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Introduction

In the natural hydrologic cycle, water fluxes betwehe atmosphere,
the surface, and the subsurface are continuousdiega of the water
phase. Atmospheric water is the source for botfasarrunoff and
vadose zone water through direct infiltration. Soef water infiltrates
into the vadose zone or, in cases of shallow greatet, directly into
the saturated zone. Groundwater, whether percheégional, is a
source for surface streams through springs.

Of the freshwater on Earth, nearly 70% is storedthe ground
(Shiklomanov, 1993). Groundwater is recharged frang eventually
flows to, the surface naturally; it provides a Vitantribute to the
streams, springs, wetlands, and surface vegetaliomimg droughts
and dry periods.

It is currently recognized as the world’s most agted raw material.
Global abstraction grew from a base level of 100-&5%° in 1950 to
950-1000 krhin 2000. Nowadays, groundwater extraction meegs on
fifth of current world water needs (Burke, 2007utlre projections
state that groundwater exploitation will furthenciease as climate
change will deplete other sources of supply (eayldr, 2012).

At world level groundwater exploitation roughly @re:

- 50% of drinking water needs;
- 20% of the demand for irrigation water;
- 40% of the needs of self-supplied industry.
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In most of the industrialized world, groundwatethis chief drinking-
water supply source. Agriculture tends to be thigdst exploiter in
nearly every country outside the humid intertropizane, where
surface-water resources are scarce. The irrigateas ssupplied by
groundwater are officially reported at 69 millioedtares, up from
approximately 30 million hectares during the 198Bisah, 2007).

Beside the widely recognized risk of groundwateerdvaft, not
appropriate application of irrigation techniquesildohave negative
feedbacks on groundwater. In particukarface irrigationtechniques
may cause deep drainage, pollution, salinizatiame Termsurface
irrigation refers to a broad class of irrigation methods (yaiflood
plain irrigation, border-strip irrigation, level-biaa irrigation, furrow
irrigation) in which a surge wave routes from atetnrand water
gradually covers the field. This practice is thowdsof years old and
currently represents as much as 95% of irrigatioctividy
(International Commission on Irrigation and Draieag011).
Overirrigation may cause water to move below thet mone (deep
drainage) resulting in rising water tables and,cese chemical
additives are used, groundwater pollution. In regiavith naturally
occurring saline soil layers or saline aquifergstrising water tables
may bring salt up into the root zone (salinizatiad®areful scheduling
of irrigation timing and quantities is beneficial grevent this issues.

Nevertheless, human induced changes in the irfilina of the soil
surface often causes significant alteration ofrthtural groundwater
recharge regime.

Urban development, roadways, and associated inicaate highly
increase impervious surfaces in a watershed andrginresult in
reduced infiltration and base flow, while stormwatenoff volumes,
peak flows, flood frequency, and flood wave cejedtre sensibly
enhanced (e.g. Wang et al., 2001; Davis 2003).

These hydrologic changes, termbgddromodification result in
groundwater storage depletion; widening and irsedanstability of
stream channels; increased sediment loads, erasidrdegradation
of both fish habitat and riparian life cycle (e.gadRae 1992; Annear
et al. 2004; Asleson 2009). In addition to sedirmenirban runoff
often contains a wide variety of pollutants inchgli nutrients,
oxygen-demanding substances, pathogens, road gsdtspleum
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hydrocarbons, heavy metals (e.g. Hatt et al., 20@®pold, 1968;
Meyer et al., 2005).

Low impact development (LID) is a urban planningoiegach that
aims at mimicking the conditions of an initial urdped land.
Biofiltration systems are one of the most prominechnologies to
mitigate the environmental impacts of urban stortewaunoff (e.g.
Davis, 2005; Wong, 2006). Runoff from imperviousas is diverted
to a vegetated, close area (the biofiltration fiagil surface waves
routes while infiltrating into the soil. These fi#gts provide
detention storage and promote water retention tiraofiltration and
evapotranspiration thus reducing volume, peak diggh and celerity
of stormwater runoff while enhancing groundwatercharge.
Pollutant removal is achieved via a number of psees including
sedimentation, fine filtration, sorption, and bigical uptake.

An adequate understanding of surface-subsurfageifiteractions is
thus essential for water management both in rurdli urban areas.
Analysis have been conducted over a range of sdabes field (e.g.
Schmitz & Seuss, 1989; Bautista et al., 1998; Wighét al., 2007 ),
to hillslope and streambed (e.g. Harvey & Bencdl93; Fan &
Bras, 1998; Storey et al., 2003), to watershed (dikplaidis et al.,
1993; Michaud & Sorooshian, 1994; Blasch et alQ@Rigon et al.
2006).

Quite different modeling approaches have been #&lpicused at
small (field to hillslope) and large (watershedttmtinental) scales.
At finer scales, a detailed physical insight onhbaurface and
subsurface processes is essential.

Such a study may be of great interest for sevengdgses, e.g. (a) the
optimal use of water for surface irrigation; (bethnalysis of the
exchanges between surface and underground watarmrces; (c) the
optimization of innovative solutions for urban rdéinmitigation and
treatment.

Referring to surface irrigation techniques, a pbtgky based
modeling of (i) the celerity of the surface wavé) the relative
guantities of water routing on the surface and mgwvilownwards
through the ground, (iii) the subsurface flow patte (iv) water
distribution and residence time in the soil couldvide a useful
planning tool to (1) enhance water use efficier{2y;manage ground
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water recharge; (3) avoid deep percolation of Ifeetis or other
chemical products.

Water use efficiency is a term commonly used tocudes the
relationship between water (input) and agricultpreduct (output).
Lack of water could lead to low production or evemthe wilting of
the plants. On the contrary, waterlogging can calseplant to shut
down delaying further growth until sufficient watdrains from the
rootzone. On this topic A.Deakin in 1890 statéds' not the quantity
of water applied to a crop, it is the quantity otdlligence applied
which determines the result - much more is duent®lligence than
water in every case

A physically based hydraulic modeling of the fuooing of an
biofiltration facility is essential for the assessrhof (i) the outflow
hydrograph resulting from a given input; (ii) the@ilsmoisture
patterns in the filter media. The latter have aciauimpact on both
hydrologic and pollutant removal performances tdality (e.g. Li et
al., 2009; Lintern et al. 2011). Improving the teys understanding
could thus provide a valuable tool for both desigm management
purposes.

Our study on waves routing on permeable boundémssed on the
finer scale of near horizontal plots. In particulé@rinvolved two
phases: a first, propaedeutic experimental and ricatenodeling of
the infiltration process was completed by the catglnumerical
modeling of the coupled phenomena observed in diltration
trench.

The experimental activity was completed in théydraulics
Laboratory “G.Bidone” of the Polytechnic University of Turin. The
routing of surges on a permeable bottom boundasymadeled in a
prismatic flume; complementary experimental adigit were
completed to assess the parameters required foherent modeling
of the sampled data. Surface and subsurface flaa/wlare recorded
and used for the complete numerical modeling of itifétration
process. The main objectives of these activitieew&l) the analysis
of the experimental issues connected with the nnoglebf the
infiltration process consequent to the routing cluaface wave; (b1)
the analysis of the numerical issues connected with physical
modeling of a 2D infiltration flow due to a surgeawve; (cl) the
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analysis of simple, parsimonious methods for theeasment of soil
parameters.

The complete analysis of overland flows on permealdils in near
horizontal plots was then achieved through the migalemodeling of
a specific case study, i.e. the infiltration trenohtalled at Monash
University in Melbourne. Interesting insights ore tmteractions of
the main parameters (i.e. inflow hydrographs, firdtlon trench
geometry, soil features) leading the hydraulic béra of an
biofiltration trench were pointed out.

The resulting numerical model (a2) improved the teys
understanding; (b2) documented hydrologic perforcean (c2)
provided a valuable tool for design and managerpergoses.

A short outcoming of this study will be the ars$yof the behavior
of the infiltration trench during a complete hydrgical cycle. This
analysis is beneficial for the definition of optihtesign parameters
(mainly, geometry, soil type, vegetation type) am@dnagement
protocols for both quantitative and qualitative atreent of
stormwater runoff according to site specific coidis (mainly,
frequency, intensity, and volume of precipitatiemperature).



Chapter 1

A review on coupled
surface and subsurface flows

A complete coupled surface-subsurface flow systaoludes the
surface component, the subsurface component, actalf (i.e.,
between the surface and the subsurface) boundangitioms,
external boundary conditions, and initial condisowWater flow in
both domains, above and below the soil surfaceyolike basic
physical laws of conservation of mass and momentdowever,
each domain has seen a different development throistory leading
the surface component to the Saint-Venant equatiand the
subsurface component to the Richards equation.
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1.1 Surface flow

The Saint Venant equations are a set of hyperbpalital differential
equations that describe one-dimensional flow belawpressure
surface in a fluid (usually, but not necessarilyfree surface) In
particular, Eg. 1la is a mass balance equation,ewhd. 1fErrore.
L'origine riferimento non € stata trovata. is a momentum
conservation equation.

N a0
I S Eqg. 1a
at + ax q?" qS q

1 9Q
Cl__

g2 ot

10 /0%\ 1 0
+c; {Ea(ﬁ) + g_.Q [urxqr — Usxqs — (qr - qs) ﬁ]} Eq1b
oh
+C3a - C4_(SO - Sf) = O

The independent variables are tirh§l], and the space coordinate,
[L]. The dependent variables are the fluid discha@dé,*/T], and the
fluid velocity field, U [L/T]. The force acting on the fluid is gravity,
represented by the gravitational constart,/T?. 2 [L?] is the flow
cross-sectional areg, [L%T] is a sink term (e.g., infiltration or lateral
losses, in terms of volume per unit length per tnie), g, [L%T]
represents channel sources (due to, e.g., rabeyims of volume per
unit length per unit time)sx [L/T] and u, [L/T] are x components of
the channel sinks and source§ and S (both dimensionless) are
channel and friction slopes, respectively, and through c,
(dimensionless) are parameters used to reduceetiera equation to
its subversions. All subversions leave large spaceempiricism,
especially with regard to the way the friction |of, is modeled,
where Manning'’s equation is typically used.

The sink—source terms are worth a short discus$idmile for the
mass balance equation both rain and infiltratianaell understood,
this is not the case for momentum transfer. Wheizbwotal surface
flow is considered the horizontal component of @ie (due to wind
speed) can be significant, especially if the s@faea of the surface
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water is large. On the other hand, the infiltratitirizontal
component of momentum transfer is hardly evidedtiadeed hardly
accounted for. It is speculated that it should Iseduonly when
modeling very steep flow. Setting different valteshe parameters,
leads to different versions of the surface flow ni@deamely,

-the kinematic wave whenj=c,=c; =0 andc, =1

-the zero inertia (or €usion wave) approximation &= c,= 0 and
Cs=Cs= 1,

- the gravity wave approximation whegr c,= c;= 1 andc,= O;

- the quasi-steady dynamic wavecif c;= ¢,= 1 andc;=0;

- the (hydro) dynamic wave, i.e. the full partialfdiential equation
C1=C,= C3= C4=1.
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1.2 Subsurface flow

Subsurface flow, in hydrology, is the flow of wateeneath earth's
surface. Rigorously speakingfiltration is the process of water
penetration from the ground surface into the sbile subsequent
movement of infiltrated water in the unsaturatethe®f a soil is
calledredistribution This can involveexfiltration (evaporation from
the upper layer of the soilgapillary rise (movement upward from
the saturated zone to the unsaturated zone duerface tension),
recharge (movement of water in the unsaturated zone towénds
saturated zone) andnterflow (flow that moves downslope).
Percolationis a general term for the downward flow in unsatted or
saturated zone. The teiinfiltration is often used to address both the
process of water penetration from the ground sarfiao the soil and
the downward flow in unsaturated or saturated zone.

1.2.1 Soil definition

Soil is a three-phase system comprised of minaradsorganic matter
(solid phase), water, and air. The compaosition naghortion of these
components greatly influence soil physical progsttiincluding
texture, structure, and porosity. Soil texturehis proportion of three
mineral grain size categories, i.e. sand, silt dagl. Soil structure is
the arrangement and binding together of soil dagidnto larger
clusters, called aggregates or ‘peds.’ Porosithésfraction of pore
space in a soil. Soil texture, structure, and gorodirectly affects
water and air movement in the soil.

1.2.2 Energy state of soil water and soil water
retention curve

Soil water can contain energy in varying quantiteesd forms.
Classical physics recognizes two principal formsenérgy, kinetic
and potential. Because the movement of the wattversoil is quite
slow, its kinetic energy is generally negligiblen @e other hand, the
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potential energy is of primary importance in deti@ing the state and
movement of water in the soil.

Philipp (1960) defined the total soil-water potehtas “minus the
work required, isothermally and reversibly, pertupiantity of water,
to completely remove the water from the soil anttamsform it into
pure, free water at some specified datum levelbrc€ fields result
from the mutual attraction between the solid manixi water, from
the presence of solutes in the soil solution, a$ agefrom the action
of external gas pressure and gravity. Accordintiig, total potential
of soil water can be thought of as the sum of tlepamte
contributions of these various factors (Eqg. 2):

By =By + Dy + B, + Eq. 2

where @, [M/(LT?)] is the total potential,®, the gravitational
potential,®, the pressure potentiab, the osmotic potential, and the
ellipsis signifies that additional terms are the¢icedly possible.

