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Abstract

Assessment of Internal Instability of
Well-graded Soils through Seepage Tests

Lee, Hee-Jun
Department of Civil & Environmental Engineering
The Graduate School

Seoul National University

Internal erosion is an important process that affects the stability of a fill dam.
Suffusion and suffosion, also known as internal instability, are forms of internal
erosion. Suffusion involves the selective erosion of fine particles from the
matrix of coarse particles of an internally unstable soil through seepage flow,
thereby removing the fine particles through the voids and leaving behind a soil
skeleton formed by coarse particles. Suffosion is a similar process but results
in volume changes. The erosion of fine particles increases the soil permeability,
resulting in a decrease in shear strength and changes in hydraulic conditions. In
turn, this scenario may cause various types of dam failures.

Generally, gap-graded soil with two distinct grain sizes is vulnerable to
internal instability. Such soils show clear manifestations of suffusion, such as
the erosion of a significant quantity of fine particles and an increase in
permeability and void ratio. Therefore, previous studies on seepage erosion
problems commonly focused on gap-graded soils as the target. However, no
study has shown whether the well-graded soils, used as fill dam materials in
South Korea, are susceptible to suffusion. Moreover, the process and cause of

internal instability in well-graded soils have not been investigated.



In this dissertation, suffusion tests were performed on gap-graded and well-
graded soils with different relative densities by using a newly developed
suffusion test apparatus. In short-term tests, hydraulic gradient was increased
stepwise, and the occurrence of internal instability were analyzed. In contrast
to gap-graded soils, well-graded soils showed a continuous reduction in
permeability before the initiation of internal instability. At the onset of internal
instability, permeability and soil discharge suddenly increased. Additionally,
when the relative density of well-graded soils increased, the hydraulic gradient
required to reach an unstable state also increased.

Long-term tests were carried out to analyze the progress and cause of the
internal instability of well-graded soils at constant hydraulic gradients. Results
revealed that well-graded soils in internally stable conditions had clogging of
fine particles in the bottom, which reduces the overall permeability. Similar
clogging was identified in internally unstable conditions, and subsequent
unclogging resulted in a rapid increase in permeability and erosion rate with the
collapse of soil structure. Consequently, the internal instability of well-graded
soils developed in the form of suffosion. On this basis, the mechanism of
internal instability and its progress in well-graded soils were proposed.

Seepage tests with pore water pressure transducer were used to verify the
above mechanism of internal instability in well-graded soils. The erosion of
fine particles increased permeability and decrease the pressure, while the
clogging of fine particles decreased permeability and increased pressure.
Consequently, the test confirmed that the movement path of fine particles and
verified the mechanism of internal instability in well-graded soils.

Results indicated that the characteristics and development of the internal
instability of well-graded soils differed from those of gap-graded soils. The
findings can be used to deepen the understanding of the development of internal

instability in well-graded soils.



Keywords: Internal erosion, Internal instability, Suffusion, Suffosion,
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Chapter 1. Introduction

1.1 Research Background

Hydraulic earth structures, such as levees and dams, can undergo various
kinds of damage. Among these, internal erosion, overtopping, and slope
instability are the major possible failure modes. Foster et al. (2000) reported
that 57 of the 126 cases of dam failure abroad were caused by internal erosion,
accounting for 45% of the total number of failures. The other major failure
modes (overtopping and slope instability) account for approximately 44% and
4%, respectively. Hence, internal erosion can be regarded as one of the main
causes of damage in hydraulic earth structures.

The survey carried out by the National Disaster Management Research
Institute (NDMR, 2013) in South Korea shows that 17,611 of the 17,702
hydraulic earth structures are earth-fill dams. Most of the fill dams are made up
of well-graded silty sand decomposed from granite and gneiss, and those with
well-graded soils suffer from internal erosion.

Suffusion and suffosion, also known as internal instability, are two forms of
internal erosion (Figure 1-1). Suffusion involves the selective erosion of fine
particles from the matrix of coarse ones of an internally unstable soil. Seepage
flow removes the fine particles that pass through the voids, leaving behind a
soil skeleton formed by the coarse particles. Suffosion is a similar process but

results in volume change (Fell et al., 2015; Reclamation and USACE, 2019).



Once the fine particles are removed, the permeability of the soil increases,
which can induce a reduction of shear strength and changes in hydraulic
condition (Chang and Zhang, 2013a). Furthermore, suffusion can cause various
types of dam breaches, such as the following: increase in seepage, leading to
the initiation of backward erosion piping; formation of voids in the foundation,
leading to the settlement of the crest and overtopping; and increase in pore
pressure and loss of strength in the embankment or foundation, leading to a

downstream slide (Chang and Zhang, 2013a; ICOLD, 2017).

Flow direction

Fine particle Do 2,950 pe’se Ne 8,%2 10% 0
Coarse particle Sadlenteiiy Sl
Suffusion Suffosion

Figure 1-1 Schematic diagram of internal instability

Gap-graded soils are a binary mixture of two distinct particle sizes, missing
mid-sized particles (Figure 1-2). For gap-graded soils, the size of voids in
coarse particles that is sufficiently larger than the fine particles can be called
‘underfilled’, where fine material is insufficient to fill the voids between coarse
particles. In this situation, given that the fine particles can easily move between

the coarse particles, which form a soil structure that supports external loads,



then suffusion can easily occur wherein only the fine particles selectively move
without changing the overall volume. At very high fine contents, the coarse
particles simply become inclusions within a matrix of fine particles, which
comprise the majority of the material; this structure is commonly referred to as
‘overfilled’ (Vaughan, 1994; Taylor, 2016). In this situation, when the fine
particles move by seepage force, internal instability occurs in the form of

suffosion with a change in volume.

Under-filled Over-filled

= = = Overfilled
Underfilled

% passing by weight

Grain size (mm)

Figure 1-2 Schematic diagram of gap-graded soils

However, in South Korea, most of the dams are made up of well-graded soils,
which exhibit successive particle size distribution. Whereas well-graded soils
generally have linear particle size distribution with the uniformity coefficient
(C,) values lager than 4, the well-graded soils which are the fill dam materials
in South Korea have a wide range of particle size with C,, values lager than 20
(Figure 1-3). Therefore, the fine particles are unlikely to be loose and may
transfer effective stress. Nevertheless, as only a limited research examines well-

graded soils (Sterpi, 2003; Moffat et al., 2011; Li, 2008; Israr and Indraratna,
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2019, Liu et al., 2021), whether internal instability occurs and its types remain

unclear.
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Figure 1-3 Particle size distribution of fill dam materials in South Korea

and schematic diagram of well-graded soils

Generally, suffusion can occur when three distinct criteria are satisfied, as
follows: 1) fine particles must be under low effective stress and thus free to
move (“mechanical criterion”); 2) fine particles must fit within the constrictions
between coarse particles (“geometric criterion”); and 3) seepage force must be
sufficient to move the fine particles through the voids (“hydraulic criterion’)
(Kenney and Lau, 1985; Taylor, 2016).

The vulnerability of soils to suffusion has been extensively evaluated. Given
that the particle size distribution of soils plays a key role in terms of the first
two criteria, many suffusion tests have used various particle size distributions,
and on the basis of results, have suggested criteria for particle size distribution
for internally unstable soils (Istomina, 1957; Kezdi, 1979; Kenney and Lau,

1985; Burenkova, 1993; Wan and Fell, 2008). In terms of hydraulic criteria, a
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critical hydraulic gradient that triggers suffusion has been suggested based on
seepage test results (Skempton and Brogan, 1994; Reddi et al., 2000b; Moffat
and Fannin, 2006). Post-phenomenon of internal instability and effects of
various factors, such as hydraulic gradient and confining stress, has also been
examined (Bendahmane et al., 2008; Li, 2008; Moffat et al., 2011; Chang and
Zhang, 2013b; Luo et al., 2013; Ke and Takahashi, 2014; Liu et al., 2021).

Previous studies on seepage erosion problems mainly use gap-graded soils
as the target, which is relatively easy to evaluate whether the geometrical and
mechanical criteria are met according to the particle size distribution. Moreover,
such soils show clear manifestations of suffusion, such as a significant quantity
of fine particles discharged and an increase in permeability and void ratio. Thus,
evaluation of the internal stability can be readily carried out based on the direct
seepage test results. Kim (2019), however, showed that the internal stability of
fill dam materials in South Korea was evaluated using the geometrical criteria
suggested by Kenney and Lau (1985) and Wan and Fell (2008), resulting in
poor predictions. Accordingly, improvements of the existing criteria have been
proposed (Chang and Zhang, 2013b; Israr and Zhang, 2021).

The causes and progress of internal instability in gap-graded soils have been
well explored (Skempton and Brogan, 1994; Moffat and Fannin, 2006;
Bendahmane et al., 2008; Chang and Zhang, 2013b; Luo et al., 2013; Ke and
Takahashi, 2014). Luo et al. (2013) carried out a short-term suffusion test with
stepwise increasing of hydraulic gradient and a long-term test at a constant
hydraulic gradient using gap-graded sandy gravel, then compared the

characteristics of internal instability progress. However, although internal



instability develops slowly (Fell et al, 2003) and 8,611 reservoirs in South
Korea are aged over 60 years (constructed before 1951), accounting for
approximately 60% (NDMR, 2013), well-graded soils have not been examined
for long-term stability.

Additionally, previous studies of well-graded soils focus on post-occurrence
of internal instability rather than its process and cause analysis (Sterpi, 2003;
Moffat et al., 2011; Li, 2008; Israr and Indraratna, 2019, Liu et al., 2021). In
the test results performed by Li (2008) and Liu et al. (2021), a sudden increase
in permeability and amount of eroded soil were observed only after a
progressive reduction in permeability, exhibiting a different internal instability
process from that of gap-graded soils. In addition, in gap-graded soils, relative
density does not significantly affect internal instability (Wan, 2006), but well-
graded soils showed higher resistance to internal instability when compacted to
a greater relative density (Israr and Indraratna, 2019; Liu et al., 2021).
Therefore, the characteristics and development of internal instability of well-
graded soils are expected to differ from those of gap-graded soils, but its causes

have not been clearly determined.



1.2 Objective and Scope of Research

This study aims to assess the internal instability of fill dam materials in South
Korea and to investigate the mechanism and progress of internal instability in
well-graded soils, which have a particle size distribution that represents fill dam
materials in South Korea. Short- and long-term experiments are carried out to
evaluate the internal instability of the well-graded soil at various relative
densities and hydraulic gradients. Subsequently, the progress and causes of
internal instability are analyzed by comparison with gap-graded soils.

The uncertainty in applying the geometrical criteria and limited studies on
well-graded soils necessitate a direct suffusion test for better evaluation and
prediction. Therefore, short-term suffusion tests are carried out on both gap-
graded and well-graded soil with various hydraulic gradients and relative
densities. The “short-term” suffusion tests are the experiments with stepwise
increasing of hydraulic gradient until failure, and each step lasts 1 hour. For the
experiment, a new suffusion test apparatus is designed and can measure the
amount of eroded soil and water without disassembly during the test. This
apparatus enables the application of a multistage hydraulic gradient in one test.
Based on the test results, a comparative analysis was carried out on the internal
erosions of well-graded soils and gap-graded soils.

Previous short-term tests are carried out to easily evaluate the characteristics
of internal instability while increasing the hydraulic gradient stepwise. This
method has the advantage of observing internal instability in a relatively short

time and roughly specifying the hydraulic gradient at the onset of internal



instability. Through the short-term test, however, it is difficult to evaluate the
progress of internal instability because the hydraulic gradients are increased in
a stepwise manner for a short period and the effect of the hydraulic gradient
applied during the previous stage may alter the internal erosion resistance of
the soil. Furthermore, as 60% of reservoirs in South Korea are aged over 60
years, and internal instability of well-graded soils is expected to develop slowly,
and its long-term stability needs to be evaluated. Therefore, long-term suffusion
tests are conducted on the same specimen as that of the short-term test to assess
the internal instability and analyze its progress and causes. The “Long-term” is
a relative concept for the “short-term” tests, hydraulic gradient remains
constant until internal instability occurs, at least 39 hours. The long-term tests
are often used to study the evolution mechanism of suffusion (Luo et al., 2013).
The amount of eroded soil, flow rate, and settlement are measured over time
for the test conditions of various relative densities and hydraulic gradients.
Based on the test results, the influence and cause of hydraulic gradient and
relative density on the internal instability of well-graded soils, cause of the
decrease and increase of permeability, and the cause of settlement are analyzed.
The mechanism of the progress of internal instability in well-graded soils are
also investigated.

The mechanism of the progress of internal instability in well-graded soils is
examined with a series of seepage tests with pore pressure transducer. The
specimen is divided into four parts, then pore pressure transducers are installed
to measure the overall permeability and the pore pressure of each part. These

measures are used to calculate and analyze the movement path of fine particles.



1.3 Organization and Structure

This dissertation comprises five chapters that are briefly introduced as
follows:

Chapter 1 introduces the research background, objective, scope of work, and
structure.

