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Abstract: A laboratory study was undertaken to investigate the physical clogging of a sand medium
by injecting suspended particles (SP), with diameters ranging from 0.03 to 63.41 µm, into an infiltration
basin, which was installed in a sand tank under the condition of constant head. The hydraulic
conductivity (K) of the saturated porous medium was found to have decreased by 27% because of
re-arrangement over the seven days of self-filtration. A clogging layer was observed on the infiltration
basin bottom, probably due to straining over the stormwater infiltration stage. Particle-size analyses
also indicate that retention of bigger SP led to faster straining of smaller SP, despite the small fraction
of bigger SP. The clogging layer weakened the hydraulic connection between the water level in the
basin and the water table of the unconfined aquifer until nearly no water could infiltrate into the
aquifer. The deposition of finer SP that entered into the aquifer are governed by the hydrodynamic
forces. These finer SP caused non-uniform permeability reduction of the porous medium, with an
estimated 35% of permeability reduction occurring beneath the infiltration basin. However, the
reduction appears to be reversible, as the fine SP deposited on the pore surfaces of the porous medium
can be released or detached by the continuous horizontal hydraulic gradient. Extended tailing of the
outlet breakthrough curve (BTC) also strongly supported the detachment of SP. This study focused
on the effects of particles’ polydispersity and hydrodynamic forces on the hydraulic characteristics of
the porous medium.

Keywords: stormwater infiltration; sand tank; self-filtration; permeability reduction; Kozeny-Carman
equation; detachment/release

1. Introduction

Stormwater has been increasingly integrated in the planning and development of sustainable
urban water management, especially in the context of water scarcity and aquifer overexploitation [1].
Filtration and infiltration techniques, such as groundwater injection wells [2], infiltration basins [3]
and vadose zone infiltration wells [4], can store stormwater in an aquifer, thus helping to restore the
pre-development hydrology [5]. Surface infiltration basin is preferred, because clogging on the surface
can be better controlled [6]. However, clogging of the filtration systems is a main limiting factor that
causes a decrease in the infiltration rate and permeability due to physical, chemical and biological
processes [7]. In these infiltration systems, physical clogging is the dominant type, with a high level of
suspended particles (SP) present in stormwater [8].
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Physical clogging is caused either by particle accumulation on the surface of filter medium, or by
deposition inside a deep porous medium. In the first case, a clogging layer is formed and stops the
suspended particles. In the second case, the SP move through the porous bed in which the particles
are retained. The mechanisms involved in clogging are diverse and complex, corresponding to the
SP size. Brownian diffusion is the most prevalent in the deposition of colloids (<1 µm), but for large
particles (>10 µm), gravity, inertial and effects of hydrodynamics are dominant. For mean particles
(1–10 µm), all forces and mechanisms can make a contribution to the deposition of particles [9]. Given
the diverse range of particle sizes in stormwater, which varies depending on the type of catchment,
level of pre-treatment etc. [10], it is necessary to understand the clogging process in order to ultimately
improve the filtration performance of a porous medium.

Parameters that influence the SP deposition in a porous medium include size and shape of
the filter material [11,12], size and concentration of the SP [13,14], size distributions of SP and filter
material [15,16], as well as the hydrodynamic effects [9,17]. The transport of SP in a filtration system is
frequently described by the colloid filtration theory (CFT), which treats SP like solutes, with a kinetic
retention coefficient to account for the deposition [18,19]. But colloid filtration theory sometimes fails
in the attempt to predict the fate of SP in a porous medium, as SP interact with the porous medium in a
different way compared to nanoparticles (solutes). The deposited SP changes both the pore structure
and the morphology (tortuosity, surface area) of the porous medium [20]. The clogging phenomena is
accompanied by visible head losses. Various empirical models have been developed to describe the
clogging process by establishing the relationships between a specific deposit and other variables (e.g.,
head loss and hydraulic conductivity), and these models can be used as tools to depict the clogging
process [21]. But previous studies indicate that a specific deposit of particles in a porous medium is not
sufficient to characterize clogging. These studies reveal that deposit morphology has a major effect on
the degree of clogging [15,22,23].