The gravitational potential of soil water at eaahinp is determined
by the elevation of the point relative to some taaloy reference level.
The pressure potential of soil moisture is alsoneet as capillary
potential or matric potential. It results from timteractive capillary
and adsorptive forces between water and the sdarixavhich bind
water in the soil. The pressure potential is cagrgid positive when
soil water is at hydrostatic pressure greater tlaamospheric,
otherwise it is negative and it is commonly knows tansion or
suction. Tension and suction are thus semanticcdsvio avoid the
use of the negative sign.

The osmotic potential express the lowering effédatutes on water
potential energy.

The soil-water potential can be expressed in tasfren equivalent
head of wateh (commonly called potential or hydraulic head) [L],
which is the height of a liquid column correspogdiio the given
pressure (Eq. 3).

h=z4+Y+d,/g+ Eqg. 3

were z is the gravitational head) is the soil water pressure head,
®,/g is the osmotic head.

In a saturated soil at equilibrium with a body i&fef water at the same
elevation, soil water is at atmospheric pressueacé the hydrostatic

10
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pressure is zero. If a slight suction (i.e. a wateissure slightly sub-
atmosperic) is applied to water in a saturated soiloutflow occurs
until, as suction is increased, a critical valuexseeded at which the
largest surface pore begins to empty and its veatetent is displaced
by air. This critical suction is called tlaér-entry suction. As suction
is applied incrementally, the first of the poresbm emptied are the
relatively large ones. Increasing suction is thgsoaiated with
decreasing soil wetness. The amount of water réntain the soil at
equilibrium is a function of the sizes and volunoéshe water filled
pores and of the amount of water adsorbed to theles, hence it is
a function of the matric suction. This function igepresented
graphically by a curve called soil water retentoumve (SWRC), also
known as the soil-moisture release curve or thd-nsoisture
characteristic (Childs, 1940; Klute, 1986; Bruced abhuxmoore,
1986). Although the characterization and estinmtid the SWRC
has been a major focus of research for more tharyedds, no
universal theory exists for prediction of the matsuction versus
wetness relationship from basic soil properties. (itexture and
structure). The adsorption and pore-geometry effat generally too
complex to be described by a simple model. As seguence, the
SWRC is usually obtained experimentally in eitbee of these two
ways: (1) in desorption, by starting with a satedasample and
applying increasing suction, in a step-wise manteegradually dry
the soil while taking successive measurements dhegs versus
suction; and in (2) sorption, by gradually wettig initially dry soll
sample while reducing the suction incrementallyctEaf these
protocols yields to a different continuous curVhis dependence of
the equilibrium content and state of soil water uploe direction of
the process leading up to it is called hysterdsar(es, 1930; Miller
and Miller, 1955-56; Philip, 1964).

Many empirical models (e.g. Gardner, 1958; Brooksl &orey,
1964; Campbell, 1974; Clapp and Hornberger, 19@8; @enuchten,
1980; Hutson and Cass, 1987; Russo, 1988) havedsetoped for
modeling both the SWRCs. In particular, the soiishoe
characteristic commonly reported in literaturehis tesorption curve,
more easy to determine.

Four different phenomena are responsible for theumwence of
hydraulic hysteresis, namely, (i) air entrapmenthblind” or “dead-

11
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end” pores, which further reduces the water contémewly wetted
soils (Poulovassilis 1970; Vogler et al.1999); (inkbottle effect
resulting from the geometric nonuniformity of thedividual pores
(see for example, Sharma 1998); (iii) contact amgfect by which
the contact angle and the radius of curvature @gater in the case of
an advancing meniscus than in the case of a regeuie (Bear
1979); (iv) swelling, shrinking, or aging phenomemhich result in
differential changes of soil structure, dependimgtioe wetting and
drying history of the sample (Hillel and Mottes 669.

The two complete characteristic curves, from satumato dryness
and vice versa, are the main branches of the l&tesoil moisture
curve. When a partially wetted soil commences tmndror when a
partially desorbed soil is rewetted, the relatiérswaction to moisture
content follows some intermediate curve nanmsminned curve
cyclic changes often entail wetting and drying siag curves, which
may form loops between the main branches.

In the past, hysteresis was generally disregamiéaei practice of soil
physics because of the lack of good data. This baajustifiable in
the treatment of processes involving monotonic ngtt(e.g.,
infiltration) or monotonic drying (e.g. evaporatjorNevertheless
hysteresis is important in cases of composite gsEERWhere wetting
and drying occur simultaneously or sequentiallwamious parts of
the soil profile (e.g. Litet al, 1995; Ritsemat al, 1998; Di Carlcet
al., 1999; Pham et al., 2003).

Measurement of soil water hysteresis is deeply tzoasuming.
Experimental generation of a complete data set raguire several
months or even years. Therefore a number of atterngve been
made to describe the interrelationships betweertetgtic water
retention curves. The various models used to prelysteretic
SWCCs can be classified into two categories: donmaadels and
empirical models.

Domain models (e.g. Poulovassilis, 1962; MualenY,2t9977-1984;
Parlange, 1976-1980; Hogarth, 1988) assume that thee two
states, i.e. when soil suction increases to aioestection value then
the pore is drained spontaneously, and when sdiicsudecreases to
a certain value then the pore is filled spontankyous

Empirical analytical models (e.g. Scott et al.339Kool & Parker,
1987; Nimmo, 1992; Feng and Fredlung, 1999; Pha®32Wheeler

12
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et al., 2003) assume that the primary, secondang, hagher-order
scanning curves can be scaled from the main hgs$ereurve;

different analytical expressions describing the | sawvater

characteristic curve were used in these studies.

The same models may also be classified accordirigetoneasured
data required (for instance, boundary hysteresip End one family
of primary scanning curves; boundary hysteresip;leame branch of
boundary hysteresis loop and two meeting pointsp farallel

boundary curves; one boundary curve and one sedgiint on the
other boundary curve).

1.2.3 Hydraulic conductivity

The hydraulic conductivity of a soil is a measuféhe soil's ability
to transmit water when submitted to a hydraulicchgadient.
Perhaps the most important difference between urstaetl and
saturated flow lies in the hydraulic conductivitfthen the soil is
saturated , all the pores are water-filled and oetidg; the water
phase is then continuous and the conductivity igimmal. When the
soil desaturates, some of the pores become aédfilo that the
conductive portion of the soil’'s cross-sectionaéaadiminishes. As
suction develops, the first pores to empty areldhgest ones, which
are the most conductive, thus relegating flow ®gmaller pores. At
the same time, the large, empty pores must beroirented, so that,
with progressive desaturation, tortuosity increa¥eater flow in an
unsaturated soil may occur either as film creemalthe walls of
wide pores, or as tube flow trough narrow watdedil pores. The
transition from saturation to unsaturation gengralhtails a steep
drop in hydraulic conductivity. The conductive peoiles of
unsaturated soils depend greatly on their texturd atructure.
Generally speaking, for a given degree of soil rsaiton, the
hydraulic conductivity increases by several ordefsmagnitude
going from clay to silty clay loam to sand. Theegtedecline of
hydraulic conductivity with rising matric suctiorarcies important
implications regarding soil-water dynamics. It sesig that processes
taking place in wet soil conditions are generatllygarently faster than
those occurring in drier soil conditions. The rigatof conductivity
to suction is slightly affected by hysteresis.

13
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Various empirical equations have been proposedhrrelation of
conductivity to suction or wetness, e.g. Gardne®6Q), Corey
(1977), Mualem (1976), Van Genuchtne (1980).

1.2.4 Moisture profiles during infiltration and
percolation

The typical moisture profile during infiltration as described by
Bodman and Colman (1944) and is shown schematicafyg. 1.
The examination of an initially dry, texturally dioim soil profile at
any moment during infiltration under ponding getigrahows the
surface zone to be saturated to a depth of seweithineters or
centimeters. Beneath this saturated zone is athesssaturate,
lengthening zone of apparently uniform wetness,wmaas the
transmission zoneébeyond which occurs wetting zoneln the latter
zone, soil wetness increases with time at eacht,gminh at any given
time wetness decreases with depth at a steeperadggt, down to a
wetting front At the wetting frontthe gradient is so steep that there
appears to be a sharp boundary between the maisserleabove and
the initially dry soil beneath. The transmissiomedecomes larger
and the wetting zone moves downwards into the soil.

WATER CONTENT

| SATURATED ZONE

TRANSITION ZONE

|

|

|

|

I TRANSMISSION
DEPTH : ZONE

|

|

|

WETTING ZONE

WETTING FRONT

Fig. 1 — Moisture profiles during percolation, Boan and Colman (1944)

14
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1.2.5 Flow of water in saturated soil

In 1856, Henri Darcy derived an empirical formuta the behavior
of water flow through saturated soils.
The instantaneous downward discharge r@tgL®T] through a
porous medium is proportional to the product of theturated
hydraulic conductivity of the mediurks [L/T], the cross-sectional
area to flow2 [L? and the head drof — hy) [L], all divided by the
lengthLag[L] over which the head drop is taking place (EQ. 4

0 = kL") Eq. 4

Lpp

Darcy’s law is valid for laminar flow of water thugh saturated sails,
which is typical for fine grained soil types, antlacse grained soils
proveded hydraulic gradients are low.

1.2.6 Flow of water in unsaturated soil

1.2.6.1 Richards equation

In 1907 Edgar Buckingham presented data and a dtiealr
conceptualization of soil moisture movement. Highkvoonstitutes a
milestone in the history of soil physics and morengyally, of
movement of multiple fluid phases in porous medantral to his
model were the notion of (i) capillary potentiaii) Soil moisture
retention curve, and (iii) potential-dependent laydic conductivity.
In particular, he extended Darcy’s law to desctiheaturated flow by
generalizing the relationship between soil watespure hea and
hydraulic conductivity k. The mathematical representation of
Buckingham'’s intuition would be given by Richardsli931 (Eq. 5)
% =V-[kQ@)Vh] Eq.5
ot
0 [-] is the moisture contentk [L/T] is the hydraulic conductivity,
expressed as a function of the matric suction jefld; h [L] is the
total potential head, usually evaluated using aygvitational and
matrix components (Eqg. 6).
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1 — Coupled surface and subsurface flows

h=¢y+z Eq. 6

Richards equation (Eq. 5) can be used to predi@ttration,
redistribution of moisture, percolation, and otf@ms of subsurface
flows.

Despite considerable efforts, analytical solutiots Richards'
equation can be obtained only under simplifyinguagsions (e.g.
Philip, 1957; Parlange et al., 1997, 1999). AltHouhese solutions
give valuable insights into patterns of soil maistmovement, they
cannot adequately address problems of the natwitars/ironment.
For general cases, the Richards equation can oelysdved
numerically, and presents significant computatiartallenges, even
when dealing with uniform soil and initial condii®. A variety of
finite difference, finite element, finite volume lgtion techniques
have been proposed. (e.g. Neuman, 1973; Narashima a
Witherspoon, 1976; Haverkamp et al., 1977; Haynd&/8;
Huyakorn et al., 1986; Zarba, 1988; Celia et 889Q Rathfelder
1994; Berniger, 2000; Azizi Pour, 2011). Amongsthethe finite
element, "mass conservative" method propose@Gdiia et al.(1990)
has known a wide diffusion, and it is the protoooplemented in
Hydrus (Sinfinek et al., 1999), i.e. one of the most widespread
commercial software for the analysis of 1D, 2D, &bd water, heat,
and multiple solute flow in variably saturated pggonedia.

To overcome the issues of a complete numericatisalof Richards
equation, simplified physical models, semi-empiriaad empirical
models based on specific hypothesis were also pempoA quick
review on these models is here presented.

1.2.6.2 Physically based models

Examples of simplified, physical models were praabby Green and
Ampt (1911), Philip (1957, 1969), Mein and Larsd®{1, 1973),
Smith (1972), Smith and Parlange (1978).

Green and Ampt model (1911)

The main assumption of the Green and Ampt appreaehhat (a)
there exist a distinct and precisely definable wettfront during
infiltration; (b) the soil is uniformly wet and abnstant conductivity
in the transmission zone behind the wetting frohe wetting front is
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1 — Coupled surface and subsurface flows

thus viewed as a plane separating a uniformly \déttiltrated zone
from an as-yet totally uninfiltrated zone; gives infbormation about
details of the soil moisture profile during infdtron is given. In
effect, this supposes they relation to be discontinuous. These
assumptions simplify the flow equations making ihesmable to
analytical solution (Eq. 7):

dl ho — hy
=Y Eq.7
T ks( Ly > |

where i [L/T] is the flux into the soil and through theatrsmission
zone, I [L] the cumulative infiltration,k, [L/T] is the saturated
hydraulic conductivity of the transmission zonhg, [L] the pressure
head at the entry surfack; [L] the effective pressure head at the
wetting front, and.; [L] the distance from the surface to the wetting
front (the length of the wetted zone).

Green and Ampt has been found to apply particulerlynfiltration
into uniform, initially dry, preferably coarse texed soils, which
exhibit a sharp wetting front (Hillel and Gardn&9,70).

Philip (1957)

Philip developed an approximate solution of Riclaigquation. In
particular, his original solution pertained to ttese of an infinitely
deep uniform soil of constant initial wetnegs assumed at time
t=0 to be submerged under a thin layer of water that
instantaneously increase soil wetness at the suffaen its initial
value 6, to a new valued,s (near saturation) that is thereafter
maintained constant. Referring to these hypothésis;onverted the
Richard’s equation into an ordinary differentiabiatjon yielding to a
solution in the form of a power series. Cumulativitration | [L] is
given by Eg. 8:

1(t) = Zjn(ﬁ)t% ST+ (A + Kt + Agts + -+ AtT  Eq.8
n=1
in which the coefficientsj,(6) [L/T"’are calculated from the
relationships(y) andy(6) , and the coefficient [L/T°9 is called
sorptivity and it as a measure of the capacityhefrhedium to absorb
or desorb liquid by capillarity.
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1 — Coupled surface and subsurface flows

This solution suggests that at small times the ackveof any soil
moisture value proceeds s, whereas at longer times the downward
advance of soil wetness approaches a constant rate

(Knsk)/(Ops — ;) Eq. 9

wherek,sandk; are the conductivities at the wetness valudoand
Ips, respectively.