Chapter 2 describes the literature review on soil internal instability, which is
explained by geometric conditions and hydraulic conditions. Subsequently, the
internal instability of well-graded soils and its characteristics can be inferred.
The weaknesses and limitations of previous research can also be analyzed.

Chapter 3 describes the testing materials, experimental apparatus, and test
methods used in this study, including the experimental procedure and program.
The specimens in the tests include gap-graded soils for comparative purposes
and well-graded soils with a particle size distribution that represents the fill dam
materials in South Korea. Previous test devices for internal instability are also
explained, and new experimental apparatus and test methods developed to
combine their advantages are introduced.

Chapter 4 presents and discusses the short-term test results with stepwise
increases of hydraulic gradient. The internal instability of soils is assessed
based on the two identification methods (fraction loss of soils and change in
permeability). The occurrence and characteristics of internal instability of well-
graded soils are comparatively analyzed with those of gap-graded soils. The
manuscript in Chapter 4 is published in the KSCE Journal of Civil Engineering.

Chapter 5 presents and discusses the long-term test results. The



characteristics and cause of internal instability of the well-graded soils is
analyzed. The mechanism of the progress of internal instability in well-graded
soil is also investigated. The manuscript in Chapter 5 was submitted to the Acta
Geotechnica, and is under review at the time of submission for this dissertation.

In Chapter 6, the tests with pore pressure transducer are presented. The
movement path of fine particles is analyzed by using the pore pressure and
permeability of each part. The mechanism of the progress of internal instability
in well-graded soil is verified.

Finally, in Chapter 7, the main conclusion of the present study and

recommendations for further research are presented.
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Chapter 2. Literature review

2.1 Introduction

US Army Corps of Engineers (USACE) has firstly used the term ‘inherent
stability’ and ‘internal stability’ in order to address the problem of internal
erosion in the filter system of the dams. In their recent research, internal
instability (suffusion and suffosion) is defined as follows. Suffusion involves
selective erosion of finer particles from the matrix of coarser particles of an
internally unstable soil, in such a manner that the finer particles are removed
through the voids between the larger particles by seepage flow, leaving behind
a soil skeleton formed by the coarser particles. Suffosion is a similar process
but results in volume change (Reclamation and USACE, 2019).

The occurrence of internal instability in hydraulic earth structures is difficult
to predict, because it readily develops into other failure mechanism types.
Therefore, the vulnerability of soils to internal instability is often assessed
based on the laboratory seepage tests. The U.S Army Corps of Engineers (1953)
conducted constant head permeameter tests on four sand-gravel mixtures to
evaluate inherent stability and permeability characteristics (Figure 2-1). The
tests were performed with vibration, and water was flowed down while
increasing the hydraulic gradient from 5 to 16. Inherent stability was
determined by comparing particle size distribution before and after testing.

Based on this test, several researchers developed and modified the test method

11



to evaluate the internal instability.

In evaluating the internal stability through the seepage tests, there are two
important conditions governing the internal instability: the geometric and
hydraulic conditions. In this chapter, previous studies on the internal instability
of soils are presented. In terms of the geometric conditions, the criteria for
internal instability suggested based on the grain size distribution is described.
And, the previous researches focused on the hydraulic gradient, which triggers
suffusion are introduced. Furthermore, the previous studies of well-graded soil

are presented, and the weaknesses of previous investigations are analyzed.
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Figure 2-1 Schematic drawing of testing apparatus in USACE (1953)
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2.2 Conditions governing the internal instability

2.2.1 Geometric condition

According to the previous studies on the geometric conditions, criteria for
internal instability have been suggested based on the grain size distribution
(Table 2-1), because the large constriction size formed by the coarse particles
allows fine particles to be washed away (Istomina 1957; Kezdi 1979; Kenney
and Lau 1985; Burenkova 1993; Wan and Fell 2008).

Istomina (1957) evaluated internal stability using the coefficient of
uniformity (C,). When C,, is less than 10, the soil is internally stable, and
when C, is 20 or more, the soil is internally unstable. Also, the soil is
considered transitional when C,, is between 10 and 20.

Kezdi (1979) reported that suffusion occurs when coarse particles are unable
to act as a filter which retains the fine particles. In Terzaghi’s classic filter
criterion, when D15/d85 are less than 4 to 5, the filter (coarser material) will be
able to retain the finer (base) material (Terzaghi et al., 1996), where D15
represents the finer fraction of the filter materials and d85 represents the larger
fraction of the base materials. The values of 4 to 5 were determined empirically
from filter tests by Terzaghi (1922). Accordingly, the particle size curve is
divided into its fine and coarse parts, and when both components satisfy the
filter criterion, the soils are considered internally stable.

Kenney and Lau (1985) suggested that the constriction size of the filter

material is approximately equal to one-quarter of the size of the small particles
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making up the filter. This indicates that particles smaller than particle size D
can pass through the constrictions formed by the particles of size 4xD and larger,
thus being internally unstable.

In the method of Burenkova (1993), conditional factors of uniformity,
d90/d60 and d90/d15, were used in analyzing the grain size distribution of the
soils. Here, d90, d60 and d15 denotes particle diameter at 90, 60 and 15%
passing by weight. The d90/d60 ratio represents the slope of the coarse side of
the grain size distribution curve and d90/d15 ratio represents the filter action
between the coarse and the finer fraction of the soils.

Wan and Fell (2008) extended the Burenkova’s criterion using logistic
regression and suggested that the boundary of internal instability can be
represented by d90/d60 versus d20/d5, based on the fact that soils with a steep
slope on the coarse fraction and flat slope on the finer fraction were likely to be
internally unstable.

In a study by Kim (2019), however, the internal stability of fill dam materials
in South Korea was evaluated using the geometrical criterion suggested by
Kenney and Lau (1985) and Wan and Fell (2008), resulting in poor predictions.
And, several attempts have been made to improve the existing criteria (Chang

and Zhang, 2013b; Israr and Zhang, 2021).
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Table 2-1 Criteria for suffusion

References Criteria
C, <10 : internally stable

Istomina (1957) 10 < €, <20 : transitional
Cy =20 : internally unstable
(disc/dgsf)max < 4 internally stable

Kezdi (1969) dys. : diameter of the 15% mass passing in the coarse part
dgss : diameter of the 85% mass passing in the fine part
(H/F)min > 1.0 : internally stable

Kenny and Lau (1985) F : mass fraction at a grain size D
H : mass fraction between grain size D and 4D

Burenkova (1993) 0.761og (Z—i‘;) +1< z—zz < 1.68 (Z—::) + 1 :internally stable
30/log(dgo/dgo) < 80 or

Wan and Fell (2008)

30/log(dgg/dgo) > 80 and 15/1og(d,/ds) > 22 : internally stable
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2.2.2 Hydraulic condition

In terms of the hydraulic condition, the previous researches focused on the
hydraulic gradient, which triggers suffusion (Skempton and Brogan, 1994;
Reddi et al., 2000b; Sterpi, 2003; Moffat and Fannin, 2006; Bendahmane et al.,
2008; Li, 2008; Moffat et al., 2011; Chang and Zhang, 2013b; Luo et al., 2013;
Ke and Takahashi, 2014; Liu et al., 2021).

The study of hydraulic gradient affecting internal instability was started in
earnest by Skempton and Brogan (1994). Skempton and Brogan (1994)
performed upward flow permeameter tests to confirm the potential for internal
instability by increasing hydraulic gradient. In the stable materials, internal
instability occurred at approximately the critical gradient given by Terzaghi’s
piping theory (Terzaghi, 1939). But in the unstable materials, migration and
strong piping of fines took place at hydraulic gradients of about one fifth to one
third of the theoretical value. The lower critical hydraulic gradient was
associated with the lower effective stress on the fine particles. According to the
test results, Skempton and Brogan (1994) proposed the relationship between
the Kenney and Lau (1985) criterion and the hydraulic gradient at which piping
occurred.

Reddi et al. (2000b) assess the difference between surface and internal
erosion processes on a sand-kaolinite mixture. Internal erosion experiments
were performed while increasing the flow rate and measuring pressure and the
amount of eroded kaolinite using a turbidimeter. Based on the test results, the

applicability of the assessment method in surface erosion test to internal erosion
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was evaluated. And, it was noted that internal erosion process may be governed
by pore clogging and redeposition of eroded particles.

Sterpi (2003) conducted the seepage tests under various constant hydraulic
gradient to investigate the erosion of fine particles from well-graded sand gravel.
The erosion and transport of fine particles was modeled considering the tests
results. Then, a finite-element analysis estimated the effects of the erosion of
fines on the stress—strain distribution within the soil. The settlements due to the
water pumping from a drainage trench was evaluated adopting the proposed
model.

Moffat and Fannin (2006) introduced a large rigid-walled permeameter to
examine hydromechanical conditions at the onset of internal instability. The
permeameter had two rows of pressure transducers to establish the change of
hydraulic gradient along the specimen. Three tests on specimens of glass beads
used to commission the device were reported. The onset of internal instability
could be detected by measuring water pressure along the length of the specimen.

Bendahmane et al. (2008) carried out suffusion tests to examine the influence
of the hydraulic gradient, clay contents within the soils, and confining pressure
on the internal erosion mechanism. The flexible wall permeameter using a
modified triaxial cell was developed to control over stresses that act on the soil
specimen and to minimize side wall leakage. The erosion rate of clay increased
according to the increase of hydraulic gradient and decrease of confining
pressure and clay content. When the hydraulic gradient was low, the clay was
eroded due to suffusion, and when the hydraulic gradient increased, sand

fraction was eroded due to backward erosion.
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Li (2008) experimentally investigated internal instability of widely graded
cohesionless soils. The hydraulic gradient of the specimen was increased until
the onset of internal instability was observed, or the specimen exhibited a heave
failure. Particle size distribution of a soil, effective stress and hydraulic gradient
governed onset of internal instability. Commonly used criteria for internal
instability were reviewed and a new geometric criterion based on capillary tube
model was proposed.

Moffat et al. (2011) conducted permeameter tests on four widely graded
cohesionless soil to study internal instability. The tests were conducted while
increasing hydraulic gradient, and the change in water pressure was measured
through a pressure transducer installed along the length of the test specimen.
Suffusion and suffosion were detected from visual observations together with
changes in local hydraulic gradient, axial displacement.

Chang and Zhang (2013a) carried out internal erosion tests, using a modified
triaxial testing apparatus, to investigate the initiation and development of
internal erosion and the effect of stress state on critical hydraulic gradients.
Based on the test results, the internal erosion stage was divided into four stages
according to the erosion of fine particles, the change in the permeability, and
the deformation of specimen. Corresponding to the stages of internal erosion,
critical hydraulic gradients were defined. Then, the effect of various stress
conditions on the defined hydraulic gradient was evaluated.

Luo et al. (2013) performed a short-term suffusion test with stepwise
increasing of hydraulic gradient and a long-term test at a constant hydraulic

gradient, using gap-graded sandy gravel, and compared the characteristics of

18



internal instability progress in the short-term and long-term tests. The short-
term suffusion tests under various confining pressures were conducted to
determine the hydraulic gradient at which the fine particles start to migrate. The
long-term suffusion tests were carried out to investigate the influences of the
hydraulic gradient and the confining pressures on the evolution of suffusion.
Consequently, it was concluded that the suffusion failure in the long-term test
is more likely to happen and much more serious than that in the short-term
experiment. And, the long-term test was able to reduce the hydraulic gradient
initiated the suffusion failure significantly and increase the eroded mass
dramatically.

Ke and Takahashi (2014) conducted a series of seepage tests measuring the
pore water pressure under the constant flow rate and the isotropic confining
pressure. The characteristics of suffusion and its mechanical consequences on
gap-graded cohesionless soil with various fines contents and stress was
investigated. In the test results, the permeability increased with the progress of
suffusion. And, when large amounts of fines were eroded, contractive
volumetric strain occurred and the strength of soil decreased.

Liu et al. (2021) carried out suffusion tests on well-graded gravels used in
high speed railway roadbed to investigate the effect of degree of compaction
and initial fines content on the critical hydraulic gradient and the characteristics
of suffusion. The suffusion of well-graded gravels progressed with three
different erosion stages according to the change of permeability, the erosion of
fine particles. The critical hydraulic gradient increased with the degree of

compaction and the initial fines content. Based on the test results, an empirical
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equation is proposed to predict the eroded mass of fine particles.

