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Summary iii

Summary

Managed Aquifer Recharge (MAR) is a viable solution for the sustainable use of water
resources and has been proposed as an adaptation strategy to climate change. This technique
secures groundwater supplies during periods of high demand by reallocating and storing
surface water during wet periods. It also preserves groundwater resources while counteracting
the effects of variations in hydrogeological regimes and groundwater over-exploitation.
Advancing this technology requires improving the operational efficiency of MAR sites and
minimising the risk of failure. One longstanding challenge in MAR applications is clogging,
predominantly caused by physical processes. During operations, fine sediments and particles
accumulate in the sediment matrix, reducing the infiltration capacity of the facility. The site's
functionality is compromised, and remediation techniques can significantly increase operation
and maintenance (O&M) costs. In extreme cases, the site is abandoned. MAR research lacks
predictive tools based on a systematic understanding of clogging mechanisms, which could be

essential to prevent site failure.

This research aims to assess the risk of physical clogging in MAR planning, minimising
operative costs and ensuring long-lasting efficiency. To achieve this, a numerical model for
physical clogging processes was developed to be combined with site characterisation
techniques. Firstly, physical clogging models from different fields of applied engineering were
reviewed, and their transferability to MAR applications was addressed. Then, after identifying
the main processes and key parameters, a conceptual framework for modelling clogging was

established.

A major gap identified in the modelling of physical clogging was the vertical distribution of
intrusive fines in the sediment matrix during water recharge. For this purpose, data sets of
clogging profiles from the literature were reviewed and complemented with soil column
experiments. The soil column experiments were designed to cover a wider range of fines and
sandy porous media reflecting MAR conditions. A linear relationship was found between the
relative mass of deposited particles at the water-sediment interface and a clogging predictor,
representative of the primary porous media’s and intruding particles’ characteristics. The
relationship is valid for internal clogging conditions, and a mathematical solution defines the
deposition decay rate over depth. For the experiments under superficial clogging conditions, a
retention limit was formulated, after which the external cake starts to form. The quantification
of the vertical distribution of the intrusive fines allowed the simulation of the evolution in the
soil hydraulic properties during infiltration. The results of the developed physical clogging

model were tested on the column outflow throughout the experiment.
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The findings were validated in field conditions, accounting for the site-specific features
affecting the formation of clogging in the field and testing routines for site characterisation. Site
characterisation was carried out at the Suvereto infiltration basin (Italy) via a shallow
electromagnetic induction survey, soil sampling and infiltrometer tests. The laboratory and data
analysis revealed the importance of incorporating spatial features to explain the remobilisation
of fines within the basin. The parameters collected in the field could adequately explain the
observed physical clogging, and the projected evolution in infiltration capacity was consistent

with the values recorded for the whole basin.

The developed methodology can be applied to multiple sites from field characterisation data,
which is a significant advantage over existing approaches. Assessing the risk of physical
clogging assists the decision-making in developing design and management strategies for
cost-efficient maintenance. Enhancing recharge rates at MAR sites is a valuable contribution

to overcoming accelerating water demand and scarcity.
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Zusammenfassung

Managed Aquifer Recharge (MAR), auch als kinstliche Grundwasseranreicherung
bezeichnet, ist eine Technik die sich zur nachhaltigen Bewirtschaftung von
Grundwasserressourcen eignet und als mogliche Anpassungsstrategie an den Klimawandel
gilt. Diese Technik sichert die Grundwasserversorgung in Zeiten hoher Nachfrage indem
Oberflachenwasser wéhrend feuchten, niederschlagsreichen Perioden umverteilt und in
Grundwasserleitern gespeichert wird. Dadurch kann sowohl Schwankungen im
hydrogeologischen System als auch der Ubernutzung von Grundwasserressourcen
entgegengewirkt werden. Dies tragt zur Schonung von Grundwasserreserven bei. Zur weiteren
Entwicklung und Etablierung der MAR-Technologie ist eine Verbesserung der Effizienz und
der Betriebssicherheit von MAR-Standorten erforderlich. Eine seit langem bestehende
Herausforderung bei MAR-Anwendungen ist die primar durch physikalische Prozesse
bedingte Kolmation, im Folgenden als Clogging bezeichnet. Im Laufe der Zeit kommt es zur
Ansammlung von feinen Sedimenten und Partikeln in der Sedimentmatrix und somit zur
Verringerung der Versickerungskapazitat der Anlage. Dies beeintrachtigt die Funktionalitat des
Standorts und macht Revitalisierungsverfahren notwendig, welche die Betriebs- und
Wartungskosten erheblich erhéhen. In extremen Fallen kann dies zur Aufgabe des Standorts
fuhren. Prognoseinstrumente, welche ein systematisches Verstandnis der Clogging-Prozesse

ermaoglichen fehlen bislang in der MAR-Forschung.

Ziel dieser Forschungsarbeit ist es, das Risiko des physischen Cloggings bereits bei der
Planung von MAR-Anlagen bewerten zu kdnnen, um somit die Betriebs- und Wartungskosten
zu minimieren und eine dauerhafte Effizienz zu gewahrleisten. Dazu wurde ein numerisches
Modell fur physisches Clogging-Prozesse entwickelt, das in Verbindung mit Techniken zur
Standortcharakterisierung eingesetzt werden kann. Zunachst wurden Modelle fir physisches
Clogging aus verschiedenen Bereichen der angewandten Technik auf ihre Ubertragbarkeit auf
MAR-Anwendungen hin untersucht. Nach lIdentifizierung der wesentlichen Prozesse und
Schlisselparameter wurde ein konzeptioneller Rahmen fiir die Modellierung von Clogging-

Prozessen erstellt.

Eine wichtige Liicke bei der Modellierung des physischen Cloggings ist die vertikale Verteilung
der intrusiven Feinstoffe in der Sedimentmatrix wahrend der Wasseranreicherung. Daher
wurden Datensatze von Clogging-Profilen aus der Literatur herangezogen und mit
Bodensaulenexperimenten erganzt. Die Bodensaulenexperimente wurden so konzipiert, dass
sie ein breiteres Spektrum an feinkdrnigen und sandigen pordsen Medien abdecken, die den
MAR-Bedingungen entsprechen. Es wurde gezeigt, dass eine lineare Beziehung zwischen der
relativen Masse der abgelagerten Partikel an der Wasser-Sediment-Grenzflache und einem

Clogging-Pradiktor besteht, der die Eigenschaften des primaren porésen Mediums und der
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eindringenden Partikel reprasentiert. Diese Beziehung gilt fir interne Clogging-Bedingungen,
und eine mathematische Losung definiert die Ablagerungsabnahme Uber die Tiefe. Aus den
Experimenten unter oberflachlichen Clogging-Bedingungen wurde eine Ruckhaltegrenze
formuliert, nach der sich der aulere “Cake“ zu bilden beginnt. Ausgehend von der
Quantifizierung der vertikalen Verteilung der intrusiven Feinstoffe wurde die Entwicklung der
hydraulischen Eigenschaften mithilfe des entwickelten physischen Clogging-Modells simuliert

und wahrend des gesamten Saulenversuchs lber den Abfluss getestet.

Die so gewonnenen Ergebnisse wurden anschlieBend im Feldmal3stab validiert, um
Feldfaktoren am Standort und Testroutinen zur Standortcharakterisierung zu integrieren. Die
Standortcharakterisierung wurde im Infiltrationsbecken von Suvereto (Italien) mittels
elektromagnetischen Induktionsmessungen, Bodenprobenahmen und Infiltrometertests
durchgefuhrt. Die Labor- und Datenanalyse zeigte, wie wichtig die Einbeziehung raumlicher
Merkmale ist, um die Remobilisierung von Feinstoffen innerhalb des Beckens zu erklaren. Die
im Feld erhobenen Parameter kdnnen das beobachtete physische Clogging angemessen
erklaren und die prognostizierte Entwicklung der Infiltrationsraten stimmt mit den gemessenen

Werten flr das gesamte Becken Uberein.

Die entwickelte Methodik kann auf der Grundlage von Feldcharakterisierungsdaten auf andere
Standorte tbertragen werden, was einen erheblichen Vorteil bei der Bewertung des Clogging-
Risikos darstellt. Dies untersttitzt den Entscheidungsprozess bereits in der Planungsphase bei
der Bewertung von Gestaltungs- und Bewirtschaftungsstrategien zur Verringerung von
Clogging an MAR-Standorten und tragt somit zur Bewadltigung des zunehmenden
Wasserbedarfs und der Wasserknappheit bei.
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Introduction 1

1 Introduction

1.1 Sustainability of water resources

The security of our global freshwater resources is at risk due to the rising demand of growing
populations and global economies. Among 186 countries worldwide with a total population of
7.78 billion, approximately 8% face severe water scarcity, while around 72% are experiencing
some degree of water insecurity (MacAlister 2023). Freshwater resources are more vulnerable
given the adverse effect of climate change, altering the hydrological cycle and making rainfall
patterns more unpredictable, leading to an increase in the frequency and intensity of both
floods and droughts. The World Meteorological Organization (2022) declared in their report
“State of Global Water Resources” that significant regions across the world registered
decreased streamflows compared to the average of the 30-year hydrological base period,
indicating a dryer-than-normal state. Additionally, terrestrial water storage in 2021 was
categorised as below average during this period. Under prolonged droughts, surface water
resources and water storages are more vulnerable than aquifers (Scanlon et al. 2023).
Because of limited surface water availability in the next decades, groundwater will have a
central role in ensuring the resilience of the global population to current and future water crises.
Groundwater makes up approximately 99% of all available liquid freshwater on the planet. This
natural resource is frequently undervalued despite its vital importance, leading to improper

management and overexploitation (United Nations 2022).

The Sustainable Development Goals (SDGSs) of the 2030 Development Agenda aims to protect
water resources with the goal SDG 6 - “Ensure availability and sustainable management of
water and sanitation for all’. More specifically, target 6.6 contains a direct reference to
groundwater resources: “By 2020, protect and restore water-related ecosystems, including
mountains, forests, wetlands, rivers, aquifers and lakes”. Also, SDG 12 - “Ensure sustainable
consumption and production patterns” and SDG 13 - “Take urgent action to combat climate
change and its impacts” have interlinkages to groundwater resources in resolving their targets.
Despite there are at least 53 targets in the 2030 Development Agenda that have interlinkages
with the use of groundwater and its management, the outlined SDGs generally did not
acknowledge the important role that groundwater currently plays and will continue to play in
achieving sustainable development (Guppy et al. 2018). The United Nations General Assembly
has declared the period between 2018-2028 as the Water Action Decade for Sustainable
Development, intending to speed up efforts to address water security challenges in conjunction

with the 2030 Agenda for Sustainable Development.

This recognition of the vast potential of groundwater resources and the need to manage it
sustainably has been addressed by the UN Water World Water Day 2022 Campaign with

IGRAC, the International Groundwater Resources Assessment Centre. In the same year, the

Dissertation TUM Campus Straubing flr Biotechnologie und Nachhaltigkeit



Introduction 2

UNESCO's World Water Assessment Programme (WWAP) prepared the UN World Water
Development Report 2022 ‘Groundwater: Making the invisible visible’.

The report affirms that approximately 50% of the worldwide urban population depends on
groundwater sources for water supply. This is the case especially for developing economies,
due to insufficient piped water supply in peri-urban settlements. The number of private wells
used for urban self-supply has increased in recent years. Moreover, of all the global
groundwater withdrawals, almost 70% goes to irrigation, watering 38% of the world's land,
around 22% is for domestic use, and 9% is served for industrial processes (United Nations
2022). Besides the above-listed provisioning services for human water-use purposes,
groundwater resources provide regulatory and supporting services. The supporting services
are vital for groundwater-dependent ecosystems (GDE), which are impacted by anthropogenic
water consumption and climate change (Klgve et al. 2014). In global food security projections,
the anticipated global demand for food by 2050 is expected to increase by 35% to 56%, relative
to 2010, with a population at risk of hunger that could reach +30%, accounting for climate
change effects (van Dijk et al. 2021). To satisfy the anticipated global demand for water and
agriculture by 2050, it will be crucial to regulate groundwater abstractions in a sustainable way.
Groundwater regulation and top-down governance are difficult to implement due to the
conception of groundwater resources being related to land ownership, and thus being treated

as a private resource (United Nations 2022).

Groundwater depletion is a reality worldwide, and this is the case when more water is
abstracted from aquifers than is naturally recharged through the hydrological cycle (Wada et
al. 2010). Over the years, global datasets, global hydrogeological models and satellite data
have been employed to address the non-renewability of the groundwater resource (Dol et al.
2014; Gleeson et al. 2012). Using satellite data for global water-resource assessments, such
as the Gravity Recovery and Climate Experiment (GRACE) satellite mission, revealed a
depletion trend in groundwater storage that could be related to regions with intensified

agriculture or population pressures (Richey et al. 2015).

Surface water and groundwater should be managed jointly to increase the resiliency of water-
resource systems and ensure the sustainability of water resources in the future (Scanlon et
al. 2023). The World Bank's 2023 report “What the Future Has in Store : A New Paradigm for
Water Storage - Overview for Policy Makers” calls for more effective, efficient, and sustainable
storage methods. This can be achieved by implementing integrated water resources
management principles and combining natural and built storage as a cohesive system,

optimising the current infrastructure and managing risks through diversification.
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To shift the paradigm from conventional surface water storage systems, one groundwater-
based human strategy to adapt to climate change and increase freshwater availability is

Managed aquifer recharge (MAR).

1.2 Managed Aquifer Recharge

MAR is defined as the intentional recharge of water to aquifers for subsequent recovery or
environmental benefit (NRMMC et al. 2009). Differently from the term "artificial recharge”, the
management process assures adequate protection of human health and the environment. In
MAR the quantity and quality of groundwater resources are managed effectively. Water quality
is vital in developing the potential of this technology (Hartog and Stuyfzand 2017). Worldwide,
the MAR implementation has accelerated at a rate of 5% per year since the mid-1960s,
combined with a decline in new large dams constructions (Dillon et al. 2018; Institute 2018).
Compared to dams, MAR techniques offer the advantage of lower capital costs, reduce
evaporation losses, problems with algae or mosquitoes, and can be located in areas with high
water demands (Dillon et al. 2022). Further natural treatment is provided to water resources
through mechanical filtering, sorption and biodegradation in the vadose zone (Sprenger et al.
2017). Combined groundwater and surface water storage are expected to increase the
flexibility in the sustainable use of water resources at relatively low economic cost and

environmental impact. (Vanderzalm et al. 2022).

Besides securing groundwater supply during high demand and reallocating the exceeding
surface water in wet periods, MAR techniques address the ecological, societal and economic
impacts of declining groundwater levels (Zheng et al. 2021). In depleted coastal aquifers,
saltwater intrusion can be controlled by creating a hydraulic barrier maintaining the seaward
gradient in the aquifer system (El-Rawy et al. 2019). MAR can repressurise aquifers that have
undergone significant and extensive drawdowns, contrasting aquifer-system compaction and
land subsidence phenomena (Ting et al. 2020). Moreover, the water quality of deteriorated
aquifers can be improved and groundwater-dependent ecosystems can benefit from the

augmentation of fresh water in aquifers with controlled water quality (Dillon 2005).

MAR techniques are relatively low-cost infrastructures, but since they rely on natural
heterogeneous systems, they require aquifer characterisation to be effectively implemented
(Maliva 2015). The scale and technical complexity are highly dependent on the local conditions
and the source of water selected for recharge, which can be surface water from rivers, storm-
water, treated wastewater or desalinated seawater (Casanova et al. 2016). MAR technologies
can be divided into five major classes, namely: Spreading methods, in channel modification,

wells and shaft recharge, induced bank filtration and rainwater harvesting (Zhang et al. 2020).
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Spreading methods are the simplest and most commonly applied MAR technique, including
infiltration ponds and soil aquifer treatment (SAT), the infiltration and percolation of treated
wastewater through sub-surface soil passage (Sprenger et al. 2017). In channel modification,
a dam is constructed and the riverbed or channel bed is scarified to enhance water recharge
(Standen et al. 2020). In deep aquifers, wells and shaft recharge techniques are indicated as
aquifer storage and recovery (ASR) and aquifer storage transfer and recovery (ASTR)(Pyne
2005). In induced bank filtration, a well pumps water induce infiltration from the surface water
body to the aquifer (Rossetto et al. 2020). Finally, rainwater harvesting methods are

implemented in urban areas to collect and return water to the hydrological cycle (Fig.1).

Water Treatment Plant
0 — —

22

Infiltration ponds and basins

[ > =
DS I ol | : { :
I I
N Aquifer storage and Aquifer storage, transfer
Qpen wells and shals recovery (ASR) and recovery (ASTR)

River / Surface water

~

z

Bank filtration Rainwater harvesting

Figure 1: Main classes of MAR technology from Zhang et al. (2020).

Due to the illustrated advantages compared to traditional water storage and treatment
methods, MAR technology is expected to increase worldwide and be applied in multiple
contexts. Still, challenges and problems need to be solved to accelerate the growth and
expansion of this technique. One of the long-lasting issues is clogging mechanisms and its

prevention.
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1.3 Clogging processes

Clogging is defined by Bouwer (2002) as the "bane of all artificial recharge systems". This
process generally occurs through the accumulation of fine sediments and other particles in the
infiltrating surface, affecting the infiltration capacity of the site. Because of clogging, the
performance of the MAR system can be compromised, resulting in the failure of MAR
operations. Cleaning cycles and maintenance operations are required to restore the system's
functioning. Sprenger et al. (2017) documented the number of MAR site abandonment in
Europe because of the loss of performance and increased costs. Although clogging and
maintenance strategies are of vital concern in MAR practices, these have not been reported in
detail in the available MAR literature (Sprenger et al. 2017).

Clogging mechanisms can be related to four main types of clogging: physical, biological,
chemical and mechanical. Physical clogging originates from the intrusion and deposition of
organic and inorganic suspended solids. Suspended solids are transported during water
recharge and intrude, altering the permeability of the porous media and eventually building up,
forming an external cake (Bouwer 2002). Especially if the water source is floodwater, eroded
suspended solids, such as clay and silt particles, are a concern and turbidity levels need to be
monitored. To minimise physical clogging is vital to reduce the concentration of suspended

solids in the recharge water (Martin 2013a).

When algae growth and microorganisms' biomass accumulate, it is defined as biological
clogging. Microorganism form biofilms, mainly responsible for clogging the pores, which
comprise microbial cells and extracellular polymeric substances (EPS) embedded in a surface
(Baveye et al. 1998; Camprovin et al. 2017). The density of the biofilm formation is related to
the substrate concentration, while the bacteria growth depends upon nutrients, such as
nitrogen and phosphorus, and organic carbon content in the recharge water (Kim et al. 2010).
Both aerobic and anaerobic bacteria can grow on wells equipment, such as pumps, tubes and
in the aquifer itself, and the flow rate of injection can control the formation rate of biofilms
(Martin 2013a).

Chemical clogging is caused by the formation of insoluble precipitates, predominantly calcium
carbonate, iron oxides and iron hydroxides. Minerals can be naturally found dissolved in
groundwater and surface water. Carbonates and sulphides precipitation is associated with
variations in pressure temperature or pH during recharge and mixing. The presence of oxygen
can accelerate iron precipitation. When oxygenated water is recharged, carbon dioxide and
hydrogen sulphide is released (Custodio et al. 1982; Pérez Paricio 2001). Iron or manganese
oxides and hydroxises precipitation can be facilitated through the action of bacteria, making it
not always possible to discern biological from chemical clogging (Majki¢-Dursun et al. 2015;
Martin 2013a; Pavelic et al. 2007).
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Finally, mechanical clogging indicates the trapping of air in the vadose zone and consequent
reduction in infiltration capacity. Dissolved air is realised when going out of solution from the
infiltrating water because of a drop in water pressure or temperature (Bouwer 2002).
Microorganisms can contribute to the production of biogenic gases, and both entrapped air
and biogenic gases can occupy 7—-20% of the entire pore space (Beckwith and Baird 2001;
Heilweil and Marston 2013). Several studies in MAR literature indicate that physical clogging
is the predominant process, followed by mechanical, biological and chemical processes (Dillon
et al. 1994; Pavelic et al. 2011; Rinck-Pfeiffer et al. 2000).

Figure 2: Types of clogging (physical, biological and chemical) at MAR sites, from Escalante (2013) and Willis-
Jones and Brandes de Roos (2013).

In recharge wells, the source of recharge water should go through ultra-filtration, such as
membrane and ultra-violet treatment, in order to prevent clogging. Still, velocity-induced
clogging can occur when the critical interstitial velocity is exceeded and the clays, naturally
present in the aquifer, become mobile. The fines migrate in the direction of the flow until they
are trapped in a narrower pore throat, reducing the injection capacity (Bennion et al. 1998).
Recharge wells can be redeveloped and rehabilitated from clogging with conventional
techniques, such as frequent and periodic “backwashing”, air jetting or acidising treatments
(Pavelic et al. 2007). A detailed list of clogging remediation methods in recharge wells is
reported in Martin (2013b).

In MAR basins, the downward movement and retention of fine-grained sediments, originating
from the soil formation itself or transported by the infiltrating water over MAR operations, can
significantly impact the drainage properties (Beganskas and Fisher 2017; Hutchinson et al.
2013; Racz et al. 2012). Pilot tests are usually constructed to test the performance of the MAR
system given the site-specific conditions, and schedules for wetting and drying periods are
developed by trial and error (Bouwer 2002). In order to reduce clogging impacts, low and
constant recharge rates with frequent rehabilitation are recommended by constructing multiple
infiltration basins, ensuring continuous recharge (Jeong et al. 2018). Regular drying and
periodic cleaning of the basin need to be included in the definition of the MAR site hydraulic

loading rates, considering the “down” time (Bouwer 2002).
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Cleaning operations usually occur at the end of the drying period, after the clogging layer is
left drying, decomposing and cracking. The mechanical removal of the superficial clogged
material should be done with scrapers, graders, or manually with rakes. Disking or plowing are
common practices to temporarily rehabilitate the soil, although fines and other clogging
material keep accumulating within the soil (Bouwer 2002). The standard rehabilitation, could
be ineffective when the formation of the damage is internal rather than only superficial. As
reported in the Standard Guidelines for Managed Aquifer Recharge (American Society of Civil
Engineers 2020), the periodical removal of native clogged sediments and the deepening of the
facility is not sustainable and could permanently compromise the MAR site. On the other side,
operations such as the periodical importation of new permeable sediment or washing to
separate the clogged material from the coarser matrix are highly expensive. In most severe

cases, the accumulation of fines in the facility controls the useful site lifespan.

Suspended solids:

Figure 3: Scheme of fines intrusion in MAR spreading methods during water recharge

1.4 Water Standards

Clogging processes are highly interdependent and are commonly experienced directly on the
site during MAR operations. As mentioned in the previous section, clogging can be controlled
by pre-treatment of the recharge water and rehabilitation techniques. The use of these
techniques always depends on the recharge system type and hydrogeological setting, for
which an appropriate MAR scheme and site selection is preferable for successful operations
(Jeong et al. 2018).

Water quality standards to prevent clogging in MAR design are the total suspended solids
(TSS), total dissolved solids (TDS) and turbidity level for smaller particles, expressed in
Nephelometric Turbidity Units (NTU). Total Organic Carbon (TOC) and Total Phosphorous (P)
control biological clogging, while Iron (Fe), Manganese (Mg), Chromium (Cr) are standards for

chemical clogging. Total Dissolved Oxygen (TDO) is associated with mechanical clogging and
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chemical clogging (Fernandez Escalante et al. 2020). These water-quality parameters to
prevent clogging in MAR sites vary considerably among water quality standards in different
countries, especially regarding TOC and TSS. For example, TSS hasto be <5 mg/l in Florida,
while in Mexico, recharge water can have a concentration of 150 mg/l (Fernandez Escalante
et al. 2020).

Three more specific parameters to predict the clogging potential for wells injection are reported
in MAR literature (Bouwer 2002). The Modified Fouling Index (MFI) is performed through a
0.45 pm Millipore filter test to determine the water's tendency to clog the membrane (Schippers
and Verdouw 1980). This indicator of clogging potential is equal to the line describing the slope
of the inverse of the flow rate versus the amount of water passing through the membrane at a
constant pressure in standardised conditions (Pyne 1995). The Assimilable Organic Carbon
content (AOC) measures microbial growth potential and is expressed as the fraction of organic
carbon that microorganisms can assimilate in an acetate solution producing the same bacterial
growth. (Van Der Kooij et al. 1982). Biodegradable Organic Carbon (BDOC) is preferable for
higher organic carbon concentrations and is easier to determine; the water is passed through

batch tests with soil slurries, and degradation in organic carbon is annotated (Bouwer 2002).

Attempts to determine the clogging rate in porous media have been done through Parallel filter
index (PFI) (Hijnen et al. 2020). The recharge water is injected in sand columns filled with the
aquifer material or composed of sand with the same hydraulic conductivity. The head losses
are then measured for a constant filtration rate higher than the infiltration rates in the aquifer
formation, acting as an early warning system. These parameters are useful to compare relative
clogging potential for various sources of recharge water, but they cannot entirely predict
clogging since declines in injection rates also depend on the variations in water quality and the
hydraulic characteristics of the aquifer (Bouwer 2002). The characteristics of the native soils

and their heterogeneity also have a major impact (Barry et al. 2017).

Using the MFI clogging indicator, Buik and Willemsen (2002) derived a relationship to predict
the rate of physical clogging in recharge wells. The clogging rate depends on the infiltration
rate on the borehole wall, suspended solids and aquifer characteristics, determined over the
median diameter of the sandy aquifer. The work was based on Olsthoorn (1982) relating the
MFI to the permeability of the formed “external cake”, and the available relations between the
MFI values and the pore sizes of the membranes. Maliva (2020) reports that the relationship
for the clogging rate in recharge wells cannot only work for the clogging rate between back-
flushing events, and it cannot predict when clogging will occur. On this regard, the
understanding of deposition mechanisms is vital to determine the formation of clogging, also

in surface spreading methods.
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1.5 Deposition mechanisms

In particle filtration theory, distinct deposition mechanisms are presented. Filter or "external"
cake forms when the suspended patrticles have larger grain size than the porous media grain
size, thus the particles accumulate on the surface of the granular material. This process is also
defined as surface clogging. The "internal" filter cake forms when smaller suspended patrticles,
enter the interstitial space of the bed and deposit according to the mechanism of straining or
size exclusion, leading to the formation of the internal clogging. When two or more particles
enter the pore space at once, they form a particle bridge and the blocking of the pore throat is
reported as "bridging" (Kanti Sen and Khilar 2006). Physical-chemical forces control the
transport and govern the physical-chemical filtration mechanism for colloidal and a range of
intermediate particles, with a diameter size <1 ym (Herzig, Leclerc et al. 1970). For this particle
size ranges, the Brownian motion controls the collision mechanism, and electrostatic
interaction and London-van-der-Waals forces regulate the attachment mechanism (McDowell-
Boyer et al. 1986; Zamani and Maini 2009).