1.2.6.3 Semi-empirical models

Semi-empirical models were proposed, for examplg, Horton
(1938), Holtan (1961), Overton (1964), Singh and ¥{1890),
Grigorjev and Iritz (1991).

Horton model (1938)
Horton developed the following infiltration equati¢Eq. 10) :

i=i,+ (ip —i,)e % Eq. 10

in which i, [L/T] is the steady state value of the infiltratioate,i,
[L/T] is its value initial value, and (dimensionless) is the infiltration
decay factor (i.e. it states how quicklwill decrease fron, toi,.).
Despite the simplicity of the mathematical expressithe practical
implementation of this model is deeply cumbersonezabise it
contains three site and event specific constaatsntinst be evaluated
experimentally.

Holtan model (1961)

Using a storage exhaustion concept, Holtan (196djveld an
infiltration equation expressed as (Eq. 11):

I=1I,+aM—-W)" Eq. 11

wherea andn are adimensional constants dependent on soail type,
surface and vegetation conditions, abdW) is the storage available
(total porosity M minus the antecedent soil moistw(t) expressed

in units of equivalent depth) [L]. This model cam &pplied provided
that0 < W < M; i =i, can only occur at the single poitt = M.
When W>M, i = i, must be imposed, since there is no reason to
suppose that infiltration should decrease once WEMspite the
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1 — Coupled surface and subsurface flows

simplicity of the mathematical expression, the pcat

implementation of this model is deeply cumbersonezabse it
contains three site and event specific constaatsmiust be evaluated
experimentally.

1.2.6.4 Empirical models

Empirical models are based on data derived froreeifield or
laboratory experiments. Mathematical expression® Wweilt in order
to have the correct qualitative shape. The parasmefehese models
are event and site dependent and require specdlbration.
Examples were proposed by Kostiakov (1932), Huggim$ Monke
(1966), SCS (1974), Collis-George (1977).

Kostiakov model (1932)

The general form of the infiltration equation givey Kostiakov
(1932) is (Eq. 12):

i=at? Eq. 12

wherea [LT"7 andb (dimensionles€)<b<1) are constants.

This formulation provides an infinite initial infrthtion rate and
implies that as timeéincreasesi approaches to zero. This is relevant
to horizontal water absorption (in the absence gfavity gradient)
but is clearly deficient for downward infiltratio@bservation of long
irrigation events as well as theoretical considenst showed that
downward infiltration rate declined to a positivénimum valuei,.
This led to the developing of Modified Kostiakovuagjon (also
known as Kotiakov-Lewis or Mezencev variant, 19é48pressed as
(Eq. 13):

i=at™+i, Eq. 13

Collis-George model (1977)

Collis-George argued that the Green and Ampt mdakhot mimic
the observed behavior of simple soils at long tinvbde the Horton
model did not at short times. He therefore propasedodel which
would work well at all times (Eq. 14) :
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05+ f, - [1 - tanh (£)”
[

P=ic+ Eq. 14
tanh ()0 d

where i, is the final infiltration rate;f, = s(t.)'/? , t. is a time
parameters is soil sorptivity [L/T°.

1.2.6.5 Empiricalvsphysical models

When dealing with coupled surface-subsurface flovodets,
empirical models have often been preferred to glaysnodels or to
the complete numerical solution of Richards equatio

Except for simplified conditions, only numericall@ions to the
unsteady surface flow equations are possible; etapifunctions
allow infiltration to be calculated explicitly at@oint as a function of
time and, therefore, simplify the solution stragsgi As previously
stated, the parameters of all the empirical fumstiare event specific,
hence they cannot account for the effects of chamgdlow depth
and antecedent soil moisture contemtaddition, empirical functions
can describe the rate of infiltration and cumulatinfiltration but
they lack the capability to describe the dynamicsad water once it
enters the soil and, consequently, the spatiatemgoral patterns of
soil moisture (Furman et al. 2006

The use of a physically based model to describétratfon is
advantageous in terms of wider applicability anghbr reliability.
Subsurface distribution of water and soil moistpedterns can be
predicted. A deep insight on the importance anglaicts of (a) soil
hydraulic properties, (b) boundary conditions and) (nitial
conditions on subsurface flows is possible.
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1 — Coupled surface and subsurface flows

1.3 Coupling strategies for surface-subsurface flow

The problem of modeling the surface and subsurflage processes
as separate domains is further exacerbated byrtidepn of coupling
the models of the individual domains.

Generally, a complete system of coupled surfaceststdce flows
involves a mathematical description of (1) the acefprocess, (2) the
subsurface process, (3) the external boundary tonslj and (4) the
internal boundary conditions (i.e. at the soil aod). Flow depth and
discharge computations for the surface-flow muse tako account
infiltration losses, while the subsurface flow mtedte into account
the effect of variable pressure at the soil sur{flogv depth.

This computational problem has been examined oveange of
scales, from field (e.g. Schmitz & Seuss, 1989;tBtaiet al., 1998;
Wohling et al., 2007 ), to hillslope and streamifedy. Harvey &
Bencala, 1993; Fan & Bras, 1998; Storey et al. 320td watershed
(e.g. Nikolaidis et al., 1993; Michaud & Sorooshid®894; Paniconi
and Putti, 1994; Blasch et al., 2006; Rigon e2@06).

Quite different modeling approaches have been #&lpicused at
small (field to hillslope) and large (watershedttmtinental) scales.
A significant, although not exhaustive, referencar fsurface-
subsurface flows models at watershed scale is GE@imgon et al.,
2006). GEOtop is a complete distributed, physichdiged model that
exhaustively treats both water and the energy belan a landscape
defined by three-dimensional grid boxes, whoseased come from a
digital elevation model (DEM)It allows to describe the interaction
and the feedbacks between soil and atmosphere tatsivad scale,
where the complex topography and the heterogengitiie territory
require an accurate spatial distribution of theidg variables and of
the parameters. In particular the model, givenntieéeorological data
and soil parameters in input, allows to know inhe@oint of the
domain and in each time (a) the evaporation of ¢bi& (b) the
transpiration of the vegetation; (c) the radiataord energy fluxes at
the soil surface; (d) the pore water pressure énsttil; (e) the water-
table movements in the saturated zone; (f) the mdiseharge in an
outlet; (g) the temperature and ice content indbié (h) the height
and density of the snow. Furthermore, thanks to pgbst-process
software GEOtopFS (GEOtop Factor of Safety), iaiso able to
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1 — Coupled surface and subsurface flows

calculate the dynamic probability of slope instiépilduring a
precipitation event.

In this study we focused on small spatial scaledds and plots often
have an almost flat, trivial topography. At the ¢iscales of irrigation
or storm events, many energy fluxes are negligitimupled
overland-infiltration flows have been widely exaehin the context
of irrigation modeling. Each inflow event involvas advance phase
followed by a depletion phase caused by a cutswéhe The spatial
domain is usually limited and a storage phase exast before the
depletion phase. A summary on these models isgresented.

In particular three surface-subsurface flows caoupktrategies were
identified (Morita and Yen, 2002 Furman, 2008

The simplest strategy was labeled degenerate cqpdir external
coupling. It solves each process separately atvangtime step,
without iteration between the models. This approaptores the
influence of one or more of the dependent variableone of the
flow processes. This strategy is employed by inegatodels with
empirical infiltration functions, which solve theurface-flow
equations iteratively at each time step, but wilffiitration computed
explicitly as a function of time. The influence @l depth and initial
soil water content on the subsurface flow is embeduote the
parameter estimates, making the parameters spégifin irrigation
event. The time step of the calculations is dictaeclusively by the
surface flow calculations.

The second strategy is called full-coupling. lhighly expensive in
computational terms as it solves the full combinggtem of
equations for the overland and subsurface flow gsses. Many
models (e.g. Van der Kwaak,1999; Panday and Huyakd®04)
were developed to study the problem at the watdrsoale. No
smaller scale (i.e. the field scale) models havenbenplemented
using this approach.

The third strategy was named internal iterativeptiog. It consists in
solving the surface and subsurface flow equatiepamstely, but with
the models iterating on the dependent variablesiesgally at the
level of the time step.

Internal iterative coupling and external couplingategies were both
applied to solve surface-subsurface problems didlescale.
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1.3.1 Internal iterative coupling

Internally coupled models are computationally cawphnd require
special strategies to ensure model convergenceaeeutate results.
The specific coupling algorithm depends on the aatejonal
schemes employed to solve the surface and substttae
components. Analytical and semi-analytical as wadl numerical
solutions were proposed.

A further classification is based on (a) the degreeomplexity and
accuracy incorporated to simulate surface flow); tfie strategy
employed to describe subsurface flow.

The models proposed for the solution of de Saimar¢equations
are normally categorized into four major classesnely, (al) the full
hydrodynamic model; (a2) the zero inertia modes) the kinematic
wave model; (a4) the volume balance model.

The volume-balance model is based on the solutfaime spatially
and temporally lumped form of the continuity eqaati

A number of studies was performed to check theoperdnces of
these four classes of models adopted in couplefdcmisubsurface
flow problems. The outcomes are here summarized.

The volume balance technique (a4) is suitable dagh, preliminary
solutions in simple computational domains.

The kinematic-wave model (a3) is reasonable withtikely large
slopes and open-ended systems; on the contraryieitisy to
unacceptable errors in case of subcritical flowmsflat slopes or
when the downstream boundary condition is an ingmortactor (e.qg.
Tayfur et al., 1993).

Coupled surface-subsurface problems are often ctesized by low
flow velocities (i.e. Froude<0.2, Strelkoff & Katoges, 1977) and
the inertial terms in the momentum equation seehaie little effect
on the final results. In those cases, the zerdimanodel (a2) is
numerically stable and its results are as accwasitthe complex and
complete full hydrodynamic model (al) while compigtaal efforts
are sensibly reduced (e.g. Strelkoff and Katopdd¥E&7; Zerihun et
al. 1996; Vlipour, 2011).

As explained in par.1.2, subsurface flow may bscdbed by (b1)
physical models; (b2) semi-empirical models; (b®peical models.
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Tabel 1 — Analysis of surface-subsurface flowraal scales. Literature
review on the main models based on the interagdtitve coupling strategy.

Analytical and semi-analytical models

Surface flow

Subsurface flow

Kinematic wave solution

Empirical model
Henderson (1966)

Zero-Inertia solution

Empirical model
Schmitz and Seus (ZIMBA, 1990,1992); Arasteh 19
Schmitz et al. (2002) ; Wohling et al. (2004 2005);
Wohling and Mailhol (2007); Mailapalli (2006) ;
Philipp et al. (2010).

Physical modelGreen & Ampt)
Maiapalli, Singh and Raghuwanshi (2009)

Numerical models

Surface flow

Subsurface flow

Kinematic wave solution

Empirical model
Akan (1981), Sunada and Hong (1988dvindarajuet
al. (1988), De Lima and Van der Molen (1995)

Physical model
Smith and Woolhiser (1971)

Zero-Inertia solution

Empirical model

Strelkoff and Katopodes (1977); Strelkoff (198
Walker and Skogerboe (1987); Oweis and Wa
(1989); Hromadka et al (1985); Todini and Venute
(1991); Zerihun et al. (2008)

b);
ker
Mli

Physical model

Wohling et al. (2004; 2006); Zerihun et al. (200
Wohling and Schmitz (2007) coupled the qua3
analytical zero-inertia (Schmitz and Seus, 1992)eh
of the surface-flow with the numerical sub-surfa
physical model Hydrus (1D or 2D) (Simek et al.,
1999). HYDRUS simulations are conducted
every time step of the surface-flow computatior
Preissmann and Zaoui; Govindaraju and Kavvas (19

b);

Hydro-dynamic solution

Empirical model
Woolhiser and Liggett ; Liet al. ; Chow and
Ben-Zvi; Kawahara and Yokoyama; Zhang and Cu
37; Tayfur et al. (1993)

Physical model
Akan and Yen; Schmitz et al.(1985); Tabuada
al.(1995); Singh and Bhallamudi(1996, 1997); Bradf

et
ord

and Katopodes (1998)
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Focus on the numerical solutions: software simolatiools

Although development of improved simulation tooBsHong been
the objective of many research projects, the mouetdemented so
far provide a numerical solution of the unsteadgdgeally varied
open channel flow problem in which infiltration iestribed by
empirical models or, rarely, by Green & Ampt (191igdel.

In particular, SIRMOD (Walker 1997) and WinSRFR (Bata et al.
2009) appear to be the most widely used simulatiodels (Furman,
2008).

SIRMOD (surface irrigation simulation, evaluationdadesign) is a
comprehensive, commercial simulation software pgekafor
simulating basin and border irrigation hydraulidhe software is
based on the numerical solution of the full hydmalyic model but
is also capable of applying the volume balance mo8erface
roughness effects are taken into account usingytrening empirical
coefficient. The infiltration process is describbg the Kostiakov
empirical model.

