommended as seepage fluid to
prevent the possible decrease in measured hydraulic conductivity. The given hydraulic
conditions are usually the hydraulic gradient imposed on the filter/base soil. Therefore,
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it is critical to produce a stable hydraulic head (pressure) in the testing system. In the
earlier experiments, the inlet hydraulic pressure is maintained by a constant-water-head
tank while the outlet is open to atmosphere or connected to another constant-water-head
tank. The tank could be raised or lowered to control the hydraulic gradient along the soill.
The flow rate is estimated by measuring the volume of discharge effluent per minute by
a cylinder. To overcome the possible errors in the constant head control system, several
improvements have been applied. For instance, one stabilization tube and one overflow
tube could be installed to maintain the constant upstream water Teatnson and

Vaid (2000)kept the hydraulic head at the inlet by throttling a valve open to the water
supply pressure while that at the outlet is maintained by submerging the permeameter
into a large water bath with a constant water head. Flow rate is monitored by the volume
of effluent out of the water bath. The water circulation system is usually adopted in
experiments as wellafleur (1984)recirculated the water by means of a system of
solenoid valves that ensured refilling of the upstream tank when it was dftaptyey

and Lau (1985, 198§umped the water in the effluent tank back to upper water tank to
fulfill the circulation of seepage water. However, those systems could not reach the
comparatively high hydraulic gradient that is usually necessary to initiate internal
erosion in soils subjected to surcharge. Two pressurized storage reservoirs, namely
influent and effluent reservoirs, are introduced as inflow and outflow tank to obtain the
larger hydraulic gradient. To prevent the dissolution of air into water, which might lead
to great errors in erosion test, each tank has an internal membrane acting as an air-over-
water interface. The water temperature in the storage reservoir and inlet/outlet tanks
keeps at constant temperature (20+1°C).

-

Figure 2.1 Test apparatus details (after Bertram, 19404Fall, 2005])
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(a) | (b)
Figure 2.2 Permeameters details: (a) vertical direction (b) horizontal direction (after
Pareet al.,1982)
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Figure 2.5 Apparatus details (after Tomlinson and Vaid, 2000)

Depending on the test cases, the duration of one case might be minutes or even up to
days. Since internal erosion is chronic phenomenon, long duration is predominantly
preferred. The test procedures are usually multi-steps, except for some studies which
underline the effects of rate of gradient increase. The maximum imposed hydraulic
gradient through the base soil varies with cases, from 1 up to 30. Commonly, it
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demands larger hydraulic gradient to initiate internal erosion for cohesive clay than non-
cohesive sand.

2.1.3 Soll internal stability test

The phenomenon that base soil or filter, that satisfies the Terzaghi's retention criteria,
may fail because of internal erosion of fine fractions itself led to the soil internal
instability studies(Kenney and Lau, 1985, 1986; Tanaka and Toyokuni, 1991,
Skempton and Brogan, 1994; Chapeisal, 1996; Honjoet al, 1996; Moffat and
Fannin, 2006; Wan and Fell, 2008; Anisimov and Ter-Martirosyan, 2009; among
others) The main apparatus, measurements, control of hydraulic condition and test
procedures are similar to that of the filter/base soil study. A summary of the test
equipment is shown ifigs. 2.6~2.13Extensive efforts are exerted on the eroded soil
collection and weighing system because mass of soil loss is considered as the key
parameter to comprehend the onset and progression of internal erosion. Tested soill
deformation and changes of fabric are closely related with the soil loss. In case of non-
cohesive solil, for the downward flow test, the eroded soil is collected at the base of a
permeameter. A drainage system, such as a silicon hose directed by a conical trough, is
better to be included to prevent the possible clogging. For upward flow test, a gentle air
flow through a thin tube at the top of the sample could be applied to avoid the
sedimentation of the eroded grai(Sterpi, 2003) With regard to those cases with
difficulties in installing the soil collection system, especially for the upward flow test, a
graphical method proposed Benney and Lau (198%ould be used to approximately
assess the fraction of eroded fine grains as well as the largest eroded fine grains based
on the amounts of movements of grading curves after erosion from the original position.
In case of cohesive soil, a flow-through turbidimeter could be connected to the outlet
pipe to assess the eroded soil m@ndahmanet al, 2008; Marott al, 2011)

—
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The weakness of the commonly utilized fixed-wall permeameters in the laboratory
investigations is the sidewall leakage, which would be more serious when testing stiff
soils or permeating soils at a very low compression s{ieasiel et al, 1984) The
flexible-wall permeameters, on the other hand, could minimize the leakage and permit
applying back pressure to improve the saturation degree of tested specimens. By
controlling the vertical and confining pressure, the vulnerability of soils to internal
erosion could be tested under various stress states. Those merits motivate the trials of
adopting a flexible wall permeameter, which is a revised triaxial apparatus, in laboratory
testing. The first experimental investigations of soil erosion potential by modified
triaxial cell were fulfilled bySanchezt al. (1983) The confining pressure was applied
during erosion test to consider the real stress environment in the embankment. Several
sophisticated triaxial erosion tests have been successfully performed recently.
Bendahmanet al. (2008) and Maroét al.(2009)studied the influence of hydraulic and
mechanical characteristics of cohesive soils on internal erosion in a developed triaxial
apparatus, which allowed for saturation, consolidation and measurement of volumetric
change(Fig.2.14 & Fig.2.15) A drainage system was added at the bottom of the cell.
The eroded soil in the effluent was detected by a developed photo sensor, which was
explicitly explained inrMarotet al. (2011)
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Richards and Reddy (201@gveloped a true triaxial piping test apparatus to assess the
backwards erosion potential of a wide range of soils, particularly non-cohesive soils, at
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various stress statésig.2.16) The apparatus mainly consisted of the true triaxial load
cell, capable of applying a range of mutually perpendicular pressures, inlet-outlet
pressure control panel, an inlet-flow control panel, trubidimeter and several pressurized
vessels. It is worth stressing that the key component of erosion triaxial test is the eroded
soil collection system, the design of which should ensure the eroded soil grains are
perfectly collectedShwiyhat and Xiao (2010), Xiao and Shwiyhat (20%&)died the
changes in soil hydraulic conductivity and soil volume induced by internal erosion, and
the stress ~ strain relation of internally eroded soil. The base pedestal of the triaxial
apparatus was modified to allow for collection of discharge effluent and the weight of
eroded grains were determined by oven dry of the effl(fegt2.17) Similarly, Chang

and Zhang (2011b, 201#)vestigated the internal erosion potential of gap-graded sands
subjected to multi-step seepage flow at complex stress state by a triaxial permeameter
cell (Fig.2.18) The eroded soil grains were collected by a detachable container at
regular intervals.Luo et al. (2013) implemented a revised system to conduct the
seepage test under complex stress state. A low-angle and funnel-shaped screen was
installed for smooth erosion of finésig.2.19)
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Figure 2.16 True triaxial cell (after Richards and Reddy, 2010)
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2.1.4 Other internal erosion tests

For practical purpose, several other test methods had been proposed to assess the soll
erosion potential. To measure erosion of soils in channels/canals, flume tests were
developed(Arulanandan and Peery, 1983)loore and Masch (1962proposed Jet
erosion test to evaluate erosion of soils in spillways for small dams and simulates back-
cutting erosion with water plunging over a vertical face. Meanwhile, they studied the
relationship between erosion rate and hydraulic shear stress and determined the critical
shear stress at which erosion initiates by Rotating cylinder Besiud et al. (2001)
predicted the scour rate in the tested soil by Erosion function appd&atasson (1964)

utilized soil dispersivity testse.g, Pinhole, Emerson Crumb, Double hydrometer to
measure dispersivity as a possible index to initiate erosion.

2.2 Mechanisms of internal erosion

The Initial foci of the internal erosion mechanism studies were to determine the
characteristic size of the coarse grains and the fines, which would influence the
constriction size, and hence the capacity for retention of base soil. The afterward
experimental investigations introduced the “filter” concept for soil internal stability
assessment and pinpointed the importance of optimizing the gain size distribution curve.
Interpretation of laboratory seepage tests gave the threshold for the onset of soil internal
instability at certain hydraulic conditionsSchuler (1995) concluded that the
susceptibility of a soil to internal erosion (suffusion) greatly depends on the geometric
of soil structure (e.g., soil grain size and distribution, pore size and distribution, grain
shape and pore shape), hydraulic conditions (e.g., imposed hydraulic gradient, direction
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of seepage flow, pore flow velocity and chemicals in the fluid) and mechanical
properties of a soil (e.g., compaction degree, cohesion and effective stress). Following
this summary, a critical review of the internal erosion mechanism will be presented here
from the perspectives of geometric constraint, hydraulic constraint, progression of
internal erosion, influence of soil properties and effects of stress state.

2.2.1 Geometric criteria

Terzaghi (1939)proposed the well-known retention criterion 8. /dg; <4 for

Filter design, shown irFig. 2.20 He assumed thdd;sr characterized the pore size
constriction of the filter whiledgsg was the representative grain size of base soil. This
criterion is the fundamentals for further geometric criteria research on soil internal
stability. The “filter” concept was introduced whereby coarser fractions serve as a filter
if water flows through. Whether or not the finer fractions would be potentially flushed
off depends on the effective grain size ratio between the filter and fines. The ratio
should not exceed an empirically derived threshold. The frequently used representative
grain sizes ar®;s, Dgsc Of the coarse fraction, ardis;, dgs; of the fines fraction in
which migration of soil may occur. By extensive of experimental investigatiGes]i
(1969) confirmed the effectiveness of Terzaghi's retention criteria for soil internal
stability assessment. A soil would be stable if the following equation is satisfied:

Diw gD (2.1)

85f d15f
de Mello (1975)proposed similar soil internal stability criteria for gap-graded soil.
Sherardet al. (1979) argued that sinkholes always occur at those dams consisting of
cohesionless broadly graded soils and to avoid internal instability, the instability degree
I; (I,=D,g/dg,; ) should be less than 5. The effective grain size ratio virtually

represents the slope of a gradation curve which highlights the variation in grain size
over a designated interval of the cur@hapuis (1992summarized the Sherard and
Kezdi criteria for internal stability assessment of granular soils and unified the criteria
to one parameter which is the grading curve slope value. Different methods propose
different curve slope values. Similarly, after critically revie@shuler and Brauns
(1993) concluded that the adaptation of those criteria should be based on the size
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distribution curve characteristics. On the other hand, from the perspective of
micromechanics, the effective grain size of coarse fractions acclaimed in those methods
may represent the constriction size in sbdrzaghi and Peck (1948yoposed;5H4 to
quantify the constriction size in filter from which the soil retention criteDesi/4<dgsg

is derived. SimilarlyKezdi (1979)noted the value dD;54/4~ D155 can approximate

the constriction size in the coarse fraction by assuming a contacting spheres packing of
soil. Kenney and Lau (1985hferred the predominant constriction size in the voids of a
filter is approximately equal to the grain size of the soil making up the filter for which
25% by weight is finer.

U.S. Army Corps of Engineers (1958)dIstomina (1957) [ref. Kovacs (1981j)jdged

the soil erosion potential by soil uniformity coefficier€,. A value of 20 was
designated as the threshold. Soil would be vulnerable to erosignisfless than 20.
Lubochkov (1962, 1965argued that not all soil specimens satisfyldg> 20 were
vulnerable to erosion and inferred that a soil would not be susceptible to erosion if the
slope of the grain size distribution curve was equal to or smaller than a given limit in
each grain size interval.

Besides the assessment by single parameter, several empirical methods adopted multi-
parameters to consider the influence of other fackaney and Lau (198%)ostulated

that those soil grains finer than sidéhaving a weight fraction by percentagg,will

likely be eroded if there is not enough soil grains in the size rdnigetd (having a

weight fraction by percentagkl). The narrowly-graded and widely-graded soils were
evaluated separatelfdurenkova (1993yeckoned that the internal stability of a soil

depends on the conditional factors of uniformity,andh” defined as:h"=d,,/d,,
h=d,/d. On a plot ofh’ againstlog (h”), the “suffusive soils” could be separated

from “Non-suffusive soils” by defined boundariedao (2005)introduced void ratio

into the retention criteria for gap-graded soil and assumed that internal erosion would
not occur if the fines are fully filled with the voids between coarse grains. For the

broad-graded soil specimen, author recommended splitting the grading curve into two
fractions: the coarse fraction and fine fraction. The splitting point corresponds to the

characteristic grain size, (i.€.3,/d,dg; ).

Recent efforts have been exerted to unify the various criteria to a simply comprehensive
criterion. Schuler and Brauns (199%Yitically assessed several available geometric
criteria and concluded thde Mello (1975)andSherard (1979)nethods are suitable for
gap-graded soils, wheregnney and Lau (1985, 198&nhdBurenkova (1993jnethod
worked appropriately for broadly-graded solls.and Fannin (2008tompared Kezdi

and Kenney criteria and concluded that the two criteria are similar in terms of
guantifying the slope of grain size distribution curve over a defined interval, but
different in the determination of the interval. Both criteria converge to give the same
index value atF=15%. Kezdi criterion is proved to be effective in predicting gap-
graded soils while Kenney criterion is more successful in the evaluation of widely
graded soils. On the basis of Istomina’s criteria, Kezdi’'s criteria, and Kenney and Lau’s
criteria, Chang and Zhang (2018pmprehensively investigated the internal stability of
soils with fines content and proposed a new combined method for assessment purpose.
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Most of these proposed criteria are based on the analysis of the grain size distributions.
Although validated by experimental tests, they were empirical criteria: confidence in
their applicability to other soils depends on the similarity of those soils with the ones
used in those tests. A detailed summary of the selected geometric criteria is shown in
Table 2.1

2.2.2 Hydraulic constraint

The onset of internal erosion is generally described by three distinct approaches: critical
hydraulic gradient, critical flow velocity and critical hydraulic shear stress.

Initially, it is believed that the onset of internal erosion would occur as long as the
critical hydraulic gradient is reachefierzaghi (1943)nitially reported the influence of
effective stress on seepage failure. By assigning upward seepage flow on a sand column,
the phenomenon of “heaving” was observed when certain critical hydraulic gradient
was reached, at which the effective stress diminished into zero. A well-known equation
of evaluating the critical hydraulic gradigpis proposed:

= (G-1)/(1+€) ... (2.2)

However, this critical hydraulic gradient does not always coincide with experimental
researchTanaka and Toyokuni (199tpnducted seepage tests in a sand column, which
showed that the critical hydraulic gradient may be different from the above theoretical
value depending on the soil geometric properties (i.e., grain size distribution) and stress
level. In terms of internal erosiorfkempton and Brogan (1994xgued that the
“segregation piping” occurs at the hydraulic gradient about one-third to one-fifth of the
Terzaghi’s critical gradient for a homogeneous granular soil and attributed the reason to
the uneven distribution of effective stress in the coarse grains and fines. They assumed
that in an internally unstable soil, the primary fabric probably carried most of the stress
while the fines were relatively free. A reduction factor had been inserted into Equation
(2.2) for correctionMonnet (1998) [ref. Bonelli (2012g@xplored the critical hydraulic
gradient for internal erosion by the representative grain size and suggested that the
reduction factor depended on grain size and hydraulic conductivity. Recently, the
significance of stress state on the critical hydraulic gradient has been disddsEad.

and Fannin (2011postulated that there was a hydromechanical path in stress and
hydraulic gradient space. The curve begins from origin and terminates at the critical
hydraulic gradient given by Terzaghi. It is regarded as the hydromechanical boundary
governing the onset of seepage-induced internal instalulignd Fannin (2012further
elaborated the theoretical hydromechanical envelope in effective stress and hydraulic
gradient space for upward seepage tests. In their approach, the envelope considered both
the critical hydraulic gradient of intriguing internal erosion and stability. The two
critical lines are defined correspondingly, which are critical line for internal erosion and
critical line for stability. The selected equations for critical hydraulic gradient
assessment are summarized able 2.2
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Table 2.1 Selected geometric criteria for soil stability assessment

Criteria Applicable soill The mllxture 's internally Comment
stable if
U.S. Army (1953) Gravels Cu<20
©ns/4s)/4<1®
(dn-]_/ dn: dn/ dn+1 :10),
Lubochkov (1965) All soils Q0 $/4S)/26<1
[refer Kovacs (1981)] (Oh-1/ dh= dn/ Gys1=5);
Q0$/4s5)/17<1
(dn_]_/ dn= dn/ dn+1 =2.5),
Istomina (1957)
[refer Kovacs (1981)] Sand-gravels Cu=20
de Mello (1975) Gap-graded soil$ (D15ddgsf)at gap< 5
Kezdi (1979) All soils (D15/dgs)max< 4
Sherard (1979) SB(;?Ig‘d'y graded |y /dgsat gan< 5
Kenney and Lau (HF)min>1(0<F< Medium to
(1985, 1986) Gravels 0.2f% dense soils
0.7dog(h")+1<h'<1.84
Burenkova (1993) Sand-gravels og(h") +1(3?
(DlSJdBSf)at gap< 5 (Gap'
graded soils);
Kenney and Lau (1985, .
(Slcghgus!;er and Brauns All soils 1986) or Burenkova Crcr)]rgttr)]lggd
(1993) method (broadly-
graded soils with a tail of
fines)
Soil
Mao (2005) Gravels 2 (1-n)> 1% porosity is
considered
Broadly-graded | 30/logdeo/dso) <80 and
Wan and Fell (2008) | o o 15/l0g(@ac/dk) >22
. . . (H/F)min>1 (F <15) Combined
Li and Fannin (2008) | Granular soils H>15 F >15) method
(H/F)min>10 FC<5);
Chang and Zhang ) .| (H/IF)mir>-(1/15FC+4/3 *for low
(2013) Well-graded soils | o £~ <50y orrc | plastic soils
>20
G <3 (FC <10} *for
E:Z%algg and Zhang Gap-graded soils| G, <0.3C (10=FC= medium
35)*; or FC >35 plastic soils

Note:

(1) A $= S-S, is the percentage in weight for the soil with grain size betwgen

1anddy,, AS=§

- S,,, Is the percentage in weight for the soil with grain size
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betweerd, anddn.1;

(2) F is the weight fraction of the solil finer than steH is the weight fraction of the
soil in the size ranging fromhto 4d;

(3) h'=dgg/dso, h"=doo/d15,

(4) P; is the fines content by weight in soil (for gap-graded s&dspercentage of
mass passing at gap; for well-graded sd#isspercentage of mass passing at a
division diameter ofd; = 1.3,/d,.d,; ), nis the porosity;

(5) G, is the gap ratio, defined as the ratialgs, to dmir.

Table 2.2 Selected assessment of critical hydraulic gradient

Assessment criteria Expressions
. .G, -1
Terzaghi (1943) i, = 1S+e
Skempton and Brogan (1994)i, = aciST_el(l)
Monnet (1998) B (dy )’
[refer Bonelli (2012)] L= 001= "1
Li and Fannin (2012) =9 g +9%GTD e

Note:
(1) a is the stress reduction factor, indicating the stress distribution between coarse
grains and fines;

(2) &' indicates the initial effective axial stress.

The coupling phenomenon that the porosity of soils changes if seepage flow is imposed
to flow through, which again influences the critical hydraulic gradient, triggered the
studies on the alternative parameters to describe the onset of internal ebasih.
(1994) summarized that the seepage test by constant-flow-rate control had several
advantages comparing to the test by constant-Hiatlards and Reddy (2010, 2012)
concluded that outweighing the hydraulic gradient, seepage velocity is a better
indicative parameter for the onset of internal erosion, termed “critical seepage velocity”.
Laboratory tests on several soil mixtures have confirmed that the critical seepage
velocity is constantly within the range of 0.6 ~ 1.2cm/s. From element Rsedlmaier
(2007)recommended the usage of average pore velocity, which is the ratio of the Darcy
velocity to the porosity corrected by the tortuosity. As a consequence, the critical pore
velocity is closely related with the grain size. He predicted a critical velocity of
approximate 0.1 cm/s for the size of soil grains less than 0.1mm.

Mainly for cohesive soils, a concept of “critical shear stressdefined as the stress
required to initiate erosion by seepage flow, is proposed. Several experimental
investigations have been performed to empirically estimate the critical shear stress by
several parameters, such as plasticity index, dispersion ratio (ratio of the total mass of
silt and clay sized aggregates to the total mass of silt and clay sized grains), grain size
and percentage of clay contd®merdon and Beaseley, 1961; Arulanandan and Perry,
1983; Mitchener and Torfs, 1996; Julian and Torres, 2006; Thoman and Niezgoda, 2008;
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among others)The implementation of the “critical shear stress” in the internal erosion
study is realized by assuming that the internal structure of a soil is comparable to a
network of parallel capillary tubes with constant radkisilar et al, 1985) Reddiet al.
(2000)developed an expression of the hydraulic shear stress:

r= 1.414(%)\/% .......... 2.3)

Where 4P/4L is the average pressure gradient (k/ms long as the hydraulic shear
stress reaches the critical shear stress, internal erosion initiates. This evaluation process
is mostly used in the surface erosion study (élgnson and Simon, 20P1

Attractive though those approaches are, difficulties still exist when it comes to identify
the onset of internal erosion in experiment. No widely recognized rules have been
established. Hitherto, mainly three criteria are implemented. By intuition, the direct way
is the detection of fines loss during soil erosion (eafleur, 1984; Kenney and Lau,
1985; Moffat and Fannin, 2006; Bendahmateal, 2008; Xiao and Shwiyhat, 2012;
among others)The seepage flow is usually in the downward direction, convenient for
the collection of eroded fines. Some other researches adopt the criteria of visual
observation, especially for upward seepage flow tesrpi, 2003; Wan, 2006 They
regard the observed movement of fines as the indication of the initiation of internal
erosion. Also, onset of internal erosion could be recognized by the changes in hydraulic
properties (i.e., hydraulic gradient or hydraulic conductivity) during seepage test. Due to
the erosion of fines, the hydraulic properties of a soil would alter correspondingly,
which might be a reliable indicator. This criterion has been adopted by several
researcheqSun, 1989; Skempton and Brogan, 1994; Tomlinson and Vaid, 2000;
Cividini et al, 2009; Lucet al.,2013; among others)

2.2.3 Progression of internal erosion

As long as internal erosion initiates, the hydraulic properties of soils (such as hydraulic
gradient, hydraulic conductivity) will alter accordingly. Typical hydraulic gradient and
Darcy velocity relation during seepage test for internally unstable soil is showg. in
2.21together with that relation for pure saf@kempton and Brogan, 1998oth of the

soils will reach the state of zero effective stress indicated by the occurrence of the
“heaving” phenomenon when the imposed hydraulic gradient is large enough to be
equal to or higher than Terzaghi’s critical hydraulic gradient. However, significance
difference could be observed before the “heaving”. For pure sand, there is an
approximate linear relationship between the hydraulic gradient and the Darcy velocity,
in accordance with Darcy’s law, which indicates no occurrence of internal erosion. The
effective porosity, representing the porosity available for contribution to the fluid
flowing through the specimens, stays basically the same irrespective of the hydraulic
gradient. Contrastively, the internal unstable soil shows a non-linear relation between
hydraulic gradient and Darcy velocity as soon as the critical hydraulic gradient for
internal erosion is reached, which triggers the onset of internal erosion. Since fines are
constantly dislodged by the seepage flow, leading to the increase in effective porosity,
and thus, Darcy velocity, the increment of the Darcy velocity is greatly accelerated with
the progress of internal erosion. The hydraulic conductivity is increasing all the way
until “heaving” occurs. Similar behavior could be observed at the erosion test controlled
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by the constant flow rate, shownkiny.2.22(Richards and Reddy, 2012)he dark solid

line indicates the inlet pressure while the dark dash line stands for the outlet pressure.
The backwards erosion in their research indicates the movement of sand grains, which is
similar to the “heaving” phenomenon while suffusion means the erosion of fines. As is
observed, for the uniform sand, the water pressure keeps approximately constant before
the onset of backwards erosion (piping of sand grains), after which water pressure
suddenly drop to a minimum value of 5kPa, indicating the complete destroy of the saill
specimen. However, the internally unstable soil mixtures experience a gradual drop in
water pressure before backwards erosion, which indicates a gradual decrease in
hydraulic gradient with the progress of internal erosion. By Darcy’s law, the hydraulic
conductivity increases as a consequence of soil internal erosion (suffusion). Further
division of the erosion stage has been propose®€iwyng and Zhang (2012They

argued that no critical changes in soil properties as soon as internal erosion initiates and
a hydraulic gradient, named “skeleton-deformation hydraulic gradient”, exists, which is
indicated by the sudden increases in hydraulic conductivity and soil deformation.

The direct consequence of internal erosion is the erosion of fines with time, which is
regarded as the most significant parameter in soil erosion study, which is commonly
termed as “Erosion law”. In literature, this law greatly depends on the imposed
hydraulic boundary conditions (i.e., constant hydraulic gradient, incremental hydraulic
gradient or constant flow rate). Therefore, in practice, the feasibility of the laboratory
results depends on the similarity of the hydraulic boundary conditions applied. A
representative evolution of cumulative eroded soil mass with time during erosion test by
constant hydraulic gradient control is showrfig. 2.23(Sterpi, 2003) The cumulative
eroded soil mass will increase with the progress of erosion till a constant value is
reached finally. The erosion rate is the largest at the initial and then gradually decreases
with time. Larger imposed hydraulic gradient would cause more erosion of soil grains.

