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ABSTRACT

The detached clay particles directly filtrated through the sand-clay mixture lead to suffusion; however, if
the detached clay particles are subjected to reattachment, the degree of suffusion may be less significant.
This study investigates the impact of clay particle reattachment on suffusion of sand-clay mixtures
through laboratory soil-column experiments. The observed breakthrough curves (BTCs) of kaolinite,
illite, and montmorillonite for 5 different column lengths (3 in, 6 in, 9 in, 12 in, and 18 in; 1 in = 2.54 cm)
indicated that a higher breakthrough concentration was observed as the column length (L) decreased for
kaolinite and illite, whereas a reverse trend was observed for montmorillonite. In addition, the increase
in the fraction of filtrated clay particles (M) with an increase in L (Me = 10.42% for L = 3 in and
M. = 3.59% for L = 18 in) for the sand-illite mixture indicated that the reattachment effect became more
significant as the travel length of detached clay particles increased. The observed BTCs, retention profiles
after injection, and fraction of filtrated clay presented herein suggest the need to incorporate the reat-
tachment effect when assessing the suffusion of clay-containing soils.

© 2023 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Suffusion can be defined as the loss of relatively small particles
under seepage flow, with no volume change in the soil matrix
(Indraratna et al., 2011; Benamar et al., 2019; Kodieh et al., 2020).
Suffusion is one of the four primary categories of internal erosion
(the other three categories are concentrated leak erosion, backward
erosion, and dispersion), which causes the failure of earth dams or
deteriorates the performance of earth structures (e.g. dikes and
levees) subjected to internal seepage flow. The greater hydrody-
namic forces applied to particles cause the detachment of small
particles; such particles are filtered out of the soil matrix if they are
not subjected to reattachment. Significant suffusion leads to an
increase in the pore space and potentially causes volume contrac-
tion in coarse-grained soil (Seghir et al., 2014; Hu et al., 2019).
Suffusion with volume contraction and rearrangement of coarse-
grained soil is also sometimes referred to as suffosion (Fannin
and Slangen, 2014; Fannin et al., 2015; Jiang et al.,, 2017; Zhou
et al., 2020).
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Extensive studies have been conducted to investigate the
vulnerability of soil to suffusion owing to its importance in the
stability of earthen structures and the lack of comprehensive un-
derstanding on this topic. In particular, several studies have
demonstrated that the critical hydraulic gradient (hydraulic
gradient for triggering suffusion) obtained from experimental
setups provides vital insights into hydraulic-induced suffusion at a
wide range of relative densities (Israr and Indraratna, 2019), flow
directions (Xiong et al., 2021), sizes of the experimental specimens
(Zhong et al., 2018), vertical and horizontal flows (Ahlinhan and
Achmus, 2010; Liang et al., 2017), hydraulic loading histories
(Rochim et al., 2017), ratios between deviatoric and mean effective
stresses (Luo et al., 2019), and stress conditions (isotropic, aniso-
tropic, compression, and extension) (Chang and Zhang, 2013; Liang
et al,, 2019). The aforementioned studies encompass (although
certain cases still require further investigation) almost all the
possible factors affecting the hydraulic aspect of the suffusion
process.

In the field of colloidal particle transport, several studies have
investigated the impact of ionic strength on the retention and
transport of latex colloidal particles in sand media (Roy and
Dzombak, 1996; Saiers and Lenhart, 2003; Bradford et al., 2007;
Torkzaban et al., 2008; Torkzaban and Bradford, 2016) for applica-
tions in contaminant transport. These studies involved a soil-
column experiment to obtain retention profiles and breakthrough
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curves (BTCs) and back-calculated the rate of retention and
detachment in the advection-dispersion formulation. As latex
colloidal particles may not necessarily represent fine particles
(particularly, clay particles) owing to their varying chemical com-
positions and aggregation behavior depending on the ionic
strength (Berka and Rice, 2005; Heidmann et al., 2005; Palomino
and Santamarina, 2005; Reddi et al., 2005; Won et al., 2021),
certain studies utilized fine particles in their experiments (e.g. silt
or clay) (Compére et al., 2001; Hajra et al., 2002; Mesticou et al.,
2014, 2016; Won and Burns, 2017; Won et al., 2020). These
studies revealed that the significant retention (or clogging) of fine
particles with an increase in the ionic strength is caused by the
increased attraction between the fine particles and sand grains.
This can also be theoretically demonstrated by Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory, according to which an increased
ionic strength reduces the double-layer repulsion energy.

