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Abstract

One of the leading causes of dam failure is internal erosion. The impact of erosion of non-
plastic fine particles, known as suffusion, on the soil structure and strength has been studied
experimentally. However, influences including sample size have not been thoroughly
investigated. Internally unstable gap-graded cohesionless soil samples with various sizes were
investigated using an erosion-triaxial apparatus. Samples were subjected to downward inflows
of different seepage velocities. The results indicated that the potential for clogging increased
with an increase in specimen length, leading to less fine particle erosion. Internal erosion
changed the mechanical soil behaviour even after the loss of fines equal to five percent of the
overall sample volume. Eroded specimens with similar intergranular void ratios showed similar
undrained post-erosion behaviour. However, the magnitude of the post-erosion initial
undrained peak shear strength is a function of coarse particle interlocking, residual fine content
and equivalent intergranular contact index. It was also found that the steady state line remained
unchanged after erosion of fine particles and the mobilized friction angle at the steady state

line is independent of the residual fine content.
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Introduction

Internal erosion is one of the major causes of hydraulic structure failure (ICOLD, 2015).
According to ICOLD (2015), internal erosion is divided into four main mechanisms:
concentrated leaks, backward erosion, contact erosion and suffusion. The focus of this research
is suffusion, the migration of non-plastic fine particles from within a matrix of coarser particles
due to a seepage flow within an embankment dam or its foundation. It normally occurs in gap
or broadly graded internally unstable soils where fine particles are not fully involved in stress

transfer.

Among the first experimental works studying of the impact of erosion of non-plastic fine
particles on the post-erosion mechanical behaviour of soils, Chang and Zhang (2012) and Chen
et al. (2016) investigated the drained shear strength of eroded specimens. They found a decline
in the drained shear strength and alteration of soil behaviour from dilative to contractive
following erosion of fines. It was believed that an increase in the void ratio due to the removal
of fine particles shifted the soil to a looser state. Post-erosion undrained behaviour of granular
mixtures subjected to suffusion was studied by Xiao and Shwiyhat (2012) and Ke and
Takahashi (2014). It was found that the undrained shear strength increased after erosion of the
fine particles. Xiao and Shwiyhat (2012) stated that this might have occurred due to a loss of
saturation during the erosion stage. However, Ke and Takahashi (2014) believed that the higher
undrained strength of the eroded specimen may have been attributed to formation of local
reinforcement in the soil fabric due to particle rearrangement. Post-erosion drained behaviour
of the same soil mixture was also studied by Ke and Takahashi (2015). Results indicated that
depending on the initial fine content, the post-erosion drained shear strength may stay

unchanged or decrease.
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Despite these attempts to explain the post-erosion mechanical behaviour of internally unstable
soils, no specific conclusion can be drawn on the impact of erosion on soil mechanical
behaviour. Moreover, it appears that the impact of specimen size on the erosion of fine particles
and post-erosion mechanical behaviour has been overlooked. From the few available studies
on different types of internal erosion (e.g. Sellmeijer, 1988; Li, 2008; Seghir et al., 2014; Zhong
etal., 2019), it is evident that the critical hydraulic gradients or hydraulic conductivity may be
affected by dimensions of soil specimens although the exact impact was unclear. For instance,
while Seghir et al. (2014) believed that internal erosion was independent of specimen length,
Sellmeijer (1988) and Li (2008) suggested that the required hydraulic gradient for initiation of
erosion had an inverse relation with the seepage length. More recently, Zhong et al. (2019)

showed the critical hydraulic gradient decreases with the size of the specimen increasing.

This paper discusses results of a series of undrained triaxial tests on eroded specimens with
different dimensions subjected to downward seepage inflows while comparisons are made with

undrained behaviour of non-eroded specimens.