Due to the erosion of fines, soil would deform correspondingly. Due to the nature of
upward flow seepage test, an accurate measurement of soil deformation is difficult to
achieve. Most of the available results are obtained from the downwards flow seepage
test, in terms of surface displaceméramlinson and Vaid, 2000; Moffat al, 2011)or
volumetric strain $hwiyhat and Xiao, 2010; Xiao and Shwiyhat, 2012; Chang and
Zhang, 2011 Those researches mostly indicate a contractive soil behavior during
erosion test because of the loss of soil grains. A typical deformation pattern is shown in
Fig. 2.24 which shows that the erosion induced deformation seems to be sudden and
rapid. Meanwhile, the void ratio of the tested specimen might change as a consequence.
To quantitatively assess the evolution of void ratio during eroSiomglteset al.(2010)
assumed that void ratio changes following a two-stage pattern. The void ratio is firstly
derived solely by the loss of fines and then corrected by the volumetric deformation.
They argued that the contraction of soil during erosion test may delay the increase of
void ratio while dilation will accelerate it.
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Figure 2.24 Internal erosion induced soil deformation (after Chang and Zhang,
2012)

As a consequence of internal erosion, the post-erosion grain size distribution curve
would move downward from the original position due to the loss of fines. The standard
assessment of the grain grading curves of different layers of soil is usually conducted.
Kenney and Lau (198%roposed a graphical method for approximate assessment of the
fraction of eroded fine grains, as well as the largest eroded fine grains, based on the
changes in the grain grading curve. The main idea is to extend the initial grain size
distribution curve to match the curve after internal erosion. Since the coarse grains stay
the same irrespective of internal erosion, by extending the vertical scale of the initial
grain size distribution curve, the coarse part of the initial curve should match that of the
post-erosion grain size distribution curve. The fraction of eroded fines can be calculated
from the amount of movement of the initial grain size distribution curve. This method
has been proven to be effectiv@gn, 2006; Zhang, 200.7
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2.2.4 Influence of soil properties

Internal erosion is the consequence of seepage fluid flowing through the pores of soails.
Therefore, those characteristic parameters affecting the fluid and solid phase (i.e.,
chemicals of fluid, soil geometry) determine the initiation and development of internal
erosion. This session will mainly discuss the influential factors related with soll
geometry, including grain size distribution and grain shape. The dislodgement of fines
through the pore network of a soil requires a sufficient pore size, which is commonly
derived by the grain size distribution curveerzaghi (1943)proposed the use of

D,; /4to quantify the opening voids size which leads to the empirical-based filter

design criterion. Effects also have been taken to detect the susceptibility of a soil to
erosion by the classification of grain size distribution curizefieur (1984)designated

an acceptable range for the grading curves of filters. Test resllédledr et al. (1989)

and, Foster and Fell (20013uggested that among the soil specimens with various
grading curves tested, widely-graded soils with tailing of fines and gap-graded soil
might be susceptible to internal erosion.

The influence of grain shape on internal erosion is through its effect on pore size. The
classic capillary tube soil model proposed Kyvacs (1981)includes a shape
coefficient to calculate the tube diameter. This coefficient of angular soil grains is larger
than that of spherical grains, which results in a smaller size of pore diameter and
consequently, inhibits the soil erosion. Experimental investigation®énpt et al.
(2012) proved this tendency: loss of fines is larger for the soil mixtures with round
grains, such as glass beads.

2.2.5 Effects of stress state

Here the significance of stress state should be stressed. As is universally recognized, the
behavior of soil is highly influenced by its stress state. However, hitherto, the effect of
stress state on erosion mechanism is obscure and controv@ssiahezt al. (1983)
concluded that varying compacted density had little influence on erosion potential for
silty materials. Whereas erosion rate of clay mixture would increase as the compacted
density decreasedVan and Fell (2004bjhoted that the degree of compaction had a
minor effect on the erosion rate of silty and cohesive natural soils comparing to the
water content and hence, degree of saturation. Some researchers reckon that, oppositely,
stress state exerts large influence on properties of internal er@iang and Zhang

(2012) conducted seepage tests at isotropic stress state, compression stress state and
extension stress state to simulate the soil state at various locations of a dam. The
maximum erosion of fines was detected in the extension stress Rielterds and

Reddy (2010)found the major principal stress exerts more influence on the piping
potential than the minor principal stress.

The magnitude of confining pressure shall affect the soil hydraulic behavior as well. At
the higher confining pressure, the fines are expected to be densely packed among coarse
grains and the interstitial spaces may be narrower. In the soil specimens with the higher
confining pressure, the seepage flow might dislodge fewer fines. However, the force
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transfer mechanism of granular material is much more complex. Due to the boundary
frictions, force-arching may develop at the intersections of the bottom boundary, which
may hold the fines from erosion. At the higher confining pressure, it is possible that the
force-arching is failed, which, instead, might cause further erosion of (fle@slinson

and Vaid, 200Q) This tendency is especially obvious for the soil specimen with small
grain size ratio@’;5/ d’ss). Bendahmanet al. (2008)showed that for cohesiveless soil,

the erosion rate tends to increase with the rising of confining pressure. They assumed
the existence of a secondary critical gradient. If the assigned hydraulic gradient is below
this value, the confining pressure tends to increase the soil resistance to suffusion while
larger than this value, backward erosion begmstfat et al. (2011) and, Moffat and
Fannin (2011)noted that an increase in effective confining pressure would cause an
increase in the critical hydraulic gradient for erosion. Correspondihglnd Fannin
(2011)proposed a failure envelope in stress ~ hydraulic gradient space, indicating that a
decrease in effective confining pressure may result in a lower critical hydraulic gradient.

2.3 Analytical modelsfor internal erosion assessment

Great efforts have been exerted to develop mathematical models to predict the hydro-
behavior of internally unstable soils under seepage flow. Generally, the models could be
classified into two categories: the limit equilibrium analysis of individual grains in a
pore channel at element level and soil/fluid transportation in continuum media.

2.3.1 Limit equilibrium analysis

The approach of limit equilibrium analysis is to establish the force equilibrium relation

of a movable soil grain by considering the hydraulic conditions. The fundamental
approach assumes that the pores among coarse fractions are interconnected and develop
into an array of parallel capillary tubes with identical diameter, as is showg.i.25

This diameter represents the constriction size of a soil speckosacs (1981)gave

the following expression to calculate the diameter:
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Figure 2.25 Assumed capillary tubes (after Kovacs, 1981)



35
Chapter 2 Literature review for internal erosion related study

d=ate Pr (2.4)
1-n. a,

In this approach, the diameter of the tubes is the key parameter governing the filtration
mechanism. If an erodible soil grain would pass through a filter, the size of the grain
should be smaller than that of the tube. The accuracy of the calculation depends on the
details of force equilibrium analysis of an individual grain. Usually, the hydrodynamic
forces are generated by the imposed hydraulic gradient and resistance force is produced
by contact friction between soil grain®Vu, 1980; Indraratna and Vafai, 1997;
Indraratna and Radampola, 2002; Liu, 2003; Srivastava and Sivakumar Babu, 2011)
Mainly an expression of critical hydraulic gradient would be derived.

Thanks to the advances in computer science, theoretical assessment of constriction size
could be approached in detaReboul et al. (2010) summarized the method of
evaluating the constriction size distributions of a numerical assembly of spheres which
were generated by Discrete Element Method (DEM). The measurement of the void
geometry was fulfilled by a radical Delaunay tessellation. Since high computational
expense is necessary for such evaluation, a simple probabilistic based alternative is
commonly used.Silveira (1965)assessed the soil filtration/retention by analyzing
cumulative constriction size distribution (CSD) which was derived from grain size
distribution with assumptions of geometric packing. It examines the probability of a soil
grain with equivalent size could would go through a probable path in a granular medium,
which depends on the constriction sizes of the voids and their occurrences within the
filter. This concept has been widely applied in the filtration stildygke et al, 2001,

2002; Indraratnat al, 2006, 2007; Scheuermaehal, 2010; Sjan and Vincens, 2012;
Moraci et al., 2012; among others)In this approach, the possibilities of soil
transportation in a granular medium depend both on the constriction size and the
positions of the openings in filter. Accordingly, cumulative Void Size Distribution
(VSD) was proposed to characterize the possibility of the occurrence of certain opening
sizes. It is obtained by enumerating all possible combinations of soil grains with various
equivalent diameters, which is derived from the discretized Grain Size Distribution in a
regular interval. Then, the movement of the fines through a series of soil layers could be
simulated by estimating the probability that a fine grain transvanseit soil layers or

by directly comparing the size of each fine grain initteyer with that of constrictions

of the nexti+1 layer.

2.3.2 Soil/fluid transportation in continuous media

The soil/fluid transportation in continuous media rest upon a three-phase mixture theory:
skeleton solids, fluidized solids and fluid. For each phase, mass balance equations are
formulated, complemented by an expression for the rate of soil erosion, namely,
“erosion law” or “constitutive law of erosion”.

Intuitively, the direct way is to derive the erosion law from erosion &stpi (2003)

obtained an empirical law by conducting an upward seepage flow test. The percentage
of cumulative eroded soil mass is expressed as a function of time and imposed hydraulic
gradient. By curve-fitting, the parameters in the expressions could be determined. One
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advantage of this method is that it is not necessary to consider the phenomena of
clogging and grain redeposition, which has already accounted for in the experimental
results. AfterwardsCividini and Gioda (2004)andCividini et al. (2009)adopted this
erosion law to analyze the ground settlement in Milan City induced by underground
erosion.Ichiyama (2011)studied the influence of internal erosion on the stability of
earthen dam using this erosion law.

Vardoulakiset al. (1996, 2001, 2004a, 2004pyoposed three theoretical constitutive
laws: fluidized grains model, filtration law and porosity diffusion model. The first
model is empirically derived from extensive experimental tests of filtration. This law
considered that the rate of eroded mass is proportional to discharge mass of fluidized
grains by a coefficient. The filtration law is developed based on the assumption that the
gradient of solid concentration is proportional to the concentration. The porosity
diffusion model considered that the erosion of solids would cause the increase of
porosity and therefore, the discharge rate is proportional to the porosity gradient. A
potential assumption of those approaches is that the hydrodynamic forces generated by
seepage flow are large enough to be able to fully dislodge all the free fines that are
likely to be transported. That is to say, clogging or grain redeposition is not taken into
consideration. Those laws have been adopted by others to study the problem of sand
production from wells in the oil industry as an erosion phenomesiaviopouloLet al.,

1998; Papamichoat al.,2001, 2005; Wan and Wang, 2004; Wang and Wan,)2004

The concept of “critical shear stress”, which is commonly used in surface erosion, has
been adopted by some researchers as the erosion law to study the internal erosion
(Bonelli et al, 2006, 2008; Fujisawat al, 2010) Those studies potentially postulate

that the constrictions among coarse grains form an array of parallel capillary tubes along
the direction of seepage flow and soil aggregate with unit mass will be dislodged from
the internal surface of the tubes if the hydraulic shear stress is large enough. The
hydraulic shear stress is obtained by Reddi’s expression. As long as the hydraulic shear
stress reaches the critical shear stress, internal erosion initiates. This erosion law is
commonly applicable to clay mixtures.

2.4 Mechanical consequences of internal erosion

For the non-cohesive soils, due to the large amounts of loss in fines, internal erosion
may render a loose soil structure with increased porosity and hydraulic conductivity.
The coarse grain may rearrange their inter-position into a new equilibrium and
consequently, soil fabric might be altered. The stress ~ strain relationship of the
internally eroded soil might be greatly changed comparing to the original soil specimen.
There is a high possibility that the strength of the post-erosion soil may decrease due to
the destructive function of erosion. It would be a huge threat for the existing earthen
structure which has been suffering from years of internal erosion. But, unfortunately,
few studies could deliver comprehensive investigations about the consequences of
erosion from the perspective of soil mechanics in the literature. The mechanical
consequences of internal erosion will be summarized from the perspective of
experimental investigations and theoretical approaches.
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2.4.1 Experimental investigations

Chang and Zhang (2011bdnducted drained monotonic compression test on a series of
eroded soil specimens, on which seepage tests at various stress state have been
performed. It is found that the stress ~ strain relationship of the tested soil specimen will
alter from dilative behavior to contractive behavior after the loss of a significant
amounts of fines. The drained soil strength decreases after the erdednmained
monotonic compression tests on internally eroded soil have been conduetied laynd
Shwiyhat (2012) They found that the peak deviator stress of eroded soil is larger than
the soil without erosion, which may be attributed to the low degree of saturation.
However, Chang and Meidani (2012)erformed undrained monotonic compression
tests on internally eroded soil specimens and detected a distinct mechanical response of
the eroded soil specimens froxiao and Shwiyhat (2012)They classified the eroded

soil behavior into two categories according to the confining pressure when erosion tests
are conducted. For the soil specimens suffered erosion under low confining pressure, the
post-erosion void ratio is on the dense side of the CSL (Critical State Line), indicating a
dilative response. By contrast, those specimens which are eroded under high confining
pressure show much contractive response with a lower undrained strength.

In sum, the quality of those strength tests on the eroded soil specimen might be not so
high because of the low saturation degbd@ao and Shwiyhat (201Zpund that the B-

value of the eroded soil specimen immediately after the erosion test is approximately
0.86. Since undrained response of soil specimens is quite sensitive to saturation degree,
the undrained stress ~ strain relationship might not reflect the true the soil mechanical
response, which might be an explanation of the conflicting test results. Therefore, a
higher saturation degree is necessary to guarantee the quality of compression test on
those eroded soil specimens. Also, the mechanical properties of the mixtures should be
stressed including the mechanical behavior of the coarse fraction and fine fraction.
Since a direct consequence of soil erosion is the loss of fines, therefore, an investigation
of the mechanical influence of fines might be helpful to understand the response of the
internally eroded soil specimens.

2.4.2 Theoretical approach

The occurrence of sinkholes in the WAC Bennett Dam in British Columbia in 1996 led
Muir Wood (2006, 2007Yo investigate the mechanical consequence of fine particle
erosion. Based on a new parameter, namely “grading state index”,Wood et al

(2008, 2010)modelled the mechanical consequences of internal erosion by two-
dimensional discrete element analysis. In their approach, the progress of erosion was
approximated by progressively removing grains from assemblies of circular discs at
different stages of shearing. Several assumptions of post-erosion void ratio, changes of
positions of CSL in the ~ logp’ space have been proposed. The modelling indicated
that the erosion could trigger the soil state change from “dense” (below CSL) to “loose”
(above CSL). Similarlyscholteset al. (2010)adopted a discrete element model and an
analytical micromechanical model to simulate the mechanical response of eroded soil.
They noticed that the soil behaviour changed from a dilatant to a contractant when
extracting the fine grains. Those zones in the soil structure where internal erosion occurs
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would be more prone to faiHicher (2013)modelled the effects of particle removal on
the behavior of granular materials and concluded that removal of soil particles may
cause diffuse failure in eroded soil mass.

2.5 Summary

The phenomenon of internal erosion could be understood from four aspects:
experimental investigation, mechanisms of internal erosion, analytical models and
mechanical consequences.

Mainly, the experimental investigations are performed to evaluate the soil stability.
Specific permeameters are designed for various purposes. The flow rate, percentage of
fines loss, hydraulic conductivity change and volumetric deformation are the prime
concern. Through those experiments, a series of empirical criteria for internal stability
assessment had been proposed. Effective though those empirical criteria are in the
experimental validation, those empirical criteria might be not applicable to the common
cases. The reliability of the criteria depends on the similarity of the solil to the one tested
in the laboratory. Due to the differences in the hydraulic boundary conditions, there is
no universally accepted summary to describe the mechanisms of internal erosion.
Understanding of the hydraulic behavior of tested soil should take the imposed
hydraulic conditions into consideration.

Analytical models, derived from limit equilibrium analysis of movable fine grains or
soil/fluid transportation in continuous media, have been extensively performed to
simulate the process of erosion. However, due to limited comparison with experimental
data, those theories are not totally accepted.

Results from experimental investigations on the mechanical consequences of internal
erosion are somehow contradictive, especially for the undrained test. One potential
reason might be attributed to the relatively low saturation degree of the tested specimen
after internal erosion. Also, without a detailed description of the mechanical properties
of the soil mixtures, including the mechanical behavior of the coarse fraction and fine
fraction, it might be difficult to logically understand the response of the internally
eroded soil specimens.

2.6 Further improvement

Since internal erosion is a chronic phenomenon (it usually takes years in nature), a
continuous constant seepage flow sustaining for a relatively long time in the test

apparatus is necessary. Another improvement is related with the saturation degree.
Since a low saturation degree in tested specimens may consequently lead to a not well
performed undrained compression test. Therefore, it is better to apply back pressure
during seepage test. The above two issues will be addressed in this dissertation.



CHAPTER 3

SOIL BEHAVIOR IN FIXED-WALL SEEPAGE TEST
3.1 Introduction

The seepage tests by fixed-wall permeameter are conducted under low confining
pressure. The tests results could be helpful for the design of flexible-wall permeameter.
In this series of tests, the soil specimens experience seepage-induced migration of soil
grains. This principle governs the design of the main feature of the test assembly.
Following soil preparation by moist tamping techniques in the permeameter, the
specimens are subjected to upward seepage flow. The average flow rate is measured by
cylinder at the outlet. Hydraulic gradient is derived from the spatial variation of water
table along the specimen. Other variables such as temperature are also recorded to
correct the hydraulic conductivity. Soil grain loss is estimated by analyzing the post-test
grain size distribution curves. In this chapter, a comprehensive description of the test
apparatus and the selected material are illustrated. The soil strength reduction induced
by internal erosion is discussed in terms of the interpretation of CPT results.

3.2 Upward seepage test
3.2.1 Experiment apparatus

Constant head seepage tests with upward water flow are performed to cause internal
erosion. A schematic diagram of the seepage test apparatus is shbwn 3. The
cylindrical seepage cell is 100 mm in internal diameter and 300 mm in heighB(J.

The transparent seepage cell allows for the observation of the internal erosion from the
side. The upper end of the seepage cell is left open so that the erosion process can be
observed from the top. An overflow pipe is fitted at the top portion of the seepage cell to
manually measure the flow rate by a cylinder. Two 10-mm-thick plastic rings with
waterproof tape are set separately on the top and the bottom of the specimen to prevent
the formation of large seepage channels between the soil and the side wall. The layer
consisting of 2-mm single-sized glass balls underneath the 170-mm-thick specimen
serves to break up the incoming flow to ensure a uniform water flow on the specimen.
Nonwoven textile is placed at the bottom of the specimen to prevent downward fine
particle loss. The variation in water head within the specimen is measured by four stand
pipes at four different depths, namely, 20 mm, 50 mm, 105 mm and 165 mm. The inlet
is connected to a constant water head tank, which can be raised or lowered to control the
hydraulic gradient across the specimen, while the outlet is open to the atmosphere.
Higher seepage gradient can be achieved by raising the constant head water supply tank
to a higher level.

3.2.2 Multi-stage test procedures

39
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Figure 3.1 Schematic diagram of seepage test assembly

Figure 3.2 Photography of seepage test cell
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A series of tests is conducted following the multi-stage procedure. Each test usually
takes 5 ~ 6 hours depending on the imposed hydraulic gradient. The detailed test
procedure is as follows:

(1) Before the test, check the position of the water level of the four standpipes to make
sure the initial water head of all four is the same. Adjust the level of the constant water
head tank to ensure that its water table is the same as that of the seepage cell.

(2) The initially imposed hydraulic gradient is usually in the range of 0.05~0.1. Increase
the hydraulic gradient at approximately the same increments. When the hydraulic
gradient reaches around the value required to cause initial internal erosion, the
increment could be relatively smaller.

(3) For each step, allow 30 minutes to ensure the completion of the internal erosion, i.e.,
the discharge rate is stable and the effluent color becomes clear. Record the water head
distribution from the stand pipes. Estimate the discharge rate by measuring the volume
of discharge effluent per minute three times. Record the water temperature. Carefully
observe the phenomena occurring during the test, such as the flow turbidity, the
jumping, the piping or the transportation of the fine particles, and record them with a
camera.

(4) Repeat (2) and (3) until the soil becomes unstable, e.g., the specimen shows
“boiling”, or until the largest achievable hydraulic gradient is imposed if instability does
not occur.

3.2.3 Measurements and calculation

The directly measured variables in the test are discharge rate, volume of water in the
pipette and the specimen length. Correspondingly, the total and local hydraulic gradient,
hydraulic conductivity and average flow velocity could be derived. The schematic
diagram of the key variables is indicatedriy. 3.3and equations for calculation are
summarized imable 3.1

The fundamental assumption is that the seepage flow follows Darcy’s law. Special
attentions are given to validate the laminar flow condition, by satisfying which the
Darcy’s law is applicable. Reynolds numbdRe), usually used as a criterion to
distinguish between laminar flow occurring at low velocities and turbulent flow, needs
to be definedBear (1972)illustrated that for flow through porous media a Reynolds
number is given by:Re=vd/vu, whereo is the kinematic viscosity of the fluid

(0.0114cn¥s for water at the standard temperature of 15tC)ndicates a length
dimension representing the elementary channels of the porous medium. Usually, the
representative grain diameter may be regarded as the length dimension for soil. Since
the fluid with fluidized fines would be dislodged through the constrictions among coarse
grains, thedsy of the coarse soil is therefore considered as a representative grain
diameter, which might be determined by the grain size distribution curve. If the
viscosity of the flow discharge with fluidized fines would be the similar to water, then
the Reynolds number could be confirmed. Darcy’ law is valid as long as the Reynolds
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Figure 3.3 Key parameters for calculation
Table 3.1 A summary of the equations for calculating key variables

Variables Expression Notes
Water head difference h= aN é’v water vol_ume dlfferfen_ce (m%:
(cm) = cross-section area of pipette (cm
= the diameter of pipette is 0.87cm)
Average hydraulic i ='b ho: total water head difference (cm)
gradient 0 L, Lo: specimen length (17cm)
. _ hn: local water head difference (cm)
Loca:;d¥2;?UIlc I :L& (n=1,2,3) | L,. corresponding seepage length
9 n (L,=6cm, L,=5.5cm,Ls=3cm)
. _Q Q: discharge rate (cifs);
Darcy velocity (cm/s) V= A A: specimen cross sectional area{cm
Average velocity of y
fluid flow (interstitial V== n: soil porosity
velocity) (cm/s) n
Average hydraulic -9 o
conductivity (cm/s) ko i At standard water temperature (15°C)
Local hydraulic k =9 =12 3 ok
conductivity (cm/s) | " i, (n=1, 2, 3) | At standard water temperature (15°Q)

number based on average grain diameter is not greater thReddl.and Inyang (2000)
concluded that for majority cases of importance in groundwater flow, Darcy’s law is
generally applicable to soil. During the test, the discharge rate is monitored all the time
to ensure the laminar flow condition.
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3.2.4 Specification

During the seepage test, the temperature of water should not lower than that of
specimen. The water flow used in those tests is Tokyo tap water without de-aired. If the
water temperature is comparatively lower, the air inside the water will be released out,
resulting in a lower saturation degree of the tested specimens.

Due to the tested grains are large in size, the sidewall leakage might occur. That is to
say, the seepage flow might run through the channel between the wall and large grains,
where the porosity is larger. To avoid this negative effect, 1cm-thickness plastic ring
with waterproof tape is installed around the bottom of soil specimen. However, the
subsequent tests still show amounts of fines dislodged from the sidewall, which might
influence the hydraulic conductivity.

3.3 Soil specimens

Those soils with, namely “finer fraction” and “coarser fraction”, is vulnerable to internal
erosion. The mixtures of two different types of silica sand, namely, No.3 and No.8 are
used. To verify the characteristics of the materials, soil property tests including, grain
size distribution, specific gravity, maximum and minimum void ratio, and permeability
tests are conducted following the related requirements of Japanese Industry Standard
(JIS) and Japanese Geotechnical Society Standard (JGS). Results are summarized as
following:

3.3.1 Soil property

The binary mixtures in this study consist of two silica sands (silica No. 3 and No. 8)
having different dominant particle sizes. With a larger particle size, the silica No. 3
works as the coarse patrticles, while the fine silica No. 8 is the erodible fine particles.
The siliceous sand used here is mainly composed of quartz, categorized as an angular to
sub-angular material. Grain size distribution, specific gravity, maximum and minimum
void ratios,and hydraulic conductivity is summarizedfiry. 3.4, Table 3.2 and Table

3.3

3.3.2 Tested soil mixtures

The primary target of the seepage tests is to create internally eroded saturated soll
specimens. To this end, the initial conditions of those test specimens have to meet the
criteria for the above-mentioned onset of internal erosion. The geometrical criteria can
be satisfied if the phase relationship between the coarse grains and the fines, shown in
Fig. 3.5 are considered.