SURFACE (CAKE) STRAINING PHYSICAL-CHEMICAL

Figure 4: The three main filtration mechanism, adapted from McDowell-Boyer et al. (1986)

Differently from larger suspended particles, the very small diameter size of colloidals,
determines not only the predominance of surface forces over the deposition process, but also
the slower sedimentation rate, in relation to the square of their particle size. Colloidal particles
remain dispersed longer, whereas suspended particles settle rather rapidly by sedimentation

under normal gravity (Elimelech et al. 1998).

Besides the challenges in the quantification of the physical and chemical interactions taking
place at the single particle on a collector, microscopic modelling goes beyond the purpose of
this research. The focus has been on permeability reductions triggered by fine-grained
suspended particles (>1 um), in the clay and silt range. Over this range of suspended particles

the volumetric forces, namely gravity and hydrodynamics forces, control the interstitial
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movement of particles in the porous media. The particles’ entrapment follows geometric
considerations based on the ratio of the size of fines to the size of the pore constrictions of the
porous media. Several clogging analyses appoint the ratio of the diameters as the critical
parameter controlling the diverse deposition mechanisms, namely blocking, bridging or surface

deposition, and piping (Gruesbeck and Collins 1982; Herzig et al. 1970; Muecke 1979).

Depending on the native sediment, the nature of fines and their internal rearrangement, the
formation of superficial or internal clogging is triggered, determining not only the depth but also

the rate at which it occurs.

1.6 Clogging risk assessment

The water standards defined in the previous sections indicate the threshold limits for clogging
formation but are not specific to the site's characteristics. Currently, comprehensive models of
clogging in porous media have not been developed, and existing models for clogging only
address specific observations from a single experimental set-up (Du et al. 2018a; Xie et al.
2020). The comprehensive numerical code CLOG for simulating clogging processes in MAR
sites requires further calibration of the kinetic parameters for application (Pérez Paricio 2001).
The effect of clogging on the infiltration dynamic has been incorporated in numerical
simulations in HYDRUS and MODFLOW through time-variable scaling factors acting on
parameters for hydraulic conductivity (Glass et al. 2020; Majumdar et al. 2008). Laboratory
experiments or observations of water levels are still necessary to calibrate these models and

replicate the overall behaviour.

According to Zhang et al. (2020), one of the primary challenges facing research on Managed
Aquifer Recharge (MAR) is the absence of systematic and comprehensive studies on the
clogging mechanisms. Standardised methods should be established to assess and predict

clogging and develop more effective, easy-to-apply prevention and rehabilitation measures.

Although the current research in MAR has progressed in detecting on-going clogging and its
management, there is still a need to develop modelling tools to predict potential reductions in
MAR infiltration capacity and incorporate risks for cost-effective design (Dillon et al. 2018;
Maliva 2020). Conventional and advanced site characterisation methods should be developed
to integrate data into models and explore different design and operational options, allowing
local solutions to meet performance objectives before construction begins, e.g., determining

optimal infiltration and recovery schedules (Ringleb et al., 2016).

Assessing the risk of clogging at a MAR site could minimise clogging and ensure successful
MAR performance, avoiding considerable economic expenditures in the later remediation of
the site. Through site characterisation and modelling tools, a range of design and management

options could be evaluated during the planning phase of the site. Costs of operation and
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maintenance could be reduced, ensuring long-lasting sustained recharge rates. Developing
strategies for cost-efficient maintenance at the specific site can assist the decision-making

process during the MAR planning phase or undergoing operations.

1.7 Research questions and objectives
The following research questions have been defined at the start of the research process to
assess the risk of physical clogging at MAR sites:

¢ How can clogging behaviour or the susceptibility of MAR infrastructures be assessed,
ideally prior to the operation phase of the MAR site?
¢ Which design and operation options would effectively reduce the risk of clogging?

¢ Which maintenance operations would be the most cost-efficient?
To answer the posed questions, the objectives of the work have been:

e Toidentify and understand the main mechanisms that cause the reduction in the infiltration
rates and include them within a modelling scheme;

e To develop methods for site characterisation to assess the risk of clogging at the specific
site;

e To compare the costs and benefits of different alternatives in reducing the potential

damages of clogging.

In order to answer the first research question, physical clogging phenomena have to be
investigated at the temporal and spatial dimensions. The quantification of the time for the MAR
facility to be clogged and the depth at which fines accumulate, would provide estimates on the
frequency of cleaning operations and the depth of sediments to be treated. The risk
assessment can determine the expected lifespan of the MAR infrastructure and the costs of
proper maintenance. Predictions on the state variable of a system are made through

observations and modelling.

First, a review of existing clogging models in literature was performed, and the relevant
mechanisms gained from these studies were collected under a conceptual framework for
modelling clogging (Accepted Paper). The datasets of the clogging profiles were then collected
from the literature and integrated with column experiments to parametrise the resulting model
on the basis of the system’s physical characteristics (Publication I). Once the predictions
proved valid from the laboratory experiments, they were tested in field conditions, accounting

for the site-specific features affecting the spatial formation of clogging at the site (Publication
I).

Through the setting up of the model and parameterisation from site characterisation

techniques, quantitative estimations can be performed to determine the frequency of cleaning
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operations, the lifespan of the MAR site and the costs required for maintenance. A
schematisation of the research steps undertaken and relative publications is illustrated in Fig.
5.

J= MIN (Costs of maintenance)
ACCEPTED OBJECT/SYSTEM Costs of maintenance= f

PAPER (frequency of maintenance
l operations, depth to be removed)

MODEL,
VARIABLES,
PARAMETERS

. 5

Main assumptions Are the parameter from
models selection the literature valid?

Can we improve existing
| PUBLICATION i models?
v

MODEL COLUMN
PREDICTIONS EXPERIMENTS

Are the prediction good?

VALID,
PREDICTION
ACCEPTED

Factors to include at the

field scale?
v
FIELD
M o = S D CHARACTERIZATION
AND OBSERVATIONS
Incorporation of site
specific features
v
VALID,
PREDICTION
ACCEPTED

Figure 5: Scheme for model development, adapted from Dym (2004).
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2 Material and Methods

2.1 Literature Review

A literature review was performed in the initial phase of the research process. The literature
review aimed to critically assess the studies developing models for physical clogging
processes. Experimental and observational studies restricted to cause-effect relationships
were excluded from the literature review. For the review, the scientific databases of Scopus (

https://www.scopus.com ) and Web of Science (https://www.webofscience.com) were

consulted, and results from Google Scholar ( https://scholar.qgoogle.com ) were integrated. The

research included academic papers, theses and conference proceedings.

First, the papers were classified based on the engineering field of application. The main fields

of application identified for physical clogging modelling were the following ones:

. Managed Aquifer recharge application

. Petroleum engineering application (deep bed filtration)
. Subsurface-flow treatment wetlands

. Geotechnical engineering application

Within each field of application, the authors' studies were first collected and summarised,
excluding redundant studies. The selected studies were compared and contrasted, highlighting

the authors' subsequent work, and developing theories and relationships were emphasised.

Mathematical formulations developed in the studies were highlighted. The strengths and
weaknesses of each developed model for physical clogging were discussed, highlighting the
validity of existing parameters in the literature and the dependence of parameters on column

experiment calibration.

In order to organise the studies and allow for comparison, each study in the literature review
defined the respective scope of application, the model category, fines of interest and hydraulic

operating conditions.
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Figure 6: Classification of the numerical models within the literature reivew.

2.2 Process-based framework

A process-based framework for modelling physical clogging was created from the main
processes underlined in the studies. The mathematical formulation collected within each study
was divided into three tables: (i) particles’ distribution in porous media (ii) changes in porosity

¢ (iii) changes in permeability k.

For each equation, parameters were reported, with emphasis on available parameters from
the literature. The organisation in tables of the main mathematical formulations to model
physical clogging allowed to observe the choices of the authors to describe the same process
under a conceptual framework. These mathematical formulations have been tested afterwards
with data from the literature and then from own performed experiments. The coefficient of
determination R? assessed how well the models replicated the decrease in soil permeability

from volumes of retained particles.

In order to develop a model for physical clogging, the state variables of the system were
defined:

. Retained volume of particles in the porous media o(z,t)
. Permeability k(z,t)

From the literature review, it followed that the parameters involved in the physical clogging

mechanisms are:
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Table 1: Conditions and responsible parameters for physical clogging

Water quality Geometric Hydraulic Hydro-
conditions conditions conditions geochemical
conditions
Parameters < Initial particle * Particle size *Pore flow * lonic strength of
concentration in distribution PSD velocity u water IS (for
the influent C, * Grain size ( > pore < Initial hydraulic  clays)

space) distribution of ~ conductivity K,
the medium GSD

The main gap from the literature review in physical clogging modelling was the expected depth
at which particles deposit, thus the internal distribution of particles within the porous media.
The literature review revealed that a geometric component plays a role in the entrapment of
particles, and the hydraulic component, for constant flow conditions, is responsible for the

remobilisation of particles and, thus, the “wash-out” effect.

It was chosen to focus on developing the model for physical clogging for the one-dimensional
flow in surface spreading methods. The possibility to reverse the flow direction, known as back-
washing, is a common technique in the remediation of clogging in injection wells. Thus, It was
decided to develop the model for physical clogging starting from the case of vertical flow in

constant head conditions.

2.3 Dataset review from literature

The infiltration process in MAR sites involves the deposition and wash-out of particles, with a
first phase where fine particles intrude at a specific depth. For fine-grained sediments, the
capture of fines into the porous media and relative depth is mainly related to the particles size
distribution (PSD) of the suspension and the pore space of the soil, which can be attributed to
the soil's grain sizes distribution (GSD). During the infiltration process, as more fines
accumulate, clogging starts to occur, resulting in a decrease in infiltration rates. This process,

in turn, accumulates additional fines that deposit over the formed layer.

We attempted to cover a gap in the literature from the water-quality indicators for physical
clogging to the sophisticated models at the pore scale, which are not feasible for a rapid and
cost-effective assessment of physical clogging risk at managed aquifer recharge sites. With
the objective of closing the gap from the literature review, datasets of clogging profiles were

collected from column experiment studies, which reflected MAR conditions.

Clogging profiles were parametrised as exponential decay functions, similar to the work of

Huston and Fox (2015) in river ecology. The exponential decay function, describing the vertical
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profile of infiltrated fines in gravel beds, is theoretically derived from the mass conservation of

fine sediments for a finite volume in the work of Cui et al. (2008).

OF , 0q _
5 135,=0 (1)
aq__
S, = —Ba (2)

With F the fraction of fine sediments to the total soil volume, g the fine sediment flux per unit

area, and S the trapping coefficient.

In the Wooster et al. (2008) study, semi-empirical relations from experimental runs were
derived to fit the vertical profile knowing the grain size distribution for the gravel bed and
infiltrating fines. From the observations of the clogging profiles in Huston and Fox (2015), two
main assumptions followed: first, the maximum sediment intrusive depth Z_ is reached at the
very early stage of the clogging process as a function of the pore water velocity distribution for
the clean substrate; secondly, the clogging profile along depth follows an exponential decay.
Observing the maximum fraction of fines deposit at the water-sediment interface, reaching the
close 0% in correspondence of the maximum clogging depth Z., the clogging profile is

described in terms of the fine sediment fraction as:
f
F=eh 3)
e
fs
With f; the maximum expected fine sediment fraction at the water-sediment interface and g

the coefficient for the exponential decay with depth. In Huston and Fox (2015), f; is estimated

from the information of the gravel and fine porosity.

Since the studies mentioned above were performed for sediment transport in hydraulically
turbulent open channel flow, we tested whether the main assumptions for the clogging profiles
in Huston and Fox (2015) were holding for vertical infiltration of particles in laminar flow

conditions, similar to water recharge in surface spreading methods.

We collected retention profile datasets, in internal clogging conditions, from the studies of Alem
et al. (2014), Ahfir et al. (2017) and Tippelt (2015). The experiments were performed in soil
columns with a porous media in the grain size range of coarse medium sand, in the 0.25-1
mm range. Experiments conducted on gravel substrates, such as those conducted by Gibson
et al. (2009) and Tang et al. (2020) were not considered. Similarly, the silt profiles in
chromatography columns from Du et al. (2018b) were excluded from the analysis due to the
different experimental setups. In the selected studies, a low concentration of fine particles in
suspension was let infiltrate in the sand column, and after a certain infiltrated volume,

deposited particles were wet-sieved.
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In Alem et al. (2014) and Ahfir et al. (2017) the deposited particles are expressed in terms of
volumetric retention (cm3/cm3) and mass retention (g/g) to the porous media, while in Tippelt
(2015) the total deposited mass is expressed for the sieved section. To compare the datasets
from the selected studies, the proportion of deposited mass relative to the total mass of
infiltrated particles was calculated for each section. At the central point of each section, an
average value was computed by dividing the relative mass% over the section length and

assigning the relative mass of deposited clay to a specific depth.

After data processing, the clogging profiles in terms of relative mass on total infiltrating mass
were fitted to exponential decay functions in MATLAB R2019a. The objective was to derive the
parameters for the relative mass of deposited particles at the surface (f,—,) and the decay rate
of deposition (a). The coefficient of determination R?> was employed to test whether the

exponential decay explained the particle deposition variation over depth.

The parameters f,_, and a were then related to the clogging predictors from the experimental
setting, such as the diameter sizes d;, (inflow particles), D¢, (porous media). The information
on the geometric conditions was restricted in part of the databases to the median diameter,
which is in line with the static chosen by Bradford et al. (2003) to describe straining effects.
Predictors from experimental hydraulic conditions, such as the initial hydraulic conductivity of
the porous media and flow velocity, were also tested. Data on the hydro-geochemistry
conditions of the experiments could not be compared since part of the studies were conducted
with deionised water. The number of datasets available for the analysis was restricted by the
accessibility of retention profiles in the relevant literature. Typically, filtration studies do not
provide this information since particles concentrations are measured automatically at the
effluent. The absence of retention profile data in the literature presents a limitation in
comprehending the processes of straining and deposition within porous media (Alem et al.
2013).

2.4 Laboratory experiments
Due to the limited dataset of retention profiles in literature, column experiments were
conducted to extend the datasets to sands with different granulometry, reflecting MAR

conditions, and observe the intrusion and deposition of silt particles.

Silt particles were prepared for the suspension from a silty soil collected at the Bad Lauchstadt
site. The soil was pre-sieved, dried and tested for organic matter removal. At the Soil Lab at
the Department of Soil System Science UFZ Halle, mechanical sieve shakers separated the
silt fraction <63 pm from the residual soil. The particle size distributions and statistics were
performed first by sedimentation methods (Sedigraph) at the Faculty of Physic and Earth

Sciences in Leipzig. Laser diffraction analyses (Cilas Particle Size 920) were later performed
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at the Institute of Geosciences and Geography in Halle. The two methods are based on
different physical principles and assumptions, and even though laser diffraction
underestimates the plate-like clay particles, sedimentation analysis ‘overestimate’ these
particles due to the lower apparent density and inaccurate application of Stokes’ Law
(Buurman et al. 2001). There is no correct or incorrect method to apply for particles size
analysis, as long as the results from the two methods are kept separated. Since the other
studies in the dataset employ laser diffraction analysis for the particles size distribution, this
method was preferred for comparison. Under laser diffraction, the silt particles had a median
diameter of dsy = 31.01 (£0.20) pm.

Column experiments were set up reproducing surface spreading methods in MAR systems.
The design of the soil column experiment replicated constant head conditions through the
installation of the upper and lower reservoir, outflow and valves adjustments. The column had
a diameter of 4.8 cm and a height of 50 cm, with a constant head of 20 cm above the sand
surface, resulting in a hydraulic gradient of 1.44 cm/cm. A precision balance scale (KERN
PCB) was programmed to record the variations in the outflow from the soil column. The data
were recorded with a USB to RS232 serial port, and the time series of water mass was

processed into flow velocity (cm/s).

Turbidity values (NTU) for the column effluent were measured using a turbidimeter (HACH
2100P). Water samples were collected before the start of the suspension's infiltration and
during the experiment's run to verify the mass balance of the transported particles in the porous
media. A calibration was conducted before to correlate the known a priori suspended particles

(SP) concentrations (mg/l) with the measured (NTU) values of the created suspension.

At the end of the experiment, samples were taken at the column sections and at the porous
media surface, dried, weighed, and annotated after wet-sieving and drying. To achieve this,
techniques for soil samples collection without disrupting the column were first tested. Soll
samples were retrieved from the column at 7 sections. Multiple methods to sieve and measure
the silt fraction from the sand grains were examined to reduce the errors. Preliminary soil
column experiments were run to assess the reproducibility of results from the running of the

sand column, checking the hydraulic behaviour, and the procedure for the soil sample analysis.

Finally, the experiments were run with sands in the grain sizes range of 0.1-0.4 mm, 0.2-0.7
mm, 0.4-0.8 mm, and 0.5-1 mm. The sand was compacted according to the bulk density
specified in the sand technical sheet, and the resulting porosity was calculated with the bulk
density method for the sand particle density of 2.65 g/cm3, always specified in the technical
sheet. The concentration of the suspension was 1 g/L of silt. The column was first saturated

from the bottom with a peristaltic pump to prevent air trapping. After reaching stable outflow
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conditions, the suspension infiltrated up to 14 litres. The experiments complemented the
dataset from the literature and provided new insights into the surface deposition process,

namely, the formation of the external cake.

In internal clogging conditions, a linear relationship was established for the proportion of fines
present at the water-sediment interface, and the geometric ratio dz,/Ds,. While the process of
fines accumulation at the surface is formulated mathematically through a retention limit at the
surface, in accordance to the observations and suspension-porous media properties. The
parametrisation of the clogging profiles, starting from the geometric predictor, and limit for
particles' superficial accumulation and external cake formation, is integrated into the model for

physical clogging.

The following normalised form of the Kozeny-Carman equation from Alem et al. (2013) was

validated for the outflow at the soil column:

kzb) _ ¢zt (1+¢9)?  SE [ Ty \?
ke @3 (1+d(zb)? S(zt)? (T(z,t)) Q)

with ¢ the porosity, S the specific surface area per unit volume of particles (1/cm) and the

tortuosity T=¢~™, with formation factor (Archie, 1942) m=1.3 for a sandy medium.

The specific surface area accounts for the additionally deposited particles:

1
S =g |- #0S+ =005, 5)

with S, and ¢, specific surface and porosity from clean bed, S,, and ¢, specific surface and

porosity of the deposited particles (Boller and Kavanaugh, 1995).

The formulation from Herzig et al. (1970) is employed to replicate the decrease in porosity of

the porous media:

¢(2,t) = ¢po — Po(z,1) (6)

with B the inverse of the compaction factor of retained particles g = 1/(1 — ¢,). The porosity
of the retained fines ¢, is derived from the average densities of deposited particles (Alem et
al. 2013; Boller and Kavanaugh 1995):

1

:1—'D_d:1_p_w+ 1_’0_W _N1-b 7

d
p Pp Pp)a

With p, the average deposit density, p, the soil particles density, p,, the water density, N the

number of particles in a deposit site, and a and b are constants takenasa =1, b = 1.3.
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Based on the expected clogging profiles, from the quantification of the vertical distribution of
fines, the expected decrease in porosity, and increase in the specific surface area and
tortuosity of the porous media are computed for every cm-depth, and the total decrease of the

effective permeability is computed through the harmonic mean:

kiot(t) L
kO - L l (8)

z=0f(z,t)/k,

In the case of surface clogging, the equation for the effective permeability is adapted to include

the forming layer of the external cake (Lippera et al. 2023a):

ktot(t) — L+ Lcake (t) (9)
ko L l + Lcake(t)
z=0 k(Z, t) kcake
0 k=0 limit

with L,k (t) the thickness of the external cake , k,—g 1imit the permeability of the porous media
at the surface when M,_¢imiciS met, and k., the permeability of the fines depositing
superficially.
The variation in total hydraulic conductivity is then evaluated with the R? coefficient from the
outflow rate of the column, using the Darcy equation:

Q

L
With AH the difference in hydraulic heads in the experimental set up, and L and A also design

parameters of the experimental set-up.

2.5 Field validation

In October 2021, a field campaign was conducted at the managed aquifer recharge (MAR) site
in Suvereto, Italy, in collaboration with the Scuola Superiore Sant’Anna. The objective of the
field work was the implementation of the clogging risk assessment to the field scale. More
specifically, part of the study objectives were detecting hydraulic and physical properties at the
MAR site and testing routines for parametrisation of the developed clogging model. The MAR
site in Suvereto was well-suited for this purpose, given the availability of monitoring time series

from the supervisory control and data acquisition (SCADA) system.

The field-work consisted in the shallow characterisation of soil horizontal heterogeneities, at
the effective penetration depths of 0.25 m, 0.5 m, and 0.9 m, through an Electromagnetic
Induction (EMI) survey, performed with the CMD Mini Explorer (GF Instruments, Brno, CZ)
electromagnetic conductivity meter operated in horizontal dipole orientation. Apparent
Electrical Conductivity (ECa) in milliSiemens per meter (mS/m), is a depth-weighted average

of the soil electrical conductivity to a specific depth. The mapping of this physical variable is
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employed in geophysical methods to describe near-surface ground values (Popp et al. 2012).
This key parameter can distinguish variations in soil texture, clay content, volumetric water
content and salinity (Doolittle and Brevik 2014). Coordinates and elevation values were
recorded continuously with the DGPS (Leica TPS1200+, Leica Geosystems, Heerbrugg, CH)
at 0.2 s frequency.

After identification of the sampling locations, double-ring infiltrometer tests were conducted to
measure the local infiltration rates (Eijkelkamp Soil & Water, Giesbeek, NL ; ASTM D33 85-03
standard test method). At the exact locations, soil samples were collected to characterise the
sediment matrix and fines content at five different depths, at depth intervals of 0-1 cm, 1-3 cm,
3-8 cm, 8-13 cm, and 18-23 cm.

The EMI maps were interpreted by interpolating the data via Ordinary Kriging in SAGA GIS
software. The resulting variograms were fitted with a power model. The data from the
infiltrometer test were interpreted with the Philip (1957) model to derive the asymptotic value
of the hydraulic conductivity near saturation. The laboratory work was conducted at the
Institute of Geosciences and Geography in Halle, using the laser diffraction machine (Cilas
Particle Size 920), to determine the particle distribution of the fine material in the soil samples
in the fraction 0.7- 63 um. The intrusive fines were characterised by the particles’ size
distribution of the collected surface crust and the observed variation in fines content in the soil
samples. Organic matter (OM) content in samples was also measured through the weight
Loss-on-Ignition (LOI) test. The results from collecting multiple data from the MAR site provided

insight into the spatial distribution of clogging inside the basin.

During the secondment in Pisa at BioLabs of the Scuola Superiore Sant’Anna, historical data
of infiltration capacity at the basin were analysed from the recordings of the level logger at 1.70
m depth at the centre of the basin, and records of the pump activation times, always having a
recording frequency of 15 min. Recorded historical data of turbidity (NTU) at the intake of the
Suvereto basin were also analysed. Data of levels (m) in the river Cornia at Ponte per Montione
and rainfall data (mm) from the Regional Hydrological Service (SIR) were analysed to
understand the dynamics of suspended solids load associated with flooding events. Total
suspended solids (TSS) analysis was conducted at the BioLabs for the recharged water of the
site. It was not possible to perform a correlation between total suspended solids (TSS) and
recorded turbidity (NTU) values due to the clean water conditions <1 mg/L. During the research
stay, the dry conditions over the months of February and March 2022 did not allow for water
sampling following a flooding event. Since the Suvereto site does not pump water inside the
basin when the turbidity threshold is over 100 NTU, and from the historical time series the NTU
values are relatively low and stable, the input of external fines from flooding events was

excluded from the clogging analysis for the Suvereto site.
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Without the recharge water being the primary source of incoming fines, the work provided
insights into how field factors intervene in the spatial distribution of clogging at the site. This is
a significant progress from clogging models, which have only been validated in soil column
experiments. Moreover, the quantitative assessment of the distribution of intrusive fines was
validated with the observations of the clogging profiles from the collected soil samples. The
evolution in the infiltration capacity of the site was then simulated and compared with the
infiltration rates for the whole pond computed from the recorded water levels and pumps
activations time series at the Suvereto basin for the recharge seasons 2019-2020 and 2020-
2021.

2.6 Scenario analysis

The model for physical clogging was developed and validated from column experiments, and
its application was tested in field conditions. The advantage of the method developed is that it
can be used for planning, for which scenario analyses were carried out. During the planning
phase of a site, clogging prevention measures can be either through planning or management
decisions. These planning or management decisions and their feasibility depend on the
physical, normative, and technical constraints specific to the site. Thus every design alternative
has to be simulated according to the specific site characteristics, and part of the design

alternatives should be excluded a priori when not feasible.
Design alternatives that can be evaluated for a MAR site were restricted to the following:

¢ Not doing anything

¢ Regular maintenance with ploughing up to X cm
e Excavation and sand replacement of Y cm

e Construction of the sedimentation pond

e Water pre-treatment

e Source control through monitoring

Each alternative should be evaluated based on the costs of realisation, maintenance, and

expected total recharged volume over a number of years.

Besides the scenarios where the input of fines arrives to the site, and no maintenance is done,
other scenarios, including cleaning operations, can be simulated under the following modelling
steps developed during the research work. The cleaning operations, such as ploughing, are
computed by assuming perfect mixing of the sediment matrix in the upper X cm. For the
external input of fines arriving at the site per unit area, the mass percentage of particles
associated with a diameter interval j, the diameter class of the particles size distribution, is

computed:
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; Mo (t) .
Mi]nput(t) = AZO:SM PI(t) (11)

PJ(t) is the percentage of particles in the diameter class j. The mass of sediments already

present in the matrix for the class j and the new mass in input for the class j are the following:
M) ivea@®) = L(1 = n)pgea P (t) + My, () (12)

Dseq 1S the solid density of the sediment matrix, L is the length of interest of X cm, and M,’;u.xed (3]
is the new soil mass for the diameter class j in the sediment matrix per unit area of the basin.
The new mixed particles size distribution for the sediment matrix in the upper X cm can thus

be calculated:

Mr]nixed (t)

Pi(t+1) = .
]
y=1 Mmixed (t)

(13)
and the evolution over time of the grain size distribution of the sediment matrix leads to a higher
fines percentage and a decrease in percentages of coarser sediments, making the soil more

vulnerable to clogging.