Several researches have studied on the hydraulic gradient at which initiates
the internal instability and the influence factors (Table 2-2). Test methods can
be divided into two methods to evaluate internal instability while increasing a
hydraulic gradient or flow rate, and while maintaining various hydraulic
gradient. From the previous test results, when fine particles are eroded due to
internal instability, generally, void ratio increases, resulting in increase of
permeability and decrease of strength of soil, and settlement occurs infrequently.
Additionally, internal instability occurred at a lower hydraulic gradient in the
long-term suffusion test than in the short-term test. However, in previous
studies, gap-graded soil, which shows clear manifestations of suffusion, was
mostly utilized as a target soil because it is relatively easy to evaluate factors

affecting internal instability.
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Table 2-2 Summary of previous studies on the hydraulic condition

References Specimen Hydraulic condition ~Elapsed time  Influence factors Results
Skempton and stepwise increment of i not . ... mass of eroded soil (w)
Brogan (1994) ~ £Ap-graded sand gravel 0~1) mentioned  Yaraulic gradient @) o ot of permeability (4)

Reddietal. (2000b) gap-graded sand-kaolinite  increment of flowrate ~ ~0.5h flow rate w, i
. well-graded silt-sand constant .
St 003) o) acsingby #200 = 23%)  (0.18~0.75) S0h 1, time w
Moftat and Fannin stepwise increment of 7 .
(2006) gap-graded sand (0~ 15) lh i pore pressure
Bendahmane et al. constant / i, 03,
(2008) gap-graded clay sand (5~ 140) ~05h clay content W
. gap-graded sand stepwise increment of 7 ;
Li (2008) well-graded silt-sand (0~ 15) 5h i W, k, pore pressure
well-graded silt sand gravel  stepwise increment of i .
Moffat et al. (2011) (% passing by #200 = 30%) (1~29) 193h i pore pressure
Chang and Zhang stepwise increment of 7 i, 03, .
(2013a) gap-graded sand 0~9) 7h stress path w, k, strain
Luoetal. (2013) gap-graded sand gravel S;pxzzsu;cgte?&lgrf gl 14~188h i, o3, time w, k
Ke and Takahashi . flow rate, 63, . .
(2014) gap-graded sand increment of flow rate 3h fine confent i, w, k, strain

) well-graded silt sand gravel ~ stepwise increment of i . .

Liuetal. (2021) (% passing by #200 = 10%) and constant i (0~9) 2~4h i, time, compaction w, k
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2.3 Previous studies on well-graded soil

Studies on well-graded soil with a particle size distribution similar to that of
a fill dam material in South Korea have been conducted by a few of researchers
(Table 2-3). However, rather than a study on the process and cause analysis of
internal instability, the post-occurrence phenomenon was mainly studied
(Sterpi, 2003; Moffat et al., 2011; Li, 2008; Israr and Indraratna, 2019; Liu et
al., 2021). Sterpi (2003) studied focusing on the erosion of fine particles from
well-graded sand gravel and modeled the weight of eroded fine particles
considering hydraulic gradient and time. Then, the proposed model was applied
to evaluate the settlements owing to the water pumping from a drainage trench.
Li (2008) experimentally investigated internal instability of widely graded soil
and applied the test results to establish a new geometric criterion. Moffat et al.
(2011) conducted permeameter tests on widely graded soil to study internal
instability and investigated the change in water pressure when internal
instability occurred. Israr and Indraratna (2019) carried out hydraulic tests to
examine the potential of internal erosion of gap-graded and broadly graded soils
compacted at various relative densities. Based on the test results, the critical
hydraulic gradient was modeled considering the effects of inter-particle and
boundary frictions, and stress reduction in the soil. Liu et al. (2021) carried out
suffusion tests on well-graded gravels to investigate the effect of degree of
compaction and initial fines content on the critical hydraulic gradient and
proposed an empirical equation to predict the eroded mass of fine particles.

In the test results of Li (2008) and Liu et al. (2021), when the coefficient of
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permeability was calculated with the seepage velocity and hydraulic gradients,
well-graded soil showed a sudden increase in permeability and amount of
eroded soil after a progressive reduction in coefficient of permeability,
exhibiting an internal instability process different from that of the gap-graded
soils (Figure 2-2). And, well-graded soils showed higher resistance to internal
instability when compacted to a greater relative density (Israr and Indraratna,
2019; Liu et al., 2021). Therefore, the characteristics of internal instability and
the development process of well-graded soil is expected to be different from

those of the gap-graded soil, but there is no clear cause analysis for this.
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Table 2-3 Summary of previous studies on well-graded soil

References Specimen Hydraulic condition Results
Sterpi (2003) well-graded silt-sand constant i empirical equation to predict loss of fines
“p (% passing by #200 = 23%) 0.18~0.75 it —wl
Li (2008) well-graded silt-sand stepwise increment of i characterization of failure mode
(% passing by #200 = 20%) 0~15 i1 —k |, suffosion
Moffatetal. — well-graded silt sand gravel ~ stepwise increment of i observation of internal instability
(2011) (% passing by #200 = 30%) 1~29 At =29, internal instability was observed
Israr and broadly graded silt sand gravel  stepwise increment of the development of model for estimating the critical hydraulic
Indraratna o " o by #200 = 25%) 0~13 gradients
(2019) passing by ) ’ relative densities 1 — critical i |
Liu et al. well-graded silt sand gravel stepwise increment of i lc;m_p)u;:?l mg&?npficgi%s:;lf. ?n;s |
0, 1 = 0, ; ~ ’ )
(2021) (% passing by #200 = 10%)  and constanti (0 ~9) i1 — k | (marginally unstable) — & 1 (fully unstable)
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Chapter 3. Research methods

3.1 Introduction

This chapter described material, apparatus, and test program used in the
laboratory test in this study. Gap-graded soils for comparative purposes and
well-graded soils which has a particle size distribution that is representative of
the fill dam materials in South Korea were used as specimens. Short-term and
long-term experiments were conducted to evaluate the internal instability of
well-graded soil, and the progress and causes of internal instability were
analyzed comparing with gap-graded soil. For the experiment, a newly
designed suffusion test apparatus was developed and registered at the Korean
Patent Office (Chung et al., 2018), which can measure the amount of eroded
soil and water without disassembling it during the test. The amount of eroded
soil, flow rate, and settlement were measured for the test conditions of various
relative densities and hydraulic gradient. Based on the test results, the
occurrence and cause of internal instability of the well-graded soils were
comparatively analyzed with those of the gap-graded soils. And, the mechanism
of the progress of internal instability in well-graded soil was investigated. Then,
a series of seepage tests with pore pressure transducer was conducted to verify

the mechanism of the progress of internal instability in well-graded soil.
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3.2 Testing materials

3.2.1 Particle size distributions and properties of specimens

The specimens used in the suffusion tests included artificially constituted
gap-graded soil (Gap soil) and well-graded soil (WG soil), a material
commonly available in South Korea. Gap soil consists of fine soil (< 0.15 mm)
and coarse soil (2-4.75 mm), collected from WG soil by mechanical sieving,
comprising 15% and 85%, respectively. WG soil is a natural silty sand
decomposed from granite and has a particle size distribution that represents fill
dam materials in South Korea. Figure 3-1 shows that particle size distribution
of WG soil is included in the range of that obtained from 6 different domestic
fill dams (24 particle size distributions from 6 fill dams in operation,
investigated by Korea Rural Community Corporation). WG soil is classified as
clayey silty sand (SC-SM) in Unified Soil Classification System (USCS), 40%
of which is finer than sieve No. 200, after eliminating a diameter larger than

that of sieve No. 4. The properties of the soil samples are listed in Table 3-1.
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Figure 3-1 Particle size distributions of specimens and fill dam materials in

South Korea

Table 3-1 Properties of specimens

Material Gap soil WG soil

USCS SM SC-SM
Average % passing through sieve no. 200 13.7 40.3
Specific gravity (Gy) 2.65 2.59
Max. dry unit weight (g/cm3) 1.76 1.86
Min. dry unit weight (g/cm3) 1.47 1.25
Uniformity coefficient (Cy,) 28 112
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Liquid limit (%) 27.5
Plastic limit (%) 21.6

Plasticity index (%) 59

3.2.2 Assessment of the internal instability

Prior to the experimental tests, widely used criteria for evaluating the internal
instability of soils (Istomina, 1957; Kezdi, 1969; Kenney and Lau, 1985;
Burenkova, 1993; Wan and Fell, 2008) were applied to the soils used in this
study (Table 3-2). Istomina (1957) evaluated internal stability using C,,. Kezdi
(1979) divided the particle size distribution into its fine and coarse parts, and
checking Terzaghi’s filter criterion is satisfied. However, this method could not
be applied to WG soil without a distinct boundary between coarse and fine
fractions. Kenney and Lau (1985) proposed an index ratio, H/F, based on the
suffusion test results, where F is the mass fraction at particle size D, and H is
the mass fraction between particle sizes D and 4D. A limit value of H/F = 1 was
suggested at F < 0.2 in widely graded soils and F < 0.3 in narrowly graded soils.
Burenkova (1993) used conditional factors of uniformity, d90/d60 and d90/d15,
to analyze the particle size distribution of the soils. Wan and Fell (2008)
suggested that the boundary of internal instability can be represented by
d90/d60 versus d20/d5, using logistic regression, based on the fact that soils

with a steep slope on the coarse fraction and flat slope on the finer fraction were

29



likely to be internally unstable. The d90, d60, d20 and d5 are particle diameter
at 90%, 60%, 20% and 5% mass passing, respectively. The assessment results
for WG soils were inconsistent with the suggested criteria. The assessment
results based on the methods proposed by Istomina (1957) and Kenney and Lau
(1985) evaluated both the Gap and WG soils as internally unstable (Figure 3-2).
Meanwhile, the methods proposed by Burenkova (1993) and Wan and Fell
(2008) assessed the Gap soils as internally unstable and the WG soils as

internally stable (Figure 3-3 and Figure 34).
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Table 3-2 Criteria for suffusion and assessment results

Results of assessment

References Criteria
Gap soils WG soils

Cy <10 : internally stable
Istomina (1957) 10 < €, <20 : transitional Unstable Unstable
Cy =20 : internally unstable
(disc/dgsf)max < 4 : internally stable
Kezdi (1969) dqsc : diameter of the 15% mass passing in the coarse part Unstable -
dgss : diameter of the 85% mass passing in the fine part

(H/F)min > 1.0 : internally stable

Kenny and Lau ) o
(1985) F : mass fraction at a grain size D Unstable Unstable
H : mass fraction between grain size D and 4D
dgo dgg .
Burenkova (1993) 0. 7610g( ) F1<P2<, 68 (32 5) +1 : internally stable Unstable Stable
1
Wan and Fell 30/log(dgg/dgg) < 80 or
8(cdso/dso) _ Unstable Stable
(2008) 30/log(dgg/dgo) > 80 and 15/log(d,¢/d5) > 22 : internally stable

*d90, d60, d20 and d5 = particle diameter at 90%, 60%, 20% and 5% passing, respectively.
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Figure 3-2 Internal stability of the Gap and WG soils based on Kenney & Lau (1986)
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Figure 3-3 Internal stability of the Gap and WG soils based on Burenkova (1993)
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3.3 Experimental apparatuses

3.3.1 Apparatus for the short-term and long-term tests

Generally, suffusion tests are performed based on the experimental program
adopted in the study of the U.S. Army Corps of Engineers (USACE, 1953). The
apparatus used in the USACE study was later developed and modified by
several researchers (Kenney and Lau, 1985; Wan and Fell, 2008; Bendahmane
et al., 2008; Chang and Zhang, 2013b). Kenney and Lau (1985) conducted a
downward suffusion test with a perforated plate installed at the lower part of
the seepage cell. The plate served as the outflow; therefore, the amount of soil
discharged can be easily estimated by simply collecting the outflowing water-
soil mixtures from underneath the seepage cell. However, because the plate was
exposed to the atmosphere, air was likely to be entrapped in the specimen
during the removal of soil particles, resulting in unsaturation of the specimen
and inconsistent soil and hydraulic conditions. Wan and Fell (2008) assessed
the internal instability of soils with an actual filter layer composed of gravel.
The bottom part of the specimen was submerged in water, allowing the
saturation of the specimen and a constant outflow water head. However, such
an experimental setup makes it difficult to measure the amount of soil
discharged during the test. In contrast, Chang and Zhang (2013a) developed a
stress-controlled erosion apparatus composed of a triaxial system, a pressurized
water supply system, a soil collection system, and a water collection system.

The apparatus, which was developed to investigate internal erosion subjected
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to complex stress states, is complex and inconvenient.

In this study, a simplified experimental apparatus was developed to combine
the advantages of the experimental setup mentioned above. It consists of an
inflow water tank, an inner cell, an outer cell, and a replaceable collector
(Figure 3-5 and Figure 3-6). The inflow water tank provides a constant water
level at the inlet and can be raised to control the hydraulic gradient. The outer
cell can maintain the degree of saturation of the specimen and the constant
water level of the outflow during the test or while replacing the collector to
measure the amount of soil discharged. In the inner cell, submerged inside the
outer cell, a cylindrical specimen (10 cm in diameter and 10 cm in height) was
installed over a perforated plate. The plate has 80 holes with a size
corresponding to the filter criteria (particle diameter at 15% mass passing in of
filter material should be smaller than four times of that at 85% mass passing in
base material) suggested by USACE (1953). Because D85 of WG soil is 2.5
mm, D15 of filter material should be less than 10 mm. As shown in Figure 3-7,
the constriction sizes of 10 mm particles are 1.55 and 4.14 mm in dense and
loose, respectively (Kezdi, 1979; Locke, 2001). Therefore, the perforated plate
has 80 holes with a size of 4 mm. When the water flows through the specimen
toward the outlet tube, eroded soil can quickly settle in the replaceable collector
by means of a funnel connector. During the experiment, the amount of water
was measured directly from the outlet tube, and the amount of eroded soil was

obtained by drying the soil collected in the replaceable collector.
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3.3.2 Apparatus with pore pressure transducer

Moffat and Fannin (2006) and Moffat et al. (2011) conducted the seepage
tests while increasing hydraulic gradient, and the change in water pressure was
measured installed along the length of the test specimen. The onset of internal
instability was able to be detected by measuring water pressure along the length
of the specimen. According to the previous studies, a suffusion test apparatus
with pore pressure transducer was developed to verify the mechanism of the
progress of internal instability in well-graded soil.