The mass balance of the soil can be expressed as
fo+f, =1.......... (3.2)
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Figure 3.4 Grain size distribution curves for silica Nos. 3 and 8
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Table 3.2 Sand grain size distribution parameters
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Property Silica No. 3 Silica No. 8
Median grain sizeso (mm) 1.72 0.16
Effective grain siz&l;o (mm) 1.37 0.087
Uniformity coefficientC, 1.29 2.09
Curvature coefficienC, 0.99 2.34
Table 3.3 Properties of silica sand
Silica No. 3 Silica No. 8
Specific gravity 2.63 2.63
Maximum void ratio 1.009 1.333
Minimum void ratio 0.697 0.703
309" 6.6x10° 3.4x10°
Hydraulic conductivity (m/s)| 60%" 5.6x10° 2.6x10°
8094" 4.9x10° 2.1x10°

Note:
(1) Relative density
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Figure 3.5 Schematic phase diagram of saturated binary soil

wherefs is the mass ratio of the coarse grains, equaly@W +W,), and f; is the
mass ratio of the fines, equalingy /(W +W,).
Assuming all the fines are erodible, the void ratio of coarse grains is

Q=(VW+Vf)/VS .......... (3.2)
and the void ratio of fines is
& =V,/Vi i, (3.3)

From Equations (3.1), (3.2) and (3.3), and assuming that the specific gravities of the
coarse and the fine grains are the same, the following equation is obtained:

f=g/l+e+e) .......... (3.4)

Equation (3.4) indicates that the possible maximum valud ferreached under ideal
conditions, namely, the coarse grains in the binary mixture specimen are loosely packed,
while the fines are densely packed inside the voids between the coarse grains. Since the
maximum void ratio of the No. 3 sand is 1.009 (the primary fabric formed by silica No.

3 is loosely packed) and the minimum void ratio of silica No. 8 is 0.703 (the fine
particles, silica No. 8, are densely packed), the possible maximum mass ratio of the
erodible fines is 37%. A series of four binary mixtures is determined as the test soils
based on the above equation. The fine contents of the four mixtures are 25%, 20%,
16.7% and 14.3%, respectively, which are less than the calculated possible maximum
value. The grain size distributions, the specific gravity and the maximum and the
minimum void ratios of the four tested soils are showiign 3.6andTable 3.4
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Table 3.4 Soil parameters of the four specimens
Specimen No. A B C D
Specific gravity 2.63 2.63 2.63 2.63

Maximum void ratio 0.756 0.764 0.775 0.795
Minimum void ratio 0.367 0.373 0.385 0.402
Void ratio rang&’ 0.389 0.391 0.39 0.393

Note:
(1) Difference in void ratio between loosest and densest sand states

A plot of void ratios against fine contents is showrfFig. 3.7 The demarcation line,
located between the maximum and the minimum void ratio lines, is determined by
e=€e: max(Thevanayagam and Mohan 200®&here intergranular void rat® is defined
as

e+ FC
e =

1-FC
The soil behavior around this line may be influenced by both coarse grains and fines. If
those fines which actively play a role in transferring loads are eroded, the soil strength
may be changed accordingly. In this series of tests, the relative densities of the
specimens are expected to cover this demarcation line. Two different relative densities
are finally selected for each soil specimen, as showingin3.7 and Table 3.5
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Figure 3.7 Intergranular matrix phase diagram
Table 3.5 Soil specimens for seepage test
Specimen No. Fines content (%) Relative density (Do) Initial void raltio
A-30 25 30 0.63
A-60 25 60 0.51
B-20 20 20 0.69
B-60 20 60 0.53
C-20 16.7 20 0.70
C-60 16.7 60 0.54
D-30 14.3 30 0.69
D-60 14.3 60 0.58

3.3.3 Vulnerability of mixtures to internal erosion

To ensure that internal erosion will occur during the seepage tests, the vulnerability of
the four mixture soils to internal erosion is assessed by five currently available methods
proposed by th&).S. Army Corps of Engineers (1953), Istomina (1957), Kezdi (1979),
Kenney and Lau (1985, 1986), Burenkova (1993) and Mao (200 results are
summarized in th€igs. 3.8 ~ 3.1andTable 3.6

The analysis results indicate that gap-graded soil which is deficient in certain size grains
appears to be susceptible to erosion. The four soils are potentially unstable and
vulnerable to internal erosion if seepage takes place.
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Table 3.6 Assessment of specimen vulnerability to internal erosion by current methods

Methods used to assess internal stability
Specimen| U.S. Army | Istomina| Kezdi Kerﬂgﬁy & | Burenkova| Mao
(1953) (1957) | (1979) (1986) (1993) (2005)
A S S U U U U
B S S U U U U
C S S U U U U
D U U U U U U

Note: “U” means Unstable; “S” means Stable
3.3.4 Soil preparation

To prevent the segregation of the two different sized particles, the moist tamping
method is employef{lL.add 1978; Frost and Park 2003his method achieves uniform
specimens by the concept of “undercompaction”; each layer is compacted to a lower
density than the desired value by a predetermined amount due to the fact that the
compaction of succeeding sand layers would also densify the layers below. It has been
proven reliable by other scholafBradshaw and Baxter 2006; Yaegal 2008) The
specimen preparation procedures are as folldvis.3.13: determine the oven-dried
weights of both silica No. 3 and No. 8 for tests according to the prescribed fine content
and relative density. Adjust the water content to an appropriate value. Usually, for the
larger fine content specimen, a greater water content is preferred (e.g., the initial water
content of specimen A is 8%, while that of specimen D is 5%). Thoroughly mix the
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soils with water to ensure that the fine particles are distributed as uniformly as possible.
This procedure is usually done at least 16 hours before use. The specimen is prepared
layer by layer. Weigh the amount of material required for each layer, and place it into
the cell with a scoop. A tamping rod is used to compact the soil to the required height
determined by “undercompaction”. Upon completion, weigh the specimen to check the
relative density again and record it. This process usually takes two hours. Saturation of
the specimen is performed in a vacuum tank. De-aired water is purged into the specimen
from the bottom inlet at a slow rate. This process takes approximately 5 ~ 6 hours to
ensure saturation quality.

(c) Completion of layer 4 o (d) Completion of layer 10
Figure 3.13 Specimen preparation procedures
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3.4 Observed soil behavior in fixed-wall seepage test

Typical soil behavior observed in the seepage tests will be presented first, including the
onset of internal erosion, hydraulic conductivity change, migration of fine grains and
percentage of fines loss. By controlling three variables, which are fines content, soil
relative density and imposed hydraulic gradient, the factors which influence the
hydraulic gradient at which internal erosion would initiate, hydraulic conductivity
change and fines loss due to internal erosion could be studied. After internal erosion, the
eroded soil specimens are produced, against which CPT will be conducted to find the
changes of soil strength.

3.4.1 Definitions

A critical hydraulic gradient for soil stabilitiy was proposed byerzaghi (1948)o
determine a zero effective stress condition, which is given by

It is related to the void ratio and the specific gravity of soil particles. It is always
accompanied by the phenomenon of the “boiling” or “heaving” of both coarse and fine
particles. For cohesionless soilsis approximately equal to 1.

The critical hydraulic gradient for internal erosidg,corresponds to the minimum
hydraulic gradient at which the first sign of internal erosion appears when the imposed
hydraulic gradient gradually increases, indicated by the slight rushing out of fine grains.
It corresponds to the inflection point in the hydraulic gradient and the flow velocity
relationship curve, shown ifrig.3.14 The critical hydraulic gradient for internal
erosion is defined as:

® 2
wherei, is the hydraulic gradient at which curve slope begin to chanigethe
hydraulic gradient just beforg
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3.4.2 Observed migration of fines

All the test specimens, except specimen D-30, showed internal erosion phenomena. The
hydraulic behavior of those specimens, such as the tendency of the flow velocity and the
hydraulic gradient relation, is similar. Since the phenomenon observed in specimen A is
obvious and typical, the results of specimen A are mainly shown later for discussion.
Figure 3.15resents the observation of the fine grain loss from the top (specimen A-30).
Before the onset of the internal erosion, the fine grains stay still. When the critical
hydraulic gradient for internal erosion is reached, small “dance-like” movements of fine
grains occur. A very light layer of sand silt covers the top surface. Then, a few sand
spots or sand volcanoes appear after increasing the hydraulic gradient. Slight movement
of the fine grains is found around those spots. At the larger imposed hydraulic gradient,
the number of sand spots increases and covers the whole area, and the movement of the
fine grains around those spots becomes fiercer. As the hydraulic gradient is further
increased, a piping-like phenomenon happens.

Side view of the particle migration can be seefrim 3.16 As is shown, dyed-black

fine particles are utilized in three layers to highlight the migration of fines along the
vertical direction. The fines content is 25% and initial relative density is 30%. When the
hydraulic gradient for internal erosion is arrived, the fines in the upper layer start to
dislodge first. With the increasing of imposed hydraulic gradient, the movement of fines

in the upper layer seems to be more vigorous and the fines at the middle begin moving.
Several visible “pipe channels” are formed and developed, which directly connects to
the sand spots or sand volcanoes at the top surface. It is postulated that further increase
in the imposed hydraulic gradient would result in more fluidized fines passing through
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the “pipe channels” to be washed away. However, it is probable that clogging appears if
the size of the fluidized fines (usually evaluated by the representative diametekye.g.,
was larger than the diameter of “channels” or local accumulation occurs at certain spots
along those channels. It may cause the slight change of internal flow direction and the
fines may pass through other available “channels”. If the clogging is critical enough, the
hydraulic conductivity may consequently increase.

Or the clogging of fines would be cleared if the imposed hydraulic gradient becomes
higher and the “channels” work agaktagerty (1991afommented that this temporary
clogging changed the flow condition in the soil and made the internal erosion
complicated and unpredictable.

Less fines in the bottom layer move at the beginning of internal erosion due to the
higher confining pressure. If the imposed hydraulic gradient is high enough, the fines in
this layer would start to dislodge. The erosion rate in this layer would be larger due to
the higher hydraulic gradient at this layer, which might explain the phenomenon that
although the fines in the upper layer dislodge first, the percentage of fines loss in the
bottom layer is the highest.

Due to erosion, the distribution of the fines was rather random, leading to the random
formation of “pipe channels” inside the soil. With the progress of fines erosion, the
coarse grains may correspondingly adjust their relative positions to reach a new
equilibrium.

(a) Before internal erosion
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Figure 3.15 Observed migration of fines from top (specimen A-30)
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Figure 3.16 Vertical migration of fines

(d)i=0.18

3.4.3 Onset of internal erosion

The typical relationship between the hydraulic gradient and the flow velocity (specimen
A-30) is shown inFig. 3.17 At first, the approximate linear relationship between the
hydraulic gradient and the flow velocity, in accordance with Darcy’s law, indicates no
occurrence of internal erosion. At this stage, the effective porosity, representing the
porosity available for contribution to the fluid flowing through the specimens, stays
basically the same irrespective of the hydraulic gradient. After reaching the critical
hydraulic gradient for internal erosion, the curve slope begins to inflect,
corresponding to the first observation of “dance-like” movements of the fine grains. The
fines are dislodged by the seepage flow, leading to the increase in effective porosity, and
thus, hydraulic conductivity. It can be inferred that when the critical hydraulic gradient
for soil stabilityic is reached, the “heaving” phenomenon occurs and the specimen
reaches the state of zero effective stress.
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Figure 3.17 Hydraulic gradient and Darcy velocity relation (specimen A-30)

3.4.4 Changes of hydraulic conductivity

Since the amount of fine grain loss varies with the depth, the hydraulic conductivity is
not uniform for all depths. In this section, the changes in local hydraulic conductivity

are calculated by the local hydraulic gradient assuming that the seepage flow follows
Darcy’s law.Figure 3.18shows the relationship between the average hydraulic gradient

and the local hydraulic conductivity of each layer for specimen A-30.
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Figure 3.18 Local hydraulic conductivity variance (specimen A-30)
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Before internal erosion € 0.13), a slight increase in the hydraulic conductivity with
the imposed hydraulic gradient can be observed because of the nature of the upward
seepage flow test, namely, the upward flow would decrease the effective stress, similar
to unloading the soil, and the void ratio would correspondingly increase, leading to the
increase in hydraulic conductivity even without internal erosion. However, compared to
the drastic increments in hydraulic conductivity, due to the loss of fine grains, the
hydraulic conductivity is thought to be basically constant before internal erosion and its
increments could be negligible. After the onset of internal erosion, the hydraulic
conductivity obviously increases with the imposed hydraulic gradient, resulting in 3
times the initial value when the maximum imposed hydraulic gradient of 0.22 is
reached. The loss of fines would lead to the increase in hydraulic conductivity.

3.4.5 Influence of controlled factors

Figure 3.19%hows the variance in the critical hydraulic gradient for soil stability and the
critical hydraulic gradient for internal erosion with the different initial fine contents for
the dense soil specimen (60% relative density). The calculated critical hydraulic
gradient for zero effective stress following, Terzaghi’s equation, are 1.08, 1.06, 1.05 and
1.03, and the experimental values of the critical hydraulic gradient for internal erosion
are 0.21, 0.23, 0.24 and 0.25, respectively. These values are in accordance with the test
results ofSkempton and Borgan (1994)amely, migration and the strong piping of
fines take place in unstable materials at gradients of about one fifth to one third of the
theoretical value. There seems to be a trend for the specimen with a lower fine content
to require a larger hydraulic gradient in order to bring about internal erosion. The loose
specimens also show the same treénd.(3.20.
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Figure 3.19 Relation between fines contentigrigfor dense specimens
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The influence of the relative density on the critical hydraulic gradient for internal
erosion is presented ifig. 3.21 A larger relative density for the specimen with the
same fine content leads to a larger value of critical hydraulic gradient for internal
erosion.
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3.4.6 Percentage of fines loss during internal erosion

Typical post-test grain size distribution curves for each zbre 8.1) of specimen A-

60 atimax= 0.45 are shown ifig. 3.22 The distribution curve for each layer, after the
internal erosion shifts downward from the original curve after internal erosion, indicates
the tested specimen has experienced fines loss. The extent of the movement
proportionally increases with the amount of fines loss. A graphical method proposed by
Kenney and Lau (1985 used to approximately assess the fraction of eroded fine
grains, as well as the largest eroded fine grains, based on the changes in the grain size
distribution curve. This method has been proven to be effective by many sciiédars (
2006; Zhang, 2007 A detailed calculation is shown fig. 3.23 The main idea of this
method is to extend the initial grain size distribution curve of the test specimen to match
the curve after internal erosion. Since the coarse grains stay the same after internal
erosion, by extending the vertical scale of the initial grain size distribution curve, the
coarse part of the initial curve should match that of the post-test grain size distribution
curve. The fraction of eroded fines can be calculated from the amount of movement of
the initj.gl grain size distribution curve.
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Figure 3.23 Graphical method of fines loss assessment

Table 3.7presents the fines loss (percentage of total mass) after imposing two different
maximum hydraulic gradients for specimen A-60. It is noted that the fine grain loss of
the bottom layer is the greatest, since the bottom layer has no “fine grain supply”. The
fine grains are washed away leading to a large amount of fines loss. For the middle and
upper layers, although their fine grains are washed away by the seepage flow, the fine
grains from the bottom layer are dragged up by the seepage flow, forming a soil grain
supplement to those layers. Due to the open-ended nature of the water channel, more
grains will be eroded from the top layer than from the middle layer. This finding is in
accordance wittKenney and Lau (1985)They defined the three layers as the top
transition zone, the central homogeneous zone and the bottom transition zone. The fines
loss in the top and bottom zones is larger than that in the central zone.

For specimens A-60, B-60 and C-60, different maximum hydraulic gradients, larger
than the critical hydraulic gradient for internal erosion, are imposed to find its influence
on the fines loss. The relationship between the maximum imposed hydraulic gradient
and the percentage of fines loss of those specimens with different fine contents are
shown inFig. 3.24 There is a general trend whereby the larger maximum imposed
hydraulic gradient means a larger fines loss. Specifically, before the onset of the internal
erosion, the soil specimens are stable without any fines loss. Once internal erosion starts,
the fines loss increase with the imposed hydraulic gradient. At the same imposed
hydraulic gradient, the specimen with the larger fines content shows the potential for
more erosion. Due to the relatively large hydraulic conductivity of the tested specimens,
a hydraulic gradient of greater than 0.51 cannot be imposed. Since the amount of
erodible fine grains in a mixture is definite, the eroded fine grains will not increase
unlimitedly with the imposed hydraulic gradient. When a certain hydraulic gradient is
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reached, the fines loss will be close to its limit and remain stable irrespective of the
hydraulic gradient.

3.4.7 Void ratio and volumetric deformation

An obvious characteristic of internal erosion is the change in soil microstructure,
resulting in the increase in void ratio and volumetric deformation. Due to the nature of
the upward seepage tests, the precise measurement of the soil deformation during the
seepage tests cannot be conducted. By observation, there is a trend after internal erosion,
for the tested specimen to subsidey( 3.25. The largest deformation is observed at
specimen A-60. The volumetric strain caused by internal erosion is about 6%. The
specimen deformation is caused by both the loss in soil grains and the possible change
in voids due to the soil grain spatial adjustment, as is showigin3.26.The largest
increase in void ratio occurs if there is no deformation during the internal erosion,
corresponding to th#litchell (1976)assumption that the fine grains occupy the voids
between the coarse grains and may not participate in the force transfer. The loss of those
fines would not cause any deformation in the soil fabric. The minimum volumetric
strain is 0. However, in practice, the internal erosion would always be accompanied by
the deformation of the soil structure, which is regarded as a sign of instability. It may be
better to consider this possibility as an ideal simplification in theory. The minimum void
ratio of the specimen after erosion could be estimated by the greatest compaction that
the coarse grains could achieve, resulting from the rearrangement of the soil grains.
Under this circumstance, the volumetric deformation of the specimen would reach the
maximum value.

Table 3.7 Percentage of fines loss at different depths for specimenA-60

Zone

Max. A B C
hydraulic gradient

. 045 3.00 2.70 4.10
7051 3.00 2.94 5.11

Percentage of fines loss in mass (9




63
Chapter 3 Soil behavior in fixed-wall seepage test

g; g ' T T T T T T T T IO : |
e o Specimen A-60
E 4l 0O Specimen B-60 1
§ | X Specimen C-60 |
5 Or -
% r 4
c 2+ _
=
8 - 4
s 1 :
o i |
OL— I L I ) l : l ! l !
0 01 02 03 04 05 0.6

Maximum imposed hydraulic gradient, greater thgn

Figure 3.24 Fines loss variance with maximum imposed hydraulic gradient at various
fines contents

.

Figure 3.25 Changes in soil volume due to internal erosion (specimen A-60)
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Figure 3.26 Possible volumetric deformation of tested specimen

The soil volumetric deformation is accompanied by the possible loss of those fines
actively engaged in the mechanical transfer and the spatial rearrangement of the soill
grains, both of which would probably adjust the force transfer path in specimens, and
consequently, lead to a reduction in soil strength after internal erosion.

3.5 Cone penetration test (CPT)
3.5.1 Introduction of the miniature cone and test specimens

Due to the difficulties of retrieving undisturbed samples from the seepage cell after the
tests, arin situ testing technique is needed to characterize the mechanical properties of
the specimen. The miniature Cone Penetration Test (CPT) was selected because it offers
the continuous measurement of the cone resistance along depth and excellent
repeatability. In practice, the friction angle of sand deposits can be estimated from the
results of CPT¢Terzaghi, Peck and Mesri 199®y conducting CPTs before and after

the application of the seepage flow to the specimen, the reduction in strength due to the
internal erosion can be evaluated. The miniature cone used in the tests is a cylindrical
cone tip with a diameter of 10 mm and tip apex angles off@@° §.27. By using an
embedded load cell, the resistance at the tip can be measured. A jack is connected to the
upper end of the penetrometer to push the cone into the specimens at a constant rate.
The data acquisition system allows automatic cone tip resistance recording. The
penetration rate is 20 mm/sec, followid@S 1435-2003The total penetration depth is

160 mm. According t@een,et al. (1986) who reviewed the problems associated with
calibration chamber tests, the size effect, including grain size and the chamber size
effect, and the boundary effect are the most important issues. The diameter ratio of
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seepage cell to cone in this research is 10, which might cause the size effect. Some
assessments on the size effect in this study can be found in the Appendix A. All the test

specimens are listed irable 3.8

3.5.2 Cone resistance profile

Profiles of the cone tip resistance for specimens A, B, C and D at 60% relative density
are shown irFig. 3.28 A larger fine content leads to a smaller cone tip resistance. A
potential explanation is that for gap-graded soil, coarse grains work as the soil skeleton
and the interlocking between them is primary. The fines work as separators between the
coarse grains. With more fines content, those “separators” decrease the frictional forces
between the coarse grains, resulting in a smaller shearing resistance and,
correspondingly, a decrease in the cone tip resistance.

The influence of internal erosion on CPTs is demonstrated by the cone tip resistance
profiles obtained before and after the internal erosion. As an example, those of
specimen A-60 are shown kig. 3.29 After the internal erosion, the cone resistance
decreases, indicating that the internal erosion process may have changed the
interlocking of the soil grains leading to the decrease in cone resistance. However, the
strength reduction may potentially be induced by loss of fines, weakening soil grain
interlocking or the size effect. On previous researches, the size effect was closely
related to the soil's relative density. As the relative density is not very large (60%
maximum), it might be said that the reduction in resistance is mainly caused by the fines

loss, not by the size effect.

Figure 3.29also reveals that the reduction in cone tip resistance has a certain
relationship with the maximum imposed hydraulic gradient. Before internal erosion, the
soil structure is assumed to remain constant irrespective of the hydraulic gradient. After
the onset of the internal erosion, the larger imposed maximum hydraulic gradient results
in more fines loss, and therefore, further cone tip resistance reduction.
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Figure 3.27 Miniature cone penetrometer
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Table 3.8 Number of specimens undertaken by CPT

Specimen No. Before internal erosion After internal erosion
A-30 1 test 1 test
A-60 1 test 3 test8
B-20 1 test 1 test
B-60 1 test 2 tests
C-20 1 test 1 test
C-60 1 test 2 tesfs
D-30 1 test None
D-60 1 test 1 test
Note:

(1) For the dense specimens, seepage tests ending at different imposed hydraulic
gradients are performed.
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Figure 3.28 Cone resistance of dense specimens
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Figure 3.29 Cone resistance before and after internal erosion (specimen A-60)
3.6 Interpretation of resistance profiles
3.6.1 Review of Empirical correlation for CPT

The CPT data are interpreted into a mechanical parameter to make the CPT results
easier to understand from an engineering point of view and to compare them with
different cases. The approach of the interpretation is to develop empirical correlations
between the cone tip resistance and the behavioral properties of soils (e.g., the angle of
shearing resistance) based on various theories. Cone tip resistance is the measurement
of the CPTs, and the behavioral properties of the soils are obtained from laboratory
tests. The most practical model explaining the cone tip resistance is the bearing capacity
theory, which is based on the limit equilibrium method proposetiebgaghi and Peck
(1948). This method assumed the failure mechanisms and then determined the failure
load by assuming that the soil was a rigid-plastic material. However, it was criticized for
not taking the soil compressibility into account, leading to unreliable predictions of the
angle of shearing resistand®esic 1972) However, Janbu and Senneset (1974)
reported a relationship between bearing capacity nurNgethe increment of cone
resistancegc and vertical effective streas’,, and the angle of shearing resistance with

little data scattering which indicated the limited influence of the soil compressibility.
Work by Al-Awkati (1975) further proved that, for quartz sands, the shear strength had
more influence on the cone resistance than the compressibility, and therefore, the
bearing capacity theory could provide reasonable predictions. For silica sand, it is
reasonable to empirically correlate the bearing capacity nugedérived from CPTs

and the drained angle of shearing resistagel (vhich may commonly be represented

as follows:
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tang = A+ AINAQ./AT,) <oeeeene (3.8)
where Ad’y is the vertical effective stress increment at the depths where cone tip
resistance incremeniq. is measured (\]q:AqC/Aa\'/). A; and A, are regression

coefficients. Durgunoglu and Mitchell (1975)nitially proposed a design chart to
determine the angle of shearing resistance based on the bearing capacity theory. The
curve fitting yieldsA;= 0.215 andA,=0.131. This method is found to be applicable to
sands with low compressibility. Based on the calibration chamber test results on
normally consolidated, moderately compressible, predominantly quartz sands,
Robertson and Campanella (198Bpwed a correlation in the form of a design chart,

the regression coefficients of which @g= 0.194 and\,=0.147.

3.6.2 Procedures for interpretation of resistance profiles

Following the common calibration procedure, the interpretation is performed to
compare the measured cone penetration resistance, in telyys afid the measured

angle of shearing resistance from direct shear box tests. Since the tested specimens (A,
B, C, D) mainly consist of silica No. 3, the frictional forces of which are primary in
shear strength, several fully saturated specimens consisting only of silica No. 3 sand, are
tested as well for calibration purposes. Those cases correspond to the extreme
consequences of erosion which indicates all the fines are eroded. Details are given in
Table 3.9 The calibration chamber is the same as that used in the seepage tests.

To avoid the possible bottom boundary effects, the cone resistance data for depths of 30
mm~100 mm are selected to evaluate bearing capacity nudgb€&he bearing capacity
number obtained from the cone resistance prdfilg. (3.29 of specimens A, B, C and

D at a relative density of 60% are shownTiable 3.10 In the same way as with the

cone tip resistance, the bearing capacity number also decreases with the fine content.
The bearing capacity number can be thought of as a mechanical parameter that can
characterize the cone tip resistance. A reduction in the bearing capacity number due to
internal erosion can be seen frény. 3.29 After internal erosion, the bearing capacity
number decreases and the extent of the decrease in the bearing capacity number seems
to be dependent on the imposed hydraulic gradient. This trend can be clearly noted from
Fig. 3.3Q which shows the relationship between the maximum imposed hydraulic
gradient and the normalized bearing capacity number (the ratio of the bearing capacity
number before and after internal erosion). For specimen A-60, after internal erosion at a
hydraulic gradient of 0.45, bearing capacity numNgrdecreases by approximately
30%, while at a hydraulic gradient of 0.54, deceases by about 70%.

