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Visualisation of seepage induced suffusion and suffosion
within internally erodible granular media

R.P. Hunter, E.T. Bowman

ABSTRACT

A rigid walled ‘transparent soil’ permeameter has been developed to visually study the
mechanisms occurring during seepage induced internal erosion in susceptible granular media
under upward flow. The experiments use borosilicate glass particles in place of soil, and an
optically matched oil mixed with fluorescent dye in place of water. The technique known as
Plane Laser Induced Fluorescence (PLIF) enables a two-dimensional plane of particles and
fluid to be viewed inside the permeameter, away from the walls. Results of tests have
provided close agreement with those of other researchers on soil of comparable pegticle si
grading Unstable materials sh@a migration of fine grains under mean hydraulic gradients

as low as i = 0.25, while stable materials eventuallyeddly heave at hydraulic gradients
close to unity. Internally unstable soils where the loae® predominantly supported by the
coarser fraction exhilet suffusion (fines migration without disruption of the load bearing
system); those supported by both coarse and fine particles erlshifosion (i.e. volume
change during fines migration). Quantitative image analysis conducted on one unstable
sample showed areas of open void space migrating though the sample at low hydraulic
gradients near critical, as defined by Skempton and Brogan (1994). This occurredteefore
externally measured local hydraulic gradsiségan to significantly diverge from the mean.

The testing technique developed shows that optically matched glass and oil behave
mechanically similarly to soil and water, and that the PLIF technique coupled with image
analysis can provide additional insight to the mechanisms of internal erosion.
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NOTATION

Cy uniformity coefficient = ([8o/D1o)
D grain size (mm)
(D’15/d’g5)max maximum grain size ratio between coarser fraction and finer fraction,

after the PSD has been split, following

the Kezdi (]

[979) analysis

(D’15/d’g5)min minimum grain size ratio between coarser fraction and finer fraction,

after the PSD has been split, following

the Kezdi (1

[979) analysis

D, grain size of the coarser fraction where 15% by weight is finer (mm)

dgs grain size of the finer fraction where 85% by weight is finer (mm)

D10 particle size for which 10% of the soil is finer (cm)
Dert effective diameter

e void ratio

F  mass fraction smaller than particle diameter, D
g gravitational acceleration (mP)s

H a particle size between D and 4D

i hydraulic gradient

gy average hydraulic gradient

i. theoretical critical hydraulic gradient

i critical hydraulic gradient observed in test

k  Darcy’s permeability (m.s™)

n porosity

PSD particle size distribution

t time elapsed (S)

v velocity (ms!)

0o applied vertical effective stress

Ouvm mean vertical effective stress

o ‘alpha’ reduction factor

o’t effective stress of finer particles

p specific gravity

vy unit weight of permeant

vy’ average effective stress

v’z average effective stress across a section at depth, z

yw unit weight of water
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1 INTRODUCTION

Internal erosion of susceptible granular materials under fluid flow can affect the performance
of geotechnical structures designed to control seepage, such as cut off walls, dams and levees.
Particle size distribution, seepage hydraulic gradient and mean stress are all known to be
factors influencing the occurrence of internal erosion, however many questions remain as to
how it is locally manifested, and how suffusion of fines through a matrix of coarse particles
can lead to structure collapse and eventual settlement, in a process sometimes called
suffosion (Moffat et al, 2011; Fannin and Slangen, 2014).

Previous experimental studies to visually examine the mechanisms of internal erosion

include those bly Rosenbrand and Dijkstra (2012) and Ouyang and Takahashi (2015). These

studies focused on the use of image analysis to examine particle movement at the sidewalls of
a test sample undergoing internal erosion. Here we describe a new transparent soil
permeameter, designed to enable two dimensional planes within a granular material matrix to
be observed away from the influence of the apparatus side walls. In this way, the particle
structure or fabric and the movement of individual particles under seepage can be directly
viewed and hence, the internal erosion process examined in detail. The technique uses glass
particles and a fluid whose combined physical and optical properties have been carefully
selected to replicate soil-fluid interaction, but with added advantage of optical transparency
(Matsushima et al., 2002; Sanvitale and Bowman, 2012). The use of Plane Laser Induced
Fluorescence, PLIF, further enables examination of the initial and changing particle fabric of
a selected two-dimensional plane within the granular system, under increasing rates of

seepage. We present the experimental results of tests on particle size distributions that have

been chosen to replicate, as far as possible, those from two previous |studies, Sken‘1pton and
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Brogan (1994) and Fannin and Moffat (2006). The results show that angular glass is capable

of replicating behaviour of real soil under seepage, and highlight that internal erosion is a

localized process, even within a relatively small granular element. The results also lend

further support to the use of stability criteria as proposed by Kenney and Lay (1985) for the

assessment of internal stability of soils.

2 METHOD

2.1 Experimental arrangement

The experimental design esa rigid wall permeameter that is intended to replicate that

designed bI/ Skempton and Brogan (1994), but with the enhanced capability of being able to

view particles beyond the external boundaries as they are internally eroded. The solid fraction

consists of a particle size distribution of transparent granular solids that are adjudged to be

internally stable or unstable, according to the stability criteria proposed by Kenney ard Lau

(1985). Refractively matched immersion oil (Cargille Labs) with a small amount of

fluorescent Rhodamine dye added is used as the permeant in upward flow. The method uses
PLIF via refractive index matching of the solids and fluid, and a thin laser sheet applied to the
materials through the sidewalls of the permeameter. As the hydraulic gradient of the test is
increased in a stepwise manner, digital images of the illuminated plane of particles of interest
are recorded and compared with the seepage velocity and local hydraulic gradient, uintil loca

piping failure or heave occurs.

