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ABSTRACT: Suffusion is the process defined as the migration of relatively small soil particles through the pores of a soil matrix composed of relatively
large particles, driven by substantial hydrodynamic forces and weak attraction energies. This study investigates the influence of flow direction (upward
and downward) on suffusion induced by interaction energies in sand-clay mixtures under both saturated and unsaturated conditions. The impact of clay
mineralogy (kaolinite, illite, and montmorillonite), sand-grain size, and ionic concentration (IC) gradient were discussed based on the observed
breakthrough curves (BTCs) and relative saturation rate (S;) during injection (particularly for unsaturated conditions). Under saturated conditions, higher
susceptibility to suffusion was observed in sand-kaolinite and sand-illite mixtures under downward flow compared to upward flow, whereas the suffusion
of montmorillonite was more significant under upward flow than under downward flow. In contrast, for unsaturated conditions, more substantial suffusion
of kaolinite and illite particles occurred under upward flow compared to downward flow, whereas the opposite trend was observed in sand-montmorillonite
mixtures. In addition, the impact of sand-grain size (or the size ratio between sand and clay) on the suffusion of kaolinite and illite under unsaturated
conditions suggests a reduced size ratio that leads to relatively significant suffusion under downward flow compared to upward flow. The findings
presented in this study contribute to a comprehensive understanding of the influence of flow direction on suffusion in sand-clay mixtures under both
saturated and unsaturated conditions.

Keywords: Suffusion; Breakthrough curve (BTC); Sand-clay mixture; Saturated soil; Unsaturated soil; lonic concentration (IC); Flow direction; Clay
mineralogy

1. Introduction

Suffusion is one of the main internal erosion mechanisms of the soil matrix, which leads to structural instability of dams, dikes, and levees (Fell and
Fry, 2007). During the suffusion process, relatively fine particles subjected to seepage forces migrate through the pore space of coarse particles (Rochim
etal., 2017; Benamar et al., 2019; Kodieh et al., 2021). Because the loss of fine particles increases the porosity within the soil matrix, the suffusion can
decrease the strength and stiffness of soils (Chang et al., 2014; Ke and Takahashi, 2014; Xu et al., 2021). Therefore, a comprehensive understanding of
suffusion is needed for the long-term sustainability of earthen structures.

The susceptibility of suffusion can be influenced by many geometric factors (e.g. particle size distribution and particle shape) and hydraulic factors
(e.g. hydraulic gradient and chemical properties of the pore water) (Zhang et al., 2019). Among those factors, hydraulic gradient (or hydrodynamic forces)
has been considered the most critical factor inducing suffusion, which has been investigated in many previous studies that have focused on the hydraulic-
induced suffusion for coarse-grained gap-graded soils as a function of size distribution, porosity, and hydraulic conductivity (Liang et al., 2017; Rochim
et al., 2017; Rasheed et al., 2018; Israr and Indraratna, 2019; Liu et al., 2020; Chen et al., 2021). Apart from the hydraulic gradient, the increase in
repulsion energy between coarse and fine particles can also induce suffusion, particularly when the fine particles are clay minerals (Choe et al., 2022;
Won, 2022; Won et al., 2023). The decrease in ionic concentration (IC) increases the repulsion energy, hence increases the susceptibility of suffusion in
coarse-fine mixtures (Blume et al., 2005; Benamar, 2014; Chetti et al., 2016; Choe et al., 2022; Won et al., 2023). Therefore, it is necessary to incorporate
the solution chemistry of coarse-fine mixtures at given hydraulic conditions to assess the suffusion of clay particles.

Many previous studies have investigated the flow direction or gravity effect on the suffusion of coarse-grained gap-graded soils in saturated conditions
using numerical modelings (Zhou et al., 2020; Ma et al., 2021; Xiong et al., 2021; Liu et al., 2023). While the movement of clay particles in the aqueous
phase may not be significantly affected by flow direction due to their small particle sizes, their high specific gravity causes the settling of these clay
particles during they move through the sand matrix (Imai, 1980; McDowell-Boyer et al., 1986; Kotlyar, 1998; Gao, 2007). In addition, the aggregation
of clay particles can form clay clusters that are even larger than individual clay particles (Palomino and Santamarina, 2005; Reichert et al., 2009;
Sutherland et al., 2015), the flow direction may affect the suffusion of sand-clay mixtures, which can be inferred from the different suffusion characteristics
of fine-grained soils as a function of flow direction (Basha and Culligan, 2010; Chrysikopoulos and Syngouna, 2014; Jiang et al., 2016; Pachideh and
Majdeddin Mir Mohammad Hosseini, 2019; Tu et al., 2022).

The abovementioned studies have investigated suffusion under initially saturated conditions. However, suffusion can occur under unsaturated
conditions due to rain infiltration and fluctuations in the water table (Collins and Znidarcic, 2004; Tsai and Chen, 2010; Lei et al., 2017, 2020; Zhang et
al., 2019, 2023; Deng et al., 2024). Under unsaturated conditions, varying degree of saturation within the soil matrix under different flow directions is
anticipated. Since unsaturated soil properties (e.g. matric suction and hydraulic conductivity) are a function of water content (Hassanizadeh et al., 1997;
Lu and Likos, 2004, 2006; Fredlund et al., 2012), the suffusion of unsaturated soils can be highly affected by flow direction because water content varies
depending on flow direction. This is particularly relevant in scenarios where the detachment of fine particles is prevalent. However, the impact of flow
direction on suffusion of clay-containing soils under unsaturated conditions has not been documented to date. Therefore, the objective of this study is to
investigate the impact of flow direction on interaction energy-induced suffusion of sand-clay mixtures under saturated and unsaturated conditions. The
laboratory soil-column experiments were designed to simulate upward and downward flows through sand-clay mixtures under two IC gradients (gradual
and stepwise decrease in IC). The impact of flow direction, saturation state, clay mineralogy, and sand-grain size was discussed through observed
breakthrough curves (BTCs) and relative saturation rate (S;) during the injection.