The angles of shearing resistance of the tested specimens are obtained by conducting
constant pressure Direct Shear Box Tests. The apparatus consists of shear boxes, a
guide for the shear boxes and a loading system for both vertical force and shear force.
The soil specimens are prepared by the moist tamping method, ensuring similar soll
conditions as in the seepage tests. Each tested specimen is subjected to shearing at a
velocity of 0.2 mm/min, followingJGS 0561-2000to allow volume changes of the
specimen, while the effective normal stress on the shear plane is maintained at a
constant value. For the same specimen, four different normal stresses, 25kPa, 50kPa,
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100kPa and 200kPa, are conducted. Typical shearing results for specimen A-60 are
shown inFig. 3.31

Table 3.9 Details of tested specimens for interpretation

Specimens | D, (%) e Mineralogy Shape Ng
Silica No.3 20 0.95 Mainly quartz Subangular 26
Silica No.3 60 0.82 Mainly quartz Subangular 84
Silica No.3 100 0.70 Mainly quartz Subangular 938
Specimen A 60 0.51 Mainly quartz Subangular 508
Specimen B 60 0.53 Mainly quartz Subangular 609
Specimen C 60 0.54 Mainly quartz Subangular 722
Specimen D 60 0.58 Mainly quartz Subangular 1072

Table 3.10 Summary of changes in soil strength due to internal erosion

. Anglg of shearing Max.
Specimen No_rmallzed _ resistance (°) Strepgth imposed
No. bearing capacity _Before _After reduction, hydraulic
number internal internal AR (%) .

erosion erosion gradient

A-30 0.86 36.1 35.8 1.0 0.22
B-20 0.96 32.7 32.6 0.3 0.25
C-20 0.95 35.1 35.0 0.3 0.24
A-60 0.33 41.1 39.5 6.1 0.54
B-60 0.78 41.6 41.2 1.4 0.41
C-60 0.71 42.1 41.6 1.8 0.38
D-60 0.67 42.4 41.8 2.1 0.28
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Figure 3.31 Relation between shearing displacement and strength (specimen A-60)

The comparison between the bearing capacity number from the CPT data and the angle
of shearing resistance obtained from the direct shear box tests is shévgn 32
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Due to the influence of compressibility, there is some scattering in the results. The best
fitting curve by the logarithmic function is shown in Equation (3.9).

tap= 0573+ 0.1IN(AQ,/AT,) -+--ve---- (3.9)

Since this empirical correlation compares two different shear modes, i.e., simple shear
in the direct shear box and compression at the cone tip, it underestimates the angle of
shearing resistance value due to the influence of compressiffpertson and
Campanella 1983)and therefore, the strength reduction index in termgy@f' may

not reflect the actual strength reduction quantitatively. However, at least it may shed
some light on how the internal erosion affects the strength parameter in general.

3.6.3 Interpreted strength of eroded soill

To make the comparison clear, the strength reduction is defined as the following based
on this correlation:

tanwposferosion

AR=1- .
tan(obeforeerosion
Changes in the soil strength due to internal erosion for both the loose and the dense
specimens are summarizedTiable 3.10 After internal erosion, the cone tip resistance
decreases, resulting in a decrease in the estimated angle of shearing resistance. The fines
loss varies depending on the imposed hydraulic gradients. The relationship between the
maximum imposed hydraulic gradient and the normalized soil strengtR)(is- shown
in Fig. 3.33 The larger imposed hydraulic gradient causes a further reduction in soll
strength. Up to the imposed hydraulic gradient of 0.5, the changes in strength are gentle,
while drastic changes can be seen with imposed hydraulic gradients over 0.5. However,
the loss of fines does not increase with the imposed hydraulic gradient unlimitedly. Due
to the limitation of the system, a large hydraulic gradient could not be imposed on the
specimens. It could be inferred, however, that at a certain stage, the fines loss may be
constant irrespective of the imposed larger hydraulic gradient. Correspondingly, an
upper limit for the reduction in soil strengtthue to the internal erosion, may exist, as
shown inFig. 3.34 It is worth mentioning that the hydraulic gradient addressed here is
within the range ofs andi.. Out of this range, the soil may be stable or may fail.
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3.7 Conclusions

The influence of internal erosion on soil strength has been experimentally studied
through a series of one-dimensional upward seepage tests at a constant water head and
cone penetration tests. By giving an upward seepage flow to the gap-graded soil
specimens, internally eroded soils are created. The mechanical consequences of internal
erosion are examined by cone penetration tests on internally eroded specimens.

Before the internal erosion, the relationship between the average hydraulic gradient and
Darcy velocity is basically linear. After the onset of erosion, the slope of the relationship

is no longer linear, indicating that the hydraulic conductivity of soils drastically
increases with the progress of the internal erosion. The hydraulic gradient for internal
erosion is found to be about one fifth to one third of the critical hydraulic gradient for
soil stability. The lower the fines content, the larger the hydraulic gradient required to
cause internal erosion. Those specimens containing the same mass ratio of fines as the
larger relative density require a larger critical hydraulic gradient to initiate the internal
erosion. The loss of fines proportionally increases with the imposed hydraulic gradient.

The internal erosion causes a reduction in cone tip resistance, the extent of which may
be related to the imposed hydraulic gradient. A larger imposed hydraulic gradient,
indicating a greater loss of fines, would lead to further cone resistance reduction.
Drastic changes in the strength can be seen with hydraulic gradients over 0.5. The
internal erosion causes the angle of shearing resistance of a soil specimen to decrease
within a certain hydraulic gradient range.



CHAPTER 4

NEWLY DEVELOPED FLEXIBLE-WALL SEEPAGE
PERMEAMETER

4.1 Introduction

It is universally recognized that seepage-induced erosion would lead to catastrophic
consequences: approximately half of the dam failures are because of soil erosion
(Richards and Reddy, 20P7Although it is such a huge potential risk for the earth
structure safety, hitherto, few Ilaboratory tests have been fully developed to
comprehensively assess the mechanical consequences of internal erosion on sands by
taking account of both monotonic and cyclic loadings. One of the main difficulties lies

in guaranteeing a high saturation degree in soil specimens during erosion test, which
may be hardly fulfilled in a conventional apparatus. Without a comparatively high
saturation degree, laboratory tests on those internally eroded soils might not be well
performed. Moreover, since internal erosion is chronic phenomenon, it would be better
if the laboratory erosion tests could last for relatively long period. Upon those
difficulties, this chapter presents a newly developed triaxial seepage apparatus, capable
of maintaining back pressure in a soil specimen during erosion test and directly
obtaining the mechanical response of internally eroded soils.

4.2 Description of apparatus

The newly developed triaxial internal erosion apparatus could directly investigate not
only the hydraulic characteristics of soils at the onset and the progress of internal
erosion but also the change of soil mechanical behaviors induced by internal erosion. It
is applicable for testing non-cohesive soils. The design is improved after preliminary
one-dimensional seepage tests in a fixed-wall permeameter of Chapter 3. The apparatus
mainly consists of a constant-flow-rate control unit, an automated triaxial system and
eroded soil collection unit. The recorded variables include the pressure differences
generated by the seepage flow, soil axial and radial strain, cumulative eroded soil mass
and pore pressures. The whole system allows independently synchronous control of the
hydraulic condition and the stress state of tested specimens. Photograph of the overall
system and the triaixial permeameter are showridgn 4.1and 4.2, respectively. The
schematic illustration of the new apparatus is notéddn4.3
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Figure 4.3 Schematic diagram of triaxial seepage test assembly
4.2.1 Constant flow rate control unit

Hydraulic gradient and Darcy velocity are the vital parameters for hydraulics. For those
sands with large hydraulic conductivity (>0.001m/s), seepage test by the hydraulic-
gradient-control method may not be appropriate because of the comparatively small
hydraulic gradient to trigger and maintain the internal erosion. An accurate control of
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the hydraulic pressure and estimation of the head loss in tubes, valves and fittings is
necessary, which however is difficult in practice. The flow-rate-control mode, on the
other hand, could avoid the above-mentioned difficultikishard and Reddy (2010)
concluded that flow velocity might be the fundamental characteristic responsible for
erosion in non-cohesive materials, which could yield more consistent results. In this
apparatus, the seepage test is performed by the constant-flow-rate method. The control
unit is composed of a rotary pump with the maximum flow rate of 1360mL/min for
pumping water flow through the specimen and a low capacity differential pressure
transducer (LCDPT) for measuring the pressure drop from the top to the bottom of
tested specimens. The output of LCDPT is highly linear within the range of 0~20kPa.
To maintain the flow rate constant, all the flow channels are designed to be the same
size: 7.5mme-in-diameter plastic tubes with a relatively large amount of stiffness are
used. To minimize the effect of tube stiffness on the measurement of deviator stress, the
tube is arranged in spiraFig. 4.4. For common triaxial equipment, an annular porous
stone is typically used at the interface between soil and water in the top cap. However,
in this apparatus, instead of porous stone, a perforated plate is mounted in the top cap,
which directly attaches to the specimen, to minimize the possible water head loss (The
same as is at the pedestal, the details of which will be given later). The seepage water is
pumped from a water tank, which is filled with water and kept at room temperature, at
least 24 hours before use. Because the back pressure is maintained during seepage tests,
the volume of the indissolved air bubbles in seepage flow may be shrunk and their
influence on the soil saturation degree may be minimized. During the experiment, the
range of the assigned inflow rate must ensure the resulting pressure drop is well below
the confining pressure to prevent the separation of membrane from the soil specimen.

4.2 .2 Automated control unit

The automated triaxial system used, which is capable of investigating either the static or
cyclic soil behavior, could conduct measurements and controls by PC through 16-bit
A/D and D/A converters. The triaxial cell allows test specimens of 70mm in diameter
and 150mm in height. The main tie bars of the cell are internal which permits
connections of top cap and load cell, and attachment of strain transducers before sealing
down the pressure cell. The vertical load could be automatically applied by a motor-gear
system at any rate. The maximum load is 50kN. The system has zero backlash on
reversal of the load, which would realize the continuous cyclic loading without any
stress relaxation. The cell pressure is applied by the air pressure which is maintained
constantly at 700kPa through an automatic air compressor. All the pressure lines are
connected to a drying system to remove any condensed water. The control of the cell
pressure is by E/P (Electronic to Pneumatic) transducers, which are linked to a PC
through a 16-bit D/A board. The axial load is measured by the load cell internally
mounted above the top cap, which eliminates the effects of any friction on the loading
shaft. The soil effective pressure is known from another Difference Pressure Transducer,
which joins the specimen base and cell. Pore pressure is obtained at the base of a
specimen by a pressure transducer mounted at the pedestal. All the measuring devices
are connected to amplifiers and then to a PC through a 16-bit A/D converter. All of the
controls of the triaxial testing and data recording are through a program with the
interactive visual interface, written in Visual C++.
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Figure 4.4 Details of spiral tube

The base pedestal is specially designed to accommodate the internal erosiem.test (
4.5). The main component is the drainage system to prevent the possible accumulation
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of eroded soil at the bottom, which would cause clogging. It includes a conical trough
and a plastic tube fitted at the outlet of the trough, directly connected to the soil
collection system. This space gives freedom in determining the filter, either the granular
type or the wire mesh with openings. A paradox comes up in the filter determination.
For soil element test, it is significant to ease the influence of boundary frictions on the
measured material properties. In practice, to minimize the non-uniformity in stresses
and strains induced by end restraint, a lubrication layer, such as a silicone grease layer
or latex rubber is utilize@Kuwanoet al., 2000) However, that layer would cause great
water head loss and serious clogging during erosion test because of the high viscosity. A
compromise in free ends may be necessary. In this apparatus, the filter is the 5mm-thick
steel mesh with a smooth surfac¢eg( 4.9. The opening size of the mesh follows the
recommendation of Japan Dam Conference which specified that the mesh should fully
hold the coarse grains and permit the erosion of {ides, 2009) The adopted opening

size is 1mm in this apparatus.
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Figure 4.5 Base pedestal
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Figure 4.6 Two 5mm-thick meshes (1m opening)

4.2.3 Eroded soil collection unit

The main component of the eroded soil collection unit is the pressurized sedimentation
tank Fig. 4.7). The acrylic tube is mounted between a steel top and base plate, and is
sealed by means of O-rings and five external tie rods. Inside of the tank, a 160mme-in-
diameter acrylic cylinder full of water is built in. During the seepage tests, the discharge
effluent with dislodged fines directly flows into the cylinder through a pipe that
connects the inlet valve and the cylinder. The end of the pipe is fully submerged in the
cylinder to prevent the admission of air bubbles into the tested soil specimen. The
cumulative eroded soil mass is gained by continuously weighing the light tray, which is
fully submerged in the cylinder to collect the eroded soil grains. The waterproofed load
cell that has high sensitivity could record the cumulative eroded soil weight within a
continuous period. The theoretical resolution of the load cell is 0.00015N
(approximately 0.015g). Because of the magnitude of noise and zero shift induced by
the data collection system, some deviations may exist. To drain off the seepage water, a
solenoid valve with timer is fixed at the outlet drainage line. The valve is capable of
opening and closing at a determined interval of time. During erosion tests, the back
pressure in the tested soil specimen is maintained through the sedimentation tank.

4.2.4 Transducers for measurement

A submersible load cell is employed to measure the soil response in vertical direction.
The soil effective stress is measured by a Difference Pressure Transducer (DPT), which
joins the specimen base and célig(4.9. Pore pressure is obtained at the base of a
specimen by a pressure transducer mounted at the pedestal. During seepage test, a Low
Capacity Differential Pressure Transducer (LCDPT) is utilized for measuring the
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pressure drop from the top to the bottom of tested specimens. To reconfirm the
hydraulic drop, another pressure transducer is installed to monitor the water pressure at
the top of tested specimens. The cumulative eroded soil mass is gained by the
submersible load cell with high sensitivity=i§g.4.9. An outer Linear Variable
Differential Transformer (LVDT)Kig.4.10 is used to monitor the vertical displacement
while three pairs of clip gauges with the capacity of £2mm are attached to tested
specimens to gain the radial deformatidrig(4.11). The voltage output of each
transducer is adjusted to fit within the optimized range of the 16 bit A/D converter. The
calibration procedures are conducted against a reference stahidad, (L9988 The

calibration and regression characterlstlcs of the transducers are summaitiabie in.1
E NI @ =5

mﬂ Air pressure (back

Inlet for seepage flow
with eroded fines

Light tray for collecting |
the eroded soil

Figure 4.7 Eroded soil collection unit (sedimentation tank)
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Figure 4.8 Difference Pressure Transducer

Figure 4.9 Miniature load cell
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Figure 4.11 Radial Displacement Transducer (RDT)
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Table 4.1 Calibration and regression characteristics of transducers

Trans. Calibrated Range Type of | Coefficient | Accuracy”
against regression of correlation (%)
Load celf! Dead Weight | 0~1500 (N) Linear 0.99999 0.48
LVDT® Micrometer 0~20 (mm) Linear 1.00000 0.08
DPT® Pressure gauge 0~400 (kPa) Linear 0.99999 0.09
LDPT® Pressure gauge 0~20 (kPa) Linear 0.99997 0.92
PPT (Topf® | Pressure gauge 0~400 (kPa) Linear 1.00000 0.35
PPT (Base}) | Pressure gauge 0~400 (kPa) Linear 1.00000 0.40
Load celf® Dead Weight 0~0.5 (kg) Linear 1.00000 0.10
RDT1" Micrometer | -2~+2 (mnf} | Linear 1.00000 0.28
RDT2" Micrometer | -2~+2 (mn}) | Linear 1.00000 0.17
RDT3" Micrometer | -5~+5 (mni}) | Linear 1.00000 0.25

Note:

(1) Load cell for measuring axial load (N);

(2) Linear Variable Differential Transformer for measuring axial deformation (mm);

(3) Difference Pressure Transducer for measuring effective stress (kPa);

(4) Low Difference Pressure Transducer for measuring pressure drop during seepage test
(kPa);

(5) Pore Pressure Transducer for measuring water pressure at top and bottom of tested
specimen, respectively (kPa);

(6) Miniature load cell for measuring cumulative eroded soil mass (g);

(7) Radial Displacement Transducer (mm);

(8) “-” and “+” means extension and compression, respectively;

(9) Percentage of the maximum error in a calibrated range.

4.3 Test procedures

The purpose of the study is to investigate the erosion characteristics of the cohesionless
soil and its mechanical consequences. Therefore, the main testing procedures include
erosion tests on the reconstituted soil specimens, monotonic compression or cyclic
shearing tests on the eroded specimens, and post-erosion grain size distribution analysis.
A detailed description of each procedure is presented as following:

4.3.1 Before test

Deaerated water should be prepared before tests by filling the reservoirs with tap water
and constantly applying the possibly maximum vacuum for at least 24 hours. Zero
balance and span adjustment of all the transducers and E/P transducers should be
conducted. To fully remove the air in connection lines, the prepared deaerated water
should be run through all the pipes for minutes. Then dismantle the cell and check the
pressure lines. It is significant that all the pressure lines are free from air bubbles.

4.3.2 Specimen preparation
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The tested specimen is 70mm in diameter and 150mm in height. The technics of moist
tamping (add, 1973 is employed to prevent the segregation of the two different sized
grains. The method is developed based on the fact that when typical sand is compacted
in layers, the compaction of each succeeding layer may further densify the layers below.
The concept of “undercompactiot),” is recommended to assess the effects of
densification. It indicates how great a percentage a layer should be to be less densified
than the target value. In this study, a non-linear average undercompaction criterion,
which is proved to be reliable in generating uniform soil conditidra@et al., 2003,

is adopted. The average undercompaction of each layer in a moist tamped specimen is
shown inFig. 4.12

The height of
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Top Cap
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Figure 4.12 Average undercompaction of each layer
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The specimen preparation procedures are as follows: determine the oven-dried weights
of clean sand for a test according to the fines content and relative density. The initial
water content is determined as 10% from previous trial and error, at which a uniform
specimen would be achieved. Thoroughly mix the soils with deaerated water to make
sure the distribution of fines in a specimen is uniform. Equally separate the wet mixture
into 10 pieces and keep them in a zipped bag to equalize moisture at least 16 hours
before use. The specimen is prepared layer by layer. Weigh the amount of material
required for each layer, and place it into the mold by scoop. Each layer is compacted to
the required height determined by “undercompaction”. The initial soil weight could not
be directly checked after preparation. Therefore, the after-test oven-dry weight of the
soil specimen together with the eroded soil weight should be checked.

4.3.3 Saturation and consolidation

The vacuum saturation procedu®STM D4767-11; JGS 0525-2000including two

stages, is adopted in this study. The top and bottom of the tested specimen is connected
to two separate reservoirs. After specimen preparation, vacuum is introduced into the
specimen through both water reservoirs gradually until it reaches -80kPa. The pressure
difference between the specimen pressure and the cell pressure is kept constant as
20kPa during the incremental introduction of vacuum. Deaerated water is allowed to be
slowly injected into the specimen upwardly. The inflow rate should be sufficiently slow

to avoid the filtration of soil grains in the specimen. After three-quarters of the
deaerated water has flowed through the specimen, slowly return the specimen pressure
to OkPa and increase the cell pressure to 20kPa, keeping the pressure increment constant
as 20kPa throughout the process. The remaining deaerated water of the upper reservoir
is then injected into the specimen again. A total water volume of 10.4 (normalized value
in terms of pore volume) has been flowed through the soil specimen. The inlet valve of
sedimentation tank should be closed completely to avoid any possible soil grain loss.

The application of back pressure begins after the completion of the vacuum saturation
procedure. In this apparatus, back pressure could be applied from either the double
burette or the sedimentation tankig. 4.3. Both of them are pressurized
simultaneously and connected to the tested specimen. Initially the valve connected to
the sedimentation tank is closed. The cell pressure and back pressure are increased
incrementally with the drainage valves to the double burette, which is connected to the
top and bottom of the specimen, opened. The size of each increment is 50kPa. For the
majority of tests, a B-value of higher than 0.95 could be achieved after applying a back
pressure of 100kPa. At this circumstance, the pressure inside the sedimentation tank
reaches 100kPa as well. Then close the double burette valve and slowly open the
sedimentation tank valve. Minor adjustments might be necessary to ensure the back
pressure reaches 100kPa and then wait until the readings from pressure gauges become
stable. The recordings of the load cell inside the sedimentation tank indicate that there is
hardly fines loss because of the application of back pressure.

The consolidation is performed by an automatic control system. Cell pressure gradually
increases up to the target value at a fairly low increment (i.e., 1kPa/min) to avoid soill
grains migration. Axial stress, controlled by a motor, increases correspondingly to keep



88
Chapter 4 Newly developed flexible-wall seepage premeameter

the determined effective stress ratio (effective axial stress/effective radial stress)
constant. In this study, soil specimens are isotropically consolidated until the preferred
stress state is reached. After consolidation, the specimens are ready for erosion tests.

4.3.4 Erosion test

From the erosion test, the detection of critical Darcy velocity is expected, at which
internal erosion initiates. To sufficiently demonstrate the mechanical effects of internal
erosion on soils, the imposed inflow rate for each specimen should be held constant as a
reference. After several trial tests, an inflow rate of 310mL/min for the tested soil is
selected because the loss of fines at this rate is significantly large, which would
highlight the differences between the eroded specimen (ES) and the non-eroded
specimen (NS) in terms of stress-strain relationship. The procedure for the inflow rate
increments in this study is shownFkig. 4.13 Based on the test results of Chapter 3, the
initiation of internal erosion would occur at a fairly low Darcy velocity, which is
approximately 0.02~0.12cm/s (i.e., equivalent to the inflow rate of
48mL/min~277mL/min through a 70mm-in-diameter circular section) depending on the
density and fines content of the tested specimen. Therefore, the initial increment of
inflow rate is set approximately at 10(mL/min)/min: increase the inflow rate to
10mL/min in 1min and allow the seepage flow to become steady for the next 1min. The
trial tests indicate that a short duration (e.g. 1min) is sufficient to stabilize the seepage
flow. As long as erosion initiates, the amounts of eroded fines would increase with the
increase of inflow rate. The increments of inflow rate at this stage could be relatively
larger to shorten the test. Then in this study, the inflow rate is increased to the target
value of 310mL/min at increments of 50(mL/min)/min once the it reaches 100mL/min.
This inflow rate of 310mL/min will be maintained constant until (1) the recorded
hydraulic gradient is steady; (2) the effluent become clear and clean by visual
observation; (3) there are no further eroded fines loss (i.e., <0.2g per 10min); and (4)
there are no further increases in the axial and radial strain of the tested specimen.
Commonly, the erosion test would be terminated after 3 hours. The inflow rate is
decreased gradually till there is no pressure difference between the top and bottom of
the specimen. Then close the inflow valve and let the specimen stay still until the
readings of the pressure gauges become stable. The B-value is checked again.

The stress state of the specimen during the erosion test is maintained the same level as
after isotropic consolidation. The cumulative eroded fines mass is recorded
automatically by the load cell inside of the sedimentation tank. The balance of the light
tray is realized by the following procedure: before the erosion test, the cylinder is filled
with deaerated water so that the light tray is fully submerged. After applying the target
pressure of 100kPa to the sedimentation tank, the tray would reach equilibrium within
10min. Then set the readings of “eroded soil mass” as zero and start recording. During
the erosion tests, it is found that the readings of the cumulative eroded soil mass were
influenced by the impact force, generated from the flow jet. It became obvious if larger
inflow rate was assigned. To minimize the effect of the impact force on the light tray, a
funnel with a 15mme-in-diameter opening at the end has been fastened on the steel frame
to surround the inlet pipe. The position of the funnel outlet is aligned with the tray
center. The details are shownFRig. 4.14 It works as a buffer that could decrease the
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velocity of flow jet as well as a drainage that could facilitate the eroded fines uniformly
settled down onto the light tray. The axial displacement, radial deformation and the pore
water pressure difference generated by the seepage flow is recorded at every 1s
automatically.

(L
I =
oL
_.300 I 1 | Stage 3 n
§= k2! | Keep flow rate constant at Q= 310mL/min
E -\ 1y \for at least 3 hours
_| '\
=
=200~ \/\ stage?2 .
g A Flow rate increments of 50(mL/min)/min
© s 1\ until Q=310mL/min -
; '
@)
ElOO_ I 1\ Stage 1 ]
- | 1\ Flow rate increments of 10(mL/m|n)/m||n
C 1 \until Q=100mL/min
O : :I
0 2000 4000 6000 8000 10000
Time (S)
Figure 4.13 Inflow rate increments for seepage test
l Inlet Back pressure
Seepage flow L
with eroded fines Wir& X
[N N
- Load cell
Funnel
A7 VA
). solenoid valves
- ~._ with timer
Outlet

Figure 4.14 Schematic diagram of improved eroded soil collection unit
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4.3.5 Undrained and drained monotonic tests

Undrained and drained compression test is performed at the same stress state as that of
erosion test to investigate the mechanical consequences of internal erosion. The
compression test is displacement controlled with the axial strain rate of 0.1%/min,
following the standard criteridASTM D4767-11; ASTM D7181-11; JGS 0524-2000;

JGS 0525-2000 to allow the pore pressure to reach equilibrium. The confining
pressure is maintained constant, whereas axial displacement increases at the designated
strain rate. Axial stress could be obtained from the load cell amounted to the piston. The
recorded data from the eroded soil collection unit indicate that there is hardly fines loss
as a result of compression.