2.2 Test materials
Table 1 shows relevant physical and optical properties of the solids and fluid which were

required to be optically matched, non-toxic and exhibit a difference in density comparable to



O©CoO~NOOOUITA,WNPE

OO UIVIVIUUIUITCITVUVIUADNRNDRNDNDRARNARNDNWWWWWWWWWWRNRNNNNNNNNNRRPRPRPRRERRRERPRE
ORWNPRPOOOMNOUTRWOMNROOONOURWNRPOOONOUIRWMNRPOOO~NOURNWNROOONOURNWNERO

that of soil and water. In this case the density ratio was 2.65:1, i.e. the same as quartz to
water.

The irregular shape of natural soil particles is important to soil behaviour and to internal
erosion in particular, with irregular particles producing more options for packing than
spherical particles and more tortuous flow paths (Marot et al. 2012). Therefore in order for
the glass particles to replicate soil as closely as possible, in these experiments irregular

particles were manufactured from breaking rods and tubes of borosilicate glass, in a similar

manner to that detailed by Sanvitale and Bowman (2012). Larger cut particles were sub-

angular to sub-rounded in shape while smaller crushed particles were more angular, with

most particles having low surface roughness, associated with the smooth nature of glass.

2.3 Apparatus and sample preparation

The internal dimensions of the permeameter were: 100mm by 100mm in plan area and
265mm in height (Figure 1). Five manometer ports, denoted pl to p5, were arranged as a
vertical array at the back of the permeameter for local head measurement, leaving the front
and sides clear for the application of the laser technique. A header tank above the apparatus
was used to generate the flow of oil upward through the permeameter that exited via outlet
pipes at the top into a holding tank (Figure IB)order to dissipate the flow entering the
permeameter so that an even flow traveled into the filter sample, a 50 mm layer of
‘dispersing’ filter material was placed at the bottom of the apparatus. This material was
selected so that it was between four times the 15% sizg)(d4Bd four times the 85% size
(4Dgs) of the sample being tested. Once this material was placed, the oil control valves were
opened, allowing oil to permeate to the top of the dispersing filter, before the valves were
closed. A thin glass rod was used to stir air bubbles out of the oil, before a steel frame and

gauze were placed over the dispersing filter, ready for the filter sample to be placed on top.
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A specific particle size distribution (PSD) for testing would be created be weighing out the
appropriate proportions of each size, using British Standard sieve sizes, evenly across four
separate containers. Then immersion oil was poured into the bowls and gently stirred. The
bowls were then placed into a vacuum desiccator for 2-3 hours to de-air the sample. Gentle
stirring was required to release remaining air bubbles upon removal from the vacuum. The
sample was then ready for placement into the permeameter. A variety of sample placement
methods was triadll, with the ‘slurry’ technique proving most reproducible. The particles

were gently stirred to generate an even distribution of particle sizes, and then using a
teaspoon with the head bent at 90°, particles were scooped out and gently placed into the
upper screen within the apparatus. Oil had been allowed into the apparatus so that the upper
screen was just immersed with oil, in an attempt to keep the sample saturated while being
placed. This method gave a ‘loose’ compaction, and care was taken not compact any part of

the sample to ensure repeatability.

2.4 Testing procedure
During testing, a calibrated rotameter between the header tank and permeameter enabled the

flow rate to be measured at any point in time, while the flowrate was also direcgynata
periodically by intercepting fluid returning to the holding tank. A pump was used to
recirculate the oil into the header tank, thus conserving it throughout the experiments, which
generally lasted several hours.

To enable viewing inside the prepared sample, antrbwide 532nm plane laser sheet was
applied at one side (right in Figure 2), normal to the side face with viewing from the front.
The laser could be placed at any distance from the front viewing plane, but was generally
held within the front 15mm where clarity was best. Upon each increment in head being
applied, images were taken using a high speed camera (MotionP34d) ¥4t at a relatively

low rate to capture the movements of particles within the plane of interest.

6



O©CoO~NOOOUITA,WNPE

OO UIVIVIUUIUITCITVUVIUADNRNDRNDNDRARNARNDNWWWWWWWWWWRNRNNNNNNNNNRRPRPRPRRERRRERPRE
ORWNPRPOOOMNOUTRWOMNROOONOURWNRPOOONOUIRWMNRPOOO~NOURNWNROOONOURNWNERO

Each increment in head (initially of 2 cm, reducing to 1 cm as local movement of fine
particles beganwas applied for a period of approximately 20 minutes which was sufficient to
ensure that no further movement of particles or other changes could be detected either
visually or via the manometer readings. The camera, genatadly acquisition rate of 10
frames per second, with a long pass filter to limit imaging to the emission wavelength of the
fluorescent dye, was placed perpendicular to and focused upon the illuminated plane. Figure

2 shows a typical experimental arrangement for a given test; further details may be found in

Hunter (2012).

2.5 Tests conducted
This paper discusses the behaviour of three test materials that were designed to replicate

thoseof Skempton and Brogan’s (1994) “Sample A”, “Sample B” and “Sample D” (denoted
GS&B-A, GS&B-B and GS&BD). In addition, one sample from Fannin and Moffat (2006),
G4-C* (G-G4-C), was also replicated and one sample, with a PSD intermediate to Skempton
and Brogan’s Samples A and B, was tested (GS&Bt). Sample A was defined by Skempton

and Brogan as being unstable with respect to internal erosion, while Sample B was just

unstable and sample D was stable. In these cases, load was considered to be supported via the

coarser fraction according to an assessment of the fines content. In con|trast, in Fapnin and

Moffat (2004), G4-C* was considered unstable with load being carried by a matrix of both

coarse and fine particles (Shire and Sullivan, 2013).