2. Materials and methods

2.1. Materials
Three types of clay (kaolinite, illite, and montmorillonite) and three types of sand (K3, K5, and K6) were selected to investigate the impact of the clay
mineralogy and size ratio on suffusion in sand-clay mixtures. The mineralogical and chemical composition of the specimens used in this study were

analyzed using 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

presented in Fig. 1 and Table 1, respectively. The XRD results of the clay (Fig. 1) revealed that the three clays consisted predominantly of kaolinite, illite,
and montmorillonite, respectively. In addition, all sand specimens (from Kangwon Province, South Korea) used in this study have a silica (SiO,) content
greater than 74% (Table 1).
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Fig. 1. XRD patterns of (a) kaolinite, (b) illite, and (c) montmorillonite used in this study (analyzed by the Korea Basic Science Institute).

Table 1

X-ray fluorescence (XRF) results of the clay and sand used in this study (analyzed by the Korea Basic Science Institute).

Component Mass percentage (%)

Kaolinite Tllite Montmorillonite K3 K5 K6
SiO, 51.6 60.7 50.8 82.6 74.6 74.1
Al O4 33.8 20.2 15.7 3.06 10.9 12.2
CaO 9.16 0.175 3.14 9.32 0.779 1.08
Fe,0; 2.81 9.35 22.1 0.758 1.79 1.6
K,O 0.855 6.97 0.247 1.7 9.27 8.1
Na,O 0.85 0.471 1.94 0.044 1.73 311
MgO 0.38 0.572 2.6 1.74 0.05 0.013
TiO, 0.285 1.11 1.45 0.248 0.072 0.013
P,0s 0.114 0.159 0.476 0.239 0.224 0.012
SrO 0.09 0.017 0.064
MnO 0.026 0.129 0.084 0.167 0.127
CuO 0.02 0.055 0.029 0.022
Cr,04 0.09 0.08
SO; 0.053
Rb,O 0.01 0.175
710, 0.161 0.019
WO; 0.049
PbO 0.03
SrO 0.019
Ga, 04 0.014
Nb,Os 0.01
ZnO 0.011 0.02 0.056 0.049

The physical properties of the clay and sand were evaluated using ASTM standards as summarized in Table 2. To evaluate the specific gravity (Gs),

the volumes of soil specimens of known weights were measured by immersing them in a pycnometer filled with water (ASTM D854, 1999). The maximum
and minimum void ratios of the sand specimens (emax and emin) Were determined using the funnel deposition method (ASTM D4253, 1996) and the
vibrating table method (ASTM D4254, 2006). The particle size distributions (PSDs) demonstrated in Fig. 2 were obtained through hydrometer tests for
clay and sieve analysis for sand (ASTM D422, 2007). The median grain size (dso) and the uniformity coefficient (C,) were evaluated based on the obtained

PSDs. Based on the ds, values evaluated from the PSDs, the size ratio (SR) between sand and clay was defined as follows:
SR = dSO(sand)/dSO(clay)

In addition, the low C, (< 1.5) of the sands (Table 2) demonstrated relatively uniform particle sizes of sand used in this study. The pictures of the sand
and clay are presented in Fig. 3.

Table 2

@

Properties of clay and sand used in the experiments.

Parameter Testing method K3 K5 K6 Kaolinite Ilite Montmorillonite
Gs ASTM D854 2.65 2.65 2.65 2.47 2.71 2.36

max ASTM D4253 0.845 0.972 1.085

Emin ASTM D4254 0.728 0.735 0.791

dso (Mm) ASTM D422 1.7 0.83 0.47 10.5x 10 9x10% 1x10%

Cy 1.45 1.45 1.48 11.87 6.43

Nsand 0.433 0.446 0.468

Yd clay 3% 1.591 1.544 1.544

Note: Gs = specific gravity; emsx = maximum void ratio; emin
of sand corresponding to a relative density of 70%; yq ciay 3% = dry unit weight of 3% sand-clay mixtures.

= minimum void ratio; ds, = median grain size; C, = uniformity coefficient; nsng = porosity
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Fig. 2. Particle size distributions (PSDs) of (a) K3, K5, and K6 sands (sieve analysis), and particle size distributions (PSDs) of (b) kaolinite, (c) illite, and
(d) montmorillonite under varying conditions, with addition of dispersant, 0 (DI water), 0.001, and 0.01 M of NaCl solution (hydrometer tests).

®
Fig. 3. Pictures of the sand ((a) K3, (b) K5, and (c) K6) and clay ((d) kaolinite, (e) illite, and (f) montmorillonite) used in the experiments.
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2.2. Soil column test
The sand specimens were washed and placed in a sonicator bath (frequency = 40 kHz) to eliminate impurities until the turbidity of the supernatant

reached less than 10 nephelometric turbidity unit (NTU). The sand was then oven-dried and mixed with clay at a clay content of 3% by weight in an
airtight container for 0.5 h to prepare a homogeneous sand-clay mixture corresponding to a relative density of 70%. This mixture was then placed into an
acrylic column (diameter = 5.08 cm, height = 15.24 cm). The low clay content of 3% was selected specifically to investigate suffusion induced by
detachment solely at the sand-clay interfaces. Higher clay contents, exceeding 3%, may lead to detachment not only at the sand-clay interfaces but also
at the clay-clay interfaces. For the saturated experimental conditions, the wet pluviation method was applied to ensure an initial fully saturated condition
(0.01 M NaCl solution) of sand-clay mixtures without segregation. The minimum segregation with a semi-homogeneous state of sand-clay mixtures was
obtained by the gradual increase in the water level slightly higher than the sample height during the wet pluviation method. For unsaturated conditions, a
dry sand-clay mixture was placed into the column without any saturation process to form the initial dry conditions.

