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Abstract

Seepage-induced internal erosion is observed in both artificially engineered fill structures and natural soil deposits. Fine content is
of great significance for the fabric of soil. This paper aimed to determine the critical fine contents of natural soil deposits beyond
which the internal stability of the mix was distinctly altered and illustrate the internal erodibility from the viewpoint of fabric. To
this end, a fixed-wall permeameter capable of accurately detecting the critical hydraulic gradient of erosion initiation and
collecting the cumulative eroded soil mass at a constant inflow rate was developed. Silty clay particles and sandy gravel particles
extracted from original soil were employed to reconstitute specimens with fine contents ranging from 0 to 100%. Porosity
measurement, seepage testing, and direct shear testing were conducted on remolded samples. Companion control specimens
were tested under different flow rates to verify the applicability of the experimental device. The results indicate that according to
critical fine content, the fabric of the soil samples with different fine contents could be split into coarse-particle-supported
structure (CPSS), fine-particle-supported structure (FPSS), and transitional coarse—fine-particle-supported structure (TCFP).
The newly developed experimental device provides a feasible methodology to investigate the internal erodibility of natural soil
deposits. Different fabrics correspond to disparate shear strengths and distinct erosion characteristics, including the critical
hydraulic gradient of erosion initiation, cumulative eroded soil mass, and average hydraulic conductivity. For coarse-particle-
supported structure specimens, the coarse particles predominantly govern the mechanical and hydromechanical properties. An
increase in fine content within pores formed by coarse particles could increase shear strength and reduce susceptibility to internal
erosion. The mechanical and hydromechanical properties of FPSS specimens were basically controlled by fine particles. Coarse
particles suspended in a fine matrix could somewhat increase the soil’s shear strength and reduce internal erodibility. TCFP
specimens were most vulnerable to internal erosion in terms of minimum critical hydraulic shear stress and maximum cumulative
eroded soil mass. It is essential to expand the scope of research to cover the transitional coarse—fine-grain-supported structure
instead of remaining limited to the coarse-grain-supported structure.
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1995; Scholtes et al. 2010; Muir Wood et al. 2010) and change
oflocal and/or general hydraulic conductivity properties of the
soil (Mehdizadeh et al. 2017; Liu et al. 2019).

Indeed, numerous soil structure failures reported in the lit-
erature have been attributed to soil erosion. Seepage-induced
erosion plays a significant role in the stability of earth struc-
tures, such as dikes, dams, and canals, nearly half of the dys-
function of which is related to internal erosion associated with
pore fluid flow (Foster et al. 2000; Fell et al. 2003; Zhang and
Chen 2006; Chang and Zhang 2010). This process is not only
observed in artificially engineered fill structures but also in
natural geomaterials such as natural soil deposits and weath-
ered rocks (Bonelli 2013; Hencher 2006; Hencher 2010; Pepe
et al. 2019). Alluvial soil deposits may be eroded by seepage
force generated by water leakage from buried pipes and sew-
age disposal wells, resulting in damage to structures (Khaksar
Najafi and Eslami 2015). Based on site investigation, labora-
tory model tests, and numerical analysis, it has been conclud-
ed that under rainfall infiltration, fine particles in natural ter-
rain slopes migrate from the upper part to the toe by interflow,
which is vital to trigger slope failure (Crosta and di Prisco
1999; Zhang et al. 2019; Dai et al. 2019). These macro-scale
soil structure failures caused by internal erosion demonstrate
the urgency of further research on general seepage-induced
erosion phenomena in natural soil deposits.

A host of variables play significant roles in the internal
erodibility of soil, including the hydraulic gradient, grading
curve, fine content, and stress state. The critical hydraulic
gradient and/or critical hydraulic shear stress were investigat-
ed by substantial research (Khilar and Fogler 1998; Wan and
Fell 2004a, b, 2008) to determine the initiation and progres-
sion of internal erosion. By means of introducing the “filter”
concept, whereby the coarser fraction serves as a filter if water
flows through, a variety of empirical methods have been pro-
posed based on the characteristics of the grain size distribution
curve (Kezdi 1979; Kenney and Lau 1985; Burenkova 1993;
Chang and Zhang 2013). To reveal the impact of stress state
on the conditions at onset of instability, a series of new exper-
imental devices were developed based on ordinary triaxial
apparatus to control stress on test specimens subjected to in-
ternal erosion (Bendahmane et al. 2008; Chang and Zhang
2011; Luo et al. 2012; Slangen and Fannin 2017). However,
only a few studies on the internal erodibility of soil have been
conducted from the viewpoint of fabric. The fabric here rep-
resents the composition of soil, the spatial arrangement of
particles, particle groups, and pore spaces (Mitchell and
Soga 2005). The fabric varies depending on the initial fine
content and preparation method of the specimens.

The initial fine content actually characterizes the ef-
fect of soil packing, which may offer a physical expla-
nation for the soil hydromechanical behavior. Kenney
and Lau (1985) reported that the maximum content of
loose particles that a granular material can contain is an
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important factor related to internal erodibility. Similarly,
Skempton and Brogan (1994) suggested that a further
key to understanding the nature of internal erodibility
is the critical content of fines, below which the fine
particles do not completely fill the voids within the
coarse component; otherwise, the coarse particles float
in a matrix of fine particles. Wan and Fell (2008) sum-
marized that one of the three criteria necessary for suf-
fusion in sand—gravel soils is that the amount of fine
particles must be less than enough to fill the voids of
the basic skeleton formed by the coarse particles. Ke
and Takahashi (2012, 2014b) and Ouyang and
Takahashi (2015) researched the effect of fine content
on suffusion characteristics and the mechanical conse-
quence of specimens subjected to suffusion. In the
above studies, the researchers realized the importance
of the fine content, the variance of which is likely to
change the soil structure, further affecting the mecha-
nism of internal erosion. However, the fine content of
all of the reconstituted specimens was less than critical
fine content reported by Skempton and Brogan (1994).
Furthermore, the specific reason why the selected fine
content is limited below the critical fine content was not
provided in these studies. In practice, the fine content of
natural soil deposits is usually larger than the critical
fine content, because of the complexity of the geologi-
cal processes. To date, few studies have referred to the
internal erodibility of soil in which the fine content is
larger than the critical fine content mentioned above.
Comprehensive interpretation and assessment of the ef-
fect of fine content on the internal erodibility of natural
soil deposits from the viewpoint of fabric should be
performed.