Design alternatives for sand replacement are simulated by considering the physical properties
of the specific sand for the length of Y cm. The layer of the native sediment below Y cm likely
would still be restricting the flow of the recharge water into the deeper layers. However, sand
with the designed granulometry can capture the fines over its length and still provide sustained

drainage avoiding superficial clogging.

Scenarios for constructing a sedimentation pond have been tested by considering design
variables, such as the length of the sedimentation pond and the height of its outlet. The formula

from Fair and Geyer (1954) is employed to compute the trapped fraction of target sediments:

1 _ 1 W |_
R =1 [1+n(Q/Af)] n (14)

with 1, the settling velocity of target sediments with diameter (m), computed through the
Stoke’s law, n = 1/(1 - A) the turbulence parameter, with A the hydraulic efficiency coefficient,
given the basin configuration. The sedimentation pond's effectiveness in trapping fines load is
estimated and the potential of the sedimentation basin in mitigating clogging issues at the MAR

site is evaluated.

In order to showcase applications of the developed model for physical clogging, the Loria
infiltration site was object of the simulations. The Loria infiltration basin is situated in the
northern region of Italy's upper Venetian Plain. Its geographic location falls within the

catchment region of the Brenta River, around 15 km north of Cittadella in the Padua Province.
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The flood-water from the Lugana stream is the primary source of recharge water, and is
directed into the pond at irregular intervals via an adjustable inlet. Operated by the “Consorzio
di Bonifica Brenta”, the basin has a total capacity of 40,000 m3. The groundwater table is
located at a depth of roughly 40 m. For more informations, see P.A.T.l. (2013), Fontana et al.
(2014) and Tippelt (2015).

A site characterisation was performed in this infiltration site in 2015 during the MARSOL
project, by the Monitoring and Exploration Technology Department of the Helmholtz Centre for
Environmental Research — UFZ. The data from the collected soil samples were used in the
first publication (Lippera et al. 2023a) to showcase the applicability of the results. The
electromagnetic profile measurements such as EM38DD and EM31, along with gamma-ray
spectrometric measurements, are used to identify zones to assign the physical properties from
the soil samples. Thus, the expected variation in the infiltration rates at the sampled location,

is related to the variation in total infiltration capacity of the basin. Zones with “low”, “medium”

and “high” vulnerability to clogging are classified.

Four major flooding events are assumed to recharge the Loria site over the year (MARSOL
D7.1 2016). It is considered for each flooding event a 3 hrs peak discharge and 8 hrs flood
recession. The Loria basin can reduce the river maximum thirty-year flow from 10 m3/s to
5.5m3/s (P.A.T.l. 2013). Thus a discharge rate of 4.5 m3/s is considered to enter the Loria
basin. During a flooding event, the site is filled with water and a spillway controls the water
level and prevent it from exceeding the site's capacity. Once the flooding has passed, the
bottom outlet is opened as a safety measure. Therefore, the computed recharge volumes
pertain to a reference 11-hour duration of the flooding event. From the soil parameters and site
information, the expected decline in hydraulic properties and the corresponding total recharged
volumes over the years were computed at the Loria basin and compared for different
maintenance and design scenarios. Given the characteristics of the Loria site, the design

scenarios were modelled, to evaluate the potential volume of recharged water over 12 years.
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3 Results

The publications are sorted according to the performed research workflow.

3.1 Accepted Paper

Lippera, M.C., Werban, U. and Vienken, T. Application of physical clogging models to
managed aquifer recharge: a review of modelling approaches from applied engineering fields.
Acque Sotterranee - Italian Journal of Groundwater (Accepted).

This manuscript condenses the findings of the literature review performed during the first
research period. This work was vital to understand the existing numerical models for physical
clogging in literature, their limitations, and the gaps to close for MAR sites’ application. The

literature review provided the foundation for the succeeding research stages.

Studies were collected from the MAR literature and other engineering fields dealing with water
infiltration in natural heterogeneous systems. The studies were first organised, highlighting the
respective scope of application, the hydraulic conditions and the range of fines of interest. This
classification allows for a first orientation in humerical models for clogging assessment. The
studies’ modelling approaches were categorised based on the main assumptions and the
conceptualisation of the soil volume. A description of these modelling approaches is essential
to understand the advances in each path of study and where the main opportunities and

limitations lie.

From the selected studies, the mathematical equations for the main physical clogging
processes were systematically organised in tables for comparison. Particle transport and
deposition, reduction in porosity and subsequent reduction in hydraulic conductivity are the
main modelled processes common to the studies. Standard formulations and alternative
choices undertaken by the studies are discussed in the manuscript. This comparison enables
to transfer the knowledge in replicating the variations in hydraulic properties associated with
physical clogging. The predictive capabilities of the physical clogging models are discussed,
examining the extent to which they rely on parameters that require calibration based on specific
experimental configurations. The ultimate goal is to provide recommendations to predict
clogging phenomena in MAR applications, particularly for surface spreading methods, and
establish a process-based workflow that can be combined with site characterization

technologies.

Researchers, engineers, and MAR practitioners can consult this literature review also to
comprehend limitations and recommendations in the practical application of the existing

numerical models for physical clogging.
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The author of this thesis conducted the literature review and addressed the opportunities and
limitations of the analysed studies. She conducted the systematic review by categorizing
mathematical models and organizing mathematical equations in tables. She outlined the
conceptual model for physical clogging processes and developed the concept for the
publication. She wrote the manuscript, created the graphs and illustrations, and was

responsible for the publication review process.

3.2 Publication |

Lippera, M.C., Werban, U. and Vienken, T. Improving clogging predictions at managed aquifer
recharge sites: a quantitative assessment on the vertical distribution of intrusive fines.
Hydrogeol J 31, 71-86 (2023). https://doi.org/10.1007/s10040-022-02581-7

This publication addresses the gap identified from the literature review: determining the

intrusion and deposition depth of external fines in porous media during MAR operations.

Eight experimental datasets were reviewed from multiple soil-column studies in the literature.
Specifically, the available profiles of deposited fines were used for the analysis. The
experiments needed to reflect MAR conditions for surface spreading methods, from the grain
size range of the porous media to the fines particle concentrations and water flow. Due to the
limited number of datasets, four additional column experiments were performed, extending the
analysis to surface deposition processes for silt particles. In the performed column
experiments, 1 g/L of silt suspension, with particles’ median diameter ds,=31.01 (£0.20) pym,
was infiltrated in quartz sands in the grain-size ranges of 0.5-1.0, 0.4-0.8, 0.2-0.7, and 0.1-
0.4 mm. The 50 cm long column had a constant head of 20 cm above the porous media and
a total hydraulic gradient of 1.44 cm/cm. Turbidity values and outflow rates at the column were
monitored during infiltration. At the end of the experiment, soil samples were taken at the

column sections to determine the retention profile of deposited particles.

The data analysis involved defining the collected datasets in relative masses of deposited fines
to the total infiltrated mass and parametrizing the vertical profiles as exponential decay
functions over depth. A linear relationship was established between the relative mass of fines
at the water-sediment interface and the geometric ratio ds,/Ds, Of the experimental setup. A
mathematical solution is then used to define the decay rate of fines deposition over depth. This
coefficient determines the expected depth of clogging and the clogging vertical profile.
Additionally, in the experiments characterised by superficial clogging, a retention limit at the
surface is formulated to determine the mass limit of infiltrating particles after which the external
cake starts forming. Finally, the use of the Kozeny-Carman equation is validated in computing

reductions in soil permeability using the observed outflow rates from the column experiments.
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In surface clogging, a parameter representative of the hydraulic conductivity of the filter cake

is introduced to compute the effective hydraulic conductivity perpendicular to the flow.

The findings are then applied to a MAR case study to showcase the quantification of clogging
effects starting from available soil samples’ data. This work enables the assessment of
clogging vulnerability during the planning phase of MAR schemes. The application of the
developed model could assist in determining cost-effective strategies for MAR operations and

maintenance and contribute to the scheme's overall efficiency.

The author of this thesis actively participated in the development and conceptual design of the
research project, from the design of the experiments to the data analysis. She collected the
datasets from the literature and evaluated them. She performed the experiments by setting up
the instrumentation, running the experiments, and collecting the data and samples. She
performed the data analysis and evaluated and interpreted the observations using the
developed model for physical clogging. She visualised the results and drew the study's
conclusion. She applied the findings to a MAR case study, wrote the manuscript and was

responsible for the publication review process.

3.3 Publication I

Lippera, M.C., Werban, U., Rossetto R., and Vienken, T. Understanding and predicting
physical clogging at managed aquifer recharge systems: A field-based modeling approach.
Advances in Water Resources, 177, 104462 (2023).
https://doi.org/10.1016/j.advwatres.2023.104462

This publication investigates the application of the developed physical clogging model to MAR
field conditions at tests site characterization routines. The fieldwork is carried on at the
operative MAR site in Suvereto, Italy. This MAR site was selected due to its extensive
monitoring network, which allows for the control of MAR operations and monitoring of recharge

cycles.

The recharge system comprises a two-stage infiltration basin that diverts water from the Cornia
River during high-flow periods. Through a supervisory control and data acquisition (SCADA)
system, water is pumped when the thresholds comply with the water quality and the river's
minimum environmental flow. The water is first conveyed to a sedimentation pond and then

flows to the adjacent infiltration pond for infiltration.

Field characterization was conducted in October 2021 during the dry season. First, shallow
electromagnetic induction surveys (EMI) were performed to map the sediments’

heterogeneities spatially. The hydraulic and physical properties of the sediments were
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measured at point locations by performing double-ring infiltrometer test and computing the
hydraulic conductivity near saturation. At the same locations, soil samples were collected at
discrete depths to analyse the grain size distribution and organic matter (OM). Following the
laboratory analysis from the field characterization, clogging patterns were observed, although
the recharge water presents a low content of TSS. The spatial features of the basin are
integrated into the model for physical clogging to explain the remobilization of fines inside the

basin.

This work aims to verify that the parameters collected in the field sufficiently explain observed
physical clogging, to reproduce site characterization and modelling routines in other MAR
schemes. For this reason, a module for soil erosion was incorporated to compute the input of
remobilized fines material from the slopes, given the topography of the basin and the soil
texture information. It was then assumed that the mass of remobilised fine material is evenly
distributed across the bottom of the basin, with slope <3%, in agreement with the observations.
For the locations presenting physical clogging, thus having increasing fines content at the more
superficial layers, the model for the vertical retention of fines was validated with an RMSE of
2.53% and 12.53%. The potential original infiltration rates were calculated from the measured
value of the infiltrometer test and the exceeding fines content, and compared with the ones at
the not-clogged locations. Finally, the overall model is set-up to predict the evolution in
infiltration rates at the whole pond. From the erosion and fines mobilization processes, the
evolution in the hydraulic properties at the basin bottom is computed, and thus the evolution in
the whole basin infiltration rates is updated. These values are compared with the reduction in

the median infiltration rate over the past two recharge seasons and show to be in agreement.

The findings of this study demonstrated that by incorporating the site-specific features, routines
for site characterization and physical clogging model can be transferred to multiple MAR
schemes. This allows MAR practitioners to apply the developed methodology to assess the

risk of physical clogging at multiple sites.

The author of this thesis actively participated in the development and conceptual design of the
research project. She organised the routines for the site characterization and conducted the
field measurements and sampling. She performed the laboratory analysis and evaluated and
interpreted the field datasets. She set up the model for physical clogging for the site and
compared it to recorded historical data. She visualised the results and drew the study's

conclusion. She wrote the manuscript and was responsible for the publication review process.

Dissertation TUM Campus Straubing flr Biotechnologie und Nachhaltigkeit



Discussion 29

4 Discussion

The physical clogging Risk Assessment numerical model provides a rapid and cost-effective
method of identifying areas at risk of clogging and estimating the time until infiltration rates are
significantly reduced. The development of the numerical tool answered the research question
to assess the susceptibility of MAR infrastructures prior to their operation phase. The selection
and development of the model, with parameters that can be determined from site
characterization, ensures this method to be transferable to multiple sites, taking into account

the sediment heterogeneities and variability in water quality of the recharged water.

4.1 General model discussion

The first objective of the research work was to identify and understand the main mechanisms
that cause the reduction in the infiltration rates and include them within a modelling scheme.
The development of the numerical tool has been limited to a range of sediments and intrusive
fines applicable to MAR surface spreading methods. The interdependence of physical clogging
processes with other biological or chemical mechanisms has not been incorporated into the

model, although concomitant mechanisms can influence the formation of clogging.

Physical clogging is generally recognized as the principal type of clogging on the field.
However, it can be challenging to distinguish between single clogging mechanisms, making it
necessary to evaluate the formation of clogging as a whole, as reported in Rinck-Pfeiffer et al.
(2000). Bacteria and algae formation in spreading methods can contribute to the physical
clogging of the pores (Bouwer 2002). Moreover, the concentration of suspended particles in
the infiltration surface provides a good substrate for biofilm formation. As the suspended
particles settle on the porous media, they can provide a surface for the microorganisms to
attach and begin to form the biofilm (Martin 2013a; Pyne 2005). Thus, the formation of physical
clogging can enhance the adhesion of microorganisms to the surface and the production of
the biofilm, the matrix of EPS. The biofilm formation itself would be affected by the clogging
state, since at a high recharge rate, biological clogging accumulates rapidly, but it can be easily
eliminated with a high shear force. On the other hand, when the recharge rate is low, clogging
may be delayed until biofilms grow, and the resulting biofilm would be strong enough to resist
from being detached (Kim et al. 2010). Models for algae or microorganism growth could thus
be integrated into a more comprehensive clogging risk assessment incorporating the effect of
physical clogging on biological clogging formation and vice-versa. Otherwise, biological
clogging indicators such as AOC and BDOC, defined in Sec. 1.4, could be integrated to report
a higher risk of clogging at the site.

Chemical clogging could also interfere with the formation of physical clogging (Pérez Paricio

2001). When fresh water is recharged into a brackish aquifer system, and there is a low
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concentration of positively charged ions to form bonds between the clay platelets, such as
calcium, magnesium, and potassium, the clay particles become less stable and can begin to
mobilize and expand due to substitution with water molecules (Bennion et al. 1998; Martin
2013a). Since clay swelling and dispersion are a particular case of physical clogging, site
characterization technigues should be adopted to detect the presence of swelling clays, such
as smectites. The effect of self-filtration of dispersed particles could be incorporated into the
clogging model by determining the content and the particles size distribution of potentially
dispersed clays due to changes in the ionic strength, and following changes in soil structure
due to clay dispersion and swelling. This is the case especially for aquifers with fresh water
injection, when the change in water composition is sudden. Clays deflocculation can be
reduced when there is a gradual transition from freshwater to groundwater, and the addition of
Ca+ or Mg++ into the recharge water lowers the risk of particles mobilization and swelling
(Martin 2013a). Also, when mixing fresh water and groundwater, the potential for geochemical
reactions can be assessed through PHREEQC (Parkhurst and Appelo 1999). The saturation
index of the iron hydroxide Fe(OH)3 and of calcite (CaCO3) can be computed under varying
redox conditions to examine the potential for chemical clogging (Dillon et al. 2010; Page et al.
2014). In the model for physical clogging, considerations of the potential for the concomitant
effect of geochemical clogging can be incorporated. At the Suvereto site (Sec. 2.5),
precipitated carbonates were found in the surface crust, which might have contributed to the

retention of fines at the surface.

The effect on the compressible clogging material, such as the accumulated organic solids,
loose clay and mucky layers, can contribute to the retention of fines at the surface of the porous
media (Bouwer 2002). Hutchinson et al. (2013) report that an increase in the ponding depth
might lead to an overburden pressure and consolidation of the upper layer. This reduction in
porosity, due to consolidation from the increase in intergranular pressure, could be integrated

into the model for physical clogging.

Other types of clogging could be integrated as modules into the numerical tool for physical
clogging risk assessment, with the perspective of deriving a comprehensive model for
clogging. One example is the developed model by Pérez Paricio (2001) for MAR sites,
including transport and deposition of suspended solids, bacterial growth, mineral precipitation,
gas binding and compaction of the upper layer. The model in question did not find its
application due to the high uncertainty related to the parameters, especially the kinetic terms,
making it not possible to derive reliable predictions on clogging development unless conducting
first pilot tests and interpreting observations with CLOG (Pérez-Paricio and Carrera 2000).

Thus, the developed physical clogging Risk Assessment numerical tool, could be extended to

Dissertation TUM Campus Straubing flr Biotechnologie und Nachhaltigkeit



Discussion 31

include modules of other clogging mechanisms and interrelated processes, always preserving

its characteristic to be parametrised from site characterization data.

4.2 Validity of the model

The research focused on physical clogging in surface-spreading methods, which is
complicated to prevent and rehabilitate. For injection wells, periodic backwashing can still
prolong the operational life of wells as a preventive measure (Martin 2013b). The application
of the numerical model is restricted to surface spreading methods, such as infiltration basins
and infiltration trenches, making it of high interest for practitioners dealing with recharge water
with a high TSS load, which could be the case for flood-water recharge when no pre-treatment
is possible. Even when the TSS load is low in infiltration basins, the external input of intrusive
fines can be generated from erosion processes, as seen in Lippera et al. (2023b). The validity
range of the model is conditioned by the hydraulic conditions and the range of fines-porous

media given the reviewed datasets and performed column experiments.

The developed numerical tool for physical clogging has been parametrized under vertical and
laminar flow conditions. Given the constant head column setup, the model was not tested for
different flow velocities to understand the role of hydrodynamic forces on the transport and
deposition of suspended solids, as done in Alem et al. (2013). Within the tested constant head
conditions, the geometric predictor, through the median diameter of the porous media, might
still play a role in restricting the flow at the pores, thus contributing indirectly to the
hydrodynamic effect (Lippera et al. 2023a). These assumptions valid for surface spreading
methods, should not be extended to clay colloid transport in injection wells, given the different
hydraulic operating conditions and the physical and chemical forces contributing to the
movement and attachment mechanisms. Several MAR studies have investigated physical
clogging in relation to water flow velocities under constant flow conditions and geochemistry
(Mays and Martin 2013; Torkzaban et al. 2015; Ye et al. 2019). The description of these
processes with advection-dispersion equations has been applied to MAR in recharge wells
with pre-treated water and clogging by clay colloids (Mays and Martin 2013; Pyne 1995). The
relationship found in Lippera et al. (2023a) for the vertical distribution of fines might not hold

for high flow velocities and increased pressure for recharge wells application.

Regarding the geometrical conditions, the range of investigated fines in this research has been
clay and silt particles (0.98 — 62.5 ym), intruding into sandy porous media (250 — 1000 um).
Thus, the range of validity for this analysis is within a geometric ratio ds,/Dso 0f 0.001 to 0.25
within these types of sediments. Previous studies in the literature have derived qualitative rules
for clogging based on the sole geometric ratios. The design criteria in granular filters (Terzaghi
et al. 1967), based on the diameter sizes of the filter and base soil (Table 3), ensure drainage

and prevent fines migration from the base soil (Das 2010). Army (1971) and Sherard et al.
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(1984) revisited and developed further these filter design criteria (Table 3). Although broadly
used in geotechnical applications, these approaches have been criticised for their too
conservative nature and restricted functioning range to uniformly graded and well-graded soil
(Honjo and Veneziano 1989; Indraratna et al. 2008). In Gibson et al. (2009), filter criteria
thresholds are used to delineate bridging (D5 /dgs < 10.6) and unimpeded static percolation
(Dy5 /dgs > 14.5) in the vertical distribution of interstitial deposits across a gravel bed. In Yousif

et al. (2017), the reduction in permeability is found to be proportional to D% /(C,dgs).

Sakthivadivel (1969) studied particles straining based on the ratio of the media diameter to the
suspended particle diameter d,,/d,. However, McDowell-Boyer et al. (1986) reports that for
broad grain size distributions within the range d,,,/d, < 10 and d,,/d,, > 20, smaller particles
might be filtered by the action of the larger particles retained near the surface, in a combination

of surface and straining filtration.

Empirical ratios of the size of fines to the size of the pore constrictions from Khilar and Fogler
(1998) are also reported in Table 3 for comparison. Plugging behaviour due to blocking,
bridging or surface deposition, and piping are categorised based on previous clogging analysis
(Gruesbeck and Collins 1982; Herzig et al. 1970; Muecke 1979). However, the range 0.1-0.01
for piping or multiparticle blocking is conditioned by other factors, such as the concentration of

fines and the flow rate.

Table 2: Empirical ratios in clogging literature

Method Paper Equation

1 Empirical filter Indraratna et . % <4 (a)
criteria, al., (1997), oy

; : B <4 (¢, <2 uniform sand
(a)Terzaghi and Gibson et al. dis u
Peak(1967), (2009), Yousif . % <5 C,<6 sand (b)
(b)U.S. Army etal., (2017) Dii
=) il I

(1971), (c) * h <5 Sandysilts and clays (c)
Sherard et al. ? <9  Fine silts and clays
(1984) 85

2  Ratio size of McDowell- . ‘:—m < 10 external cake formation
media to the Boyer, Hunt et P 4
suspended al. (1986) e 10< d—’" < 20 retained particles occupy 30% of

. 14
particle from the pore volume
straining filtration o Im> 20 retained particles occupy 2-5% of the
results, dp
Sakthivadivel pore volume
(1969) column o Z—m <10 and i—m > 20 surface and straining
experiments P P
filtration
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3 Ratio size of Khilar and o -1 Plugging due to blocking or size
suspended Fogler (1988) do
particles on size exclus;on
of pore e 01< i < 0.6 Plugging due to bridging and
constriction, from multi-particle blocking

Herzig et al.; 1970

Gruesbeck and
Collins, 1982, deposition, bridging and multi-particle blocking

Muecke, 1979. « 0.01< 2 < 0.04 Surface deposition. Multi-
0

particle blocking may or may not occur
e Less than 0.01 Piping

e 0.04< Z—p < 0.10 Plugging due to surface
0

The findings from Lippera et al. (2023a), agree with the qualitative categorisation for clogging
behaviour. The results comply with the threshold of dgy/Ds,=0.005 for initial straining of
particles (Bradford et al. 2003; Zaidi et al. 2020) and with ds,/D5,=0.05 for significant straining
(Bradford et al. 2002; Sakthivadivel 1969). Compared to the studies in Table 3, which
considered the ratio of the size of the suspended particles to the pore diameter of the porous
media, adopting d,, = ds, and the average pore diameter (um) as d, = 0.235D5, valid for

sands (G.Mahmoodlu et al. 2016), the found relationship for the clogging profile is consistent
with the thresholds for the formation of the external cake for Z—”> 1, the occurrence of
0

multiparticle blocking between 0.1 to 0.01, and piping below 0.01 (Gruesbeck and Collins 1982;
Herzig et al. 1970; Muecke 1979).

Huston and Fox (2015) propose adjusting the geometric ratio 2—: with a secondary parameter,
the geometric standard deviation of the matrix sediment (a,,,), to account for the possible filling
of the macropores by the smaller particles within the substrate mixture itself. In the model
parametrization in Lippera et al. (2023a), the datasets from the selected studies did not
comprise the complete porous media grain size distribution. However, since all the reviewed
studies and performed column experiments used artificial quartz sand, the grain size
distributions of the porous media are likely uniformly-graded. In the occurrence of a gap-graded
soil, the assessment of the risk of clogging due to self-filtration, could be carried out by
separating the grain-size curve into two parts and defining the geometric ratio between the
coarser fraction and the finer one, similarly to the internal stability criterion in Lowe (1988). Two
separated curves with ds, and ds cryst @re considered for the intrusive fines showing bimodal
distribution in Lippera et al. (2023b). Depending on the grain size distribution of the sampled
sediment and the particle size distribution of the intrusive particles, multimodal size

distributions should be considered when defining the empirical ratio in gap-graded soils.
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4.3 Site characterization for physical clogging risk assessment

The second objective of the work was to develop methods for site characterization to assess
the risk of clogging at the specific site. The research fulfilled the objective by defining the
clogging parameters and guidelines for site characterization (MARSoluT deliverable), as
summarised in Table 3. The definition of parameters, collection procedure and post-analysis,

are necessary to implement the developed model for physical clogging and assess the risk.

Table 3: Physical clogging parameters for risk assessment defined in the research project.

Parameter Procedure Post-analysis

Hydraulic conductivity Infiltrometer tests Near-saturated K for infiltrometer tests
(K) of native sediments
(m/s)

Grain Size Distribution Soil sampling Laser diffraction for fine fraction

Porosity Undisturbed core sampling  Drying of the sample and dry bulk

density calculation.

Particle’s Concentration ~ Water Sampling Total suspended solids (TSS) analysis

(mglL)

Turbidity (NTU) Turbidimeter Correlation with TSS values
measurements

Permeability (ky) of Sampling of fine material Laboratory measurement

fines material (m/s)

At the start of the site characterization, the detection of the sediments’ heterogeneities can
support the selection of point locations for parameters’ collection. In Lippera et al. (2023b),
Electromagnetic Induction (EMI) surveys were tested in horizontal dipole orientation to map
the variability of soil properties affecting clogging development. The shallow characterisation
can identify zones of impendence in the vertical infiltration, while electrical resistivity
tomography (ERT) cross-sections or towed transient electromagnetic (tTEM) systems are
employed in MAR to characterize the morphology of the aquifer and determine preferential

lateral infiltration pathways (Perzan et al. 2023; Sendros et al. 2020).

Geophysical methods have also been developed in MAR monitoring to detect variations in
infiltration pathways by time-lapse electrical resistivity tomography (De Carlo et al. 2020;
Nenna et al. 2014; Ulusoy et al. 2015). The spatial and temporal variations in infiltration rates
due to clogging have been observed in MAR basins through thermal loggers and fiber-optic
distributed temperature sensing (Becker et al. 2013; Mawer et al. 2016; Medina et al. 2020;
Racz et al. 2012). The mentioned geophysical methods can be employed in future applications

for clogging monitoring following the risk assessment. Also, instantaneous profile
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measurement systems of water content have been developed to accurately monitor reductions

in infiltration capacity in the field during MAR (Barquero et al. 2019).