With respect to the replicates created in this study, as a result of the fluid viscosity being
higher than that of water (Table 1), the overall permeability of the system would be lower
than if water were used for the saP8D Sanvitale and Bowman (2012) used fluid-particle
scaling to determine that for these materials iSBneeded to be scaled up in size by V20 or

approximately 4.4 times to counter the decrease in permeability. Increasing particle size has
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the benefit that particles are easier to see, however it also leads to greater arching across the
rigid walls than if the particles were smaller. Hence here, particle size distributions for
Skempton and Brogan’s Samples A and Bis well as Fannin and Moffat’s G4-C* were
increased by four times, where fine particle migration may be expected, and for two times for
D, where the sample should heave at failure. In addition, to reduce arching without altering
the particle-fluid interactions appreciably, the very uppermost part of the &al&dor the
Skempton and Brogan replicates were removed, so that those above were replaced by
particles of 19mm for GS&B-A, GS&B-B a and 9.5mm for GS&B-D. No change in the
shape of the PSD for the G4-C* replicate was made. The resultant glass test PSDs with
particles replaced as described are shown in Figuss 3GS&B-A”, “GS&B-B” and
“GS&B-D” against the original ones used by Skempton and Brogan (1994) and “G-G4-C”

against the original material tested by Fannin and Moffat (2006). GS&B-H is a stand alone
test in terms of PSD, however, close up photography was used for this test in order to

examine the possibility of using image analysis to quantify erosion.

3 INTERNAL STABILITY

3.1 Critical Hydraulic Gradient

Terzaghi (192p) defined the critical upward hydraulic gradigiorisands as:

fe=(1-n(1-p)= Tl L (2)

Where n is the porosity of the materialis the specific gravity of the graingjs the bulk
unit weight of the material (solids and fluigt, is the unit weight of fluid ang’ is the
buoyant unit weight. This equation suggests that the critical gradient should occur when the
overburden stress of the grains is equal to the upward flow stress from the fluid.

8
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In Terzaghi’s equation (1), the permeant is usually water and the specific gravity is
therefore determined relative to water (ipeof 2.65 for quartz grains assumes a value of
unity for water). Here, both solid particles and fluid are less dense than quartz and water,
respectively. The specific gravity hereshould therefore be the ratio of glass to oil (from
Table 1), i.e. 2230 / 846 = 2.636, which happens to be close to typical values for soil

compared with water. Hence,i$ determined from the reported porosities prad 2.636.

Skempton and Brogan (19|94) found that in their internally unstable tests, Darcian flow

occurred until a critical hydraulic gradiest was reached, whereupon fines began to migrate
within the sample. The value fax was found to be significantly lower than that calculated
using Equation 1. The authors proposed that the most likely reason for this was that the

overburden load was being predominantly carried by the coarser fraction, a notion supported

by recent numerical work (Shire et al., 2p14). They proposed that where the fine grains

initially carry some proportion of the overburden load, then the effective stress on the finer

particles 6;), which is only a portion of the effective stress on the coarser partic)es€n

be described by:

of = ay'z (2)

Where a is a reduction factor and y'z is the average effective stress across a section at

depthz, which is alsas’. Therefore, the critical gradient for piping in the fine grains will be:

4
ier = a (L) or gy = ai 3)
Yw
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Where i is the critical hydraulic gradient observed in the test. This relationship describes

that a larger o will yield a greater resistance to the onset of seepage-induced instability, as

outlined by Li and Fannin (2012).

3.2 Internal stability assessments

Various criteria for internal stability have been proposed, based on analyses of the particle

size distribution, PSD. Some of the most commonly used are those based on Kenney|and Lau

(1989),| Istomina (1937), Kezdi (19/79), Burenkova (1993), [and Wan ant F2008)

modified (probabilistic) Burenkova method for gap-graded soils. These criteria were used
here, to attempt to predict the propensity for the samples used in these tests to internally

erodeasgiven in Table 2.

3.3 Image quality and degradation

Figure 4 shows plane laser images taken at depths of 10 mm, 20 mm, and 30 mm from the
front of the box for a typical test. With increasing depth through the sample, minor
mismatches in refractive index, impurgi@and air bubbles cause a reduction in clarity.
Images for the tests described were taken at a depth of approximately 15 mm from the front
of the transparent box. This was deemed to be sufficiently far from the front to be
representative of the whole, while maintaining excellent optical sharpness. Hydraulic gradient

was measured at the back of the sample.

3.4 Flow velocity versus hydraulic gradient & microstructural change

The average hydraulic gradient against flow velocity for each test are presenagénSto
12 for the four tests in addition to internal images taken before and during the tests. For

GS&B-B, a sequence of images is also presented in parallel with the hydraulic gradient

10
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observations (noting that the equivalent for GS&B-A is presented in Hunter and Bowman,

(2015)). In a similar vein to Skempton and Brogan (1994), we discuss the behaviour of the

tests with reference to these figures.

3.4.1 GS&B-A
With reference to Figure 5 (hydraulic gradient versus flow velocity) and Figure 6 (image

planes taken (a) before the application of seepage and (b) during piping), the following stages

of development were observed:

a)

b)

d)

At iav = 0.153 there was a slight movement of fines in void spaces, both along the
glass edges and within the sample upon first increasing the flow rate. Particles
stabilised after approximately 30 seconds. The permeability was constantOaBk

cm/s until ky=0.23.

At iav = 0.23 there was a break in Darcian flow, with an increasg wersus flow
velocity.

From kv = 0.248 to 0.286, fines began to slowly move upwards through the sample,
and ‘dancing-like’ movements were seen in some voids. At iav= 0.276, k=1.6 cm/s.

At iav = 0.286 strong general piping, or suffusion, initiated throughout the sample and
fines migrated up through the sample, while larger gravel-sized particles remained
undisturbed. There was an increase in flow velocity gradient marking an increased
permeability k = 3.3 cm/s.