This paper is intended to illustrate experimentally the
critical fine content necessary for suffusion of natural
soil deposits and to shed light on the effect of fine
content on the internal erosion mechanism of soil sub-
jected to pore—fluid flow from the viewpoint of fabric.
Because of the absence of a standardized test method, a
new fixed-wall permeameter was developed, through
which the initiation and evolution of internal erosion
within the tested specimens could be observed. By
means of the newly developed permeameter, a series
of seepage tests were performed on specimens with dif-
ferent fine contents. Direct shear tests were conducted
on companion specimens to improve knowledge of the
role of fabric in internal erosion. Greater understanding
of the effect of fine content on the internal erodibility
of natural soil deposits can facilitate explanation of the
mechanism of internal erosion and also help geotechni-
cal engineers to assess the potential of internal erodibil-
ity of natural soil deposits, especially for widely graded
coarse-grained soils with cohesive particles.
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Experimental setup and tested material
Experimental setup

To investigate the onset and progression of internal erosion
induced by pore—fluid flow in reconstituted specimens, a new-
ly experimental setup developed by the authors was designed
for broadly graded natural soil deposits with particles from
clay to gravel size. The experimental apparatus is a fixed-
wall permeameter cell that allows flow through the samples
within the cell downward and collection of effluent water
containing eroded soil grains. In previous works, most rigid
wall permeameters designed to investigate internal erosion
have used the constant hydraulic gradient control method
(Kenney and Lau 1985; Skempton and Brogan 1994; Moffat
and Fannin 2006; Wan and Fell 2008; Ke and Takahashi
2012). In the constant hydraulic gradient control method, the
inlet hydraulic pressure is usually maintained by means of a
pressurized tank. For natural soil deposits with comparatively
high permeability, the test time is strictly restricted by the
volume of the water tank. However, because internal erosion
is a chronic phenomenon (it usually takes years in nature), a
prolonged test time is necessary. Meanwhile, the hydraulic
gradient needed by natural soil deposits to trigger and main-
tain internal erosion is relatively small. It is difficult to control
hydraulic pressure and approximate the hydraulic head loss in
tubes, valves, and fittings precisely. To avoid these defects
mentioned above, the device in this laboratory investigation
used the constant flow rate control method instead, which has
been effectively demonstrated by some apparatus (Richards
and Reddy 2010; Liu et al. 2019). A schematic illustration and
photograph of the entire setup are shown in Fig. la and b,
respectively. Figure 2 shows a schematic diagram of the pro-
file of a permeameter cell.

De-aired water stored in the upper reservoir, which was
placed on an electronic balance and was large enough to ensure
sufficient water supply, was successively injected into the stand-
ing pipe with the same diameter as the sample, through a peri-
staltic pump. To limit the maximum hydraulic gradient applied
to the specimens, an overflow pipe connected to the lower res-
ervoir placed on an electronic balance was installed near the top
of the standing pipe. During seepage testing, the two water tanks
were weighed continuously to estimate the upward hydraulic
pressure. When downstream of the specimen was opened to
the atmosphere, the downstream pressure was zero.

A fixed-wall permeameter cell composed of transparent
acrylic pipe accommodated a specimen of 39.1 mm in diam-
eter and 100 mm in height. A conventional fixed-wall
permeameter involves the formation of large seepage channel
between the compacted specimen and the rigid wall of the
permeameter (Kenney and Lau 1985; Bendahmane et al.
2008). A rubber membrane was attached against the inside
wall of the permeameter to avoid unexpected parasitic flow.

Glass beads with diameters of 3 mm were used to uniformly
circle the fluid coming to the upper surface of the tested sam-
ple. A perforated plate with an opening size of 1 mm was
attached to the top of the specimen to support the weight of
the glass beads and eliminate their effect on the erosion be-
havior of the tested specimens. To prevent fines loss from the
upper surface of the specimen, a nonwoven geotextile was
attached between the perforated plate and the upper surface
of the specimen. A perforated plate with an opening size of
5 mm was set into the depressed platform on the top of the
pedestal to support the tested sample, and its openings, with
diameters of 5 mm, allow for investigation of the erosion of
most particles within the specimen. Effluent with eroded soil
grains flowing through the downstream perforated plate was
collected in numbered containers by the inverted cone funnel
for further analysis, as designed to prevent the effluent from
blocking the drainage system. To decrease the duration of the
test, instead of oven drying the effluent to weigh the eroded
grains, a glass filter (Fig. 3) was used, with the aid of'a vacuum
pump. The designed fixed-wall permeameter has been de-
scribed in detail by Tian (2018).