Owing to their large size and density (relative to solutes), the retention of SP is more likely to
be affected by perturbances to groundwater hydrodynamic conditions such as variations in pressure
or flow velocities. Hydrodynamic forces can induce the release or detachment of already retained
SP, especially under repulsion (unfavorable) attachment conditions [24]. Furthermore, research also
suggests that straining processes are prevalent in stormwater filtration applications. Straining occurs
when the pore throats is too small for SP to pass, and is determined by the ratio of the diameter (dp) of
the suspended particles to that (dg) of porous medium grain [25]. The threshold value of straining
(dp/dg) may depend on the experiment conditions, as various thresholds have been reported, ranging
from 0.005 to 0.1 [13,26–28]. These findings suggest that the understanding of physical clogging is
limited, especially in the context of stormwater infiltration.

Furthermore, current clogging studies in stormwater systems are limited to a vertical sand column.
Few attempts have been undertaken to understand the clogging process of polydisperse SP in a sand
tank. The hydraulic gradient in a sand tank is horizontal or lateral, which is more approximate to
natural groundwater flow. Moreover, it is unclear whether the findings from a 1-D sand column can be
transferred to clogging studies in a 2-D sand tank. It is necessary to understand the nature of clogging
specific to highly polydisperse SP in stormwater with a horizontal hydraulic gradient.

This paper is intended as an investigation of the physical clogging process in a 2-D sand tank under
a controlled hydraulic gradient environment. Semi-synthetic stormwater containing polydisperse SP
was studied. The purposes of this paper included: (1) exploring the physical clogging on the infiltration
basin; and (2) estimating how retained SP interact with the porous medium under a condition of
mainly horizontal hydraulic gradient. To achieve these goals, effluent concentration curves (BTC)
were measured, and temporal changes in the particle-size distribution (PSD) of infiltration basin were
analyzed. In addition to above measurements, pressure variations allowing permeability reduction
of the porous medium were assessed both spatially and temporally by Kozeny-Carman equation.
Based on these observations, relevant mechanisms that control the transport and deposition of the
polydisperse particles are discussed.



Water 2019, 11, 1083 3 of 16

2. Materials and Methods

2.1. Design of the Sand Tank

In order to explore the impacts of SP’s polydispersity on the performance of infiltration basin,
a tank was constructed from 1.5-cm thick Perspex with the dimensions of 3.2 m long by 0.3 m wide by
0.6 m high. Stainless steel screens were then installed to divide the tank into three segments, as shown
in Figure 1. The main (middle) segment was 3 m long and filled with medium sand to approximate a
55-cm thick sand aquifer. The first and the third segments (at each side) without sand were equipped
with a water supply to serve as the constant head (Dirichlet) boundary conditions of the aquifer. The
first segment (upper end) kept a 50-cm constant head throughout the course of the experiment, and
the third segment (lower end) kept a 20-cm constant head. The sand tank held its shape without any
visible change. Sand was carefully filled into the tank to build a homogeneous isotropic sand medium,
and also slowly poured to avoid trapping air bubbles. During the whole operation, water level was
maintained above the sand surface that was evenly compacted by shovel. An infiltration basin of
dimensions 3 cm (L) × 30 cm (W) × 10 cm (H) was constructed 45 cm downstream from the upstream
constant head. The water in the basin was maintained at a constant level (52 cm). The bottom of the
basin was buried 6 cm deep in the sand tank, and the top of the infiltration basin was connected to a
peristaltic pump to act as a stormwater injection.
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Figure 1. Illustration of the experimental apparatus. (a) Sketch map. A and C represent upstream
and downstream constant heads respectively (upstream 50 cm and downstream 20 cm); B is the sand
aquifer. (b) Physical model. An infiltration basin is located 45 cm downstream of the upstream constant
head with water level kept at 52 cm. The experiment is divided into three stages: (1) self-filtration
stage (no water infiltration); (2) clean water infiltration stage; and (3) stormwater infiltration stage.
The hydraulic conductivity (K) was measured during the self-filtration stage; the concentrations of SP
were measured during the stormwater infiltration stage; and the hydraulic heads were monitored by
pressure sensors and logged in a computer.
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The detection system consisted of a turbidimeter and a computer. Fifteen arrays (S15-1, in the
direction of length X) of sampling ports (green solid points in Figure 1a) were installed on the inwall
of the main segment, and some of the sampling ports were installed on the back of the segment.
Furthermore, the perforated 0.3 cm diameter tubes were also installed on the inwall of the main
segment to monitor the variation of the water levels. Eleven arrays (P11-1, in the direction of length)
of pressure sensors (red solid points in Figure 1a) were connected to the tubes to monitor pressure.
Screen with the chosen opening of 0.1 mm, was fixed inside the tank to prevent the movement of sand
to the sampling ports, but allow the transmission of water and SP. Pressure sensors were attached to
the end of these tubes (saturated with water, Figure 1b) and connected to a data-logging system in a
computer, which can record the sensors data every minute. This experiment focuses on X (horizontal)
and Z (vertical) directions. The space interval between horizontal pressure sensors is 30 cm, but refined
to 20 cm around infiltration basin. The position of sensors and ports can be read from the scale. The
sampling ports and pressure sensors are named according to their positions. The pressure sensors
(red solid dot) are numbered as Px-x column by column from left to right, and the sampling ports
(green solid dot) are numbered as Sx-x. For instance, the first pressure sensor of the second column is
referred to as P2-1, and the fifth sampling port of the first column is referred as S1-5.