Up to kv = 0.381 strong geral piping continued without ‘violent piping’ being
observed (Skempton & Brogan, 1994). Compare Figure 6 (b) with (a) which shows

the movement of fines but no change in the clast supported structure.

The critical hydraulic gradient due to piping for GS&B-A was determined;as 0.248,

giving o = 0.21. A supplementary image sequence taken during local pipe formation with

11
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suffusive behaviour for an additional test on this material is provided at S1 (Supplementary

material S1).

3.4.2 GS&B-B
For sample GS&B-B, which was considered to be marginally stable according to Kenney

and Lau (1985), observations of the images are given in detail here, in addition to a

commentary on the overall behaviour in terms of flow velocity and hydraulic gradient. The

following was observed (see Figure 7 in conjunction with Figure 8).

a)

b)

d)

From kv = 0.10 to 0.16 there was a slight movement of fine particles in some void
spaces of the sample. The permeability kasl.0 cm/s.

From by = 0.23 to 0.50 there was an increase in gradient betweand v. At iy =

0.23 there was an increase in the number of fine particles moving in localised void
spaces. Ata, = 0.30 a slight migration of fines initiated throughout voids in the
sample, which increased ai + 0.39. The permeability during this time was k = 1.46
cm/s.

At iav = 0.50 some of the coarser fraction made small readjustments in their structure,
inside void areas. Finer particles also continued to move. These movements only
occurred where void spaces were present, however. In parts of the sample where there
were few voids there was no noticeable particle movement, and these sections
appeared stable.

At iav = 0.62 to 0.88 the flow velocity became high, resulting in the oil becoming
agated due to limitations in the equipment, which resulted in decreased image
quality. At this hydraulic gradient, there was a continued movement of the some of
the coarser fraction while fine fraction also continued to migrate upwards where

possible. The permeability reduced to k = 0.72 cm/s, possibly due to the intrusion of

12
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air bubbles, although there may also have been some restabilization of the particle
fabric.

e) Atiav=1.01 the sample heaved.

Both fabric observation and flow rate / hydraulic gradient observation suggest meta-
stability. That is, the sample appeared to develop fines migration behaviour associated with
internal erosion atd= 0.3, which results in a calculated alpha valfie = 0.26, however, the
overall fabric was somewhat stable, enabling the hydraulic gradient to be increased until
heave failureat o = 0.87. We consider the sample to be just unstable, considering that the
degree of fines migration would be unacceptable under field conditions, and over longer time

might result in further collapse.

3.4.3 GS&B-D
For the test on Sample GS&B-D, the flow rate values are estimated based on calibrated

rotameter data (Figure 9). Due to smaller particles being used overall compared with GS&B-
A and GS&B-B (Figure 10), the initial permeability was lower. The theoretical critical
hydraulic gradient at heave wasi1.162.

The following observations were made during the test:

a) From commencement of flow untdyi= 1.16, there were small translational and/or
rotational movements of some of the finer grains in void spaces, generally underlying
larger grains, where the upward flow pressed smaller grains into the overlying larger
grains. The specimen appeared stable up to this point. During this time the
permeability k = 0.18 cm/s. This can be compared with 1.0 cm/s for GS&B-B, which
for the same reduced scaling would have an equivalent k of approximately 0.25 cm/s

(i.e. four times lower than determined). Hence the data are in line with expectations.

13
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b) Upon the next head rise tavi= 1.31, the entire sample experienced an upward
translation, or heave, of approximately 1 mm. The permeability during this time was k
= 0.25 cm/s (Figure 10).

c) Until iay = 1.63, each subsequent raise in head lifted the entire specimen slightly
higher. At this hydraulic gradient it rose to an additional height of 6.8 mm whereupon

particles fell from the base of the sample as turbulent flow under the sample initiated.

Using a critical hydraulic gradienty = 1.31,yields a = 1.13, which suggests there may
have been some additional stability gained from sidewall rigiditg. arching. Alternatively,
as Figure 9 shows, extrapolating back the flow velocity during heave to the behaviour before
heave results in an intercept of around 1.2, which would give o = 1.03, suggesting that a

smaller head increment may have led to a closer result to the theoretical value.

3.44 GG4C

This test case examines the influence of the degree of fill of the voids by fines on the
behaviour of the whole under increasing seepage flow. In the tests by Skempton and Brogan
(1994) and its replicates here in glass, the voids were underfilled, with an approximate
percentag by mass of fines of 15%. This is considerably lower than the theoretical minimum
fill limit of 24-29% below which small grains sit within the voids of the larger grains, i.e. are
clast supported (Skempton and Brogan, 19@énversely, Fannin and Moffat (2006) tested
an idealised gap graded PSD, which they termedC&4n which the soil fines filled the
voids at 40% by mass. This is above the maximum limit of 35% determined by Skempton
and Brogan (1994) above which larger grains are theoretically completely surrounded by
fines. The test described here directly replicates this test with upscaled angular glass

particles. Results are presented in Figures 11 and 12, and a supplementary video is provided

14
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at S2 (Supplementary material S2), showing the structure collapse downwards as the fines

migrate (note that the fines appear to move down, but in fact are moving up in the sequence).

Observations from the test:

a)

b)

d)

From kv = 0 to kv = 0.40 no movement of particles was observed. The permeability
was constant at k = 0.02 cm/s (Figure 11).

At iav= 0.5 there was a small movement of some fines which moved into small voids,
typically between two larger particles

From kv = 0.58 to 4y = 0.72 fines near the top of the sample began to move along the
glass edges. There was a very slight increase in sample height as fines began to
deposit at the top of the specimen (Figure 12).