Particle transport studies provide insights into hydraulic con-
ditions and water chemistry for a comprehensive understanding of
suffusion. These studies indicate that a decrease in ionic strength
leads to a higher probability of fine particle detachment. However,
the experiments included in the abovementioned particle transport
studies were performed under conditions involving the injection of
fine or colloidal particles into a clean sand medium. This process
may not accurately simulate the suffusion process because the
threshold ionic strengths for the retention and detachment of fine
particles are not identical. Furthermore, most previous studies have
investigated the hydraulic aspects of suffusion based on the
concept of the critical hydraulic gradient (Rochim et al., 2017;
Zhong et al., 2018; Israr and Indraratna, 2019) for gap-graded
coarse-grained soils. An increase in the hydraulic gradient can be
the most dominant factor inducing suffusion; however, an alter-
ation in the pore fluid chemistry may also occasionally lead to
suffusion, particularly in sand-clay mixtures, owing to the relatively
high probability of clay particle detachment, which can be attrib-
uted to the decreased attraction between the sand and clay parti-
cles. Therefore, assessing the impact of the pore fluid chemistry
(e.g. ionic strength and pH) on the suffusion of sand-clay mixtures
under given hydraulic conditions is crucial (Benamar, 2014; Choe
et al,, 2022; Won, 2022; Won et al., 2022).

The reattachment of detached clay particles can occur when the
clay particles are deposited to the pore throats or the attraction
energy between sand grains and clay particles are higher than the
hydrodynamic forces applied to the clay particles. In addition, the
ionic-concentration-induced suffusion of sand-clay mixtures can
be initiated by the detachment of clay particles. When the detached
clay particles are not subjected to reattachment owing to pore size
restrictions or high attraction energy, such clay particles should be
filtered out, leading to suffusion. Therefore, no reattachment leads
to the overestimation of suffusion. Nguyen et al. (2017) docu-
mented the reattachment effect of gap-graded coarse-grained soils
using optical techniques. In addition, Deng and Wang (2022)
visualized the reattachment of detached particles in gap-graded
coarse-grained soils. Chaney et al. (2000) reported the impor-
tance of reattachment for explaining the surface erosion of a sand-
kaolinite mixture (kaolinite content of 30%) using the flow pump
test. The preceding studies only remarked the importance of the
reattachment effect on the suffusion of sand-clay mixtures without
detailed supporting evidence. Therefore, the objective of this study
is to experimentally investigate the impact of reattachment on the
ionic-concentration-induced suffusion of sand-clay mixtures. The
reattachment effect of detached clay particles was examined by
performing the soil-column experiments using five different
lengths of columns. From the observed BTCs, the reattachment ef-
fect as a function of column length (travel path of detached clay
particles), type of clay, and clay content was discussed.

2. Materials and methods
2.1. Materials

In this study, saturated sand-clay mixtures were prepared in the
column to investigate the reattachment effect through soil-column
tests. Three types of clay samples and silica sand (K3) were selected
to prepare saturated sand-clay mixtures to investigate the impact
of clay mineralogy. The specific gravity (Gs), median grain size (dsg),
minimum void ratio (emin), and maximum void ratio (emax) of the
sand and clay samples were determined based on the corre-
sponding ASTM standards (give the reference), and the results are
summarized in Table 1. In addition, the particle size distributions
(PSDs) of the sand and clay samples were evaluated via the sieve
analysis and the hydrometer test (ASTM D422, 2007). The results
revealed that the K3 sand used in this study was relatively uniform
(Cy = 1.45, where C, denotes the coefficient of uniformity). The
PSDs and images of the sand and clay samples are presented in
Figs. 1 and 2, respectively.

The mineralogical and chemical compositions of the samples
used in this study were characterized using the X-ray diffraction
(XRD; step size (26) = 0.017, X-ray voltage = 40 kV, and X-ray
current = 30 mA) and X-ray fluorescence (XRF), as shown in Fig. 3
and Table 2. The XRD results revealed that each clay sample was
predominantly composed of kaolinite, illite, and montmorillonite.
In addition, the XRF results indicated that the K3 sand was mainly
composed of silica.