2.2. Properties of Suspended Particles (SP) and Porous Medium

2.2.1. Suspended Particles

As semi-synthetic stormwater ensures a better consistency of concentration and composition than
natural stormwater [12], the injected SP were collected by scraping the sediment layer from areas
around the inlet of the Yangtze river, and then the material was passed through a 100 µm sieve. The
SP ranges in sizes from 0.03 µm to 63.41 µm, with a median size of 11.28 µm. The diameter of SP in
most filtration systems is of the order of 10 µm [29,30]. Thus, the SP size range in this study covers
the diameters of migrating particles in practice, and provides realistic representation of composition
in stormwater. The bulk density and specific density of the SP were measured to be 1.31g/cm3 and
2.51 g/cm3.

2.2.2. Porous Medium

Cheap silica sand was used as a porous medium. Mechanical sieving of silica sand was performed
to obtain sand fractions between 0.3- and 0.6-mm. Particle size distribution (PSD) analysis was
performed by a laser diffraction method. The sandy material has a particle size d10 of 0.302mm, d50 of
0.451 mm, and d60 of 0.473 mm. The uniformity coefficient (d60/d10) of the sand is 1.57. The specific
surface area was measured to be 0.878 cm−1. The PSD analysis suggested that the porous medium
is homogeneous. The bulk density was obtained by weighing a known volume of the sand and its
value was 1.68 g/cm3. The specific density was obtained by adding distilled water to the known mass
material until a fixed volume was reached. The average value of specific density determined after five
tests was 2.56 g/cm3. The porosity of the porous medium was calculated as follows:

Porosity = 1 − Bulk density/Specific density (1)

The porosity of the porous medium was 0.34 (±0.01). The infiltration basin was fed either by a tap
water reservoir or by the reservoir containing the SP at the desired concentration of 30 mg/L, and the
SP was cleaned by deionized water (pH of 6.7 ± 0.2).

Upstream and downstream boundaries were set as constant-head boundaries to create a
one-dimensional steady-state flow. The hydraulic gradient was maintained at 0.1 and an initial
flow velocity of 3.24 m/d was calculated. This velocity is small enough to ensure Darcy’s law to be valid.

For the homogeneous unconfined aquifer with steady-state flow driven by head differences of
both sides, hydraulic conductivities (K) of saturated porous media were measured in a sand tank based
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on the direct application of the Dupuit discharge formula [31]. For constant heads, the discharge rates
through the porous medium were measured.

K =
2QoutL

W
(
H2

1 −H2
2

) (2)

where Qout is the discharge rate through the cross section of porous medium at the outlet (L3.T−1), L is
the length of porous medium (L), W is the width of porous medium (L), and H1 and H2 (L) are constant
heads at both segments, respectively. A period of several days is required for the outlet discharge
to become steady. Temperature was measured round 23 ◦C (±0.5 ◦C) continuously over the entire
duration of the experiment. The mean K of 5 measurements was presented in the results, as well as the
95% confidence interval. The measurements of K neglected the effect of capillary fringe, just as in a
previous study [32].