Testing Program

Gap-graded soil specimens with an initial fine content (FC;) of 25 per cent were prepared to
investigate the impact of fine particle removal on the post-erosion behaviour of an internally
unstable soil. An initial fine content of 25 per cent was chosen as it is believed that contribution
of fine particles in the soil stress matrix is uncertain when the fine content is in the density-
dependent transitional zone (i.e. between 25 and 35 per cent), with fines being active, semi-
active or inactive (Shire et al., 2014). The particle size distribution and physical properties of

the soil mixture are shown in Fig. 1 and Table 1. The minerology of particles is predominantly
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quartz and Mehdizadeh et al. (2017a) showed that angularity of particles in coarse fraction is
higher than that of fine fraction which may enhance the erosion resistance as stated by Marot
et al. (2012). On the other hand, erosion of the more rounded fines will lead to an overall
increase in the average angularity of particles and therefore an increase in post-erosion
interlocking. The internal instability of this gradation was examined based on methods
developed by Kezdi (1969), Kenney and Lau (1986), Burenkova (1993) and Indraratna et al.

(2011) showing that the soil mixture is internally unstable.

<<Insert Fig 1 about here>>

<<Insert Table 1 about here>>

The soil specimens with diameters of 50, 75 and 100 mm were compacted layer by layer using
the moist tamping technique (Mehdizadeh et al, 2017a), adjusting the thickness of soil layers
to ensure that the soil layers in samples with different height still receive almost the same
compaction energy. To achieve a high level of saturation, carbon dioxide was injected at the
bottom of the specimen using a flow controller at the low rate of 1 L/min for two hours while
the cell pressure was maintained constant. The cell and back-pressure were gradually increased
at a rate of 1 kPa/min to 400 and 390 kPa respectively to reach the fully saturated (B-value of
0.91). All specimens were consolidated to 150 kPa after full saturation to remove the footprint
of sample preparation (Frost and Park, 2003) and then a downward seepage flow was applied
to the top of the specimen for two hours. The eroded soil mass was collected in a collection
tank, allowing the fines content to be calculated throughout the test. The collection system was
designed to collect and measure the eroded particles continuously and also to record their

weights, to discharge water from the triaxial chamber and to keep the bottom of the sample
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saturated. The collection tank was a double wall tank with a measuring container submerged
under a stable water level inside a cell (inner cell) and connected to a submersible load cell
(with 10g resolution). The water level at the top of this cell was kept constant by discharging
the water from the inner cell into the main chamber via drainage holes in the wall of the inner
cell. The air above the water was pressurized to the back-pressure applied to the specimen
during the test. Details of the modified apparatus, testing procedure and repeatability of tests
result were discussed thoroughly by Mehdizadeh et al. (2017a). Testing was performed in four
stages as shown in Table 2. It is currently a matter of discussion as to whether seepage velocity
or hydraulic gradient should be used to predict the onset of suffusion (Vogt et al., 2015).
Richards and Reddy (2008) believed that assuming Darcy’s law is applicable during the
seepage, an increase in hydraulic gradient leads to a decrease in hydraulic conductivity at a
constant flow. Considering this effect, they suggested considering only critical hydraulic
gradient for cohesionless soils may not be correct. Ke and Takahashi, (2014) stated that there
is no method to accurately control and measure the head loss in tubes, valves and fittings during
a laboratory erosion testing which is necessary if constant hydraulic gradient method is
employed. Sibille et al. (2015) took both seepage velocity and hydraulic gradient into account
to characterize the hydraulic load by computing the power expended by the seepage flow. The
great influence of hydraulic loading path on the suffusion development was reported by
Rochim et al (2017). Considering these limitations, it was decided to keep the seepage velocity
constant instead of maintaining the hydraulic gradient during the erosion phase. Here, a flow
controller was used to maintain a constant seepage velocity in preference to a constant
hydraulic gradient. The inflow increased gradually to the designated velocity and then was kept

constant for two hours (Fig. 2).
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The initial hydraulic conductivity of the soil samples was around 0.075 cm/s based on the
equation proposed by Carrier (2003) which is in the range of coarse sand as expected. Three
seepage velocities of 0.086 cm/s (52 mm/min), 0.153 cm/s (92 mm/min) and 0.347 cm/s (208
mm/min) were applied to the top of the samples via a perforated top cap filled with glass beads
to ensure that the flow was applied as uniformly as possible. Flow velocities and applied
hydraulic gradients (Table 2) were comparable with previous studies (Marot et al., 2010; Chang

and Zhang, 2012; Ke and Takahashi, 2015).