2.2. Sample preparation and experimental setup

Five rigid-wall acrylic columns with an inner diameter of 2 in (1
in = 2.54 cm) and heights of 3 in, 6 in, 9 in, 12 in, and 18 in were
designed to investigate the impact of the traveling length of de-
tached clay particles on their reattachment and suffusion. A
perforated aluminum disc was installed at the top and bottom of
the column to distribute the water flow throughout the cross-
section of the column, and a plastic mesh with an opening size of
74 um was installed at the bottom of the column to retain sand
grains during injection.

Before mixing with clay, the sand specimen was cleaned by
washing it for 1 h before placing it in a sonicator bath
(frequency = 40 kHz) until the turbidity of the water became less
than 10 NTU. The sand was oven-dried for more than 48 h after
washing; this was followed by mixing an appropriate mass of sand
and clay in an airtight container by shaking for 0.5 h. The saturated
sand-clay mixture was placed in the acrylic column by applying the
wet pluviation method with a gradual increase (0.1 in/min) in the
water level to prevent segregation during sample preparation. The
semi-homogenous condition of the sand-clay mixture was vali-
dated by determining the clay content through sampling at 0.5-in

Table 1
Properties of sand and clay samples used in soil-column tests.
Parameters Standard K3  Kaolinite Illite Montmorillonite
Gs ASTM D854, 1999 2.65 2.47 2.71 2.12
€max ASTM D4253, 1996 0.845
min ASTM D4254, 2006 0.728
dso (mm) ASTM D422,2007 1.7 105x107> 9x 10> 1 x 1073
Cu 145 11.87 6.43
Nsand 0433
Yd clay 3% 1.591

Note: C, is coefficient of uniformity defined as dgo/d10, where dgo and d1o denote the
diameters corresponding to 60% and 10% finer in the PSDs, respectively;
Nsang is porosity of sand matrix; vq clay 3% is dry unit weight of sand-clay mixture
with a clay content of 3%.



2722

100 =
S T
\ '*--.."l,
—~ 80 - \ LS
) |
.E 60 1 ‘I Ay o
& l L ..
S 40 - | !’\ ..
e “ —-K3 B
& a5 | -=-Kaolinite Y
| - lllite
‘\ ~@-Montmorillonite
10 1 0.1 0.01 0.001 0.0001

Particle diameter (mm)

Fig. 1. PSDs of sand and clay samples used in column experiments. Note that percent
finer = 100% and low percent finer values for clay samples are missing because of the
rapid settlement of clay particles at t ~0 and the termination time of the hydrometer

test for kaolinite, illite, and montmorillonite at 2878 min, 2635 min, and 17,280 min,
respectively.
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intervals along the sand-clay mixture. The measured clay content
was almost identical to the target clay content throughout the
column (data not presented). In addition, the weight of the satu-
rated sand-clay mixture ensured almost perfect saturated condi-
tions (the weights of sand, clay, and water for the saturated
condition could be calculated).

All sand-clay mixtures with a clay content of 3% were prepared
by placing the mass of sand corresponding to the relative density of
70%. Because of the low clay content, the weighed mass of sand was
placed in the column, allowing the clay particles to be located at the
pore space of the sand medium without losing sand-sand contacts.
In contrast, for the 10% kaolinite-sand mixture, the dry sand and
kaolinite particles were first mixed in the container, followed by
weighing the remaining mass in the container after placing it in the
column to determine the porosity of the 10% kaolinite-sand
mixture (Table 3). The pore volume (PV) of the prepared sand-

clay mixture was determined by multiplying the volume of col-
umn by the porosity.

Fig. 2. (a) and (b): Microscopic images of sand and scanning electron microscope (SEM) images of (c) Kaolinite; (d) Illite and (e) Montmorillonite.
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Fig. 3. XRD patterns of (a) Kaolinite; (b) Illite; and (c) Montmorillonite used in this study (analyzed by the Korea Basic Science Institute).
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Table 2
XRF results of kaolinite, illite, and montmorillonite and sand (K3) used in this study
(analyzed by the Korea Basic Science Institute).