2.3. Experimental Procedures

The porous medium was only given shovel-compaction during construction. The aquifer was
subjected to self-filtration by water for a week immediately after construction to achieve hydraulic
compaction. Self-filtration is the migration and rearrangement of particles within the porous medium,
which has profound effects on the accurate measurement of hydraulic conductivity (K). Permeability
tests were carried out during the self-filtration stage to measure the initial K of the porous medium in
the tank. Then, clean water was introduced into infiltration basin until the water level became steady
and turbidity in the outlet returned to baseline levels. Finally, clean water was replaced by stormwater
according to the experimental plan without perturbing the infiltration rate. The clean water served
dual purposes: to wash off the dust in the sand tank to minimize background value effects on turbidity
measurements; and to act as a benchmark for a reliable comparison with later stormwater infiltration.
A motorized stirrer was used in the suspension reservoir to keep the suspension stable and uniform.
A peristaltic pump was used to pump the influent suspension into the infiltration basin. The excess
influent coming out of the recharge basin was diverted back to the suspension in the influent tank.

The water level of 52 cm (3 cm above the bottom of the infiltration basin) was chosen to provide
an initial infiltration rate equal to 417 mL/min. The water level was kept constant throughout the
duration of the experiment. The choice of a 52-cm water level is suitable for this experiment, because a
lower water level (50 cm) allows gases to accumulate under the basin bottom where they form a vapor
barrier to downward flow. On the other hand, a higher water level (55 cm) will form a groundwater
mound that interferes with the filtration processes [6]. The ratio of basin length (3 cm) to filter grain
diameter (d50 = 0.451mm) was larger than 50, which is recognized as ideal for filtration studies [33].
The infiltration rate, decreasing with time as a result of particle accumulation on the basin surface, was
measured and recorded at the outlet at regular time intervals. The carefully collected samples were
measured by a turbidimeter. The turbidimeter recorded the turbidity values.

The turbidity of tap water was set to be zero. Stormwater recharge experiment was carried out
only when turbidity of several randomly selected sampling ports as well as the outlet turbidity all
approached zero, and as such the effects of background value were excluded. The experiment was
run until the 95% of stormwater was back into the SP reservoir, which was identified as the clogged
state of the infiltration basin. A total of 600 L (containing 18 g SP) was introduced into the infiltration
basin, but no more than 0.1 g of SP was taken as samples, so the effects of sampling on the deposition
of SP were ignored. A sampling probe with a screen of 0.1 mm was used to carefully take samples.
The amount of SP in outlet is too small to be accurately measured for PSD analysis, and samples were
taken at the bottom of the infiltration basin, where a clogging layer formed (see the Results section).

Water samples were collected to investigate the distributions of the aqueous SP. The clean water
infiltration stage lasted about 8 h (from 48 to 56 h), and the stormwater infiltration stage lasted about
43 h (from 56 to 99 h, see the Results section). But the measurements continued even when the
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stormwater infiltration stage ended, and the last measurement was conducted when the time was
124 h. The turbidimeter determines the turbidity level by measuring the amount of light scattered
at 90 by the suspended particles. The measurements are converted and displayed in Nephelometric
Turbidity Units (NTU). The measurement range of the turbidimeter is from 0.1 to 200 NTU. The particle
concentrations of the samples were determined with the help of correlations between SP concentrations
in water and NTUs (Figure 2).

Water 2019, 11, x FOR PEER REVIEW 6 of 16 

 

particle concentrations of the samples were determined with the help of correlations between SP 
concentrations in water and NTUs (Figure 2). 

 
Figure 2. Correlation between turbidity and concentration. 

2.4. Mathematical Modeling 

Unlike sand column experiments, the sand tank cannot be dismantled into sections [15]. The 
amount of retained particles cannot be obtained, which is important in estimating the permeability 
reduction of the porous medium. Empirical and semi-empirical models are alternatives to estimate 
the permeability reduction. 