An IC-controlled NaCl solution (decrease in IC from 0.01 to 0 M) was injected into the soil column to induce the interaction energy-induced suffusion
of sand-clay mixtures. To investigate the impact of flow direction, upward and downward flow directions were selected by injecting the solution at the
bottom (upward flow) and the top of the column (downward flow). At a constant flow rate of 15 mL/min, the injection was terminated when the injection
volume reached 15 pore volumes (PVs). The volume injected for 15 PVs amounted to 1932.8, 2012.4, and 2012.7 mL for K3, K5, and K6 sands,
respectively (namely, the single pore volume of the sand matrix was 128.86, 134.16, and 134.18 mL for K3, K5, and K6 sands, respectively). In addition,
the IC of the solution was decreased with two IC reduction scenarios of gradual decrease (GD) and stepwise decrease (SD) to investigate the impact of
IC gradient on suffusion. The IC rapidly decreased from 0.01 to 0.001 M at PV =5 and from 0.001 to 0 at PV = 10 for SD, whereas the gradual decrease
in 1C was obtained for GD (Fig. 4) by controlling the initial volume of 0.01 M solution in concentration controller (Fig. 5). Note that deionized water



(electrical resistivity > 180 MQ-mm, dissolved oxygen concentration < 10 ppb) was used in all column experiments.

A peristaltic pump was used to achieve a constant flow rate, and a pulse dampener was installed between the peristaltic pump and the soil column to
reduce the pulsation effect induced by the peristaltic pump. The relatively high-volume pulse dampener was also used as a concentration controller for
GD (Fig. 5), whereas the low-volume (~ 50 mL) pulse dampener was installed for SD to obtain a sudden decrease in IC without significant delay. Note
that the required volume of 0.01 M NaCl solution to be filled in the pulse dampener to reach an IC =0 M at PV = 15 was 534 mL for K3 sand and 554
mL for K5 sand (K6 sand was not used in the GD case), calculated by solving the ordinary differential equation (see details in Choe et al. (2022)). A
three-way valve was used to decrease the IC to 0.001 and 0 M at PV =5 and 10 (Fig. 5). A good agreement between analytical and measured IC was
obtained for GD and SD, as shown in Fig. 4.

The perforated aluminum disks were placed at the inlet and outlet of the column to obtain a uniform distribution of the injected solution throughout
the entire cross-sectional area of the soil column. Plastic meshes (opening size = 74 um) were placed between the disk and the sample at the outlet to
prevent the loss of sand particles during the injection. A schematic of the experimental setup for upward flow is shown in Fig. 5.
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Fig. 4. Theoretical and measured inlet NaCl concentrations for the gradual decrease (GD) and stepwise decrease (SD) in this study.
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Fig. 5. Schematic drawing of the experimental setup (upward flow). Note that the inlet and outlet of the soil column are flipped for downward flow.

Eluded samples were obtained every 30 mL by placing a fractional collector at the column outlet to determine the concentration of eluded clay (C).
A turbidimeter with a measuring range of 0-1000 NTU and an accuracy of +0.5% was employed to determine the eluded clay concentration of the
collected samples using predetermined calibrations (Fig. 6). From the observed BTCs, the mass fraction of the eluded clay (M.) was determined by
calculating the area below the BTC using the trapezoidal method. To quantitatively compare the M, values between upward and downward flow conditions,
R value was defined as follows:
R = Me (up)/Me down) 2
where Me ) and Me @own) represent the M, values for upward and downward flow experiments, respectively.

For unsaturated conditions, an electronic scale with an accuracy of 0.01 g was placed beneath the soil column to measure the weight of water filled
in the column during the injection. To assess the amount of water in sand-clay mixtures relative to the pore volume of the sand matrix, the relative
saturation rate (S;) was defined as follows:

S, =% 100% 3)
1)

where the volume of water in the sand-clay mixture (V) is derived from the weight of water, and the pore volume of the sand matrix corresponding to
the relative density of 70% (V,) was 128.86, 134.16, and 134.18 mL for K3, K5, and K6 sands, respectively. As shown in Fig. 7, the S, reached the
convergence state, defined as maintaining the S, within £1% variation over a range of more than 1 pore volume from a specific point, after injecting a
solution of several PVs. From the evolution of the S,, the average value of the convergence state (S conv) and the PV at which saturation convergence
begins (PVcon) Were determined (Fig. 7). In addition, M. values at 3-15 PVs (M, .15 pvs)) Were also calculated for unsaturated conditions to assess
suffusion after saturation convergence.
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2.3. Reattachment column test

In this study, additional column tests, referred to as reattachment column tests, were performed using an acrylic column with a greater height of 30.48
cm to confirm the reattachment effect of kaolinite and illite. These experiments were conducted under downward flow conditions at SD, employing soil
mixtures of K6 sand mixed with kaolinite or illite. To obtain retention profiles along the soil column, the mass of clay retained in the soil column was
calculated by taking samples every 2.54 cm along the column (resulting in 12 samples) and measuring the turbidity of the suspension for each sampled
soil (for detailed procedures, refer to Won et al. (2023)).
2.4. Batch detachment test

The batch detachment test was performed to assess the detachment behavior of kaolinite and illite caused by the decrease in IC. 10 g of K6 sand was
mixed with clay suspension (clay concentration = 500 mg/L) in 15 mL conical tubes before placing them in the rotation shaker. 0.01 or 0.001 M NaCl
solution was initially used as a background solution to induce the sufficient attachment of clay particles during the rotation for 2 h. Then, ~ 8 mL of
supernatant in the tube was replaced with deionized water to induce the detachment. From the measured clay concentration in the supernatant, the
detachment of clay was assessed at the elapsed time of 5, 10, 20, 30, 60, and 120 min after replacing the solution with deionized water. Because only
two-thirds of the solution was replaced with deionized water (solution within the sand and clay cannot be replaced), the final IC was 0.0033 and 3.3 x 10
4 M for an initial 1C of 0.01 and 0.001 M, respectively.
2.5. Experimental conditions

A total of 36 cases of soil column experiments were performed, with 18 cases under upward flow conditions and 18 cases under downward flow
conditions. For each flow direction, there were 9 cases of GD and 9 cases of SD setups. Three types of sand, three types of clay, two saturated conditions
(saturated and unsaturated), and two IC gradients (GD and SD) were selected to investigate the influence of the flow direction, clay type, sand type, and
IC gradient on the suffusion in sand-clay mixtures at a given flow rate of 15 mL/min. All experimental conditions conducted in this study are summarized
in Table 3. It should be noted that under saturated conditions, the sand-montmorillonite mixture with a clay content of 2.6% was placed in the column to
maintain a relative density of the sand matrix at 70%, accounting for the swelling characteristics of montmorillonite.