Composition Mass percentage (%)
Kaolinite Ilite Montmorillonite K3
Sio, 51.6 60.7 50.8 82.6
Al,03 33.8 20.2 15.7 3.06
Ca0 9.16 0.175 3.14 9.32
Fe,03 2.81 9.35 22.1 0.758
K0 0.855 6.97 0.247 1.7
NayO 0.85 0.471 1.94 0.044
MgO 0.38 0.572 2.6 1.74
TiO, 0.285 1.11 1.45 0.248
P05 0.114 0.159 0476 0.239
SrO 0.09 0.017 0.064
MnO 0.026 0.129 0.084
CuO 0.02 0 0.055 0.029
Zn0 0.011 0.02 0.056
Table 3
Experimental conditions.
Number Clay Type of clay Column IC control Porosity of
of cases content length sand and dry
(%) (in) density
5 3 Kaolinite 3,6,9, IC=0.01M at Nsand = 0.433
5 Illite 12,18 PV =0and IC ~ 0 npixture = 0.4
5 Montmorillonite at PV = 20 (IGpy)
5 10 Kaolinite 3,6,9, Nsand = 0.453
12,18 Nmixture = 0.4
5 3 Illite 3,6,9, IC=0.01Matt=0 ngnq = 0433
12,18 andIC ~ 0 at Nmixture = 0.4

t =162 min (IC)

Note: nsang is porosity of sand (clay content of 3% corresponding to a relative density
of 70%); Nmixture iS porosity of sand-clay mixture.

After preparing the saturated sand-clay mixture, a solution with
an ionic concentration (IC) = 0.01 M was injected until the turbidity
of the sample obtained through the fractional collector was less
than 5 NTU. Following this, the IC of the injecting solution was
gradually decreased at a constant flow rate (15 mL/min) for 20 PVs
to induce the suffusion of clay. After the injection was terminated,
the quantity of clay retained throughout the sand medium was
measured at 12 equal depth intervals (e.g. sampling at 1-in intervals
along the sand-clay mixture for length of the column (L) = 12 in) to
assess the movement of clay particles in the column. The mass of
the retained clay was evaluated from the measured turbidity of the
suspension under vigorous stirring of the sampled sand medium
being soaked in 1 L of deionized water. Note that deionized water
with an electrical resistivity >18 MQ cm and oxygen concentration
<10 ppb was used in all the experiments, and NaCl was used to
control the IC.

A fractional collector was placed at the outlet of the column to
measure the concentration of clay eluded by the decrease in IC.
Samples were procured from the fractional collector every 30 mL
for the 3-in column, every 45 mL for the 6-in and 9-in columns,
every 60 mL for the 12-in column, and every 75 mL for the 18-in
column. After obtaining the BTCs, the fraction of filtrated clay
particles (M.) was evaluated by integrating the BTCs using the
trapezoidal method to quantitatively represent the observed BTCs.

As an almost perfect linear relationship between the measured
turbidities and the clay concentrations was observed for kaolinite,
illite, and montmorillonite (Fig. 4b), the clay concentration of the
collected samples was determined using a turbidimeter (mea-
surement of 0—1000 NTU with an accuracy of +0.5%). Differential
pressure transducers (with an operating range of 0—1 psi and an

accuracy of +0.25%) were installed at the top and bottom of the
column to estimate the hydraulic conductivity during the injection.
Furthermore, a dampener was installed between the peristaltic
pump and soil column to decrease the IC to the desired level (based
on the initial volume) and minimize the pulsation effect of the
peristaltic pump (Fig. 5).

2.3. Experimental conditions

Twenty-five column experiments were performed, and the
corresponding conditions are summarized in Table 3. Three types of
experiments were adopted: IC = 0.01 M at PV =0and IC=0M at
PV = 20 (ICpy) with a clay content of 3% (Fig. 6a), ICpy with a clay
content of 10%, and a IC = 001 M at t = 0 (PV = 0) and
IC ~ 0 at t =162 min (IC;) with a clay content of 3% (Table 3). For the
clay content of 3%, sand-clay mixtures with a relative density of 70%
(the corresponding weight of sand was calculated from e« and
emin in Table 1) were prepared because the clay content of 3% was
not expected to impede the formation of contacts between sand
grains (all the clay particles occupy the pore space in the sand
medium).