Tested material

The experimental material used to reconstitute the soil column
was collected from slopes consisting of natural soil deposits in
Fengjie County, Chongqing, China, where obvious settlement
deformation of buildings has resulted from internal erosion
induced by intense rainfall (Tian 2018). The natural soil de-
posits are composed of calcareous marl fragments with diam-
eters ranging from 0.25 mm to 20 mm and silty clay with
diameters ranging from 0.002 mm to 0.075 mm, as shown in
Fig. 4a. The collected natural soil deposits contain grain di-
ameters varying mainly from 0.002 mm to 20 mm. Particles
with diameters larger than 10 mm were removed prior to sam-
ple preparation, as the diameter of each specimen for the seep-
age tests was 39.1 mm, as mentioned above. The material
tested in the laboratory investigation contained pure silty clay
particles and pure sandy gravel particles, as shown in Fig. 4b,
which were completely extracted from the original soil by wet
sieving (ASTM C117-17 2018). The pure sandy gravel parti-
cles were classified as angular to sub-angular material.
Following standard test method (ASTM D854-14 2018), the
grain density of pure sandy gravel particles was identified as
2.65 x 10° kg/m’. The plasticity limit, liquidity limit, and stan-
dard optimum water content of the pure separated silty clay
particles were 25%, 57.2%, and 27.2%, respectively, based on
standard test methods (ASTM D4318-17¢l 2018; ASTM
D698-12¢2 2018). According to ASTM D854-14, the grain
density measured for silty clay particles was 2.63 x 10° kg/m”.
The grain sizes of the pure sandy gravel particles and pure
silty clay were within the ranges 0.25—-10 mm and 0.002—
0.075 mm, respectively, with particles between 0.075 and
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Fig. 1 Experimental device. a
Schematic illustration of the entire
setup. b Photo of the entire setup
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0.25 mm in deficiency. The grain size distributions of the
original soil, pure sandy gravel, and pure silty clay are shown
in Fig. 4c. According to the Unified Soil Classification System
(ASTM D2487-11), the original soil is described as SP.

Fig. 2 Schematic diagram of the
profile of a permeameter cell
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Fig. 3 Photo of filter device

k

components constituting a secondary structure that bears a
smaller amount of the effective stress (Skempton and
Brogan 1994; Xiao and Shwiyhat 2012; Ke and Takahashi
2014a, b). However, none of the studies mentioned above
defined a specific critical grain size to separate fine compo-
nents and coarse components in the grain size distribution.
Tested specimens in those investigations were usually binary
mixtures of two types of granular materials with distinctly
different dominant grain sizes. Nonetheless, there was a com-
mon characteristic between their tested samples: all of them
were gap graded, and the grain sizes of deficient particles were
regarded as the critical grain size mentioned above. In accor-
dance with their determination, in this contribution, the silty
clay particles with sizes below 0.075 mm were deemed to be
fine particles, and the sandy gravel particles larger than
0.25 mm were deemed to be coarse particles.

Test procedure

The laboratory investigation described in this paper was
intended to survey the influence of initial fine content on the
mechanism of internal erosion. Therefore, the main testing
procedures included preparation of remolded samples with
different fine contents, porosity measurement testing, direct
shear testing, and erosion testing. A detailed description of
each test procedure is presented in the following sections.

Specimen preparation
A parametric study was conducted in a series of seepage tests.

The initial fine content was exclusively studied in this contri-
bution, with other factors that play crucial roles in the internal

erosion kept constant. For each fine content, five specimens
were prepared, one of which was intended to conduct the
erosion test after porosity measurement, whereas the others
were intended to perform direct shear tests under different
normal forces. Three additional companion control specimens
with an initial fine content of 30% were simultaneously
reconstituted to verify the applicability of the newly devel-
oped experimental device. The detailed experimental program
is presented in Table 1. To avoid particle segregation during
preparation, the moist tamping method (Ladd 1978; Frost and
Park 2003) was employed. Each sample for the erosion tests
was 39.1 mm in diameter, 80 mm in height, and 169 g of target
dry weight, and the whole preparation process involved two
test procedures: (1) material mixture and (2) specimen
compaction.

(1) The oven-dried sandy gravel particles were mixed ade-
quately with de-aired water to a water content of 5%. The
role of the water was to prevent the soil from reaching
too high density as it was laid out (Andrianatrehina et al.
2016). While mixing continued, fine particles with opti-
mum moisture content, weighted precisely based on the
target fine content and target dry weight, were gradually
added into the mixture. Mixing was carried out until the
mixture appeared visually homogeneous. Thereafter, the
well-mixed mixture was preserved in a sealed bag for
24 h before compaction to achieve moisture equalization.

(2) Samples were compacted manually in five layers under
identical compactive effort. The accurately weighed mix-
ture was carefully deposited into the compaction mold
with a spoon, and each layer was then compacted with
predetermined compactive effort. The detailed character-
istics of the reconstituted specimens are summarized in
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(b) In the labratory
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Fig. 4 Granulometric and textural features of the tested material a in the
sampling site and b in the labratory. ¢ Grain size distribution of the tested
material
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Table 1. It is worth noting that the heights of specimens
S9 and S10 exceeded the height of the mold during the
process of compaction and the excess portion was re-
moved, resulting in reduction of the target dry weight.

Porosity measurement test and direct shear test
A steel ruler with a precision of 1 mm was used to measure the
height of each reconstituted specimen. Given the height, the

porosity of a specimen can be obtained based on the following
equation:

We w
Vo= —+ —L
- V()—VS - Pe pf

Ve Ve (1)

Nmix

where V) is the total volume of the reconstituted specimen; Vi
is the volume of grains; w, and wyare masses of coarse parti-
cles and fine particles, respectively; and p. and prare the grain
density of coarse particles and fine particles, respectively.