Table 3
Experimental conditions.
Variable Saturated condition Clay type Sand type Clay content (%) Flow direction Injection
method
Flow direction Saturated Kaolinite K3 3 Up GD
(Section 3.1) Down
Illite Up
Down
Montmorillonite 2.6 Up
Down
Clay type Unsaturated Kaolinite K3, K5 3 Up GD
(Section 3.2) SD
Down GD
SD
Ilite Up GD
SD
Down GD
SD
Montmorillonite Up GD
SD
Down GD
SD
Sand type Unsaturated Kaolinite K3*, K5* | 3 Up SD




(Section 3.3) K6 Down
Ilite Up

Down
Montmorillonite Up

Down

*QOverlapped cases with experiments in the clay type (Section 3.2).
3. Results and discussion

3.1. Impact of flow direction under saturated conditions

Fig. 8 illustrates the obtained BTCs for saturated K3 sand-clay mixtures under upward and downward flow conditions for GD. For kaolinite and illite
(Fig. 8a and b), higher eluded clay concentrations were observed in the downward flow compared to the upward flow. This phenomenon can be attributed
to the gravitational effect, given the large specific gravity of kaolinite and illite (G = 2.47 and 2.71 for kaolinite and illite, respectively, as shown in Table
2). The direction of downward flow aligns with the settling direction of detached clay particles, resulting in substantial net forces acting on these particles.
In contrast, during upward flow, the direction of hydrodynamic forces opposes gravity, leading to lower clay particle velocity within the sand matrix.
This observation is consistent with previous studies that found more significant suffusion of saturated gap-graded coarse-grained soils during downward
flow (Zhou et al., 2020; Ma et al., 2021; Xiong et al., 2021; Liu et al., 2023). Therefore, a qualitatively consistent impact of flow direction on suffusion
is expected for non-swelling clay compared to that observed for small coarse-grained soils.

However, an opposite trend in the concentration of eluded clay between upward and downward flows was observed in the saturated K3-
montmorillonite mixtures (Fig. 8c). This phenomenon can be attributed to the high swelling and aggregation potential of montmorillonite particles, which
likely results in the significant development of preferential flow paths within the sand-montmorillonite mixtures under a constant flow rate. The swollen
montmorillonite particles, or clusters in an aggregated state, may encounter difficulty passing through relatively narrow pore throats, leading to the
reattachment or clogging of montmorillonite particles. Consequently, this process reduces the hydraulic conductivity of the mixture by impeding pore
water flow under a constant flow rate, thereby resulting in the development of preferential flow paths to alleviate the increased pore water pressure. This
suggests that the transported montmorillonite is likely to move through preferential flow paths that formed during the injection process. Because upward
flow goes against gravity, the reattachment (or clogging of the relatively smaller pores) by detached montmorillonite particles becomes more significant
in upward flow, owing to the lower particle transport velocity. Therefore, more significant preferential flow channels, characterized by fewer flow
channels with larger radii, tend to form when the flow is upward as opposed to downward. During upward flow, distinct preferential flow channels were
observed in the acrylic column, as visually indicated in Fig. 9. The high eluded montmorillonite concentration at PV < 3 for upward flow (Fig. 8c) suggests
that hydraulic-induced suffusion of montmorillonite particles dominates at the given flow rate, because interaction energy-induced suffusion is less likely
to occur due to relatively high IC at PV < 3. This observation further supports the substantial formation of preferential flow channels, which leads to high
hydrodynamic forces acting on montmorillonite particles under a constant flow rate. Overall, the reverse trend in observed BTCs between non-swelling
clays (kaolinite and illite) and swelling clay (montmorillonite) underscores the importance of considering the swelling potential in flow direction-
dependent suffusion of sand-clay mixtures.
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Fig. 9. Preferential flow channels formed in the K3-montmorillonite mixture column under upward flow conditions.

Table 4 presents the M, values and the ratio of M. values between upward and downward flows (R) for the observed BTCs in Fig. 8. Although less
significant suffusion under downward flow compared to upward flow was observed for the sand-montmorillonite mixtures (R = 1.28), the higher M,
values of 2.77% for montmorillonite, in contrast to those for kaolinite (M. = 1.48%) and illite (M, = 1.64%) suggests the susceptibility of suffusion for
swelling clay, regardless of flow direction, at Darcy’s velocity of 0.74 cm/min.

Table 4



M. (mass fraction of eluded clay) and R values of the observed BTCs presented in Fig. 8.

Clay Sand Method Flow direction Me 015 pvs) (%) R (015 pvs)

Kaolinite K3 GD Up 0.46 0.31
Down 148

llite Up 0.93 0.57
Down 1.64

Montmorillonite Up 3.56 1.28
Down 2.77

3.2. Impact of clay type under unsaturated conditions

The BTCs and the relative saturation rate (S;) of unsaturated K3 and K5 sand-clay mixtures under upward and downward flow conditions for GD and
SD are shown in Figs. 10-12. Notably, a higher eluded clay concentration was observed under upward flow compared to downward flow for the sand-
kaolinite (Fig. 10) and sand-illite mixtures (Fig. 11), which is the reverse trend compared to saturated conditions (Fig. 8). This shift can be attributed to
the lower S, observed for downward flow as shown in Figs. 10 and 11. A higher S, leads to a greater fraction of clay particles experiencing detachment
because detachment can occur in a sand-water-clay system due to double-layer repulsion. The relatively low S, for downward flow implies a significant
portion of the pore volume in sand-clay mixtures remained dry during injection, suggesting that clay particles are less subjected to the detachment under
downward flow than under upward flow. Because suffusion of clay particles is initiated by detachment (with some detached clay particles potentially
undergoing reattachment), the more significant suffusion under upward flow than under downward flow indicates that flow direction can be a critical
factor in suffusion of sand-clay mixtures under unsaturated as well as saturated conditions. It can be noted that the increased double-layer repulsion
typically prevails over interparticle attractions such as van der Waals and capillary attraction when the degree of saturation exceeds about 80% (Lu and
Likos, 2006; Likos et al., 2019), which is a consistent tendency with the S; cony > 80% for the sand-kaolinite and sand-illite mixtures, as listed in Table 5.