The low clay content of 3% was selected in this study to inves-
tigate the suffusion caused by detachment only at the sand-clay
interface. In addition, 10% of kaolinite content was selected to
investigate the suffusion caused by detachment at the sand-clay
and clay-clay interfaces. On the evidence of the relatively low
applied maximum effective stress ranging from 0.395 (for 3% illite
content) to 10.917 kPa (for 3% montmorillonite content) and the
slight reduction in void ratio less than 0.005 after the injection for
all experimental conditions, some phenomena and properties
observable in soil subjected to water flow e.g. fluidization
(Alsaydalani and Clayton, 2014), compressibility (Monkul and
Ozden, 2007; Cabalar and Hasan, 2013), shear strength
(Thevanayagam, 1998; Cabalar and Mustafa, 2015; Cabalar and
Demir, 2019) reported in the literature may not affect the suffu-
sion of sand-clay mixtures in this study.

The final PVs for IC; decreased as the L increased, as illustrated in
Fig. 6b. The testing condition of IC; was selected to investigate the
impact of the traveling length of detached clay particles on suffu-
sion under an identical IC gradient.

The volume in the dampener (V) required to obtain a gradual
decrease in IC from 0.01 M to ~0 at the desired elapsed time can be
calculated as follows:

dc Q

-7 -0 M
where t (min) is time, C is the IC of the solution in the dampener
(C=0.01 M at t = 0), G, is the inlet concentration of the dampener
(Cin =0 M in this study for a gradual decrease in IC), and Q (mL/min)
denotes the flow rate (Q = 15 mL/min). In this study, V = 267 mL,
534 mL, 801 mL, 1068 mL and 1602 mL for the following column
lengths: 3in,6in,91in,12 in, and 18 in, respectively. Fig. 7 illustrates
that the measured inlet concentration in the column with a height
of 6 in demonstrates almost perfect agreement with that in the
analytical solution corresponding to V = 534 mL.

3. Results and discussions

3.1. Impact of column length on suffusion for clay content of 3%
(ICpv)

Fig. 8 illustrates the observed BTCs and M, values at L = 3 in, 6 in,
9in,12 in, and 18 in (Fig. 8a for kaolinite, Fig. 8b for illite, and Fig. 8c
for montmorillonite) under the ICpy condition (Fig. 6a). As
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Fig. 4. Calibration results of (a) Electrical conductivity vs. NaCl molar concentration
and (b) Turbidity vs. concentration of clay suspension.

presented in Fig. 8, the breakthrough PVs (initiation of suffusion) of
filtrated kaolinite, illite, and montmorillonite are similar for the five
L values (15 PVs, 10 PVs, and 3 PVs for kaolinite, illite, and mont-
morillonite, respectively). In addition, for kaolinite and illite (Fig. 8a
and b), a similar increasing trend in the BTC can be observed
regardless of L, except for L = 3 in and 6 in for kaolinite (Fig. 8a) and
L = 3 in for illite (Fig. 8b), which is also represented by the similar
Me values. The higher breakthrough concentrations at L = 3 in and 6
in for kaolinite and at L = 3 in for illite indicate that the reattach-
ment effect is not significant at this relatively low value of L,
probably owing to the short flow path for the detached clay par-
ticles under such conditions. The low probability of reattachment,
which is caused by the short flow path, leads to a high break-
through concentration at the outlet. Furthermore, similar break-
through behavior can be observed at L > 9 in for kaolinite (Fig. 8a),
indicating the presence of a threshold length of the flow path (flow
paths are likely proportional to L) at which the impact of reat-
tachment becomes similar. It can be anticipated that only a small
fraction of the detached kaolinite particles was filtrated out of the
column owing to the significant reattachment effect at L > 9 in. The
observed BTCs illustrated in Fig. 8a and b can verify the presence of
the critical salt concentration (boundary IC for almost no detach-
ment under nearly constant hydraulic gradients (Khilar et al., 1990;
Blume et al., 2005; Seghir et al., 2014) for kaolinite- and illite-sand
mixtures. From the observed BTCs (Fig. 8a and b), the critical salt
concentration for 3% kaolinite and illite contents were approxi-
mately 2 x 1074 and 1 x 10~ M, respectively. Therefore, it can be
inferred that the concept of critical salt concentration along with

the reattachment effect can be applied to understand the suffusion
of non-swelling clay-sand mixtures.