Prior to the erosion tests, a series of direct shear tests under
consolidated drained conditions were conducted on compan-
ion specimens to determine the role of the fabric of specimens
with different fine contents from the viewpoint of mechanical
properties. The shear box accommodated circular specimens
with a diameter of 61.8 mm and thickness of 20 mm.
Reconstituted specimens for direct shear tests were prepared
using the same compaction, water content, and mass density
as those of specimens prepared for the erosion tests.
Specimens were molded by tamping each layer until the ac-
cumulative mass of the soil placed in the shear box was
compacted to a known volume. Prior to the addition of mate-
rial for the next layer, the top of each layer shall be scarified.
Each reconstituted specimen was sheared under four levels of
normal stress, 100, 200, 300, and 400 kPa, at a rate of dis-
placement of 0.8 mm/min. The detailed testing procedure was
in accordance with ASTM D3080 2018.

Erosion test

Finally, specimens were installed into the newly developed
rigid wall seepage test device to conduct the seepage erosion
tests. Once every system unit was ready, the peristaltic pump
was turned on, and de-aired water was injected to the standing
pipe at an extremely low-constant inflow rate to saturate the
specimen. An extremely low-inflow rate can prevent the mi-
gration of particles caused by interflow during saturation.
When the discharge rate was stable, the specimens were basi-
cally saturated. Thereafter, the peristaltic pump was adjusted
to a predetermined constant inflow rate to initiate the erosion
test. The effluent was collected over predetermined elapsed
time intervals with shorter intervals at first and longer intervals
as the test progressed. The effluent was allowed to drip into
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Table 1 Main characteristics of reconstituted specimens

Number of Dry weight  Porosity Flow rate (ml/  Fine content — Dry density Initial permeability Critical hydraulic gradient
sample (2 min) (%) (g/cm3 ) (cm/s) (m/m)
S1 168.3 0.35 / 0 1.80 / /

S2 168 0.31 78 10 1.81 0.024 0.69
S3 169.5 0.28 78 20 1.88 0.022 0.78
S4 168.9 0.25 78 30 1.97 0.016 0.90
S4-1 168.4 0.24 25 30 1.98 0.014 1.12
S4-2 167.7 0.25 39 30 1.96 0.013 1.0
S4-3 168.1 0.25 56 30 1.97 0.017 1.13
S5 169.3 0.26 78 40 1.96 0.008 1.58
S6 168.6 0.28 78 50 1.89 0.003 2.13
S7 169 0.29 78 60 1.85 0.00074 2.95
S8 168.8 0.32 78 70 1.77 0.0002 5.52
S9 164.8 0.34 78 85 1.72 0.00019 5.9
S10 157 0.38 78 100 1.64 0.0002 6.18

numbered containers. At the end of the elapsed time interval,
the weight of the upper reservoir and lower reservoir were
recorded, and inlet hydraulic pressure was calculated from
the measured weight of the upper and lower reservoirs. The
erosion tests were continued until the following criteria were
satisfied: (1) the effluent was observed to be visually clear
over a period of at least 30 min and upstream hydraulic pres-
sure remained stable; (2) the water table in the standing pipe
declined drastically to zero or a minimal value; (3) the dura-
tion of test exceeded the specified time of 2 h.

To collect the eroded soil grains within the effluent as quick-
ly as possible, a glass filter was employed with the assistance of
a vacuum pump. After filtering, the eroded particles remained
on the filter paper while the effluent water permeated to the
conical flask. The mass of eroded soil grains and effluent water
in each interval could be measured through weighing oven-
dried filter papers and the conical flask, respectively.

Test results and discussion

A parametric study was conducted on this series of tests to
illustrate the internal erosion mechanisms of specimens with
different fabrics. First, the fabrics of tested specimens were
classified according to the measured porosity. Prior to
performing the parametric study, the performance of the new-
ly developed device was verified via a series of comparative
trials. Then, the evolution of internal erosion with respect to
the fine content was described by interpreting the critical hy-
draulic gradient of erosion initiation, cumulative eroded soil
mass, and average hydraulic gradient. Finally, the shear
strength and critical hydraulic shear stress were imported to
gain further understanding of the internal erosion.

Classification of the granular structure of tested
specimens

To gain an understanding of the particle packing characteris-
tics of the tested specimens with various fine contents and
further interpret their effects on internal stability, the fabrics
of tested specimens were classified based on the laboratory
porosity—fine-grain concentration relationship and the theoret-
ical porosity—fine-grain concentration relationship, referring
to methods proposed by Vallejo (2001). A schematic diagram
of the fabrics of mixtures consisting of coarse and fine parti-
cles of various proportion is shown in Fig. 5. Figure 6 exhibits
the changes in porosity undergone by the tested specimens.

Figure 5a represents the case in which the primary fabric is
composed solely of coarse particles, corresponding to point A
in Fig. 6 at which the concentration of fines is zero. Similarly,
the primary fabric in Fig. 5g corresponds to point F in Fig. 6 at
which the concentration of fines is 100%.

Figure 5c shows the case in which the voids between coarse
particles are completely occupied by fines, corresponding to
point C given in Fig. 6 in which the vertical coordinate repre-
sents the theoretical minimum porosity calculated by produc-
tion of the porosity of coarse particles 7. and the porosity of fine
particles n; The associated horizontal ordinate value represents
the theoretical critical fine content Sy determined through the
following equation (Skempton and Brogan 1994):

S, = nC(lf”f)pf (2)

e (1_”f)pf + (I=n¢)pe

where p. and pyare the grain densities of coarse and fine parti-
cles, respectively.

Accordingly, points on the theoretical straight line AC in
Fig. 6 are related to the state represented in Fig. Sb; that is, fine
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(a)Pure coarse particles fabric

(b)Voids occupied by few fines

(e)Partial coarse particles separated by fines

(f) All coarse particles separated by fines

(g) Pure fine particles fabric

Fig.5 Schematic diagram of fabric of mixtures with various fine contents. a Pure coarse-particle fabric. b Voids occupied by few fines. ¢ Voids occupied
by fines exactly. d Partial coarse particles separated by fines. e All coarse particles separated by fines. f Pure fine particles fabric

particles exist in the voids between coarse particles. Points on
the theoretical straight line OF in Fig. 6 are related to the state
represented in Fig. Se and f: coarse particles separated partial-
ly or entirely by the fine-particle matrix.