The hydraulic conductivity of sediments is an important parameter to determine on-site. During
field clogging investigation, Zaidi et al. (2020) also determined the infiltration rates at point
locations via double-ring infiltrometer tests. In Ganot et al. (2017), single-ring infiltrometers
tests and wetting-front propagation methods are used for point measurements of infiltration
rates. Bouwer (1986) states that the double-ring infiltrometer test can be effective in the
presence of an obstructing layer on the surface. The leakage effect along the cylinder's inner
wall is minimised. However, Rice et al. (2014) proved that the single-ring infiltrometer test with
the divergence correction method is more accurate than the double-ring infiltrometer test when

designing a MAR site.

In further applications, the MFI clogging indicator (Buik and Willemsen 2002), introduced in
Sec. 1.4, could also be integrated within the site parameters for the developed methodology.
This MAR indicator has been related to the concentration of suspended solids and the intrinsic
permeability of the filter cake in Olsthoorn (1982). Thus, field measurements to determine the
intrusive fines parameters could be reduced by substituting them with MFI measurements. This
aggregated parameter could contribute to further standardisation of the developed method to

assess the risk of clogging at MAR sites.

4.4 Application of the model

The third and last objective of the research work was to compare the costs and benefits of
different alternatives in reducing the potential damages of clogging. The developed numerical
tool answers the need to compare design and management measures that could reduce the
risk of clogging. Some measures that Dillon et al. (2022) recommend include selecting an
appropriate aquifer, scheme design (e.g. sedimentation pond construction), using source
control, and selectively recharging by monitoring or pre-treating the recharge water.
Additionally, management actions, such as implementing drying and cleaning cycles for the
basin, can be part of the operation scheme. Remediation techniques may include mechanical
removal of the surface crust or scraping the basin's surface, deeper tillage using tools such as

Chisel-Knives (CK) Cultivators and plows (Negev et al. 2020).

Effective planning and operational activities can be outlined through the proposed quantitative
approach to estimate the risk of clogging. Simulation of clogging for different planning and
management scenarios can ensure a stable infiltration capacity of the site over the long term
under controlled costs. Ringleb et al. (2016) state the importance of using modelling

approaches to evaluate various design and management options for optimal local solutions.
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The set of scenarios can be ranked based on prospected costs and infiltration performance,

to find the most effective design and operation option.
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Figure 7: Design and management scenarios for the Loria basin, Italy. a) is the map of the Loria site and the
subdivision of zone with Low (zone 1) vulnerability to clogging, Medium (zone 2) vulnerability, and High (zone 3)
vulnerability. The grey area indicate the space to construct a sedimentation pond. The simulated recharged volumes
over the years are shown for the no-maintenance and ploughing scenario (b)(c) and the design scenarios (d) (e).

The application of the risk-based modelling approach to the Loria basin is here extended, to
discuss the design and operation scenarios, illustrated in Fig.6. From the simulations, it
emerges that following the cleaning operations of the basin after each flooding events, the total
recharged volumes would be 2.9 x 10* m3 over 12 years, compared to 2.1 x 10* m3 with the
business as usual (BAU) scenario, which corresponds to not-doing anything. Assuming perfect
mixing of the soil in the upper 15 cm following each flooding event, would down the formation
of a thin and superficial impendent clogging layer. Although the increase in fines percentages
and the decrease in coarser sediments at the sediment matrix, might lead to the necessity in
the long run to remediate the deeper portion of soil. For the design options to excavate 50 cm
of native soil with artificial quartz sand in the grain sizes range of 04-0.8 mm, the total water
recharge over 12 years would be 5.8 x 10* m3. The volume of recharged water is considerably
higher compared to the other scenarios. This is mainly explained by the removal of the clogged
soil and the higher permeability of the sand, although the native soil under the excavated depth

would still restrict the infiltration rates. The effectiveness of the construction of a sedimentation
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pond in trapping fines load and thus reducing clogging of the MAR site is modelled with
considerations on the feasible design variables, such as the length of the pond and high of the
outlet. For the Loria basin, the design of a sedimentation pond, indicated with the grey area in
Fig. 7.a, in the already-clogged northern area with a length of 85 m, would result in a low
trapping efficiency due to the high discharge rate during the flooding event and limited space.
The total recharged volume over the 12 years would be 2.4 x 10* m3, presenting not a great

advantage over the BAU scenario.

The simulation of scenarios that act on the quality of the water, such as the design option to
use pre-treated water or selectively recharge through monitoring, are not discussed, although
the numerical tool would allow us to simulate them. The design option for water pre-treatment
would involve costs for the disposition of a treatment plant and a limited transferred volume
due to the treatment capacity. In the second case, monitoring costs would be included, and
there would be a consequent reduction in infiltrated volume due to the check on the water
guality threshold, cutting-off the flood peak.

Within each design and operation scenario, the recharged volumes per year should be

compared with the expected capital, operating and maintenance costs.

4.5 Costs and benefit analysis

Design and operation options can be evaluated in terms of achieved recharged water volumes
through the numerical tool for physical clogging. However, comparing the costs and benefits
requires a broad discussion. The UNESCO-IAH-GRIPP 2021 “Managing Aquifer Recharge: A
Showcase for Resilience and Sustainability” (Zheng et al. 2021), has reported 28 MAR
schemes worldwide and defined a standard method for costs and benefits analysis of MAR

schemes.

The costs associated with MAR are determined using a method called “levelised costs of water
recharged” proposed by Ross and Hasnain (2018). This method calculates the constant level
of revenue required each year to recover all the expenses incurred during the project's lifespan,
including capital, operating and maintenance costs, divided by the annual volume of water
recharged and/or recovered. (Zheng et al. 2021). A summary of investment and operating
costs for an infiltration basin MAR scheme, is reported in Maréchal et al. (2020). However,
determining the benefits of MAR for unit of water volume recharged is challenging, because of
the absence of a market price for stored water. For this reason, the benefits of a MAR site are
evaluated including the “avoided costs” of a new water treatment plant or other treatment
alternatives (Ahmed et al. 2021; Artimo et al. 2021). In case the groundwater use is allocated

to agriculture, the benefits can also be estimated from the gross value of additional agricultural
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production (Escalante and Sauto 2021) or the unit value of agricultural production (Powers et
al. 2021; Ross 2021).

Although costs and financial data are scarcily reported for MAR infrastractures (Ross and
Hasnain 2018), within the above defined standard methodology for costs and benefits analysis,
costs for clogging reduction strategies should be compared. In Maréchal et al. (2020), the costs
for the basin maintenance (€/year) are defined in dependence of the years between two
dragging processes and the sand height to be dragged (m). The sand dragging and sand price
(€/m?) are included in the equation, jointly with the infiltration basin surface area (m?). The
developed numerical model assist the estimation of these maintenance costs, providing the
frequency of the necessary cleaning operations, given the time at which the site reaches a low
threshold in infiltration rates. The costs of soil cleaning are based on the specific tillage
technology (e.g. shallow ploughing or deep cultivation), for which prices are available in $/ha.
The developed numerical tool, assists in determining the right equipment necessary for the
cleaning operations, given the estimated clogging depth and, thus, the portion of the soil to be

treated.

When comparing design options to reduce clogging to their maintenance costs, the life span
of the MAR site and the discount rate should be included in the costs and benefit analysis to
outweigh the higher initial investments. The initial costs associated with the MAR site design
vary greatly depending on the location and available resources, costs for water pre-treatment,
sedimentation pond construction or monitoring instrumentation to control the water quality. The
benefits of each measure can be associated with the evolution in recharged volume over the
years, as shown in Fig. 7. The outcomes of the developed numerical tool can be integrated
into cost and benefit analysis during the design phase of the MAR site. This procedure can
assist MAR operators in optimal decision-making over different alternatives, determining the
most cost-efficient measure to reduce the risk of clogging while guaranteeing recharged

volumes.

5 Conclusion

The presented dissertation combines a comprehensive approach of site characterisation
techniques and numerical modelling to evaluate and reduce the risk of physical clogging at
managed aquifer recharge (MAR) sites. The hydrogeological characteristics of the potential
MAR site are crucial factors that affect the feasibility of the planned infrastructure. Therefore,
it is vital to thoroughly assess whether the proposed site location is susceptible to physical
clogging, considering the sediments' physical and hydraulic properties and the recharged

water's quality.
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The developed numerical tool for clogging risk assessment stands out from previous studies,
given the novelty in the model parameterization from site characterization data. The performed
research does not claim to fully describe local phenomena that might be influenced by
concomitant chemical and biological processes, but rather to provide the MAR industry with a
cost-effective method to assess the risk of physical clogging, that moves on from qualitative
considerations of water quality parameters or from the construction of long column
experiments that do not represent sediments heterogeneities or spatial features on the field.
The developed numerical tool has the advantage that it can be implemented from standard
techniques used for site characterization, and it provides quantitative estimations of the depth
of clogging and the decline in infiltration rates over MAR operations. By assessing the risk of
physical clogging, the decision-making process is orientated towards optimal decisions in MAR
construction, such as selecting the most suitable site or design of the MAR scheme. Various
design and management alternatives to reduce the risk of clogging can be simulated and
compared with the respective costs. Reducing the risk of physical clogging can ensure the
sustainability of infiltration rates and the longevity of the infrastructure, resulting in more
efficient and cost-effective MAR operations.

This research work contributes scientifically to understanding processes in physical clogging
and predicting its risks, and it contributes economically to avoiding unexpected costs to MAR
investors, advancing the implementation of MAR sites in Europe. Analysis of trends in
groundwater levels indicates potential challenges to the long-term sustainability of
groundwater resources in Europe over the forthcoming decades. As a response, the adoption
and execution of comprehensive groundwater management plans are deemed essential. MAR
techniques will play an important role in water resources management as an alternative water
storage system in counteracting the impacts of climate change and groundwater depletion.
This research contributes to promoting MAR techniques as a key strategy for water scarcity

while preserving groundwater sustainability.
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ABSTRACT

Managed aquifer recharge (MAR) sites suffer from the long-lasting problem of clogging. The
causes of clogging are physical, biological, chemical and mechanical processes and their
complex interaction, with physical clogging being recognised as the predominant process. The
intrusion and deposition of particles during water recharge affect the hydraulic properties of
the infiltration surface, resulting in a decline in the infiltration capacity of the site over the
operating years. Cleaning operations are necessary to restore the original infiltration rates. For
this purpose, assessing the risk of clogging can determine the site's vulnerability and improve
the scheme’s design. Numerical models are essential to replicate physical clogging processes
and predict the decline in infiltration rates. So far, predictive tools for physical clogging
assessment have been missing in MAR literature. Hence, the purpose of this study is to
analyse and reorganise physical clogging models from applied engineering fields dealing with
water infiltration in natural heterogeneous systems. The modelling approaches are illustrated,
starting from the main assumptions and conceptualisation of the soil volume and intruding
particles. The individual processes are untangled from the multiple studies and reorganised in
a systematic comparison of mathematical equations relevant to MAR applications. The
numerical models' predictive power is evaluated for transferability, following limitations and
recommendations for a process-based model applicable to surface spreading schemes.
Finally, perspectives are given for clogging risk assessment at MAR sites from modelling and
site characterisation. The predictive tool could assist decision-makers in planning the MAR site
by implementing cost-effective strategies to lower the risk of physical clogging.
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RIASSUNTO

| siti di ricarica della falda in condizioni controllate (MAR — Managed Aquifer Recharge)
presentano il persistente problema dei fenomeni di intasamento (clogging). Il clogging puo
essere causato da processi di tipo fisico, biologico, chimico e meccanico, con il clogging di tipo
fisico riconosciuto come il fenomeno predominante. L'intrusione e deposizione di materiale fine
durante l'intervento di ricarica compromettono le proprieta idrauliche di infiltrazione del suolo,
riducendo la capacita di infiltrazione del sito nel corso degli anni di attivita: devono quindi
essere previste delle operazioni di manutenzione nel tempo, al fine di ripristinare i tassi di
infiltrazione iniziali. Per questi motivi, la valutazione del rischio di clogging pud agevolare
l'identificazione delle vulnerabilita del sito e rendere piu efficace la progettazione dell'impianto
MAR. | modelli numerici sono essenziali per replicare i processi fisici e simulare la riduzione
dei tassi di infiltrazione. Finora, nella letteratura esistente per le tecniche MAR, non si dispone
di strumenti previsionali per la valutazione del rischio in questione. Lo scopo di questo studio
e quello di analizzare e riorganizzare i modelli numerici per il clogging fisico, provenienti da
diversi settori dell'ingegneria che si occupano di infiltrazione in sistemi naturali eterogenei. Gli
approcci modellistici sono illustrati in questa rassegna della letteratura, partendo dalle ipotesi
di base e dall’elaborazione concettuale del volume del suolo e del materiale fine trasportato. |
principali processi sono individuati dai molteplici studi e riorganizzati confrontando
sistematicamente le equazioni matematiche di rilievo. La capacita predittiva dei modelli
numerici € valutata considerandone l'adattabilita ad altri siti, seguono poi limitazioni e
raccomandazioni per I'applicazione agli impianti di ricarica. Infine, vengono fornite prospettive
per la valutazione del rischio di clogging tramite la modellazione e la caratterizzazione del sito.
Lo strumento previsionale pud essere un sistema di supporto alle decisioni durante la
progettazione degli impianti MAR, favorendo strategie economicamente vantaggiose per

ridurre il rischio di intasamento fisico.

Keywords

Physical clogging; numerical model; risk assessment; hydraulic conductivity;

infiltration; fine sediments

Parole chiave

Intasamento impianto d’infiltrazione; modello numerico; valutazione del rischio;

conducibilita idraulica; infiltrazione; sedimenti fini
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1. INTRODUCTION

The reduction in recharged volumes due to clogging compromises the functionality of MAR
sites (Bouwer, 2002; Dillon et al., 2022; Zhang et al., 2020). Several studies in the MAR
literature suggest that physical clogging is the primary process, followed by mechanical,
biological and chemical processes (Dillon et al., 1994; Pavelic et al., 2011; Rinck-Pfeiffer et al.,
2000). Although the individual clogging mechanisms can occur simultaneously, this study
focuses on the physical processes as main contributor to clogging. During water recharge,
fine-grained sediments are transported by the source water or can originate from the soil
formation itself (Hutchison et al., 2013; Martin, 2013; Racz et al., 2012). The downward
movement and retention of particles in soil pores, block the water flow and lead to a pressure
drop through the clogged soil (Herzig et al. 1970; Khilar and Fogler 1998). These phenomena
impact the drainage properties of the site, which entails a loss in the performance of the

infiltration system.

Studies have documented observations of physical clogging directly at MAR schemes
(Escalante, 2013; Martin, 2013; Pavelic et al., 2007; Rinck-Pfeiffer et al., 2000). Soil column
and field experiments have been undertaken to understand relevant mechanisms in the
clogging formation (Du et al., 2018; Duryea, 1996; Fichtner et al., 2019; Mays & Matrtin, 2013;
Pavelic et al., 2011; Sallwey et al., 2019; Zou et al., 2019). The effect of clogging has been
integrated into numerical simulation through time-varying parameters calibrated from the field
or experimental observations (Glass et al., 2020; Majumdar et al., 2008). The comprehensive
numerical code CLOG of Pérez Paricio (2001) simulates the individual clogging processes,
however, kinetic parameters require further calibration for application. The modified fouling
index (MFI) (Schippers & Verdouw, 1980) has been related to the rate of physical clogging in
recharge wells in the work of Buik & Willemsen (2002). Although the predicted clogging rate
depends on the infiltration rate on the borehole wall, suspended solids and aquifer
characteristics, Maliva (2020) reports that the relationship cannot predict whether or when
clogging will occur, and it works only between backflushing events. There have not been
progresses in this direction for surface spreading methods. The lack of standardised predictive
tools for clogging and adequate water quality monitoring has limited so far the development of
more efficient management of MAR sites (Dillon et al., 2018). One main challenge is predicting
clogging rates in advance and incorporating risks to derive cost-effective designs for MAR
schemes (Maliva, 2020). Up to now, clogging rates have not yet been systematically related
to parameters measured at the MAR scheme, to quantify clogging effects in a predictive way,

accounting for site conditions and heterogeneities.

Hence, the necessity to extend the research to simulations of physical clogging processes from
other engineering applications where water infiltration and drainage properties are vital for the

system's functioning. These applications share similar features to MAR systems. In stormwater
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treatment, the physical clogging phenomenon can compromise the treatment performance of
runoff water (Conley et al., 2020; Kandra et al., 2014; Wang et al., 2012). Similarly to vertical
flow treatment wetlands, these sites consist of a filter bed with relatively low O&M costs;
therefore, the clogging rate can determine the longevity of the system (Kandra et al. 2014).
Cycles of saturation and desaturation regulate the infiltration of wastewater and water runoff,
and the prevention of clogging is critical to maintaining hydraulic functioning and pollutant
control (Nivala et al., 2012; Pucher & Langergraber, 2019). In geotechnical engineering,
physical clogging issues are associated with particle erosion, transport and retention in
granular filters due to seepage forces. Filters are applied to base soils, protecting earth-fill
dams and preserving their stability from internal erosion. The filtering effectiveness is
established by a stability and permeability criterion to prevent soil particles from passing
through the filter voids and ensure constant drainage (Terzaghi et al., 1967). In petroleum
engineering, infiltration occurs through water injections into the rock reservoir, forcing the oll
towards the producing wells. The concomitant migration of particles inside the rock formation
causes a reduction in permeability and, consequently, a decline in water injection and oil
recovery (Roque et al., 1995). For injection wells, this process is identified by deep bed filtration
(Bedrikovetsky et al., 2001; Wennberg & Sharma, 1997). The engineering fields dealing with

water infiltration in natural heterogeneous systems are schematised in Fig. 1.

The modelling approaches adopted in engineering applications could be transferred to MAR
systems to fill the gaps in physical clogging predictions. Understanding deposition mechanisms
and variations in hydraulic properties associated with physical clogging is needed to enhance
MAR operations and anticipate potential system failure. This literature review organises the
state of the art of physical clogging models to investigate their transferability for potential
application to MAR sites. A systematic comparison is necessary to gain an overview of the
models and relevant parameters controlling clogging. The predictive power of the models is
discussed by examining to which extent they rely on parameters requiring calibration from a
specific experimental configuration. The final scope is to provide concrete suggestions on
formulas to describe clogging phenomena in MAR applications, especially for surface
spreading methods, and derive a process-based workflow to be combined with site
characterisation technologies. This work assists in developing a methodology to predict
infiltration rates decline at specific MAR sites prior to construction. Incorporating the risk of
physical clogging in MAR infrastructures’ planning can enhance infiltration rates and limit the
operation and maintenance (O&M) costs.
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Infiltration basin Vertical flow wetland

Injection well
|

Earth fill dam

Figure 1: Examples of engineering applications in which physical clogging modelling has been studied in the
literature.

2. MATERIALS AND METHOD

The first step of the literature review was the collection of studies to evaluate the developed
models for physical clogging processes critically. The literature review excluded experimental
and observational studies limited to cause-and-effect relationships. The review was carried out
by consulting the scientific database Scopus (https://www.scopus.com), Web of Science
(https:/www.webofscience.com) and integrating results from Google Scholar (
https://scholar.google.com ). The research covered academic papers, theses and conference

proceedings.

First, the research focused on physical clogging models in MAR literature to understand the
state of the art within the field. The research was then extended to other engineering
applications, such as petroleum engineering, subsurface flow treatment wetlands, and
geotechnical applications. The research's main keywords were always “physical clogging” and
“modelling”. The studies were collected and summarised within each application area, avoiding
redundant studies. In addition, developed theories and relationships were highlighted by
comparing and contrasting the work of later authors. The mathematical formulations
representing the evolution of physical clogging were pointed out and organised in tables.

For classification and comparison, each study in the literature review was defined in terms of

scope of application, model category, fines of interest and hydraulic operating conditions.
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3. RESULTS

Physical clogging investigations and modelling can differ significantly in engineering studies
given the respective scope of application, study contextualisation and the goal to achieve
through infiltration. Operating conditions control the dynamics of the physical clogging
processes. In infiltration ponds, due to the applied constant head conditions, a decrease in soil
permeability results in a decrease in flow rates. On the other hand, under constant flow
conditions, such as in injection wells, clogging can lead to an excessive pressure head that
can damage the aquifer formation (Reddi et al., 2005). Table 1 reports the modelling studies
analysed in this review, and defines their field of application, operating conditions and fines of
interest with the diameter range. The range of particles considered “undesirable” for each
engineering field is site and objective-specific (Gibson et al., 2009). In stormwater or vertical-
flow wetland applications, suspended solids (SS) are the fines of interest. For large particles
(>30 um) , volume phenomena dominate the interstitial and deposition process according to
gravity and hydrodynamic forces (Herzig et al., 1970). Depending on the particles and medium
grain size distributions, straining or size exclusion can occur, leading to the formation of an
“external” or “internal” filter cake in the soil (McDowell-Boyer et al., 1986). The size of the fine
particles of interest affects the deposition mechanisms taking place during infiltration. For deep
filtration studies applied to injection wells, the fines of interest are colloidal and intermediate
particles naturally occurring in the aquifer formation. Colloidal particles have a diameter size
<1 ym, and surface phenomena control the transport and particles deposition given the
physical-chemical properties of the suspension (Herzig et al., 1970). Brownian motion,
electrostatic interaction and London-van-der-Waals forces regulate the attachment
mechanisms (McDowell-Boyer, Hunt et al. 1986, Zamani and Maini 2009). In contrast to larger
suspended particles, colloidal particles have a slower sedimentation rate (Elimelech et al.,
1998), and can accumulate in the pore throat, forming particles’ bridges, which can be broken
at high flow rates (Kanti Sen & Khilar, 2006). A comparison of the particles size diameters
range for the fines of interest in the reviewed engineering field, is reported in Fig. 2.

The operating conditions and range of fines of interest determine the choice of the numerical
model to represent the physical clogging processes. The reviewed studies highlighted the
following approaches to model the transport and deposition processes: (i) Macroscopic
models, (ii) Probabilistic models, (iii) Analytical models and (iv) Conceptual models. The main
equations and conceptualisation on the elementary volume of soil are underlined in each
modelling approach. Tables 2, 3 and 4 show a transversal comparison of the mathematical
expressions used by the reviewed authors in replicating individual clogging processes, namely
the particles’ transport and deposition (Table 2), porosity changes (Table 3) and following

hydraulic conductivity (Table 4).
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Table 1: Studies of physical clogging modelling, their relative field of application, model category, characteristics of

the intrusive fines in experiments and the operating hydraulic conditions. NS= not specified.

Reference Applied field Model category Fines of interest Hydraulic

conditions

Pérez Paricio Macrosc. Model Constant flow

(2001)

Managed Aquifer
Recharge

Iron flocs (15-40
pum) Langerak
case

Torkzaban et al. Constant flow

(2015)

Managed Aquifer Macrosc. Model Colloids (range
Recharge NS)

Xie et al. (2020) Managed Aquifer Macrosc. Model Suspended Constant flow
Recharge particles (2-800

pHm)
Alem et al. Filtration study Macrosc. Model  Kaolinite (1.7 to Constant flow,
(2013), Alem et 40um) Constant head
al. (2014)
Wang et al. Stormwater Conceptual Suspended Constant head
(2012) recharge solids (38.5 - 75

pm)
Blazejewski & Vertical flow Conceptual Suspended Daily sewage
Murat- wetlands solids (range NS)  flow
Blazejewska
(1997)
Hua et al. (2010)  Vertical flow Conceptual Suspended Daily sewage

wetlands solids (range NS)  flow

Rege & Fogler Chemical Probabilistic Kaolinite (0.02 - Constant flow
(1988) Engineering 0.2 um) and

emulsion droplets

(2.2 —=9 pm)
Reddi et al. Geotechnical Probabilistic kaolinite particles  Constant flow,
(2005) engineering (1.0- Constant head

12.0 ym);

polymer

microspheres

were 1.0-

35.0 ym.
Indraratna & Geotechnical Analytical Silica (20 - 80 Constant head
Vafai (1997) engineering um)
Locke et al. Geotechnical Probabilistic and  base-soil Constant head
(2001) engineering Analytical particles (range

NS)
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Managed Aquifer Recharger |

Chemical Engineering | :|

Geotechnical filters | |

VF Wetlands | I |
Stormwater Recharger .]
Clays Sit } Sand
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Figure 2: Particles size range (um) for the fines of interest from the selected studies based on their field of

application.

3.1 MACROSCOPIC MODELS

In macroscopic modelling, the clogging of a porous medium is described mathematically by
the mass conservation and kinetic equations, describing the rate of clogging and the rate of
decolmatage (Herzig et al., 1970). The porous media is considered a closed system (Fig. 3a),
and starting from the mass balance under the assumption of unidirectional flow, the governing
equations of granular filtration are approximated in the equation reported in Table 2(a). lwasaki
(1937) described the particle concentration profile through a filter in the form of an exponential
decay function:

oc =—-AC (D

0z
With 4 the filter coefficient. The filter coefficient evolves from the initial value 4,, of the clean
filter bed, at the initial stage, due to the accumulation of particles and alteration in the filtration
action. This is expressed with the correcting factor F(o, &), being a a vector of unknown
parameters. The filtration performance and duration are further examined through the pressure
drop measurements across the porous material. The evolution in the local pressure gradient
is described through the factor G(B, ), relating the changes in permeability to the amount of
deposited particles (lves & Pienvichitr, 1965; Pendse et al., 1978; Zamani & Maini, 2009).
Different expressions both for F(a,o) and G(B,0) were derived fitting the observed effluent
concentration profile and pressure drop changes through optimisation techniques. For a broad
list of expressions from previous studies, see Bai & Tien (2000), Zamani & Maini (2009).
Macroscopic models have mainly been applied in deep bed filtration to interpret the removal
of colloidal particles from liquid suspensions. The physical clogging module of the model CLOG

developed by Pérez Paricio (2001) for MAR applications is based on theoretical formulations
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and empirical dependences of filtration theory (Pérez Paricio, 2001). A mass balance equation
involving coefficients for the attachment and detachment processes has also been adopted by
Xie et al. (2020) to assess the risk of physical clogging by low-density floc particles from
reclaimed water in MAR, shown in Table 2(c). In the work of Torkzaban et al. (2015), for
sustainable MAR operations, the effect of changes in lonic Strength (IS) and flow velocity has
been investigated in soil cores with initial clay content, with the standard advection—dispersion
equation with first-order kinetic terms for colloid release and retention, shown in Table 2(b).
Advection-dispersion equations in clogging appear to be a favourable method for suspended

colloids or clays when studying the significance of the ionic strength (Ye et al., 2019).