Upon the next raise in head of 1 cm, the sample suddenly failed by piping in the front
left corner. In watching the sequence of images in succession (supplementary video at
S2 shows 100 frames over ten seconds), the fines can be seen washing out of the
sample, resulting in the collapse of the coarser particle structure as the fines are
removed (i.e’suffosioni as defined by Fannin and Slangen (2014)). In the video, a
failure is seen to initiate on the left side, the collapse first occurs on this side, but as
the wash out of fines progresses over to the right side, it too collapses down. The

fines are deposited at the top of the specimen in a mound.

Given the critical hydraulic gradient & 0.72, the alpha value was found to be 0.798.

3.4.5 GS&B-H

For this final test, a calibration dot target was set at various depths within the apparatus, prior

to the placement of the glass material. The dots spaced at known distances allowed a scale to

15
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be added to the images, which was used for scaling during image processing, as discussed

later in Section 6. During the test, the following was observed. :

a)

b)

d)

From by = 0 to kv = 0.152 permeability was constant kat= 0.50 cm/s. Small
movements of fines were observed along the glass walls fren0i057.

From kv = 0.15 to 4v = 0.19 fines began to suffuse through the coarser clasts, leaving
new void spaces within the material. This occurred throughout all parts of the sample
although the mean and local hydraulic gradient valugsz3, i34, between manometer
ports p1, p2, p3 and p4 (Figure 1) remained similar.

At iav = 0.19 there was an increase in average permedability: 1.17 cm/s while the

local hydraulic gradients;d, i23, i34, began to diverge from the averagg, iFines
continued to move throughout the sample, with some of the smaller, coarse grains
making minor movements.

At iay = 0.33 piping along the centre, front edge of the permeameter initiated, and a
mound of fines began accumulating at the surface. Some of the smaller coarse
fraction moved in void spaces as fines were washed from the specimen. The overall
permeability increased to k = 1.47 cm/s and remained approximately constant until i

= 0.48. The test was terminated at+ 0.6. During this period, the local hydraulic

gradients diverged significantly from the mean.

The critical hydraulic gradient in the test= 0.15 leads to an alpha value of a = 0.128.
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4 REPLICATION ANALYSIS

In order to determine whether the glass-oil mixtures can be considered a good afalogue
soil and water, Table 3 compares the data from the tests described with those that they were

designed to replicate.

4.1 Grading extremes
At the two extremes of grading stability, agreement between results of tests on Skempton

and Brogan’s (1994) Sample A, S&B-A (piping ata = 0.18) and GS&B-A (piping at. =
0.21) and that of Sample D, S&B-D (heavexat 0.95) and GS&B-D (heave at= 1.13, or

earlier) is excellent. To put into further context, for highly gap graded samples similar to

Sample A, Li (2008) found. of 0.13 for a larger specimen, while Shire et al. (2014) faund

to range between 0.04 and 0.15 from dense to loose samples in numerical simulations on

similarly under-filled fabrics.

4.2 Intermediate gradings
For the intermediate graded specimens the picture is a little more complex. The glass

GS&B-B specimen had a somewhat reghitial permeability tharSkempton and Brogan’s
Sample B (S&BB). This then increased as fines were washed out of the material amdl gen
movement of fines began at & 0.3, resulting ire = 0.26 (compared with 0.34 for S&B-B).
However, &iav = 0.5 the permeability reduced frak= 1.46 cm/s to k = 0.72 cm/s, which
coincided with a rearrangement of some coarser particles, and with aeration of the oil. The
restabilized system finally failed by heavgs not known exactly how much of the reduction

in permeability was caused by oil aeration compared to the structural rearrangemant, but
clue as to the importance of the air entrainment can be gained from examining the final
value at heave which was determined as 0.85. If it is assumecthé¢hatue” o value for

heave must be approximately unity (and any arching would result in higher values again, as

17
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with GS&B-D), this would suggest thatused in the calculation ef here is too high. That
is, air bubbles may be considered as weightless particles, which would reduce the mean solid
mass in comparison to the fluid, resulting in premature heave failure in comparison with a
calculation based on the specific gravity of the particles alone. However, irrespective of the
actuala value, it is clear that sample GS&B-B was a metastable mateaiadl might have
failed either by heave or piping undeslightly different packing.

Regarding the final test comparis®fannin and Moffat’s (2006) G4-C* sample had 25kPa

stress applied at the top, while no additional stress was applied in the test described here. In

Li and Fannin (201R2), a hydromechanical envelope is presented which expands on the alpha

factor to include the influence of effective stress as well as upward flow stress. Their formula

that defines the hydromechanical envelope for heave of an internally stable soil is given by:

. GUO V’
lye = + — 4
Y vwbz oy

Conversely the hydromechanical envelope for the initiation of internal instability is given by:

. Oy0 V’
— I 5
lycr ¢4 <VwAZ + Vw) ( )
Or
. Oym | V'
— LA 6

Whereow is the vertical stress applied at the top of the specimenn@ the mean vertical
andAz is the thickness of the sample over which the hydraulic gradient is measured. In these
equations, the alpha factor o should not change with increasing effective stress (Shire et al

2014), however with an increased effective stress the critical hydraulic gradient will be

increased]| Fannin and Moffat (2006) did not supply calculated alpha factors for their tests,

but here we determine these for G4-C* using Equation 5. For valugsd.lL and 8Az =
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100mm, o0 = 25 kPay’ ~ 10 kN/m® yw = 9.81 kN/nd, alpha valuesra calculated to be o =
0.34 and 0.30, respectively.

Moffat and Fannin (2006) also describe a test using the G4-C grading but with spherical
glass beads in a 460 mm length sample under downward flow and 25kPa applied top stress,
with local measurement of hydraulic gradient. In this test, at the point of local failure detected
within the sample, locaki= 8.7,6vm= 26.1 kPay’ ~ 10 kKN/n?® (estimated here) amtiz =
125mm between tapping points. This results in o = 0.4, using Equation (4).