Permeability is directly related to porosity, and porosity changes due to particle accumulation. 
Therefore, the porosity (∅) at a given location (x, z) can be related to the volume of deposited SP, and 
the relationship is given by the following Equation [34]: ∅(𝑥, 𝑧, 𝑡) = ∅ − 𝜎(𝑥, 𝑧, 𝑡)(1 − ∅ௗ) (3)

where 𝜎 (L3.L−3) is the specific deposit with the definition of the volume of deposited particles per 
unit of porous medium volume, and ∅ is the initial porosity of the clean porous medium, and ∅ௗ 
is the deposit porosity that is determined by the morphology of the deposited SP. The deposit 
porosity is expressed as follows [35]: ∅ௗ = 1 − 𝜌ௗ𝜌 = 1 − [𝜌௪𝜌 + ቆ1 − 𝜌௪𝜌 ቇ 1𝑎 𝑏ேିଵ] (4)

where 𝜌ௗ(M.L-3) is the average deposit density, 𝜌௪(M.L-3) is the water density, N is the number of 
particles in a deposit site, and a and b are empirical coefficients, taken as being equal to 1 and 1.35, 
respectively. The values of parameters a and b are recommended by Alem et al. [15]. 

The head loss increases with the accumulation of SP retention and an empirical relationship is 
given by [27]: 𝐻(𝑥, 𝑧, 𝑡)𝐻 = 11 − 𝜎(𝑥, 𝑧, 𝑡)∅  (5)

where H0 (L) is the head loss for a clean porous medium, H (L) is the head loss for a gradually clogging 
medium. 

Deposited SP also changes the specific surface area and tortuosity of the porous bed. The specific 
surface area of the dirty porous bed is associated with that of the clean porous bed by [15]: 

y = 2.182x
R² = 0.9998

0

50

100

150

200

250

300

350

0 50 100 150

Co
nc

en
tra

tio
n（

m
g/

L）

Turbidity (NTU)

Figure 2. Correlation between turbidity and concentration.

2.4. Mathematical Modeling

Unlike sand column experiments, the sand tank cannot be dismantled into sections [15]. The
amount of retained particles cannot be obtained, which is important in estimating the permeability
reduction of the porous medium. Empirical and semi-empirical models are alternatives to estimate the
permeability reduction.

Permeability is directly related to porosity, and porosity changes due to particle accumulation.
Therefore, the porosity (∅) at a given location (x, z) can be related to the volume of deposited SP, and
the relationship is given by the following Equation [34]:

∅(x, z, t) = ∅0 −
σ(x, z, t)
(1−∅d)

(3)

where σ (L3.L−3) is the specific deposit with the definition of the volume of deposited particles per unit
of porous medium volume, and ∅0 is the initial porosity of the clean porous medium, and ∅d is the
deposit porosity that is determined by the morphology of the deposited SP. The deposit porosity is
expressed as follows [35]:

∅d = 1−
ρd

ρp
= 1−

[
ρw

ρp
+

(
1−
ρw

ρp

)
1
a

bN−1
]
. (4)

where ρd(M.L−3) is the average deposit density, ρw(M.L−3) is the water density, N is the number of
particles in a deposit site, and a and b are empirical coefficients, taken as being equal to 1 and 1.35,
respectively. The values of parameters a and b are recommended by Alem et al. [15].

The head loss increases with the accumulation of SP retention and an empirical relationship is
given by [27]:

H(x, z, t)
H0

=
1

1− σ(x,z,t)
∅0

. (5)
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where H0 (L) is the head loss for a clean porous medium, H (L) is the head loss for a gradually
clogging medium.

Deposited SP also changes the specific surface area and tortuosity of the porous bed. The specific
surface area of the dirty porous bed is associated with that of the clean porous bed by [15]:

S =
1

1−∅

[
(1−∅0)S0 + (1−∅d)

σ
ρp

Sp

]
(6)

where S0 (L−1) and Sp (L−1) are the specific surface area of the clean bed and that of deposited particles,
and S0 = 6 × (1 − ∅0)/ϕdg, ϕ = 1 for a sphere, and S (L−1) is the specific surface area of the dirty
porous bed.

Tortuosity is related to porosity as follows [36]:

T = F∅ (7)

where T is the tortuosity, and F = ∅−m is the formation factor given empirically as a function of porosity,
with m = 1.3 for a sandy medium.

The reduction in permeability can be rearranged into Kozeny-Carman equation and expressed as:

K
K0

=
∅3

∅3
0

(1−∅0)
2

(1−∅)2

S2
0

S2

(T0

T

)2
. (8)

where K0 and K (L.T−1) are the initial and reduced hydraulic conductivities, respectively.
As mentioned in Section 2, the water levels of all the pressure sensors, the porosity, specific surface

area, and densities can be directly measured, the expression of specific deposit σ is obtained through
Equation (5); this expression, combined with Equation (4), is substituted into Equation (3), then the
porosity ∅ at a given location (x, z) is obtained. The specific surface area S and the tortuosity T can
be obtained by Equations (6) and (7) respectively. Finally, the permeability reduction is estimated by
substituting the variables (∅, S, T) into Equation (8).