4.3.6 Undrained cyclic tests

To quantify the effect of internal erosion on the cyclic resistance, undrained cyclic tests
are performed on the eroded specimens. After erosion test, the soil specimens are
subjected to a cyclic shear stress in axial direction under the same effective confining
pressure as that of erosion test with a determined cyclic stress ratio. The axial strain rate
is 0.5%/min, which is sufficiently slow to allow the equilibrium of pore pressure in the
tested specimens.

4.4 Summary

A newly developed triaxial internal erosion apparatus, capable of directly investigating
not only the hydraulic characteristics of soils at the onset and the progress of internal
erosion under preferred stress state but also the mechanical behaviors of those internally
eroded soils, is presented. By introducing a sedimentation tank, back pressure could be
maintained in the tested specimens during erosion test to ensure a relatively high
saturation degree. A measurement system of the cumulative eroded soil mass is installed
in the tank to continuously record the eroded soil mass. Erosion tests are performed by
constant-flow-rate control manner with the measurement of the induced pressure
difference between the top and bottom of the tested specimens. Volumetric strain of the
soil specimen could be assessed by measuring the axial and radial deformation. The
mechanical consequences of internal erosion could be evaluated by directly performing
undrained and drained compression tests or undrained cyclic tests on the eroded soil.

The soil specimens are prepared by moist tamping method, which could prevent the
segregation of fines from coarse grains. Full saturation is achieved by standard vacuum
procedure followed by the application of back pressure on specimens. The reconstituted
specimens are isotropically consolidated into target mean effective stress and then
seepage tests are conducted at the same stress state. For the soil strength test stage, the
axial strain rate is maintained sufficiently slow to ensure the full equilibrium of pore
pressure in specimens.



CHAPTER 5

SOIL HYDROMECHANICAL BEHAVIOR IN TRIAXIAL
SEEPAGE TEST

5.1 Introduction

A comprehensive understanding of the erosion mechanisms and the post-erosion soll
behavior is beneficial to the estimation of erosion progress and is helpful for the retrofit
of internally eroded soil structures, such as levees. In this chapter, by using the newly
developed triaxial seepage apparatus capable of maintaining back pressure in the soll
specimen during seepage test and directly measuring the cumulative eroded soil mass
within the test period, the erosion mechanism for saturated gap-graded cohesionless soil
under the isotropic confining pressure is elaborated. The representative erosion-induced
variation of soil hydraulic conductivity, volumetric strain and void ratio is presented
first. Then the influence of the effective confining pressure and initial fines content is
discussed by the comparison of the testing data with the representative data.

5.2 Tested specimens

Gap-graded soils, like sandy gravels, are more prone to internal erosion due to its
deficiency in certain grain siZ&kempton and Brogan, 1994hey may be detected at

the earth dams that have been suffered from years of erosion or the construction site
with substandard procedure of soil mixing leading to the omission of amounts of soil
grains. In this study, the tested sand includes two types of silica sand (silica No.3 and
No0.8) with the same specific gravity of 2.645 but different dominant grain sizes, the
same is described in Chapter 3. They are commercially available sands, frequently used
as industrial polishing materials. The silica sand is mainly composed of quartz, and
categorized as sub-round to sub-angular material. Before testing, they are fully washed
and dried to remove possible impurities. Micro observation of the dry mixtures of silica
No.3 and No.8 by a digital microscope at a total magnification of 100X is shown in
Fig.5.1 According to the Standard Practice for Classification of Soils for Engineering
PurposesASTM D2487-1), silica No.3 and No.8 corresponds to medium sand and
fine sand, respectively. With larger grain size, silica sand No.3 works as the coarse
fractions which are regarded as soil skeleton in the mixture, whereas, silica No.8 is the
erodible fines. Hereafter, without specification, the term “fines” is referred to silica
No.8 for simplicity even though it is not strictly classified as fines. In Chapter 3, the
estimated maximum mass fraction of fines is approximately 37% for the tested mixtures
derived from the geometrical restriction: the volume of fines should be less than that of
the voids between coarse grains. A series of fines content (mass ratio) of 35%, 25% and
15% is adopted. The grain size distribution and the physical properties of the mixture
are shown irFig. 5.2andTable 5.1

91
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Figure 5.1 Microscopic observation of dry mixtures of silica No.3 and No.8 by a digital
microscope
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Figure 5.2 Grain size distribution curves of the mixtures
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Table 5.1 Physical properties of tested soill

93

Physical property Specimen 35 Specimen 25 Specimen|15
Specific gravityGs 2.65 2.65 2.65
Fines content (%) 35 25 15
Maximum void ratio &ma, 0.74 0.77 0.79
Minimum void ratio,enin 0.36 0.37 0.53
Median particle sizésg 1.54 1.68 1.78
Effective particle sizelo 0.038 0.038 0.10
Uniformity coefficientC, 45.9 a7.7 18.7
Curvature coefficienC, 0.59 33.6 22.6
(H/F)min Y 0.05 0.08 0.15
(D15c/dszt)gar 7.9 7.9 7.9
Conditional factor  of
uniformity, h' 13 12 1.2
Conditional factor  of

. . 8.5 9.3 6.2
uniformity, " ©
Grain description Subround - subangular

Note:

(1) F is the weight fraction of the soil finer than stteH is the weight fraction of the
soil in the size ranging fromhto 4d.

(2) h'=dgo/dgo

(3) h":dgc/d]_E

Similarly, the vulnerability of the mixture to internal erosion is assessed by currently
available method2J.S. Army Corps of Engineers (1953), Istomina (1957), Kezdi
(1979), Kenney and Lau (1985, 1986), Burenkova (1993) and Mao (ZD#&)details

of the evaluation are shown ifable 5.2 which indicates that the mixtures are
potentially unstable for soil erosion.

Several internally unstable specimens are tested to understand the erosion mechanism. A
summary of the test cases is showrmale 5.3 Each specimen with moisture content
reaches the target void ratio following the procedures of moist tamping method. The
applied mean effective stress is 50kPa, 100kPa and 200kPa, which approximately
corresponds to the earth pressure of 5m, 10m and 20m in depth, respectively. Three
specimens, named 35E-50-R, 35E-100-R and 35E-200-R, are tested under the same
effective stress state as that of Specimens 35E-50, 35E-100 and 35E-200 to confirm the
repeatability of the test results and test apparatus.
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Table 5.2 Assessment of the mixture’s vulnerability to internal erosion

Criteria The mixture is Specimen | Specimen | Specimen
internally stable if 35 25 15
U.S. Army (1953) | C,< 20 U U S
Istomina (1957)
C,<20 U U S
[Ref. Kovacs (1981)
Kezdi (1979) (D15c/dgsr)max=< 4 U U U
Kenney and Lau (HF)mn>1 (0 < F U U U
(1985, 1986) <0.2)
0.7dog(h")+1<h'<
Burenkova (1993) U U U
1.8dog(h")+1
Mao (2005) £ (1-n)> 1@ U U U

Note:

(1) “U” means Unstable; “S” means Stable;

(2) Pt is the fines content by weight in sailjs the porosity, derived from Table 5.3.
Table 5.3 Details of test conditions

Fines content Initial void Post Post
Specimen before . consolidation| erosion p’ (kPa)

: ratio : ) : .

erosion (%) void ratio void ratio

35E-50 35 0.64 0.59 1.09 50
35E-100 35 0.60 0.55 0.92 100
35E-200 35 0.59 0.55 0.80 200
25E-50 25 0.61 0.57 0.81 50
15E-50 15 0.68 0.68 0.78 50
35E-50-R 35 0.62 0.60 1.00 50
35E-100-R 35 0.60 0.56 0.95 100
35E-200-R 35 0.64 0.57 0.77 200

5.3 Representative soil behavior during erosion

Parametric study is performed in this series of tests. Two variables in this study are
effective confining pressure (50kPa, 100kPa and 200kPa) and initial fines content (35%,
25% and 15%), which are considered of great significance for soil internal erosion
phenomena. Firstly, the characteristics of erosion are described by interpreting the
hydraulic gradient, cumulative eroded soil mass and volumetric deformation of the
tested specimens with 35% initial fines content under the effective confining pressure of
50kPa (specimen 35E-50). One of the consequences of erosion is the variation in grain
size distribution curve, which would be helpful to illustrate the spatial progression of
erosion. Then, the influence of the two variables is discussed by the comparison of the
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testing data of others specimens with those of specimen 35E-50.
5.3.1 Maintained back pressure

The saturation degree of the tested specimen would usually decrease during the period
of the seepage test because of the air bubbles generated in the specimen induced by the
pore pressure reduction. Commonly, the inflow is at the higher pressure with air
dissolved. Due to the head loss during seepage test, the pore water pressure in the tested
specimens is lower. Thus, dissolved air may probably separate out and form air bubbles
in the tested specimen. As a result, the saturation degree would deénease.and

Fang (1988proved that the decrease in saturation degree would cause the reduction in
the measured hydraulic conductivity by approximately three orders of magnitude, which
may result in a misleading understanding of the hydraulic behavior of tested soils.
Furthermore, falling in the saturation degree may reduce the quality of compression test
on the internally eroded specimens. As a countermeasure, a back pressure of 100kPa is
maintained to the tested specimens from the sedimentation tank, shdvim .3

Although slight deviations from 100kPa exist due to the regular opening/closing of
drainage valve of sedimentation tank, basically the back pressure is maintained constant
in the tested soil specimen. Usually, the B-value drops after seepage test. For most of
the soil specimens, that value is still higher than 0.93, which is considered as fully
saturated in this research.

5.3.2 Evolution of hydraulic gradient and hydraulic conductivity

The hydraulic gradient is derived from the recorded pressure drop induced by seepage
flow and the specimen length corrected by deducting the vertical deformation. With the
progress of erosion, hydraulic gradient would vary correspondingly. That variation of
specimen 35E-50 at the initial 900s and 0s~11000s in the erosion test is plétigd in

5.4. At 480s, a moderate drop of hydraulic gradient is notic®¢50mL/min,
v=0.021cm/s), which is considered as the sign of the onset of internal erfésioh.4 3.

The effluent becomes slightly turbid with very small amounts of suspending fines. At
this moment, the reading from the eroded soil collection unit is basically zero,
indicating that no eroded fines are detected. It is postulated that at this stage the process
of filtration of fine grains diffuses within the specimens. A sharp increase of the
hydraulic gradient is detected at 8833=(00mL/min, v=0.042cm/s) at which the
increment of the inflow rate begins increasing from 10(mL/min)/min to
50(mL/min)/min Eig. 5.40). This sharp increase may relate to the influence of “hammer
effects” which refers to the phenomenon that a sudden increase or decrease in Darcy
velocity would affect the hydraulic properties of soil specim@msnlinson and Vaid,

2000) It may induce the unexpected movement of soil grains that would affect the
detection of critical Darcy velocity. Another possibility might be explained by the
temporary clogging of fines among the constrictions of coarse grains when large
amounts of fines begin eroding off. The hydraulic gradient dramatically drops after the
“peak” with the erosion of a large amount of fines. It is postulated that the soil grains
gradually change their position for self-balance at this stage and correspondingly, the
specimen would deform. After a period, the soil packing will reach a new equilibrium
without further erosion and consequently, the hydraulic gradient becomes constant.
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Figure 5.4 Hydraulic gradient within seepage test period (specimen 35E-50)

On condition that Darcy velocity and hydraulic gradient is known, hydraulic
conductivity could be calculated following Darcy’s law that describes the flow of a fluid
through a porous medium. A condition of laminar flow during seepage test is validated
by ensuring the Reynolds number less than 10. The validation procedure and calculation
details are similar to that illustrated in Chapter 3. In this study, the inflow is constantly
provided by a pump with a constant rate. Discharge rate is unknown due to the
difficulties in conducting measurement in a pressurized tank. The Darcy velocity in this
assessment is derived from the inflow rate and the cross-sectional area corrected by the
radial deformationFigure 5.5shows the variation of hydraulic conductivity with the
period of erosion test. Before the onset of internal erosion, hydraulic conductivity keeps
constant at 0.006cm/s. At the initial drop of hydraulic gradient, hydraulic conductivity
begins increasing at 480@€50mL/min,v=0.021cm/sFig. 5.53. An obvious increase

of hydraulic conductivity is observed after the sharp increase of hydraulic graégnt (
5.50). It could be understood that with the progress of internal erosion, the fines are
gradually dislodged causing the increasing of pore size. Thus, hydraulic conductivity
increases. It may be argued that the temporary clogging, which leads to the sharp
increase of hydraulic gradient, should decrease the hydraulic conductivity. In this study,
the formation and dissipation of the temporary clogging is found to be rapid in a short
period probably because of the relatively large hydraulic conductivity of the tested soil.
Therefore, a mere increasing of hydraulic conductivity is obviously notédyib.5h
Seepage flow would carry a significant amount of fines through the channels formed by
voids among coarse grains. It is possible that the movement of fines is impeded at a
channel, the size of which is not sufficiently large for the passing of fines and
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consequently, it may result in the clogging among coarse grains. With the increasing
accumulation of fines at channels, the size of effective pore throats would further
decrease and thus, hydraulic conductivity would drop. This phenomenon is usually
detected after a significantly longer period. In this study, the decrease of hydraulic
conductivity from 8500s probably indicates the possible occurrence of clogging. The
maximum hydraulic conductivity detected is approximately 150 times larger than the
initial value.

5.3.3 Cumulative eroded soil mass with time

The evolution of the percentage of cumulative fines loss with time is plotted.i%.6

where the recorded cumulative eroded soil mass is normalized by the total weight of
specimen. Corresponding to the instantaneous increase of hydraulic gradient, large
amounts of fines are eroded away, which might cause the increment of porosity and the
re-adjustment of the inter-grains position. The erosion rate decreases with the progress
of internal erosion. By the end of the test1(1000s,Q=310mL/min, v=0.14cm/s),
approximately 25% fines are lost and 13% fines remain in the tested specimen.
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5.3.4 Soil volumetric deformation

Incessant erosion of fines from the tested specimen may result in the re-arrangement of
soil grains, consequently leading to the volumetric deformakimure 5.7presents the

soil specimen deformation in terms of volumetric strain during the erosion test. At the
stage 1 of the seepage test when the inflow rate increases from 0 until 200mL/min by
10(mL/min)/min, the volumetric strain approximately increases by 2.3% because of the
test apparatus. The rotary pump used in the test would produce jet flow on the soil
specimen when increasing the inflow rate, i.e., at the beginning of each stage. This jet
flow leads to the soil deformation, which is considered as a limitation of the current
water circulation system of the apparatus. Generally, the tested specimen is prone to be
contractive with the progress of erosion. In stage 3 when the inflow rate is kept constant,
two obvious jumps in deformation are detected around 2400s and 5600s. It is postulated
that along with the constant loss of fines, the coarse grains would correspondingly re-
arrange their positions to reach a new equilibrium in a short period, which might be an
explanation of the sudden and rapid collapse of earthen structure induced by erosion.
Moffat et al. (2011)described the relatively rapid volumetric deformation of soil as the
characteristic of suffusion (internal erosion).
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Figure 5.7 Volumetric strain within seepage test period (specimen 35E-50)
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5.3.5 Post-erosion grain size distribution

The variation in grain size distribution could reflect the changes in the geometry of saill
specimens due to internal erosidfenney and Lau (1985oncluded that fine grain
losses resulting from erosion could cause the post-erosion distribution curve shifts
downward from original curve. The extent of the movement proportionally increases
with the amount of fine grain lossChang and Zhang (2011b@xperimentally
demonstrated that comparing to the fines loss in the bottom layer and the middle layer,
that loss in the upper layer is larger. In this test, the post-erosion specimen is equally
divided into two layers: top layer and bottom layer. The grain size distribution curve is
determined by sieving tesin those soils that have been oven-dried at 110°C for 24h.
Figure 5.8presents the typical grain size distributions of a post-erosion soil specimen.
The post-erosion curves of both upper layer and bottom layer move downward from the
original curve, the extent of which is corresponding to the loss of fines. Moreover, the
fines loss in the upper layer is more than that in the bottom layer.

5.3.6 Influence of effective confining pressure

The effect of effective confining pressure on erosion mechanism is complicated. At the
larger confining pressure, the fines are expected to be densely packed among coarse
grains and the interstitial spaces may be narrower. For the soil specimens with the
higher confining pressure, the seepage flow might dislodge fewer fines. However, the
force transfer mechanism of granular material is much more complex. Due to the
boundary frictions, force-arching may develop at the intersections of the bottom
boundary, which may hold the fines from erosion. At the higher confining pressure, it is
possible that the force-arching is failed, which, instead, might cause further erosion of
fines (Tomlinson and Vaid, 2000)n this study, constant-flow-rate seepage tests on the
specimens with 35% initial fines content under three different effective confining
pressures (50kPa, 100kPa and 200kPa) are conducted. Through the period of seepage
test, the mean effective stress is kept the same as that of consolidatign £6Q@kPa,
g=0kPa). The influence of effective confining pressure is demonstrated by comparing
the test data in terms of Darcy velocity, hydraulic conductivity, percentage of
cumulative fines loss and volumetric strain.

The Darcy velocity for stage 3 under different effective confining pressures is presented
in Table 5.4 1t indicates that the velocity is basically the same in each case, which
provides a reference for the following comparisbigure 5.9shows the normalized
hydraulic conductivity, which is the ratio of hydraulic conductivity after and before the
internal erosion. For specimen 35E-50 whose effective confining pressure is 50kPa, the
post-erosion hydraulic conductivity increases nearly 150 times while that increment for
specimen 35E-100 and 35E-200 is 100 and 80, respectively. With the progress of
internal erosion, the specimen would gradually become heterogeneous and consequently,
the local velocity filed exhibits significant spatial fluctuations. It is possible that the
local flow velocity is much larger than the overall macroscopic velocity. Under larger
effective confining pressure, the progress of internal erosion may slow down and
therefore, the maximum value of the local velocity field is lower. On the other hand, the
fines might be tightly packed and the interlocking between soil grains is firmer under
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larger effective confining pressure. Thus, fewer fines would overcome the interlocking
forces and would be dislodged from the specimen, as is showinirb.10 As is
discussed, the extent of the increasing in the hydraulic conductivity is closely associated
with the amounts of fines loss. For the specimen with less extent of increasing in
hydraulic conductivity (i.e., specimen 35E-200), the fines loss is expected to be less
(Fig.5.10. Similarly, the volumetric strain induced by erosion of fines is the least in
spegimen 35E-200 and the largest in specimen 35E-50, shdvimn Gl
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Figure 5.8 Grain size distribution curves of the post-erosion specimen (specimen

35E-50)

Table 5.4 Assigned Darcy velocity in seepage tests
Specimen Darcy velocity (cm/s)

35E-50 0.144
35E-100 0.150
35E-200 0.146

25E-50 0.145

15E-50 0.138
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Figure 5.11 Internal erosion induced volumetric strain versus effective confining
pressure for specimens with 35% initial fines content

5.3.7 Effects of soil initial fines content

The initial fines content actually characterizes the effect of soil packing, which may
offer a physical explanation for the soil hydromechanical behavior. The schematic
microstructure of the soil specimen with respective 35%, 25% and 15% fines content is
shown inFig. 5.12 Majority of fines is considered to be locked within the voids of
coarse grains for the specimen 15E-50 with 15% initial fines content, in contrast with
specimen 35E-50 with 35% initial fines content, where the fines may not only fill the
voids but also probably separate the coarse grains. If internal erosion initiates, the fines
simply occupied the voids may be easily eroded away while those fines separating the
coarse grains may hardly move because of the higher contact force on them. Suppose
that the fines are merely considered as voids, at the same relative density, the voids size
among the coarse grains of specimen 35E-50 would be larger than that of specimen
15E-50. A larger void size would commonly allow for greater fines loss. Therefore, the
specimen with larger initial fines content is assumed to show much greater extent of
erosion.

The Darcy velocity assigned on the specimens with different initial fines contents under
an effective confining pressure of 50kPa is notedable 5.4 The similar value of flow
velocity for each specimen is regarded as a reference for comparison. The initial relative
density of each specimen is set the same as 30%. The normalized hydraulic conductivity
versus initial fines content is presentedrig. 5.13indicating that the largest increase of
hydraulic conductivity occurs in specimen 35E-%0gure 5.14and 5.15 show the
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percentage of cumulative fines loss and erosion-induced volumetric strain versus initial
fines content, respectively. It can be seen that cumulative fines loss is larger for
specimen 35E-50 and correspondingly, the erosion-induced volumetric strain is larger.
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(a) 35% initial fines content (b) 25% initial fines content (c) 15% initial fines content
Figure 5.12 Schematic diagram of possible soil microstructure (the empty grains are
erodible)
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Figure 5.13 Normalized hydraulic conductivity versus initial fines content under an
effective confining pressure of 50kPa
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Figure 5.15 Internal erosion induced volumetric strain versus initial fines content under
an effective confining pressure of 50kPa
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5.3.8 Test repeatability

The repeatability is confirmed by comparing the key parameters among tested
specimens with 35% initial fines content, showrnTable 5.5 Irregular deviation exists
among the hydraulic gradient and hydraulic conductivity, which might be influenced by
the inhomogeneity of the specimens. However, the percentage of cumulative fines loss
and volumetric strain are basically the same, which might indicate the consistency of
erosion law for each test case.

5.4 Evolution law of void ratio

Change of void ratio is caused by the fines la8¢;)(and possible intergranular re-
arrangement4V,,), as is shown irrig. 5.16 To address the problem, it is postulated
that the void ratio change follows two steps: (1) as soon as internal erosion initiates, no
deformation occurs due to the dislodgement of fines, the total volume of the tested
specimen remains the same and the volume of eroded fines would be occupied by water
at the same volume if the saturated soil is taken into considerafimalicates the void
ratio induced by erosion of fines with soil deformation, which can be given by:

_e+A4FC

.......... (5.1)
1-A4FC
Table 5.5 Repeatability of seepage tests
. Post-erosion
Maximum . Percentage of .
. . hydraulic > Volumetric
Specimen hydraulic L cumulative :
: conductivity , strain (%)
gradient (cm/s) fines loss (%)
35E-50 11.7 2.8 25.0 3.9
35E-50-R 10.1 1.9 22.4 3.8
35E-100 5.68 0.8 22.7 3.2
35E-100-R 7.17 1.0 22.7 3.6
35E-200 10.5 0.8 13.9 2.8
35E-200-R 7.76 1.5 16.7 2.8
3 B AV,
€c
-1 Water €e
g “Fine grains
. R e e
v Coa.rse i
grains
o Before internal Erosion without Occurrence of
erosion volumetric deformation Volumetric deformation

Figure 5.16 Soil erosion induced variation in soil phase relation
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Where4FC indicates the percentage of cumulative fines loss by mass, which equals to

the percentage by volume if the specific gravities of the coarse and the fine grains are
the same; (2) with the erosion of large amounts of fines, the metastable structure might
be formed which would easily trigger the re-arrangement of soil grains into a stable

packing. Correspondingly, a volumetric deformatie)) &nd therefore a change in void

ratio would take place, which equals4p(1+e,). The post-erosion void ratio could be

obtained as:
e +4FC

%: %_gv(l‘l'%):(l_gv)(m)_gv .......... (52)

As is indicated by Eq. (2), change of void ratio is closely dependent on the volumetric
strain during internal erosion. If no deformation occurs, a large post-erosion void ratio
would be obtained. Further, if the specimen shows dilative behavior during erosion, the
largest void ratio would be gained, which may again accelerate the erosion progress. By
contrast, a contraction behavior during this process may delay the increase of void ratio
even decrease the void ratio after internal erosion. At this circumstance, the lower limit
of void ratio could be determined by the greatest density that the coarse grains could
achieve. The corresponding volumetric deformation of the specimen would reach the
maximum valueScholtéset al. (2010)conducted the simulations of grain extraction by

the similar approach. The deformation of granular assembly was obtained by the
analysis of inter-particle sliding resistandécDougall et al. (2004, 2013)proposed a
parameter, indicated b¥, to quantitatively illustrate the dissolution-induced volume
change of soil. It is defined as the ratio of the increments of void volume to that of solid
volume. A value of -1 indicates no change in volumetric strain and the increase in void
ratio is the maximum.

A plot of the amount of axial, radial and volumetric strain versus cumulative eroded
fines loss is depicted iRig. 5.17to interpret the deformation characteristics during soll
erosion. The positive axial, radial and volumetric strains indicate the contractive
behavior of the tested specimen. Initially, the inflow rate is small and few fines are
eroded away while the jet flow induced by the flow pump causes certain amounts of
strain. From the beginning of stage 2, large amounts of fines are dislodged and soil
deformation develops correspondingly. The phenomenon of the jumping of radial strain
frequently occurs while the axial strain develops smootbhang and Zhang (2012)
proposed that the soil deformation is mostly determined by the potential of buckling of
the strong force chains through the coarse grains and fine grains mainly provide lateral
supports for those chains. Since the mass of coarse fractions keeps constant during
internal erosion, failure of a force chain may let the remaining force chains to keep on
supporting the soil specimen and therefore, the axial strain smoothly develops. On the
other hand, the fines loss is continuous with the progress of soil erosion, which would
continuously weaken the lateral supports. At certain circumstances, when the remaining
fine grains are not strong enough to provide the lateral support, sudden radial
deformation may occur, which is represented as “jumps” in radial strain. Another
potential possibility relates to the strain-measuring techniques employed in the triaxial
testing. The axial strain is recorded by an external LVDT, directly connected to the
loading piston and top cap. Since the top cap equally spaced around the top surface of
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the tested specimen, the measured axial strain actually represents the average
displacement and therefore, the recorded curve develops smoothly. For the radial strain
determination, on the other hand, it is obtained from three clip gauges attached at the
different spots along the specimen. The inherent assumption is that the average of the
discrete radial deformations is representative of the overall radial strain. Comparing to
the whole body measurements of axial strain, the discrete local radial deformation might
be discontinuous with possible abrupt irregularities.