A limitation to using mass balances with Kkinetic equations is the requirement for
parameterisation for particle deposition and remobilisation rates, which cannot be determined
unless observed from experimental breakthrough curves (BTCs) in soil column experiments.
The macroscopic models describe the filtration process as “overall behaviour” without
describing its nature or mechanism (Zamani & Maini, 2009). Since parameter values change
with varying particle size distributions and pore sizes, these models are not predictive in nature
(Rege & Fogler, 1988). Moreover, observations of the filtration process are required and
Wennberg et al. (1995) report that further parameter adjustment is needed for more complex

situations during water injection in aquifers.

Throat

Figure 3: Different schematisation of the soil volume. lllustrated are a) soil elementary volume from (i) Macroscopic
models, b) soil pore volume and volume filled with suspended solids from(iv) Conceptual models , ¢) pore network
models from (ii) Probabilistic models, d) soil elementary volume as an ensemble of capillary tubes from (iii) Analytical

models.

3.2 PROBABILISTIC MODELS

Probabilistic models in the literature represent particle transport and deposition as a
combination of pore space events. A network model is generally adopted, based on a regular
topology consisting of interconnected bonds intersecting at the nodes (Fatt, 1956). An example
is shown in Fig. 3c. The constriction sizes of the network are derived from the packing density
conditions and the particle size distribution of the porous media. Combining the probability of
the presence of the suspended particle with the probability of encountering a pore space, which
reflects the conditions under which the particle will deposit or pass, the filtration process can
be simulated with a probability function. In the work of Silveira (1965) and Witt (1993) a
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conceptual model of the pore network is used to determine the expected length of infiltration

of suspended particles.

In Rege & Fogler (1988) the probability of particle capture is equivalent to the fraction of total

flow in the annulus between the pore radius r; and r; — fa;:

8aj\?  (6a;\3 gaj\*
plr) = 4[(%2)" - (22)'| + (2) ®
With 6 a parameter indicating conditions favourable for deposition, r; the radius of the pore

tube , a; the radius of the particle j..

The likelihood of particles deposition by a direct interception on the walls of the pore tubes is

thus assumed under geometric and favourable conditions.
v
0 =6, exp [— —] 3)
vCT'

With 8, lumped parameter depending on ionic strength and pH, v the pore fluid velocity and
v, the critical velocity. Through the 8 term, the model accounts for the hydrodynamic effect on
the capture probability, given the critical velocity beyond which particles do not deposit. Reddi
et al. (2000) adopted the same approach throughout the design of geotechnical filters, Table
2(e), using the basic principles of flow in cylindrical tubes and assuming that the elementary
volume of the soil is an ensemble of capillary tubes (Fig. 3d). This simplification has been
chosen by the author rather than the more rigorous network model and particle tracking
approach reported by Rege & Fogler (1988). The effect of strain mechanisms is then
accounted for by a pressure drop within the bond, and a new effective radius is calculated after

N particles have been deposited, as shown in Table 3(c).

Probabilistic models present the advantage of accounting for the pressure drop evolution in
the porous media using initially measurable parameters, such as the patrticle size distribution
of the suspension, the sample's initial permeability, and the pore size distribution. In Rege &
Fogler (1988) mercury porosimetry or photomicrographic techniques are suggested to
determine the pore size distribution; in Reddi et al. (2000) the Haines method adopting
increasing suction pressures is mentioned. Recent studies suggest 3D imaging techniques
with X-ray micro-tomography (micro-CT) (Elrahmani et al., 2023; Xiong et al., 2016). However,
in the illustrated approach, a limitation is represented by the likelihood of particles deposition,
which depends on the ionic condition constant 6,, and the critical velocity for particles wash-
out v... These parameters cannot be readily determined and their calibration would depend
upon experimental data from column trials. Reddi et al. (2000) suggest adopting values from
similar studies in literature, such as the 8, reported in Rege & Fogler (1988) for bentonite
suspensions, as well as the interstitial velocities in granular soils from the experimental work

of Gruesbeck & Collins (1982), at which particle deposition is unlikely. Recent computational

Dissertation TUM Campus Straubing fir Biotechnologie und Nachhaltigkeit



Appendix - Accepted Paper 63

studies on pore-network models investigate the parameters affecting the likelihood of particle’s
deposition (Li et al., 2021; Lin et al., 2021).

3.3. ANALITYCAL MODEL

In the analytical model of Indraratna & Vafai (1997), the movement of noncohesive base-soil
particles into granular filters is controlled by hydrodynamic effects. The soil element is
represented as an ensemble of capillary tubes, defined by pores channels with a characteristic
average diameter d,,, derived from the soil porosity and a mass-weighted equivalent diameter
D, (Kovécs, 1981). The first geometric criteria assess the fraction of particles moving under
gravitational transport for d; < d,. For particles with equal diameter size to the pore channels,
an equilibrium between the external forces acting on the particle d; is computed to determine
whether the particles are transported under seepage forces. The critical hydraulic gradient
acting on the particle at limit equilibrium, beyond which the hydrodynamic force overcome the

frictional resistance, is:

, 4K ' 2d
tz = 5 (VshsYwhw)tan®’ — === (vs-yw) 4)

With K = tan? [(g) - %], being ¢' the effective friction angle of the material, §z is the length of

the soil element, y, and y, respectively the specific weight of soil and water, hg and h,, the

height of the overlying soil and the hydraulic head.

The totality of loose particles passing through the pore channels, together with the pore water,
is defined as slurry. The rate of particle transport is quantified through differential equations of
conservation of mass and momentum, describing the evolution of the slurry density p,, and
velocity u along the grid of soil elements. The formulations are reported in Table 2(d). A further
extension of this analytical model of filtration has been carried out by Locke et al. (2001), who
incorporates a deterministic equation for particle infiltration, based on a probabilistic approach
derived by the filter void model of a 3D cubic network (Schuler, 1996). A similar approach for
particle migration under hydromechanical effects has been followed by Federico (2017), who
additionally implemented a model to derive the constriction size distribution and assess the
migration length for the movable particles.

Due to their mechanistic nature, the analytical models have been developed without relying on
empirical parameters from column experiments, only based on a priori information. Concerns

for MAR application remain on the applicable boundary conditions for the model.
3.4 CONCEPTUAL MODELS

A simple conceptualisation of physical clogging processes has been undertaken by
Blazejewski & Murat-Blazejewska (1997) to address clogging in vertical-flow wetlands. The

model considers the soil medium's initial pore volume and the time to fill up pores with the
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volumes of suspended solids (SS) daily delivered. An illustration of the filling of soil pore
volume is provided in Fig. 3.b. The time for clogging is computed in the following way:

ﬁ _ EefhcA

t = = —
€ v c"Q/ps(1-wp)

(5)

With CI* the mass concentration of SS in the inflowing sewage, Q the daily sewage flow, p
and w, the density and water content of SS, ¢ the porosity, A the area of infiltration and h, the
depth of clogging. The filled-up soil volume, and so the depth at which SS accumulate, is
derived from the empirical equation from Burchak (1987), relating the effective diameter D, to

the depth of the heavily clogged sand layer:
hC = 150d10 (6)
The relationship is valid for sands with 5 x 107> < d;, < 3 X 107° m.

The reduction in soil permeability, based on the evolution of soil porosity, follows the solution

of the Kozeny—Carman equation for uniform sphere particles from Bear (1988),Table 3(a).

Langergraber et al. (2003) found that the calculated theoretical clogging time is most sensitive
to the density of the organic solids. The author related the clogging time to the load of

suspended solids and the density of the organic solids prg org:

a prs,
=g 2

through the empirical coefficient a likely dependent upon the size distribution of particles and
the bed properties (Kadlec & Wallace, 2009). However, Langergraber et al. (2003) reported a
strong non-linearity between the remaining pore volume and the drop in the hydraulic
conductivity in his pilot-scale constructed wetlands. This model assumes that all the larger
pores are filled completely, which leads to a longer clogging time than the observed one.

The conceptual model from Hua et al. (2010) is also based on the available void space theory,
developed by Blazejewski & Murat-Blazejewska (1997), additionally, it considers the fraction
of washed-off SS in relation to a threshold flow rate. However, data from experimental wetlands
are necessary to estimate the quantitative depth of clogging in relationship to the effective
diameter D,,, and the evolution of the infiltration rate during the operation time. Similarly, Wang
et al. (2012) developed a mathematical iteration model for clogging in urban stormwater
aquifer recharge. The model is based on the accumulation of suspended solids and the
formation of the clogging layer. Experimental data are necessary to quantify the clogging
layer's critical thickness and hydraulic conductivity.
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Table 2: Particles transport and deposition in porous media

Paper Equation Parameters
(&) Iwasaki (1937); Mass balance: e C=volume fraction of particles in suspension
Herzig (1970); aC oo e o= deposited particles volume per unit of
Zamani and Maini ua_ + 5= 0 porous media v_olume
(2009), Alem et al £ * u= Darcy velocity
' " do o A= filter coefficient
(2012) 27— quc
Jat e T=t—zp/u
* ¢= porosity
(b) Torkzaban et al, Mass balance: * 1,,,=release rate of colloid concentration from
(2015) pore walls

ac _Da*C 0C Trar  Tret

= v * 1...=retention rate at pore constrictions, in
at 0x? dx n n

dependence of the ionic  strength.

(©)

Xie et al. (2020)

e C, =the deposited particle mass in unit pore
space (kg/m3)
e a = the particle attachment coefficient (min-1)

a a
—E(nC+ Cs)+a(Cvx) =0

ac.
6ts =aC — BC; e B =the particle detachment coefficient (min-1).
(d) Indraratna and Vafai Mass balance: o pp= PwVwt psVs density of the slurry
1997 Vw+Vs
( ) 0(pmu) _ B 0 pm e 1, =volume of water in each soil element
Locke and 9z it e V. =the summation of the soil particles volumes
Indraratna (2001) with d<d,,

Federico (2017)

Momentum conservation e Y F =sum of forces acting on the slurry

du du
ZF = pme(a"" ug)

(e)

Rege
(1988);

Reddi et al. (2000)

and Fogler

Deposition rate: . N(ri,aj) =the number of particles with radius a;
dN(r,a) deposited in the pore tube with radius
——— =q()p(r,a)C(a) _ : ;

dt e (C(a;) =the concentration of particles,

2 3
p(rna) = 4 (%) _ (ej) + (%)4 expressed as number per unit volume
v T 7 T « p(r;,4;) = probability of particles capture
o q(r) = "g—,fr‘* flow rate in the tube (Poiseuille
law)
e a; = the radius of the particle
e 1, = the radius of the pore tube i

Table 3: Changes in porosity ¢

Paper Equation Parameters
. . e w,= water content s.s.

(@)  Blazejewski and o) = ¢ — et e g, = daily suspended solids infiltration loads

Murat- Blazejewski heps(1—we) [g/m?d]

(1997)

. - * p,= the average deposit density;

(b)  Zamani and Maini d(z,t) = ¢, ﬂ ¢ p,= the soil particles density;

(2009), Alem et al. (1 —da) o N=number of particles in a deposit site

1 a=1,b=13
(2012) pa=1-Plo Py Py °
Py Py Py’ a
(©) Rege and Fogler w e a;= radius of the particle j;
1 1 i
(1988); —=—11+ 32 N(ri,aj)a—’* [1 o .= radius of the pore tube i
T 7 L a
Reddi et al. 2000 brew L =1 e N(r;, a;) =number of particles with radius g;
-
2 deposited in the pore tube with radius r;
aj 2 K
- 71') (@3 aj)
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Table 4: Changes in permeability k

Paper Equation Parameters
(a) Blazejewski and Murat- e «a = shape factor;
Blazejewski  (1997); 1 ¢ /Dp\? @ =6 in Bear (1972)
. D k=——— [ oA . . . .
Federico F. (2017); 5(1— ¢)2( o ) a =10 in Blazejewski and Murat- Blazejewski

Pedretti et al. (2011) (1997)
e D, can be referred to mean grain size,
harmonic mean, or geometrical mean

(b) Reddi et al. (2000) z e (,= shape factor (1/32)
_ )4 1 e f(d;)= volumetric frequency of the pore group
k=Co () —F
W |ag (0D 4
(c) Locke and Indraratna 1 ¢\’ e x=0.0035+0.0005
: k==DZpx (—)

(2001); n I\ =¢)

Koenders and Williams

(1992)
(d) Sherard et al. (1984); k= 0.35(D;5)? e D, particle size (mm) in filter for which x% by

Indraratna et al. weight of particles are smaller.

k = 1.02(DsDy()*®
(1996), Indraratna and
Vafai (1997)

¢ pB=formation damage coefficient

K 1
(€)  Torkzaban et al. e ¢ = concentration of fine particles at the pore

(2015); Khilar and K, 1+ o

Fogler (1998) constrictions
(f) Pérez Paricio (2001); K ¢* (1-¢)°
Xie et al. (2020) Ko d)_gm
1 .pe
(g) Alemetal. (2012) Kk _ ¢_3 (11— ¢)? S_g(ﬂ)z e S= g[(l —¢o)So + (1 — ¢d)é5p specific
Ko @5 (1—¢)?S2\T surface

S, and ¢, specific surface and porosity from
clean bed; S, and ¢, specific surface and
porosity from of the deposited particles (Boller
and Kavanaugh, 1995)

e T=¢ ™ tortuosity, with formation factor
(Archie, 1942) m=1.3 for a sandy medium.

4. DISCUSSION

The organisation of the reviewed studies allowed us to identify the main simulated processes
and compare the adopted mathematical formulations in physical clogging. One of the main
challenges remains the transport and deposition of suspended particles and, thus, the
distribution of deposited particles along the soil profile (Table 2). The use of macroscopic
models for colloid transport is recommended in the case of injection wells with highly treated
water. This type of clogging can occur even in recharge wells with a low total suspended solids
(TSS) concentration of 2 mg/L (Mays & Martin, 2013; Pyne, 1995). Deep-bed filtration studies
from petroleum engineering can be appropriate in replicating particles’ transport within the
aquifer formation under constant flow injections. In this case, attachment mechanisms for
colloids are influenced by surface forces, which depend on the hydrogeochemistry of the
aquifer. For this purpose, parameters for attachment and detachment rates in kinetic equations
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have been calibrated from the observations of the BTCs on soil column experiments, as
reported in Table 2(a), 2(b), 2(c) (Alem et al., 2014; Pérez Paricio, 2001; Torkzaban et al.,
2015; Xie et al., 2020). An overview of each simulation study's share of empirical and physical
parameters is provided in Fig. 4. Physical parameters are intended parameters whose value

can be determined from direct measurements, e.g., site characterisation.

Conversely, conceptual models developed in sub-surface wetland applications rely on an
overly-simplified assumption of the pore volume, and the defined relationship for the clogging
depth might be valid only on a narrow range of sands and suspended fines. Furthermore, the
development of this modelling approach has required integrating empirical data from column
experiments and experimental wetlands to quantify the thickness of the clogging layer and
permeability variations (Hua et al., 2010; Wang et al., 2012). Probabilistic models have the
advantage that they can be adapted to constant head and constant flow conditions starting
from parameters that can be measured from soil samples (Reddi et al., 2005), although the
pore size distribution requires specific laboratory equipment, and the simulations are
performed at the pore-scale. As shown in Fig. 4, the analytical approach of Indraratna & Vafai
(1997) and Locke et al. (2001) is the only model, accounting for SS transport and deposition

processes, independent of empirical parameters.
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Figure 4: Number of parameters in each model for physical clogging from the reviewed studies.

In MAR surface spreading systems recharged with no pre-treated water, the incoming
suspended solids mainly cause physical clogging, similar to vertical flow treatment wetlands
and stormwater infiltration systems. This study revealed that numerical models based on
geometric consideration for particle entrapment might be more suited to account for volume

phenomena for suspended solids deposition. Surface spreading systems should incorporate
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a geometric and hydraulic component to model physical clogging processes in MAR surface
spreading methods. A process-based framework is presented in Fig. 5. The geometric
component defines the geometric parameters for particles entrapment, as done in previous
studies, based on the ratio of the diameter size of fines d,, , to the size of the pore constrictions
do, Or porous media diameter size d . (Gruesbeck & Collins, 1982; Herzig et al., 1970;
Muecke, 1979). The variation in the soil porosity can be computed from the volumes of
deposited particles inside the porous media, as schematised in Fig.5, similarly to most of the
examined numerical models (Table 3). The morphology of the formed deposits can be included
in the computation of the new porosity, considering the deposits' average density (Alem et al.,
2013; Boller & Kavanaugh, 1995). This literature review also highlighted that most authors
agree with using the Kozeny-Carman equation (Carman, 1937; Kozeny, 1927) in computing
permeability reductions due to deposited particles (Table 4). The Kozeny-Carman model
assumes the packed bed as an ensemble of capillary tubes through which the fluid flows in
laminar conditions according to Poiseuille's law, under saturated conditions. The permeability
k is in function of the two main packing material properties: the specific surface area and the
packing density. As shown in Table 4, some authors prefer to use the normalised form of the
Kozeny-Carman model (Alem et al., 2013; Pérez Paricio, 2001; Xie et al., 2020), while others
update the soil permeability directly from the variation in soil structure (Blazejewski & Murat-
Blazejewska, 1997; Indraratna & Vafai, 1997; Locke et al., 2001; Reddi et al., 2000). The
normalised form of the Kozeny-Carman equation can improve predictions in the reduction of
hydraulic conductivity, starting from the initial measured value and consequent reduction in
porosity space and increase in surface area. Moreover, a process-based model for physical
clogging should also account for the evolution of the filtration action of the porous media. Time-
dependent parameters could depict the evolution of the media filtrating capability based on the
already deposited particles from the previous filtration history. The self-filtration process would
affect the geometric component by modifying the grain size distribution and the hydraulic
component with the evolution in the soil permeability, as illustrated in Fig. 5. This effect can be
replicated in process-based models for MAR application.
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Figure 5: Process-based framework for physical clogging modelling in surface spreading methods.

The advantage of the presented framework (Fig. 5) is that it can be further developed to be
parameterised with data from site characterisation. The collection of recharge water data,
particularly TSS and particle size distribution (PSD), can be used to predict the effect of
straining on the sediment matrix, to derive the relative reduction in hydraulic conductivity and
total infiltration capacity (Lippera et al., 2023b; Lippera et al., 2023a). This framework can be
transferred to multiple MAR schemes and adapted on the base of the sediments'
heterogeneities, characterised by initial hydraulic conductivity, porosity and grain size
distributions. The depth of the resulting clogging profile from the simulation of deposition
processes can assist MAR operators in the previsions of appropriate cleaning techniques
based on the expected soil depth to be treated. This methodology can also determine the
expected frequency of cleaning schedules when the total infiltration capacity reaches a low
threshold. In planning the MAR site, the drying and cleaning periods should be included within

the definition of hydraulic loading rates (Bouwer, 2002).

5. CONCLUSION

From the wide variety of models in the literature to predict physical clogging, it is not
straightforward to derive the relevant relations for applied hydrogeological purposes, which is
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crucial for MAR feasibility studies. This literature review provides a modelling framework to
assess the risk of physical clogging at MAR sites. It is intended to offer guidance on the use
of existing models and to identify gaps that need to be closed to assess this risk with field
parameters. The main physical clogging processes were identified and mathematical
formulations were compared from the reviewed studies. The review showed that predicting
particle transport and distribution is the main challenge in modelling physical clogging. The
studies that attempt to model clogging on the overall volume of soil rely on the implementation
of column experiments, for which the validity of such parameters remains constricted to the
specific experimental set-up. Whereas attachment and release mechanisms are described
with a probabilistic or analytical approach, these processes are computed at the pore scale
and boundary conditions need to apply. To overcome this challenge, a process-based physical
clogging model for surface spreading methods should possibly integrate hydraulic and
geometric components to quantify fines retention in heterogeneous sediments at MAR sites.
The review also proved the Kozeny-Carman model to be the most popular equation in
replicating evolutions in permeability, given the variations in soil porosity from the deposition
of particles. The Kozeny-Carman model can be adapted from physical parameters in soil
samples’ data. Thus, a compromise between a overly-sophisticated predictive model and an
empirical one calibrated under a single-column experiment should be adapted to assess the
risk of physical clogging for MAR sites from site characterisation data. The proposed
methodology breaks down the complexity of clogging. However, in future it could be extended
to include other clogging processes, e.g. biological and chemical, to provide estimates of the

overall risk of clogging.
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Abstract

Managed aquifer recharge (MAR) is an emerging approach to enhancing water storage capacity, improving water supply
security and countering groundwater overexploitation. However, physical clogging, i.e. accumulation of suspended organic
and inorganic solids within a sediment matrix, can lead to a significant reduction of infiltration rates and present difficul-
ties in the functioning of MAR infrastructure. Clogging and subsequent reduction in infiltration capacity are often quanti-
fied based on monitoring data or field investigations, rather than on forecasts. Existing predictive models require specific
parameterisation, making an application to heterogeneous sites, or under changing conditions, difficult. Hence, a generalised
understanding of how intrusive fine particles distribute over depth during water recharge cycles for typical MAR infiltration
basin sediments is needed to predict clogging susceptibility and clogging patterns already in the planning phase and before
operation of MAR schemes. The study will contribute to operational reliability, deduce optimised management practices,
and, ideally, reduce maintenance efforts. To achieve this goal, data from different soil-column clogging experiments are
reviewed and complemented with experiments to establish a generally valid relationship for the vertical distribution of
intrusive fines under consideration of the primary porous media’s and intruding particles’ characteristics. Obtained results
allow for quantification of the amount of particles retained at the surface of the porous media, i.e. formation of a filter cake,
a description of the distribution of fines over depth, and total clogging depth. Finally, the findings are applied to a real MAR
case study site to showcase the quantification of clogging effects on recharge rates.

Keywords Managed aquifer recharge (MAR) - Clogging - Soil processes - Hydraulic properties

Introduction of MAR systems (Bouwer 2002). Clogging originates from

the accumulation of organic and inorganic suspended solids

Managed aquifer recharge (MAR) techniques are increas-
ingly needed to enhance water storage capacity, improve
water supply security and reduce impacts associated with
fresh groundwater overexploitation (Dillon et al. 2018;
Sprenger et al. 2017). The reduction in recharge rate due
to clogging is one of the main concerns in the functioning
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at the infiltration surface and in the migration of interstitial
fines within the sediment matrix (Bennion et al. 1998; Goss
et al. 1973; Wang et al. 2012). The particle size distribution
of the infiltrating particles in relation to the pore bodies of
the passed-through soil controls the shape of the clogging
profile. Suspended particles with a larger particle size than
the porous-media grain size accumulate on the surface of
the granular material, forming the surface or external fil-
ter cake. Smaller suspended particles enter the interstitial
space of the bed and deposit according to the mechanism
of straining, leading to the occurrence of internal clogging.
Straining is the blockage by fine particles at down-gradient
pore constrictions that do not allow their passage (Bradford
et al. 2003; Herzig et al. 1970). When fines intrude into the
soil matrix, they increase the media surface area to volume
ratio and reduce the media porosity (McDowell-Boyer et al.
1986). MAR sites can experience a decrease in infiltration
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capacity by orders of magnitude due to physical clogging
(Racz et al. 2012). Often, sedimentation ponds reduce the
concentration of suspended fines in the infiltration water;
however, infiltration sites can accumulate fine particles
transported from weathering reactions or from the rear-
rangement of deposits (Hutchison et al. 2013). The loss in
performance can cause an increase in operation and mainte-
nance costs (Dillon et al. 2016), the restoration of infiltration
basins and boreholes (Martin 2013), and in extreme cases,
the abandonment of the site (Hutchison et al. 2013). Ross
and Hasnain (2018) report, for infiltration-basin recharged
with untreated water, average MAR scheme costs of 0.77
USD capital cost per metre cubed recharged and a 0.13 USD
operation and maintenance cost per metre cubed recharged.
Despite these MAR schemes being relatively inexpensive to
install, the costs for basin maintenance can be high, includ-
ing the shut-down period for the cleaning and drying of pas-
sages (Ross and Hasnain 2018).

In the current state of the art of MAR clogging surveil-
lance, instantaneous profile measurement systems of water
content have been developed to accurately monitor reduc-
tions in infiltration capacity in the field (Barquero et al.
2019). Geophysical monitoring in MAR sites can track infil-
tration pathways by time-lapse electrical resistivity tomog-
raphy (De Carlo et al. 2020; Nenna et al. 2014; Ulusoy et al.
2015). Thermal loggers and fiber-optic distributed tempera-
ture sensing assist in detecting spatial and temporal varia-
tions in infiltration rates (Becker et al. 2013; Mawer et al.
2016; Racz et al. 2012). Martin (2013) suggests observing
the hydraulic responses in nearby observation wells during
recharge to detect the presence of clogging (Pyne 1995).
In MAR numerical simulations, the variation in hydraulic
conductivity can be integrated through a time-variable scal-
ing factor calibrated via an experimental setup (Glass et al.
2020). Although the up-to-date research improves basin
management and clogging detection after development,
there is still the necessity to design modelling tools to pre-
dict potential reductions in MAR infiltration capacity during
the conceptual phase. So far, the basic water quality param-
eters used for MAR design have been total suspended solids
(TSS), turbidity level for smaller particles (nephelometric
turbidity units, NTU), and dissolved organic carbon (DOC)
(Bouwer 2002; Dillon 2002; Okubo and Matsumoto 1983).
However, the limit values of these parameters in reference
to clogging can vary widely from site to site (Bouwer 2002).

Similarly, existing mathematical models for physical clog-
ging and MAR design have been developed by fitting the
breakthrough concentrations to the mass balance solution from
a specific sand column setup (Torkzaban et al. 2015; Xie et al.
2020). The parametrisation derived from the column’s break-
through curves for a specific MAR site is not transferable to a
different MAR context. The growing interest in MAR and its
implementation worldwide requires further thorough studies
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into systematic clogging mechanisms and prevention (Zhang
et al. 2020); hence, there exists a need to derive a general
model for predicting physical clogging that can be adapted to
multiple sites through site characterisation. Different factors
determine the reductions in infiltration rates in the field—efflu-
ent water quality, basin soil texture, ponding depth, hydraulic
loading rate and recharge cycles. However, the rate and degree
of clogging are controlled mainly by the rate of suspended
solids deposition, the size distribution of the fines and the size
distribution of the receiving sediments (Hutchison et al. 2013).