These values are considerably lower than that calculated @4-Gswith o = 0.6, but they
also show the variability between them. Differences could be a function of variability in

material shape and roughness, packing density, flow direction and stress, noting that these

influences are still a subject of investigatipn (Shire et al., @014, Chang and ZhanF, 2013

Moffat et al., 2011), although they may also be due to random variation in particle

arrangements. For example, from their DEM experimrnts, Shire et al.| (2014) found that, for

unstable materials in which the voids became filled with fines (greater thano3bitreased
as specimens increased in density, with loose samples being internally unstable and dense
samples being stable. Between these extremes, there was considerable variation, even in

particle systems constructed solely of spheres.

4.3 Comparison with stability criteria
Comparison of the test results can be made against the geometric stability criteria proposed

by Kenney and Lau (1985), Kezdi (1979), Istomina (1957), Burenkova (1993) and Wan and
Fell (2008) (modified Burenkova). We see that both Kenney and Lau (1985) and Kezdi
(21979) both correctly predict the behaviour of all the tests, with GS&B-B (which restabilised
after initial instability) lying most close to the instability values for the two criteria
Burenkova (1993) ascribes instability to all the tests, including GS&B-D which was stable.
Istomina (1957) declares the three most unstable tests (GS&B-A, GS&B-H @#C}-as
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in the transition zone between stable and unstable, and the two most stable, correctly, as
stable or self-filtering. The modified Burenkova assessment for gap-graded soils proposed by
Wan and Fell (2008) gives instability probabilities of between 0.5 (for GS&B, which was
stable) and 0.8 (for GS&B-A, which was unstable) across all tests. Although the trend
appears to follow the tendency for instability correctly, the relative closeness of the
determined probabilities does not inspire confidence in its use. Hence, for these tests, it
appears that Kenney and Lau (1985) and Kezdi (1979) provide the best assessment of
potential instability, as found also by Skempton and Brogan, Li and Fannin (2008) and Shire

et al (2014).

5 IMAGE ANALYSIS

The major advantage of using transparent soil is that the particles can be visualised as 2D
objects within the fluid. This in turn leads to the possibility of applying quantitative image
analysis to the permeameter results. One test, GS&B-H, was carried out with additional
imaging during each increment in head. As a result, this test took approximately 17 hours
with typically 100 minutes between increments in head, rather than around 15 minutes as was

typical for the other tests.

5.1 Void ratio
Pre test measurements skdwmage ‘slices’, taken at 10, 20, 30 and 40 cm depth, to have

areas with open void spaces where the fines had not filled the spaces. Typically voids
occurred underneath larger particles and along the glass walls of the permeameter. For the
analysis to determine void ratio and subsequent changes, these colour images were converted
via a thresholding technique to 8-bit greyscale. Flattening and sharpening filters were

subsequently used to improve the image quality. Only the right half (50mm) of the images
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was analysed in detail, due to the deteriorating image quality on the left away from the laser
source (Figure 14(a)). A scale was added to each image based on immersed calibration target
images taken before the test. For each image slice, the coarse fraction area amidopen
areas were determined by applying a mask across particular shade bands. This allowed for the
darker, coarse sized patrticles to be preferentially highlighted, therefore allowing anlaea to
calculated (Figure 14(b)A separate mask was then applied to highlight the area of ‘open

voids’ (Figure 14(c)). Open voids are not small voids between fines, but large areas where
fines are absent. These may occur in a specimen supported by coarse particles where the fines
have washed out, for example. As the frame dimensions were known, the area of the coarser
fraction and open voids could be subtracted from the frame area, giving an area of fine
particles and ‘small voids’ between the particles. Using these calculated areas, parameters

such as void ratio and porosity also could be determined. This analysis was carried out for the
four image slices at each stage; the averaged values are presented in Table 4.

The process of choosing an intensity range to create a mask of the coarser fraction area,
and the open void area, has some constraints. First, it was not possible to create a mask of the
finer fraction. This was in part due to the laser sheet width, being approximately 1.5-2 mm,
while particle sizes were as small as 0.4 mm. These fine particles create an intensity shade in
between that of an open void and a larger particle. Second, the edges of the lardes partic
also have an intensity shade that is in between an open void and a solid particle, due the
incidence angle at which the laser may penetrate the oblique edges of the particle. This
results in an underestimate of the coarse fraction size. Third, as light becomes dissipated as it
travels through the specimen, the intensity shades furthest away from the laser source are
darker than those close to the laser source. As a result, the intensity shade range does not

always include some void spaces at points furthest away from the laser source.
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5.2 Internal erosion analysis
For the analysis of internal erosion, one image section was selected for image processing

as the test progressed. The test wah split into six phases of development (arrows in

Figure 13) being:

Phase 1: Beginning of testy + 0.

Phase 2: When a minor movement of fines was observed along the glass edge at i
.095.

Phase 3: When a slight movement of fines was observed throughout the specimen

(typically within open void spaces) at + 0.19.

Phase 4: When a moderate amount of fines are suffusing, and small movements of the
smaller of the coarse fraction occurs,.ati0.276.

Phase 5: Shortly after piping initiates along the glass wall at(d.35.

Phase 6: When piping and wash out of fines is well developed=a0.48.

The brighter half of the specimen, closest to the laser source, was divided into three
sections (Figure 14(a)). Section 1 is the lower thieti&n 2 the middle, and Section 3 the

top. A filter to sharpen the images was also applied. Images were treated in the manner as

detailed in Section 6.1.

Results are plotted in Figure 15. An analysis of this graph is given below.

— In Phases 1 and 2, Section 1 has the lowest area of open void space, while Section 3 has
the highest. This may be due to more fine particles falling into the lower section or greater
compaction in the lower section to begin with.