<<Insert Table 2 about here>>

<<Insert Fig 2 about here>>

Tests result and Discussion

Impact of Erosion on the Fine Content

According to Kenney et al., (1985) and Indraratna et al., (2007), the controlling constriction
size of the tested mixture in this study is in the range 0.28 to 0.3 mm. This means that the
largest fine particles (in range of 0.075 - 0.3 mm) should just be able to move through the
sample under seepage forces. The normalized residual fine content (FC./FC;, where FC_ is the
current residual fine content and FC; is the initial fine content) with time for test series one to
three is shown in Fig. 3. For the first series of tests, three specimens with diameters of 50, 75
and 100 mm were prepared and subjected to a seepage velocity of 52 mm/min for 120 minutes.
As each erosion test progressed, it was noted that the rate of erosion for all three specimens

decreased, and erosion was seen to stop by the end of the test. The rate of erosion and maximum
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percentage of the eroded particles were similar for the 75 and 100 mm diameter specimens (~
45% of fines eroded). However, the 50 mm diameter specimen showed significantly larger
erosion (66%) despite having similar sample preparation and test procedures, suggesting that
the difference is not due to soil fabric. Two possible reasons for the difference are suggested.
The first scenario is attributed to the higher possibility of clogging inside the larger specimens.
Following work by Kenney et al. (1985) that in a soil containing a range of constriction sizes,
the chance of a fine particle encountering a smaller constriction increases with the length of a
flow path. Fig. 4 shows the effective Constriction Size Distribution (CSD) at different heights
in the sample according to the method suggested by Kenney et al (1985) with the CSD
calculated according to Locke et al. (2001). An assumption of D5 as the layer spacing is used,
as suggested by Wu et al., 2012 and Taylor et al., 2019 (D5 is the particle diameter in which
50 per cent by weight of coarser particles passed). It is evident from Fig. 4 that as sample length
increases the effective CSD becomes finer which increases the chance of clogging. This is in
agreement with the finding in this research that a higher proportion of particles was eroded
from smaller samples. Fig. 4 also shows that there is not much difference in CSD for fine
particles 115.6 mm and 198.9 mm away from the base (exit point). This confirms the
experimental observation that erosion of fine particles in larger samples were similar in terms
of trend and magnitude. The second reason is related to inadequate seepage forces to carry the
eroded particles along the larger specimens, which can lead to particle sedimentation in the
downstream before washing particles out completely. However, clogging is believed to be the

dominant cause.

<<Insert Fig 3 about here>>

<<Insert Fig 4 about here>>
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In the second test series, a 75 mm diameter specimen (E-D75-V92-T120) was eroded under a
higher seepage velocity (92 mm/min) for two hours (Mehdizadeh et al., 2017b). The residual
fine content (FCy) of 10.1 per cent was very close to the residual fine content of the 50 mm
diameter specimen E-D50-V52-T120 in the first series of testing. The specimen with a larger
diameter but higher seepage velocity (E-D75-V92-T120) initially had a lower rate of erosion,
but this increased after around 15 minutes. Both specimens showed similar trends 30 minutes
after the seepage initiation until the end of the erosion phase. This meant that initial clogging
was more severe inside the larger specimen but after a delay, the higher seepage force allowed
this to be overcome. This is interesting as theoretically it is expected to get more eroded
particles under a higher seepage velocity when other influential factors such as fabric, initial

condition and sample preparation are kept the same.