One of the main obstacles in clogging research is predicting
the characteristic depth of the particles’ intrusion and deposition
(Locke et al. 2001), thus the vertical distribution of fines within
the porous media. Clogging profiles have already been expressed
through an exponential decay function for sediment transport
studies in hydraulically turbulent open channel flow (Cui et al.
2008; Huston and Fox 2015). Understanding how particles dis-
tribute along the porous media profile is essential in determining
how fast and up to which depth the porous media will be severely
clogged. The assessment of the site’s susceptibility to clogging
before construction prevents high unexpected costs and leads to
evaluating the optimal design and operational options.

This study aims to improve physical clogging predictions
by quantitatively assessing the distribution and volumes of
deposited particles over soil depth during water recharge. The
final scope is to determine the reduction in infiltration rates
over the operational period of the infrastructure and the depth
of the damage. To overcome the challenge of determining the
characteristic depth of the particles’ intrusion and deposition,
the porous medium is hypothesised as a multilayer mesh in
which a certain depth-varying percentage of particles are
trapped, based on their diameter size, following an exponen-
tial decay. The novelty of this study is to propose an overall
model to predict physical clogging, transferable to multiple
MAR sites, while not relying on a specific set of parameters
determined over a single-column experiment.

Therefore, results from existing column experiments in lit-
erature applicable to MAR conditions were reviewed and com-
plemented with additional experiments to investigate whether
a general relationship can be established between the vertical
distribution of the fines and the porous-media and particle
characteristics. The relevance of this work is highlighted by its
application to the case study of a floodwater infiltration basin
in Italy, assessing the risk of clogging and potential reductions
in infiltration rates.

Methods
Literature review

To examine how intrusive fines distribute in porous media,
available profiles of deposited fines were selected from
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multiple-sand-column experiments. The experimental
setup of these studies had to reflect MAR conditions, i.e.,
employing a porous media in the grain size range of coarse-
medium sand (0.25-1 mm) and a low concentration of fine
particles in suspension. In column experiments, constant
head conditions best reflect the operating conditions for
infiltration basins; however, in contrast, remobilisation of
particles caused by the increase in injection pressure to
overcome the resistance of the already declined hydrau-
lic conductivity can be observed for column experiments
under a constant flow rate. This behaviour is recognisable
in the breakthrough curves from the increase of the relative
concentrations of fines at the column effluent over time;
hence, column experiments under a constant flow rate are
less suitable for the analysis. In order to avoid high-water-
pressure effects, the data derived from the sand column
experiments under constant-head conditions described in
Alem et al. (2014) were collected. The study under constant
head conditions for 83 pore volumes (NVp) showed stable
clay concentrations at the effluent; thus, the filtration action
of the porous media did not change during the run of the
column experiment. The experiments of Ahfir et al. (2017),
for three sandy porous media in constant flow rate condi-
tions, were also selected. Their study observed retention
profiles for the duration of 3 NVp; thus, the clogged state of
the porous media does not affect the vertical distribution of
the fines yet, and the exerted water pressures are not further
increased. Lastly, four-column experiments were run with
artificial and natural material of defined grain-size ranges
at the Helmholtz Centre for Environmental Research,
Department of Monitoring and Exploration Technologies
in Germany (Tippelt 2015). The experiments’ scope was
to observe the impact of fines input on the long-term infil-
tration capacity of a specific infiltration basin. In all three
studies, the clay content was wet-sieved and weighed at the
column sections, and the mass of fines deposited per unit of
porous media mass was expressed as the retention profile.

In order to compare the datasets from the selected
studies, the relative mass of deposited particles to
the total mass of infiltrated particles was computed
for each section. An averaged value over the section
length was assumed at the central point to attribute
the relative mass of deposited clay to a specific depth.
Table 1 provides an overview of the setups of the col-
umn experiments from the selected studies. The num-
ber of datasets is limited by the availability of reten-
tion profiles in the literature. Filtration studies often
lack this information since particle concentrations are
conventionally automatically measured at the effluent.
The lack of retention profile data in studies is indeed a
limitation in understanding the straining and deposition
processes occurring within the porous media. Reten-
tion profile data from experiments in gravel substrates
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were omitted, e.g. Gibson et al. (2009) and Tang et al.
(2020). Due to the different experimental setups, the
silt profiles in chromatography columns from Du et al.
(2018) were also excluded. The latter case of silt par-
ticles depositing superficially in fine sand is indeed a
case of interest for MAR site applications.

Experiments

Four experiments were additionally performed to
increase the number of datasets and extend the analysis
to the case of silt particles blocked at the porous media
surface. A particle suspension was infiltrated in constant
head conditions in sandy porous media in four grain-size
ranges. The column of 4.8 cm in diameter and 50 cm
in height had a constant head of 20 cm above the sand
material for a total hydraulic gradient of 1.44 cm/cm. The
experimental setup schematic is shown in Fig. 1a. The
column was saturated from the bottom to avoid air trap-
ping. After the outflow from the column reached stable
conditions, the suspension was let to infiltrate at the con-
centration of 1 g/L. Differently from the other selected
studies in Table 1, the experiments were performed with
silt material, with a median diameter ds, = 31.01 (+0.20)
pm (Fig. 1b). The silt was previously obtained by dry-
sieving a silty soil, and the particle size distribution was
measured with laser diffraction (Cilas Particle Size 920).
The suspension was allowed to infiltrate quartz sands
in the grain-size ranges 0.5-1.0, 0.4-0.8, 0.2-0.7, and
0.1-0.4 mm (Euroquarz GmbH). An overview of the
setup of the four experiments is reported in Table 1 under
“This study (2022)’ followed by the experiment identifier
number. The outflow of the column was measured with
a precision balance scale (KERN PCB) and recorded via
a USB to RS232 serial port. Turbidity values (NTU) for
the column effluent were measured with a turbidimeter
(HACH 2100P) to check the mass balance within the
porous media. Previously a calibration was made between
the known a priori suspended particles (SP) concentra-
tions and the measured NTU values. At the end of the
experiment, samples were taken at the column sections
and at the porous media surface. The samples were dried
and weighed, and the difference in weight was annotated
after wet-sieving and drying.

Results
This section describes the analysis, modelling steps and
results that contribute to assessing clogging profiles in

porous media. The subsections are organized with the
following contents:
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Table 1 Experimental setups of the selected studies. The experiment ber of pore volumes infiltrated, the diameter size range of the sus-

identifier number distinguishes the single column experiments for the pended particles, the diameter size range of the porous media, median
reference study. For each column experiment, the length and diameter particles size of the suspension (ds;), and median diameter size of the
of the column are indicated along with the number of sections in the porous media (Ds,)

column, the concentration of particles in the influent water, the num-

Study reference and Column Column No.of Concentra- No. of pore Size range Size range (pm) d50 (um) D50 (pm)
experiment ID length  diameter sections tion (mg/L) volumes (pm) and and material -PM  -SP -PM
(cm) (cm) (NVp) material -SP
Ahfiretal. (2017) 62 4.4 15 500 3 2-30 kaolinite 315-630 sand 10 440
-1
Ahfiretal. (2017) 62 4.4 15 500 3 2-30 kaolinite 315-800 sand 10 570
2
Ahfiretal. (2017) 62 4.4 15 500 3 2-30 kaolinite 630-800 sand 10 715
-3
Alem et al. (2014) 40 45 9 250 83 1.7-40 kao-  315-630 sand 15 410
linite
Tippelt (2015) -1 50 30 5 102 30.78 0.36-103 400-700 glass 7.68 530
bentonite beads
Tippelt (2015) -2 50 30 5 102 30.78 0.36-103 400-700 glass 7.68 530
bentonite beads
Tippelt (2015) -3 50 30 5 102 30.31 0.36-103 1,500 glass beads ~ 7.68 1,500
bentonite
Tippelt (2015) -4 50 30 5 102 23.44 0.36-103 500-1,000 sand 7.68 710
bentonite
This study (2022) 50 4.8 7 1,000 39.07 1-90 silt 500-1,000 sand 31 760
-1
This study (2022) 50 4.8 7 1,000 4043 1-90 silt 400-800 sand 31 590
This study (2022) 50 4.8 7 1,000 41.82 1-90 silt 200-700 sand 31 420
This study (2022) 50 4.8 7 1,000 3251 1-90 silt 100-400 sand 31 230
-4
Fig.1 Informatipn on the four (a) Stirrer (b) 02
performed experiments. a The - Meanz S
column experimental setup, b PSD
particle size distribution (PSD) Upper reservoir 0.15
of the silt material used for the
suspension
X 0.1 €
o
20 cm =
0.05 o
Ll
B
< 50 cm  Turbidimeter 0
i e 10° 10" 102
- Diameter (um)
Overflow reservoir 1o Portable computer
Lower reservoir

Balance scale

e Data analysis: retention profiles are expressed in relative e A relationship is established between the relative mass of

masses of deposited fines over depth, and the vertical fines at the water—sediment interface and the geometric
profiles are parametrized as exponential decay functions. ratio ds/Ds, of the experimental setup.
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e A mathematical solution defines the decay rate of
fines deposition over depth. The expected depth of
clogging and the clogging vertical profile are thus
determined from the previously established relation-
ship.

e For the experiments in superficial clogging conditions,
the process leading to the external cake formation is for-
mulated through a retention limit at the surface.

e The use of the Kozeny-Carman equation in computing
reductions in soil permeability is tested for the observed
outflow rates from the performed experiments.

An extensive discussion of the results is reported in
section ‘Discussion’.

Data analysis

From the literature review, three studies consisting of eight-
column experiments reflecting MAR conditions were ana-
lysed, and four additional experiments were performed to
extend the range of validity of the analysis. The profiles
of deposited fines are expressed as the relative mass with
respect to the total infiltrated mass of particles. The vertical
distribution of the fines is outlined by an exponential decay
function over the depth z (cm):

Fig. 2 Fitting of the exponential

J@) =fimpe™ (¢))

with f,_, being the mass fraction of particles at the
water—sediment interface and a being the decay rate,
accounting for the reduction in the particles’ retention per
unit of depth:
Y - w0 @
z

The fitting of the exponential decay curves to each clog-
ging profile from the column experiments leads to the param-
eters describing the relative mass at the surface (f,_,) and
the decay rate of deposition (a). This formulation is valid for
profiles not exceeding a saturation limit at the water—sedi-
ment interface, which corresponds to the maximum retention
of fines. After this limit, the external cake starts forming.
Therefore, only the experiments under internal clogging
conditions are used to calibrate the parameters describing
the clogging profiles. In Fig. 2, it can be observed that for
greater deposition at the top of the column, a stronger fit to
the exponential decay function is observed (Fig. 2a, e-g,
i with respectively R?=0.97, R?=0.93 and R*=0.96), in
comparison to the other clogging profiles (Fig. 2b,c,h with
R?>=0.89, R?=0.87 and R*= 0.70). In contrast, the profile
presenting the limit case for internal clogging, thus very
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low deposition at the surface, does not show a variability
around the mean value that can be explained by the expo-
nential decay (Fig. 2d, R*=0). The deposited fines are thus
assumed to be distributed homogeneously through the soil
with a decay rate a equal to zero. In the following sections,
the exponential decay parameters are related to a geomet-
ric clogging predictor to explore the dependency of the
clogging profile on the primary porous media and particle
characteristics.

Clogging predictor

The parameters f,_ and «a are related to the straining fac-
tors controlling the shaping of the retention profile; thus,
predictors should summarise the primary porous-media
and particle characteristics. Clogging predictors based on
the system geometry account for the diameter of the sus-
pended particles (d,) relative to that of the porous media
(dg), i.e., d[/dg (see Gruesbeck and Collins 1982; Her-
zig et al. 1970; Khilar and Fogler 1998; Muecke 1979;
Sakthivadivel 1969). In Bradford et al. (2003), the strain-
ing coefficient is a function of the ratio of the suspended
solids’ median particles size (dsg) to the porous media
median grain size (Ds,). Based on Bradford et al. (2003)
the median diameter is assumed representative of the
porous media and particles distribution. The median diam-
eter is an immediate statistic to describe the particle size
distribution, and it can be interpreted as a proxy for the
average pore body size of the porous media (Mahmoodlu
et al. 2016). The median diameters’ values for the porous
media grain distribution and suspended particles of each
column experiment are reported in Table 1. For the reten-
tion profiles of the nine column experiments on internal
clogging conditions, the relative mass of particles depos-
ited at z = 0 cm is related to the geometric ratio dsy/Ds.
The fraction of fines at the water—sediment interface fol-
lows a linear trend with increasing values of the geometric
ratio dsy/Ds, (Fig. 3).

The linear relationship verifies that fines retained super-
ficially are close to zero for small median particle sizes to
larger matrix grain diameters. The suspended particles with
small size ranges intrude deeper into the soil formation,
crossing a larger void space. Particles with larger median
sizes instead lead to superficial clogging when intruding into
a matrix with smaller grain diameters. Setting the boundary
point at the origin (f,_,=0,ds5,/D5,=0), the following lin-
ear relationship for surface deposition at the water—porous
media interface is established:

dsp
o= 1.76—
fimo = 176 3

with R = 0.90.

@ Springer

Dissertation

Hydrogeology Journal
< 0.09
N 95% confidence band N
8 0.08 |~ linearfitting R?=0.90
w‘:“ B Tippelt (2015)
S 0.07 Ahfir et al. (2017)
g ¢ Alemetal. (2014)
£ 0.06( A Lipperaetal. (2022)
© L4
[7)) 0.05
()
c
= 0.04r1
u“
s} [
@ 0.03f
£
° 0.02 |
= [
® 0017}
[0}
r /5 ‘ ‘ ‘
0 0.01 0.02 0.03 0.04

Geometric ratio ds,/Dy,

Fig.3 Relationship between the relative mass of fines at the porous
media’s surface and the geometric ratio for the selected studies and
one additional experiment under internal clogging conditions

The geometric ratio ds,/Ds, provides systematic infor-
mation on the relative mass of fines captured at the sur-
face. The random error term is independent of the predic-
tor dsy/Ds, and has a mean value of zero, as proved by the
one-sample t-test performed on the residuals (p = 0.68, HO:
data are from a normal distribution with a mean equal to
zero). Thus, the simple model with only the geometric ratio
explains the variations in f,_. In order to assess whether
Eq. (3) approximates the population regression line given
the limited datasets, the model is tested with the leave-one-
out cross-validation. Nine training data sets were generated,
leaving out the data from one single-column experiment on
which the model prediction is tested.

The unbiased estimates for the nine test errors in Table 2
provide an average MSE of 9.06e-05. The slope coefficients
for the eight linear regressions fall within the 95% confi-
dence interval of the full dataset relationship [1.49, 2.02].
Figure 3 reports the 95% confidence interval for the fitted
linear regression with the full dataset.

Clogging depth and profile

In addition to the parameter f; _, the clogging profile is also
defined by the decrease in relative mass over depth. The
decay rate a expresses the exponential decay of captured
particles over depth. Integrating from zero to infinite depth,
for the function defining the fractions of retained fines up to
the sum of 1, the following solution is obtained:
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Table 2 Slope coefficients calibrated for the 9 datasets generated with the leave-one-out cross-validation method and mean square error (MSE)

of the prediction on the excluded dataset

Parameter Data set 1 Data set 2 Data set 3 Data set 4 Data set 5 Data set 6 Data set 7 Data set 8 Data set 9
Slope 1.78 1.75 1.78 1.73 1.76 1.76 1.77 1.87 1.59
MSE 2.06E-05 5.83E-06 7.20E-05 1.03 E-04 2.04E-06 2.24E-05 3.29E-05 1.97E-04 3.60E-04
«© a2 saturation limit at the water—sediment interface is not
0 fmoe™dz =1 () reached and particles intrude internally.
—azq External cake formation
fimoe™™
—| =1 )
—a o The relationship for the clogging profile (Eq. 8) can be
adopted for internal clogging only since it does not account
a=f_q (6)  for the formation of the external cake. In surface clogging

Equation (6) shows that the reduction factor per unit of
depth « is directly correlated to the fraction of retained fines
at the surface f;_, and the data from the eight retention pro-
files in Fig. 2 confirm this relationship with an R*=0.59 and
RMSE =0.0169. Part of the error might be attributed to the
fact that the entire mass of intrusive fines is not recovered in
all the experiments. It is preferable to adopt the mathemati-
cal solution for the calibration of a, to guarantee that the
defined fractions of fines amount to one over the total porous
media depth. Equation (6) verifies that for an extreme condi-
tion in surface clogging, the retention decreases steeply with
depth (a=f,_y~ 1), and the soil exhibits a short clogging
profile. By contrast, the soil exhibits a deep clogging profile
for an extreme condition in internal clogging (f,_q=a~0),
and a constant fraction of suspended particles is retained
with depth. The clogging depth can also be assessed for
intermediate conditions of the clogging profile. Assuming
0.5% retained fines as an arbitrary threshold for ending the

clogging profile, the depth of clogging z.,, (cm) is:
0.005\ 1
Zelog = —In - @)
z=0 a

with f(z,,) = 0.005 being the relative mass at the bottom of
the clogging profile.

Thus, the fines-fraction profile through the sediment
matrix can be estimated only from the ratio of the median
particle diameter size to the median grain diameter size.
Substituting in Eq. (1) the parameters f,_, and a from the
linear regressions reported in Egs. (3) and (6), the final equa-
tion describing the clogging profile is:

N dso dso
f@)= <1.76D—50> exp <—1.76D—SOZ) (8)

This formulation expresses the fractions of particles
captured along the porous media’s depth, as long as the

Dissertation

conditions, after exceeding a saturation limit for the fines’
retention at the surface, the porous media would start accu-
mulating the fines at the top. The overall amount of fines
depositing externally of the porous media would diverge
from the retention profiles expressed in relative mass. The
fines in excess at z=0 are dependent on the total amount of
infiltration fines after the retention limit at the water—sedi-
ment interface has been reached. In this regard, the three
performed experiments in surface clogging conditions are
used for validation. It is assumed that the particles would
start distributing internally during infiltration, according
to Eq. (8), up to a total mass of infiltrated particles, after
which the formation of the external cake begins. The mass
retained at the porous media surface, after which particles
stop intruding internally, can be defined as M, _ g jjmii:

M. timit = Fe=oMiot timit C))

with M, i, (£) the total mass of infiltrated particles up to
the limit of the external cake formation. The retention limit
at the porous media surface can be approximated by the vol-
ume of voids V,, (cm). This volume at the water—sediment
interface, is defined for the infiltration area A (cm) with the
radius of the median grain (cm):

V, = Anlﬁ (10)

2

with the porosity n of the porous media. The void space is
filled with particles having bulk density p, (g/cm?); thus, the
maximum retained mass at the water—sediment interface is:

d()
Mz=0,1imit = vasd_ (l 1)
50

the parameters Ds, (cm) and ds, (cm) account for the
straining effect given by the proportion of the median par-
ticle diameters to the average pore diameter d,=0.235 Dj,
(Mahmoodlu et al. 2016). Combining Eqs. (9) and (11), the
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input of fines a e.trv&./ ich the external cake would start form ko) nG, 0 (1 +”o) S(Z) T, 2
ing is the following: = (14)
ko n (1+n(z0) Sz o> \ T

Anp,0.117D5,?
dS(]fz:O

with f,_, from Eq. (3).

The particles’ profile in superficial clogging conditions
is thus corrected to account for the formation of the external
cake:

d deo \ Motimic Mot = Moy timi
f(Z) - <176ﬂ> exp <—l76ﬁz> tot,limit + tot tot,limit
D5 Dsy ) Mo Mo,

M, (12)

ot,limit —

(z=0)

13)
with M, (g) the total infiltrating mass of particles. The
equation is applied to the observed clogging profiles from
the three experiments exhibiting superficial clogging, as
shown in Fig. 4. The model predicts the observed relative
masses of fines at the column sections with RMSE values of
0.0119, 0.0152 and 0.00902. This formulation closes the gap
in predicting soil permeability reductions at discrete depths
and the overall decrease in infiltration capacity.

Permeability reductions

The previous section described the formulation for the quan-
titative assessment of the vertical distribution of fines. Esti-
mating the volume of intruded and deposited particles at
discrete depths improves models that predict the evolution of
soil infiltration capacity. When particles intrude into the soil
matrix, the media surface area to volume ratio is increased,
and the soil porosity is reduced, leading to a decrease in
soil permeability. Most clogging studies conducted for
engineering purposes (Alem et al. 2013; Blazejewski and
Murat-Blazejewska 1997; Federico 2017; Herzig et al. 1970;
Locke et al. 2001; Reddi et al. 2000) rely on the Kozeny-
Carman equation (Carman 1937; Kozeny 1927) to compute
the reduction in soil permeability. The model that provided
a greater fit to the flow decrease observed from the column
experiments is the one proposed by Alem et al. (2013):

Fig.4 The clogging profiles (a) RMSE=1.19%

from Eq. (13) under superficial

. . 20@ |--@- modeled points
clogging conditions are tested ¢ P

® observations

for the observed relative mass
of fines (%) deposited over
depth for the experiments of
This study (2022) a sand 0.4-0.8
mm, b sand 0.2-0.7 mm and ¢
sand 0.1-0.4 mm
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with 7 the porosity, S the specific surface area per unit vol-
ume of particles (1/cm) and T the tortuosity (cm/cm). For
more details on Eq. 14, please refer to Alem et al. (2013).

The physical characteristics of the porous media evolve
along with the volume of particles intruded, expressed per
unit of porous media volume, as:

M, ()
Tpsf(Z) (15)

o(z,1) =
with M () the total infiltrated particles up to time ¢, f(z)
from Eqs. (8) and (13), p, the particles’ specific density (g/
cm?), A the infiltrating area (cm) and / the unit depth (cm).
The decrease in porosity of the porous media follows the
formulation from Herzig et al. (1970):

n@n _ _ b0
Ny g

16)

with f the inverse of the compaction factor of retained par-
ticles f=1/(1-ny). The porosity of the retained fines n, is
derived from the average densities of deposited particles
(Alem et al. 2013; Boller and Kavanaugh 1995).

For the total infiltrated suspension with a concentration of
1 g/L of suspended particles, the recorded outflow rates at
the column were converted into total permeability reduction
given the constant gradient. The decrease in soil permeability
modelled according to the Kozeny-Carman equation (Eq. 14)
explains the observed total variation in permeability at the col-
umn, as shown in Fig. 5.

The decrease in soil permeability shown in Fig. 5 has been
modelled from the estimated vertical distribution of fines based
on the geometric ratios dsy/Ds, (Eqgs. 8 and 13). The limit at
which particles start accumulating superficially, forming the
external cake, is computed from Eq. (12). For the reduction in
permeability at discrete depths (Eq. 14), the total reduction in
permeability in the internal clogging conditions (Fig. 5a) is:

RMSE=0.90%

-@ - modeled points
@ observations

RMSE=1.52%
(b)g, o

--@ - modeled points
60 ® observations

0 20 40
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Fig.5 The model prediction (a) R%=0.89 (b) R?=0.67
from the Kozeny-Carman 1 1 —
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with L the total length of the porous media and k(z, 1)/k,, the
permeability’s reduction per unit depth /.

In superficial clogging conditions (Fig. 5b,c,d), the total
decrease in permeability is computed by accounting for exter-
nal cake layering:

k[m(t) _ L+ Lcake(t)
Tyl Lege (D)
ko I e e v (18
ko Ke=0,limit
with L, (f) being the thickness of the external cake, k__q j;ni

the permeability of the porous media at the surface when
M, _ o limic 18 met, and k. a calibrated parameter associ-
ated with the permeability of the fines depositing super-
ficially. For all three experiments under surface clogging
conditions (Fig. 5b,c,d) one unique calibrated value was set:
keae =0.0003 (cm/s).

The previously shown equations can be implemented to
develop a model for physical clogging at MAR sites. The
profile of the damage and the time for the facility to be
clogged can be estimated from parameters collected in the
field. The application of these findings is illustrated in the
next section, in order to estimate the evolution in infiltration
rates due to the input of fines at a MAR field site.

Dissertation

This section showcases how MAR operators can imple-
ment the findings in section ‘Results’ in order to assess
the site’s vulnerability to clogging. The clogging depth
and the evolution over time in infiltration rates can be
deduced from the hydraulic loading of several flood-
ing events. In this scenario analysis, no maintenance is
performed at the MAR site. The Loria infiltration test
site is presented with the sole intention of highlight-
ing the applicability of the results. The site is situated
approximately 15 km north of Cittadella in the Province
of Padua, Italy, within the catchment area of the river
Brenta, and the source for infiltration is flood water of
the Lugana stream. The long-term infiltration capacity of
the site is susceptible to physical clogging due to eroded
clays reaching the pond during flood events. This MAR
scheme does not comprise a sedimentation pond; thus, the
transported clay is deposited as a soil overlay. For further
information on the site, see P.A.T.I. (2013), Fontana et al.
(2014) and Tippelt (2015). For the Tippelt (2015) study,
four representative soil samples were collected from the
basin and analysed, observing the thickness of the clayey
overlay, soil humidity, vegetation, and coarse gravels in
the overlay. The respective sampling locations are shown
in Fig. 6. The provided information is used in this study
to assess the risk of clogging in the MAR basin.

@ Springer

TUM Campus Straubing fur Biotechnologie und Nachhaltigkeit



Appendix - Publication |

87

Hydrogeology Journal

The grain size distribution of the four soil/sediment sam-
ples is reported in Fig. 7. The samples were collected from

719000E

719100E

5069200N 5069200N
5069100N 5069100N
5069000N 5069000N
5068900N 5068900N

719000E 719100E

Fig.6 Sampling spots in the Loria infiltration basin (Italy). The
external grid shows the easting and northing UTM-coordinates (WGS
84) in meters

the basin’s top layer, up to a depth of 30 cm. The particle
size distribution of the finer material is plotted as a separate
curve, and the median diameter of 12.33 pm is indicated
with a vertical line. The finer fraction is differentiated from
the sediment matrix, considering the suspended load com-
prising mainly clay and silt particles. It is here assumed that
the analysed fines from the soil samples have likely close
origins to the material transported by the river, given the
similar granulometric curves in all the finer fractions of the
soil samples. The same finer-particle size distribution is thus
assumed for the incoming fines from the flood events.