Since the late 1970s, The USDA-Agricultural Resea®ervice has
been involved in the development of hydraulic setioh models and
related software tools for analyzing surface itiga systems.
WIinSRFR is an open source modeling tool resultingmf the
integration of the previous surface irrigation parg SRFR
(Strelkoff et al., 1998), the design tool for skugi open-ended border
strip systems BORDER (Strelkoff et al., 1996), ahe design tool
for level-basin systems BASIN (Clemmens et al.,29%inSRFR
can simulate surface irrigation hydraulics withtbthe zero-inertia
and kinematic wave formulations. The equations rigisg the
surface flow are discretized with the Preissmanmpligit finite-
difference scheme, and the resulting system isddteratively using
the Newton-Raphson procedure. Channel roughnessodeled by
Manning empirical coefficient. The simplified phgal model
proposed by Green and Ampt (1911), and a numbemgirical (e.g.
Kostiakov, 1932) infiltration models are available.

This brief review on the simulation models is coetptl quoting
SISCO (Gillies et al. 2010), a simulation enginesdzh on the
complete hydrodynamic equations; ZIGASED (Maiapd&ingh and
Raghuwanshi, 2009) a physically based model foulsitimg flow in
irrigated furrows under both uniform and layereiisso
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1.3.2 External iterative coupling

Bautista et al. (2010) proposed an external itegasitrategy which
operates at the time scale of an inflow event. Alfh the overall
strategy could be used to couple any surface abdusiace flow
model, it was prototyped using the free softwarekpges WinSRFR
(Bautista et al. 2009) and Hydrus-1D (Simek et al., 1999).
Infiltration into the soil and water movement thgbuthe soil profile
are treated as a one-dimensional process desdnpéde Richards
equation, any flow through cracks and macroporégine ignored.
WIinSRFR and Hydrus-1D are run sequentially andhiiteely at the
time scale of the inflow event. It is worth notitigat the modeling is
limited to the advance phase of any inflow eveliue Pprotocol is here
described.

(1) Hydrus-1D is run with an assumed constant depthhas
upper boundary condition. This simulation yieldghe values
of cumulative infiltration as a function of timeumerical
fitting allows the assessment of the site and edependent
values of the modified Kostiakov infiltration formau

(2) These parameters of the modified Kostiakov infiitna
formula are used to conduct a complete simulatidth w
WInSRFR, assuming spatially uniform soil-infiltra
properties. Flow depth hydrographs generated atlected
numbern of nodes along the field length are extracted from
WINnSRFR results. These user defined locations dertified
as calibration nodes. The WIinSRFR simulation alsddg
estimates of final infiltration depth at the ca#ibon nodes.

(3) A HYDRUS-1D simulation is conducted at each caliora
node using the hydraulic head hydrographs geneiatéke
previous step as the upper-boundary condition. &hes
simulations yielch cumulative-infiltration time series.

(4) The Hydrus-1D results of the previous step areeditto
modified Kostiakov equations.

(5) A new WIinSRFR simulation is conducted with infitica
given at each calibration node by its correspondittgd
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function from step (4). This simulation yields awnset of
hydrographs and final infiltration depths.

(6) An error term is defined as the mean relative diffiee
(MRD) between the WIinSRFR simulated final cumulativ
infiltration depths at the calibration nodes ande th
corresponding Hydrus-1D. A possible convergenceerioin
requires the absolute difference between MRD values
computed for two subsequent iterations to be ldahan 1%.

(7) Steps 3 to 5 are iterated until the convergenceern
expressed in (6) is achieved.

The accuracy of the proposed strategy was asségsedmparison
with results from the internally coupled model oéribun et al.
(2005). In all the examples provided, the procedwr@verged in just

a few iterations.

The original Hydrus package does not allow masaraatation at the
upper boundary of the domain and any water excess i
instantaneously removed (Sinek et al., 1999). Consequently, the
external coupling strategy applied exclusivelyhte advance phase of
the routing of a surge wave on a permeable boundary
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Chapter 2

Infiltration of overland flow:
experimental and numerical
modeling

2.1 Introduction

Generally, a complete model of coupled surface-+tgfdce flow
phenomena involves an appropriate mathematicalrigésa of (a)
the surface process, (b) the subsurface proceysthéc external
boundary conditions, (d) the internal boundary dtimak (i.e., at the
surface—subsurface interface).

The not-negligible interactions between the mujuallependent
surface and sub-surface flow domains exacerbatechkadienges
intrinsically connected to the modeling of thesewfl processes
conceived as separate phenomena.

Adopting a scaling-up approach, we first focusedtlmn subsurface
flow consequent to the routing of a surge wave opeameable
boundary.



2 — Infiltration of overland flow

Experimental and numerical modeling activities weganned to
decouple the phenomenon. Planned conditions in wdificial
environment allowed a total control on all the paeters involved.
The experimental activities were completed in tHgdraulics
Laboratory “G.Bidone”of the Polytechnic University of Turin.
Two-dimensional flume tests modeled water infilbatof overland
flows in order to investigate the interdependentesurface and
subsurface flows. One-dimensional column tests deduon the
temporal and spatial patterns of soil moisture asr@sequence of
infiltration flows.

In particular, the first aim was achieved usingriarpatic, horizontal
flume. Perfectly clean, homogeneous sand modeledirtfitration
domain. A spatially homogeneous mattress of reitead foam
depicted the effects of surface roughness and abget Issues
commonly faced in field case studies, such as ahgggcracking,
swelling, shrinkage of the soil; spatial heterogie® of the
infiltration domain due to roots dieback or burrowspatial and
temporal heterogeneity of the vegetation cover whaue avoided.
Surface and subsurface flow data were recordedused for the
complete numerical modeling of the infiltration pess. The
numerical model was based on the solution of tltehd®ds equation
provided by the commercial software Hydrus 2D (Biek, 1998).
One dimensional infiltration column tests investaghthe temporal
and spatial patterns of soil moisture providing alugble
methodology for the assessment of the soil parametguired by the
numerical model.

Recorded time series of water depth values of tinlace flow were
used as upper boundary conditions to decouplertiiggm.

Recorded time series of the position of the wetfdtgrface in the
porous media allowed the calibration of the nunanmmodel and the
validation of the experimental soil parameters galu

The main objectives of these activities were thalyais of (i) the
experimental issues connected with the modelinghefinfiltration
process consequent to the routing of a surfeacee,wéi) the
numerical issues connected with the physical modebf a 2D
infiltration flow due to a surge wave; (iii) simplgarsimonious
methods for the assessment of soil parameters.
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2 — Infiltration of overland flow

2.2 Flume tests,xperimental setup

The experimental modeling of wes routing on  permeak
boundaries was performed in the hydraulic laboyatt®iorgio
Bidone” of DIATI (Polytechnic University of Turin

The experimental setup is representecFig. 2 It consisted of .
closed hydraulic circuit composed by a pi, a small reservoir,
flume , a onnecting underground chan.

- 9.00 -—
Upstream reservoir
D stree
Porous mattress h = 0.10 m ?;gg:vf;m
Sand h=0.20 m Pump
T Valve

Fig. 2 —Flume tests, scheme of the experimental ¢

The experimental flume was horizontal, prismatic30n wide,
0.30m deep,9m long. It had 4mm thick, traspareexiglass walls. |
represented the domain of the phenomenon of intt

A 0.20m constant dp layer of sand modeled the bottom perme
boundary. In order to achieve a -dimensional flow (longitudine
and vertical dimensions) and to avoid prefereriteal paths a sma
trolley was used to overlap several 2mm deep sayals.

A 0.10m thickmattres of reticulated foanwas carefully laid on th
sand surface in order to (i) model the effect ofese roughness ¢
waves routing; (ii) avoid scouring phenomena; (&hhance th
visibility of the surface wave
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A rectangular sharp-crested weir without laterahtcaction (i.e. as
large as the flume) allowed water flowing from aspratic (0.3m

wide, 0.6m long, 0.8m deep) upstream reservoir imtoexperimental
flume. The overflow edge was at the interface betwine sand layer
and the porous mattress. A rectangular gate pregtemater to flow

into the channel while filling the upstream reservé surge wave

was then originated by a quick manual rising of thate.

Consequently to the system geometry, the surge waued through
the mattress and infiltrated in the sand. Fig. s &aischeme of the
experimental set-up.

Fig. 3 — Sketch of the experimental set-up

The bottom of the channel was impervious and tistegy was “air
confined”, i.e. air was allowed to escape only frtra soil surface
through a horizontal flow. Consequently, an appedprcalibration of
the experimental parameters (i.e. sand and por@igeass textures,
flow regime) was required in order to avoid watilewf instabilities
due to air entrapment (e.g. Wang et al., 2000).

Three sensibly different sand textures were tegpeeljminary to a
specific description, we referred to them as (1pdfse”, (2)
“medium” and (3) “fine”.

Three different textures of the reticulated foanravavailable; after
Clifton et al. (2009) they were named (a) regicEll foam, (b)
regicell 30 foam, (c) regicell 60 foam. Their pasders were
measured by Neumann, Courville, Schneebeli @li&t al., 2009).
In particular, the parameters of interest are propores’ average
characteristic dimensiond), specific surface areaSg4, i.e. the
surface area of the medium per unit volume; hydraudnductivityks
(see Tabel 2).
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2 — Infiltration of overland flow

Tabel 2 — Characteristics of the three reticulddean tested

Reticulated foam P‘Eg/‘; ]S ity [mdm] [sfﬁ] [mk/Ss]

Regicell 10 foam 96.4 3.9 0.37 1.57
Regicell 30 foam 97.0 1.5 0.82 0.38
Regicell 60 foam 98.0 0.5 1.70 0.06

An illustrative image obtained by X-ray tomograpt8chneebeli &
Sokratov, 2004) of the microstructure of the pdgefoam used is
shown in Fig. 4

Fig. 4 — Microstructure of the polyester “Regid&ll’ reticulated foam
obtained by X-ray tomography (M. Schneebeli)

Three flow regimes were hypothesized: (i) a wavisg@wobtained by
quickly closing the gate 5 seconds after its coteptgening; (i) a
dam break flood wave leading to the emptying of thmstream
reservoir; (iii) a constant head value of 0.10 mttet inlet cross
section was achieved operating the butterfly valve. 2).

Many experimental schemes were tested by combsang textures,
reticulated foam textures, flow regimes.

Every test was recorded by five high resolutionewvidcameras
(spatial resolution 768x576 pixel; temporal resolu25 frames/s). In
particular, four cameras were installed on the triglde of the
channel, one on the left side. One camera on theitke was used to
check the effective bi-dimensionality of the flows recordings
proved the negligibility of gradients in the traassal direction. Four
cameras on the right side could thus be used tordesurface and
subsurface flows.

32



2 — Infiltration of overland flow

Fig. 5— Frame, example

Three cameras framed three, 1.20m long sectiotiseeoéhannel; one
camera framed one, 0.60m long section next to thet iof the
channel in order to provide higher resolution daté the
establishment of the flow. Recordings were stopaedoon as the
subsurface flow reached the impervious bottom efcannel.

An original image processing protocol based ondiggal number of
each pixel and developed in Matlab environment vald the
interpretation of each frame. In particular, thet/dry interface was
located both in the sand and in the porous bede&imscale fixed at
the bottom of the channel was used as referencerngpute metric
distances taking into account the variability i #perture angle of
the camera. The exact wet/dry interface positios th@n computed
according to Snell's law describing the relatiopshietween the
angles of incidence and refraction of light wavasging through a
boundary between two different isotropic media . (i@r and
plexiglass).

Fig. 6 shows an example of the detection of th&dwy interface in
the porous bed and in the sand.

Fig. 6 — Numerical detection of the wet/dry intex position in the porous
bed (green line) and in the sand (red line), exampl
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2 — Infiltration of overland flow

Time series of front wave position, front wave ciéye wetted area in
the sand, and wetted area in the porous mattragsals® computed.

Regardless the flow regime and the reticulated feampted, when
the coarsest sand was used the downward watermfiliiekly reached
the impervious bottom of the channel and a pretedehorizontal

flow was observed. On the contrary, when the firsestd was used
surface flow significantly prevailed on subsurfadlew. The

downward movement of the wetting front was extrgrmsbw, and

water ponded on top of the sand layer. Furthermdhne, low

permeability value highly hampered the horizontalwf of water-

displaced air; soil air pressure increased below whetting front

causing water flow instabilities (Wang et al., 2pOUpward air

preferential flow paths were observed in many iot the sand
domain (Fig. 7)

Fig. 7 — Sand “fine”, regicell 10 foam, constamftow regime: air
preferential flows.

The medium textured sand showed optimal resultsagpropriate
conditions not disturbed coupled surface-subsurféms could be
observed for hundreds of seconds and large patheofhorizontal
spatial domain was used before the infiltrationwfloeached the
bottom of the channel.

Instable, fingered flow (occurred during the deplet phase
following the pulse flow regime and the reserveoipdying phase, i.e.
when the quickly decreasing hydraulic head becammer than the
gauge air pressure below the wetting front (detailghis topic can
be found in par. 3.7.2). Fig. 8 shows the instaftdev regime
occurred during the depletion phase following aseuflow that
routed through the middle textured reticulated foand infiltrated
into the middle texture sand.
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2 — Infiltration of overland flow

Fig. 8 — Sand “medium”, regicell 0/6 foam, pulssv: instable
infiltration flow during the depletion phase

The constant head regime allowed an extended \aigsr of a
stable, regular surface-subsurface coupled flowfaBe or subsurface
flow slightly and interchangeably prevailed dep@gdion the
permeability of the porous mattress used. For mt&taa smaller
porosity value obviously lowered the celerity ofetlfront wave,
enhanced the water depth of the surface wave niedtde subsurface
flow. Tabel 3 lists the values of the final meaaiecity of the front
wave 7; , the maximum distancé. travelled by the surface flow
before the subsurface flow reached the imperviootsom of the
channel, the time employdgh.xas a function of the reticulated foam
used.