The device consists of an inflow water tank, an acrylic cylinder cell, and a
collector (Figure 3-8 and Figure 3-9). The inflow water tank and the collector
are the same as the previous test device, and are connected to the acrylic

cylinder cell. The acrylic cylinder has a 100 mm internal diameter and 300 mm
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height containing the soil sample to be tested. A perforated plate with holes
corresponding to the filter criteria was fixed to the lower part of the cylinder
cell, and a soil sample was placed on it. The soil sample was divided into four
parts and three pore pressure transducers were installed to measure the pore
pressures in each part. The pore pressure was recorded with a static data logger.
During the experiment, the amount of water was measured directly from the
outlet tube, and the coefficient of permeability at each part was calculated using
the pore pressure and overall permeability. After the tests, the eroded soil

remains in the lower part of the cylinder cell and in the collector.
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3.4 Experimental procedure and program

3.4.1 Short-term tests

For the preparation of the soil sample, the inner cell was flipped upside down
to prevent segregation and any loss of soil particles during compaction (Figure
3-10(a)). Initially, the porous stone was placed underneath the sample to protect
the soils from scouring and to distribute the influent water evenly across the
specimen. Then, the soil sample was compacted to a predetermined relative
density (D,) (Figure 3-10(b)). The WG soils were compacted to reach 50%,
65%, and 80% relative density. The Gap soils were tested for comparative
purposes, and because they are relatively vulnerable to suffusion, the
experiment was only performed with a sample with a relative density of 78%.
After preparing the specimen, the perforated plate was fitted into the inner cell
(Figure 3-10(c)) and the cell was rotated back to its position so that the porous
stone and the perforated plate could be located on top of and underneath the
specimen, respectively. To saturate the specimen, the inner cell was plunged in
the outer cell for 24 hours (Figure 3-10(d)). After placing the water tank in
accordance with the target hydraulic gradient, the water tank was connected to
the inner cell, allowing the water to flow down through the specimen toward
the outlet tube (Figure 3-10(e)).

The hydraulic head acting on the specimen is the height difference (AH)
between the height of the water tank and the outlet tube. The range of the

hydraulic gradient was determined based on preliminary test results for each
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soil type and relative density. Because well-graded soils show higher resistance
to suffusion, the initial hydraulic gradient applied was higher than that of gap-
graded soils. Additionally, a greater hydraulic gradient was necessary for soils
with a higher relative density. Thus, the tests on WG soils were conducted under
hydraulic gradients from 2 to 40, 10 to 80, and 2 to 150 for 50%, 65%, and 80%
relative density, respectively. The test on gap-graded soils was conducted under
a hydraulic gradient from 0.5 to 12. Although the hydraulic gradient usually
experienced in dams and their foundations is less than 5 (Fell et al., 2015),
higher hydraulic gradients were applied to observe internal instability in this
study.

The amount of water flowing out through the outlet tube was measured at
regular intervals to estimate the coefficient of permeability. The weight of the
eroded soil was measured by collecting the soils accumulated in the replaceable
collector at each step of the hydraulic gradient. At each hydraulic gradient, the
test was conducted for 1 hour according to previous studies (Skempton and
Brogan, 1994; Moffat and Fannin, 2006; Moffat et al., 2011; Luo et al., 2013),
and the amount of eroded soil and the coefficient of permeability were
measured for each step (Table 3-3). The particle size distributions of eroded soil

and post-test specimens were analyzed.
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(d)

Figure 3-10 Experimental procedure

Table 3-3 Experimental program for short-term tests

Test No. Specimen D,(%) Hydraulic gradient
G78  Gapsoils 78 05,1,2,3,4,5,6,7,8,9,10, 12
WG5S0 50 2,5,10, 15, 20, 25, 30, 35, 40
WG65 WGsoils 65 10, 20, 30, 40, 50, 60, 70, 80
WG80 80 2,5,10, 15, 20, 25, 30, 35, 40, 50, 60, ..., 150

* The hydraulic gradient was increased stepwise. Each step was maintained for

1 hour.
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3.4.2 Long-term tests

The long-term suffusion tests were conducted on the same specimen as that
of short-term test to assess the internal instability and analyze the progress and
causes of that. The experimental procedure of long-term test was the same as
that of short-term tests. The soil samples were compacted to reach predefined
relative densities of 78% for Gap soil and 50, 65, and 80% for WG soils. After
sample preparation, water was introduced across the specimen by adjusting the
height of the water tank according to the desired hydraulic gradient and by
connecting the water tank to the inner cell. The hydraulic gradient was
established based on the short-term test results to confirm both the internally
unstable state and stable state of the soils. Hydraulic gradients of 3 and 5 were
applied to Gap soil. For the WG soil prepared at 50% relative density, hydraulic
gradients of 5, 15, and 17 were applied, followed by 30 and 60 for 65%, and 60
and 120 for 80% relative density, respectively. The amount of eroded soil, flow
rate, and settlement were measured (up to 576 h) under a constant hydraulic
gradient (Table 3-4). The weights of the eroded soil and settlement were
measured at regular intervals (1, 2, 4, 8, 12, 24, and 48 h). To calculate the
coefficient of permeability, the amount of water discharged from the outlet tube
was measured at regular intervals three to four times between each
measurement on eroded soil. After the tests, a particle size analysis was

conducted on the eroded soil and post-test specimens.
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Table 3-4 Experimental program for long-term tests

Test No.  Specimen D(%) Hydraulic gradient
G78 Gap soils 78 3,5
WG5S0 50 5,15,17,25
WG65 WG soil 65 30, 60
WG80 80 60, 120

3.4.3 Tests with pore pressure transducer

To verify the mechanism of the progress of internal instability in well-graded
soil, the seepage tests with pore pressure transducer were carried out. The
acrylic cylinder cell was inverted upside down upon preparation of the sample
to prevent segregation and to go through the same preparation process as in the
previous tests. A perforated plate was initially placed beneath the sample to
protect the soil from scouring and distribute the water evenly over the specimen.
The soil sample with a diameter and height of 100 mm was then compacted to
reach predefined relative densities of 50%. After sample preparation, the lower
part of the acrylic cylinder cell where the perforated plate is fixed was
assembled to the cell and the cell was rotated back to its original position. Then,
the collector was connected to the cell and, and water was injected into the

collector to saturate the soil for 24 h. Water was introduced across the specimen
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by adjusting the height of the water tank according to the desired hydraulic
gradient and by connecting the water tank to the cylinder cell. The hydraulic
gradient of 20 was applied based on the long-term test results. The tests were
performed for 30 and 60 minutes to obtain internally stable result and internally
unstable result, respectively (Table 3-5). During the tests, the pore pressure was
recorded automatically, and the flow rate and settlement were measured under
a constant hydraulic gradient. After the tests, weight of eroded soil was
measured, and a particle size analysis was conducted on the eroded soil and

post-test specimens.

Table 3-5 Experimental program for tests with pore pressure transducer

Test No. Specimen D,.(%) Hydraulic gradient Testing time (m)
WG50-20PT-a 60
WGsoil 50 20
WG50-20PT-b 30

47



Chapter 4. Short-term test results and analyses

4.1 Introduction

Owing to the uncertainty in applying the geometrical criteria and limited
studies on well-graded soils, the short-term suffusion tests were performed on
both gap-graded and well-graded soil with various hydraulic gradients and
relative densities to assess the internal instability. The test on gap-graded soils
was conducted under a hydraulic gradient from 0.5 to 12 for relative density of
78%. The tests on WG soils were carried out under hydraulic gradients from 2
to 40, 10 to 80, and 2 to 150 for 50%, 65%, and 80% relative density,
respectively. The hydraulic gradient was increased stepwise. The test was
conducted for 1 hour at each hydraulic gradient, and the amount of eroded soil
and the coefficient of permeability were measured for each step. The particle
size distributions of eroded soil and post-test specimens were analyzed.

In this chapter, the results of short-term suffusion tests and assessment of
internal instability were presented. In section 2 of this chapter, the amount of
eroded soil, coefficient of permeability and particle size distribution were
demonstrated. In section 3, the internal stability of the soils was evaluated based
on the seepage test results of this study and indicators of previous studies. And,
the occurrence and characteristic of internal instability of the well-graded soils

were comparatively analyzed with those of the gap-graded soils.
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4.2 Short-term test results and analyses

4.2.1 Gap soil with a relative density of 78%

In the case of the Gap soils (D, = 78%), the amount of soil discharged and
coefficient of permeability (k) increased progressively even in the early stage
of the tests at low levels of hydraulic gradient (Figure 4-1). Consequently, the
accumulative eroded soil reached 4.1% of the total weight of the specimen at a
hydraulic gradient of 12. The “accumulative eroded soil” refers to the
percentage of the total eroded soil mass based on the total weight of the
specimen. At the completion of the test, k£ increased almost three times the
initial coefficient of permeability (k,). Based on the post-test particle size
distribution analysis, 97% of the eroded soil was fine soil (< 0.15 mm), resulting
in a shift in the particle size distribution curve (Figure 4-2). And, the percentage
of fines, particles smaller than 0.075 mm denoted herein as FS, was 53.7% (8.3%
in the original specimen). During the test, 0.4 mm of settlement was developed
(Figure 4-9); nevertheless, the void ratio (e) increased from 0.57 to 0.62,
signifying the selective erosion of fines. The results of Gap soils showed clear
manifestations of suffusion, such as a significant quantity of fine particles
discharged and increases in & and e. Gap soils are a binary mixture of coarse
and fine particles with large differences in size. As a result, it was expected that
fine particles would be easily moved by the lower seepage force, which was

confirmed by the test results.
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4.2.2 WG soil with a relative density of 50%

When the test was conducted on the WG soils at a relative density of 50%
under a hydraulic gradient of 30 or less, continuous reduction in k£ was observed
despite the removal of the soils (1.2% of the total weight of the specimen)
(Figure 4-3). When the test was conducted to reach a hydraulic gradient of 35,
however, k increased significantly, and a considerable amount of soil was
eroded. Hence, at a hydraulic gradient of 40, the accumulative eroded soil
reached 5.1%, and the estimated k reached approximately 1.2 times ky. A
progressive reduction in & under a hydraulic gradient of 30 or less can be
explained by particulate clogging, which reduces the permeability of the soil.
Clogging behavior is generally known to be less likely at higher flow rates and
larger constriction sizes (Reddi et al., 2000a). The constriction size and
permeability of WG soils are smaller than those of the Gap soils; thus, the WG
soils have a higher probability of clogging. Accordingly, this phenomenon was
not observed during the test on the Gap soils.

The variation in & during the seepage test observed in this study is analogous
to the previous experimental studies. Reddi et al. (2000b) reported that, in sand
and kaolinite mixture, the effect of clogging and the washout of fine particles
caused a decrease and a sudden subsequent increase in k& with rapid soil erosion.
According to the test results of Liu et al. (2021), who conducted a seepage test
on well-graded soil, a reduction in k£ was followed by a sudden increase in £.

The particle size distribution of the eroded soil showed that the FS content

was 66% (40% in the original specimen), resulting in a reduction in FS content
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in the post-test specimen. (Figure 4-4). After the experiment, 0.4 mm settlement
was observed (Figure 4-9); however, e increased from 0.74 to 0.83. Thus,
suffusion phenomena, such as selective erosion of fine particles, causing
increases in k and e, were observed to be similar to the results of the Gap soils.
However, sudden increases in & and soil discharged occurred at a hydraulic
gradient of 35 in the WG soils subsequent to the reduction in £, exhibiting a

different behavior of internal erosion process to that of the Gap soils.
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4.2.3 WG soil with a relative density of 65%

In the case of the WG soils at a relative density of 65%, k decreased to half
of ky until the hydraulic gradient reached nearly 20. However, k£ gradually
started to increase from a hydraulic gradient of 30 to 50 (Figure 4-5).
Subsequently, a large amount of soil (11.6% of the total weight of the specimen)
flowed out at a hydraulic gradient of 60, together with an abrupt increase in £,
reaching 1.6 times k,. However, after a significant amount of soil was
discharged, k decreased to approximately 0.6 times k, even though the soils
were continuously discharged (1.2—1.5%/hour).