In contrast, the suffusion in the montmorillonite-sand mixtures
was most significant (highest breakthrough concentration) at
L = 18 in (Fig. 8c). In addition, the breakthrough concentration
range for montmorillonite (<0.8 g/L) was lower than that for
kaolinite and illite (<2 g/L). This indicates that the less significant
suffusion of montmorillonite-sand mixtures can be attributed to
the swelling characteristics of montmorillonite, which may block
the pore space in the sand medium, even at a low montmorillonite
content of 3%. Thus, at a given flow rate, a higher probability of
water flow through the preferential flow path for montmorillonite
would be anticipated compared with that for kaolinite or illite. As
the detachment of montmorillonite primarily occurs along the
preferential flow path, the highest M. values at L = 18 in for
montmorillonite (Fig. 8c) indicate that the highest number of flow
paths may be formed at L = 18 in, which lead to the most significant
detachment and suffusion effects. The highest breakthrough con-
centration was observed at L = 18 in, as illustrated in Fig. 8c, for the
montmorillonite-sand mixture, indicating that the formation of a
preferential flow can be a more critical factor than reattachment for
developing suffusion in swelling clay—sand mixtures. Note that the
formation of preferential flow was also found in the literature for
gap-graded coarse-grained soils (Nguyen et al., 2019) and well-
graded coarse-fine mixture with a fine content >10% (Sato and
Kuwano, 2015; Liu et al., 2020).

The formation of preferential flow paths in the
montmorillonite-sand mixture was observed at the cross-section of
the sample after injection, as indicated in Fig. 9. In addition, the
evidence of forming a preferential flow in the montmorillonite-
sand mixture was also observed in the measured retention pro-
files (Fig. 10) and relative hydraulic conductivity (Fig. 11). As illus-
trated in Fig. 10, the retained clay content higher than 3% at the
bottom of the column for kaolinite (Fig. 10a) and illite (Fig. 10b)
indicated that the reattachment of kaolinite and illite occurred
during injection. In contrast, the relatively uniform distribution of
the retained clay content of 3% for montmorillonite (Fig. 10c)
indicated that the detached montmorillonite particles seldom
reattached, which were most likely filtrated through the prefer-
ential flow paths. Note that the unexpectedly high illite content at
normalized depth = 0.2—0.5 for L = 9 in (Fig. 10b) can be attributed
to the slightly denser initial state of the sand medium, which led to
significant reattachment in such depth range.

An increase in the relative hydraulic conductivity for L = 9 in, 12
in, and 18 in, presented in Fig. 11c, can also be attributed to the
formation of a preferential flow during injection. In contrast, a
slight decrease in the relative hydraulic conductivity during the
injection of kaolinite (Fig. 11a) and illite (Fig. 11b) similarly indicates
that almost no preferential flow paths were formed during injec-
tion. Note that the decrease in the relative hydraulic conductivity,
presented in Fig. 11a and b, can be explained by the nonuniformity
in the retention profiles (Fig. 10a and b); this is because the hy-
draulic conductivity of sand-clay mixtures is governed by the sand
layer with the highest clay content (i.e. lowest hydraulic conduc-
tivity) (Won and Burns, 2017). The slight reduction in the porosity
of the sand-clay mixture during injection could be another factor
influencing the reduction in the hydraulic conductivity.

3.2. Impact of column length on suffusion for kaolinite
(content = 10% (ICpy))

Fig. 12a illustrates the observed BTCs for the 10% kaolinite-sand
mixture at L =3 in, 6 in, 9 in, 12 in, and 18 in and the corresponding
M, values. As presented in Fig. 123, the breakthrough concentration
of kaolinite increases as the L value increases. The M. values
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indicate an abrupt increase in the filtrated kaolinite content when L
increases from 12 in (M = 10.49%) to 18 in (M, = 21.74%). The in-
crease in M, values with an increase in L indicates the occurrence of
more significant suffusion as the traveling length of detached
kaolinite particles increases at the high kaolinite content of 10%.
Fig. 12b illustrates a comparison between the BTCs for the
kaolinite contents of 10% and 3%, in the selected range of concen-
tration from 0 g/L to 3 g/L. The higher breakthrough concentration

—IC Decr_theoretical
oIC Decr_test (L= 6 in)

NaCl Concentration (M)

15 20

Pore volume

Fig. 7. Theoretical and measured NaCl concentrations in the inlet of the column with a
height of 6 in.

and M, values (representing a fraction of filtrated clay particles) for
the kaolinite content of 10% (M, = 4.86%—21.74%) than those for 3%
(Me = 1.02%—3.48%) indicate an increase in the susceptibility to
suffusion as the kaolinite content increases. Furthermore, an earlier
initiation of suffusion can be observed for the kaolinite content of
10% (11 PV) than for 3% (15 PV), indicating that the IC-induced
suffusion for the non-swelling clay-sand mixture can be a func-
tion of the clay content.