The estimated void ratios derived from Equations (5.1) and (5.2) for the specimens with
35% initial fines content under an effective confining pressure of 50kPa, 100kPa and
200kPa are presentedFiny. 5.18 which clearly indicates the contribution of volumetric
strain to the void ratio change. For specimen 35E-50, the calculated void ratio
considering merely the fines loss is 1.13 and because of the volumetric deformation that
value approximately decreases by 3.5% to 1.09. The calculated valuesc0.91 for

the specimen, indicating a limited influence of volumetric strain on the increments of
void ratio. At the higher confining pressure, with less loss in fines, the volumetric
deformation of the tested specimen and void ratio change is comparatively less.
Compared to the soil state before erosion, the post-erosion void ratios commonly
increase, which might alter the mechanical response of the tested soil in terms of stress-
strain relationship.
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Figure 5.17 Axial, radial and volumetric strain versus percentage of cumulative fines
loss under different effective confining pressures for specimens with 35% fines content
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(c) An effective confining pressure of 200kPa (specimen 35E-200)
Figure 5.18 Void ratio versus percentage of cumulative fines loss under different
effective confining pressures

5.5 Erosion law

The constitutive law for erosion is mostly empirical, derived from laboratory tests. For
cohesive soilReddiet al. (2000)proposed an expression of shear stress to evaluate the
initial surface erosion. Afterwards, a number of internal erosion analysis adopted this
concept with the assumption that as long as the seepage flow exerted shear stress is
larger than the critical shear stress, erosion occurs. However, if the size of the flow path
within the specimen and that of the eroded fines are considered, there is high possibility
of occurrence of soil redeposition and clogging. In this study, the erosion by definition
refers to the effective dislodgement and transport of the fines, which would be detected
at the exit of the tested specimens. The test results are summarized.i®.19 and

5.20in terms of evolution of (a) percentage of cumulative fines loss with time and (b)
erosion rate with time under different effective confining pressures and initial fines
content. It is noted that both the cumulative eroded soil mass and maximum erosion rate
decrease with the effective confining pressure and increase with the initial fines content
within the test range. The erosion rate reaches the peak at the beginning of stage 2 and
then drops with time to a constant value. This tendency is in accordance with the finding
of Reddiet al. (2000) who conducted the internal erosion test by a flow pump.
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5.6 Conclusions

The mechanisms of internal erosion for saturated sand with different initial fines
contents at isotropic stress states are presented in this paper. The binary mixtures consist
of two types of silica sands (silica No.3 and No.8) with different dominant grain sizes.
With larger grain size, the silica No.3 works as the soil skeleton in the mixtures while
the fine silica No.8 is the erodible fines. Erosion tests are performed by the constant-
flow-rate control in triaxial apparatus. The back pressure is applied to ensure the full
saturation of tested soil. Cumulative eroded soil mass is continuously recorded by a
consecutive monitoring system. The mechanical consequences of internal erosion are
assessed by conducting drained compression tests on eroded soil specimens.

Hydraulic gradient dramatically drops with the progress of internal erosion, indicated by
the erosion of large amounts of fines. Correspondingly, hydraulic conductivity, derived
from Darcy's law, keeps increasing at this stage. Afterwards, the soil grains would
gradually reach a new equilibrium when the hydraulic gradient and cumulative eroded
soil mass become constant. A moderate decrease of hydraulic conductivity is detected
after a significantly long period of test time, which might be caused by the clogging of
fines inside tested specimens. Erosion of fines would result in the increase of
contractive volumetric strain. The post-erosion grain size distribution analysis indicates
that the fines loss is larger in the upper layer. The saturation degree drops after internal
erosion test with the B-value larger than 0.93.

Assigned the seepage flow with the same velocity, the specimens under the larger
effective confining pressure show less increments in hydraulic conductivity within the
test range. The percentage of cumulative fines loss and volumetric strain induced by
internal erosion is the least in the specimens under the effective confining pressure of
200kPa and the largest in the specimens under the effective confining pressure of 50kPa.

Comparing the erosion test results of the specimens with 35%, 25% and 15% initial
fines content, respectively, the largest change of hydraulic conductivity occurs in the

specimen with 35% initial fines content. Fines loss is larger for the specimens with

larger initial fines content and correspondingly, the internal erosion induced volumetric

strain is larger. The change of void ratio is closely dependent on the volumetric strain
during internal erosion. In this series of erosion tests, the tested specimens show
contractive behavior and the post-erosion void ratio increases.



CHAPTER 6

MECHANICAL RESPONSES OF INTERNALLY ERODED
SOIL

6.1 Overview

The coarse grains may rearrange their inter-position into a new equilibrium and
consequently, eroded soil will become loose. The stress ~ strain relationship of the
internally eroded soil might be greatly altered compared with the original soil. There is
a high possibility that the strength of the post-erosion soil decreases due to the
destructive function of internal erosioBugita et al. (2008) reported flow slide of
several embankments constructed on catchment topography (i.e., swamps and valleys)
during Noto Peninsula Earthquake of Japan. Because of the ground configuration, those
embankments may have been suffering from years of internal erosion and chronically
become too weak to resist seismic shakings. Although soil erosion might be a huge
threat for the stability of existing earthen structures, unfortunately, few studies could
deliver comprehensive investigations about the consequences of soil erosion from the
perspective of soil mechanics. This chapter mainly discusses the mechanical
consequences of internal erosion on a series of non-cohesive soils. By utilizing the
modified triaxial apparatus, undrained and drained monotonic tests are performed on the
eroded specimens, which would be helpful to fully understand the mechanical
characteristics of eroded non-cohesive soil. Of special interests are the comparison of
soil behavior between the eroded soil and the original soil without erosion. Associated
with the results of monotonic compression tests, internally eroded specimens have been
tested under a series of cyclic loading to illustrate the cyclic failure and determine its
cyclic strength.

Since the direct consequences of internal erosion include the reduction in fines content
and increase in void ratio, knowledge of the mechanical influence of nonplastic fines
and void ratio might be helpful to understand the responses of the internally eroded non-
cohesive soil. It is universally recognized that the presence of nonplastic fines in a soill
could create a “metastable” soil structuiieerzaghi, 195pthat greatly influences the
mechanical characteristics of soil. Generally the median grain size of the skeleton sands
(Dsg) ranges within Imm to 0.1mm corresponding to medium ~ fine sand, whereas that
of the nonplastic finesd§g) is predominantly smaller than 0.075mm corresponding to
the silt passing a No0.200 U.S. standard sie&8TM D2487-1). Regarding the
mechanical function of nonplatic fines debates still exist in literatduerbis et al.

(1988, 1989xonducted undrained triaxial tests on Brenda mine tailings sand with fines
contents of up to 22.3% and noted that for those specimens with a constant void ratio of
the skeleton sand, an increase in fines content would cause slightly more dilative
behavior. Adopting the similar comparison basis which is a similar void ratio of the
skeleton sandPitmanet al. (1994) tested Ottawa sand with the contents of crushed
quartz fines and kaolinite up to 40%. The results of the undrained triaxial compression
tests indicated a slightly more dilative soil response generating a sand with larger
liquefaction resistanc&algadcet al. (2000)mixed Ottawa sand with up to 20% silcosil

116
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and created several soil specimens with similar relative density. The results of drained
triaxial tests presented an increase in the dilatancy with the increase of fines content.
Undrained compression tests on the old alluvium sand of Singapore with 0% and 9%
content of silt-size quartz conducted Wy et al. (2004) showed that at the same void

ratio of skeleton sand, nonplastic fines increased the undraind strength and, at worst, act
like voids. But contrary behavior was observed by othéegovic and Ishihara (1995)

noted that for Toyoura sand mixed with up to 30% of silt contents, the increasing of
nonplastic fines contents would trigger increased contractive soil behavior in undrained
triaxial testing. SimilarlyLade and Yamamuro (199@pserved that an increase in the
contents of Nevada fines would reduce the volumetric dilative tendency in both
undrained and drained triaxial compression tests, even though the relative density was
increased. Undrained triaxial tests conductedvionkul and Yamamuro (201Dn the
Nevada sand-B with contents of Loch Raven silt up to 20% indicated that the presence
of nonplastic fines would increase the soil contractibility resulting in a soil vulnerable to
liquefaction.

Because of the extreme diversity in mineralogical and geometric characteristics of soil
grains the published contradictory results may not present a persuasive picture of the
mechanical effects of fines contehade and Yamamuro (199ppinted out that the
understanding of consequent experimental conclusions should be on the basis of a
legitimate and logical comparison, such as soil preparation method, relative density or
grading curve. The most direct comparison base is fines content which would be
regarded as a variable for the classification of silty sand behavior. If clean sand is mixed
with increasing amounts of fines, usually #igx & emin and void ratio range (difference
betweenenax and emin) would change correspondingly. In this approach, a chevron-
shaped relation cd,.x & emin and fines content is commonly utilizeldafleet al, 1998;
Cubrinovski and Ishihara, 20Q)2as is shown irFig.6.1 with the superimposed of
corresponding soil microstructure evolution. In this plot, the soil grain is assumed to be
spherical. Within the span of the percentage of fines content in a soil, it has been
divided into three zones: coarse fractions dominance zone (CZ), transitional zone (TZ)
and fine fractions dominance zone (FZ). Within CZ, small amounts of fines fill within
the voids among coarse fractions. Thus an increasing in the fines content results in a
proportional reduction o&nax andemi,. That is to say, the overall volume of sand will
stay constant irrespective of the increasing in the fractions of fines. At this circumstance,
the strength of the binary mixtures is mainly provided by the coarse fractions as a result
of the phenomenon that strong force chains preferentially pass through larger grains
(Voivret et al, 2009 and fines may hardly participate in force transformation, acting
like a void. It enters the TZ when the dominant network of coarse fractions begins to be
destroyed and fine fractions start to participate the network. A value of threshold fines
content ECy,) may exist to indicate the state that the fines fully occupy the voids of
coarse fractions where tleg.x andeni, of the binary soil reach the smallest value. Soil
fabric will transform from “fines floating on sands” to “sands floating on fin&sillgjo,

2001; Yamamuro and Covert, 2001; Huastgal, 2004; Yanget al, 2006; among
otherg. FCy, is unique for each particular soil and no universally acceptable value exists.
Papadopoulou and Tika (2008gtermined a value of 35% as a threshold value for
Assyros quartz sand from the movement of critical state lireelogp’ spaceCarrera

et al. (2011) regarded a fines content of 50% as transitional fines content for Stava
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tailings. Chang and Meidani (201&uggested a range of 25% ~ 35% to denote the
transition zone. The anticipated soil behavior would depend on how great the fines
involve in the force chains. It is of significance to figure out whether nor not the fines
effectively work as separators between coarse gains. Since soil fabric is complicated
and unpredictable, the prediction of transitional soil behavior, so far, is still ambiguous,
which Chang and Meidani (2012 omment as “a gray areaNocilla et al. (2006)
concluded that for transitional soil, unique normal consolidation line and critical state
line may not exist. Beyond this zone, an increasing in fine fractions content would
completely isolate the coarse fractions, resulting in FZ. Instead of acting like a void, the
fines would constitute the dominant network, which determines the soil mechanical
behavior. The discussion of this paper will be confined in the coarse dominance zone
(CZ) and transitional zone (TZ), as is denote#im6.1

Instinctively, void ratio, usually referred as a state variable for the prediction of soil
responses, might be another available comparison base. But a sequence of experimental
investigations has proven that the void ratio might be an inappropriate indicator. For
instancel.ade and Yamamuro (199@pserved that silty sands liquefied statically even

at almost dense state (up to a relative density of 60%) and demonstrated that the void
ratio of silty sands would not effectively represent the number of solid contacts
compared with that of clean sand. Realizing the difficulties of describing the fines
content-dependent soil behavior merely by “void ratio” due to the complicated role of
fines participating in force transfornMitchell (1976)introduced a concept of “void

ratio of the granular phase) assuming that the volume of fines is a part of the voids of
coarse fractions. It is also referred as intergranular void ratievanayaganet al,

1998, 2000)granular void ratigLupini et al, 1981)or skeleton void ratigPitmanet

al., 1994, Ladeet al, 1998). Thevanayagam and Mohan (20@&)eloped this concept

and further subdivided the mechanical behavior of the sands within coarse dominance
zone (CZ) and transitional zone (TZ), shown Hig.6.2 The space between the
maximum void ratio and minimum void ratio, indicating the achievable void ratio range,
has been divided by a demarcation line correspondirgg~oe; max Accordingly, the
mechanical behavior of silty sand is classified into three categories. Specimens within
Case 1 have smaller void ratio and the intergranular void ratio of coarse fractions is less
than the maximum void ratio, indicating a comparatively stable packing of soil grains.
The soil behavior largely depends on the coarse fractions. By comparison, specimens of
Case 3 have a larger void ratio and the intergranular void ratio is larger than the
maximum void ratio of the coarse fractions. In this case, the coarse grains are probably
separated by the fines, resulting in an unstable packing of soil grains. The shear strength
of the soil could be significantly influenced by the shear resistance along the fines. In
between, Case 2 has an intermediate void ratio. The intergranular void ratio is
approximately equal to the maximum void ratio of the coarse fractions. The anticipated
soil behavior would depend on the percentage of fines wedged among the coarse
fractions. Furthermore, to quantitatively reveal the function of fines, a parangter “
presenting the percentage of the active fines participating in the force transformation in
the network, has been included to derive the intergranular void Tatevénayaganet

al., 2002, 200Y. It is usually called “equivalent intergranular void ragg”. Several
studies proved that a unique critical state line may exist inefhe logp’ space,
irrespective of fines content. However, the determination b3fi§ subjective and
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empirical, which again relates with the mineralogical and geometric characteristics of
soil grains Rahmarnet al, 201]). The approximate regions of the tested specimens in
this study are denoted g.6.2 which indicates that their behaviors largely depend on
extent of fines participating in the force chains and furthermore, the soil microstructure.
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Other influential factors on the silty sands behavior have been discussed in detail in
literature. For instancéyiurthy et al. (2007) explained the increase of friction angle
with addition of silt in sands by the relative angularity between the fine and the coarse
grains. The more silt will contribute to increase the friction angle if the more angular the
silt grains are and the more rounded the coarse graind@eget al. (2000)concluded

that the reconstituted silty specimens prepared by moist tamping method showed a
larger peak deviator stress compared with the specimens by slurry method and water
pluviation methodMonkul and Yamamuro (201B8nalyzed the effect of median grain

size ratio Dsoddsor) and concluded that a “metastable” soil structure tended to be
developed at a sufficiently large size ratio. The influence of soil grading was discussed
by Carreraet al. (2011) who summarized that the locations of critical state line and
normal compression line vary with the soil grading curves.

6.2 Tested specimens

As is introduced in section 5.2, the tested specimens are the binary mixtures of the two
sands by three different fines contents (mass ratios), which are 35%, 25% and 15%. The
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grain size distribution of the mixtureBi{.5.2 indicates that all of the three specimens

are gap-graded-ig.6.3 shows a plot ofnax & emnin and void ratio range (difference
betweenenax andenin) against fines content, which notes that the tested specimens with
the maximum fines content of 35% belong to coarse dominance zone (CZ). The
mechanical responses are largely dependent on how great the fines are participating in
the force chains, as is describedFiy.6.2 The increasing void ratio range with the
increase of fines content may result in a larger degree of possible variation in the
packing of the sand and the specimens with significantly large amounts of fines may be
more compressible. A summary of the test cases in this chapter is showalént.1

The initial void ratio refers to the void ratio of tested specimens under an effective
confining pressure of 20kPa prior to consolidation. Each specimen with moisture is
tamped to the target void ratio by the standard moist tamping method to avoid the
segregation of the two kinds of grains with different dominant size. The tamping on
each specimen is in a systematic manner to guarantee an identical input energy. The
effective confining pressures during tests are 50kPa, 100kPa and 200kPa, which
approximately correspond to the earth pressure of 5m, 10m and 20m in depth,
respectively. Controlled specimens (35N, 35N-50(-D), 35N-100(-D) and 35N-200(-D))
at the same stress state without internal erosion are tested for the comparison purpose.
The test program follows section 4.3. A schematic diagram of the test procedure in
Cambridge stress field is presentedrig.6.4

The internally eroded specimens (35E, 35E-50(-D), 35E-100(-D) and 35E-200(-D)) are
created by conducting the seepage test at a constant inflow rate of 310mL/min in the
modified triaxial cell. As is discussed in section 5.5, the cumulative eroded soil mass
decreases with the increasing of effective confining pressure and increases with the
increasing of initial fines content within the test range. The changes in fines content and
void ratios have been summarizedrable 6.2 where the equivalent intergranular void

ratio is derived by adoptingkavalue of 0.7, recommended bl et al. (2004)for quartz

sand with a fines content of 9%. It is indicated that with the significant loss of fines, the
post-erosion void ratios of tested specimens greatly increase. Comparison of the
specimens with 35% initial fines content under different effective confining pressures
indicates the least increment in void ratio is found at the specimens with the largest
effective confining pressure and however their intergranular void ratios are somewhat
similar, approximately at 1.30. It may be regarded as a comparison base for interpreting
the eroded soil behavior. A plot of the positions of the tested specimens within the void
ratio ~ fines content space is shown Fig.6.5 The post-erosion specimens own
significantly large values of void ratio, even larger than the maximum void ratio, and
thus an extremely loose soil state is expected. A larger fines content and a smaller void
ratio is detected for the specimens on which seepage tests are performed under larger
effective confining pressure, compared with the specimens under lower effective
confining pressure. The positions of tested specimens are all above the demarcation line,
indicating that the packing of coarse grains is unstable and effectively separated by fines,
and the soil behavior is affected by those active fines participating in the force chains.
Due to the characteristics of internal erosion, local clogging or accumulation of fines
might occur and consequently, a particular packing of soil grains might be formed.
Therefore, different from the normal mechanical behavior of sand, an exceptional soil
behavior is discovered, which will be discussed later.
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Table 6.1 Details of tested specimens

123

. Initial fines Initial void Init_ia_l PO.St . Type of
Specimens content before ratio ) confining co_nsollqlatlon compression
erosion (%) pressure (kPa) void ratio €;)
35EY 35 0.61 50 0.58 Cc')sr'r‘]’;‘;zﬁon
35E-50 35 0.59 50 0.56 Undraineq
35E-100 35 0.60 100 0.55 Undrained
35E-200 35 0.59 200 0.55 Undrained
35E-50-D 35 0.59 50 0.55 Drained
35E-100-D 35 0.60 100 0.56 Drained
35E-200-D 35 0.64 200 0.57 Drained
25E-50 25 0.61 50 0.58 Undraineq
15E-50 15 0.68 50 0.68 Undrained
25E-50-D 25 0.61 50 0.58 Drained
15E-50-D 15 0.68 50 0.68 Drained
35N 35 061 | e | e Cc'fr'r‘]’;‘;zﬁon
35N-50 35 0.60 50 0.56 Undrained
35N-100 35 0.60 100 0.54 Undrained
35N-200 35 0.59 200 0.54 Undrained
35N-50-D 35 0.59 50 0.55 Drained
35N-100-D 35 0.61 100 0.56 Drained
35N-200-D 35 0.59 200 0.54 Drained
Note:

(1) Specimens named with “E” means erosion test is performed at a constant inflow rate
of 310mL/min;
(2) Specimens named with “N” means the original soil without erosion.
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Table 6.2 Summar)

y of post-erosion soil conditions

124

Post- Decrement Increment .
. . Post- : Equivalent
Speci erosion of fines . of void Intergranular| .
pecimen . erosion . ; .1y | intergranular
fines content by void ratio ratio by | void ratid void ratid?
content (%) (%) (%)
35E 13.33 61.91 1.03 77.59 1.34 1.11
35E-50 13.10 62.57 0.99 76.79 1.30 1.07
35E-100 15.90 54 57 0.92 67.27 1.29 1.02
35E-200 22.00 37.14 0.80 45.45 1.30 0.92
35E-50-D 13.52 61.37 1.01 83.64 1.32 1.09
35E-100-D 15.92 5451 0.92 69.64 1.29 1.02
35E-200-D 24.53 29.91 0.77 35.09 1.34 0.91
25E-50 12.08 51.68 0.82 41.40 1.08 0.89
15E-50 8.75 41.67 0.79 16.18 0.97 0.84
25E-50-D 11.99 52.04 0.81 39.66 1.06 0.88
15E-50-D 9.98 33.47 0.78 14.71 0.97 0.83
Note:

(1) Intergranular void raties:(e+FC/109)/(1-FC/100)
(2) Equivalent intergranular void ratig ®e+(1-b)FC/100]/[1-(1-b)FC/100]

1. : T | T | T
[ X Original specime
I ® Eroded specimens
: 35E-50(-D) ]
35E-100(-
o 1(_ CD[@ ( ;
2 -50(- ]
_-E ]
> ]
S |
—®—€min . . ]
oL IDemaIrcatloln IlneI (s@ecngay) | . |
0 10 20 30 40

Fines content (%)

Figure 6.5 Plot of tested specimens in fines content ~ void ratio space
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6.3 Summary of test results
6.3.1 Isotropic compression and swelling

The variations of specific volumes during isotropic compression tests are plotted in
log p’ space, shown iRig.6.6 The original specimens refer to the specimens with 35%
and 25% fines content, respectively. The eroded specimen denotes the post-erosion
specimen, originally with an initial fines content of 35% before internal erosion and a
fines content of 13% and specific volume of 2.03 after internal erosion at an effective
mean stress of 50kPa. For the original specimens, the location of NCLs moves
downwards as the fines content is increased and the two lines seem to be in parallel. The
NCLs are flatter within the range of low mean effective stress, whereas gradually
steepen with the increasing of mean effective stress and therefore, a unique gradient of
NCL (v) may not existCarreraet al. (2011)found a similar trend and noted that as the
p’ tends towards zero the NCLs of tested specimens have similar low gradient with a
horizontal asymptote. In contrast, the swelling lines are in parallel for each specimen
and a unique value of swelling line gradieqt\yould be determined as 0.033 and 0.021
for the specimen with fines content of 35% and 25%, respectively. Because of the
significant increase of specific volume after erosion, the NCL of eroded specimen
significantly ascends and curves compared with the original specimens. Similar trend
that the NCL becomes steepernpascreases and the swelling lines seem to be parallel
is detected. Comparison of the coefficient of compressibility of the eroded specimen
and original specimen at mean effective stress of 50kPa, 100kPa, 200kPa and 300kPa
along with the gradient of swelling lines is summarizedaible 6.3 Commonly, the
compressibility degrades with the increasing of mean effective stress, whereas at large
stress level (i.e., 300kPa) it becomes slightly larger which might result from the
adjustment of inter-positions among soil grains. Since the mineralogy and grain shape
of the skeleton sand and fines are similar, the movement of NCLs may largely depend
on the packing of soil grains and their relative movements rather than the difference in
the soil nature. In terms of the eroded specimen 35E, the compressibility is lower at low
mean effective stress and becomes larger at large mean effective stress compared with
the original specimen before internal erosion (35N), which might reflect the influence of
erosion on the soil fabric. A temporary strengthened soil packing might be formed,
which results in an initial low compressibility. With the subsequent isotropic
compression, this strengthened packing might be deteriorated at a mean effective stress
between 100kPa and 200kPa, and consequently, eroded specimen shows larger
compressibility at larger pressure due to the looser soil state. Further evidence of the
temporary strengthened soil packing will be noted at the discussion of monotonic
drained test results.