In the third test series, the maximum applicable seepage velocity of 208 mm/min was applied
to the 50 mm diameter specimen for 120 minutes to erode the maximum possible proportion
of fine particles, leading to 6.9 per cent residual fine content. Fig. 3 shows that regardless of
the specimen dimensions and seepage velocity, the rate of erosion of fine particles greatly
reduced despite the fact that the residual fine contents were different, and it can therefore be

assumed that the majority of the inactive and semi-active particles were removed.

It is believed that inactive fine particles (sitting loose in the voids with minor participation in
the force chains) are the most vulnerable to suffusion. A percentage of these free particles are
washed out of the specimen, while a number of them are clogged inside the specimen. By an
increase in the seepage velocity, semi-active fine particles (providing lateral support or
secondary support for the coarse grains) become susceptible to suffusion if the applied

hydraulic stress is high enough to overcome the current effective stress on these particles.

https://mc06.manuscriptcentral.com/cgj-pubs
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Moreover, some of the particles clogged under a lower seepage velocity are also become prone
to erosion under higher hydraulic forces. This is a plausible scenario that explains the behaviour
of specimens with the same dimensions but subjected to different seepage velocities (E-D75-
V52-T120 and E-D75-V92-T120). Fig. 3 also shows that even under the maximum seepage
velocity (test E-D50-V208-T120), it was not possible to erode all fine particles. This could be
because of full contribution of the remaining fine particles (active particles) in the soil skeleton.
Fig. 5 schematically displays erosion progress and particle rearrangement. Fig. 5 (a) shows the
initial condition of the fine and coarse particles and the stress transferring mechanism. Free
fine particles were washed first due to the seepage flow (Fig. 5 (b)), semi-active fines started
to migrate where locally higher hydraulic gradients were raised due to clogging and released
new free fine particles (Fig. 5 (c)). Metastable force chains were formed after the erosion of
the semi-active fine particles (Mehdizadeh and Disfani, 2018) which led to local coarse particle

rearrangements and vertical deformations (Fig. 5 (d)).

<<Insert Fig 5 about here>>

Impact of Erosion on the Global Void Ratio and Particle Size Distribution

The initial global void ratio was calculated using the soil phase relationship. The post-erosion
global void ratio was estimated from the total volume of the eroded sample (calculated using
deformations from the photogrammetry technique), the mass of eroded particles and the
specific gravity. The erosion of fine particles increased the pre-erosion global void ratio of 0.48
to post-erosion values of 0.66, 0.6 and 0.61 for specimens E-D50-V52-T120, E-D75-V52-T120
and E-D100-V52-T120, respectively. The smallest soil specimen (E-D50-V52-T120) showed

a higher post-erosion global void ratio although it was subjected to the same seepage

10
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experienced by the two other specimens. This was due to removal of more fine particles for

specimen E-D50-V52-T120 during erosion.

Pre and post-erosion particle size distributions (PEPSD) of eroded specimens (E-D50-V52-
T120, E-D75-V52-T120 and E-D100-V52-T120) are shown in Fig. 6. Specimens with 50 mm
diameter were divided into two parts and those with 75 mm and 100 mm diameters were
divided into three parts for PEPSD analysis. Top, middle and bottom PEPSDs were similar for
E-D75-V52-T120 and E-D100-V52-T120, which also had similar global void ratios and
residual fine contents. Regardless of sample dimension, the fine content decreased along the
height of the specimens and the top region of the soil specimens lost more fine particles under
downward seepage which was found to be in agreement with result of Ke and Takahashi (2012)

and Zhong et al. (2018).