— By Phase 3, Section 1 has increased volume of open voids, while Section 2 has a
decreased volume. This shows fines moving out of Section 1, and into Section 2. Section

3 also has an increasing open void volume, showing it too is losing fines.
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— Phase 4 shows the trend in Phase 3 developing further. Section 2 continues to gain fines,
while Sections 1 and 3 lose fines.

— Phase 4 shows a break in trend for Section 2, where it begins a slight net gain in open void
space (net loss of fines). Sections 1 and 3 shows an accelerated increase in open void
volume.

— In Phase 5, the initiation of piping results in a large net loss in fines in Section 2 at a
greater rate than Sections 1 and 3. This occurs due to the fact that Section 2 has more fines
to lose at this point.

At the end of the test in Phase 6, all three zones finish with a similar amount of open void
space volume, with Section 1 having the least volume and Section 3 having the greatest
amount of open void volume. Section 1 showed an increase of four tietden2 showed
a 2.7-fold increase, and Section 3 had a two-fold increase in open void space.

In this analysis, the use of thresholding techniques on images obtained from PLIF during a
test enabled coarse fractions, areas of open void space and areas of fines to be distinguished.
The results show that, although precisely determined quantities of fine and coarse fractions
were not obtained, by using relative quantitative analysis of the images taken at discrete
locations during key phases of a test, additional insight to the internal erosion process was
obtained. Specifically, the local fines movement from the bottom of the sample through to the
top was seen to initiate before significant change in the local hydraulic gradient (e.gnbetwee

Phases 2 and 3) was manifested (compare Figures 14 and 16).

6 CONCLUSIONS

Experiments using a new rigid walled permeameter show that test materials fabricated from

irregular particles of optically matched glass and oil match well the typical behaviour of soil
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and water under seepage flow conditions. Results are validated against published data on both
coarse and fines supported soil samples under upward flow, showing very good agreement
for both internally unstable and stable materials. Images taken of an illuminated plane within
specimens during testing provide further insight into how fines are distributed within a
sample before testing and while seepage flow is applied. It is seen that in internally unstable
materials, local movement of fine particles progress from “dancing” within voids under low

hydraulic gradients to migration between the larger clasts at larger hydraulic gradients.
Quantitative image analysis shows fabric rearrangement beginning to occur just before local
changes in permeability is detected at the side walls and that continued change is directly
linked to fines migration.

Common methods to characterize the susceptibility of a sample to internally erode were
applied to the patrticle size distributions before testing. Results show that the criteria proposed
by Kenney and Lau (1985, 1986) and Kezdi (1979) provide good guidance as to the
propensity for a material to erode internally. Coupled with an understanding of the dominant
load-carrying fabric, this may enable bulk behaviour to be predicted under critical seepage
flow.

Images and image sequences further show-hawan internally unstable material under
seepage flow fabrics that are dominated by coarse particles exhibit suffusion under critical
seepage with little evident settlement, despite piping induced local erosion of fines; while in
fabrics in which loads are supported by both coarse and fine particles, fines migration via
pipe formation can lead to void growth followed by structure collapse, volume change and

settlement- i.e. suffosion .
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TABLES

Table 1. Physical and optical properties of the materials at 25° C

Refractive index a Density Kinematic viscosity
589.3nm (kg/n?) (mn¥/s)
Immersion oil 1.472 846 16
Duran glass 1.475 2230 -
27
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Table 2. Stability criteria applied to mixtures tested.

Stability Criterion Key quantity GS& B-A GS& B-B GS& B-D G-G4-C GS& B-H
Kenney & Lau (1985) (H/F)min 0 (unstable) 0.86 (just unstable) 3.57 (stable) 0 (unstable) 0.27 (unstable)
Kezdi (1979) (D'15/d’ss) @ (H/Fhin 8.9 (unstable) 4.3 (just unstable) 3.6 (stable) 6.5 (unstable) 7.2 (unstable)
Istomina (1957) Cu = (Deo/D10) 19.13 (transition) 8.05 (self filtering) 4.03 (self filtering) 11.67 (transition) 15.3 (transition)
Burenkova (1993) h’ and h”’ Unstable Unstable Unstable Unstable Unstable
Modified Burenkova Probability, P 0.80 0.60 0.50 0.75 0.65

Porosity n 0.27 0.29 0.29 0.266 0.282
Stable hydraulic gradient i 1.194 1.162 1.162 1.201 1.175
Hydraulic gradient observec ic 0.248 0.300 or 1.014* 1.13 0.72 0.15
Alpha factor i/ ic o 0.208 0.258 or 0.849* 0.973 0.600 0.128

Notes on stability

Kenney & Lau (1985): (H/Fjn < 1 (unstable)
Kezdi (1979): (Dis/d’ss)max > 4 (unstable);

Istomina (1957): ¢= (Dso/D1g) < 10 (self-filtering or stable), >20 (unstable)
Modified Burenkova after Wan & Fell (2008): Probability of internal instabikty,

Stable hydraulic gradient for heave after Terzaghi (1925)
* Two values are given as material restablised after initiation of internal instabiiityheave occurred.
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Table 3. Comparison of results from current test series using glass-oil mixtures andlequiests

in the literature. Data for comparison from Skempton and Brogan (1994) and Fannin and Moffa

(2006).
Glass—oil tests  GS&B-A GS& B-B GS&B-D G-G4-C GS& B-H
n 0.27 0.27 0.29 0.266 0.282
Kinitial (CM/S) 0.30 1.00 0.18 0.02 0.50
ic 1.19 1.16 1.16 1.20 1.175
fer 0.25 0.300/1.01 1.31 0.72 0.15
o 0.21 0.26/0.85 1.13 0.60 0.13