Table 6.3 Summary of isotropic compression indices

Specific Coefficient of compressibilityn, Gradient of
sail | FS | volume at (10%/kPaf” swelling
(%) | o= :

p'=50kPa line (k)
p'=50kPa | p'=100kPa| p’=200kPa| p’=300kPa
35N | 35 1.58 2.48 1.57 1.04 1.23 0.033
35E | 13 2.03 1.66 1.39 1.29 2.64 0.051

Note: (1) changes in volume per unit volume for a unit change of effective stress
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6.3.2 Monotonic drained tests

A series of three drained monotonic tests have been conducted on the eroded specimens
under the initial effective confining pressure of 50kPa, 100kPa and 200kPa, respectively.
Although the post-erosion void ratios of the specimens are different, the intergranular
void ratios are basically equal (i.e., approximately 1.30). If the intergranular void ratio is
accepted as the effective reference for the comparison of the mechanical behavior of
eroded soils, the differences in the drained response may be mainly caused by the
effective confining pressure and the particular post-erosion packing of soil grains. The
relation curves of deviator stress and axial strain accompanied with the evolution of
volumetric strain are plotted iRig.6.7(a and h)respectively, which indicates a typical
contractant volumetric behavior of loose sand. The deviator stress gradually develops
and maintains constant at a peak value, whereas the contractive volumetric strain will
rise to maximum and keep stable. Unfortunately, the tests in this study were terminated
at the axial strain of about 13% ~ 17%, which may not be sufficiently large to present
the full drained responses of eroded specimens. A better hyperbolic curve fitting is
adopted by the following equations to approximate the contractant soil behavior at
drained condition®uncan and Chang, 1970; Ferreira and Bica, 2006

. - &

=0, —-0,= a 6.1

q=0,-0; atbe, (6.1)
&

= & ... 6.2

s (6.2)

Wherea, b, c andd are the constants which could be determined by hyperbolic fitting of
original data. The extrapolated curves up to 20% are showiyif.7(a and bby dash
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lines, where an exceptional response of the volumetric strain at failure departure from
clean sand is detected, as is displaye&imn6.8 Herein, failure is defined as the soil
state wherein the deviator stress obtained at an axial strain of ASYA(D4767-11;

ASTM D7181-1). The plot, presenting the relation of volumetric strains at failure
against initial effective confining pressure, indicates a reduction in volumetric strain
with the increasing of effective confining pressure. Because of the dilatancy tendency
under low confining pressure, at this circumstance, the clean sand commonly fails at
lower volumetric strain and corresponding with further increase in effective confining
pressure, increasing contractive volumetric strain in clean sand is expected. The
inconsistent pattern of behavior detected for eroded specimens may imply a
distinguished packing of soil grains from clean sand. Although the intergranular void
ratios of the eroded specimens 35E-50-D, 35E-100-D and 35E-200-D are somehow
similar, the fines contents vary approximately from 13% to 24%. The different
responses in volumetric strain may indicate the differences in the extent of the
participation of fines in the tested specimens. For specimen 35E-50-D, the fines may
fully participate in the force chains and because of the relative larger compressibility of
fines, a larger volumetric strain is noted. By contrast, the fines in specimen 35E-200-D
may less participate in the force transformation and therefore, the volumetric strain is
mainly induced by the coarse grains resulting in a less volumetric strain. Due to the
progress of internal erosion, the distribution of fines in the specimens might be different
depending on the effective confining pressure, the “b” value indicating the extent of the
participation of fines might be different for each specimen. To fully understand the
mechanism, a micro observation of the migration of fines during erosion test and
compression test might be necessary.

A temporary declining in soil stiffness at the initial stage of shearing with respect to the
axial strain ranging from 0% ~ 1% is observéture 6.9displays the variation of
secant stiffness at the initial 1% of axial strain. The soil stiffness has been normalized by
mean effective stress in order to compare the cases with different effective confining
pressures and accentuate the uniqueness of internal erosion induced packing of soll
grains. For the comparison purpose, the secant stiffness of clean silica No.3 sand with
an initial void ratio of 0.88 during drained compression under an effective confining
pressure of 50kPa is superimposed. Generally, the tested specimens show identical
pattern of stiffness variation with the largest initial stiffness and exponentially reducing
with axial strain. Compared with the loose clean silica No.3 at the relative density of
approximately 20%, the eroded specimens still show much lower secant stiffness and
therefore, an extremely loose fabric is expected for the internally eroded specimens.
Furthermore, temporary drops in soil stiffness are observed for eroded specimens 35E-
50-D, 35E-100-D and 35E-200-D, at the axial strain of 0.5%, 0.4% and 0.2%,
respectively. It is considered as the evidence of the deterioration of the temporary
reinforced soil packing that is developed by the progressive accumulation of fines
among coarse grains during erosion. Under larger effective confining pressure, the
reinforcement may be easily destroyed at subsequent compression and therefore, the
stiffness drop in specimen 35E-200-D is found at lower axial strain. To validate the
assumption, a direct observation of the post-erosion packing of soil grains by advanced
testing technique might be necessary.
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A majority of experimental investigations has revealed that an axial strain of 30% ~
40% is necessary for achieving critical state of sand in drained test. However, in this
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study, the critical state might not be reached and extrapolation of the data is somehow
necessary. The identification of critical state line is fulfilled by plotting the stress ~
dilatancy relation of the drained tests on eroded specimens and extending the curve to
the point of intersection with the zero dilatancy axis, showfign 6.10 Scattering
though, an unique critical stress rafipp’)cscould be evaluated as 1.43 and accordingly,
the derived critical friction angle is 35.27°. The derived critical state line (CSL) will be
plotted in the Cambridge stress field for interpreting the undrained test results.

6.3.3 Monotonic undrained tests

Similarly, undrained monotonic tests have been conducted on the eroded specimens that
have suffered internal erosion under an effective confining pressure of 50kPa, 100kPa
and 200kPa, respectively. The post-erosion intergranular void ratios are similar, which is
considered as the comparison base for interpreting the data. The differences in the
undrained responses of eroded specimens are mainly caused by the effective confining
pressure and the packing of soil grains formed after internal erésipne 6.11(a and b)
presents the undrained responses of the eroded specimens in terms of stress ~ strain
curves and excessive pore pressure evolutions, respectively. The post-erosion void ratio
and intergranular void ratio of the tested specimens are indicaked.thlla Generally,

the deviator stress of the eroded specimens reaches a marked peak at low axial strain,
approximately 1%, followed by the temporary strain softening and then becoming
dilative as the phase transformation point is arrived, which shows the typical
characteristics of temporary liquefaction. It is recognized that temporary liquefaction
appears at the condition where the undrained deviator stress achieves an initial peak and
then drops to a minimum value, resulting from the rapid development of excessive pore
water pressure and consequently, declining in effective stress. The state at which the
undrained deviator stress reaches a local and temporary minimum is nhamed as “quasi-
steady state”. As the increasing of effective confining pressures, an increasing stability
is observed since the quasi-steady deviator stress increases. The subsequent straining
triggers the dilation in the eroded specimens causing the declining of excessive pore
pressures and then rising of effective stress. This progress could be $eg.itlh

where excessive pore pressures build up to a peak within the initial 1% of axial strain
and then maintained at the peak temporarily, followed by slight reduction with further
compression. To quantitatively evaluate the temporary liquefaction potential of the
eroded specimens under different effective confining pressures, a plot of the ratio of
quasi-steady deviator stress to initial peak stres$qfeay against initial effective
confining pressure is shown iig.6.12 A gsd0peak Of zero indicates complete drop of
deviator stress to zero, whereas that of unit stands for a stable soil belaman{uro

and Lade, 1997 It is seen that the increasing effective confining pressure results in the
rising of stress ratio, indicating an increasing stability. Further evidence of the
increasing stability with increasing of stress level is shown by plotting the mobilized
friction angle at peak with effective confining pressur&im6.12 A smaller mobilized

friction angle is detected under lower effective confining pressure, indicating a greater
potential of contractiveness. This pattern of behavior may be understood by the change
of volumetric strain in the drained test, shown Rig.6.7b A larger contractive
volumetric deformation is detected under lower effective confining pressure. Thus, it
seems that the high compressibility may inhibit the dilation and consequently decrease
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the mobilized friction angle. However, this tendency is contrary to the behavior of clean
sand. Because of the trend of increasing dilatancy under lower effective confining
pressure, the stress ratio of clean sand should decrease with increasing of effective
confining pressure, implying an unstable soil behavior at larger stress level. Similarly,
since the intergranular void ratio is basically the same for each case, the reverse soil
responses should be associated with the packing of soil grains after internal erosion.
This reverse pattern of behavior may pose a potential threat for the stability of eroded
earth structure. Internal erosion commonly appears within the core of a dam and
embankment where low confining pressure is expected. The reverse behavior of eroded
soil that it becomes unstable under low confining pressure with the occurrence of
temporary liquefaction may probably trigger the failure of the earthen structures.

Since the eroded specimens display reverse behavior from clean sand, it is necessary to
assess their instability potential. Instability, also named as “prefailure instability”, refers
to the soil state wherein large plastic strains occurs because of the soil being incapable
of consistently sustain a given stress, which is commonly observed in saturated loose
sand at undrained conditiontafle and Pradel, 1990The concept of “instability
region” is utilized to evaluate the instability potential of a soil, locating somewhere
between the critical state line (CSL) and instability line (IL). The instability line is
determined by a series of locus points connecting the stress origin and the peak points of
the effective stress paths, derived from undrained compression tests under different
initial effective confining pressures, in the Cambridge stress field. A plot of undrained
tests data in the stress space, superimposed with CSL derived from drained tests and IL,
iIs shown inFig.6.13 Temporary liquefaction occurs in the three eroded specimens
indicated by an initial peak deviator stress followed by decline. Beyond the quasi-steady
state, the specimen exhibits dilative tendency, resulting in a deviator stress larger than
the initial peak at large axial strain (i.e., larger than 10%). The peak deviator stress
increases with the increasing of effective confining pressure. In terms of the instability
line, a nonlinear relation is detected within the range of 50kPa ~200kPa effective
confining pressure, which might be attributed to the variation of effective friction angle
with the increasing effective confining pressure. The nonlinear relation under the low
mean effective stress region is considered as the typical undrained behavior of silty sand
by Yamamuro and Poul (1997)hey inferred that under large effective confining
pressure (i.e., 6000kPa) where grain crushing dominances mechanism of shearing on
sand the effective friction angle will maintain constant and the instability line will
become linear.
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6.4 Exceptional behavior of internally eroded soil

Monotonic compression tests on internally eroded specimens have revealed the
exceptional soil responses from clean sand. The eroded soil displays typical contractive
pattern of behavior in the drained tests, whereas in terms of undrained responses the
eroded soil initially becomes contractive and succeeding dilative. With the increasing of
effective confining pressure the eroded soil exhibits a less volumetric strain in the
drained tests and a greater mobilized friction angle in the undrained tests. Meanwhile, a
decline in soil secant stiffness at drained tests is detected within the initial 1% axial
strain. Since the intergranular void ratio of the tested specimens are approximately the
same and the effective confining pressure may not be sufficiently large to trigger grain
crushing (i.e., a maximum effective confining pressure of 200kPa in the compression
tests), the soil responses should be dominated by the post-erosion grain configuration in
the specimens and the rearrangement of their interpositions during shearing.

6.4.1 Mechanical influence of fine silica No.8

Firstly, the presence of fines in soil specimens, creating a soil packing fundamentally
different from clean sand, may alter the soil responses at shearing. The mechanical
influence of silica No.8 on the mixtures is indicatedrig.6.14(a and bby plotting the

axial strain and undrained deviator stress relation, and corresponding effective stress
path inp’-g diagram of the specimens with fines contents of 35%, 25%, 15% and 0%,
respectively, under an initial effective confining pressure of 50kPa. The skeleton sand
consists of the coarse silica No.3 sand. The reconstituted specimens with fines are
prepared by moist tamping method with an initial relative density of approximate 30%.
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The moist tamped specimen of clean silica No.3 is targeted at the largest achievable
void ratio to accentuate its dilative tendency even at loose condition. It is obviously
noted that the presence of silica No.8 would decrease the soil strength and inhibit the
dilatancy tendency. The initial slopes of the effective stress paths increase with the
decreasing in fines content, indicating a lower rate of pore pressures generation for the
specimen with less fines content. This rate is controlled by the contractive volumetric
deformation potentials in the specimens. By comparison, the specimen without fines
shows complete dilative behavior, whereas that with 35% fines content displays
contractant deformation throughout the compression. It is inferred that the fine silica
No.8 may lubricate the skeleton No.3 grains and therefore, smoothes the contacts
among the coarse grains. The loss of effective contacts and the large compressibility of
fines cause the soil stiffness to decrease and the compressibility to increase. In terms of
undrained condition, the consistent shearing may force the fines to slide into the voids
and correspondingly the coarse grains move into a better contact, causing dilatancy at
larger axial strain. The loose specimens with larger amount of silica No.8 may prolong
the initial contractive tendency due to the function of “lubrication”. Similarly, a larger
effective confining pressure may accelerate the progress of the sliding of fines into
voids, which overcomes the initial contractive effects of fines, and consequently, the
tested specimens show larger mobilized friction angle under larger effective confining
pressure. Similar evidences of the existence of the lubricated soil grain configuration
could be referred tdhevanayagaret al. (2000, 2007) The particular function of fines

and resulting packing of soil grains may explain the observed initial contractive and
succeeding dilative behavior in the undrained test and the increasing mobilized friction
angle with the increasing of effective confining pressure, as is showg.13

6.4.2 Distinctive packing of soil grains after internal erosion

The mechanical function of fines could not offer reasons for the temporary decline in
secant soil stiffness observed in the drained tests. If the presence of fines assumes to be
sufficient to explain the exceptional behavior of eroded soil, a similar mechanical
response should be expected between the eroded specimens and the reconstituted
specimens with similar fines content and initial void ratio. Further tests have been
performed to validate this assumption. The reconstituted specimen with 15% initial
fines content is prepared by moist tamping method, targeting at the largest achievable
void ratio. Because of the occurrence of large volumetric deformation during
consolidation, the void ratio before compression is 0.81, still less than the post-erosion
void ratio of 0.99.Figure 6.15(a and bindicates the drained responses of the two
specimens in terms of stress ~ strain relationship and corresponding development of
volumetric strain. Due to the larger void ratio, the eroded specimen mostly gains less
strength. However, the volume change curves seem to somewhat departure from the
associated understanding. The looser eroded specimen behaves less contractively
comparing to the denser reconstituted specimen at the initial compression. Careful
examination of the soil response within the initial 1% axial strain leads to another
inconsistent pattern of behavior, shown kig.6.15¢ The initial secant stiffness of
eroded specimen is larger than that of the reconstituted specimen and a sudden drop in
deviator stress is detected around 0.5% axial strain, after which soil strength and secant
stiffness keep lower than that of the reconstituted specimen throughout the test range.
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To avoid the influence of possible errors rising from testing procedures on the observed
phenomenon, undrained monotonic test has been performed on the eroded specimen and
the reconstituted specimen with similar initial fines content and void ratio, as is shown
in Fig.6.16(a and b)Looser though the eroded specimen displays a similar peak
deviator stress as that of the reconstituted specimen at an axial strain of about 1%. After
peak, the reconstituted specimen becomes fully dilative within the test range, whereas,
the eroded specimen experiences temporary strain softening, followed by dilatancy. In
terms of stress field, the two effective stress paths somehow converge at larger axial
strain because of the similar fines content. Obvious different behavior is observed at the
initial stage of shearing, the initial slope of stress path of eroded specimen is larger than
that of reconstituted specimen, indicating a lower rate of pore pressure generation. The
eroded specimen is initially less contractive than the reconstituted specimen even if the
void ratio is larger.

The above two tests together with the results of isotropic compression of eroded
specimens have indicated that internal erosion may create a distinctive packing of soil
grains different from either clean sand or manually reconstituted fines-containing sand.
Specifically, compared with the reconstituted specimens with similar void ratio and

initial fines content, the eroded specimen becomes much stiffer. It is inferred that along
with the seepage flow amounts of fines keep being dislodged and coarse grains
rearrange their positions into a new equilibrium. Because of possible clogging, fines
might accumulate at the spots where the constriction size is smaller than that of fines.
Due to the rearrangement of grains, those accumulated fines may actively participate in
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force chains. Different from the function of “lubrication”, those “surviving” fines after
internal erosion would probably perform like reinforcement or jamming. Thereafter, the
reinforced post-erosion soil packing renders the eroded specimen much stiffer and less
compressible. With the subsequent compression the reinforcement will be deteriorated
and the eroded specimen may behave like typical fines-containing sand. To further
validate this assumption, a microscopic observation of the post-erosion packing of soil
grains might be necessary.

6.4.3 Influence of initial fines content on eroded soil response

The differences in initial fines content directly result in a different soil packing before
internal erosion, which will exert an influence on the progress of internal erosion and
the post-erosion soil packing. An understanding of the effects of initial fines content
may shed light on the evolution of soil packing during erosion and consequently, the
mechanical responses of eroded soil. In a specimen, a fraction of fines fill the voids,
whereas another fines separate the coarse grains. Since the effective stress of the fines
occupied the voids among the coarse grains is less than that of wedged between the
coarse grainsSkempton and Brogan, 1994he fines in the voids may be vulnerable to
internal erosion and probably dislodged by seepage flow. Erosion of the fines effectively
separating the coarse grains may occur at larger Darcy’s flow corresponding with the
rearrangement of coarse grains into new equilibrium. Majority of the “surviving” fines
after consistent 3h internal erosion probably are those wedged between coarse grains
and actively participating in the force chains. Because of the larger voids size among
coarse grains of the specimen with 35% initial fines content (specimen 35E-50(-D))
compared with other specimens (specimen 25E-50(-D) and 15E-50(-D)), if the relative
density is similar and fines are merely considered as voids, greater erosion of fines may
appear. Under the same effective confining pressure of 50kPa, the specimens show
approximately similar post-erosion fines content (i.e., 10%~16%) but different post-
erosion void ratios, as is shownTable 6.2 The postulated evolution of soil packing
induced by erosion is indicatedfing.6.17 ,which is developed frorftig.5.12
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Because of the obvious differences in post-erosion void ratio, the drained and undrained
responses of those eroded specimens should be differgmte 6.18(a and Ishows the

results of monotonic drained test on specimen 35E-50-D, 25E-50-D and 15E-50-D
under an effective confining pressure of 50kPa. Specimen 35E-50-D, which is the
loosest, exhibits the lowest soil strength and secant stiffness. In terms of volumetric
strain, three specimens show similar amounts of contractive strain within the initial 6%
axial strain, where the compression of fines might dominate the mechanical response.
Subsequent drained compression causes the specimen 15E-50-D, which is the densest,
become dilative at an axial strain of 14%, and similarly the looser specimen 25E-50-D
exhibiting dilatancy at an axial strain of 19%. The loosest specimen 35E-50-D does not
show dilative behavior within the test rang&ure 6.19(a and gresents the undrained
responses of the eroded specimens in terms of stress ~ strain curves and effective stress
paths, respectively. The post-erosion void ratio and intergranular void ratio of the tested
specimens are indicated fiig.6.19a The deviator stress reaches a marked peak at low
axial strain, approximately 1%, followed by the temporary strain softening and then
becoming dilative as the phase transformation point is arrived. The slope of the effective
stress paths appear to be somehow similar at the initial stage of shearing and gradually
that of specimen 35E-50, which is the loosest, shows the smallest slope value,
indicating a tendency of generating larger pore pressure. Subsequent compression may
result in a unique CSL because of the similarity in the initial fines content. The test
results further prove that a distinctive soil packing may be developed after internal
erosion which displays similar initial soil stiffne€8uyang (2013analyzed the effects

of initial fines content on the mechanical responses of eroded specimens in detail and
noted that a larger initial soil stiffness is observed at the eroded specimens compared
with the original specimens. Internal erosion would broaden the instability region,
indicating the occurrence of deviator stress declining in the earlier stage of shearing.
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6.5 Comparison of mechanical behaviors of eroded/original soil
6.5.1 Mechanical behavior of original soil before internal erosion

Though the mechanical behavior of eroded soil is preliminarily revealed in the above
discussion, a direct comparison of the mechanical behaviors of original soil before
internal erosion and eroded soil might be necessary to explicitly assess the instability
potential of the earthen structure suffered from internal erosion and helpful for the
retrofitting of internally eroded structures, such as levees. The original specimens before
erosion consist of specimen 35N-50(-D), 35N-100(-D) and 35N-200(-D), shown in
Table 6.1 Drained and undrained monotonic compression tests have been performed on
those specimens under the effective confining pressure of 50kPa, 100kPa and 200kPa,
respectively. The drained test results are summariz&dif.20in terms of evolution

of (a) deviator stress and (b) volumetric strain with axial strain at different effective
stress levels. The extrapolation of the tested data by a hyperbolic curve fitting is
superimposed in the figures, indicating by dash lines. Similar to eroded specimens,
those original specimens before internal erosion with the fines content of 35% exhibit a
typical contractant volumetric behavior of loose sand. Within the test range, a larger
deviator stress is detected under larger effective confining pressure. Reverse volume-
change behavior of loose silty sand is observed. Under low effective confining pressure
the existence of highly compressible fines among the coarse grains results in large
volumetric strain. With the increasing effective confining pressure, the fines are shoved
into the voids among coarse grains resulting in a stiffer grain configuration and
consequently, less volumetric straiviamamuro and Covert (20Q1yvho observed a
similar temporary reduction in volumetric strain at the range of low effective confining
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pressure (i.e., 25kPa ~ 100kPa), noted that this reverse volume-change behavior might
be the characteristics for the majority of loose silty sands. The derived critical stress
ratio (g/p’)cs, by plotting the stress ~ dilatancy relation of the drained tests, is evaluated
as 1.5 and accordingly, the derived critical friction angle is 36/8gure 6.21shows

the undrained response of original soil consisting of (a) relation of axial strain and
deviator stress, and (b) effective stress path ipptaediagram. The original specimens
reach a peak at low axial strain, approximately 1% ~ 1.5%, followed by strain softening.
The after-peak deviator stress maintains constantly at a lower value without the sign of
further dilatancy. Correspondingly, excessive pore pressures progressively develop and
keep constant at the peak within the test range. An examination of the mobilized friction
angle at peak (sekig.6.29 shows that a lower mobilized friction angle is detected
under lower effective confining pressure, indicating a greater potential of compression,
which is in accordance with the pattern of behavior of volumetric strain observed in the
drained test, shown iRig.6.20b Thus, a nonlinear relation of instability line is detected
within the range of 50kPa ~ 200kPa effective confining pressure. The initial slope of the
effective stress paths appear to increase with the increasing of effective confining
pressure, which again implies the tendencies of relatively larger contractive volumetric
deformation of the original specimens under lower effective confining pressure.
Intuitively, the instability zone of original specimens, the zone sandwiched between the
CSL and IL, becomes smaller than that of eroded specimens. Detailed comparison of
the original specimens and the eroded specimens will be presented in the following with
respect to the changes in soil strength and secant stiffness.
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6.5.2 Soil strength

The term “soil strength” is commonly referred to a representative stress of a soil
element (i.e., shear stress) at the state of failure. In this study, the soil strength is
assessed by the following four criteria: ASTM failure criterion, Ishihara’s residual
strength criterion, Mohr-Coulomb criterion and Lade’s instability criterion. ASTM
states that failure corresponds to “the maximum principal stress difference (maximum
deviator stress) attained or the principal stress difference (deviator stress) at 15% axial
strain, whichever is obtained first during the performance of a test’ABd.M D4767-

11). In this series of tests, the undrained stress ~ strain curves exhibit a peak at the initial
stage of shearing, whereas the drained responses are typically contractant within the test
range. Thus, the undrained strength refers to the peak deviator stress obtained and the
drained strength corresponds to the deviator stress at an axial strain of 15%. A summary
of the soil strength before and after internal erosion against initial effective confining
pressure is indicated Fig.6.23 where the soil strength is plotted in a logarithmic scale.

It is seen that the drained strength of eroded specimens is less than that of original
specimens by 20% in average, irrespective of initial effective confining pressure. The
variation of undrained strength, however, seems to relate with the initial effective
confining pressure. The undrained strength increases by 69% and 14% after internal
erosion for the specimens under an initial effective confining pressure of 50kPa and
100kPa, respectively. For the specimen under an effective confining pressure of 200kPa,
the post-erosion undrained strength decreases by 12%. The derived coefficient of
compressibility from isotropic compression tests may shed light on the contradictory
observations of soil strength. As is showTable 6.3 the compressibility of the eroded
specimen 35E is lower than that of the original specimen 35N under the effective
confining pressure of 50kPa and 100kPa, whereas it turns to be larger under the
confining pressure of 200kPa. Correspondingly, the eroded specimens will be stiffer
under lower effective confining pressure (i.e., 50kPa and 100kPa) and therefore, a larger
peak deviator stress is achieved. However, in terms of the larger effective confining
pressure (i.e., 200kPa), the eroded specimens show contrary pattern of behavior and
become more compressible, causing a lower undrained peak. This founding accords
with the results o€hang and Meidani (2012)ho concludes that the eroded specimens

on which erosion occurs under lower confining pressure will become dilative, whereas
the post-erosion specimens under larger confining pressure show much contractive
response with a lower undrained strength.

Ishihara (1996oted that fines-containing sands may develop amounts of deformation
while keeping the magnitude of deviator stress at the lowest level at quasi-steady state
(QSS) under undrained conditions, which should be considered in engineering practice.
The deviator stress at QSS is defined as the residual str&yttefived by

Se= %cosqaSS .......... (6.3)
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The original specimens do not exhibit the further dilation after the quasi-steady state but
keep at a constant deviator stress. At this circumstance, this constant value is utilized to
determine the residual strength. A plot of the normalized residual strength (normalized
with po') against initial effective confining pressure is indicate@im6.24 Within the

test range, the residual strength of eroded specimens is larger than that of the original
specimens. An interesting point is the intercept in the vertical axis observed for the
eroded specimensshihara (1996noted that a linear relation between the normalized
residual strength and initial effective confining pressure beginning from the stress origin
is expected for the reconstituted sands, as the original specimens shown in the plot.
However, the eroded specimens appear to gain the strength even under zero confining
pressure, similar to “cohesion”, which may again prove the existence of the temporary
reinforced soil packing after internal erosion. The reinforcement seems to be stiffer for
the specimens under low effective confining pressure during seepage test. Under an
effective confining pressure of 200kPa, the normalized residual strength is similar for
both specimens, indicating the probable deterioration of the strengthened soil packing.