Tabel 3 —Impact of the texture of the reticuliatlgam on the main features
of a constant flow regime

Reticulated foam | T [m/s] Omax [M] tamax[S]
Regicell 10 foam 0.02 3 120
Regicell 30 foam 0.0125 3 170
Regicell 60 foam 0.01 1.3 75

The two, extreme conditions provided by the firestl the coarsest
porous mattress were worth a further analysis.

Fig. 9 represents the front wave position as atfan of time.

Fig. 10 represents (a) the temporally increasitgl twetted area
detected in the surface flow domain (M) and in theface flow
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2 — Infiltration of overland flow

domain (S); (b) the values of the total wetted arealuated in both
the flow domains at the same position of the freate.

These analysis highlighted the bigger importancehef infiltration

process as a consequence of a finer porous mattr8sating the
extremely large values of porosity and permeabitifythe porous
mattress, a uniform, instantaneous saturation ¢tiondi was

reasonable; on the contrary, the detection of thded area in the
sand domain allowed merely qualitative conclusions.

Aiming at a study on the infiltration process, sgagnd temporal
variations in sand moisture profiles were of gratgrest.

Although many lighter areas in the wetted sand domare detected
in some video-recordings, image processing teclsiqueren’t of
any help in the assessment of soil moisture grégli@nd a different
approach was required.

Recorded time series of the wet/dry interface i plorous mattress
allowed to decouple the problem and thus to focughe infiltration
process. Recorded time series of the wet/dry aterfwere the
hydraulic head values required as upper boundangition by a
physical infiltration model.

Experimental lab activities were carried out toeassthe hydraulic
parameters of the uniform sand layer.
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2 — Infiltration of overland flow

2.3 Sand parameters assessment

Laboratory tests were performed to measure the paiameters of
the sand “medium” used for both experimental andnemical
modeling of the infiltration process; in particular

- density;

- porosity;

- grain size distribution;

- hydraulic conductivity;

- soil moisture characteristic curve.

A comprehensive study on soil moisture characterisurve is
presented in the next paragraph (2.4).

2.3.1 Density

Density represents mass per unit volume of a snbsta
We accurately filled a bucket of known volume withy sand, the
ratio between its net weight and its volume yieldedhe density
value (Eg. 15):

_ Net Full bucket Weight 1

—_ = 3
p= Bucket Volume g 1665 kg/m Eq. 15

2.3.2 Porosity

Two types of porosity were definetbtal or absolute porositynd

effective porosityTotal porosity is the ratio of all the pore spmoéa

sample to its bulk volume of the rock. Effectivergmity is the ratio
of interconnected void spaces to the bulk volumer Granular

materials, the effective porosity approaches tted prosity.

We accurately filled a bucket of known volume wity sand, we
checked its net weight. We used bottles of knowlurme to pour
water into the bucket; this phase was very slowrtter to allow the
gradual rise and escape air bubbles small enoupglet@nt the origin
of cavities or preferential paths. We stopped as1sas a thin water
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2 — Infiltration of overland flow

film was formed on top of the sand. The total vodumf water
introduced was the pore volume of the sand saniplstraightly
yielded to the porosity value (Eg. 16).

Water volume

=0.3

orosity = =
p Y Bucket volume

Eq. 16

2.3.3 Grain size distribution

The distribution of different grain sizes definé tsoil texture, i.e.
the proportion of four mineral particles, clay (d8@2mm), silt
(0.002<d<0.05mm), sand (0.05<d<2mm), gravel (d>2mm)
Furthermore, particle size distribution affects thagnitude of soll
permeability, i.e. its abilityo transmit fluids.

A Particle Size Distribution analysis (PSD) is a as@rement
designed to determine and report information abimeisize and range
of a set of particles representative of a mate8adve techniques are
suitable when performing analysis on coarse mdsesiach as sand.
Sieves are screens made from wires of standardetéas) the most
common scale used to classify particle sizes idi8eSieve Series;
each sieve is identified by the number of openpegslinear inch.
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Fig. 11 — Sand “medium”, grain size distribution
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In our laboratory tests 18 sieves having decreasjreming size were
stacked up and placed on a mechanical shaker. Shreples of sand
were weighted, poured into the top sieve, shakealfout 2 minutes.
The material retained by each sieve as well ahépbttom pan was
carefully weighted. The computation of the pergemssing through
each sieve yielded to the grain size distributiomve, its narrow
shape highlighted the textural uniformity of theddmedium”. Fig.
11 shows the results of three trials, as well &same values; the sand

2.3.4 Saturated hydraulic conductivity

Saturated hydraulic conductivity was measured duinprevious
research project. In particularpristant head testand thefalling
head test were performed.
During constant head testing, a fixed hydraulicdgrat h/L was
established through a cross-sectional atgg,, of soil and water
flow was continued until a steady-state flow rataswobtained.
Outflow water was then collected for a period ofigj with the total
volume of flowV collected over time periotlused to determine the
saturated hydraulic conductivity of the soil by eaarrangement of
Darcy’s equation as (Eq. 17):
v/t L
kS -
Aflow (h + L)
During falling head tests initial and final watezaush1 andh2 were
recorded at many time steps andt2 and used to calculate the

saturated hydraulic conductivity by a re-arrangemeh Darcy’s
equation (Eq. 18), whewk,,,r is the area of the ponded surface:

Asurf L
Aflow (tz - tl)

Eq. 17

Tabel 4 — Sand “medium”, measured valuekofprevious project)

Constant head test Failing head test

Mean [m/s] 1.050- 10* 1.054 - 10*

Standard deviation [m/s]  6.650- 10° 8.576- 10°
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2.4 Soil Water Retention Curve

The description, quantification and study of soitevdlow processes
requires the consideration of the hydraulic prapsrof unsaturated
soils. This involves the relationship between thié\sater contentd,
the pressure potentigd, and the hydraulic conductiviti, Details on
this topic can be found in par. 1.2.2.
Among the various empirical models proposed to uescthe
relationship between soil water content and pressead, i.e. the
Soil Water Retention Curve, Van Genuchten model8Q)9is
presently the mostly used in numerical models bezai its ability
to accurately fit data from the main drying andtimg paths (see, for
example, Sharma and Mohamed, 2003). Van Genuchtatelms
mathematically represented by Eq. 19:

6 — 0, 1

= = Eqg. 19
se 0s =0, [1+ (ayp)"]™ a

In which:

- S is calledeffective saturation;

-6 is the volumetric water content;

- 0, is the residual water content;

- 0, is the saturated water content;

-1 is the pressure head,

- a, n, m are specific parametersamd=1/(n—1),n > 1

Measuring the unsaturated hydraulic conductivityirduwetting and
drying cycles would be practically difficult and #nconsuming.
A common alternative is the implementation of thedictive model
for the unsaturated hydraulic conductivity functionterms of soll
water retention parameters proposed by van Genu¢h®80) and
based on the statistical pore-size distribution @hodf Mualem
(1976).

k() = k25 [1— (1 - s;/m)m]z Eq. 20
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When using Eq. 19 and Eq. 20 the problem of dediioil behavior
is solved by the definition of 5 parameters:

- saturated water contefif and residual water contefit ;
- saturated hydraulic conductivity ;
- Van Genuchten model's parameters.

Saturated water contefif was assumed equal to porosity; assessing
the residual water content value was a bit mordesiging.

Van Genuchten (1980) defined the residual wateterdras the water
content at a soil suction of 1500 kPa. This is isactimit of
measurement for most soil suction testing equipn®isb, a suction
value of 1500 kPa is defined as the wilting pokieven years later,
Van Genuchten (1991) provided a more general degani defining
the residual water content as the water contemthath the slope of
the soil-water characteristic curve (i.ef/dlp)) and coefficient of
permeability go to zero when soil suction becomasgyd. This
definition is still open to interpretation, sincéet slope of the
soilwater characteristic curve does not become zeri a solil
suction of 16 kPa when the water content reaches zero. Accotding
Luckner et al (1989), the residual water contenecdpes the
maximum amount of water in a soil that will not tdpute to liquid
flow because there is a blockage in flow paths str@ng adsorption
onto the solid

phase. According to Luckner et al (1989), the mmidvater content
specifies the maximum amount of water in a soilt théll not
contribute to liquid flow because there is a blaggkan flow paths or
a strong adsorption onto the solid phase. NitaoBeat (1996) noted
that calculated residual water contents are mofanation of the
instrumentation used to measure the soil-water adbaristic data
(i.e., the maximum suction measurable by the instnt) than an
actual physical constant. Sillers (1997) more rédgatefined residual
water content as the water content where the satémgoes from
being held within the soil primarily by capillargt#on to soil-water
being held in the soil primarily by adsorptive fesc

The soil-water characteristic curve is a continutwnetion and there
is no specific point that can be called the rediduater content.
Currently, most investigators treat residual waiantent as a fitting
parameter with no real physical significance (vaen@hten, 1991;
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Kosugi, 1994; van Genuchten, 1988; Siddroupoulosd an
Yannopoulos, 1988; Luckner et al, 1989; Nimmo, 199iklsen and
Luckner, 1992; Kosugi, 1994). One reason for treptesidual water
content as a fitting parameter is that the resiegker content is not
the lowest possible water content within soil. Tugie evaporation,
centrifuging or oven drying it is possible for wat®ntent to be less
than residual water content. Adopting the latteprapch, a first
estimate of the residual water content was based diterature
review; in particular, after Carsel & Parrish (199%8was related to
the water content at saturation. The selected vak® checked for
coherence during the analysis aiming at the defmibf the Soil
Moisture Retention Curve.

The value of saturated hydraulic conductivity wa®viged by
laboratory experiments completed in a previousegutoj

Recalling the results of the experimental meas(ges par.2.3.2), we
assumed the values listed in Tabel 5.

Tabel 5 — Saturated and residual water contenesgal

95 9T kS[m/S]
0.30| 0.03| 1.050- 10*

Van Genucthen model parameters n were still missing for a
complete description of unsaturated soil behavidtating the
purpose of this study, the parameters of the maitting phase were
required.

2.4.1 Traditional approaches

A first approach to determine the soil water ratencurve rely on
direct laboratory measurements of the behavior rafisiurbed or
disturbed soil samples. All the slightly differgmiobtocols proposed
(e.g. Dirksen, 2000; Dane and Topp, 2002; Dane-mmans, 2002;
Klute, 1986) are based on the use of a tensiom plssembly in the
low suction (<1 bar) range, and of a pressure ptategressure
membrane apparatus in the higher suction range.inginat the
definition of the main drying curve, these instruntse allow the
application of successive suction values and theeated
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measurement of the equilibrium soil wetness at eachion (Klute,
1986). A modified apparatus is required for the soeament of
wetness versus suction during sorption (Tanner BEindk, 1958).
Uncertainties arising near water saturation whereltipihase
phenomena may be expected to be important werdidhggd by
Bayer et al (2004). In order to overcome theseidtifies they
suggested a X-ray absorption technique to meakardistribution of
water in porous media. X-ray measures can be mitiehigh spatial
and temporal resolution, nevertheless high spegslution demands
long exposure times and thus reduces temporalutszol

Generally speaking, experimental methods are exeirs terms of
money, time, personal skills (e.g. Wosten et &Q13. Furthermore,
they are often limited to a relatively narrow rargjenvater contents,
and usually pertain to relatively restrictive ialtiand boundary
conditions.

A second approach consists in indirect methodsdbasehe premise
that the hydraulic properties can be related toeneasily measured
or more readily available soils data (e.g. Boun®89] Wdsten et al.,
2001; Van Genuchten and Leij, 1992; Timlin et 4996; Pachepsky
et al.,, 1999). Pedotransfer functions represeatniost widespread
indirect method. They relate the hydraulic progsrtio particle size
distribution, bulk density and/or organic mattenmt (e.g. Bouma
and van Lanen, 1987; Bouma, 1989; Cosby et al4;198xton et al.,
1986; Vereecken et al., 1989; Wosten et al., 1996sten, 1997;
Rawls et al.,, 2001). Comprehensive reviews on padster
functions have been recently published (Wostenalet 2001;
McBratney et al., 2002; Pachepsky and Rawls, 20@4hough the
development of many databases, e.g. UNSODA (Leilet1996),
HYPRES (Lilly, 1997; Wosten et al., 1999), WISE {j@a, 1996) and
USDA-NRCS database (Soil Survey Staff, 2010), teey\specific
data requirements often hampers the practical egijpn of PTFs.
The Rosetta package (Schaap et al., 2001) was tempit to
overcome this issue; it implements five hierarchRaFs to predict
the SWRC, as well as the saturated and unsaturtayedaulic
conductivity. The hierarchy in PTFs allows prediati of the
hydraulic parameters using limited (soil texturkss only) to more
extended (texture, bulk density, and one or twoewattention
points) input data. Nevertheless, many authors idiams et al.,
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1992; Gimenez et al, 1997; Tietje and Tapkenhisid®93; Kern,
1995; Wosten et al., 2001) highlighted the limigeattability of

An alternative indirect method for estimating th&/ISC is based on
the premise of shape similarity between the watmtion curve and
the cumulative pore-size distribution (e.g. AryadaBRaris, 1981;
Haverkamp and Parlange, 1986; Fredlund et al., ;2d82erkamp et
al.,, 2005; Leij et al., 2005). Although some pragrebased on
tomography has been achieved (i.e., Mooney, 2002psurement
and characterization of soil pore spaces is experasid limited in its
capabilities (Pachepsky et al., 2006)

A third approach for assessing SWRC is to desigprapiate

transient experiments and to analyze the data \mittsuitable
numerical model. The effort of determining hydrayroperties can
thus be shifted from experimentation to computat{étwol and

Parker, 1988).