Additionally, a lower eluded kaolinite concentration was observed under upward flow compared to downward flow for the K5-kaolinite mixture in
the SD scenario (Fig. 10d), which differs from the trends observed in other experimental conditions in Figs. 10 and 11. This discrepancy can be attributed
to the more significant detachment expected for upward flow, due to that the higher S; for upward flow as mentioned earlier was compensated by a less
pronounced reattachment effect for downward flow compared to upward flow. The higher hydrodynamic forces attributed to the lower S, for downward
flow might result in less reattachment of detached kaolinite particles under downward flow conditions. The higher hydrodynamic forces for downward
flow are also expected for the K3-kaolinite mixture (Fig. 10b). However, the higher eluded kaolinite concentration for upward flow indicates a less
significant reattachment effect for the K3-kaolinite than the K5-kaolinite mixture. This is likely due to the relatively larger pore sizes of K3 sand compared
to K5 sand, reducing the chances of reattachment of detached kaolinite particles in K3 sand. Consequently, the more substantial detachment resulted in a
more substantial suffusion for upward flow compared to downward flow for the K3-kaolinite mixture in the SD scenario. Furthermore, the opposite trends
between upward and downward flow conditions in GD and SD scenarios of K5-kaolinite mixtures (Fig. 10c and d) indicate the importance of considering
the IC gradient. The lower kaolinite concentration observed under downward flow compared to upward flow conditions for GD (Fig. 10c) can be attributed
to the more pronounced reattachment effect resulting from the relatively higher likelihood of forming preferential flow paths under downward flow
conditions. This observation is supported by the lower S, under downward flow compared to upward flow conditions and the sudden increase in kaolinite
concentration only under downward flow conditions (e.g. a sudden increase in Cgp at PV =~ 13.5). In contrast, the higher Csp under downward flow
compared to upward flow conditions (Fig. 10d), particularly after the sudden decrease in IC from 0.001 to 0 M, suggests that a high IC gradient led to a
reduced reattachment effect under downward flow conditions. The higher fraction of detached kaolinite particles resulted in more suffusion under
downward flow compared to upward flow conditions, as evidenced by the lower S, observed during downward flow.

Meanwhile, the higher eluded clay concentration observed for the K5-illite mixture (Fig. 11d) compared to the K5-kaolinite mixture (Fig. 10d) under
upward flow conditions suggests a less significant reattachment effect for detached illite particles compared to kaolinite particles or more significant
detachment of illite driven by the sudden decrease in IC from 0.001 to 0 M. This difference can be attributed to the fact that the interaction energy between
sand and clay is also influenced by clay mineralogy (Bradford and Blanchar, 1999; Won et al., 2021; Choe et al., 2022).
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Fig. 10. Observed BTCs and relative saturation rate (S;) profiles of sand-kaolinite mixtures under upward and downward flow conditions for K3 sand (a,
b) and K5 sand (c, d) at GD (a, ¢) and SD (b, d) experiments.
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Fig. 12. Observed BTCs and relative saturation rate (S;) profiles of sand-montmorillonite mixtures under upward and downward flow conditions for K3
sand (a, b) and K5 sand (c, d) at GD (a, ¢) and SD (b, d) experiments.

It should be noted that a higher eluded clay concentration at low PVs (< 3) was observed under downward flow compared to upward flow for all clay
types (Figs. 10-12). In upward flow, the soil column is expected to saturate relatively uniformly with a gradual rise in the water level, whereas the initial
formation of relatively preferential flow paths is expected during saturation for downward flow (Fig. 13). This can be inferred from the higher S; conv and
PVconv Values (Table 5) for upward flow compared to downward flow. Therefore, more hydraulic-induced suffusion could occur at low PVs (< 3) under
downward flow than under upward flow due to the high hydrodynamic forces caused by the initial formation of preferential flow paths, even at relatively
high NaCl concentrations with high attraction energy between clay and sand (i.e. IC = 0.005 M for GD and 0.01 M for SD at PV = 3). The difference
between M, (3.15 pvs)and M .15 pvs), @S Shown in Table 6, quantitatively represents hydraulic-induced suffusion at PV < 3. Similar values of M, (3.15 pvsyand
Me (0-15 pvs) indicate almost no hydraulic-induced suffusion occurred under upward flow.

In contrast to the sand-kaolinite and sand-illite mixtures, the sand-montmorillonite mixtures mostly exhibited a higher concentration of eluded
montmorillonite under downward flow than under upward flow (Fig. 12). This suggests that the initial formation of preferential flow paths under
downward flow (characterized by lower S; for downward flow) more significantly induces the suffusion of montmorillonite particles than upward flow.
Therefore, it can be concluded that detachment has a more critical impact on suffusion for kaolinite and illite, whereas the formation of preferential flow
paths is more critical than the detachment potential (or S;) when assessing the susceptibility of suffusion for the sand-montmorillonite mixtures under
unsaturated conditions. The dominance of preferential flow becomes less significant for SD under a relatively low SR, which is supported by the similar
eluded montmorillonite concentrations for the K5-montmorillonite mixtures in the SD scenario (R = 1.02 (Table 6)). The relatively similar R values
between K3-montmorillonite (R = 0.65) and K5-montmorillonite mixtures (R = 0.71) for GD, compared to those for SD (R = 0.6 and 1.02 for the K3-
montmorillonite and K5-montmorillonite mixtures, respectively), suggest that the dominance of the preferential flow effect over the detachment effect



for suffusion of swelling clay can be influenced by the IC gradient under unsaturated conditions. For the K5-montmorillonite mixtures under SD, R =
1.02 indicates that the montmorillonite particles abruptly detached by suffusion were not significantly affected by gravitational forces under high
hydrodynamic forces. Therefore, it can be inferred that the combined effect of abrupt detachment and high hydrodynamic forces can lead to suffusion
independent of flow direction for swelling clay. In contrast, R < 1 for the remaining three cases suggests that the gravitational effect becomes significant
under conditions of gradual detachment or low hydrodynamic forces for swelling clay.