<<Insert Fig 6 about here>>

Impact of Erosion on Vertical Deformation

Vertical strains during the erosion phase were measured at five-minute intervals using the
photogrammetry technique (Mehdizadeh et al., 2017a) and are shown in Fig. 7. All specimens
experienced vertical strain during erosion phase; a sign of erosion of semi-active fines and local
breakage of force chains. Interestingly, all specimens experienced a rapid increase in vertical
strain at the beginning of seepage when the inflow velocity was very low. Almost all specimens
showed step-wise changes in the vertical strain. Although the erosion rate and residual fine
content were similar for the 75 and 100 mm specimens (E-D75-V52-T120 and E-D100-V52-

T120), the vertical strain was larger in the 100 mm sample. The experiments here and the
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analyses based on the method suggested by Kenney et al. (1985) both suggest that the larger
the sample is, the higher is the chance of clogging, leading to fewer eroded particles (i.e. those
transported by seepage) being washed out of the sample. As fines are more likely to meet a
small constriction as the flow paths are longer. However, the pattern of vertical deformation
mainly depends on the erosion of semi-active fine particles and the consequent buckling of the
force chains. As force chain buckling is caused by local transport of semi-active fines, rather
than them being washed out of the sample, there is not necessarily a relationship between fines

eroded and vertical strain.

<<Insert Fig 7 about here>>

Impact of Erosion on Post-erosion Undrained Behaviour

The undrained stress-strain relationship up to 15 percent strain, induced excess pore pressure
and stress path of all tested specimens are presented and compared in Fig. 8. To draw a better
conclusion, additional erosion tests results for the same initial PSD presented by Mehdizadeh
et al. (2017b) (E-D75-V52-T30 and E-D75-V92-T30) on 75 mm diameter samples are also
included. Comparing tests result indicates that the post-erosion undrained behaviour of soil
specimens regardless of seepage velocity and duration can be divided into three main groups.
Specimens E-D75-V52-T30, E-D75-V52-T120 and E-D75-V92-T30 (Fig. 8 (a)) showed
similar stress-strain relationship (similar initial peak and ultimate shear strength) and induced

excess pore pressures during undrained shearing with different residual fine contents and global

void ratios but with the same post-erosion intergranular void ratios (e, = e is the global

1-FC
void ratio and FC is the fine content (Mitchell (1993)). The intergranular void ratio was found
to be approximately 0.9 for these specimens after erosion. Specimens E-D75-V92-T120, E-

12
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D50-V52-T120 and E-D50-V208-T120 (Fig. 8 (b)) had similar post-erosion intergranular void
ratios of 0.84-0.86 and showed similar behaviour (similar initial peak and ultimate shear
strength). The residual fine content was recorded as 10.1, 10.2 and 6.9 per cent, respectively.
The erosion of just an additional 3.3 per cent fine content was observed for specimen E-D50-
V208-T120 although it was subjected to a more powerful seepage. This suggests that erosion
of the additional fine particles in specimen E-D50-V208-T120 had negligible impact on the
post-erosion mechanical behaviour. The undrained behaviour of non-eroded specimens (NE-
D75 and NE-D100) was shown in Fig. 8 (d). It is evident that while the hardening behaviour is
more dominant in non-eroded specimens compared to all of the eroded specimens especially
in higher stains, their initial undrained peak shear strength is lower than eroded specimens
regardless of the erosion progress. The excess pore pressure is induced much quicker in the
non-eroded specimens and also dropped much faster. The only exception was specimen E-
D100-V52-T120 which showed a similar behaviour to specimens E-D75-V52-T30, E-D75-
V52-T120 and E-D75-V92-T30 (Fig. 8 (a)) at small strains up to 5% then showed a hardening
behaviour like specimens NE-D75 and NE-D100 at large strains. The residual fine content was
similar for specimens E-D75-V52-T120 and E-D100-V52-T120, which showed similar trends
in small strains (less than five per cent). However, the shear strength increased more rapidly in
specimen E-D100-V52-T120 at medium and large strains. This shows that similar post-erosion
particle size distribution does not necessarily lead to the same mechanical behaviour, due to
sample inhomogeneity and differences in fabric. It is worth noting that the intergranular void
ratio suggested by Mitchell (1993) does not consider the level of contribution of fine particles
in the soil structure (their erodability potential). Therefore, it is difficult to explain how erosion
of fine particles contributes to observed reductions in the intergranular void ratio. However, it
seems rearrangement of coarse particles due to loss of semi-active fine particles led to vertical

settlement and decrease in intergranular void ratio.