2.4.2 Our approach

Aiming at the development of a simple, rapid, mosaying
methodology for the assessment of the soil watentien curve the
third, expedient approach was selected.

A series of transient experimental tests with knoimitial and
boundary conditions were carried out to provide ¢h&bration data
for the numerical modeling of both main wetting amdin drying
behavior of the sand employed in the flume expeamnise

Two, possible numerical strategies are availabi¢hfe assessment of
the soil water retention curve : (A) inverse partenesstimation
techniques; (B) fitting of the main drying curvesbd on sampled
data.

In particular, the analysis of the drainage pha$eam initially
saturated column supports (B1) a direct approacthiBocomputation
of the main drying branch; (B2) an indirect appioaéor
extrapolating the main wetting branch.

Further details on these approaches are providetheinfollowing
paragraphs.
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2.4.2.1 Inverse parameter estimation techniques

Inverse parameter estimation techniques have bdensively used
for this purpose. Transient experiments are siradlatising the
governing water flow equations and selected arwatfunctions
representing the soil hydraulic properties. Stgrtiwith initial

estimates, the parameters are further adjusteégnaated solutions
until deviations between measured and computed rwétev

attributes (such as water contents, pressure headfiuxes) are
minimized. The parameter updates can be done nmigr(trél-and-

error calibration) or by using an automated minatin algorithm.

2.4.2.2 Analysis of the drainage phase

The problem of the vertical one-dimensional tramsigravity
drainage from soils has been widely investigateth theoretically
and experimentally (e.g. Liakopoulos, 1964; Whis&rWatson,
1968; Kastanek, 1971). During drainage, a non gtstade exists and
it is described by the three equations of moti@mtiouity and state.
The resulting equivalent problem in mathematicamte is a non-
linear parabolic partial differential equation irhieh the dependent
variable is the pressure of the water or the votimevater content
of the soil and the independent variables areithe &nd the position
along the vertical direction. Stating the stronghdfiaearity in its
terms, the equation cannot be solved by analytioathods and
therefore numerical integration is employed. Botkplieit and
implicit schemes were used.

The bottom of the soil layer is constantly at atpi@sic pressure and,
therefore, the pressure of the water leaving thless@tum is zero
(i.e.w=0). The top boundary condition follows from thesahce of

flow across the upper soil surface boundary (i—ié; —1). The

initial condition results from the fact that wheretgravity drainage
starts (time when the final increment of the pondeder has entered
the soil surface) the pressure is zero, so thatithinage is under the
effect of the gravity pull only. After this initiadtage, the pressure will
start attaining negative values; these negativaegatecrease at all
height and times, until an equilibrium conditiobwdich the pressure
is equal to the elevation, is achieved.
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Fig. 12shows the experiments completed by Liakopoulos4L36e
experimental setup of the column tests (a) anddik#&ibution of
pressure head values in relation to elevation abitne botton
atmospheric boundary during the gravity drainage oblmn filled
with saturated sar

—= height above water table in em
hasiteur

(o]

—-100 —80 —60 —40

pressure (cm water) =-— —
d'eau)

charge (cm

Fig. 12 -Column tests performed by Liakopoulos (1964): eneral view
of theexperimental setup; (b) distribution of pressurachim rdation to
elevation (colums one meter height)

It is worth noting that as soon as the equilibricomdition has bee
achieved, pressure head values are known at amy pbihe flow
domain. Measures of soil moisture content valuesigittly yield to
the reconstruction of the main drying branch of the seiter
retention curve

Furthermore, many physical or numerical models iptethe mair
wetting phase from the main drying curnThese models wel
developed to benefit of the more common experimieneasures ¢
the drainage phase (Hillel, 1998). In particulag main contribution
were due to Parlange (1976), Mualem (1977), Hogetrthl. (1988)
Feng and Fredlund (1999) and Pl et al. (2003). All the mode
listed require the boundary drying curve and tweetimg points (i.e
the coalescence points of the main drying and mgettiurves) tc

47



2 — Infiltration of overland flow

predict the entire boundary wetting curve. Relibibnalysis of
these models were performed by comparing theirlteesith many
experimental datasets. Viaene et al. (1994), Si Kadhanoski
(2000), and Magsoud et al. (2004) selected the hoagposed by
Parlange (1976); while Pham et al. (2003) argued d&m originally
modified version of the Feng and Fredlund (1999)leh@rovides the
best results.

Braddock et al. (2001) introduced the Van Genuch{&880) model
of the soil water characteristic function into tRarlange (1976)
hysteresis model, which was originally based on Bmeoks and
Corey function. They obtained a first order ordjnalifferential

equation which can be integrated to give simplesadio form

expressions for the main wetting functi®p, i, (Eq. 21)

ew,main(lp) = —0;ay) + 95[1 + (alp)n]l/n Eg. 21

The general solution of the same first order ongindifferential
equation leads to a pair of formulae for the wettind drying
scanning curves (see par. 3.3.3).

Magsoud et al. (2004) demonstrated that the Brdddoal. (2001)
version of the model of Parlange (1977) was the bee to predict
the wetting and drying hysteretic behavior of s#and and fine sand
textures.

The Feng and Fredlund (1999) model is based onethpirical
equation (Eq. 22) used to represent both the baoyrdiging and the
boundary wetting curve.

Oap=0b + cyp

Eq. 22
b+

Omain(¥P) =

Where 8, ,,—, is the water content on the boundary drying clate

zero soil suction; and, ¢, d are curve-fitting parameters. The residual
water content ant the water content at zero sotiGuare assumed to
be the same for both boundary curves: once the dawyndrying
curve has been defined, two curve fitting paransei@e known

(B4,p=0 @ndc).
Two additional curve-fitting parameters, ilg, andc, , are required

to predict the boundary wetting curve. In orderathieve this aim,
two additional points on the boundary drying cuase required.
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Pham et al. (2003) suggested that the positiohefitst point on the
boundary wetting curve could be defined as a pbading a soil
suction ofy ; such that:

1/d

Wy = (%) Eq. 23

whereb andd are best-fit parameters of the boundary dryingreur
(Eq. 22).

The soil suction at the second additional pajrt(corresponding to a
water content,) , can be determined from the following equation
(Eq. 24):

1/d
[b(@d,wzo -6, )] Y Eq. 24

whereb, ¢, d are curve-fitting parameters of the boundary dyyin
curve,d, is the water content at the first additional point

The two parameters, andc, can then be calculated using Eq. 25
and Eq. 26

log 6, — C)(ed,1p=0 - 92) Eq. 25
i (Bayey = 02)0: — )
v log (¥2/%¥1)
(6, —c) Py
by, = —— Eq. 26
N 9d,1p=o — 6

2.43 Column tests, experimental set up

Column tests were performed in theydraulics Laboratory
“G.Bidone” of the Polytechnic University of Turin in order to
achieve one-dimensional water movement into theymmedium.
The experimental setup consisted in a plexiglassntd.50m high,
0.012 cm thick, having a circular, 0.10m diametesss section.
0.10m vertically distant ticks provided an undisdr spatial
reference. The column was packed uniformly withfeagty dry sand
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from the bottom up to 1.15m; 0.35 m was the maxinhydraulic
head value allowed: the corresponding water volwassured the
complete saturation of the sand column before thd ef the
depletion phase. Water pouring was performed manuad quickly
as possible, using a bucket and a funnel. A IlafeRegicell 30
reticuated foam 0.04 m thick avoided scouring arunoted a water
uniform distribution during the early phases. Aavinesh filter was
installed at the bottom of the column to retaindsasile allowing air
to flow.

Top view Front view

F 1
Column unne

% O ,X Lamps HM Y MH Column
Lamps \ff H/ T

e | HM@MH

Fig. 13 — Column tests: sketch of the experimesealp

Bucket

A transition phase lasted untill the water levelateed the maximum
value and was followed by a merely infiltration pbaup to a zero
value of the water level. Every trial was recordesing a camera
(spatial resolution 768 x 576 pixel; temporal resoh 25
frames/sec). A original image interpretation protodeveloped in
Matlab environment allowed the analysis of eachm&raand the
detection of (i) water level, i.e. the hydraulicadeabove the sand
column and (ii) wet/dry downward moving interface the porous
media. The metric scale reference provided byOtth® m vertically
dinstant ticks allowed to take into account theialility in the
aperture angle. The exact water level or wet/dtgrface position
were then computed according to Snell's law desggibthe
relationship between the angles of incidence afidaton of light
waves passing through a boundary between two diffeisotropic
media (i.e. air and plexiglass). Different techmigu were
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subsequently applied to detect time-dependentnsoisture profiles
during infiltration under ponding and drainage @sas

2.43.1 Tap water

Tap water was manually poured in the column askfu@s possible
using a bucket and a funnel. Fig. 14 shows the 8aries of (i) water
level and (ii) wet/dry moving interface retrieveding our Matlab
code for image processing.

The quasi-dichotomous distribution of color intéysn the wet and
dry areas prevented the assessment of time depesoiémoisture
profiles and demanded a more sophisticated solution

Z —— Wet/dry interface

Time [min]
Fig. 14 — Column test, tap water: detection oftihme dependent values of
water depth and wet/dry interface position.

2.4.3.2 Tracers

In general, a tracer is a substance or entity ihaxperimentally
measured in a system for deducing process infoomatlfo be
detected by a measuring device, a tracer must bendively
different from other substances or entities witlhia system of study.
In subsurface hydrology, tracers have played aifignt role in
elucidating flow pathways, velocities and traveldanhydrodynamic
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dispersion, recharge, and discharge, flow and tomhgmocesses,
flow connections, flow velocities, and hydrodynamspérsion.

An ideal water tracer should have the following refcteristics
(Kaufman and Orlob, 1956; Church, 1974; Davis et &P80;
McLaughlin, 1982):

1. conservative behavior, i.e. the tracer moves iraamar similar
to water, that is, (1) without sorption to soil&dsnents, or
rocks and (2) without degradation during the timanfe of
interest;

2. low background concentration, i.e. the tracer igady
discernible from the background of the system;

3. insensitivity to changes in solution chemistry, ilee traces
fate and transport behavior are unaffected by o=mmg pH,
alkalinity, or ionic strength of the aqueous salufi

4. detectability either by chemical analysis or byuaiszation;

5. low toxicological impact on the study environment.

Nevertheless, the same authors pointed out thésteaxe of such an
ideal water tracer. In fact, the tracer closesanohypothetical ideal
one are stable isotopes of the water moleculd.itsel

Although a wide variety of tracers have been usedubsurface
hydrology (e.g. temperature, inorganic anionsfusuhexafluoride,
spores and particles, microorganisms) dyes aregnémed as the
most prominent; their popularity is due to theiwldetection limits,
visualization potential, and ease of quantificatibp chemical
analysis (Flury et al., 2003).

Dyes are usually classified either by their chemistlicture or
coloristic features; the most comprehensive catedogf dyes is the
Colour Index (The Society of Dyers and Colourid&71, 1999).

In particular, fluorescent dyes are especiallyaative tracers because
of their (1) detectability at very low concentrai#o(0.1 to 0.0ug/l
and, in some cases, even 0.Q@tl); (2) low cost; (3) non-toxicity;
(4) non-mutagenetic behavior (e.g. Gasper, 198hatda and
Austin, 1991). Fluorescence generally refers to emjssion of light
not directly ascribable to heat (Wilson, et. al88p Upon irradiation
from an external source, a fluorescent substanteemit radiation
(light) of lower energy (longer wavelength). Wheradiance ceases,
fluorescence ceases. Each fluorescent substabaracterized by a
specific excitation spectrum and specific emissgpectrum. The
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concentration of the dye is proportional to itsioflescence.
Fluorescence intensity could be measured througlgyénprocessing
thus leading to the detection of time dependentrsoisture profiles
during both wetting and drying phases.

There are a number of physicochemical factors tmaist be
considered when performing dye fluorometry hydratogtudies:
mainly concentration, temperature, and quenchingls@i et al.
1986).

Dye fluorescence varies directly with dye concdigra An adequate
volume of dye must be used to permit accurate aretige
measurements for the duration and extent of thdysithile avoiding
over-exposition problems.

Fluorescence activity increases as water temperatecreases thus
indicating an apparent higher dye concentration.

Quenching is the suppression of fluorescence iegulrom the
action of other substances. Quenching agents ntaglpabsorbing
excitation energy; (2) absorbing emission (fluoezg®) energy; (3)
degrading excitation-state energy; and (4) chetyiediering the dye
molecular structure (Williams and Bridges 1964).ld@ine is an
example of a quenching agent that changes fluanesceperties of
many dyes by altering their molecular structuregagjrcare must
consequently be taken to use distilled or deioniznetter when
preparing dye dilutions. Photochemical decay resiuim exposure
of the dye to bright sunlight for extended periaifstime. Water
tracing dyes have a tendency to adhere to (adsea)ptir to be
incorporated in (absorption) suspended matter nesalis. As a rule,
organic sediments tend to adsorb more dye thagamic sediments.
The most prominent fluorescent dyes used as hygicabtracers are
Rhodamine WT and Fluorescein (Flury et al., 2003).

In our tests we used distilled water at 22°C arehgcare was taken
to avoid direct sunlight exposition. Dilution testere performed to
prove fluorescence detectability while avoiding m@gosure
problems. The standard concentration of 10 mg/ke,(f& example,
Chua et al., 2007) was verified and adopted.