The detachment of kaolinite or illite particles for the clay con-
tent of 3%, resulting from the decrease in IC, is induced when the
attraction energy between the sand and clay particles becomes
lower than the hydrodynamic forces applied to the attached clay
particles (corresponding to a kaolinite content of 3% in Fig. 13c). The
detached clay particles are then filtrated out, unless they are sub-
jected to reattachment, primarily owing to pore size restriction.
However, as the 10% kaolinite content (Table 3) inhibits the for-
mation of sand-sand contacts (a relative density of 70% was not
achievable for the 10% kaolinite content (Table 3)), water flows
between the clay particles (or clusters) as the hydraulic conduc-
tivity of the sand-clay mixture at a high clay content (>7%) should
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Fig. 6. Two IC decrease scenarios in experiment: (a) IC=0.01 M at PV =0and IC ~ 0 at PV = 20 (ICpy) and (b) IC=0.01 M at t = 0 (PV = 0) and IC ~ 0 at t = 162 min (IC;). Note that

the termination time of 162 min in (b) corresponds to the 20 PVs of the 6-in column.
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be governed by clay itself (Park and Santamarina, 2017). Therefore,
the detachment of clay particles corresponding to the 10% clay
content occurs not only at the sand-clay interface but also at the
clay-clay interface (the clay-clay interface is also subjected to hy-
drodynamic forces) (Fig. 13). This indicates the formation of a
preferential flow for the 10% kaolinite-sand mixture at a flow rate of
15 mL/min. Despite the high M. values for the kaolinite content of
10%, the increase in the relative hydraulic conductivity corre-
sponding to the observed BTCs in Fig. 12a is not significant, as
illustrated in Fig. 14. This is qualitatively consistent with the results
reported by Marot et al. (2009) (suffusion does not always lead to

3% Montme

Fig. 9. Cross-section image of 3% montmorillonite-sand mixture after injection.

an increase in hydraulic conductivity). Note that the initial hy-
draulic gradient for the 3% and 10% kaolinite mixtures were not
insignificantly different for the constant flow rate (hydraulic
gradient for 3% kaolinite mixture = 0.45, hydraulic gradient for 10%
kaolinite mixture = 0.41).

Generally, a lower number of flow paths gradually leads to a
larger cross-sectional area per preferential flow path at a given flow
rate. In addition, the cross-sectional areas of preferential flow paths
at a high clay content are likely larger than those of the flow paths
passing through sand grains at a low clay content. Therefore, the
detached clay particles (or clusters) at a high clay content exhibit a
high probability of filtration through relatively large flow paths in
the absence of significant reattachment; however, the detached
clay particles may be subjected to reattachment at a low clay
content owing to the relatively small flow paths. This leads to
almost no reattachment effect at a kaolinite content of 10%
(Fig.12a) and also results in a higher M, value with an increase in L.
The contradictory trend followed by the observed BTCs between
the kaolinite contents of 3% (Figs. 8a) and 10% (Fig. 12a) indicates
the presence of a threshold kaolinite content between 3% and 10%
at which the reattachment effect becomes insignificant. At a given
flow rate, as the number of flow paths (or cross-sectional area of the
flow path) can also vary depending on the flow rate, clay miner-
alogy, and shape of sand particles, further comprehensive experi-
mental studies are required to evaluate the threshold clay content.

3.3. Suffusion of 3% illite—sand mixture under IC;

Fig. 15a illustrates the observed BTCs for the 3% illite-sand
mixture under the IC; condition (Table 3). As presented in
Fig. 15a, a higher breakthrough concentration is observed with an
increase in L. This is primarily owing to the greater mass of illite at
the longer L (the column with L = 18 in contains the mass of illite six
times greater than the column with L = 3 in). However, when the
cumulative filtrated mass of illite (Wcym) is normalized by the initial
mass of illite in the column (Wipjtia1), a larger Weym/Winitial can be
observed with a decrease in L. This is consistent with the trend
observed for the M, values, as presented in Fig. 15a.