3. Results and Discussion

3.1. Self-Filtration of Porous Medium

Figure 3 shows the variations of outlet discharge throughout the entire duration of the experiment
and evolution of the hydraulic conductivities over the self-filtration stage (without water pumped into
the infiltration basin). The discharge rate was initially measured at 341 mL/min, then decreased by
approximately 27% to 249 mL/min, but stabilized at the end of the self-filtration stage. This trend can be
caused by the packing of the sand medium and the uncertainty related to discharge rate measurement
techniques. The decline may be attributed to relatively loose packing of the porous medium, suggesting
an initial re-arrangement of porous medium due to disturbance provided by the groundwater flow [8].
The variation in the evolution of discharge rate during the self-filtration stage was in accord with the
ranges reported in the previous study e.g., Reddi et al. [30] that up to 60% decline in permeability that
occurred because of self-filtration was observed for sandy filters under the condition of constant head
infiltration. The flow rates used in the experiment govern the hydraulic conductivity measurements.
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The discharge rate sharply increased to 667 mL/min within minutes and then stabilized, as the
clean water was pumped into the infiltration basin. This implies that the aquifer is transmissive enough
to accommodate lateral flow of the infiltrated water away from the infiltration basin. The discharge
rate remained relatively stable even when stormwater was introduced. Only after a certain volume of
stormwater was passed through the porous medium did the discharge rate begin to drop significantly
(Figure 3). The discharge rate finally stabilized around 225 mL/min, and the rate was less than that of
the self-filtration stage (249 mL/min), suggesting an adverse effect caused on the aquifer transmissivity.

The evolution of average hydraulic conductivity (K) exhibited a similar trend to that of the outlet
discharge rate (Figure 3). The initial K, with a mean value of 45.6 m/d, decreased substantially over
time, reaching a steady median of 32.4 m/d after 48 h of self-filtration. However, the rate of decline
decreased generally over time, appearing to reach an asymptote value (Figure 3). A decrease in
permeability is accompanied by a decreasing discharge rate. A horizontal hydraulic gradient caused
by the head difference can restructure the internal structure of a porous medium, even if the porous
medium is packed by shovel. The reduction in permeability due to self-filtration in the experiment
should be considered for determining hydraulic conductivity of sandy material in a laboratory scale.

The simulations of groundwater flow were also performed by MODFLOW models. Figure 4 shows
the simulated water levels (cm) and groundwater flow vectors in vertical cross section when the outlet
discharge is stable. The groundwater flow is a one-dimensional steady-state flow, as demonstrated by
MODFLOW simulation. The results also show a good agreement between the observed data and the
simulated data, thus, indicating that the data from the pressure sensors in this study are acceptable
and the distribution of the pressure sensors can properly characterize the groundwater flow.
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3.2. Formation of the Clogging Layer due to Straining

An analysis of the particle size distribution (PSD) of the SP within the infiltration basin was
undertaken. SP (suspended particles) samples for particle-size analysis were taken carefully during
the stormwater infiltration stage. Sampling times t1, t2 and t3 correspond to 79 h, 88 h and 97 h,
respectively. The choice of t1 (79 h) to take the first samples was due to a visible dark clogging layer
formed at this time. Three times of samplings were to minimize effects to the clogging layer.