Fluorescence detectability of saturated samplesalsaschecked.
Based on the absorption spectrum of both thesed$eent dyes, for
black lights provided the only external source ifoadiation ( Fig.
13, Fig. 16) .
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A black light is a lamp that emits long wave ulicdgt UV-A light

(wave length range: 315 to 400 nm) essential inesg

fluorescence. The lamps we used had a dark pulgds §lter in the
lamp housing, which blocked most visible light alidwed UV, they
had a dim purple glow when operating.

100 I
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E Fluorescein
o Detection
2e0l Window
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Fig. 15 — Fluorescein and Rhodamine emission spect

jiotu phota from Fhilips bulb catalag  wwn.dorsbulbs.com
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Fig. 16 — Black light: lamp and spectral powettrifigition

Rhodamine

Rhodamine WT, also known as Acid Red #388, is dahsfit red to
pink colored water soluble dye having brilliantdtescent qualities.
Its molecular formula is £H,dN-OsCINa, and its Colour Index is
37299-86-8.
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Fig. 17 — Rhodamine: structural formula

Rhodamine has been largely used in dye fluorombygrologic

studies thanks to its ease of use, relatively lost,clow adsorptive
tendency, strong fluorescence, high diffusity, cloamstability, and

benign character in the aquatic environment (eagkd? 1973, Smart
and Laidlaw 1977, Wilson, et. al. 1986, Kilpatriakd Wilson 1988).
It is often preferred to fluorescein as it offemder wavelength
emission maxima and provides opportunities for ioollor labeling

or staining.

Fluorescence detectability of saturated samples eveked; the
standard concentration of 10 mg/L (see, for exam@leua et al.
(2007)) was verified and adopted.

Unluckily, when we performed our laboratory tedtjofescence
guenching occurred as soon as the dilution travédeechwards in the
sand column (Fig. 18).

Fig. 18 — Column test, rhodamine quenching
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In fact, several researches previously observedrdicent dyes
sorption behavior on aquifer media (e.g. Smart baidlaw, 1977;

Bencala et al., 1983; Behrens, 1986; Sabatibi andtiA 1991;

Mikulla, 1997).

Fluorescent dyes are large molecules that wouldeatvater soluble
without ionic functional groups (e.g. CO@nd S@ groups). These
ionic groups not only increase the dye water stityldbut can also

interact with oppositely charged surface sites tmgseasing dye
sorption. In particular, Kasnavia et al. (1999) sadissesed the
interaction of dye and media properties of fourofescent dyes
(fluorescein, rhodamine B, rhodamine WT, and shlfolamine B)

and two oppositely charged mineral surfaces (alamand silica).

Fluorescein, which has only negative functionalupsy sorbed least
onto negatively charged silica but most onto pesiyi charged

alumina. The rhodamine dyes, with a permanent ipesitharge and
negatively charged functional groups, sorbed omtih llumina and
silica.

Fluorescein

Fluorescein, also known as Acid Yellow 73, is atbgtic organic
yellow to green colored water soluble dye havirili#nt fluorescent
qualities. Its molecular formula is,f:1,05,Na and its Color Index
is 518-47-8.

Fig. 19 - Fluorescein: structural formula

Fluorescence detectability of saturated samples eveked; the
standard concentration of 10 mg/L (see, for exam@leua et al.
(2007)) was verified and used.

Unluckily, the dilution wetted the inner surface thfe plexiglass
column creating a uniform opaque film which preeehthe detection
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of fluorescence intensity gradients (and thus smilsture variations)
in the sand media (Fig. 20).

Fig. 20 — Column test: fluoresceine dilution wdttee inner surface of the
plexiglass column.

2.4.3.3 Soil moisture sensors

One common technique to assess soil moisture imdasure the
dielectric constant, that is, the capacitive anddemtive parts of a
soil's electrical response. Since the dielectrinstant of water is
much higher than that of air or soil minerals, dielectric constant of
the soil is a sensitive measure of water contehtodgh the use of
appropriate calibration curves, the dielectric ¢ans measurement
can be directly related to soil moisture (Topplef880).

Dielectric constant may be measured by commerciairgilable

probes, designed to be buried and left in-situhis study, three EC-
5 Soil Moisture Sensors produced by Decagon Dewee® used

(Fig. 21).

These small sensors (8.9cm x 1.8cm x 0.7cm) catdiEbm zero to

saturation water content. They are powered by@%6 V at 10mA,

the output signal is 10-40% of excitation voltage.(250-1000mV at
2500mV excitation). Measured data are provided yeEims and

recorded by a datalogger.
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Fig. 21 — EC-5 Soil Moisture Sensor produced bgdgen Devices.

Volumetric water content were computed from measwalues of
the dielectric constant using experimental calibrat curves
specifically derived for the soil textures used aor laboratory
experiments. In particular, a minimum squarengtmethod yielded
to an empirical relationship between known valuéssail water
content and sensor’s output data.

Three small holes were dug in the column 0.20,,0.80 m below
the water/sand interface. Sensors were introduseg yvoid space in
the side wall of the column was accurately filledhwmastic (Fig.
22) . When installing the sensors, it was importantemember that
the soil adjacent to the sensor surface has thagsst influence on
the sensor readings, any air gaps or excessive@oiaction around
the sensor can profoundly influence the readindghofigh the sensor
could theoretically be oriented in any directiohe tflat side was
perpendicular to the surface of the soil in order rinimize
disturbing effects on downward water movement.

Data recordings were performed during the wettihgse and the
subsequent drainage phase of three experimeratd (fiest2, Test3,
Test4). Time dependent soil moisture values aetpant of the sand
domain were useful for the implementation of thematical
strategies selected for the assessment of Van Gemuparameters.
Fig. 23 shows the data sampled during the wettingse of one
experimental trial.

The experimentally detected wet/dry interface piedi a good
approximation for the arrival of the wetting froqtrecision slightly
decreased with the extension of the infiltratioowflas preferential
flow paths due to the wettability of the inner swwe of the plexiglass
column became more evident.

The sharpness of the wetting front sensibly deecdtawith the
extension of the subsurface flow.
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Fig. 22 — Column tests: soil moisture sensors positipnin
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Fig. 23 —Column tests, detected time series of water level/dry interface
position, water content at three points.
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2.4.4 Implementation of the numerical strategies

The data sampled during the lab activities allowede
implementation of two, different numerical stragsgii.e. (A) inverse
parameter estimation techniques for both wetting drying phases
and (B) direct fitting of the main drying curve ledson sampled data.
A complete numerical modeling of the wetting phases achieved
using the software Hydrus. The geometric domain icasly
reproduced the real experimental set-up.

Previously defined sand parameters were used (&@dlyi saturated
hydraulic conductivity, saturated water contentsideal water
content). A catalog of average parameters forallzextural classes
of the USDA textural triangle (Carsel and Parris988) and
hierarchical pedotransfer functions as derived tlya@p et al. (2001)
in their Rosetta program yielded to an initial estie of the unknown
parameters:, n for the complete description of the Van Genuchten
model of SWRC

A free drainage condition was the bottom boundamdiion; no-
flow boundaries represented the side walls of fegiglass column.
Experimental time series of water level provided tipper boundary
condition, i.e. the variable hydraulic head abdwegand column.

A spatially uniform residual water content valuglied the initial
condition for numerical modeling.

Transient values of the position of the wet/dreiface and recorded
water content values at three points of the imfiltm domain
provided the calibration data for the implementatiof inverse
parameter estimation strategies.

The computational mesh and a lower boundary thidskadue of the
computational time step were defined based on ricedeanalysis of
the Peclet-Courant conditions.

HYDRUS software packages implement Marquardt-Leeegls
local optimization gradient method (Marquardt, 1968ninek and
Hopmans, 2002) for inverse parameter estimationsodfhydraulic
parameters from measured transient flow data. Therquardt-
Levenberg method is a local optimization gradiergthod that
requires initial estimates of the unknown paranseterbe optimized.
Since the method can then be very sensitive tinttial values of the
parameters, it is generally recommended to refeabptimization
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problem with different initial estimates of the wpized parameters
(Siminek and Hopmans, 2002). The computational effigient
Marquardt-Levenberg’'s local optimization gradientethod was
demonstrated by many authors (e.g. Wildenschila.e2001; Vrugt
et al., 2008; Wohling et al., 2008). Additionalllhe Marquardt-
Levenberg method provides confidence intervalsdnd correlations
between, the optimized parameters, thus facilgatimmediate
insight into the optimization problem.

Hydrus software packages incorporates hysteresisudigg the
empirical model introduced by Scott et al. (19883, successively
modifyed by Kool and Parker (1987) to account foremtrapment
and by Vogel et al. (1996) to consider hysteresighie hydraulic
conductivity function. Since the implementation dfis model
requires the knowledge of both main wetting andnnaliying curves
the numerical modeling and parameters’ assessnmemegphase at a
time avoided the problem of the hysteretic behavior

The accurate modeling of the main wetting phaseuired the
modification of the source code of the Hydrus pgekakindly
released by Sitmek. The original Hydrus package does not allow
mass accumulation at the upper boundary of the olormad any
water excess is instantaneously removed {S&k et al., 1999). Our
modified version of the Hydrus package allowed waterage at the
upper boundary of the computational domain accgrdia the
principle of mass conservation. Introducing as uppeundary
condition the sampled data of water level timeeserive aimed to
point out a set of parameters values yielding to amturate
reproduction of the experimental evidence of watewement in the
soil and a constant zero overland flow.

Direct fitting of the main drying curve was basedtbe measure of
soil moisture values at three points of the vertomdumn at the end
of the drainage phase. As previously detailed, nduthe drainage
phase negative pressure values increase at alithangl times, until
an equilibrium condition, at which pressure is édoaelevation, is
achieved. The least square fitting method thusvatbthe assessment
of Van Genuchten parameters based on the threerkpoints of soil
moisture-pressure head values.

Referring to our literature review, the hysterasisdels proposed (i)
by Parlange (1976) and modified by Baddroch (2G01J (ii) Feng
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and Fredlund (1999) and improved by Pham (2004 va@plied for
the assessment of the main wetting curve startiog fthe main
drying branch.

2.45 Results

2.45.1 Critical issues

Grain size distributions of sand samples colledien different

containers or from different levels of the same tamer didn't

overlap and resulted in different wetting and dgybrehaviors. Fig.
24 shows grain size distributions of four sampleedufor column
tests; Fig. 25 represents the consequent timessef water depth
and wet/dry interface position. The coarsest samwgle used in Test
2 and yielded to the fastest lowering of both watepth level and
wetting interface position.
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Fig. 24 — Grain size distribution of four sampleed for column tests

62



2 — Infiltration of overland flow

Depth [m]

-1.0r “:;; T~
Test 2 Test 4 Test 1Test 3
15 2 4 6 8 10 12 14

Time [min]

Fig. 25 — Detected values of water level and wetitdterface position for
four column tests

Tracing the containers specifically used for eaqgheemental trial in

the flume was not possible, furthermore, depending practical

issues, more than one container could have beehaisetime. As a
consequence, averaged, representative values of G&muchten

parameters were required to overcome local gramlseterogeneities
resulting in slightly different wetting behaviors.

2.45.2 Main drying curve
B1l) Application of the drainage theory

Soil moisture values were retrieved at three paihtbe sand domain
at the end of the gravity drainage phase. Basqa®nous numerical
and experimental studies on gravity drainage (gakopoulos, 1964;
Whisler & Watson, 1968; Kastanek, 1971) , the presshead of
these points equals their elevation above the szeula/atmosphere
interface. Additionally to the default starting pbi(saturated water
content at zero pressure head), three points wene tised for the
numerical fitting of Van Genuchten parameters.
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Fig. 26 shows the data collected during Test 2 thedconsequent
main drying behavio.

0.3 o Experimental data

— Numerical fitting

0.3

0.2 0.2
S SN
0.1 0.1 S3
S2 g7
0 051 152 25 3 35 4 0 20 40 60 80 100 120
time [hr] W [cm]

Fig. 26 a) Test2, soil moisture data; b) Testd®nputed main drying curve

Tabel 6 allows a direct comparison between thaieslof Van
Genuchten parameters computed for Test 2, Tess},4T

Tabel 6 — Values of Van Genuchten parameterseofithin drying phase,
fitting of sampled data

Van Genucthen parameters
a n
Test 2 0.043 2.20
Test 3 0.040 2.10
Test4 0.031 2.38

2.45.3 Main wetting curve

A) Inverse parameter estimation

Inverse parameter estimation techniques used soiktume time
series measured at three points of the sand dodhaimg three
experimental trials.

Fig. 27 compares computed and measured soil meistlues for
Test 2.
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Observation Nodes: Water Content
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Fig. 27 - Test 2, wetting phase, measured (o)cantputed (-) soil
moisture values

Tabel 7 allows a direct comparison between theaieslof Van
Genuchten parameters computed for Test 2, Tests3,4T

Tabel 7 - Values of Van Genuchten parameterseofrthin wetting phase,
inverse parameter estimation

Van Genucthen parameters
a n
Test 2 0.083 2.91
Test 3 0.075 2.96
Test 4 0.071 2.80

B2) Application of hysteresis models based onatedysis of
the drainage phase
The hysteresis model of Parlange (1976) as modiigdaddrock
(2001) as well as the model of Feng and Fredlu889}jLas improved
by Pham (2004) were used for the assessment om#ie wetting
branch starting from the computation of the malyirdy branch.
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Fig. 28 shows the main branches of the soil wedtntion curve
computed using the data retrieved from Test 2ahtigular, the main
drying curve was based on the data sampled anthefehe drainage
phase; the main wetting curve was based on thetegis models of
Parlange (1976) and Feng and Fredlund (1999).