The obvious gap between the theoretical relationship
depicted by the straight line segments AOF in Fig. 6 and the
experimental data represented by curve ABF in Fig. 6

demonstrates the difficulty in compacting specimen to the
theoretical state. Vallejo (2001) pointed out that a greater de-
gree of compaction could shrink the unexpected gap.

The experimental porosity curve in Fig. 6 indicates that the
variation tendency of porosity developed by the tested speci-
mens was in accordance with the theoretical solution, even
though the critical fine content and associated minimum

Fig. 6 Changes in porosity
developed by tested specimens
with different fines content
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porosity were theoretically identified as 25% and 0.133,
whereas they were experimentally identified as within the
ranges of 30—40% and 0.25-0.26, respectively. It was easy
to clearly distinguish the distinctive critical fine contents used
to classify the granular structure of the tested specimens in the
experimental data. In this contribution, fine contents of 30%
and 70% were chosen to serve as the critical fine contents to
divide the granular structure of the tested specimens into three
different fabrics, in contrast with fine contents of 40% and
70% proposed by other researchers (Vallejo 2001; Fragaszy
et al. 1992). Specimens were classified as coarse-particle-
supported structure (CPSS) for fine contents less than 30%,
fine-particle-supported structure (FPSS) for fine contents
more than 70%, and transitional coarse—fine-particle-support-
ed structure (TCFP) for fine contents from 30% to 70%. The
difference between the critical fine contents adopted here and
those of Vallejo (2001) are principally attributed to the con-
stituent materials adopted. Specimens in the present study
consisted of graded particles separated from original soil,
whereas two types of glass beads with different dominant
grain sizes were adopted in the study conducted by Vallejo
(2001). The reasonableness of the categorization method ap-
plied in this study can also be verified by the results of the
direct shear tests and erosion tests described below.

Verification of the newly developed device

The erodibility of soil can be quantified in terms of the critical
hydraulic gradient required to initiate internal erosion (Wan
and Fell 2004b) and cumulative eroded mass (Bendahmane
et al. 2008). The critical hydraulic gradient of erosion initia-
tion quantifies the ease of initiating erosion in the soil; in other
words, a higher critical hydraulic gradient implies that a spec-
imen is less vulnerable to internal erosion. The cumulative
weight of eroded soil particles measures the extent of damage
induced by internal erosion; high cumulative weight of eroded
soil particles indicates serious damage formed within speci-
mens. Therefore, it was necessary to verify the capability of
the new device developed in this paper to capture the critical
hydraulic gradient and cumulative eroded mass accurately.
Verification of the newly developed device was carried out
through a series of erosion tests conducted on sample S4 and
its companion specimens S4-1, S4-2, and S4-3, which had
identical fine content of 30%, under different inflow rates
(Table 1). Figure 7a plots the cumulative mass of eroded soil
grains as a function of the duration of the tests, whereas
Fig. 7b displays the cumulative mass of the eroded particles
versus the corresponding hydraulic gradient across the speci-
men. The constant inflow rates applied in each test are spec-
ified in the legend.

It was noted that a lower inflow rate could delay the erosion
initiation and reduce the extent of internal erosion, demon-
strated by lower cumulative mass over the same test duration

(Fig. 7a). It is easy to shed light on this observation. In four
tests conducted on identical samples under different inflow
rates, a greater inflow rate could result in higher inlet hydraulic
pressure, which is crucial to internal erosion, over the same
interval of time, compared with a lower inflow rate. Analysis
of the cumulative weight of eroded soil versus the hydraulic
gradient curve indicates that the critical hydraulic gradients of
erosion initiation (iy,, in Fig. 7b) detected in these tests were
nearly identical. The critical hydraulic gradients measured in
these four tests were 0.90, 1.12, 1.0, and 1.13 m/m, as shown
in Table 1, with a mean value of 1.04 m/m and a standard
deviation of 0.094. The consistency of the critical hydraulic
gradient of erosion initiation confirms the capability of the
newly developed device to conduct erosion seepage investi-
gation on natural soil deposits. Figure 7b also shows that the
portion in the curve subsequent to the initiation of internal
erosion was obviously affected in these four tests. This effect
can be attributed to numerous factors including the topology
of the pore network and the inhomogeneity of the samples
(Xiao and Shwiyhat 2012; Reddi and Bonala 1997).

Erosion characteristics

In addition to the critical hydraulic gradient of erosion initia-
tion and cumulative weight of eroded soil particles discussed
above, the average hydraulic conductivity, which was estimat-
ed during the seepage tests based on the assumption that the
seepage flow pattern was laminar and followed Darcy’s law,
is reported. This parameter is intended to elaborate the erosion
mechanism of specimens with various fine contents from the
viewpoint of the influence of the fabric on hydraulic proper-
ties. The evolution of erosion characteristics including the
critical hydraulic gradient of erosion initiation, cumulative
weight of eroded soil particles, and average hydraulic conduc-
tivity with respect to the concentrations of fines are plotted in
Fig. 8a, b, and c, respectively. Specimens with fine contents of
zero could not be transferred from the compaction mold to the
permeameter cell intact because of weak interparticle bond-
ing; therefore, erosion tests cannot be conducted on such sam-
ples. For specimens with initial fine contents of 50% and
100%, collapse of samples took place during the seepage
erosion tests. Their eventual cumulative weights of eroded
soil particles (39.6 g and 38.7 g, respectively) were much
larger than those of other samples; consequently, it was not
possible to plot the cumulative mass of eroded soil parti-
cles of all specimens in an identical graph. These experi-
mental data are marked with an upward arrow symbol in
Fig. 8b.