To further demonstrate the mechanical influence of internal erosion, the tested
specimens are replotted in thwe~ log p’ space where the NCLs and QSSLs are
superimposed, shown irig.6.25 The behavior of eroded specimens might be
understood by two steps. After the initial isotropic consolidation, the specimens
experience internal erosion under a constant effective confining pressure where the void
ratio increases. Under each effective confining pressure, the tested specimens would
reach one void ratio and consequently, a linear relationship seems to be able to be
determined between void ratio and effective confining pressure, which is named as
“erosion line” in this paper. It quantitatively reveals the changes in void ratio during
internal erosion. Similar to the NCLs, the locus points in the “erosion line” corresponds
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to a soil fabric generated by internal erosion given by the initial void ratio and soil stress
state. The change of void ratio during erosion is caused by the fines loss and possible
rearrangement of the soil grains. As is discussed in section 5.4, the increasing of void
ratio mostly depends on the loss of fines which is commonly considered to be unique
for a given condition $terpi, 2003; Cividiniet al, 2009. Figure 6.25indicates the
associated QSSL after internal erosion and its distance from erosion line would be
utilized to evaluate the soil residual strength. The QSSL moves upward associated with
a change in the curve slope after internal erosion.

As for Mohr-Coulomb criterion, the soil strength, usually referred as shear strength, is
derived from cohesion and frictional resistance. Since the normal consolidated
specimens in this study consist of silica sand, the source of shear strength is mainly the
friction resistance between soil grains, quantitatively assessed by “friction angle”, and
the cohesion is expected to be none. The critical friction angle of eroded specimen and
original specimen, derived from drained monotonic tests, is 35.27° and 36.87°,
respectively. At the same normal stress, the shear strength decreases by 5.7%. It is
worthy to stress again that the eroded specimens are created at the same assigned flow
rate of 310mL/min. Analysis of Chapter 3 notes that the erosion induced decreasing of
shear strength seems to somehow relate with the imposed hydraulic gradient. A soil
would lose greater shear strength at larger imposed hydraulic gradient. Similarly, it is
expected that at larger assigned flow rate (i.e., larger than 310mL/min), a greater loss of
shear strength may occur.

e
D
o .
= 0.2 7
([
© A
=)
3 | l
0
L Erosion induced
2 0.1H "cohesion'in soil .
N "
‘_EU n
g | ® Eroded specimens
Y = QOriginal specimenF
O l l l l
0 50 100 150 200

Initial effective confining pressure (kPa)
Figure 6.24 Residual strength against initial effective confining pressure
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Figure 6.25 Plot of tested specimens inlog p’ space (O.S. means original specimens;
E.S. means eroded specimens)

Ladeet al. (1990, 1997 and 199&ssessed the potential of the soil state wherein the
onset of the declining of undrained deviator stress occurs and flow liquefaction may be
triggered by the concept of instability line. In this approach, the instability potential of a
soil is evaluated by “instability region”, which locates between CSL and IL. A summary
of the critical state lines, derived from drained tests, and instability lines of the eroded
specimens and original specimens is showhiin6.26 Due to the increasing effective
friction angle with effective confining pressure, IL is nonlinear under lower effective
confining pressure. A larger instability region is observed for the eroded specimens,
indicating that under the same mean effective confining pressure the eroded specimens
may lose its strength or initially liquefy at the earlier stage of shearing wherein lower
deviator stress is generated.

6.5.3 Secant stiffness

The normalized secant stiffness of the eroded specimens and the original specimens
with respect to the initial effective confining pressure within the initial axial strain of
1% is shown inFig.6.27 Since the original specimens are alike in terms of the initial
fines content and void ratio, the variation of normalized secant stiffness with axial strain
at initial 1% displays identical patterns of behavior. The stiffness reaches the initially
largest value and decreases with subsequent compression. However, as for the eroded
specimens, besides the similar pattern of declining of secant stiffness with axial strain,
they also exhibit distinctions in three aspects. Firstly, the initial secant stiffness becomes
larger than that of the original specimens, which may be explained by the unique soil
packing created by internal erosion. The majority of “surviving” fines may actively
participate in the force transportation and function as jamming which reinforces the soil
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packing. Afterwards with further straining, the temporary reinforcement is deteriorated
wherein drops in secant stiffness are observed in eroded specimens. Under larger
effective confining pressure (i.e., specimen 35E-200-D), the deterioration may occur at
earlier stage of shearing. Finally, due to the extremely loose state of the eroded
specimens, the secant stiffness keeps lower than the original specimens.
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Figure 6.26 Critical state lines and instability lines in Cambridge stress field
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6.5.4 Dilatancy tendency of undrained responses after internal erosion

A direct comparison of the undrained responses of eroded specifigrs1() and

original specimenKig.6.2]) indicates a much dilative after-peak behavior of the eroded
specimens, which is contrary to common sense. Because of the erosion of fines and the
resulting post-erosion loose soil state, the eroded soils are expected to be contractive. It
may be understood by the mechanical function of fines. As is discussed above, for the
reconstituted specimens, silica No.8 lubricates the coarse grains and inhibits the
dilatency tendency in respect that the contacts between coarse grains may be far less.
Due to internal erosion, amounts of fines are dislodged and the remaining fines in the
specimen may actively support the packing of soil grains. Loose though, the eroded
specimens show larger stiffness and peak deviator stress. The subsequent compression
displaces the fines into the voids and creates much better contacts between coarse grains.
At this circumstance, the strong dilatency tendency of silica No.3 surpasses the
contractive tendency induced by the increase in the void ratio after internal erosion and
therefore, the eroded specimens exhibit dilative behavior at larger axial strain. Similar
pattern has been observedamamuro and Covert (200ho noted that the existence

of large amounts of silt in loose sand specimens may prolong the contractive quality to
larger values of axial strain.

6.6 Cyclic responses of eroded soil

Since the mechanical behaviors of the eroded specimens somehow depart from the
common senses, further undrained cyclic tests have been conducted to validate the
feasibility of the stress conditions, gained from monotonic undrained compression, at
which temporary liquefaction initiates. By interpreting the test results, a quantitative
assessment of the influence of internal erosion on cyclic strength would be provided.

6.6.1 Summary of tested specimens

A summary of the tested specimens are indicatdélime 6.4denoting the fines content

and void ratio before cyclic loadings. Original specimens (35N-0.07, 35N-0.10 and
35N-0.12) at the same stress state without internal erosion are tested for the comparison
purpose. It is noted that the intergranular void ratios of tested specimens approximately
equal to 1.35+/-0.04, which may be regarded as a base for the comparison between
original specimens and eroded specimens. As is discussed above, a distinctive soil
packing might be developed during internal erosion and therefore, relatively larger
initial soil stiffness is expected for the eroded soil. During the cyclic tests, the tested
specimens are subjected to two-way loading of compression and extension in axial
direction under the same effective confining pressure as that of erosion test. The series
of cyclic tests are conducted under an initial effective confining pressure of 50kPa with
determined cyclic stress ratio (CSR) as derived by

csre o (6.4)
20

r

Three CSRs are determined for original specimens and eroded specimens, respectively,
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to assess the cyclic strength. The tested specimens are compressed and extended
regularly at an axial strain rate of 0.5%/min, which is sufficiently slow to allow the
equilibrium of pore pressure in the tested specimens with an average B-value of 0.93.
The axial resistance of soil specimens is collected by the feedback signal of load cell to
constantly check whether the determined CSR is reached. If reached, the system could
reverse the loading without backlash to avoid any stress relaxation. Necessary
corrections, such as the diameter of the tested specimen, have been inserted into the
control program. Excessive pore pressures, axial and radial displacement are
simultaneously recorded.

6.6.2 Undrained cyclic responses

Figures 6.28 ~ 6.36how the cyclic behavior of the eroded specimens under the cyclic
stress ratio of 0.12, 0.15 and 0.20, respectively, with the monotonic compression data
superimposed. The critical state line and phrase transformation line are denoted in the
figures as a basis of comparison to test the stress conditions required to trigger cyclic
liquefaction. The specimens show non-reversal loading condition: the plastic axial strain
develops with cyclic loops. Initially, their behavior follows the “flow deformation”
pattern, which refers to the continuous development of axial strain with the decreasing
of mean effective stress. However, this trend is inhibited as soon as the specimen is
loaded sufficiently to initiate dilation with further strainingaid and Chern (1985)
termed this phenomenon as “limited flow deformation”. It is noted that true liquefaction,
indicated by zero mean effective stress and deviator stress, is not reached in the test. The
effective stress paths show dilative response as soon as the phrase transformation line is
touched and then asymptotically moves towards CSL associated with dilasaitgra

and Towhata (19823)ointed out that the stress path of dilative soil consists of three parts:
under loading (increase of deviator stress), unloading (decrease of deviator stress) , and
that near true liquefaction. The stress ~ strain curves and effective stress paths mostly
follow the pattern of behavior established by the monotonic test, except for the
extension. The deviator stress at extension somehow is beyond the critical state line
which might be attributed to the large stiffness of the membrane utilized.

The cyclic behavior of the original specimens under the cyclic stress ratio of 0.07, 0.10
and 0.12, respectively, is indicatedfigs. 6.31~6.33with the monotonic compression
data superimposed. The original specimens display typical behavior of “flow
deformation”. Fundamentally, the stress ~ strain curves and effective stress paths follow
the pattern of behavior derived from the monotonic compression. By comparison, the
original specimens would fail after less cyclic loops than that of eroded specimens. A
plot of cyclic resistance ratio versus number of cycles required to cause 5% double
amplitude strain for original and eroded soil is showrrion6.34 It indicates that the

CSR causing 5% double amplitude strain in 20 cycles, defined as cyclic strength,
increases from 0.08 to 0.16 after internal erosion. This increment of cyclic strength may
be attributed to the distinctive soil packing after internal erosion. The fines which used
to serve as lubrication become jamming and actively participate in force chains.
Consequently, the cyclic strength may increase.
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Table 6.4 Details of tested specimens of cyclic testing

, Void ratio Effective .
. Fines content .| Intergranular o Cyclic stress
Specimens before cyclic . . confining :
(%) . void ratio ratio (CSR)
loading pressure (kPa)
35E-0.12 13.52 1.01 1.32 50 0.12
35E-0.15 13.88 0.99 1.31 50 0.15
35E-0.20 13.51 1.01 1.32 50 0.20
35N-0.07 35 0.55 1.39 50 0.07
35N-0.10 35 0.55 1.39 50 0.10
35N-0.12 35 0.56 1.40 50 0.12
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(b) Relation of cyclic deviator stress and mean effective stress with superimposed
monotonic compression test data under undrained condition
Figure 6.28 Cyclic behavior of eroded specimens (CSR=0.12)
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(b) Relation of cyclic deviator stress and mean effective stress with superimposed
monotonic compression test data under undrained condition
Figure 6.29 Cyclic behavior of eroded specimens (CSR=0.15)
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(b) Relation of cyclic deviator stress and mean effective stress with superimposed
monotonic compression test data under undrained condition
Figure 6.30 Cyclic behavior of eroded specimens (CSR=0.20)
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(b) Relation of cyclic deviator stress and mean effective stress with superimposed
monotonic compression test data under undrained condition
Figure 6.31 Cyclic behavior of original specimens (CSR=0.07)
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(b) Relation of cyclic deviator stress and mean effective stress with superimposed
monotonic compression test data under undrained condition
Figure 6.32 Cyclic behavior of original specimens (CSR=0.10)
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Figure 6.33 Cyclic behavior of original specimens (CSR=0.12)
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6.7 Conclusions

The mechanical consequences of internal erosion on a series of non-cohesive soils are
presented in this chapter. Isotropic compression, undrained and drained monotonic
compression, and undrained cyclic tests are performed on the eroded specimens to
reveal their mechanical behavior.

In the isotropic compression test, compared with the original specimens without erosion,
the NCL of the eroded specimens significantly moves upward and become steepening at
larger mean effective stress. A unique gradient of NCL may not exist, whereas the
gradient of swelling line seems to be identical and can be determined. The coefficient of
compressibility of the eroded specimens is lower within the mean effective stress of
50kPa ~ 100kPa and becomes larger at larger mean effective stress compared with the
original specimen without erosion. Departing from clean sand, an exceptional
mechanical behavior of eroded soil is observed. The volumetric strain at failure derived
from drained tests reduces with the increasing of effective confining pressure. A
temporary drop in soil stiffness at the initial stage of shearing with respect to the axial
strain ranging from 0% ~ 1% is observed. In terms of undrained tests, generally, the
deviator stress of the eroded specimens reaches a marked peak at low axial strain,
approximately 1%, followed by the temporary strain softening and then becoming
dilative as the phase transformation point is arrived. The increasing effective confining
pressure results in the rising of stress rafigddpeay, indicating an increasing stability.

The mobilized friction angle shows the trend of increasing with the increasing of
effective confining pressure. Compression test results have revealed the probable
existence of a distinctive packing of soil grains after internal erosion. The “surviving”
fines after internal erosion may actively participate in the force chains, acting like
reinforcement. The reinforced post-erosion soil packing renders the eroded specimen
much stiffer and less compressible. With the subsequent compression the reinforcement
will be deteriorated and the eroded specimen may behave like typical fines-containing
sand.

The changes in soil strength after internal erosion are assessed by four criteria: ASTM
failure criterion, Ishihara’s residual strength criterion, Mohr-Coulomb criterion and
Lade’s instability criterion. In terms of ASTM criterion, the drained strength of eroded
specimens is less than that of original specimens by 20% in average, irrespective of the
initial effective confining pressure. The variations in undrained strength appear to relate
with the initial effective confining pressure. Compared with the original specimens,
under lower confining pressure, a larger undrained strength is observed for the eroded
specimens while it becomes smaller under larger confining pressure. The residual
strength of eroded specimens is larger than that of the original specimens. An interesting
point is that the eroded specimens seem to gain the strength even under zero confining
pressure, similar to “cohesion”. Under an effective confining pressure of 200kPa, the
normalized residual strength is similar for both specimens, indicating the probable
deterioration of the strengthened soil packing. To further quantitatively reveal the
changes in void ratio during internal erosion, an “erosion line” tlog p’ space may

be helpful to indicate the post-erosion soil fabric by giving the initial void ratio and
stress state. The critical friction angle of eroded specimen and original specimen,
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derived from drained monotonic tests, is 35.27° and 36.87°, respectively. At the same
normal stress, the shear strength decreases by 5.7%. A larger instability region is
observed for the eroded specimens. The comparison of secant stiffness within the initial
axial strain of 1% between the eroded specimens and the original specimens has noted
that the initial secant stiffness is larger for the post-erosion specimens. With subsequent
compression, the eroded specimens show a sudden drop in stiffness, which is considered
as a sign of the deterioration of the temporary reinforcement.

In the undrained cyclic tests, the original specimens display typical behavior of “flow
deformation”, whereas the eroded specimens show dilative response as soon as the
phrase transformation line is touched and then asymptotically moves towards CSL
associated with dilatancy. Mostly the stress ~ strain curves and effective stress paths
follow the pattern of behavior established by the monotonic compression. The cyclic
strength, defined as the CSR causing 5% double amplitude strain in 20 cycles increases
by two times after internal erosion.



CHAPTER 7

CONCLUSIONS

The phenomenon of internal erosion in cohesionless soils exhibits itself as the gradual
migration of fine grains through the voids of the coarse matrix, transported by volumes
of seepage water. The chronic process of internal erosion always accompanies with the
significant loss of soil grains and changes in hydraulic conductivity. The coarse grains
may rearrange their inter-position into a new equilibrium and consequently, eroded soil
will become loose. The stress ~ strain relationship of the internally eroded soil might be
greatly altered compared with the original soil. There is a high possibility that the
strength of the post-erosion soil decreases due to the destructive function of internal
erosion. Full comprehension of the characteristics of internal erosion and its mechanical
influence on soil behavior is beneficial for the assessment of the stability of potentially
eroded earthen structures, such as levees.

In this research, common fixed wall seepage test has been conducted to preliminarily
understand the erosion mechanism of the tested soil specimens. Parametric study is
conducted to examine the effects of soil properties (i.e., relative density, initial fines
content) and hydraulic conditions on the erosion mechanism. The soil strength reduction
after erosion in the fixed-wall seepage test is elaborated by interpreting the cone tip
resistance profile of the tested specimens after erosion. On the basis of the fixed wall
seepage test, an automated triaxial seepage testing system has been developed by
installing several new components, including a flow pump, a sedimentation tank and a
revised pedestal. The hydromechanical behavior of tested specimen during the progress
of internal erosion are studied by assessing the changes of the key parameters, such as
hydraulic gradient, hydraulic conductivity, soil deformation and cumulative eroded soil
mass at various stress states. The effects of stress state and initial fines content are
experimentally investigated. The changes in stress ~ strain relationship after internal
erosion is directly assessed by conducting undrained and drained monotonic
compression test on the internally eroded soil specimen. Internal erosion induced
changes in cyclic strength is studied by performing undrained cyclic test on the eroded
soil specimens and original specimens without erosion, respectively, under the same
effective confining pressures.

7.1 Main conclusions

In Chapter 3, the influence of internal erosion on soil strength has been experimentally
studied through a series of one-dimensional upward seepage tests at a constant water
head and cone penetration tests. By giving an upward seepage flow to the gap-graded
soil specimens, the characteristics of hydraulic behavior of tested soil are understood.
The mechanical consequences of internal erosion are examined by cone penetration
tests on internally eroded specimens. Before the internal erosion, the relationship
between the average hydraulic gradient and Darcy velocity is basically linear. After the
onset of erosion, the slope of the relationship is no longer linear, indicating that the
hydraulic conductivity of soils drastically increases with the progress of the internal
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erosion. The hydraulic gradient for internal erosion is found to be about one fifth to one
third of the Terzaghi's critical hydraulic gradient for soil stability. The lower the fines
content, the larger the hydraulic gradient required to cause internal erosion. Those
specimens containing the same mass ratio of fines as the larger relative density require a
larger critical hydraulic gradient to initiate the internal erosion. The loss of fines
proportionally increases with the imposed hydraulic gradient. The internal erosion
causes a reduction in cone tip resistance, the extent of which may be related to the
imposed hydraulic gradient. A larger imposed hydraulic gradient, indicating a greater
loss of fines, would lead to further cone resistance reduction. Drastic changes in the
strength can be seen with hydraulic gradients over 0.5. The internal erosion causes the
angle of shearing resistance of a soil specimen to decrease within a certain hydraulic
gradient range.

Chapter 4 introduces the newly developed triaxial internal erosion apparatus, capable of
directly investigating not only the hydraulic characteristics of soils at the onset and the
progress of internal erosion under preferred stress state but also the mechanical
behaviors of those internally eroded soils. By installing a sedimentation tank, back
pressure could be maintained in the tested specimens during erosion test to ensure a
relatively high saturation degree. A measurement system of the cumulative eroded soill
mass is installed in the tank to continuously record the eroded soil mass. Erosion tests
are performed by constant-flow-rate control manner with the measurement of the
induced pressure difference between the top and bottom of the tested specimens.
Volumetric strain of the soil specimen could be assessed by measuring the axial and
radial deformation. The mechanical consequences of internal erosion could be evaluated
by directly performing undrained and drained compression tests or undrained cyclic
tests on the eroded soil.

Erosion mechanisms for saturated sand with different initial fines contents under
different effective confining pressures at triaxial condition are presented in Chapter 5.
Seepage tests are performed by the constant-flow-rate control in triaxial apparatus. The
back pressure is applied to ensure the fully saturated soil state. Cumulative eroded soil
mass is continuously recorded by a consecutive monitoring system. Hydraulic gradient
dramatically drops during internal erosion with the dislodgement of large amounts of
fines. Correspondingly, hydraulic conductivity, derived from Darcy's law, keeps
increasing at this stage. Afterwards, the soil packing would gradually reach a new
equilibrium when the hydraulic gradient and cumulative eroded soil mass become
constant. A moderate decrease of hydraulic conductivity is detected after a significantly
long period of test time, which might be caused by the clogging of fines inside tested
specimens. Erosion of fines would result in the increase of contractive volumetric strain.
The post-erosion grain size distribution analysis indicates that the fines loss is larger in
the upper layer. The saturation degree drops after seepage test with the B-value higher
than 0.93. Assigned the seepage flow with the same velocity, the specimens under the
larger effective confining pressure show less increments in hydraulic conductivity
within the test range. The percentage of cumulative fines loss and volumetric strain
induced by internal erosion is the least in the specimens under the effective confining
pressure of 200kPa and the largest in the specimens under the effective confining
pressure of 50kPa. Comparing the seepage test results of the specimens with 35%, 25%
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and 15% initial fines content, respectively, the largest change of hydraulic conductivity
occurs in the specimen with 35% initial fines content. Fines loss is larger for the
specimens with larger initial fines content and correspondingly, the internal erosion
induced volumetric strain is larger. The change of void ratio is closely associated with
the volumetric strain during erosion. In this series of seepage tests, the tested specimens
show contractive behavior and the post-erosion void ratio increases.

Chapter 6 discusses the mechanical consequences of internal erosion on a series of non-
cohesive soils. Isotropic compression, undrained and drained monotonic compression,
and undrained cyclic tests are performed on the eroded specimens to reveal their
mechanical behavior. In the isotropic compression test, compared with the original
specimens without erosion, the NCL of the eroded specimens significantly moves
upward and become steepening under larger effective confining pressure. A unique
gradient of NCL may not exist, whereas the gradient of swelling line seems to be
identical and can be determined. The coefficient of compressibility is lower within the
mean effective stress of 50kPa ~ 100kPa and becomes larger at larger mean effective
stress compared with the original specimen without erosion. Departing from clean sand,
an eccentric mechanical behavior of eroded soil is observed. The volumetric strain at
failure derived from drained tests reduces with the increasing of effective confining
pressure. Atemporary drop in soil stiffness at the initial stage of shearing with respect to
the axial strain ranging from 0% ~ 1% is observed. In terms of undrained tests, the
mobilized friction angle shows trend of increasing with the increasing of effective
confining pressure. Compression test results have revealed the probable existence of a
distinctive packing of soil grains after internal erosion. The “surviving” fines after
internal erosion may actively participate in the force chains, acting like reinforcement.
The reinforced post-erosion soil packing renders the eroded specimen much stiffer and
less compressible. With the subsequent compression the reinforcement will be
deteriorated and the eroded specimen may behave like typical fines-containing sand.
The changes in soil strength after internal erosion are assessed by four criteria: ASTM
failure criterion, Ishihara’s residual strength criterion, Mohr-Coulomb criterion and
Lade’s instability criterion. Generally, the soil strength decreases after internal erosion.
The comparison of secant stiffness at the initial axial strain of 1% between the eroded
specimens and original specimens has noted that the initial secant stiffness is larger for
the post-erosion specimens. With subsequent compression, the eroded specimens show a
sudden drop in stiffness, which is considered as a sign of the deterioration of the
temporary reinforcement. In the undrained cyclic tests, the stress ~ strain curves and
effective stress paths mostly follow the pattern of behavior established by the monotonic
test: the original specimens display typical behavior of “flow deformation”, whereas the
eroded specimens show dilative response as soon as the phrase transformation line is
touched and then asymptotically moves towards CSL associated with dilatancy. The
cyclic strength, defined as the CSR causing 5% double amplitude strain in 20 cycles
increases by two times after internal erosion.

7.2 Recommendationsfor future study

Experimental evidences derived from soil strength tests have indicated the existence of
a distinctive microstructure for eroded specimens. Specifically, internal erosion triggers
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the transformation of the function of fines from “lubrication” to “jamming”. Therefore,
an microscopic observation of the soil fabric after erosion might be of great help to
further interpret the mechanical behavior of eroded specimens.

It is recognized that the soil history and stress state exerts an influence on the onset and
progress of internal erosion. In this study, to fully reveal the changes of soil behavior by
erosion, an isotropic stress state is selected. How&leang and Zhang (2011b)
concluded that internal erosion will intensify at anisotropic state. Therefore, conduction
of seepage test at different stress states would be helpful to determine the critical effects
of internal erosion on soil.
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APPENDIX A

ASSESSMENT OF SIZE EFFECT IN CPT

A.1 Grain size effect

Due to the comparatively large grain size of silica No. 3, the grain size effect,
characterized by the ratio of cone diameter to mean grain size, should be considered.
Gui and Bolton (1998introduced the new concept of “effective diameter”, which is the
sum of the cone diameter and the mean particle size, to erase the grain siz€igffect (
Al). The effective diameter was considered in the interpretation of the test data in this
study. The mean particle size was obtained from the grain size distribution curve before
and after the seepage test.

A.2 Chamber size effect

Chamber size and imposed boundary conditions are influential on cone resistance.
Detailed discussions can be foundBeen,et al. (1986, 1987), Mayne (1991), Schnaid

and Houlsby (1991); among otheEven though many studies have been conducted on
this issue, it appears that there are no universally accepted explanations. Generally, the
chamber size effect is less for loose sand, while for medium and dense sand, the size
effect depends on the chamber-to-cone diameter ratio, stress state and so on.

To assess the size effect, CPT tests were conducted using a 300mme-in-diameter
container with a diameter ratio of 30 as well as a seepage cell with a diameter ratio of
10. The dry silica No. 3 specimen was prepared in the above-mentioned two containers
by the air pluviation method. Three relative densities corresponding to IDpse (
30%), medium D, = 70%) and denseD{ = 100%) states are considered. In terms of
Bearing Capacity NumbeN, the effect of the container diameter is plottedrim A2.

As expected, the size effect becomes much more obvious with a larger relative density.
Due to the comparatively small relative densities of the tested speciméablin3.8

this effect is not considered in the interpretation of the test data in this study.
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Appendix A Assessment of size effect in CPT

Effective diameter
B' reduces as the
increased stress
level induces
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Figure A2 Relation between bearing capacity number and diameter ratio
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