The grain distributions (see Fig. 7) for the sampled
sediments allow for quantification of the geometric ratios
(dsy/Dsg). For the depositing fines of flood origin, the gra-
dation of the fines is determined by the input of sediments
reaching the basin and the expected vertical distribution
f(2) from Egs. (8) and (13). Time series of inflows to the
basin are not available for the site, as the pond is filled at
irregular intervals during flood events through an adjust-
able inlet. Assuming the basin reaches its total capacity of
40,000 m? for each flood event, and given the concentra-
tion of suspended solids C (mg/L), M, =V}, C is the
total mass of fines (g) in input to the basin for each flood
event. Therefore, from a new input of fines, the expected
retained mass with depth per unit volume of porous media
(g/cm?) is expressed for each sediment type as in Eq. (15):

Fig.7 Comparison of fines size Sample -
distribution and total grain size 100 - >
distributions from the sampled B S.edlment //
spots A, B, C, D. Median values 80 >~ Fines %
of the fines size (ds,) and the o o D/
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with the vertical lines ir ir
X X 40 /
>
20 o
[te]
'c:su'> o
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M, (1)

o(z,1) = ——f(2) 19
Abasinlps ( )

with A, ;, the area of the infiltrating basin (cm?) and [ the
1-cm unit depth. Tippelt (2015) reported a peak concentra-
tion of 102 mg/L of suspended solids in the river water.
For the vulnerability analysis, it is assumed that the peak
concentration of fines reaches the basin at each flood event
and there is a homogenous infiltration along the basin. For
every input of fines following the flooding event, the porous
media’s initial conditions are updated, namely the porosity,
the surface area and tortuosity, according to Eq. (14). The
initial porosity, in the absence of field measurements, is here
estimated from the coefficient of uniformity (U) through an
empirical relationship (Vukovic and Soro 1992):

n=0.255(1+0.83") (20)

The initial soil permeability for the native sediments at
the sampling locations is derived from the grain size distri-
bution with the Hazen (1893) formula, and a value of perme-

The reductions in soil permeability for the fines mate-
rial input are expressed in terms of the ratio k/k,. Figure 8
shows the permeability reductions with soil depth over an
accumulation of fines for 50 flooding events.

Applying the Darcy law and a unitary gradient for the
downward flow controlled by gravity, the infiltration rate
is directly coupled to the decline in soil permeability. The
expected reductions in infiltration rate considering the 50
flood events are shown for the four sampling locations in
Fig. 9.

Sample A, collected in the proximity of the basin inlet,
presents conditions for superficial clogging due to the high
presence of fines already in the soil matrix. It is estimated
that 95% of new incoming particles are retained superfi-
cially from the vertical distribution function. The soil would
reach an 83% reduction of the initial infiltration rates after
50 flood events. Similarly, location C, close to the outlet,
would exhibit a reduction of 86%. In the north area close
to the inlet and along the shortest path to the outlet, soil
treatment techniques should be applied to the first upper 5

ability of 1072 (cm/s) is considered for the k. of the clayey Cnll(’ Wllthl freqyentlgscFaptllng sche(iules tofre}:n(;ve Fhe Extelrnal
material, according to Fitts (2002). cake. In ocat.10n , in the central parto_ the basin, the ¢ og-
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events, drastically reducing the infiltration rates. On the
other side, sample D, located in the southeast part of the
basin, exhibits internal clogging conditions. With 5% of the
fines retained superficially, after 50 flooding events, the soil
would reach a 26% reduction in infiltration rates; however,
further MAR operations could require treating a portion of
soil up to a depth of 47 cm. Through the use of site charac-
terisation, soil treatment techniques can be scheduled and
programmed in basin zones based on the different lithologi-
cal characteristics.

Discussion

Predictions of the decline of infiltration rates for MAR sites
due to physical clogging are improved by the computation
of changes in the soil granulometry and porosity at discre-
tised depths. The main challenge was the quantitative assess-
ment of fines over depth during water recharge. Establishing
a generally valid model for the vertical distribution of intru-
sive fines based on the primary sediment matrix and parti-
cles’ characteristics leads to a solution suitable for applied
hydrogeology purposes. Comparison of experimental results
conducted on different column experiments, applicable to
MAR conditions, was possible assuming the relative mass
of particles to follow an exponential decay with depth. The
resulting parameterisation showed that under internal clog-
ging conditions, the percentage of particles retained at the

@ Springer
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surface increases linearly with increasing ratio of infiltrated
particles of median diameter to grains of median diameter.
The exponential decay rate correlates to the amount of fines
captured superficially, indicating data from the multiple col-
umn experiments to be consistent. Despite the existence of
several column experiments for deep bed filtration, the
empirical models developed for filter design do not reflect
the infiltration basins’ operating conditions. Most of these
studies provide the residual concentrations in the effluent for
colloid transport (diameter size <1 pm) in constant flow rate
conditions. Filtration studies often lack information on the
retention profile within the porous media. This is indeed a
limitation in understanding the straining and deposition pro-
cesses occurring within the porous media. In recharge basin
construction, sandy soils are preferred due to typical infiltra-
tion rates being in the range of 0.3-3 m/day (Bouwer 1999;
Dillon and Arshad 2016). The interval of interest for this
analysis was within a geometric ratio dsy/Ds, of 0.001-0.25.
These two reference values correspond to the extreme cases
of clay (lower size range 0.98 pm) infiltrating into coarse
sand (upper size range 1,000 pm), and to the case of silt
(upper size range 62.5 pm) infiltrating into medium sand
(lower size range 250 pm), according to the Wentworth
scale. In comparison to the profiles under internal clogging
conditions from the literature, the additional performed
experiments verified that the external cake formation leads
to a discrepancy in the relative amount of particles accumu-
lating at the surface. The vertical distribution of fines was
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corrected in superficial clogging conditions introducing a
retention mass limit at the surface, after which particles
accumulate at the top. This solution follows considerations
on pore structure concerning median grain diameters and is
an approximation for sandy porous media; therefore, there
might be limitations for soils with different sediment mixing
and compaction. In this regard, the column experiments
were performed with porosity values similar to the ones
from the literature studies for the same grain size ranges.
Although the porous media’s compaction likely affects the
vertical distribution of fines, the data from the literature pro-
vided a negative correlation coefficient (p = -0.0314)
between the porosity and the relative mass at the water—sedi-
ment interface. In contrast, this work confirms that straining
mechanisms are strongly controlled by the ratio of the diam-
eter size of the suspended particles to the grain diameter size
of the porous media. The illustrated findings agree with the
qualitative categorisation of Khilar and Fogler (1998) for
plugging behaviour due to blocking, bridging and piping,
based on previous clogging analysis (Gruesbeck and Collins
1982; Herzig et al. 1970; Muecke 1979). The categorisation
is based on ratios determined by the size of fines d, to the
size of the pore constriction d,,. Considering d, =ds, and the
average pore diameter (um) as dy=0.235 D5, valid for sands
(Mahmoodlu et al. 2016), the results are consistent with the

formation of the external cake for d—” > 1, the occurrence of
0

multiparticle blocking between 0.1-0.01, and piping below
0.01 (Kanti Sen and Khilar 2006). Other authors employ the
ratio of the size of the suspended particles to the media size
as critical factors in particle straining and reduction in per-
meability. The results are in good agreement with the thresh-
old of dsy/Ds, = 0.005 for initial straining of particles (Brad-
ford et al. 2003; Zaidi et al. 2020) and with ds5o/Ds, = 0.05
for significant straining (Bradford et al. 2002; Sakthivadivel
1969). It is important to point out that all the selected studies
for the analysis measured the ds, via laser diffraction. For
comparison, the fines’ median particle diameter should not
be measured with sedimentation methods (Buurman et al.
2001; Di Stefano et al. 2010; Fisher et al. 2017); further
discussion is needed to relate the effect of the hydrodynamic
conditions in shaping the fines fraction profiles. At lower
flow rates, particles would tend to form bridges at pore con-
strictions, while higher drag forces would break apart these
bridges, and particles would be transported deeper into the
porous media (Khilar and Fogler 1998). Since this study
does not address filtration under high water flow injection,
the analysis focuses on comparing the porous media’s ability
in particle capture, given only the information on the parti-
cles’ and porous media’s median size characteristics. Nev-
ertheless, in constant head conditions, it should be verified
whether the median grain diameter Ds, controls the effect of
the hydraulic conductivity and flow rates on the clogging

Dissertation

profiles, confirming the geometric ratio to be the primary
predictor. Another point of discussion is whether the parti-
cles’ concentration in the suspension affects the plugging
phenomena, thus altering the retention profile itself. The
column experiments of Alem et al. (2014) under constant
head conditions were performed for four different concentra-
tions of fines within a range of 0.25-1.5 g/L. By using the
same data analysis methods as in section Data analysis’, the
datasets returned a standard deviation for the f,_, parameter
of 0.13%. Considering the concentrations of the experiments
summarised in Table 1, the validity of the model reported
here is limited to the investigated range of 0.1-1 g/L, which
already represents a TSS range of concern in MAR site
design. Thus, the results of this work in assessing the verti-
cal distribution of intrusive fines appear to be valid for a
broad range of MAR applications. Finally, the field applica-
tion should not be regarded as a field validation. The sole
intention is to clearly show the relevance of the work in
evaluating the vulnerability to physical clogging from data
commonly collected during site characterizations. In the
field application described in section ‘MAR application’,
data are from a site characterization performed in 2015.
Additional field measurements of initial soil porosity and
hydraulic conductivity should be integrated when possible.
Especially, the value of the k. parameter has a certain rel-
evance in reducing the total permeability of the native sedi-
ment, in relation to the original k,. The model is meant to be
applied to determine, in a quick and cost-effective manner,
areas of concern to deduce maintenance schemes.

Conclusion

In summary, this work contributes to the research on pre-
dicting physical clogging behaviour through an overall
model transferable to multiple MAR sites. The novelty of
this approach is to not rely on a specific set of parameters
determined over a single column experiment, but rather on
data easily collectable at the MAR field site. During site
characterisation, representative soil samples should be col-
lected, annotating the presence of vertical lithologic discon-
tinuities. The fines are expected to accumulate differently
in correspondence with these heterogeneities with distinct
retention profiles. A linear relationship defines the expected
maximum fraction of fines at the infiltration medium sur-
face and the decrease in particle deposition with depth as
a function of the ratio of the infiltrating particle size to
the median grain size. When the mass of intruding fines
exceeds the retention limit at the surface, this accounts for
external cake formation. This mathematical formula can be
integrated into clogging models jointly with data on influ-
ent suspended solids concentration, frequency of recharge
cycles and hydraulic loads, overcoming the gap in estimating
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the reductions in infiltration rate. The results for the single
soil samples could be extended to the basin area and inte-
grated within an infiltration model, not excluding the fact
that more fines would be transported in areas with higher
permeability during the infiltration process. Unlike previous
studies, the depth-based prediction facilitates the estimation
of the maximum operation duration and maintenance costs
to remove the soil-clogged layer. Providing information on
the expected thickness of the clogged layer makes it possible
to address operations of soil replacement and the necessary
equipment to restore the infiltration rates for the basin over
time. During preliminary analysis, MAR practitioners can
use this study’s findings to address the risks of physical clog-
ging in multiple infiltration sites.
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ARTICLE INFO ABSTRACT
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Erosion

Managed aquifer recharge (MAR) techniques are in demand to cope with water scarcity challenges posed by
climate change and groundwater overexploitation. One of the long-lasting technical issues associated with MAR
systems is physical clogging. The intrusion and deposition of external fines during water recharge reduce the
infiltration capacity of the site over time. Operation and maintenance (O&M) costs are experienced directly at
the site to restore the original efficiency of infiltration rates. Thus, investors need reliable estimations of the risk
of clogging during the planning of the site. As a rule, in MAR design, the main parameter of concern for physical
clogging is the total suspended solids (TSS), and most clogging models rely on experiment calibrations in 1D sand
columns. However, secondary processes can control the development and spatial distribution of physical clog-
ging in field conditions. The proposed work aims to detect key clogging factors directly in the field and to model
these processes for reproducibility at other sites. The fieldwork is conducted at the two-stage infiltration basin in
Suvereto (Tuscany, Italy). Spatial factors are included in the analysis (i.e. basin topography) to explain clogging
patterns in the field altered by erosion processes. The observed clogging profiles at two sampled locations
exhibiting clogging are replicated by a mathematical model. Based on the computation of annual erosion rates in
the pond and fines’ redistribution, the exceeding fines’ contents over depth are validated with an RMSE of 2.53%
and 12.53%. The infiltration capacity of the site is estimated to reach a stable value of 90% of the initial infil-
tration capacity over 20 years, given the Suvereto basin features. The model’s parameterisation from field
measurements represents a great advantage over existing clogging models due to its transferability to other MAR
sites. The assessment of the risk of clogging supported by field characterization and numerical modelling is cost-
effective and assists the deduction of O&M schemes for MAR sites.

1. Introduction

Climate change and increasing groundwater withdrawals compro-
mise the sustainability of aquifer systems (Treidel et al., 2011; Wu et al.,
2020), intended as the groundwater availability for future beneficial use
avoiding environmental or socio-economic implications (Alley et al.,
1999). In this context, managed aquifer recharge (MAR) techniques are
promising in combating groundwater depletion and increasing
groundwater availability (Dillon et al., 2018; Sprenger et al., 2017;
Zhang et al., 2020). MAR sites’ design and management aim to increase
these technologies’ operational efficiency. In this regard, clogging, the
reduction of recharge rates in space and time during MAR operations, is

* Corresponding author.
E-mail address: maria-chiara.lippera@tum.de (M.C. Lippera).

https://doi.org/10.1016/j.advwatres.2023.104462

typically the key constraint in MAR facility performance (Bouwer, 2002;
Dillon and Arshad, 2016; Pyne, 2005). The processes responsible for
clogging are mainly physical, biological, chemical, and mechanical
(Bouwer, 1996; Jeong et al., 2018; Pyne, 2005; Rinck-Pfeiffer et al.,
2000). Physical clogging results in the accumulation of organic and
inorganic suspended solids and the migration of interstitial fines
(Bennion et al., 1998; Goss et al., 1973; Wang et al., 2012). The growth
of microorganisms and bio-flocs accumulation cause biological clogging
(Baveye et al., 1998; Kim et al., 2010). Precipitation of minerals, such as
calcium carbonate, irons, and manganese oxide hydrates, is responsible
for chemical clogging, while mechanical clogging results in the clogging
layer’s compression and air binding (Bouwer, 1996; Pyne, 2005).
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Although these are interrelated processes, numerous studies appointed
physical clogging as the most critical process affecting the reduction in
hydraulic conductivity (Pavelic et al., 2011; Rinck-Pfeiffer et al., 2000).
Clogging occurs at the basin’s bottom in spreading methods (Duryea,
1996; Schuh, 1990), at the well-aquifer interface in recharge wells
(Dillon et al., 2016; Pavelic et al., 2007), at the bottom and walls of
trenches (Bergman et al., 2011; Conley et al., 2020), and in the riverbed
in riverbank filtration (Grischek and Bartak, 2016). From observations
of whole-pond infiltration rates and point measurements, Racz et al.
(2012) reported a decline of one to two orders of magnitude for a 3-ha
MAR infiltration pond. Recharge water high in total suspended solids
(TSS) concentrations can primarily affect the clogging layer’s formation
in MAR’s basins. When TSS concentrations are low, biological processes
are mainly responsible for declines in recharge rates, and physical
clogging processes are controlled by other transports and deposition
mechanisms, such as erosion, wave action, and windborne dust
(Hutchinson et al., 2013a). In MAR literature, the effect of clogging on
infiltration dynamics has been integrated into numerical simulations by
the increase in the filter cake thickness around the well screen in
MODFLOW (Majumdar et al., 2008), and by a time-varying scaling
factor for the hydraulic conductivity at the infiltration interface in
HYDRUS (Glass et al., 2020). Adjusting parameters for clogging effects
requires calibration from laboratory experiments or observations of
water levels to replicate the overall behaviour. Furthermore, these
models do not account for different clogging rates in the spatial domain
and are not a function of both the soil type and water quality (Glass
et al., 2020). Clogging processes have been simulated with the numer-
ical model CLOG, applied in various laboratory experiments and one
field study case (Pérez Paricio, 2001). However, mathematical models
for physical clogging in MAR based on the mass balances of suspended
particles, are calibrated on the breakthrough concentrations of a specific
column set-up (Torkzaban et al., 2015; Xie et al., 2020). Besides the
limited parameter transferability to other hydrogeological contexts,
there could be gaps from the 1D processes to the field scale represen-
tation (Wennberg et al., 1995). Spatial development and distribution of
physical clogging on the field should be included in physical clogging
predictions at MAR sites.

Few studies have been undertaken to understand clogging develop-
ment directly in the field. Gette-Bouvarot et al. (2014) collected and
analysed soil samples from two basins to relate the influence of accu-
mulated fines and biofilm growth to the decline in hydraulic properties.
Gonzalez-Merchan et al. (2012) continuously monitored water inflow,
depth, and temperature for seven years in a stormwater infiltration pond
and found vegetation to control clogging by creating macropores.
Detecting spatial patterns of clogging in the field can provide further
information on key clogging factors that cannot be reproduced in col-
umn experiments. Cannavo et al. (2018) observed a heterogeneous
spatial distribution of sediment layer thickness and organic matter
content (OM) mainly driven by the water flow and sediment gran-
ulometry from the inlet to the outlet. Zaidi et al. (2020) and Fetzer et al.
(2017) buried sand-filled columns in the field to observe vertical clog-
ging gradation at different locations. By implanting pickets, higher de-
posit thickness was observed in topographical depressions due to water
stagnation and in the bank not covered by vegetation due to surface
erosion (Zaidi et al., 2020). Escalante (2013) mapped the distribution of
clogging processes and observed physical clogging in topographical
depressions due to clay and silt deposition and subsequent compression.
The same consideration for the bottom geometry can be applied to
furrows design, as fine silts accumulate on the valleys compared to the
crests (Escalante, 2013). Further work is thus necessary to assess the risk
of physical clogging at MAR sites, including understanding spatial
clogging patterns in the field. Potential locations for sediment accu-
mulation and penetration or biofouling play a role in this regard (Racz
et al., 2012). Existing mathematical models for physical clogging have
not been applied to explain local observations of physical clogging at the
field and predict the overall evolutions in infiltration capacity. Our work
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aims at assessing the risk of physical clogging in MAR systems by means
of site characterization techniques and mathematical modelling. To
achieve this aim, we integrate secondary factors controlling clogging at
the field. Spatial patterns for fines remobilisation and accumulation are
detected to incorporate the controlling factors in the analysis, e.g. the
basin topography. To achieve this aim, we conducted a field charac-
terization at the EU LIFE REWAT two-stage infiltration basin in Suvereto
(Italy). The site is distinguished by recharge water with low turbidity
crossing a sedimentation pond before infiltration. The presence and
degree of clogging can thus be related to the remobilization of fines
inside the basin. Section 2 ‘Materials and methods’ reports the
description of the site, the methods involved in the characterization of
the site and the laboratory analysis. Section 3 ‘Modelling framework’
reports the modelling steps to reproduce the input of fines, in this case
from erosion processes, the retention profiles formation and effect of
fines on the hydraulic conductivity. The modelling outcomes are vali-
dated against field observations, illustrated and discussed in Section 4
‘Results and Discussion’. Section 5 ‘Conclusion’ highlights these find-
ings’ relevance in designing new MAR sites and developing operation
and maintenance (O & M) strategies. The approach we propose can be
transferred to other MAR sites, collecting data from site characterization
and modelling the impact on the infiltration capacity of the site.

2. Material and methods

In order to collect field parameters to assess the formation and dis-
tribution of clogging, we conducted a field campaign in October 2021 at
the EU LIFE REWAT infiltration site in Suvereto (Tuscany, Italy)(Cal-
igaris et al., 2022). The MAR site and its operations are described in
Section 2.1, followed by the methodology for the site characterization in
Section 2.2 and the laboratory analysis in Section 2.3.

2.1. Study area

The MAR site is located in the alluvial plain of the Cornia River. The
area is characterized by Holocene alluvial deposits presenting alternated
sandy-gravel layers and silty-clay deposits up to 40 m in depth (Bar-
azzuoli et al., 1999). The recharge scheme consists of a two-stage infil-
tration basin infiltrating harvested water from the Cornia River during
high-flow periods (Caligaris et al., 2022). The basin is seated in a
former gravel quarry and it is divided into a settling pond (700 m?) and
an infiltration pond (1600 m?)(Benucci et al., 2017). The soil, consisting
of sandy/silty gravel, is hydraulically connected with the phreatic
aquifer. The drilling of a piezometer inside the basin displayed a 3 m soil
core of coarse gravels in a silty matrix (GM in USCS). Recharge opera-
tions follow two steps. First, the water is diverted from the River Cornia
through a conveyance channel and pumped at a rate of 80 L/s. Second,
the water enters the settling pond, where the suspended solids are
deposited, and then moves to the adjacent pond by three outlets. A su-
pervisory control and data acquisition (SCADA) system regulates the
pump switching on/off only based on the monitored water quality and
the river’s minimum environmental flow set thresholds. E.g., during
river peak discharge periods, if the turbidity value exceeds 100 NTU, the
water is not pumped. As the pump diverts water at 80 L/s and the basin
infiltration rate is lower than that, a level sensor (at 1.70 m depth at the
centre of the basin) checks that the water level is below a set level to
avoid basin overflow. When the threshold is exceeded, the pump stops,
and only infiltration takes place. Once the level is restored to a set
minimum threshold, pumping starts again. Fig. 1 presents the MAR
scheme. Upstream and downstream of the recharge plant, a network of
instrumented piezometers monitor the groundwater head and quality
parameters in compliance with the current Italian regulation for
managed aquifer recharge (DM 100/2016). Recharge operations usually
expand from December to June of the following year. Fig. 2 shows the
ponding depths and daily infiltration rates from the seasonal operations
recorded at the Suvereto infiltration basin, Italy. Maintenance
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Fig. 1. MAR scheme in Suvereto, Italy. The external grid shows the Easting and Northing UTM-Coordinates (WGS 84) in meters.
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Fig. 2. Operating season at the MAR scheme in Suvereto, Italy, from November 2019 to February 2022. With the black line are shown the ponding depths from the
recorded water levels at the centre of the basin. In blue with the symbol “+” are the daily infiltration rates from the pump activation time during full operation.

operations are related to the SCADA and monitoring system mainte-
nance (sensors maintenance, software update, etc.), vegetation clear-
ance around the site, and yearly basin ploughing. The basin floor is
ploughed once a year before the start of the recharge season, usually in
November.

2.2. Site characterization

The scope of the fieldwork at the EU LIFE REWAT infiltration site is
to detect the physical and hydraulic parameters affecting clogging inside
the basin at the end of the recharge season 2020/2021. An Electro-
magnetic Induction (EMI) survey was performed with the CMD Mini
Explorer (GF Instruments, Brno, CZ) electromagnetic conductivity metre
operated in horizontal dipole orientation. EMI surveys are employed to
map the variability of soil properties, such as the soil texture and clay
content (Doolittle and Brevik, 2014). The surveyed effective penetration
depths were up to 0.25 m, 0.5 m, and 0.9 m, respectively. Apparent
Electrical Conductivity (ECa) values were recorded in continuous mode
with the DGPS (Leica TPS1200+, Leica Geosystems, Heerbrugg, CH) at
0.2 s frequency. The data were post-processed in RStudio to remove
outliers, and maps were computed via Ordinary Kriging interpolation in

Dissertation

SAGA GIS software, fitting the variograms with a power model.

Six locations were selected for soil sampling, covering the infiltration
pond’s inlet, centre, and opposite side. In each location, soil samples
were collected within an area of 20 x 20 cm at depth intervals of 0-1 cm,
1-3 cm, 3-8 cm, 8-13 cm, 18-23 cm. Coarse gravels did not always
allow the augers to collect the necessary soil material for the deepest
sampling depth and nor to perform soil porosity measurements by core
sampling. The surface crust, detectable at the top with a thickness <1
mm, was collected for analysis. A Turbidity/TSS correlation could not be
established from the river water samples due to concentrations of sus-
pended solids <1 mg/L at the time of investigations.

In the proximity of the sampled locations, the hydraulic character-
ization was performed via double-ring infiltrometer tests (Eijkelkamp
Soil & Water, Giesbeek, NL; ASTM D33 85-03 standard test method).
The measurement points were selected in flat areas located between
ridges. The infiltration curve obtained from the course of infiltration
capacity in time was interpreted with the Philip (1957) model. We set a
robust regression with bisquare weights to reduce the effect of the
extreme initial infiltration rates in initially dry soils. The full weights
were given to the bulk data reaching the saturated hydraulic conduc-
tivity asymptotically.
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Finally, the map of the slopes of the basin was computed from the
DGPS elevation measurements in QGIS 2.18.24. A filter was applied to
reclassify the values in three slope classes and reduce noise based on the
predominant value in a neighbourhood of 3 x 3 cells.

2.3. Laboratory analysis

The soil samples collected at the field were dried and split in the
laboratory for particle size and total carbon analysis. First, the grain size
analysis was performed by wet-sieving up to the 63 um diameter grain
size. No chemical pre-treatment was deemed necessary for the analysis.
Laser diffraction determined the volumetric grain size proportions for
the fine material 63-0.7 um (Cilas Particle Size 920). In wet dispersion
mode, the suspension was stirred and underwent ultrasound treatment
before the measuring cycle. Each measurement was repeated three
times, and the particle’s size distribution statistics were computed. The
complete particle’s size curve in the range 0.7-4000 um was then
reconstructed for each sample. Weight Loss-on-Ignition (LOI) test was
performed to measure the organic matter content in samples. The re-
sidual water content was initially removed at 105 °C, and then samples
were placed at 360 °C in the muffle furnace for two hours, annotating
the% loss in ignition.

3. Modelling framework

The modelling framework illustrated here has been developed based
on the results of the site characterization at the Suvereto infiltration site
and the transferable mathematical model for physical clogging devel-
oped by Lippera et al. (2023). The modelling steps are reported and the
workflow is illustrated in Fig. 3 to provide a comprehensive data anal-
ysis framework. The objective of the modelling study is to validate
whether the parameters collected in the field sufficiently explain the
observed clogging for reproducibility at other sites. First, a module for
soil erosion computes the eroded fines at the basin slopes, providing the
input of remobilized fines material. The mass of remobilized fines is then
assumed to be evenly distributed at the basin bottom. The clogging
module reproduced the vertical retention profile of fines over the sedi-
ment matrix and, thus, the resulting type of clogging at the locations.
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Finally, reductions in infiltration rates at clogged locations are
computed through the infiltration rate module and the resulting evo-
lutions in the infiltration capacity of the basin.