. - . Piping with suffusion/ _. .
Failure mode Piping Piping / heave Heave volume change Piping
Soil - water tests  S&B-A S& B-B S&B-D G4-C* N/A
n 0.34 0.37 0.365 0.24 -
Kinitial (CM/S) 0.45 0.84 1.80 0.022 -
ic OF iy 1.09 1.04 1.05 53 -
icr OF Icr 0.20 0.34 1.0 9.1,8.0 -
o 0.18 0.33 0.95 0.34, 0.30 -
Failure mode Piping Piping Heave Piping with suffusion /- _

volume change
29
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Table4 Calculated parameters from image processing of GS&B-H

Averages

Pre-test Post-test
Frame Area, Vt (mi) 5829 5861
Coarse Fraction Area, Vc (nin 3175 2920
Open Void Area, Vv (mn) 674 1108
Fine Fraction + small void Area: Vivc - Vv (mn?) 1980 182
Total Solid Area + small voids: Vit Vv (mnv) 51% 4752
Coarse Fraction Open Void Ratio: Vv/Vc 0.215 0.368
Open Void Ratio, & W / (Vt — W) 0.131 0.233
Sample Void Ratio, e 0.392 0.392
Open void Porosity,dtVv / Vt 0.116 0.189
Sample Porosityn 0.282 0.282
Porosity of Fine Fractigms : n—ng 0.166 0.093
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FIGURE CAPTIONS

Figure 1: Permeameter dimensions, manometer ports denoted p1 to p5.

Figure 2: Image of apparatus set up including, clockwise from top left: header tank,
manometers, permeameter illuminated by laser sheet, and camera.

Figure 3: Particle size distributions for materials tested (blue) against equivalents of
Skempton and Brogan (1994) and Fannin and Moffat (2006) (black). Note grain size scaling of
4 applied to GS&B-A GS&B-B and GF&M G4-C, and a factor 2 to GS&B-D.

Figure 4: Pre test images of sample GS&B-A at a) 10 mm; b) 20 mm and; c) 30 mm from front
of apparatus.

Figure 5: Test GS&B-A: hydraulic gradient against flow velocity

Figure 6: Test GS&B-A Before test and at an average hydraulic gradient i,, = 0.38

Figure 7: Test GS&B-B: hydraulic gradient against flow velocity

Figure 8: GS&B-B indicative changes in microstructure at increasing hydraulic gradient: i, =
0.10 to iay = 0.16 (minor changes circles in white); iy = 0.23 to iay = 0.50 (more major change
in white); ioy = 0.621 to i =1.014 when the sample failed by ‘heave’. Note air bubbles in oil
degrading image quality at i,y = 0.621 and gap in material for i,, = 1.014 where upper portion
of sample has heaved.

Figure 9: Test GS&B-D: hydraulic gradient against flow velocity

Figure 10: Test GS&B-D: Before test and after failure by heave.

Figure 11: Average hydraulic gradient vs. flow velocity for test GF&M-G4C.

Figure 12: GF&M-GA4C at (a) iy = 0 and (b) iy = 0.72. Note the changes in clast (large particle
structure) due to suffusion.

Figure 13 Average hydraulic gradient vs. flow velocity for test GS&B-H. Also showing 6
phases of movement.

Figure 14 An example of ‘masks’ created from a) an unprocessed image, to highlight; b) the
coarser fraction (in white), and; c) open void space (in white).

Figure 15 Image analysis results of open void space with phases of movement.

SUPPLEMENTARY VIDEOS
S1- Sample test GS&B-A2: Small pipe formatiersuffusive behaviour

S2- Sample test GF&M-GAC: Failuresuffosive behaviour
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Figure 1: Permeameter dimensions, manometer ports denoted p1 to p5.
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Figure 2: Image of apparatus set up including, clockwise from top left: header tank, manometers,
permeameter illuminated by laser sheet, and camera.
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Figure 3: Particle size distributions for materials tested (blue) against equivalents of Skempton and
Brogan (1994) and Fannin and Moffat (2006) (black). Note grain size scaling of 4 applied to GS&B-A
GS&B-B and GF&M G4-C, and a factor 2 to GS&B-D.
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Figure 4: Pre test images of sample GS&B-A at a) 10 mm; b) 20 mm and; c¢) 30 mm from front of
apparatus.
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Figure 5: Test GS&B-A: hydraulic gradient against flow velocity
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Figure 6: Test GS&B-A Before test and at an average hydraulic gradient i, = 0.38
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Figure 7: Test GS&B-B: hydraulic gradient against flow velocity
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Figure 8: GS&B-B indicative changes in microstructure at increasing hydraulic gradient: i,, =0.10 to
iav = 0.16 (minor changes circles in white); i», = 0.23 to i,y = 0.50 (more major change in white); iay =
0.621 to i,y =1.014 when the sample failed by ‘heave’. Note air bubbles in oil degrading image
quality at iay = 0.621 and gap in material for i,, = 1.014 where upper portion of sample has heaved.
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Figure 9: Test GS&B-D: hydraulic gradient against flow velocity
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Figure 10: Test GS&B-D: Before test and after failure by heave.
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Figure 11: Average hydraulic gradient vs. flow velocity for test GF&M-G4C.
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Figure 12: GF&M-G4C at (a) iy = 0 and (b) iay = 0.72. Note the changes in clast (large particle
structure) due to suffusion.
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Figure 13 Average hydraulic gradient vs. flow velocity for test GS&B-H. Also showing 6 phases of
movement.



17/05/2012 000001 0.100000 s 10 fps BOOO ps

(a) (b) (c)

Figure 14 An example of ‘masks’ created from a) an unprocessed image, to highlight; b) the coarser
fraction (in white), and; c) open void space (in white).
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Figure 15 Image analysis results of open void space with phases of movement.
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