13

https://mc06.manuscriptcentral.com/cgj-pubs



328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

Canadian Geotechnical Journal

It can be understood from Fig. 8 that with a decrease in the fine content, the softening behaviour
became more dominant and the hardening behaviour in large strains decreased. However, all
non-eroded and eroded specimens (regardless of sample dimension and rate of erosion) showed
an “elbow” in the stress path, which signifies a transition from limited strain softening to a
quasi-steady state (initial contraction followed by dilation) (Pitman et al., 1994). In other
words, all specimens (eroded and non-eroded) were initially located between the Steady State
Line (SSL) and Isotropic Compression Line (ICL) in e — logp’ space as shown by
Thevanayagam and Mohan (2000). The mobilized friction angle at initial peak shear stress (¢@ps
), at the start of dilation (phase transformation, @pr) and at steady state (¢ss) have been
determined for all tested specimens using the axisymmetric principal stress ratio (M) (M is the
ratio between ¢ and p’ (Table 3). It was found that the mobilized friction angle at the steady
state was higher than the mobilized friction angle at initial peak shear stress and at phase
transformation state thanks to an increase of dilatancy in large strains regardless of the
specimen status in terms of erosion progress and size. It is also evident from Fig. 8 (d, e and
f) and Table 3 that all specimens eventually ended up on the same Steady State Line (SSL) as

suggested by Yang et al. (2006a) for sand-silt mixtures with various non-plastic fine contents.

<<Insert Fig 8 about here>>

<<Insert Table 3 about here>>

To consider the contribution of active (which can also be considered as non-erodible) fine

particles in the soil structure in terms of active grain contacts, Thevanayagam et al. (2002)

e+ (1—b)FC

proposed a density variable called equivalent intergranular contact index ((ec),, = m)

14
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when FC<FCy,, where the critical fine content (FCy,) is a fine content above which the coarse
particles are no longer in full contact with each other and b is the fraction of active fines. »=0
means all fines act exactly like voids and when b=1, they are not distinguishable from host
sand particles and they actively participate in supporting the soil skeleton. However, the
concept of parameter b is controversial. Some researchers (e.g. Thevanayagam et al., 2002; Ni
et al., 2004; Yang et al., 2006a, 2006b) believe b is constant for all mixtures with fine contents

less than the critical fine content (/'Cy;,) and it only depends on grain size disparity ratio (Ry =

Dso/, ds) or particle size ratio (¥ = D1/, dsg), where D4 particle size of pure sand at 10% finer,
D5y mean particle size of coarse fraction and dsy mean particle size of fine fraction. This means
for a specific mixture and regardless of the fine content always percentage of active fine
particles is constant. On the contrary, some other researchers (e.g. Rahman et al., 2008; Nguyen

et al., 2017) take into account the impact of fine content. However, Chang and Deng (2019)
showed that b only depends on Dso/ dsg and effective stress and is independent of fines content

for mixtures with small grain size disparity ratio.

The parameter b for the mixture tested in this research can be estimated from the test result on
specimen E-D50-V208-T120. Here, it is assumed that all erodible particles were washed out in
the sample with 50 mm diameter under the seepage velocity of 208 mm/min (the maximum
applicable in the lab) under a two-hour seepage, when it can be seen that erosion rate
approached zero (Fig. 3). The applied seepage was unable to erode all fine particles and 6.9
percent was left unwashed at the end of the erosion. By this assumption, 6.9% residual fine
content were all non-erodible fine particles and were fully active in the force chains. Therefore,
the b parameter is the ratio of active fine particles (6.9%) to total fine particles (25%), i.e. b