The FS content of the eroded soil was 75%; thus, the FS content of the post-
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test specimen decreased from 40% to 35% (Figure 4-6). In the Gap soils, only
3% of the discharged particles had a size larger than 0.15 mm, whereas in the
WG soils, 20% of the discharged particles had a size larger than 0.15 mm. The
results showed that in the WG soils, a relatively large quantity of coarse
particles flowed out compared with the test results of the Gap soils.

A 1.4 mm settlement occurred up to the hydraulic gradient of 60, and
subsequently a large settlement occurred after the hydraulic gradient reached
70, resulting in a final settlement of 7.3 mm (Figure 4-9). Despite the
development of large settlements, the value of e calculated based on the amount
of soil discharged and settlement increased from 0.63 to 0.74.

As mentioned above, as the probability of clogging was higher in WG soils,
a reduction in k£ was observed at the beginning of the test, and k£ gradually
increased as the soils were discharged. When a seepage force was sufficient to
move the clogged particles into the effluent, a sudden outflow of soil and an
increase in & were identified. Then, as the soil with coarse particles flowed out,
the soil structure and settlement occurred, and settlement and particle

rearrangement reduced k again.
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4.2.4 WG soil with a relative density of 80%

For the WG soils at 80% relative density, 0.7% of the soil specimen was
discharged up to a hydraulic gradient of 120 (Figure 4-7). k decreased to
approximately half of k; at a hydraulic gradient of 15. Under a hydraulic
gradient of 20, however, £ started to increase and reached approximately 1.4
times the value of k, at a hydraulic gradient of 50. From a hydraulic gradient
of 50 to 120, k decreased to a value close to ky. When the test was continued
to reach a hydraulic gradient of 130, 9.5% of the soil was discharged, and a
slight increase in k occurred. At a hydraulic gradient of 150, the accumulative
eroded soil reached 10.8%. The particle size distribution of the eroded soil
indicated that the percentage of FS was 73% (40% in the original specimen),
producing a post-test soil with a smaller fine fraction (Figure 4-8). After the
experiment, 5.3 mm settlement was developed (Figure 4-9); however, e
increased from 0.52 to 0.61. In the final state, suffusion phenomena such as a
significant amount of soil discharge and increases in k and e were observed.

Based on the test results of WG soils (D,, = 65% and 80%), it was confirmed
that a relatively large amount of settlement was developed compared with the
Gap soils (Figure 4-9). In WG soils, not only fine particles but also coarse
particles flow out, resulting in the collapse of the soil structure. This
phenomenon in WG soils can be described by the term suffosion, an internal
instability resulting in the volume change of the soils (Reclamation and USACE,

2019).
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4.3 Assessment of internal instability

The internal stability of the soils was evaluated through the seepage test
results based on three indicators: 1) the fraction loss of soils, 2) the variation in
permeability, and 3) the occurrence of piping failure (Chang and Zhang, 2013a).
In terms of the fraction loss of soils, Kenney and Lau (1985) and Wan and Fell
(2008) regarded the soils as unstable if the fraction loss of fine particles relative
to the total mass of the soils was over 7% and 4%, respectively. Regarding the
second indicator, sample was regarded as unstable if a progressive or sudden
increase in soil permeability was observed during the test, which can be
acknowledged from the time-permeability relationship (Sun, 1989; Liu, 2005;
and Kaoser et al, 2006). Lastly, Skempton and Brogan (1994) regarded the soils
as internally unstable when piping failure occurred at one-third to one-fifth of
the theoretical critical hydraulic gradient. In this study, to determine whether
the occurrence of internal erosion was induced by suffusion, the first two
indicators were adopted.

The minimum limit of the discharged fine fraction on unstable soils was
defined as 4% (Kenney and Lau, 1985) and the results are summarized in Table
4-1. In this study, because the actual soil erosion was measured for each
hydraulic gradient, the point where the amount of soil eroded reached more than
4% could be identified. Gap soils, WG soils (D,, =50%), WG soils (D,, =65%),
and WG soils (D, =80%) showed 4% soil erosion at hydraulic gradients of 12,
40, 60, and 130, respectively.

In the test results of Gap soils, & increased progressively from a hydraulic
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gradient of 2 (Figure 4-1). In contrast, k£ for WG soils (D,, = 50%) increased
suddenly at a hydraulic gradient of 35 (Figure 4-3). In addition, £ for WG soils
(D, = 65%) increased slightly from a hydraulic gradient of 40 and increased
suddenly at a hydraulic gradient of 60 (Figure 4-5). In the test results for WG
soils (D, =80%), a sudden increase in k£ was pronounced at a hydraulic gradient
of 130 after a major fluctuation (Figure 4-7).

It should be noted that when the two identification methods (fraction loss of
soils and change in k) are applied individually, the analyses of the test results
might be inconsistent with each other. When the standard of minimum fraction
loss (4%) is applied solely, gap-graded soils, WG soils with relative densities
of 50%, 65%, and 80% can be evaluated as internally unstable at hydraulic
gradients of 12, 40, 60, and 130, respectively (Figure 4-10). In contrast, when
considering only the variation in £, the hydraulic gradient assessed as internally
unstable was lower than the above evaluation results (Figure 4-10). In particular,
WG soils (D, = 80%) show an additional point of unstable behavior at a
hydraulic gradient of approximately 20, whereas the amount of eroded soil is
negligible. Hence, the internal stability of the well-graded soils evaluated based
on the hydraulic standard may exhibit conservative or misleading results.
Therefore, in this study, a more rational method to evaluate the internal
instability of well-graded soils is proposed regarding both the increase in the
fraction loss of soils and k.

Based on the test results of WG soils, when the fraction loss to the total mass
of the specimen was more than 4% and & suddenly increased, it was

recommended to regard the soil as internally unstable. According to this method,
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the hydraulic gradients at which the initiation of internal instability was
observed were 10, 40, 60, and 130 in the Gap soil, WG soils at relative densities

of 50%, 65%, and 80%, respectively.
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Table 4-1 Summary of the short-term test results

Applied maximum

Amount of eroded soil

Size of the largest

Test No.  Specimen D, (%) ) Permeability
hydraulic gradient (%) particles eroded (mm)

G-80 Gap soils 78 12 4.1 2.0 Progressive increase
WG-50 50 40 5.1 2.0 Sudden increase
WG-65 WG soils 65 80 14.9 2.0 Sudden increase
WG-80 80 150 10.8 2.0 Sudden increase
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4.4 Summary

In this chapter, the results of short-term suffusion tests, which were

conducted on both gap-graded and well-graded soil with various hydraulic

gradients and relative density, were presented. The internal instability of the

soils was evaluated according to indicators of previous studies. Additionally,

the occurrence and characteristic of internal instability of the well-graded soils

were investigated. The specific findings in this chapter can be summarized as

follows:

1)

2)

3)

The result of Gap soil showed clear manifestations of suffusion. WG
soil exhibited a similar suffusion process to Gap soil, such as erosion
of fine particles and increases in k£ and e. However, sudden increases in
k and soil discharged occurred at the onset of internal instability, which
followed the reduction in £, exhibiting an internal erosion process
different from that of Gap soil. Additionally, fine particles and coarse
particles flowed out, resulting in settlement.

The hydraulic gradient at which internal instability occurs is higher for
WG soil than for Gap soil. Additionally, the WG soil showed higher
resistance to internal erosion when compacted to a greater relative
density. An increase in the degree of compaction not only increases the
critical hydraulic gradient, but also reduces the amount of erodible fine
particles under the same hydraulic gradient.

The test results based on each identification method (fraction loss of
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soils and change in k) are inconsistent with each other. Therefore, it is
concluded that considering both the fraction loss of soils and the
changes in k is more appropriate for evaluating the internal stability of

well-graded soils.
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Chapter 5. Long-term test results and analyses

5.1 Introduction

In previous short-term test results, the internal instability of WG soil showed
a similar suffusion process to Gap soil, such as erosion of fine particles and
increases in k and e. However, a sudden increase in £ and the amount of soil
discharge were observed only after a progressive reduction in k, exhibiting an
internal erosion process different from that of Gap soil. This phenomenon can
also be observed in the experimental studies performed by Li (2008) and Liu et
al. (2021), who conducted a series of seepage tests using well-graded soil.
Additionally, well-graded soils signify higher resistance to internal instability
when compacted to a greater relative density, whereas the internal instability of
gap-graded soil is not significantly affected by relative density (Wan, 2006; Liu
etal., 2021).

The previous short-term tests were performed to easily evaluate the
characteristics of internal instability while increasing the hydraulic gradient
stepwise. This method has the advantage of observing internal instability in a
relatively short time and roughly specifying the hydraulic gradient at the onset
of internal instability. Through the short-term test, however, it is difficult to
evaluate the progress of internal instability because the hydraulic gradients are
increased in a stepwise manner for a short period and the effect of the hydraulic

gradient applied during the previous stage may alter the internal erosion
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resistance of the soil. Furthermore, as 60% of reservoirs in South Korea are
aged over 60 years, and internal instability of well-graded soil is expected to
develops slowly, long-term stability of well-graded soil needs to be evaluated.
Therefore, long-term suffusion tests were conducted on the same specimen
as that of short-term test to assess the internal instability and analyze the
progress and causes of that. The amount of eroded soil, flow rate, and settlement
were measured during the tests, and k& and e were calculated over time for the
test conditions of various relative densities and hydraulic gradient. Additionally,
the particle size distributions of the eroded soil and the post-test specimen were
estimated based on the particle size distribution analysis. A summary of the test
results is listed in Table 5-1. Detailed test results and analyses are described in
the following section. In section 2, amount of eroded soil and erosion rate were
analyzed. In section 3 and 4, hydraulic conductivity and settlement were studied,
respectively. In section 5, based on the test results and analysis, the mechanism
of internal instability and its progress in well-graded soil was proposed and

compared with those in gap-graded soil.
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Table 5-1 Summary of the long-term test results

% of fines : L Percentage % of fines of
. Dr e Hydraulic Testing time . Settlement e
Test Specimen  before test . oferoded  eroded soil
(%) before test  gradient (h) . (mm) after test
(%) soil (%) (%)
98.2
G78-3 3 103 1.3 0.0 0.59
15 (<0.15 mm)
Gap 78 0.57
(<0.15 mm) 95.4
G78-5 5 72 14.0 04 0.82
(<0.15 mm)
WG50-5 5 360 2.3 49.8 0.35 0.78
WG50-15 15 576 4.1 70.4 0.25 0.81
50 0.74
WG50-17 17 552 11.3 69.0 7.6 0.79
WG50-25 40 25 72 11.1 64.8 9.2 0.76
WG65-30 (<0.075 mm) 30 243 0.9 487 0.2 0.64
65 0.63
WG65-60 60 39 15.6 69.8 9.1 0.74
WGR0-60 60 339 1.6 68.3 1.8 0.51
80 0.52
WGS80-120 120 63 6.7 77.8 5.5 0.53
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5.2 Amount of eroded soil and erosion rate

The amount of eroded soil over time is shown in Figure 5-1. Based on the
post-test particle size distribution analysis, the FS content of the eroded soil of
WG soil ranged from 48 to 78% and the percentage of fines, particles smaller
than 0.15 mm, was from 58 to 83%. Whereas, the percentage of fines, particles
smaller than 0.15 mm, in the eroded soil of Gap soil was from 95 to 98% (Figure
5-2). In the case of the WG soil at D, =50%, 2.3, 4.1, 11.3, and 11.1% of the
soil flowed out at hydraulic gradients of 5, 15, 17, and 25 for 600, 576, 552,
and 72 h, respectively. For the WG soil at D, = 65%, 0.9% of the soil flowed
out during 243 h, and 15.6% during 39 hours of testing time under hydraulic
gradients of 30 and 60, respectively. For the WG soil at D, = 80%, 1.6% of
the soil was discharged over 339 hours at a hydraulic gradient of 60, and 6.7%
of soil flowed out for over 63 hours at a hydraulic gradient of 120. In the Gap
soil, 1.3 and 14.0% of the soil eroded at hydraulic gradients of 3 and 5 for 103
and 72 h, respectively.

Figure 5-1 show that the soil erosion rate increased as the hydraulic gradient
increased at the same relative density. This is because a higher hydraulic
gradient results in a higher seepage force and flow rate acting on the soil.
Consequently, the soil erosion rate accelerated with an increase in the hydraulic
gradient.

The test results indicated that the behavior of internal instability largely
depended on the particle size distribution and relative density of the soils.