Based on the DLVO theory, the reduction in the attraction energy
between sand and clay is caused by a decrease in IC (Won, 2022).
Therefore, the IC profile throughout the column can be a major
factor in initiating suffusion. As illustrated in Fig. 16, the ICs at the
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Fig. 10. Observed retention profiles after injection for 3% clay-sand mixtures: (a)
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middle (Fig. 16a) and bottom of the column (Fig. 16b) indicate that
longer columns demonstrate a delayed decrease in IC, which in-
dicates less significant detachment with an increase in L, based on
the DLVO theory. Additionally, a more substantial reattachment
effect and less suffusion can be anticipated as L increases. However,
although the slightly delayed initiation of suffusion can be observed
as L increases (Fig. 15a), the occurrence of more significant suffusion
with an increase in L is more or less counterintuitive. Given that the
reattachment is not significant at L = 3 in, the initiation of suffusion
occurs at ~70 min (corresponding to a PV of 17), indicating that
detachment occurs at an IC ~0.002 M throughout the column.
Therefore, the counterintuitive result presented in Fig. 15a can be
attributed to the similar initiation of detachment throughout the
column at an IC ~0.002 M; this is because the difference in IC
becomes insignificant after t ~70 min (Fig. 16). Thus, the mass of
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Fig. 11. Relative hydraulic conductivity (k/ko) profiles for 3% clay—sand mixtures: (a)
Kaolinite, (b) Illite, and (c) Montmorillonite.

illite (or volume of the sand—illite mixture) is a critical factor
affecting suffusion for IC.. The highest M, value was observed for
L = 3 in; the lower values of M, with increasing L (Fig. 15b) indicate
a significant reattachment effect at greater L values, which is
consistent with the reattachment effect observed in the ICpy con-
dition (Fig. 6a). However, a lower breakthrough concentration was
observed at L = 18 in for ICpy (Fig. 8b) (the elapsed time of 162 min
corresponds to 6.67 PVs for L = 18 in).
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4. Conclusions time (min)
This study investigated the impact of clay particle reattachment (®)
on the suffusion of sand-clay mixtures Vl,a SOII_C,Olumn gxperl- Fig. 15. (a) Observed BTCs and (b) Cumulative M values for 3% illite-sand mixture
ments. Three types of clay samples were mixed with sand in col- under IC,
umns with five different lengths (3 in, 6 in, 9 in, 12 in, and 18 in) to
investigate the reattachment effect of swelling and non-swelling
clays. Based on the observed BTCs, relative hydraulic conductivity, o
retention profiles, and fraction of filtrated clay particles (M), the significant reattachment effect as the travel paths of the de-
following conclusions were drawn. tached clay particles became longer.
2) A lower breakthrough concentration was observed with an in-
1) Higher breakthrough concentrations of kaolinite and illite were crease in L for the sand-montmorillonite mixture (Me = 7.14% for
L = 18 in and M. = 3.84% for L = 3 in), which indicated the

observed with a decrease in L, which indicated a more
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Fig. 16. Calculated IC at (a) Middle and (b) Bottom of the column.

formation of a preferential flow, and the reattachment effect
became less significant for the sand—montmorillonite mixture.

3) The critical salt concentrations of 2 x 107 M and 1 x 107> M
were evaluated from the observed BTCs of kaolinite and illite
(3%). The critical salt concentration combined with the reat-
tachment effect can explain quantitatively the suffusion phe-
nomenon of non-swelling clay-sand mixtures.

4) The observed values of M. (4.86%, 7.98%, 9.45%, 10.49%, and
21.74% at L = 3 in, 6 in, 9 in, 12 in, and 18 in) for a kaolinite
content of 10% indicated the formation of a preferential flow in
the 10% kaolinite—sand mixture. The contradictory trend from
the observed BTCs between kaolinite contents of 3% and 10%
indicated the presence of a threshold kaolinite content between
3% and 10% at which the reattachment effect became
insignificant.

5) Anincrease in the breakthrough concentration with increasing L
for the 3% illite-sand mixture under the IC; condition indicated
the presence of an IC value at which the detachment of clay
particles was initiated.
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