= 0.28. This is in relatively good agreement with calculated b in the range of 0.25-0.4 for the

mixtures with the same P50/, dsq using semi-empirical expressions proposed by Rahman et al.
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(2011) and Chang and Deng (2019). b can be estimated for all eroded specimens using their
residual fine contents and an assumption that 6.9% of fines are initially active (Fig. 9 (a)).
Although the amount of active fine particles can be assumed to be constant in all eroded and
non-eroded specimens, the parameter b, which is a proportion of the total fine content
contributing to load transfer, cannot be constant. Using the calculated b and residual fine

content, the equivalent intergranular contact index (e.) eq CaN be calculated for each specimen
at the beginning of the undrained shearing. Variation of peak shear stress ratio (nps = q/ P’

where g and p'are deviator and mean effective stresses, respectively) with (e(),, for all
tested specimens is shown in Fig. 9 (b). The pg increased initially with a decrease in (ec),, (a

decrease of the residual fine content down to 15.1 per cent) and then decreased with further
reduction in equivalent intergranular contact index (decrease in the residual fine content down
to 6.9 per cent). Mehdizadeh et al. (2017a) showed that for the soil mixture used in this research
coarse particles were more angular than fine particles. Therefore, the initial improvement in
the undrained shear strength (initial peak shear stress, @pg in Table 3) could be due to a better
interlock between the coarse particles but without the loss of semi-active fine particles which
helps to prevent collapse at small strains. However, further erosion resulted in rearrangement
of the coarse particles and loss of semi-active fine particles leading to formation of a metastable
structure and a higher tendency to contractive behaviour. It is worth noting that the initial peak
shear strength and in particular equivalent intergranular contact index vary over a small range.
More experiments are required to validate this finding and establish a relationship between

(eo), q and fine particles with different levels of contribution in the soil structure, fabric changes

and re-deposition of fine particles due to clogging.

<<Insert Fig 9 about here>>
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Conclusion

The influence of internal erosion on soil structure and post-erosion mechanical behaviour of an
internally unstable gap-graded soil of different specimen size and flow velocity was examined
through laboratory investigation. The following points were the most important findings of this

research:

- A step-wise trend was observed in the vertical strains during the erosion phase, which
is believed to be due to erosion of semi-active fines that provided lateral support for the
force chains.

- Under the same seepage velocity and duration, the erosion of fine particles decreased
with an increase in length of specimen, due to higher potential of clogging for eroded
particles that travel a longer distance.

- Strain softening behaviour becomes more dominant with a decrease in the residual fine
content due to internal erosion.

- The experiments suggested that regardless of dimension of the soil specimens, inflow
velocity and seepage duration, specimens with the same post-erosion intergranular void
ratios showed similar undrained behaviour. However, more erosion-triaxial tests on
samples with different fabrics need to be conducted to draw a clearer conclusion.

- It was found from the experiments in this study that erosion of fine particles up to 15%
of the overall sample mass improved the initial undrained peak shear strength. This
positive impact later degenerated when a greater percentage of fine particles were lost.

However, more validation is required.
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- It seems the initial undrained shear strength is affected by equivalent intergranular
contact index. However, more experiments are required to validate this finding.

- Suffusion was found to have minimal impact on the steady state line of the mixture
studied in this experiment and it seems to be independent of the residual fine content.

- The mixture in this study had coarse and fine particles with different angularities.
Erosion of fine particles may change the global interlocking of particles and post-
erosion behaviour. Impact of particle shape on erosion and post-erosion behaviour

needs further investigation.
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Figure Captions:

Fig 1. Particle size distribution of the tested soil sample (After Mehdizadeh et al., 2017a)

Fig 2. Variation of inflow velocity with time

Fig 3. Variation of normalized residual fine content with time

Fig 4. Effective Constriction Size Distribution (CSD) at different heights in the sample
according to the method suggested by Kenney et al (1985)

Fig 5. Progress of internal erosion (a) Initial condition, (b) Erosion of the free fines, (c¢) Erosion
of the semi-active fines and providing new free fines and (d) Particles rearrangement and
vertical deformation with residual active fines

Fig 6. Particle size distribution plots for post-erosion specimens at different regions for (a) E-
D50-V52-T120, (b) E-D75-V52-T120 and (c) E-D100-V52-T120