Figure 5 presents the results of particle-size analysis, with a red line representing initial SP
spectrum. The observed values for median particle size d50 at t1, t2 and t3 were 21.03 µm, 18.71 µm and
12.97 µm. Compared to the stormwater inflow, the median particle size diminished close to the initial
particle size, which had d50 of 11.28 µm. The results show finer particles (dp < 18.39 µm) were the first
to be transported into the aquifer. Then, coarser particles gradually accumulated on the basin bottom.
This corresponds to the ratios of the size of SP to median grain diameter greater than 0.04, indicating
that the main process responsible for the accumulation of these coarser particles was straining. This
ratio is slightly less than the value of 0.06 reported by Alem et al. [13], but much greater than the
threshold of 0.008 proposed by Xu et al. [28]. Furthermore, the accumulation of bigger SP in the filter
appears to enhance the removal efficiency of incoming relatively smaller SP, because the PSD curve of
the sample approaches the particle-size distribution initially injected. This can be explained by the
fact that retention of bigger SP constricts pore spaces in the filter sufficiently to retain the smaller SP,
resulting in an increase in the straining capacity and straining rates of the smaller SP. This similar
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behavior was also reported by Xu et al. [37]. Finally, as straining improved, almost all SP were retained
on the basin bottom and the clogging layer was formed.
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during the experiment under constant head. The initial PSD of injected SP is also represented with a
red line.

It can be concluded that accumulation of bigger SP on the basin bottom acts as capture sites and
leads to faster straining of smaller SP, despite the small fraction of big SP (less than 8% of SP with size
bigger than 18 µm) in the stormwater. Only a small amount of deposited SP can cause system failure.
Given this, some pre-treatment or post-treatment procedures should be taken. For instance, scraping
off the clogging layer can restore up to 68% of the initial infiltration capacity [38].

3.3. Permeability Reduction of the Porous Medium

When SP (suspended particles) in the stormwater are transported through the filtration system,
a large fraction of SP are retained in the filter, but there are still some SP that enter into the aquifer.
The deposition of these fine SP may exhibit some influence on the aquifer. Figure 6 shows the water
levels (for several points) against the time of stormwater infiltration. It is clear that all the water
levels measured in the sand tank gradually declined in spite of some fluctuations (Figure 6). The
fluctuations may reflect the unsteady transport of the SP, which will be discussed later. P2-1, closest to
the infiltration basin, showed the largest decline in water level, indicating that an unsaturated zone
was eventually formed just underneath filtration basin, and its depth increased with time. Similar
trends of water levels were also observed for all the other pressure sensors. At the end of stormwater
infiltration stage (t = 99 h), no stormwater was introduced into the infiltration basin. The water level of
the infiltration basin dropped quickly below the basin surface, and pressure sensors responded quickly
with declining water levels (Figure 6).
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Figure 6. The evolution of water levels for typical pressure sensors (P2-1, P1-4, P2-5) over the stormwater
infiltration period.

During early stage of stormwater infiltration, the basin surface was clean and no clogging layer
was formed. The water table would rise up to the water level in the basin, and there was direct
hydraulic connection between them (Figure 4b). As the depth of the water table below the water
level in the basin was relatively small, the flow away from the basin would be mostly lateral and be
controlled by the slope of the water table [6]. As the clogging layer developed and the infiltration rate
in the infiltration basin became smaller than the hydraulic conductivity of the aquifer, the hydraulic
connection was crippled and an unsaturated zone was formed. Thereafter, the deposition of the SP in
the aquifer is governed by the horizontal hydraulic gradient.

The permeability reduction of the porous medium over time due to particle deposition was
assessed by Kozeny-Carman equation. The effects of re-arrangement of aquifer itself was excluded in
the self-filtration and the permeability reduction of the aquifer was caused by deposited SP. Figure 7
shows the spatial distribution of permeability within the aquifer at the early and late stage of stormwater
infiltration. The permeability of initially uniform porous medium was obtained using Dupuit formula.
The spatial distribution of the permeability became non-uniform after the SP infiltration (Figure 7a).
And the permeability of non-uniform porous medium was estimated by Kozeny-Carman Equation
(8) in conjunction with other relevant Equations (3)–(7). The permeability dropped obviously below
filtration basin. At early stage, vertical flow with relatively high flow rates (Figure 4) carried SP
into deeper length, but as the gradually formed clogging layer restricted the vertical flow, the worst
reduction zone of permeability was limited to area around the infiltration basin, where permeability of
porous medium is equal to 65% of the initial permeability. Thus, it was the top of the porous medium
that was the most active in the deposition process, and decreased with length. This distribution of
non-uniform permeability reduction increased as stormwater infiltration continued, and the scope
of permeability reduction zone extended both downward and rightward (Figure 7c). The horizontal
hydraulic gradient might contribute to the SP transport, as permeability reduction distribution occurred
along the gradient around the water table. It is worth noting that the aquifer bottom (x = 50 cm) suffered
relatively more permeability reduction at the end of the stormwater infiltration, which suggests gravity
still significantly affected the trajectories of the SP. At low infiltration rates, the deposition of larger SP
was mainly controlled by gravity, causing them to settle to the bottom of the tank [9].
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Combined with results from self-filtration (Figure 3), it is possible that the permeability reduction
could be overestimated, if the self-filtration was not accounted for. In that case, a bigger hydraulic
conductivity (K) would be employed in the Kozeny-Carman equation, and permeability reduction due
to self-filtration would be mistakenly attributed to deposited SP.
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3.4. SP transport and Retention in the Porous Medium