In summary, a reverse trend of the eluded clay concentration as a function of flow direction was observed for kaolinite, illite, and montmorillonite
between saturated and unsaturated conditions. For the sand-kaolinite and sand-illite mixtures, R < 1 under saturated conditions (Table 4) and R > 1 under
unsaturated conditions (Table 6). Conversely, for the sand-montmorillonite mixtures, R > 1 under saturated conditions (Table 4) and R < 1 under
unsaturated conditions (Table 6). Therefore, it can be concluded that the impact of flow direction on the suffusion of sand-clay mixtures is strongly
dependent on the saturation state.

It can be noted that S, profiles for several experimental cases showed an abrupt increase during the injection, corresponding to the convergence state
as seen in Fig. 7. This phenomenon can be attributed to the rearrangement of pore structures due to the formation of additional flow paths during the
injection (Choe et al., 2022). This observation is particularly pronounced for the K3-clay mixtures under downward flow conditions, irrespective of clay
types, as shown in Figs. 10a, b, 11a, b, and 12a, b. For example, the abrupt increase in montmorillonite concentration and S, observed at PV =~ 9 under
downward flow conditions for SD (Fig. 12b) demonstrates that the sudden loss of montmorillonite particles led to the formation of additional flow paths.
In addition, similar observations of the sudden increase in kaolinite (e.g. PV ~ 13.5 in Fig. 10c) and illite concentration (e.g. PV ~ 7 and 10 in Fig. 11c)
can also be attributed to the formation of additional flow paths induced by the sudden filtration of reattached clay particles near the outlet.
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Fig. 13. Schematic drawings of the water flow in sand-clay mixtures under (a) upward and (b) downward flow conditions (clay particles were ignored).
Table 5
PVconv @and S;conv Values for experiments in Figs. 10-12.
Clay Sand Method Flow direction PVcon (PVS) St conv (%)
Kaolinite K3 GD Up 0.94 93
Down 0.45 50
SD Up 0.89 81
Down 0.39 46
K5 GD Up 0.96 93
Down 0.67 70
SD Up 0.92 83
Down 0.64 59
llite K3 GD Up 1.01 99
Down 0.44 49
sD Up 1.02 97
Down 0.34 39
K5 GD Up 0.93 91
Down 0.71 60
SD Up 0.95 87
Down 0.71 59
Montmorillonite K3 GD Up 1.03 101
Down 0.37 54
SD Up 1.04 99
Down 0.33 68
K5 GD Up 0.97 93
Down 0.83 78
sD Up 0.95 91
Down 0.76 74

Note: PVcony = injected pore volume initiating the saturation convergence; S, con = average S, after saturation convergence until the end of the experiment.

Table 6
M, (mass fraction of eluded clay) and R values of the observed BTCs presented in Figs. 10-12.
Clay Sand Method Flow direction M. (3-15 PVs) (%) R (3-15 PVs) M. (0-15 PVs) (%) R (0-15 PVs)
Kaolinite K3 GD Up 1.05 2.32 1.11 1.09
Down 0.45 1.02
SD Up 14.96 2.87 15 2.53
Down 5.21 5.92
K5 GD Up 0.7 2.18 0.8 1.6
Down 0.32 0.5
SD Up 12.7 0.64 12.74 0.65
Down 19.7 19.74
Ilite K3 GD Up 4.01 157 4.15 137




Down 2.56 3.03
SD Up 17.24 1.95 17.34 1.85
Down 8.83 9.38
K5 GD Up 2.2 2.47 2.28 1.53
Down 0.89 1.49
SD Up 21.84 212 21.94 2.05
Down 10.31 10.72
Montmorillonite K3 GD Up 8.56 0.74 8.78 0.65
Down 11.62 13.55
sD Up 9.34 0.63 9.47 0.6
Down 14.8 15.82
K5 GD Up 1241 0.71 12.67 0.71
Down 17.42 17.77
SD Up 13.48 1.02 13.63 1.02
Down 13.17 13.36

The calculated M, values for every 5 PVs concerning the BTCs in Figs. 10-12 are compared in Fig. 14. In the case of sand-kaolinite and sand-illite
mixtures (Fig. 14a and b), the total M. values for SD were higher than those for GD, with the highest M (10.15 pvs) Observed for both SD and GD. This
indicates that the suffusion of kaolinite and illite particles is particularly susceptible to the sudden decrease in IC, especially a decrease from 0.001 to 0
M. In contrast, only slightly higher total M. values were observed under SD compared to GD for the sand-montmorillonite mixtures at the given flow
direction and sand type, except for the K5-montmorillonite mixtures under downward flow (Fig. 14c). Therefore, the impact of IC gradient more critically
affects the suffusion of non-swelling clay compared to swelling clay under unsaturated conditions. Note that the more significant suffusion of the
unsaturated sand-kaolinite and sand-illite mixtures under SD than GD for downward flow aligns with the trends observed under saturated conditions for
identical experimental conditions (Choe et al., 2022).

Among three M. values, the highest M. .10 pvs) Was observed for the sand-montmorillonite mixtures (Fig. 14c), even though the IC was higher at 5—
10 PVs compared to 1015 PVs. This can be attributed to the swelling kinetics of montmorillonite particles (Chen et al., 2016; Proia et al., 2016; Magzoub
et al., 2017, 2020). Because initially dry montmorillonite particles require a certain amount of time to reach a fully-swelling state, it is expected that
montmorillonite particles are relatively smaller in size at PV = 5-10 compared to highly-swollen montmorillonite particles at PV = 10-15. Magzoub et
al. (2020) reported that approximately 3 h is required for montmorillonite to achieve full hydration. This suggests that montmorillonite particles during
the injection in this study were in the process of swelling (15 PVs correspond to the injection time of 128.86 and 134.16 min for the K3-montmorillonite
and K5-montmorillonite mixtures, respectively). Therefore, the intermediately low IC and swollen montmorillonite contributed to the most substantial
suffusion at PV = 5-10.
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Fig. 14. M, values for 15 PVs (numbers at the top of bars), 0-5 PVs, 5-10 PVs, and 10-15 PVs for the BTCs presented in Figs. 10-12.