Fig 7. Vertical strains during erosion phase

Fig 8. Impact of internal erosion on undrained stress-strain relationship, induced excess pore
pressure and stress path of eroded and non-eroded specimens during undrained shearing

Fig 9. (a) Variation of the parameter b with residual fine content and (b) Variation of peak

shear stress ratio with equivalent intergranular contact index
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Table Captions:
Table 1. Physical properties of tested soil sample (After Mehdizadeh et al., 2017a)
Table 2. Erosion-triaxial testing program

Table 3. Mobilized friction Angle
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Table 1. Physical properties of tested soil sample (After Mehdizadeh et al., 2017a)

Physical property Value Physical property Value
Maximum void ratio, e, 0.67 D*, (mm)? 0.28-0.3
Minimum void ratio, e,;, 0.36 Initial Void Ratio, ¢; 0.48

Initial Moisture Content, MC (%) 6 Relative Density, D, (%) 60
Uniformity coefficient, Cu 12.14 (D';5/d'gs)P 5.2
Gap ratio, G, 3.93 (H/F)min® 0.08

2: Controlling constriction size (Kenney et al., 1985 and Indraratna et al., 2007)
b D'5 is the particle diameter in which 15 per cent by weight of coarser particles passed and d'ss is the particle diameter in which
85 per cent by weight of fine particles passed. Soils with (D';s/d'ss) > 4 are considered internally unstable (Kezdi, 1969).

< F is the passed fraction by weight finer than d, and H is the weight fraction between d and 4d (Kenney and Lau 1985, 1986).
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Table 2. Erosion-triaxial testing program

Sample | Sample Seepage . Erosion b
Te.s t Sample Label Diameter | Height Velocity Hydrguhc Duration ¢iu
Series . Gradient? . Test
(mm) (mm) (mm/min) (min)

E-D50-V52-T120¢ 50 1154 52 1.15 120 Yes
1 E-D75-V52-T120¢ 75 150 52 1.15 120 Yes
E-D100-V52-T120 100 200 52 1.15 120 Yes
2 E-D75-V92-T120¢ 75 150 92 2.04 120 Yes
3 E-D50-V208-T120 50 115 208 4.6 120 Yes
NE-75f 75 150 - - - Yes

4
NE-100 100 200 - - - Yes

# assuming Darcy’s Law and having initial hydraulic conductivity of 0.075 cm/s

b [sotropically Consolidated Undrained Triaxial Test
¢: E-D50-V52-T120 means E (Eroded)-D (Diameter (mm))-V (Seepage velocity (mm/min))-T (Seepage duration (min))
d: This sample had a height to diameter ratio of 2.3 which was higher than other specimens. It was attributed to the height of the

mould.

¢: Reported by Mehdizadeh et al. (2017b)
f: NE-50 means NE (Non-Eroded)-D (Diameter) and reported by Mehdizadeh et al. (2017a)
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Table 3. Mobilized friction Angle

soecimen |5 | b () | 0 () | s )

E-D75-V52-T30 19.8 27 30 32
E-D75-V52-T120 15.9 27 29 32
E-D75-V92-T30 18.6 27 30 32
E-D100-V52-T120 15.1 30 30 32
E-D50-V52-T120 10.2 25 29 32
E-D50-V208-T120 6.9 24 29 32
E-D75-V92-T120 10.1 27 30 32
NE-75 25 26 30 32
NE-100 25 25 27 32
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Fig 1. Particle size distribution of the tested soil sample (After
Mehdizadeh et al., 2017a)
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Fig 5. Progress of internal erosion (a) Initial condition, (b) Erosion of the free fines, (c) Erosion of the semi-active fines and providing new free fines and (d) Particles
rearrangement and vertical deformation with residual active fines
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Fig 6. Particle size distribution plots for post-erosion specimens at different regions for (a) E-D50-V52-T120, (b) E-D75-V52-T120 and (c¢) E-D100-V52-T120
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