Figure 8 indicates that all of the erosion characteristics of
the specimens changed with the concentration of fines in nat-
ural soil deposits during seepage tests. The erosion character-
istics of specimens classified as CPSS were basically the same
as those of specimens composed solely of coarse particles,
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except for the average hydraulic conductivity, which was pro-  cumulative weight of eroded soil, which was obviously affect-

foundly influenced by the fine content when it was less than ~ ed by the initial fine content when the concentration of fines
30%, as is evident from Fig. 8c. The erosion characteristics of ~ was larger than 70% (Fig. 8b). Correspondingly, the erosion
specimens classified as FPSS were nearly the same as those of ~ characteristics of specimens classified as TCFP varied from
specimens composed solely of fine particles, except for the  those of CPSS to those of FPSS, except for the cumulative

@ Springer



Experimental study on the effect of fine contents on internal erosion in natural soil deposits

4145

®m  Critical hydraulic gradient
Curve best fits

= Curve best fits

% Experimental porosity L
(

7.0 ot
65 Dy 0.38
1036

g60 N . /,/{
= 4034
g 55 ’;/
2 50 > 4032
el N foao
2 * 4028
EDt / 026 £
1] - 0. B=1
33 T 0.24 g
=30 TCFP} -
£, CPSS b/ Fpssp 022
g~ P 4020
£20 o013
A= .
o 15 40.16
2
z 1.0 5 40.14
505 0.12

0.0 0.10

0 10 20 30 40 50 60 70 8 90 100

Concentration of fines (%)

(a) Evolution of erosion initiation critical hydraulic gradient with respect to fines contents

% Laboratory porosity|
= Curve best fit

\ A

\ ¥ ]
Pad
\

\\

—m— Cumulative eroded soil mass
% Collapsed specimens

¥
20
BN /

/
[
|
[

0.40
0.38
0.36
0.34
0.32
0.30
0.28
0.26 -
0.24
0.22
0.20
0.18
- 0.16
-0.14

. ¥ - 0.12

0 0.10
0 10 20 30 40 50 60 70 80 90 100

Concentration of fines (%)

sity

T

Poro

CPSS

. |
. [
|

FPSS

Cumulative weight of eroded soil (g)
"

(b) Evolution of cumulative weight of eroded soil with respect to fines contents

B Average hydraulic conductivity
Curve best fits

% Experimental porosity
= Curve best fits 0

0.025

..\\

0.38
—0.36

0.020 l\

o
=)
[

vd ]

4034
5 —

0.32
0.30

c
AN
.

o
o
=)

-0.28
—0.26
=024

Porosity

-0.20

Average hydraulic conductivity (cm/s)
5

o
=3
S
=3

= 0.18
—0.16
-0.14

—0.12
0.10

0 10 20 30 40 50

60

70 80 90 100

Concentration of fines (%)

(¢) Evolution of average hydraulic conductivity with respect to fines content

Fig. 8 Evaluation of erosion characteristics with respect to fines content.
a Evolution of erosion initiation critical hydraulic gradient with respect to
fines content. b Evolution of cumulative weight of eroded soil with

mass of eroded soil particles, which is much larger than that of
the other granular structures when the concentration of fine
particles was between 30 and 70% (Fig. 8b). The distinct
difference of erosion characteristics between the three kinds
of grain structure confirms that it is reasonable to classify the
specimens according to the critical fine contents defined in
this contribution.

For specimens classified as CPSS, the growth of fines
resulted in an increase of the critical hydraulic gradient of
erosion initiation, a minor increase in the cumulative
weight of eroded soil, and a decline in porosity and average
hydraulic conductivity. It is worth noting that because of
unexpected particles loss while nearly cohesionless speci-
men with fine content of 10% were transferred from the
compaction mold to the permeameter cell, the cumulative
eroded soil mass was greater than that of specimens with
fine content of 20%. It is inferred that in this case, the
cumulative eroded soil mass increased with increasing fine
contents, once the error is neglected. These results show

respect to fines content. ¢ Evolution of average hydraulic conductivity
with respect to fines content

that when fine content was less than 30%, higher fine
contents and correspondingly lower porosity imply a
higher critical hydraulic gradient and greater cumulative
eroded soil mass. Based on seepage tests conducted on
sand specimens classified as CPSS according to the
criteria proposed in this contribution, Ke and Takahashi
(2012, 2014b) reported a similar conclusion; that is, spec-
imens with low porosity have low permeability and a high
critical hydraulic gradient.

However, the present tests conducted on TCFP and FPSS
specimens revealed some opposite results. In contrast to spec-
imens with a CPSS fabric, the growth of fines of TCFP and
FPSS specimens resulted in an increase of the critical hydrau-
lic gradient of erosion initiation and porosity, and a decline in
average hydraulic conductivity. Specimens with higher poros-
ity had lower coefficients of permeability and higher critical
hydraulic gradients.

In fact, pores in the soil are interconnected and con-
tinuous. Depending on the fabric, soil particle shape,
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and relative compaction, the pore network is intricate
and topologically variable. The geometry of pores with-
in soil can be considered as pore bodies with constric-
tions called pore throats, as defined by Kenney and Lau
(1985), shown in Fig. 5a. These pore throats govern the
specific permeability of porous media and the transport
of particles subsequent to their detachment from pore
walls. For each fabric, there were generally two primary
groups of pore size: the larger sized group constructed
by the coarse soil skeleton and the smaller sized group
constructed by fine grains located within the larger
pores (Xiao and Shwiyhat 2012). As fines are gradually
added into the voids formed by coarse particles, smaller
sized pore predominate within the mix, resulting in dim-
inution of the size of pore throats. Diminution of the
size of pore throats leads to the more severe inlet hy-
draulic pressure needed to induce internal erosion. The
permeability declines correspondingly even if the overall
porosity of the TCFP and FPSS specimens, which is
estimated based on Eq. (1), increases with the fine-
grain concentration. Such evolution emphasizes the ne-
cessity to investigate the effect of the size of pore
throats on internal stability instead of the overall poros-
ity. Furthermore, it is essential to distinguish the fabric
of specimens prior to investigating the impact of poros-
ity on internal erosion.