Comparing the amount of eroded soil at the same hydraulic gradient for each
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test result, the amount of soil discharged in the Gap soils was larger than that in
the WG soils. The Gap soils in this study are a binary mixture in which the
coarse particles are 10 times larger than the finer particles (Figure 5-3(a)).
Therefore, fine particles are likely to be located between the constrictions
formed by the coarse particles. As a result, fine particles are under low effective
stress and can be readily moved by the seepage force (Kenney and Lau, 1985;
Taylor, 2016). The method proposed by Kenney and Lau (1985) can estimate
whether the fine particles fill the voids in the coarse particles. At the dense state,
the volume of voids in the coarse particles can be expressed as f, X e., where
fo 1is the fraction of the total mass comprising the coarse particles and e,
stands for the minimum void ratio of the coarse particles. The volume of the
fine particles is expressed as  ff X (e + 1), where fr and e represent the
fraction of fine particles and the maximum void ratio of the fine particles,

respectively (Eq. 5-1).

feXe.>frX (e +1) (5-1

The values of e, = 0.77 and e; = 2.01 for Gap soils in this study were
determined based on the standard described in ASTM D4253 and ASTM D4254
(ASTM, 2016a; ASTM, 2016b), respectively. Using values of f. =0.85, fr =
0.15, e, =0.77 and ef = 2.01, values of f. X e, = 0.65 and fr X (ef + 1)
= 0.45 were obtained. Because the size of the constrictions and the volume of
voids in coarse particles are greater than that of the fine particles are free to

move and can easily flow out.
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In contrast, because WG soils have successive particle size distributions, the
fine particles are unlikely to be in the loose state and may transfer inter-particle
effective stress (Figure 5-3(b)). Accordingly, at the same hydraulic gradient, the
amount of eroded soil in WG soils was smaller than that in Gap soils. The
hydraulic gradient of WG soils at which internal instability was initiated is
higher than that of Gap soils.

When comparing the erosion rates of the WG soil (up to approximately 40
hours of testing time) based on the relative density, the higher the relative
density, the lower the soil erosion rate at similar hydraulic gradients (Figure
5-4). In the case of gap-graded soil, which is vulnerable to internal instability,
the relative density does not significantly affect the resistance to internal
instability because the fine particles are under low effective stress. However,
because the fine particles in WG soils are likely to participate in transferring
the inter-particle effective stress, the relative density of WG soils will have a
greater effect on the resistance toward internal erosion. Thus, the higher the
relative density in the WG soils, the higher the effective stress that can be
applied to the fine particles, resulting in improved resistance to internal erosion.
As demonstrated in Table 5-1, it is estimated that finer particles are unlikely to
move, leading to a smaller amount of eroded soil upon increasing the relative

density under a similar hydraulic gradient condition.
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5.3 Hydraulic conductivity

In order to analyze the permeability change during the tests, the results were
classified into internally unstable and stable results according to the amount of
accumulative eroded soil. The minimum limit of eroded soil on unstable soils
is defined as 4%, as discussed in chapter 4. Based on the predefined soil loss
(4%), Gap soil at hydraulic gradient of 3 was assessed as stable, and Gap soil
at hydraulic gradient of 5 was assessed as unstable. In case of WG soil at a
relative density of 50%, the test results at hydraulic gradients of 5 and 15 were
evaluated as stable, and those at hydraulic gradients of 17 and 25 were
evaluated as unstable. WG soil (D, = 65%) at a hydraulic gradient of 30 was
stable, and WG soil (D,, = 65%) at a hydraulic gradient of 60 was unstable.
Additionally, WG soil (D,, = 80%) was classified as stable at a hydraulic

gradient of 60 and unstable at a hydraulic gradient of 120 (Table 5-2).
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Table 5-2 Internal instability of test results

Test Specimen D, (%) Hydraulic gradient

% of eroded soil to the total
mass of the specimen

Internal instability

G78-3 3 1.3 Stable
Gap soil 78
G78-5 5 14.0 Unstable
WG50-5 5 2.3 Stable
WG50-15 15 4.1 Stable
50
WG50-17 17 11.3 Unstable
WG50-25 25 11.1 Unstable
WG soil
WG65-30 30 0.9 Stable
65
WG65-60 60 15.6 Unstable
WG80-60 60 1.6 Stable
80
WG80-120 120 6.7 Unstable
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5.3.1 Gap soil

The Gap soil at hydraulic gradient of 3, assessed as internally stable, showed
progressively increase in k& with soil erosion. As the result, the accumulative
eroded soil reached 1.3% of the total weight of the specimen and k reached
approximately 2.5 times k, at the end of the test (Figure 5-5). After the test,
the particle size distribution analysis was conducted by dividing the sample into
top, middle, and bottom parts. The FS content in the top, middle, and bottom
parts was 12.4 %, 13.6 %, and 12.3 %, respectively (Figure 5-6). While the FS
content in the middle part was similar to the initial that of the soil (13.7%), that
in the top and middle parts decreased. The particle size distribution analysis
indicates that the fine particles in the top part moved into the middle part and
the fine particles in the middle and bottom parts flowed out. In the case of Gap
soil, even in an internally stable state, the washing out of the fine particles
within the soil increases the D10 (particle diameter corresponding to 10%
passing by weight) and e, resulting in an increase of k.

When the test of Gap soil was continued for 11 hours under the hydraulic
gradient of 5, accumulative eroded soil reached 12.4%, and at the end of the
test, the total eroded soil reached 14% for 72 h. During the first hour of the
experiment, a significant amount of soil was discharged, and then the erosion
rate of the soil gradually decreased (Figure 5-7). Accordingly, a rapid increase
in k was observed, and a level twice k, was maintained. After the test, a 0.4
mm settlement was observed, and e significantly increased from 0.54 to 0.78.

Based on the grain size distribution analysis, 98% of the eroded soil turned out
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to be the fine particles passing sieve no. 100 (Figure 5-8). As a result, the results
of Gap soils showed clear manifestations of suffusion, such as a significant

quantity of fine particles discharged and increases in e and k.
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5.3.2 Internally stable WG soil

The WG soil classified as internally stable showed a reduction in £ and
convergence to a constant value despite soil erosion. Figure 5-9 shows the
relationship between the accumulative eroded soil and & normalized by the
initial £ (kg) at hydraulic gradients of 5 and 15 for WG soil with a 50% relative
density. The results show that after the rapid reduction in £, it tends to converge
to a lower level while exhibiting small fluctuations within the range of less than
ko. The change in k was caused by the movement of fine particles, clogging,
and breakage of the soil structure. The particle size distribution analysis was
performed by dividing the sample into top, middle, and bottom parts after the
experiment under a hydraulic gradient of 15 to confirm the movement of fine
particles and clogging. The FS content of the top, middle, and bottom parts was
42.0 %, 42.3 %, and 44.6 %, respectively (Figure 5-10). In contrast to the initial
FS content (42.8%) of the soil, the FS content of the top and middle parts
decreased, while that of the bottom part increased, indicating that the fine
particles in the top and middle parts moved downward and clogged in the
bottom part.

To evaluate the effect of FS migration on the change in permeability, particle
size distribution analysis and the graphical technique proposed by Kenney and
Lau (1985) were adopted to obtain D10 and e, respectively. As demonstrated in
Table 5-3, once the fine particles were clogged in the bottom part, D10 and e
decreased, resulting in a reduction in local permeability, whereas it increased in

the top and middle parts owing to the selective erosion of FS contents. It should
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be noted that the decrease in local permeability can lead to a reduction in the
overall permeability.

To validate the reduction in the overall permeability due to the decrease in
local permeability, the k& of each part was calculated through the predictive
method (Eq. 5-2; Chapuis, 2015) and the overall £ was calculated using Darcy’s
Law for continuous flow in saturated media (Eq. 5-3), where k£ = coefficient of
permeability; D10 = diameter of the 10% mass passing; e¢ = void ratio; v =

velocity of flow; i = hydraulic gradient.
2,3
k(em/s) = 4.236 (F1——)*%% (5-2)

v=kxi (5-3)

As shown in the results (Table 5-3), D10 and e increased at the top and
middle parts due to the migration of the fine particles, leading to a higher £.
Meanwhile, in the bottom part, a reduction in £ was shown because the clogging
of the fine particles reduced D10 and e. Although the D10 and e of the entire
specimen increased, the total & decreased. Further, the hydraulic gradient of the
bottom part increased to 1.8 times the overall hydraulic gradient. Therefore, it
can be concluded that when the overall hydraulic gradient is constant and the
fine particles are clogged locally within the soil, the decrease in local
permeability can reduce the overall permeability, resulting in a greater local

hydraulic gradient.
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When £ in the bottom part decreases, the pore water pressure in the bottom
part increases, and the clogging can be partly released, resulting in a temporary
increase in k. However, the clogging cannot be completely broken, and &
decreases again because of the repeated migration and clogging of the fine
particles. Consequently, k£ decreases gradually after a series of fluctuations. The
flow rate decreases owing to the reduction in k; consequently, the amount of
migration of fine particles and the amount of clogging are reduced, leading to

the convergence of £.
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Figure 5-9 Accumulative eroded soil and normalized £ of WG soil (D,= 50%)

at hydraulic gradients of 5 and 15
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Table 5-3 Test results of WG soil (D,= 50%) at a hydraulic gradient of 15

Initial After test
Test results
state Top  Middle Bottom  Total
% passing sieve no. 200  43.9 42.0 42.3 44.6 42.8
D10(mm) 0.0071  0.0077 0.0075 0.0057 0.0072
Eroded soil mass (%) 2.5 2.3 -0.8 4.0
e 0.74 0.87 0.87 0.70 0.81
Calculated £ (10* cm/s)  1.19 1.98 1.89 0.68 1.18
Hydraulic gradient 9 9 27 15
82 ,?2-.: 3 1_'_]



Even in the test results of WG soil at a hydraulic gradient of 30 (D,= 65%),
and 60 (D,= 80%), the convergence of k toward a lower level was accompanied
by the fluctuations in k (Figure 5-11). The FS content of the top and middle
parts decreased, and that of the bottom part increased when it is compared to

the initial FS content of the soil specimen (Figure 5-12).
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Figure 5-11 Accumulative eroded soil and normalized £ of WG soil (D,=
65%) at a hydraulic gradient of 30 and WG soil (D,= 80%) at a hydraulic

gradient of 60
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gradient of 30

5.3.3 Internally unstable WG soil

WG soil (D,= 50%) at hydraulic gradients of 17 and 25, which was evaluated

to be internally unstable, showed a reduction in & and a gradual decrease in

erosion rate until the accumulative eroded soil reached approximately 4% of

the total mass of the specimen (Figure 5-13 and Figure 5-14). At 4% or more,

however, k and the

erosion rate of the soil increased rapidly. Particle size

distribution analysis after the seepage experiment at a hydraulic gradient of 17

o 2] 2] &)
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showed that the FS content of each part was 36.4, 34.8, and 29.1% in the top,
middle, and bottom parts, respectively (Figure 5-15), indicating that fine
particles were reduced in all parts when compared to the initial FS content
(42.3%). It should be noted that, unlike the particle size distribution analysis
result of internally stable soil at a hydraulic gradient of 15, the FS content in
the bottom part was the lowest. Therefore, it can be deduced that the decrease
in k before the onset of internal instability can be attributed to clogging, and a
subsequent abrupt increase in £ is resulted from the breakage of clogging and
erosion of fine particles.

The variation in &k during the seepage test observed in this study is analogous
to the previous experimental studies. Reddi et al. (2000b) reported that, in gap-
graded soil (sand and kaolinite mixture), the effect of clogging and the washout
of fine particles caused a decrease and a sudden subsequent increase in k£ with
rapid soil erosion. According to the test results of Liu et al. (2021), who
conducted a seepage test on well-graded soil, a reduction in £ was followed by

a sudden increase in £.
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Similar results were obtained from the test on WG soil (D,= 65%) at a

hydraulic gradient of 60 (Figure 5-16). Initially, £ demonstrated an unsteady

pattern, but over time, k and the rate of soil erosion decreased to approximately

4% of the total eroded soil. Afterwards, k£ and the erosion rate exhibited a

sudden increase, similar to the internally unstable test result of WG soil (D,=

50%). Additionally, The FS content of all parts decreased, and that of the

bottom part was the lowest (Figure 5-17).
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gradient of 60

In WG soil (D,= 80%) at a hydraulic gradient of 120, up to approximately
4% of accumulative eroded soil, £ and the erosion rate of the soil decreased
over time. When the percentage of eroded soil reached 4% or higher, the erosion
rate increased rapidly (Figure 5-18). The distribution trend of the FS content of
each parts was similar to that of the previous tests (Figure 5-19). Contrary to
the test results at low relative densities, £ did not demonstrate any significant
changes. This difference was due to the settlement of the specimen, resulting in
a decrease in e. A detailed discussion of this discrepancy is provided in the next

section.
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5.4 Settlement

In the case of Gap soil, no noticeable settlement occurred during the test and
e significantly increased from 0.57 to 0.82. However, the occurrence of internal
instability was accompanied by the settlement in WG soil (Figure 5-20). For all
test cases, the relationship between the amount of eroded soil and settlement
showed a significant difference between internally stable and unstable soil. In
internally stable soils, there is no clear relationship between the settlement and
amount of eroded soil. However, in internally unstable soils, settlement
increases as the amount of eroded soil increases. As demonstrated in Figure
5-21 and Figure 5-22, the patterns of settlement and accumulative eroded soil
over time are very similar, indicating that the erosion of soil is accompanied by
settlement. Therefore, it can be inferred that the erosion of WG soil occurs
along with the deformation or collapse of the soil structure, unlike gap-graded
soil. The deformation of the soil structure can be partially proved by the coarse
particles within the eroded soil (the percentage of coarse particles larger than
0.075 mm in eroded soil ranges from 22 to 35%), which are the main elements
of the soil structure (Figure 5-2). This results from the fact that during soil
erosion, not only the fine particles but also the coarse particles flowed out,
resulting in suffosion, in which the soil structure collapsed and the volume

decreased.