3.3. Impact of sand type under unsaturated conditions

Fig. 15 illustrates the BTCs and the relative saturation rate (S;) of unsaturated sand-clay mixtures under upward flow conditions (Fig. 15a, c, and €)
and under downward flow conditions (Figs. 15b, d, and f) for the SD scenario. The highest eluded kaolinite concentration was observed for the K6-
kaolinite mixtures (SR = 45) as shown in Fig. 15a and b, whereas the lowest eluded illite concentration was observed for the K6-illite mixtures (SR = 52)
as shown in Fig. 15c and d. Since the suffusion of sand-clay mixtures is dependent on detachment and reattachment effects (Choe et al., 2022; Won, 2022;
Won et al., 2023), reattachment column tests with a 30.48 cm column and batch detachment tests were performed for the K6-kaolinite and K6-illite
mixtures for the SD scenario as shown in Figs. 16 and 17, respectively. As described in Fig. 16a, even less total illite than kaolinite was observed at the
outlet, which is consistent with the BTCs in Fig. 15b and d for the 15.24 cm column. The slightly higher retained illite content than kaolinite content with
depth (Fig. 16b) after injection indicates less substantial detachment or more significant reattachment of illite than kaolinite particles. The batch



detachment tests revealed that greater detachment of illite (38.5 mg/L) than kaolinite (17.38 mg/L) occurred when IC was reduced from 0.01 to 0.0033
M, whereas more significant detachment of kaolinite (75.05 mg/L) than illite (32.65 mg/L) occurred when 1C was reduced from 0.001 to 0.00033 M (Fig.
17 and Table 7). Therefore, the higher eluded kaolinite concentration than illite at PV = 5-10 (IC reduced from 0.01 to 0.001 M) indicates the more
significant reattachment of illite than kaolinite particles in the 30.48 cm column. The even higher eluded kaolinite concentration than illite at PV = 10—
15 (Fig. 16a) can be attributed to the combined effect of less detachment and more significant reattachment of illite than kaolinite particles. Because the
reattachment effect is a function of pore sizes, the reattachment effect for the K3-illite and K5-illite mixtures becomes less significant, as shown in Fig.

15c¢ and d.

20 20
Kaolinite_SD_Up Kaolinite_SD_Down
15 | 9 'K3(Cy)’ A K5(Cyp) m K6(Cyp) 1 @ K3(Cuown) & K5(Cyown) B K6(Cown)
7—K3(S) K5(S,) -++-K6(S)) 5 1 —K3(S,) K5(S,) ---K6(S) ®
= } 100 — n - 100
< | 1%} = w» n
RS} 1 /A ~ = .3 —~
] S ]
o% 0 ﬁ.. = % 10 | ——— " §
% |so0 S A\ a L 50
5 1 § ¢ 8 5 1 r‘( -]
> % /, A\ IR
0 . Lo ok 0
0 3 6 9 12 15 0 3 6 9 12 15
Pore volume Pore volume
(@) (b)
20 20
Illite_SD_Up lllite_SD_Down
15 A & K3(Cyp) A K5(Cyp) m K6(Cyp) 15 @' K3(Cyoun) & K5(Cyoun) B K6(Cyown)
—K3(S) ~~K5(S) ---K6(Sp) 1 | —=K3(s) K5(S) ---K6(S)
- __} 100 = I 100
= TN (7] = 2]
2 ; & ~ 2 Pl
s 10 A N P\f < 10 A §
$ i ol 3
% I 50 O ® I 50
4 ¢ o
5 i ‘\‘? o
8 < A >
3 L o estaieianty lﬁh ﬁ!l
0 -+ 0 L 0
0 3 6 9 12 15 6 9 12 15
Pore volume Pore volume
(c) (d)
5 5
Montmorillonite_SD_Up Montmorillonite_SD_Down
41  ©K3(Cy) & K5(Cy) BKE(Cyp) 41 | ©K3(Cooun)2 K5(Cyoun)® K6(Cuoun)
—K3(S; K5(S) -++-K6 (S, —K3(S, K5(S) K6 (S,
~ ; (S). (),__( ) 100 ~ (S) S) ‘( ) L 100
S %11 L% E 3 1 3 %
= ] 3 3
= ! é < S},
o 24} Aﬂ‘% 2
,’ 3, g0 I 50 ]
1 4 ,:’ o
¥ Y
0 Hamdtion vd . . Lo
0 3 6 9 12 15
Pore volume Pore volume
(e) (f

Fig. 15. Observed BTCs and relative saturation rate (S;) profiles of sand-clay mixtures under upward (a, c, e) and downward (b, d, f) flow conditions for

kaolinite (a, b), illite (c, d), and montmorillonite (e, f) in SD scenario.

Fig. 16. Obtained (a) BTCs and relative saturation rate (S;) profiles, and (b) retention profiles of K6-kaolinite and K6-illite mixtures under downward

flow conditions at SD in
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Fig. 17. The detached kaolinite and illite concentration at the elapsed time from 5 to 120 min in batch detachment tests.

Table 7

Detached clay concentration of kaolinite and illite obtained from Fig. 17. All clay concentrations are in mg/L.