To investigate the effects of the horizontal gradient on the transport and deposition of SP, the
BTCs (Figure 8) are represented by a relative concentration as a function of time. Two obvious features
can be seen from the figure. One is the high fluctuations of BTCs, as compared to results in sand
column [9,13,15]. These fluctuations are similar to variations in head losses (Figure 6). The other is the
extended tailing following breakthrough. It is particularly evident for outlet BTC, where persistent
low concentrations could be detected, even a long period after the experiment ended.
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Both evolutions can be attributed to the detachment of deposited SP [39]. Retained SP may
aggregate at pore constrictions [40]. The retained matter has an unequally strong structure and is
subject to hydrodynamic conditions of the flow. Because the deposit reduces the porosity, the interstitial
velocity thus increases. This increase in interstitial velocity, accompanied by pressure drop, causes a
certain detachment due to an increase in hydrodynamic forces.

The detachment in this study is contrary to what was observed by Reddi et al. [30] for filter material
in a sand column, wherein it was stated that once SP transported and settled in pores, it remained
there under constant head conditions. The difference may be that hydrodynamic forces act vertically
in a sand column, while horizontal hydrodynamic forces in this study act in more than one direction
due to a physical perturbation such as a lift force and a torque [41]. These facilitate the release of fine
SP. As a result, not all of the findings from sand column are valid when applied to clogging studies in a
2-D sand tank.

The deposited SP causes non-uniform permeability reduction within the porous medium (Figure 7),
but these effects seem to be reversible due to the release of SP as well as observed extended tailing
caused by the hydraulic gradient. Particle deposition in porous media is inherently an unsteady-state
process. The extent of deposition will cause a non-uniform permeability reduction of the porous
medium, and thus disturb the hydrodynamic forces; in turn, the variations of water velocities in
pore scale will affect the transport and deposition of SP. Apart from the clogging layer formed on the
basin surface and the non-uniform permeability reduction of the porous, special attention should be
given to the adverse effects of extended tailing. Since many pollutants are associated with suspended
sediments [42,43], the contaminated SP may pose significant long-term risk to drinking water wells.
Therefore, pre-treatment and a risk assessment should be made prior to stormwater infiltration.

4. Conclusions

This study focuses on the impacts of both SP’s polydispersity on the performance of infiltration
basin as well as how deposited SP (suspended particles) interacts with the groundwater flow. The
sand tank experiment showed that the performance of stormwater infiltration systems is highly
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dependent on the formation of a clogging layer at the filter surface. Although in low content of larger
SP (>18.39 µm), it accelerates the formation of the clogging layer. Particle deposition in porous media
is inherently a transient process. The SP deposition causes non-uniform permeability reduction of the
porous medium; in turn, the variations of hydrodynamic forces affect the transport and deposition
process. The Kozeny-Carman model, coupled with other relevant models, could successfully estimate
the non-uniform permeability reduction because of SP accumulations. However, the non-uniform
reduction will be overestimated if the self-filtration is not taken into account. Further, the permeability
reduction appears to be reversible, as the deposited SP can be released. Extended tailing due to
release of deposited SP is obvious, and effective measures should be taken to eliminate the adverse
effects of extended tailing prior to stormwater infiltration. As the transport and deposition of SP in a
2-D sand tank exhibit different behavior to that in 1-D sand column, further experiments need to be
conducted to analyze the influence of hydraulic gradients (such as low hydraulic gradient and high
hydraulic gradient) and stormwater characteristics (such as its concentration, composition). A greater
understanding of these factors will provide deeper insights into how SP transport and deposit in a
saturated medium. Consequently, these insights will increase stormwater applications.
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