92



=
o

& G78 stable

¢ G78 unstable
A OWGHO stable

® WG5S0 unstable
CJWG65 stable
BmWG65 unstable
AWGBSO0 stable
A AWGS80 unstable

0o O .
0 5 10 15 20
Accumulative eroded soil (%)

Settlement (mm)

O P N W b U1 O N 00 ©

Figure 5-20 Accumulative eroded soil and settlement of test results

16 0
- ® Eroded soil (WG50-17)
S O~ Settlement (WG50-17) || 1
g 00 o =
S g -4 5
g 6 e Q 5 E
= e el
E 4 o © © 67
3 o000 © Q
g 2 QD T
b o)
0 8
0 100 200 300 400 500 600
Time(hour)

Figure 5-21 Accumulative eroded soil and settlement of WG soil (D,.= 50%)

at a hydraulic gradient of 17

93 y s
M2 &t



20 3 0
Z“;D 00 W Eroded soil (WG6560)
=18 A Erocedsoil (WGso-120)| | 1
BTN O Setflement (WG6560) | | 2
S 14 A /v Setflement (WGB0-120) | | o _
- e
5 12 -4 E
o —
2 10 -
= i S
g ° 6 £
>
g 6 -7 0
S 4 A - 8
b 5 A B A A A 9
b i |
0 10

0 10 20 30 40 50 60 70 80
Time(hour)
Figure 5-22 Accumulative eroded soil and settlement of WG soil (D,.= 65%)
at a hydraulic gradient of 60 and WG soil (D,.= 80%) at a hydraulic gradient
of 120

For internally unstable test results, the variation in e was calculated based on
the volume change owing to the observed settlement and amount of eroded soil.
For WG soil (D,= 50%) at a hydraulic gradient of 17 and WG soil (D,= 65%)
at a hydraulic gradient of 60, e increased by 0.05 and 0.11, respectively, despite
the settlement, resulting in an increase in & indicating that the influence of the
eroded soil was more dominant (Figure 5-23 and Figure 5-24). However, in the
case of WG soil (D,= 80%) at a hydraulic gradient of 120, although 6.7% of
the soil was discharged, a relatively higher settlement occurred, leading to an

increase in e only by 0.01 (Figure 5-25).
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In gap-graded soils, as fine particles can easily move through the
constrictions between the coarse particles supporting the soil structure,
suffusion can occur without changing the overall volume of the soil. However,
in WG soils, fine particles may transfer the inter-particle effective stress.
Therefore, when the fine particles are eroded by the seepage force, the structure
of the soil collapses, inducing the migration of coarse particles, resulting in
settlement. Moreover, as the relative density of WG soil increases, the finer
particles are under higher effective stress, which will require a higher hydraulic
gradient to cause internal instability. When the hydraulic gradient is high, the
coarse particles can be rearranged and redeposited (Reddi et al., 2000b),
resulting in great settlement. Consequently, when internal instability occurs
within the soil, the higher the relative density, the greater the development of

settlement.
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5.5 Mechanism of internal instability

In the case of Gap soil, when the water flows, the fine particles move
simultaneously from the top, the middle and the bottom and flow out even in
the internally stable condition. The erosion of fine particles progressively
increases D10 and e, resulting in an increase in k. In the internally unstable
condition, most of the fine particles flow out and k increases significantly.
Additionally, as the coarse particles that forms the structure of soil do not move,
the overall volume of the soil does not change (Figure 5-26).

However, in the WG soil, different mechanism and progression of internal
instability have been observed than those in the Gap soil. Based on the test
results and analysis, the mechanism of internal instability and its progress in
WG soil can be summarized as follows. The steps of internal instability were
numbered in sequence and comprehensively compared with the test results
(Figure 5-27).

At the beginning of the tests, some fine particles flowed out from the bottom
part of the specimen, mainly due to gravity (Step 1). As a result, k£ exhibited
small fluctuations within the range of less than k, (Figure 5-9 Figure 5-11).
When the fine particles start to move due to the seepage force, some fine
particles are clogged, resulting in a reduction in &, and some fine particles are
discharged (Step 2). Consequently, £ and amount of eroded soil gradually
decreased, reaching the internally stable state (Figure 5-28). During this step,
no significant settlement developed, and internal stability was maintained

(Figure 5-20).
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When sufficient seepage force was accumulated or a higher seepage force
was applied, the clogging was removed, and the fine particles clogged at the
bottom part of the specimen started to flow out together with the coarse particles
(Step 3). As the effect of selective erosion of fines is more dominant during this
process, D10, e, and k tend to increase (Figure 5-13 and Figure 5-14). In
addition, because not only the fine particles but also the coarse particles flowed
out, the soil structure collapsed and settlement occurred (Figure 5-20), leading
to soil structure rearrangement (Step 4). Therefore, the internal instability of
WG soil proceeds in the form of suffosion accompanied by changes in & and

settlement (Figure 5-28).
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Figure 5-26 Schematic diagram of the progression of internal instability in Gap soil
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5.6 Summary

In the previous short-term test results in chapter 4, it has been proposed that

the characteristics of the internal instability and development process of WG

soil were different from those of the Gap soil. Therefore, in this chapter, long-

term suffusion tests were conducted with various relative densities and constant

hydraulic gradients to analyze the progress and cause of the internal instability

of WG soil. Based on the test results, the specific findings of this study are

summarized as follows:

1)

2)

In this research, long-term suffusion tests were conducted on Gap and
WG soils under a hydraulic gradient relatively lower than the critical
value determined in short-term tests. The results of long-term tests
suggest that soil can be internally unstable at a lower hydraulic
gradient. Furthermore, the lower the applied hydraulic gradient, the
more time it took to reach the internal instability of the soils, and the
Gap soil reached its internal instability faster at a lower hydraulic
gradient than WG soil.

The higher the hydraulic gradient, the faster the erosion rate of the soil,
owing to the greater seepage force acting on the soil. In addition, when
the relative density of the WG soil increased, the amount of eroded soil
decreased at the same hydraulic gradient. The fine particles in the WG
soil may transfer inter-particle effective stress. Thus, the higher the

relative density in the WG soils, the higher the effective stress that can
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3)

4)

5)

be applied to the fine particles, resulting in improved resistance to
internal erosion.

The Gap soil showed clear manifestations of suffusion in both of
internally stable condition and internally unstable condition. For the
Gap soil, the constriction size of the coarse particles is larger than the
size of the fine particles. Thus, the fine particles are under a small
effective stress and can be easily moved by the seepage force.

In the internally stable condition, the WG soil showed a reduction in &
and convergence to a constant value despite soil erosion. Based on the
particle size distribution analysis, the fine particles in the top and
middle parts moved downward and clogged in the bottom part of the
specimen. Once the fine particles were clogged in the bottom part, D10
and e decreased, resulting in a reduction in the overall permeability.
The flow rate decreased due to the decrease in &, and consequently, the
amount of migration of fine particles and the amount of clogging
decrease; thus, £ converges.

WG soil, which was evaluated to be internally unstable, showed a
reduction in & and erosion rate until the accumulative eroded soil
reached approximately 4%. However, when the amount of
accumulative eroded soil reached 4% or more, k and the erosion rate
of soil increased rapidly with a reduction in the FS content in all parts
of the specimen. From the test results, it can be concluded that D10
and e increase as clogging is released and fine particles are discharged,

resulting in an increase in k.
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6)

7)

In the case of the Gap soil, no noticeable settlement occurred during
the test. However, in the internally unstable test results of WG soil, the
settlement increased as the amount of eroded soil increased. The
erosion of fine particles results in the collapse of the soil structure and
migration of coarse particles, which leads to internal instability in the
form of suffosion with a settlement. When internal instability occurs at
low relative densities, & significantly increases because the effect of
the selective erosion of fine particles is more dominant than that of the
settlement. However, as the relative density of the soil increased, the
effect of settlement increased, resulting in no significant change in £.

Based on the test results and analysis, the mechanism of internal
instability and its progress in well-graded soils were proposed. In WG
soil, internal instability proceeds in the form of suffosion accompanied
by changes in k£ and settlement. This is a distinct difference from the

suffusion mechanism commonly discovered in gap-graded soils.
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Chapter 6. Test results with pore pressure

transducer

6.1 Introduction

In the chapter 5, the mechanism of internal instability and its progress in
well-graded soils were proposed. As shown in the long-term test results, D10
and e increased at the top and middle parts due to the migration of the fine
particles, leading to a higher k£ and a lower hydraulic gradient. Meanwhile, in
the bottom part, a reduction in £ and an increase in hydraulic gradient were
shown because the clogging of the fine particles reduced D10 and e. Therefore,
when the fine particles are clogged in the bottom part, the pore water pressure
in the bottom part will increase, and when the fine particles flow out, the pore
water pressure will decrease. Moffat and Fannin (2006) and Moffat et al. (2011)
also reported that the onset of internal instability was able to be detected by
measuring water pressure along the length of the specimen. According to the
previous studies, a suffusion test apparatus with pore pressure transducer was
developed to verify the mechanism of the progress of internal instability in
well-graded soil.

The tests were conducted for 30 and 60 minutes at a hydraulic gradient of 20
to obtain internally stable result and internally unstable result, respectively. The
specimen was divided into four parts, a pore pressure transducer was installed,

and the overall permeability and the pore pressure of each part were measured.
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Then, the movement path of fine particles was analyzed by calculating the
coefficient of permeability at each part using the pore pressure and overall
permeability. In section 2, the permeability and the pore pressure of each part
were presented over time. In section 3, based on the test results and analysis,
the mechanism and progression of internal instability in well-graded soil were

verified.
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6.2 Hydraulic conductivity and pore water pressure

The height of the specimen was 100 mm, and pore water pressure transducers
were installed at intervals of 25 mm. The pore water pressure transducers were
numbered from the top to the bottom, and each division was identified
according to the numbers and color of those (Figure 6-1). The differential pore
water pressures acting on each parts were obtained from the measure pore water
pressure. And, the differential total head (Ah) of each part can be calculated

according to Bernoulli’s equation (Eq. 6-1).

Ah=z+2 (6-1)

Yw

Where z, u, and y,, is thickness of layer, pore water pressure, and unit
weight of water, respectively. The coefficient of permeability of each part and
the overall k£ were calculated using the differential head of each part and the

flow rate.
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Figure 6-1 Schematic design of specimen and pore pressure transducer
6.2.1 Internally unstable result

Figure 6-2 shows the overall & and differential pore water pressure of each
part at a relative density of 50% and a hydraulic gradient of 20 for 65 minutes.
The overall k decreased for 40 minutes. At 45 minutes of experimental time,
however, the overall k increased rapidly and then exhibited fluctuations within
the range of more than initial k. The soil eroded quickly with the increase of the
overall £, resulting in erosion of 3.9% of the total weight of the specimen.

When the overall £ decreased, the differential pore water pressure in upper
part (APO1 and AP12) did not demonstrate any significant changes and AP23
decreased, while the differential pore water pressure in the bottom (AP34)
tended to increase. On the contrary, when the overall & rapidly increased, AP23
sharply increased, while AP34 abruptly decreased.

The fine particles in the top and middle moved downward and clogged in the

bottom, resulting in increase of & at the top and middle and decrease of & at the
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bottom. However, because the fine particles in the top moved rapidly, resulting
in no head loss in the top (APO1 and AP12) from the beginning of the test, the
reduction in the pore water pressure due to the movement of the fine particles
at the top might not be evident.

The distributions of total head (hy), elevation head (h,), and pressure head
(hy) at the numbers shown in Figure 6-2 are demonstrated in Figure 6-3 and
Figure 6-4. The k of each part was calculated using the differential head of each
part overall permeability (Figure 6-5). When the overall £ decreased, the £ at
the bottom (k34) decreased, while the & at other parts (kO1, k12, k23) increased.
And, the £ gradually decreased toward the bottom. Afterwards, when the overall
k increased, the k at the bottom (k34) sharply increased, resulting in the largest
k, whereas the k at other parts decreased. In other words, the pattern of £ at the
bottom was similar to the overall &, and that at other parts showed the opposite
tendency. The £ at the bottom had a great influence on the overall £, and it was

more evident in Figure 6-6, which showed normalized & over time.
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The particle size distribution analysis was performed by dividing the sample
into four parts after the test to confirm the movement of fine particles. The FS
content of each part was 37.1, 38.0, 37.0, and 35.3% in the 01 (top), 12, 23, and
34 (bottom) parts, respectively (Figure 6-7), indicating that fine particles were
reduced in all parts when compared to the initial FS content (38.0%). The FS
content in the bottom was the lowest, like the particle size distribution analysis

result of internally unstable soil at a hydraulic gradient of 17 in Chapter 5.
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Figure 6-7 Particle size distribution of internally unstable result

6.2.2 Internally stable result

In order to investigate the specimen before onset of the internal instability,
the test was conducted under the same conditions, a relative density of 50% and
a hydraulic gradient of 20, and it was terminated after 30 minutes. The overall
k and differential pore water pressure in each part were demonstrated in Figure

6-8. The overall £ decreased during the test and the amount of eroded soil was
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2.7% of total weight of specimen. At this time, the differential pore water
pressure in the top (APO1) showed no significant change, while AP12 and AP23
decreased, and that of the bottom (AP34) increased. This result is quite similar
to the previous test result.