Experimental condition Clay concentration (t=5min) | Clay concentration (t = 120 | Detached clay concentration
min)

Kaolinite (0.01 to 0.0033 M) 226.7 244.08 17.38

Kaolinite (0.001 to 0.00033 M) 196.23 271.28 75.05

Ilite (0.01 to 0.0033 M) 216.31 254.8 38.5

Illite (0.001 to 0.00033 M) 199.35 232 32.65

As seen in Fig. 15e and f, the least substantial suffusion of montmorillonite was observed for the K3-montmorillonite mixture under upward flow
(Fig. 15e), whereas the most significant suffusion of montmorillonite was observed for the K3-montmorillonite mixtures under downward flow (Fig. 15f).
Similar to the discussion in the previous sections, this can likely be attributed to the lowest hydrodynamic forces for the K3-montmorillonite mixture
under upward flow, whereas the highest hydrodynamic forces can be anticipated for the K3-montmorillonite mixture under downward flow, which can
be deduced from the lowest S, con (Table 8) and the significant initial concentration of eluded montmorillonite at PV < 3. Under downward flow, the

order of S conv (K6 > K5 > K3) is reversely consistent with the order of M. values (K3 > K5 > K6) as compared in Fig. 18c.

Table 8

PVeonv @Nd Sy cony Values for experiments in Fig. 15.

Clay Method Sand (SR) Flow direction PVcon (PVS) St conv (%0)
Kaolinite SD K3 Up 0.89 81
(162) Down 0.39 46
K5 Up 0.92 83
(79) Down 0.64 59
K6 Up 0.97 93
(45) Down 0.75 70
Ilite K3 Up 1.02 97
(189) Down 0.34 39
K5 Up 0.95 87
(92) Down 0.71 59
K6 Up 0.91 85
(52) Down 0.83 78
Montmorillonite K3 Up 1.04 99
(1700) Down 0.33 68
K5 Up 0.95 91
(830) Down 0.76 74
K6 Up 0.99 94
(470) Down 0.86 82
Table 9
M. (mass fraction of eluded clay) and R values of the observed BTCs presented in Fig. 15.
Clay Method Sand (SR) Flow direction Me 315 pvg) (%) R z1spvs) Me 015 pvs) (%) R (015 pvs)
Kaolinite SD K3 Up 14.96 2.87 15 2.53
(162) Down 5.21 5.92
K5 Up 12.7 0.64 12.74 0.65
(79) Down 19.7 19.74
K6 Up 24.35 0.98 24.38 0.98
(45) Down 24.91 24.94
Ilite K3 Up 17.24 1.95 17.34 1.85
(189) Down 8.83 9.38
K5 Up 21.84 2.12 21.94 2.05
(92) Down 10.31 10.74
K6 Up 8.13 1.16 8.22 1.17
(52) Down 6.99 7.03
Montmorillonite K3 Up 9.34 0.63 9.47 0.6
(1700) Down 14.8 15.82
K5 Up 13.48 1.02 13.63 1.02
(830) Down 13.17 13.36
K6 Up 10.84 0.94 10.92 0.93




For the sand-kaolinite mixtures, R values showed a significant decrease from R = 2.53 to 0.65 as the sand-grain size decreased from K3 to K5 (Table
9). This indicates the existence of a threshold SR between 162 (for the K3-kaolinite mixture) and 79 (for the K5-kaolinite mixture), where relatively
substantial suffusion occurs under downward flow compared to upward flow. In contrast, there was a sharp decrease in R values from R = 1.02 to 0.6
when the sand-grain size increased from K5 to K3 for the sand-montmorillonite mixtures. This can be attributed to the formation of substantial preferential
flow paths under downward flow and low hydrodynamic forces applied to montmorillonite particles under upward flow in the K3-montmorillonite mixture.
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Fig. 18. M. values for 15 PVs (numbers at the top of bars), 0-5 PVs, 5-10 PVs, and 10-15 PVs for the BTCs presented in Fig. 15.
4. Conclusions

This study conducted soil column experiments to investigate the impact of flow direction on the suffusion of sand-clay mixtures under both saturated
and unsaturated conditions. Three types of sand and three types of clay were selected to investigate the influence of the sand-to-clay size ratio and swelling
potential on the suffusion of sand-clay mixtures under two scenarios of IC gradients (GD and SD). The following conclusions were drawn based on the
observed BTCs, relative saturation rate (S;), and mass fraction of eluded clay (M.):

(1)  Under saturated conditions, it was observed that more clay particles eluded under downward flow than under upward flow for the K3-kaolinite and
K3-illite mixtures, whereas the opposite trend was observed for the K3-montmorillonite mixtures.

(2)  Under unsaturated conditions, higher eluded clay concentrations were observed under upward flow compared to downward flow for the K3-
kaolinite and K3-illite mixtures regardless of IC gradient (GD and SD). This difference can be attributed to the higher S,, which leads to more
substantial detachment under upward flow conditions.

(3)  The higher eluded montmorillonite and lower S, under downward flow, compared to upward flow, for unsaturated conditions indicate the significant
formation of preferential flow paths under downward flow conditions.

(4)  The highest M 0.5 pvs) Values for kaolinite and illite among the three M. values (Me (o5 pvs), Me 510 pvs), @and M (10.15 pvs)) SUggest the highest
susceptibility to suffusion for kaolinite and illite when IC decreases from 0.001 to 0 M. In contrast, non-fully swollen montmorillonite particles
with intermediately low IC led to the highest Me (s.10 pvs) Values for the sand-montmorillonite mixtures.

(5)  The trend of R values (= Me @p)/ Me @owny) as @ function of the size ratio for the sand-kaolinite mixtures suggests the existence of a threshold sand-
to-clay size ratio where suffusion induced by downward flow becomes relatively more significant than upward flow under unsaturated conditions.

(6) The findings regarding suffusion tendencies in sand-clay mixtures presented in this study highlight the importance of monitoring crucial factors

such as flow direction, saturation state, and swelling potential. This monitoring is essential for assessing the susceptibility to suffusion in clay-
containing earthen structures.
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Paper title: Impact of flow direction on suffusion of sand-clay mixtures under variably
saturated conditions
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Soil column experiments tests were performed under variably saturated conditions.
o The impact of flow direction, clay type, and sand type on suffusion are discussed.
o Substantial suffusion was observed under downward flow for non-swelling clay.

e Reverse trend of suffusion between non-swelling and swelling clay was observed.

e Threshold size ratio where downward flow becomes more significant was proposed.
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