It is difficult to evaluate the internal erodibility of spec-
imens with different fabrics solely in reference to the crit-
ical hydraulic gradient of erosion initiation or the cumu-
lative eroded soil mass. It can be inferred that the CPSS
specimens were most vulnerable to internal erosion, in
view of the minimum inlet hydraulic pressure necessary
to initiate internal erosion. Specimens with a TCFP fabric
were most seriously affected by internal erosion with ref-
erence to the maximum cumulative weight of eroded soil
particles, even though an intermediate critical hydraulic
gradient was needed to activate internal erosion. An effi-
cient argument should be advocated to quantify the inter-
nal erodibility of specimens with different fine contents,
which is discussed in the “Improved understanding based
on critical hydraulic shear stress” section.

Improved understanding based on shear strength
tests

The grain structure schematic depicted in Fig. 5 combined
with the change of shear strength developed in specimens with
different concentrations of fines exhibited in Fig. 9 could be
employed to further elucidate the observations mentioned
above. Statistical analysis of the shear strength of specimens
with different fabrics subjected to different normal stress is
depicted in Table 2.

@ Springer

Finer particles may sit loose in the voids formed by coarse
particles, have a considerable role in providing lateral support
to the coarse particles, or directly contribute in the soil primary
fabric, according to the investigation conducted by Shire et al.
(2014). Particles sitting loose in voids, providing lateral sup-
port, and contributing in the soil primary fabric are depicted
with empty grains, blue grains, and red grains, respectively, in
Fig. 5.

Figure 9 and Table 2 indicate the fact that the shear strength
and friction angle of CPSS specimens were nearly identical to
those of samples composed of coarse particles alone under
different normal stress. It is suggested that the coarse particles
dominate the internal structure and undertake a major propor-
tion of the load. Fine particles are under relatively small stress
as a result. Theoretically, fine particles undertaking the minor-
ity of effective stress are easily moved away, independent of
the load applied to the specimens and the fine content.
Consequently, the critical hydraulic gradient, which is sub-
stantially a function of effective stress, is nearly free from
the concentration of fines. This inference is in accordance with
the conclusions obtained from the erosion characteristics of
the CPSS specimens. It was also observed that the growth of
fine content results in a tiny increase in shear strength, the
contribution of which is mostly from an increase in the friction
angle. As fines were progressively added into the voids of the
coarse grains in the CPSS specimens, more and more fines
started to separate the coarse grains, contributed to the soil
primary fabric, and tended not to move as a consequence of
the larger contact force on them, as shown in Fig. 5a—c.
Correspondingly, a larger fine content allowed for greater fine
loss. Therefore, the CPSS specimens with larger fine contents
were assumed to show a much larger shear strength, higher
critical hydraulic gradient (Fig. 8a), and greater cumulative
eroded soil mass (Fig. 8b).
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Table 2 Statistical analysis of shear strength of specimens with different fabric subjected to different normal stress

Fines content

Normal stress (kPa)

Cohesive force (kPa)

Friction angle (0)

100 200 300 400
Coarse-particle-supported structure Shear strength (kPa)
10% 82 156.4 195.5 256.1 323 29.4
20% 86.0 150.5 195.5 262.0 30.3 29.8
30% 88.0 168.1 218.9 265.9 34.1 30.3
Transitional coarse—fine-particle-supported structure
40% 82.1 156.4 215.1 236.5 352 27.6
50% 78.2 146.6 203.3 238.5 36.9 28.3
60% 78.2 1329 176.0 222.8 38.2 25.5
Fine-particle-supported structure
70% 78.2 125.1 162.3 203.3 39.1 224
85% 74.3 129.0 156.4 193.5 42.0 21.1
100% 76.2 121.2 152.5 195.5 41.1 20.6

The shear strength of the FPSS specimens under different
normal stress and friction angles was lowest compared with
those of the CPSS and TCFP specimens. The cohesion, in
contrast, was greatest, as presented in Fig. 9 and Table 2.
These results indicate that fine particles within the FPSS spec-
imens shown in Fig. 5e—f govern the structure and properties
(i.e., shear strength, critical hydraulic gradient, and hydraulic
conductivity). The coarse particles within the FPSS specimens
were separated completely by fine particles. Fines are expect-
ed to be densely packed and pore throats are expected to be
narrow under load action. Consequently, the onset of dis-
lodgement of fines from pore walls and subsequent migration
required the highest inlet hydraulic pressure (Fig. 8a). It was
also observed that the increase in coarse particle content
caused an increase in shear strength. Coarse particles
suspended in fine matrix somewhat reinforced the contact of
fine particles and prevented the formation of continuous
straight seepage passages. Therefore, FPSS specimens with
larger coarse-particle content are expected to experience lower
fine loss, as presented in Fig. 8b.