The k in each part also showed a similar trend to the previous test result.
When the overall £ decreased, the & in bottom (k34) decreased, while the £ in
other parts (kO1, k12, k23) increased (Figure 6-9 and Figure 6-10). Also, the &

gradually decreased toward the bottom.
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Figure 6-8 Overall k and differential pore water pressure in each part
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Particle size distribution analysis after the seepage experiment showed that
the FS content of each part was 37.0, 38.0, 37.9, and 39.8% in the 01 (top), 12,
23, and 34 (bottom) parts, respectively (Figure 6-11). In contrast to the initial
FS content (39.1%) of the soil, the FS content of the 01, 12, and 23 parts
decreased, while that of the bottom increased, indicating that the fine particles
in the top and middle moved downward and clogged in the bottom. This shows
a similar trend to the particle size distribution analysis results of internally

stable soil at a hydraulic gradient of 15 in Chapter 5.
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Figure 6-11 Particle size distribution of internally stable result
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6.3 Verification of mechanism of internal instability in WG

soil

As mentioned in Chapter 5, when water flowed downward through the soil,
the fine particles in the top and middle moved downward and clogged in the
bottom. Once the fine particles were clogged in the bottom part, D10 and e
decreased, resulting in a reduction in k at the bottom, whereas it increased in
the top and middle owing to the erosion of fine particles. Although the D10 and
e of the entire specimen increased, the overall k£ decreased due to decrease in k&
at the bottom. Consequently, the pore water pressure in the bottom increased
and that in the top and middle decreased (Figure 6-12 Step 2).

As the pore water pressure in the bottom increases, the seepage force acting
on the soil in the bottom increases while the effective stress decreases. When
sufficient seepage force was accumulated, the clogging was removed, and the
fine particles clogged at the bottom of the specimen flowed out, resulting in the
increase of k at the bottom and overall k. At the same time, a rapid decrease in
pore water pressure at the bottom increased pore water pressure at the top and
middle, resulting in the decrease of & at the top and middle. Therefore, the & at
the top and middle decreased due to an increase in pore water pressure, not due
to the movement of particles (Figure 6-12 Step 3).

In the test result, when the pore water pressure acting on the bottom was
about 16 kPa, the erosion rate of soil and the permeability increased rapidly.
The hydraulic gradient acting at this time was about 65, which is higher than

the critical hydraulic gradient of 40 investigated in the short-term test, and it
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can be enough to break clogging.
The clogging and breakage of it occurred locally and instantaneously.
Therefore, the breakage of clogging and erosion of fine particles may result in

an abrupt change in the £.
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Figure 6-12 Schematic diagram of the progression of internal instability in WG soil
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6.4 Summary

In the previous long-term test results in Chapter 5, the mechanism of internal

instability and its progress in well-graded soils were proposed. In this Chapter,

the tests were conducted to verify the mechanism using developed apparatus

with pore water pressure transducer. Based on the test results, the specific

findings of this study are summarized as follows:

1)

2)

3)

4)

The fine particles in the top and middle moved downward and clogged
in the bottom, resulting in increase of k at the top and middle and
decrease of k at the bottom. The overall k£ decreased due to decrease in
k at the bottom. Consequently, the pore water pressure in the bottom
increased and that in the top and middle decreased.

When sufficient seepage force was accumulated, the clogging was
removed, and the fine particles clogged at the bottom of the specimen
flowed out, resulting in the increase of & at the bottom and the decrease
of pore water pressure.

The local hydraulic gradient breaking the clogging should be higher
than the critical hydraulic gradient in the short-term test.

The breakage of clogging may result in an abrupt change in the £ due

to its local and instantaneous characteristic.
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Chapter 7. Conclusions and Recommendations

7.1 Conclusions

This dissertation assessed the internal instability of well-graded soils, which
have a particle size distribution that represents fill dam materials in South Korea,
and investigated its mechanism and progression. Short- and long-term
experiments were carried out on both gap-graded and well-graded soils at
various relative densities and hydraulic gradients. For the experiment, a new
suffusion test apparatus was designed, and can measure the amount of eroded
soil and water without disassembly during the test. In the short-term tests, the
internal instability of the soils was evaluated according to indicators of previous
studies. Additionally, the occurrence and characteristics of internal instability
of the well-graded soils were investigated. In the long-term tests, the internal
instability over time was assessed, and its progress and causes were studied.
Based on the test results, the mechanism of internal instability on well-graded
soil was proposed. Then, seepage tests with pore pressure transducer verified
the mechanism and progress of internal instability in well-graded soils. The

main conclusions drawn from the experiments are summarized below.
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Characteristic of internal instability

*  The Gap soil showed clear manifestations of suffusion in both internally
stable and unstable conditions of short- and long-term tests. The
constriction size of the coarse particles is larger than the size of fine
particles. Thus, the fine particles are subject to a small effective stress
and can be easily moved by seepage force.

* In short-term test, the WG soil exhibited similar suffusion results to Gap
soil, such as erosion of fine particles and increases in £ and e. However,
sudden increases in £ and soil discharge occurred at the onset of internal
instability, which followed the reduction in %, thereby exhibiting an
internal erosion process that differ from that of Gap soil. Additionally,
fine particles and coarse particles flowed out, resulting in settlement.

* Inlong-term tests, the WG soil in the internally stable condition showed
areduction in k£ and convergence to a constant value despite soil erosion.
In addition, the WG soil, which was evaluated to be internally unstable,
showed a reduction in & and erosion rate until the accumulative eroded
soil reached approximately 4%. However, when the amount of
accumulative eroded soil reached 4% or more, k and the erosion rate of
soil increased rapidly.

*  The breakage of clogging may result in an abrupt change in & due to its

local and instantaneous characteristics.
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Effects of hydraulic gradient and relative density

As the hydraulic gradient increased, the erosion rate became faster,
owing to the greater seepage force acting on the soil.

The hydraulic gradient at which internal instability occurs was higher for
WG soil than for Gap soil.

The WG soil showed higher resistance to internal erosion when
compacted to a greater relative density. An increase in the degree of
compaction not only increased the critical hydraulic gradient, but also
reduced the amount of eroded soil at the same hydraulic gradient. The
fine particles in the WG soil may transfer inter-particle effective stress.
Thus, as the relative density in the WG soils increased, the effective
stress that could be applied to the fine particles also increased, resulting

in improved resistance to internal erosion.

Hydraulic conductivity

The Gap soil showed progressively increase in £ with soil erosion in both
of internally stable and unstable conditions.

In the internally stable condition, the WG soil showed a reduction in &
and convergence to a constant value despite soil erosion. Based on the
particle size distribution analysis, the fine particles in the top and middle
parts moved downward and clogged in the bottom part of the specimen.

At this point, D10 and e decreased, resulting in a reduced overall
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permeability. The flow rate also decreased due to the decrease in &, and
consequently, the amounts of migration of fine particles and of clogging
decreased; thus, k converged.

WG soil, which was evaluated to be internally unstable, showed a
reduction in k due to clogging. Then, D10 and e increased as clogging
was released and fine particles were discharged, resulting in an increase
in k.

The seepage tests with pore pressure transducer verified that the fine
particles in the top and middle parts moved downward and clogged in
the bottom, resulting in increase of & at the top and middle and decrease
of k at the bottom, which caused the reduced overall £.

When the clogging was removed, and the fine particles clogged at the
bottom of the specimen flowed out, the £ at the bottom increased,

resulting in the increase of overall £.

Settlement

In the Gap soil, no noticeable settlement occurred during the test.

In the internally unstable test results of WG soil, the settlement
increased as the amount of eroded soil increased. The erosion of fine
particles resulted in the collapse of the soil structure and migration of
coarse particles, which led to internal instability in the form of
suffosion with a settlement.

When internal instability occurred at low relative densities, &
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significantly increased because the effect of the selective erosion of
fine particles was more dominant than that of the settlement. However,
as the relative density of the soil increased, the effect of settlement

also increased, resulting in no significant change in k.

Mechanism of internal instability

Based on the test results and analysis, the mechanism of internal
instability and its progress in well-graded soils were proposed. In WG
soil, internal instability proceeded in the form of suffosion
accompanied by changes in & and settlement. This mechanism showed
a distinct difference from the suffusion that is commonly discovered
in gap-graded soils.

In the Gap soil, when the water flowed, the fine particles moved
simultaneously from the top to the bottom and flow out. The erosion
of fine particles progressively increased D10 and e, thereby k&
increased. In addition, as the coarse particles that forms the soil
structure do not move, the overall volume of the soil did not change.
In WG soil, at the beginning of the tests or at a low hydraulic gradient,
some fine particles flowed out from the bottom part of the specimen,
mainly due to gravity. When the fine particles started to move due to
the seepage force, some fine particles in the top and middle moved
downward and clogged in the bottom while other fine particles flowed

out. The erosion of fine particles increased & at the top and middle.
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However, the clogging of fine particles decreased k at the bottom,
which reduced the overall k. Consequently, the pore water pressure in
the bottom increased and those in the top and middle decreased.

*  When sufficient seepage force accumulated due to the increase of pore
water pressure in the bottom or due to applied higher seepage force,
clogging is removed, and the fine particles clogged at the bottom part
of the specimen flowed out together with the coarse particles. The
increase of k at the bottom increased the overall £. In addition, because
not only the fine particles but also the coarse particles flowed out, the
soil structure collapsed and settlement occurred, leading to soil

rearrangement.

Evaluation of internal instability

*  The tests using different identification methods (fraction loss of soils
and change in k) showed inconsistent results. Therefore, considering
both the fraction loss of soils and the change in k£ was more appropriate
for evaluating the internal stability of well-graded soils.

* In this study, long-term suffusion tests were carried out on Gap and
WG soils under a hydraulic gradient that is relatively lower than the
critical value determined in short-term tests. The results of long-term
tests showed that soil can be internally unstable at a lower hydraulic
gradient.

*  When the local hydraulic gradient was higher than the critical
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hydraulic gradient in the short-term test, the clogging could be broken.
*  Furthermore, the lower the applied hydraulic gradient, the more time
was needed to reach the internal instability of the soils. The Gap soil
reached its internal instability faster at a lower hydraulic gradient than

WG soil.

Application

*  The short-term tests were conducted while gradually increasing the
hydraulic gradient, and the long-term tests were performed at constant
hydraulic gradients. Therefore, in the short-term test, the specimen
experienced relatively lower hydraulic gradient than the target amount,
and in the long-term test, the specimen was subjected to the target
hydraulic gradient at the initiation of the test. No significant difference
was observed at a relatively low hydraulic gradient. However, as the
hydraulic gradient increased, the amount of eroded soil during the
same period of time was greater in the latter (long-term test) than the
former (short-term test). Gradual increases in hydraulic gradient could
stabilize soils at low hydraulic gradient, resulting in high resistance to
internal instability. Therefore, after the construction of the dam, the
rapid rise of water level must be avoided when the water is stored.

* The movement path of fine particles and onset of internal instability
were detected by measuring pore water pressure. In well-graded soils,

internal instability started near the filter material. Therefore, internal
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instability can be investigated in advance by monitoring the pore water

pressure.
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7.2 Recommendations for further researches

The experimental studies presented in this dissertation contribute to the
understanding of the characteristics and development of internal instability in
well-graded soils. The findings can be used as important data to deepen the
understanding of development of internal instability in well-graded soils.
Additionally, the test confirms that the movement path of fine particles and
onset of internal instability can be detected by measuring pore water pressure.
However, in this study, given that the applied hydraulic gradients are higher
than in field condition, to predict the potential of internal instability in hydraulic
earth structures remains difficult. Extending the prediction of internal

instability requires further researches on the following topics:

*  Whether internal instability can occur under the hydraulic gradient
applying in field condition needs to be confirmed and predicted.
Investigation of the change in pore water pressure with time and the pore
water pressure that initiates the internal instability will make those
possible.

* Research on the amount of eroded soil, strength of soil, and strain
(settlement) is also needed. In this study, k£ rapidly increased and
significant settlement occurred at 4% of accumulative eroded soil. Thus,

the possible causes of such scenarios merit exploration.
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