3.1. Fines input

The Suvereto infiltration site presents extended banks and low con-
centrations of suspended solids in the recharge water. Thus, erosion
processes are included in the analysis to quantify the remobilized and
redistributed fines contributing to physical clogging. Wind erosion from
surrounding agricultural areas was excluded due to the basin location at
a topographical low depression. The embankments are fully covered by
vegetation and a fence surrounds the area. Wind can still contribute in
internally redistributing the fines inside a MAR basin, however the
applicability of wind erosion models is questioned (Jarrah et al., 2020).
During recharge operations, the water level fluctuates at a very slow
rate, wave-induced shear stress is excluded given the absences of tur-
bulences inside the basin. Furthermore, turbidity measurements from
water samples collected at the pond during operations didn’t provide
evidence of resuspension of sediments. Erosion processes pertaining to
the Suvereto infiltration can be attributed mainly to sheet and rill
erosion during the pond’s initial filling and drainage. Besides the soil
textures, other factors govern soil erodibility, such as the soil structure,
organic matter content and permeability. Sheet and rill erosion models
are widely used in soil and water conservation programs, and can assist
the assessment of sediment loads and sediment control planning (Fla-
nagan et al,, 2001; Ketema and Dwarakish, 2021; Nearing, 2013;
Renard et al., 1997). The Universal Soil Loss Equation - USLE (Wisch-
meier and Smith, 1960; Wischmeier and Smith, 1978) was chosen for its
simplicity and ease of use in quantifying the annual erosion rate (ton/-
ha/year) by water in fields. (Eq. (1)):

Annual soil loss = RK LS C P (€D)]

with R the rainfall erosivity factor (MJ mm/h/ha/year), K the soil
erodibility factor (ton h/MJ/mm), LS the slope length and gradient
factor, C the cover management factor and P the erosion control practice
factor.

Modified USLE (MUSLE) models are applied to individual runoff

Fines input

Soil samples analysis
(Silt%, Clay%, OM)

Erosion model

Basin topographic information
(Slopes, L, Areas of slopes)

Rainfall factor, cropping
management classes

Clogging module

Surface crust analysis (dsq cyust)

fines Inputyorrom
(ton/ha/year)

Fines distribution
model f(z)

Fines retention
a(z,t) (cm®/cm®)

Soil samples analysis
(DSO‘ dSOv ¢'psp)

Basin Infiltration
capacity Iy, (t)

Kozeny Carman
model k(t)/ko

Fig. 3. Modelling workflow validating the clogging risk assessment at MAR sites.
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events by means of a runoff energy factor (Williams, 1974). For this type
of model, the R factor should be calibrated with sediment yield obser-
vations to provide good estimates (Sadeghi et al., 2014). The replace-
ment of the USLE’s rainfall erosivity factor allows the model to predict
sediment yield from channel erosion, gully erosion and floodplain scour
(Ketema and Dwarakish, 2021). When adapting USLE sub-factors to
particular study sites, special attention must always be paid to unit
consistency (Benavidez et al., 2018). The R factor was calibrated from
the observed superficial erosion at the sampled locations with slopes >
3%. In order to reflect the annual impact energy on the ground from the
filling and draining cycles, an R factor = a N was defined, witha =& =
680.34 MJ mm/h/ha and N year! the number of filling and draining
cycles at the basin over the year.

The K soil erodibility factor includes five soil parameters in the
algebraic approximation by Wischmeier and Smith (1965) adapted by
Renard et al. (1997) (Eq. (2)):

K = [(2.1(Silr (100 — Clay))""*107*(12 — OM) +3.25(b - 2)

2
+2.5(c—3)) /100]0.131 @

With Silt (%) the soil textural percentage comprehensive of fine sands
(0.1-0.002 mm) and Clay (%), the percentage <0.002 mm from the
grain size distribution curves. OM is the organic matter content (%). The
average OM content from the analysed soil samples is 4.34%. The pa-
rameters b and c are values dependant on the soil structure and profile
permeability class. The slope and the length of the slope (LS) control the
surface flow and the speed of flow over the field (Eq. (3)):

LS = [0.065 + 0.0456 (slope) + 0.006541 (slope)*] (slope length -+ 22.1)™"
3

The slope (%) and slope length (m) are calculated from the site map
using Geographic Information System. NN is a tabulated factor depen-
dant on the slope (Soil Loss Equation Federal Register Notice, Natural
Resources Conservation Service, USDA).

The annual soil loss is calculated from the basin areas with a slope
>3%, classified into the gentle slope (Lossgs) with slopes 3-8%, and basin
banks (Losspanks) With slopes 8-30%. The input of fines to the bottom of
the basin per unit area is estimated (Eq. (4)):
Lossy, Areags + LOSSpunks ATenanis

4

Inputpouom = Aren
‘bottom

and the yearly mass redistribution is then converted into g/ cmz/year‘

3.2. Clogging profiles

The clogging profiles from the redistribution and intrusion of fines at
the clogged locations are computed through the formulation presented
in Lippera et al. (2023). The equation describes the distribution of
intrusive fines over the soil depth z (cm) dependent on the
sediment-particles size setting expressed with the geometric ratio
dso/Dso:
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in superficial clogging conditions.Mio; and Mo limir are defined over an
infiltration area A (sz) with known sediment matrix, being
Miot=InputpoiomA. For more information on the determination of Mo,
limit See Lippera et al. (2023).

The median diameter Dgpof the sediment matrix is computed, from
the soil samples at the Suvereto site, from the median values of the
curves analysed at 8-13 cm depths. Due to the low variation in fines
content in the deeper layers, the sediment distribution at depth 8-13 cm
is assumed for initial conditions to be the undisturbed matrix since the
last cleaning operations in November 2020. With the site ploughing, a
uniform sediment matrix is recreated at the top 15 cm by mixing the
sediments at the start of the recharge season. Under this assumption for
the initial conditions, however, deep clogging profiles cannot be dis-
cerned over the observed depth. Since the remobilized and deposited
fines exhibited a bimodal distribution, one median diameter dsg i is
computed for the peak of the finer material (dso = 8.03 & 0.87 pm) and
one median diameter dsg sang is computed for the fine-sand peak detec-
ted from the surface crust analysis (dso,crust = 104.40 & 0.39um). The
combined effect of the two groups of fines on the native soil matrix is
analysed and validated for the locations where clogging was observed.

3.3. Infiltration rates

Coupling the mass of redistributed fines over one year at the basin
bottom from the erosion model and the expected vertical distribution of
fines f(z) given the fine particles-sediment matrix characteristics, the
intruded particles’ volumes are expressed per unit of porous media
volume (Eq. 6), at the time step t and depth z, in the form of a retention
profile:

 Inputponon(t)
) = Tf (Z> ©

s

o(z,t

with Inputyouem the mass of fines per unit area (g/cmz/year) from Eq. (4),
f(2) the expected vertical distribution of fines from Eq. 5a and 5b, p, the
particles’ specific density (g/cm®), I the sediment unit depth (cm).

The decrease in porosity of the porous media follows the formulation
from Herzig et al. (1970) (Eq. 7):
n(z,1) - o(z,1) e

no no

with p the inverse of the compaction factor of retained particles p = 1/(1
— ng). The porosity of the retained fines ng is derived from the average
densities of deposited particles (Alem et al., 2013; Boller and Kava-
naugh, 1995).

The Kozeny-Carman equation (Carman, 1937; Kozeny, 1927) esti-
mates variations in soil permeability from the volume of intruded fines
in the interstitial space. The formulation from Alem et al. (2013)
adequately depicted the observations from previous laboratory experi-
ments in Lippera et al. (2023) (Eq. 8):

kzt) n(z1)’ (L+nm) S ( T, >2 ©
ko ny o (14n(z,0)* S(z,1)* \T(z,1)
dso dso

<1A76 D—) exp( — 1A76D%z> if Mot < Mo, 1imit (5a)
50 50 with k the permeability (cm/s), n the porosity, S the specific surface area
per particles’ unit volume (1/cm) and T the tortuosity. Please refer to

dso) < dso ) Moy, timit | Miot — Mo, timit .
z) = 1.76 — Jexp| — 1.76 —z : + 2=20) if Mo > Mo, timi (5b)

@ { < D5 P Ds Mo, My ( ) if Mot Lo, Timit

Mo, is the total infiltrating mass of fines (g) and Moy limit is the mass
of infiltrating fines (g) after which the external cake would start forming
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Alem et al. (2013) for a detailed explanation of the single terms in Eq.

®.
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The estimated reductions in soil permeability at discrete depths over
time provide the following total reduction in soil permeability for the
vertical flow direction:

Kior (1) _ _ Ltla)
%o e
"0 k.

(C)]

2=0, limit

With Leg(t) (cm) the thickness of the external clogged layer, esti-
mated from the volumes of fines depositing superficially. The term k; — o,
timie (cm/s) is the estimated permeability of the porous media at the
surface when the limit retention of fines is met, and kg, (cm/s) is the
permeability of the fines depositing superficially.

The computation of soil permeability reductions at the clogged
location points is extended to the whole basin. Equally probable sto-
chastic maps of soil texture classes, conditioned at the sampled loca-
tions, are computed by Sequential Gaussian Simulations (SGS) (Dietrich
and Newsam, 1993). The spatial distribution of the %Silt attribute in the
basin, given the constant%Clay from the soil samples, reflects the un-
certainty in the spatial distribution of soil texture classes inside the
basin. The physical and hydraulic parameters measured at the single
locations are transferred to the areas with the same classified soil
texture, and an aggregated value for Ipouom is computed.

For each realization, at the start of the simulation, the lateral infil-
tration component Isjges = Igs + Ibanks, is derived from a balance with the
initial infiltration rates of the whole basin I

_ Lo Areay, — IpouomAreaponom

Liges = (10)

Area; — Aredponom

The reduction in soil permeability is then computed for the bottom
area Areapoomhaving slopes <3%, based on the spatial distribution of
the soil texture classes, the corresponding physical and hydraulic
properties, and the input of fines. Through the use of the Darcy’s law
with a unitary gradient for the downward flow controlled by gravity, the
decline in permeability at the basin bottom is converted to a decline in
the bottom infiltration component Ipyom, and the total infiltration rate
Io is iteratively computed. The initial total infiltration rate Iy, taken as
the model input, is the median measured value at the Suvereto infil-
tration basin for the recharge season 2020-2021, concluded before the
site characterization.
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The decline in total infiltration rates is thus computed exclusively
from the decline in hydraulic properties at the basin bottom, replicating
the accumulation of sediments from the banks’ erosion. The process
accounts for the cleaning operations with the mixing the sediment ma-
trix every year. Thus, the overall effect of the redistribution of the
sediment budget from the sides of the pond to the bottom is simulated,
allowing forecasting the evolution in infiltration capacity at MAR sites.

4. Results and discussion

The site characterization led to the detection of clogging patterns and
the collection of clogging key parameters affecting the remobilization
and redistribution of fines. The maps in Fig. 4a show the interpolated
ECa values at effective penetration depths up to 0.25 m and up to 0.9 m
respectively. The basin appears homogenous in soil properties at both
investigation depths. The presence of gravel inside the basin likely
contributed to obtaining uniform readings. The low range of electrical
conductivity values, respectively 3.65 - 5 mS/m and 3.35 - 4.7 mS/m,
indicate sand and gravel sediments (von Suchodoletz et al., 2022). The
EMI data confirm that mixed sediments are evenly distributed over the
basin up to 1 m depth. Fig. 4b shows the soil texture classes for the six
locations at the sampled depth of 0-1 cm, 1-3 cm, 3-8 cm, and 8-13 cm.
The soil classification is according to the USDA soil textural triangle. The
sampled soils fall into the classes: very gravelly sandy loam, gravelly
sandy loam, very gravelly loam, gravelly loam, very gravelly silt loam
and gravelly silt loam (USDA-NRCS classification). The maximum clay
content for the fine-earth fraction (<2 mm) is 12.87%. In this regard, the
EMI investigation cannot provide information on fine-grained material
presence at the very top, because clay minerals are only present to a
minor extent and effective penetration depths differ from sampling
depth. From the textural triangle in Fig. 4b, locations 1 and 6, at the
extremes of the pond length, show clustered soil classes over depth. In
other sampling locations, the most superficial layers exhibit a different
class than the deeper layers. By visual inspection, the presence of clay
material deposited was partially noticeable on the field. However, the
measurements conducted by laser diffraction might have under-
estimated the clay content in the soil samples. Laser diffraction was
employed for the sediment analysis for comparison with other field
clogging investigations (Gette-Bouvarot et al. 2014; Zaidi et al., 2020).

(b)
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#® 3-8cm
® 8-13cm
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Fig. 4. (a) EMI maps at effective depths up to 0.25 m and up to 0.90 m. Black dots indicate the sampling locations. (b) Soil classification of the sampled soils ac-
cording to the USDA soil textural triangle (Soil Survey Division Staff 1993). Different colours indicate the sampling location, and different shapes report the depth at

which the soil was collected.
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Fig. 5. (a) Map with the slopes (%) of the basin and sampling locations. (b) Fines content with diameter d < 125 um for the depths 0-1 c¢m, 1-3 cm, 3-8 cm, 8-13 cm
at the six sampling locations. The number associated with each soil profile corresponds to the location indicated in the map (a).

4.1. Erosion rates

The information from the soil samples, collected at different depths,
can be related to the spatial features of the basin. In Fig. 5a, the area with
slopes in the range of 0-3% is assigned to the basin bottom, 3-8% slope
is the area with gentle slope, and 8-30% slopes outline the basin banks.
On the other side, Fig. 5b shows the observed profiles of fines content in
mass percentages for the size diameter d < 125 pm. Locations 3 and 5
present increasing fines content at the surface, indicating superficial
clogging. The other locations inside the basin do not show clear signs of
clogging. In contrast, locations 2 and 4 show depletion of fines at the
surface, which might be explained by lateral erosion. Loamy soils with a
large amount of fine sand and silt particles are susceptible to erosion
since they are non-cohesive sediments. Especially the fine-sand particles
could not have been transported as suspended particles, from the
recharge water and overcome the sedimentation pond, unless redis-
tributed internally by erosion. The turbidity measurements revealed a
mean value of 1.07 NTU with a standard deviation (SD) of 0.72 NTU for
the river. While concomitant turbidity measurements taken inside the
recharged pond had a mean value 1.08 NTU and 0.98 NTU SD. Given the
clear water conditions and absence of turbulences during the recharge
operations, the changes over the sediment matrix in Locations 3 and 5
can thus be attributed to the erosion processes observed at the other
locations. From the locations of the analysed samples and the basin’s
topography in Fig. 5, it can be inferred that fines material is accumulated
at the basin bottom from the remobilization of fines at the basin slopes.
This process might be enhanced during flushes at the initial time of
recharge. Also, at the start of the recharge season, the fall ploughing
operation might contribute to the re-siting of fine particles

From the erosion module described in Section 3.1, an input of 54.29
kg/m?/year of soil in the fine sand-silt range is estimated from the basin
areas with a slope >3% and redistributed over the bottom.
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4.2. Clogging profiles

For the clogged locations 3 and 5 at the bottom of the basin, the
observed complete grain-sized distribution curves are illustrated in
detail in Fig. 6a and 6b. The grain size distribution curves are shown for
the sediments collected at the four sampled depths. For comparison, the
particle size distributions of eroded fines in the fine-sand and silt range
are displayed. These two groups of eroded fine material were obtained
from the laser diffraction analysis of the surface crust and the finer
accumulated material from the samples.

The clogging module described in Section 3.2 is used to explain the
vertical distribution of fines for these two locations. From Eq. 5, the
model estimates that 99.74% of the eroded fine-sand is accumulated
superficially in location 3, while the fines in the silt range deposit
internally with an average deposition of 0.89% over depth. At location
5, the model exhibits superficial clogging by the deposition of both
eroded fine-sand and finer material (100% retention in z = 0) for a total
thickness of the external cake of 2.05 cm. The expected vertical distri-
butions of fines computed by Eq. 5 are in agreement with the soil grain
distributions observed at the sampled locations. In location 3 (Fig. 6a) at
the very superficial layer 0-1 cm, mostly particles in the fine-sand range
are clearly accumulated superficially. The matrix’s deeper layers are not
disturbed by intrusive sediments in the silt fraction. For location 5, the
estimated superficial accumulation of the total eroded sediments and the
formation of a 2.05 cm thick cake layer is in agreement with the
observed sediments in Fig. 6b. The superficial layer 0-1 cm consists only
of eroded fine material, and the layer at 1-3 cm depth is composed partly
of gravels and partly of accumulated fines material. Thus, the sampled
top 2.05 cm sediments might be solely eroded fines, as explained by the
model.

In addition, in Location 5 at depth 3-8 cm (Fig. 6b), the coarse
fraction in the gravel range approaches the one at 8—13 cm depth, being
the undisturbed matrix. Differently from the other sampled locations,
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Fig. 6. Observed grain sizes distributions of the samples collected at depth 0-1, 1-3, 3-8 and 8-13 cm in (a) Location 3 and (b) Location 5. Dashed lines report the

particles size distributions of the surface crust and the average fines size distribution
sizes distributions d < 63 pm at the samples top layers.

the deepest layer shows higher content of particles in the fine-sand
range. The erosion and surface accumulation processes likely height-
ened the bottom of the basin, confirming the initial hypothesis that a
uniform sediment matrix at the top 15 cm is recreated at every year
cleaning operation by ploughing the site.

The quantification of the input of fines from the lateral erosion, ac-
cording to the modified USLE model, and the consequent retention
profiles, expressed as fines volume over porous media volume, are
validated with the observed content of fines material in the samples
(Fig. 5b), here reported in detail for the clogged locations 3 and 5
(Fig. 7a and 7b).

The yearly eroded mass intruded in the sediment matrix is summed
to the pre-existing fines content in layer 8-13 cm, considered the un-
disturbed matrix.

The estimated contents of fines are compared with the observed ones
from the sieving analysis for the fraction d < 125 um in Fig. 7. The
modified USLE model coupled with the model for the clogging profiles
explains the surplus of fines depositing over depth with a root mean
square error (RMSE) of 2.53% for Location 3 and 12.53% for Location 5.
The parameter uncertainty in the model output is reported for ranges of
total porosity values from literature according to their soil textural
classes (Rawls et al., 1983).
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for the fines <63 um. The fines distribution is obtained by averaging the particles

4.3. Infiltration rates

The infiltration tests performed at the field during the site charac-
terization (Section 2.2) indicated clogging at the basin bottom in
agreement with the information from the soil samples. Higher hydraulic
conductivity values were measured close to the basin banks where
potentially erosion occurred. Table 1 shows that location 1, with grav-
elly sandy loam, has an infiltration rate one order of magnitude higher
than the rest of the basin, with 223.56 mm/h. Infiltration rates are lower
in the two locations at the bottom of the basin, presenting accumulated
fines. Location 3 exhibits a K-value near saturation of 6.67 mm/h,
drastically lower compared to location 1, having same textural class
(Fig. 4b). Location 5 also exhibits a K-value near saturation of 2.34 mm/
h, alower infiltration rate compared to location 6, also having a silt loam
texture (Fig. 4b).

It should be noted that, according to Bouwer (1986), double-ring
measurements can still be affected by lateral spreading of flow and
edge effects. This method is robust in case of an impending layer on the
surface, minimizing the effect of the leakage along the inner cylinder
wall. However, the greater accuracy of the single-ring with the diver-
gence correction method has been proved by Rice et al. (2014), and it is
recommended for the design of infiltration sites. This method requires
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Fig. 7. Modelled and observed fines content over depth from the input of fines by the USLE model in (a) Location 3 and (b) Location 5. The output range is associated

to the parameter uncertainty of the porosity value.

Table 1
Hydraulic conductivity values near saturation from the infiltrometer tests (mm/
h).

Location1  Location Location Location Location Location
2 3 4 5 6
223.56 22.07 6.67 mm/ 15.44 2.34 mm/ 11.64
mm/h mm/h h mm/h h mm/h

the determination of the wetting depth and distance (x) of lateral
divergence by partially digging out the wetted soil at the conclusion of
the test.

From the infiltration rates module presented in Section 3.3, re-
ductions in hydraulic properties (Eq. 8), can be estimated starting from
the modelled erosion of fine material over one year and deposition at the
basin bottom, as illustrated in the overall workflow (Fig. 3).

The accumulation of fines in Location 3 and estimated reduction in
soil permeability would explain an original K-value of 50.17 mm/h from
the last cleaning operations, while for Location 5, the K-value would
have been 9.15 mm/h. Despite Location 5 presenting a higher accu-
mulation of sediments at the surface, compared to Location 3, the
sediment matrix is composed already of fine material at the deeper
layers; thus, a further accumulation at the top would not lead to a drastic
reduction in infiltration rates. In Location 3, the fine-sand material on
the top would have a higher impact on the native coarser matrix instead.
Overall, the estimated reductions in hydraulic conductivity can explain
an initial value in the range of the deeper layer’s textural classes.

The same analysis can be extended to the entire basin and for the
next operating years. Other factors typically implicated in field clogging
are the precipitation of calcium carbonate or biofilm formation. The
dilute hydrochloric acid (HCI) solution test revealed a violent efferves-
cence for the surface crust, thus a high content of carbonates. Also the
higher content of soil organic carbon (7.80%) in the surface crust indi-
cated potential for biological clogging, e.g. biofilm formation on the
substrate. The modelling of chemical and biological activities inter-
connected with the fines mobilization goes beyond the purposes of this
study. Although the surface crust might have had a role in superficially
retaining fines, and a crust of <1 mm thickness can reduce infiltration
rates during the wetting period forming an impermeable layer.
Measuring the hydraulic conductivity in dry conditions, the crust layer
was already cracked during the infiltration tests, hence having a low
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impact on the infiltration rates, which were controlled by the thicker
deposits of fine material. The infiltration basin undergoes a long drying
period typically from June to November, favouring the decomposition
and shrinking of the biological and chemical clogging materials. The
recharge operations taking place mostly in winter and spring time (due
to the recharge source availability) considerably reduce the hydraulic
loading and the associated biological-chemical clogging compared to
other MAR schemes. The analysis is extended to the entire basin based
on the already described physical processes to assess the impact of the
redistribution and accumulation of sediments.

Due to the limited number of sampling points inside the basin, the
uncertainty in the local variability of soil texture classes within the basin
was incorporated by performing multiple equally probable stochastic
realizations by Sequential Gaussian Simulations (SGS), see Dietrich and
Newsam (1993). The modelling procedure is described in Section 3.3.
Fig. 8 shows the decrease in infiltration capacity following 20 years of
operations, with a highlight on the median estimation. The overall
model assumes that the soil is mixed by the cleaning operation at the
start of each operation year, thus recreating a uniform sediment matrix
in the upper 15 cm.

Due to the remobilization and redistribution of fines from the basin
slopes to the bottom, the total infiltration capacity might decrease to a
stable value of 90% of the original infiltration capacity. Mixing opera-
tions for the upper 15 cm of sediments at the start of the operating
season are included in the analysis. When the total infiltration capacity
reaches a stable value, the bottom is clogged and the basin’s infiltration
mainly occurs at the sides.

As shown in Fig.8, the decrease in infiltration rates would be negli-
gible over the years. The extensive slopes of the basin undergoing
erosion would not be impacted by clogging. Despite the fines’ colmation
at the bottom, the investigated MAR site maintained high stable infil-
tration rates over the past four years of operations, in agreement with
our simulation. The median value measured in the operation year
2019-2020 is 2.97 m/d, while in the operation year 2020-2021 is 2.91
m/d. In comparison to the year before it is a 98% ratio. Given the low
suspended solids in the recharge water, the low content of clays, the
presence of gravels and vegetation at the banks contributing to slope
stability, the Suvereto infiltration basin has proved to be an excellent
example for MAR design.
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Fig. 8. Decline in infiltration capacity (%) of the basin given the accumulation of fines at the basin bottom from erosion processes.

5. Conclusions

Our work contributes to understanding secondary factors controlling
physical clogging in MAR systems with low input of suspended solids.
Despite the excellent quality of the recharged water and the sediment
matrix’s apparent homogeneity, physical clogging was detected at the
bottom of the investigated basin. This study highlights the role of basin
topography in the formation of clogging patterns. We found in the field
that particles ranging from fine sand to silt were eroded superficially
starting from a > 3% slope. These fines are likely transported in topo-
graphic depressions during rainfall events and the washing of slopes
caused by the complete drainage and following filling of the MAR site
during recharge operations. The Universal Soil Loss Equation (USLE)
present limitations in incorporating soil losses from other types of
erosion than rainfall processes, accounting for seasonal effects or suiting
specific site conditions (Benavidez et al., 2018). The modified USLE
could approximate the quantity of remobilized fines and redistribution
over the bottom through the observation of lateral erosion at sampled
locations. Concepts for process-based erosion models to predict lateral
erosion of infiltration basins should be developed due to the lack in
literature. Given the fines input to the bottom, the developed model for
clogging was validated with a RMSE of 2.53% and 12.53% compared to
the fines content variations observed at discrete depths from the two
clogged locations. Under the current maintenance procedures, the
consequent analysis of the reduction in hydraulic properties was
extended to the whole basin for the next 20 years of operations. For the
Suvereto infiltration basin, the remobilization of fines, constituted
mainly by silt particles, leads to a median stable value of infiltration
capacity at 90% of the initial infiltration capacity. Our analysis shows
that the basin’s topographical features can contribute to sustaining high
infiltration rates. Prior one-dimensional analysis of clogging from the
literature in sand columns cannot depict soil heterogeneity and spatial
factors contributing to fines remobilization and accumulation. Field
studies on surface spreading facilities also observed higher permeability
at the sidewalls of the basins due to the redistribution of fines. In infil-
tration systems, Conley et al. (2020) noted that the bottom clogged
rapidly and very little material accumulated on the side infiltration
surfaces. Although it might appear convenient to design a deep basin to
maintain lateral infiltration, it is not recommended in shallow aquifer
systems to avoid groundwater mounding. Moreover, maximum side
slopes of 1:3 (V:H) are recommended by Hutchinson et al. (2013a) for
infiltration practices design to avoid instability. Basin banks should also
be protected from erosion and wave action as a design strategy, and it is
warned of the inability to clean deeper basins on banks with a 1:3 slope

Dissertation

(Hutchinson et al., 2013b). To conclude, in basins with extended banks,
the assessment of the risk of clogging should account not only for the
input in suspended particles from the recharge water, but also for the
potential erosion at the sides given the specific basin features. Design
consideration can be derived to reduce clogging at MAR sites during the
planning phase. Our work based on site characterization combined with
modelling is a cost-effective method to assess the risk of physical clog-
ging and can be replicated at multiple sites, improving estimations of
O&M costs.
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