The cohesion, friction angle, and shear strength of the
TCFP specimens were between those of the CPSS and
FPSS specimens. The shear strength of the TCFP speci-
mens seemed to be provided in part by the frictional re-
sistance between a portion of the coarse particles and in
part by the frictional resistance between a portion of the
fine particles. It is not surprising to observe that the crit-
ical hydraulic gradient of the TCFP specimens was be-
tween those of the CPSS specimens and FPSS specimens
(Fig. 8a). However, it is necessary to underline that the
cumulative eroded soil mass was greatest compared with
those of the other fabrics (Fig. 8b). In fact, the packing
pattern of the interior soil grains within the TCFP speci-
mens was extremely complex, and the pore network was

intricately variable as a result. Continuous weak seepage
passages, mostly occupied by unstressed fine particles
susceptible to internal erosion as shown in Fig. 5d, prob-
ably developed easily. Moreover, the specimens were het-
erogeneous, and the local velocity field consequently ex-
hibited significant spatial fluctuations. It is possible that
the local flow velocity was much higher than the overall
macroscopic velocity in some places. Weak seepage pas-
sage subjected to violent local flow velocity was assumed
to account for the greatest cumulative eroded soil mass
observed in the TCFP specimens.

Improved understanding based on critical hydraulic
shear stress

Previously, it has not been possible to reasonably evaluate the
ease of initiating erosion in specimens with different fabric
types based solely on the critical hydraulic gradient, because
of different porosities corresponding to different fine contents.
To this end, the critical hydraulic shear stress, another com-
prehensive indicator of the ease of internal erosion onset, is
evaluated in this section.

Flow velocity is the fundamental characteristic responsible
for erosion in non-cohesive (Richards and Reddy 2007) and
cohesive materials (Arulanandan and Perry 1983). Fines ad-
hering to the pore surface of a soil with relatively high porosity
and permeability can be detached and subsequently dislodged
by hydrodynamic forces induced by higher flow velocity, if
the driving force acting on the fine particles exceeds the crit-
ical hydraulic shear stress. It has been demonstrated that it is
better to adopt the critical hydraulic shear stress 7,,, which is
expressed as a function of the intrinsic permeability K and
porosity n, in addition to the critical hydraulic gradient, to
estimate erodibility (Khilar et al. 1985; Reddi et al. 2000). In
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the following formula recommended by Reddi et al. (2000),
the critical hydraulic shear stress 7, can be calculated:

Ter = ———1\|— (3)

where AP is the pressure drop resulting from seepage (P,);
AL is the height of the specimen (m); % is the average hy-
draulic gradient; # is the porosity; and K is the intrinsic per-
meability (m?), which is determined by:

n
K=k . (4)
where £ is the Darcy coefficient of permeability (m/s), 7 is the
dynamic viscosity (kg m ' s™'), and 7, is unit weight of water
(kKN/m>).

The evolution of the critical hydraulic shear stress with
concentration of fines is plotted in Fig. 10. The critical hy-
draulic shear stress of TCFP specimens was the lowest, indi-
cating that this fabric was the most prone to undergo internal
erosion. In terms of the cumulative eroded soil mass, the
TCFP specimens are believed to be most seriously affected
by internal erosion. There is no doubt that the internal stability
of the TCFP specimens was lowest. As fine particles within
the FPSS specimens principally control the structure and prop-
erties of the mixture, the critical hydraulic shear stress was
independent of fine contents. For the CPSS specimens, the
critical hydraulic shear stress slightly increased with growth
of fine content, which was attributed to more fines with greater
contact force and narrower pore throats. The extent of the
impact of fine content on the internal erodibility of the
TCFP specimens was much greater than that of the CPSS
specimens. These findings underline the necessity to investi-
gate the internal erosion mechanism of TCFP specimens in
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Fig. 10 Evolution of critical hydraulic shear stress with respect to
concentration of fines
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addition to those of CPSS specimens reported in previous
literature.

Conclusions

Fine content is a significant factor with respect to the fabric of
soil and consequently its internal erodibility. The mechanisms
of internal erosion for natural soil deposits with different ini-
tial fine contents are presented in this paper. Tested specimens
consisted of sandy gravel particles and silty clay particles ex-
tracted from original soil. A newly developed fixed-wall
permeameter capable of effectively detecting the critical hy-
draulic gradient of erosion initiation and cumulative weight of
eroded soil at a constant inflow rate was presented. Ten kinds
of specimens with fine contents ranging from 0 to 100% were
prepared for porosity measurement, erosion testing, and direct
shear testing. Additionally, erosion tests are performed on four
companion specimens to verify the applicability of the appa-
ratus. The following conclusions could be draw from the lab-
oratory investigation:

(1) For gap-graded soil, the deficient grain size range can act
as a fairly clear division point to divide the mixture into
coarse and fine components. There were two significant
critical fine contents to classify the grain-supported struc-
ture of the mix. It was determined that the specimens
could be split into coarse-particle-supported structure
(CPSS), transitional coarse—fine-grain-supported struc-
ture (TCFP), fine-grain-supported structure (FPSS),
based on the critical fine contents of 30% and 70%.

(2) The internal erosion characteristics of the CPSS speci-
mens were basically the same as those of specimens
composed of coarse grains alone. For the coarse-grain-
supported structure, larger fine content resulted in lower
susceptibility to internal erosion. The internal erodibility
of FPSS samples, whose fabric and properties were pre-
dominantly controlled by fines, was poorly related to
concentration of coarse particles separated thoroughly
within the fine matrix. In the fine-supported structure,
coarse particles seemed to somewhat reinforce internal
stability. It was strongly worthwhile to investigate the
internal stability of TCFP, which was most vulnerable
to internal erosion. This was verified experimentally
based on the minimum critical hydraulic shear stress
and maximum cumulative weight of eroded soil.

(3) For investigating hydromechanical properties such as
hydraulic conductivity and erodibility, the laboratory in-
vestigation reported in the paper underlines the necessity
to depend on average size of pore throats instead of over-
all porosity. Moreover, the findings in this paper further
confirm that critical hydraulic shear stress acts as funda-
mental characteristics responsible for internal erosion.
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