120r
o Drying phase: experimental data
] — Drying phase: numerical fitting
100 — Wetting phase: Parlange
Wetting phase: Feng & Fredlund
80-
5 60
3.
40-
20r
0 L L
0 0.05 0.1 015 0.2 025 03
g
Fig. 28 — Test 2, soil water retention curve, ndying and main wetting
branches

The main wetting branches computed using the hgsitermodels
selected, were fitted using the Van Genuchten mofde soil water
retention curve in order to allow a direct compamiof the results
(see, for example Fig. 29).

Tabel 8 and Fig. 31 allow a direct comparisotwken the main
wetting branches of Van Genuchten model computed Teest2,

Test3, and Test4 respectively using (A) the Margtdrevenberg's
inversion parameter estimation protocol; (B2) thetéresis model of
Parlange (1976) and of Feng and Fredlund (1999).

66



— Infiltration of overland flow

120- — Wetting phase: Parlange
Wetting phase: Feng & Fredlund
Fitting of Parlange model (Van Genuchten)
100- Fitting of Feng & Fredlund model (Van Genuchten)
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Fig. 29 — Test 2, main wetting branches basethemysteresis models of
Parlange (1976) and Feng and Fredlund (1999) jliaesl fitted behaviors
based on the model of Van Genucthen (1980) (dots)

Tabel 8 —Main wetting branch of the SWRC, asserswfevVan Genuchten

parameters
Van Genuchten parameters
Inverse . .
Hysteresis model| Hysteresis model g
parameters f Parl Feng and Fredlung
estimation of Farlange 9
o n o n o n
Test 2 0.078 291 0.107 2.48 0.145 2.0
Test 3 0.051 3.30 0.125 2.66 0.181 1.9
Test 4 0.071 2.80 0.091 2.34 0.130 2.4
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Fig. 30 — Main wetting phase, comparisons of tasul

The results matched adequately; stating the senisilijer series of
experimental data available, greater relevancegnes to the results
retrieved by inverse modeling techniques.

An averaged, representative behavior was assumaketocome local
grain size heterogeneities resulting in slightlyffedent wetting

behaviors (see Fig. 30).
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2.5 Numerical model

In order to achieve a deep understanding of theipalyprocess we
first wrote an original Matlab code to solve Ridfmequation based
on the "mass conservative" method propose@diia et al.(1990).

We then used a commercial software, Hydrus 2D ﬁé'eh et al.,
1999).

A zero-slope rectangular, 0.20 deep, 3.0m long edatipnal domain
reproduced the experimental set-up.

A uniform soil layer was used; Van Genuchten maoslat selected
for the description of the main wetting branch oil svater retention
curve. Tabel 9 lists the empirical values of theameters used in the
numerical model.

Tabel 9 — Parameters used in the numerical model

0s | 6 o n ks[m/s]
0.03| 0.03| 0.08| 2.80| 1.050- 10*

Lateral and bottom boundaries were impervious @.€no flow”
condition was assumed); measured time series afiyteaulic head
values were imposed as upper boundary conditions.

The original version of the Hydrus packages allowty four, distinct
time series of hydraulic head values. A second fiwadion of the
source code, kindly released by the author, JinSek, was required
in order to allow the imposition of a time serigshydraulic head
values at any point of the upper boundary of thenmttational
domain. The computational mesh and a lower bountlagshold
value of the computational time step were defin@seld on numerical
analysis of the Peclet-Courant conditions. In pafér, a lower
threshold value of IHsec was adopted, and an anisotropic spatial
discretization 0.01 and 0.005m wide in the horiabraind vertical
directions respectively was used.

Experimental time series of the wet/dry interfacsifion were used
to check the numerical results.
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As shown, for example, by Fig. 31 (a,b) , theysoambly matched
with the numerical lower boundary of the dry sacdrfesponding to
the residual water content value).

[cm]
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0

[cm]

0 10 20 30 40 50 60 780 90 100 110 120 13Q@cm]

Fig. 31 — Detected and modeled wet/dry interfacdéke porous mattres
and in the sand

The relative importance of horizontal and verticaiter flows in the
subsurface domain was evaluated by the implementatf a
simplified numerical model developed in Matlab @aomiment. The
computational domain was discretized as a sequanaejoining but
independent 0.02cm wide, 0.20 deep sand columndradiic head
time series detected at any 0.02cm distant positibrihe flume
domain were used as upper boundary conditionshernumerical
solution of the infiltration model proposed by Gne® Ampt (1911).
As widely explained in par. 1.2.6, the Green & Ampuidel assumes
a piston flow yielding to an abrupt change in watentent switching
from the residual value to the saturated valuestdaration profiles
computed by this simplified model and the more $siffated two-
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dimensional solution of Richards equation agreégl. B2 shows the
depth of the saturation profile as a function afieicomputed with
both the simplified 1D (pink dots) and the complé@ (blu line)
numerical models for a cross section 4cm far fréma inlet. The
residual water content profile computed with themptete 2D
numerical model (green line) and the wet/dry irseef
experimentally detected (black circles) complegeftgure.
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Fig. 32 — Depth of the saturation profile computéth the simplified 1D
(pink dots) and the complete 2D (blu line) numarimodels

Our results pointed out the higher importancehef vertical flow
over the horizontal flow in the subsurface doméirfact, the vertical
component of the velocity vectors computed by Hgd@D was
generally sensibly bigger than the horizontal congmi. Sharp
horizontal soil moisture gradients near the wet/dnterface
supported a local slight relevance of the horizZioteanponent.
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2.6 Conclusions

A series of lab experiments was performed in thgdraulics
Laboratory “G.Bidone” of Polytechnic University of Turin in order
to study the routing of waves on a permeable bayndedopting a
gradual analysis approach, the complex problem ae®upled to
allow a deep insight in the physical modeling oé timfiltration
phenomenon. Experimental depth hydrographs werd aseupper
boundary conditions in an appropriate numerical ehodf the
infiltration process.

A first outcome was the definition of a simple esipgental set-up for
the analysis of the routing of waves on rough, @ainle boundaries.
Many combinations of different reticulated foam ttees (surface
flow domain), sand textures (subsurface flow dorpaand flow
regimes were tested. Air-trapping, finger flowsgefgrential flow
issues were detected; appropriate modeling comditisere pointed
out.

A second outcome of this propaedeutic phase wagudy son
numerical solutions of Richards equation. In pattc, the source
code of the widely used commercial software Hyd@i3 was
modified to fit experimental conditions: (i) a madsalance criterion
was imposed at the upper boundary o f the computatidomain
thus allowing the modeling of both storage and elemh phases; (2)
different hydraulic head time series could be ingabat any point of
the upper boundary. This modified version turned toube useful
whenever the modeling of the infiltration processmected to the
propagation of an externally computed or measurtedeswave is
required (see Chapter 3)

A third important outcome of this phase was theini#dn of a
simple, time and money saving protocol to assesp#rameters of
the main branches of the soil water retention curdée
implementation of the protocol herein proposed ive® column tests
to measure both the wetting and the drainage pludsesoil sample.
Data were sampled by a video-camera and a numbsilaioisture
sensors (three proved to be an adequate numbenecid to a
datalogger. The analysis of the equilibrium cowditat the end of the
drainage phase allowed the numerical fitting of thain drying
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branch of the soil moisture retention curve. Litera analysis of the
hysteretic behavior of the soil moisture charast&ricurve provided
reliable methodologies to assess the main wettnagdh from the
main drying branch (see, in particular, Parlang@7€) as modified
by Baddroch (2001) and Feng and Fredlung (1999jnasoved by

Pham (2004)).

Inverse parameters estimation techniques (suctheadviarquandt-
Levenberg method implemented in any Hydrus packagm)ided an
alternative for the assessment of the main wetturge from the data
measured during the imbibition phase.

The last outcome concerned the higher importanoeedical flows

over horizontal flows in the subsurface domain.
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Chapter 3

Overland flow and infiltration In
near horizontal plots: numerical
modeling

3.1 Introduction

Urban development, roadways, and associated inficiste have
significant negative effects on aquatic systems. (Bgoth and
Jackson, 1997).

An increase of impervious surfaces in a waterslegeally results in
an increase of stormwater runoff volumes, peak d$lovlood
frequency, and flood wave celerity. Furthermorel ssiiorage
available for base flows decreases (Wang et ab]1,2Davis 2003).
These hydrologic changes, termbagldromodification result in
widening and increased instability of stream ch#nancreased
sediment loads, erosion and degradation of both Hiabitat and
riparian life cycle (e.g. Booth and Jackson, 198edsoe and
Watson 2001; MacRae 1992; Annear et al. 2004; Asl@§09).

In addition to sediments, urban runoff often camtaa wide variety of
pollutants including nutrients, oxygen-demanding bsances,
pathogens, road salts, petroleum hydrocarbons,yhewtals (e.g.
USEPA, 2005; Hatt et al., 2004; Leopold, 1968; Megteal., 2005).
These pollutants cause a further degradation oftaruhabitats.
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Alterations to stream ecology have been notedéasathat are as low
as a few percent impervious, and once the impesvitvaction
reaches 10-30%, major declines are found in halaitat water
guality indicators (e.g. Wang et al. 2001).

Low impact development (LID) is an environmenthllpsophy that
focuses on controlling urban stormwater runoff. Tgeal is to
manage site design and construction so that theology and water
quality of a developed site approximates that o€ tmitial
undeveloped land. The LID approach acts to minimizading,
disconnect impervious areas, preserve the exidangscape and
topography, increase flow lengths, and lengthen dbecentration
time for stormwater runoff.

Stormwater treatment technologies currently avéelaloe stormwater
wetlands, sedimentation ponds, sand filters, infiltnasystems and,
more recently, biofiltration systems (e.g. DavisD20WNong, 2006).
In particular, biofiltration systems (also callefilters, bioretention
systems or rain gardens) are vegetated on-sitdtratifbn-based
techniques that are gaining increased attentionkghto their ability
in reducing outfall stormwater runoff volume whiteproving water
quality. Additionally, their low cost, design fldoility, small
footprint, and aesthetic value are encouraging dewdiffusion (e.g.
Winogradoff, 2002; ARC, 2003; Melbourne Water, 2005
Biofiltration systems are based on two actors: si@tar runoff is
directed into the facility and filtered through denvegetation and,
subsequently, through soil filter media. Biofiltessil and vegetation
properties enhance pollutant removal efficiency amttease their
span life compared to traditional sand or graviers (Davis et
al.,2001; Read et al., 2008). Treatment is achiaiada number of
processes including sedimentation, fine filtratiosgrption, and
biological uptake.

Structurally, bioretention facilities consist of aln ponds
characterized by a porous layer approximately Q@mldeep and
composed of a sand/soil/lorganic matter mixture.sTlayer is
sometimes covered with a thin (2.5-8 cm) layer afdiwvood mulch.
Various grasses, shrubs, and small trees are gldat¢i) promote
evapotranspiration; (i) maintain soil porosity;ii)(i encourage
biological activity; and (iv) promote uptake of pahants.
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3 — Overland flow and infiltration in near horiztah plots

Water is poured in the bidfiltration trench, a surgiave travels
through vegetation while infiltrating in the pernbéa soil until it
reaches the downstream wall, then a storage pleggesb Water can
pond on the surface, typically up to 50 cm, a whirerts excess
water away from the site. Ponding water drainsughothe system
and partly evapotranspires; drainage should coeglet4—6 h in
order to prevent long-standing water (Davis, 2003).

Outflowing water is collected by under-drains a tase of the filter
media and reused or discharged to receiving waters.

Although their performance highly depends on sitee#fic design
characteristics, biofiltration systems are acknogéedas a promising
technology for restoring both predevelopment hyatygl and water
quality.

In particular, several field studies reported teriture (e.g. Davis et
al., 2008; Hatt et al., 2009; Li et al., 2009) Highted the contribute
of biofiltration systems in enhancing hydrologicorsige and
preserving both aquatic and riparian ecosystenssreim channels.
These systems reduce (1) volume, (2) peak dischangk(3) celerity
of stormwater runoff by providing detention storaaygd promoting
retention through infiltration and evapotranspoati

The water balance equation (Eq. 27) allows to poiritthe relative
importance of the different processes involved:

Vin= ET+Vyyr + EXF +AS+ bypass Eq. 27
where:

- Vv isthe inflow volume;

- ET the evapotranspiration volume;

- Vyyrthe outflow volume from the underdrain;

- EXF the exfiltration volume to groundwater;

- ASthe change in soil storage.
Optimal reduction rates have been proposed in dadapproach the
hydrologic behavior of an undeveloped land (Da2{X)8).
Biofilters have also been shown to be effectiveh@a treatment of
suspended sediments, heavy metals, nutrients, atibgens (e.qg.,
Davis et al., 2001, Zinger et al., 2007; Chandnasst. al, 2012). For
instance, in Australia Dbiofilters are expected thieve annual
pollutant removal efficiency of 80% for total susped solids (TSS),
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90% for heavy metals, 45% for both total nitrod@ilN) and total

phosphorus (TP) (Victorian Stormwater Committee€)9

Although practical experience exists in construgtamd operating
biofiltration systems, they are still often lookatlas a “black box”
which positively affects quantity and quality obshwater runoff.

Their design is consequently mainly based on rafebumb derived
from input-output analysis of field or experimendalta.

Many empirical surveys focused on the hydrologidgrenances of
biofilters and pointed out site-specific designiadvA few examples
are here listed.

The higher performances generally observed for Isreaknts

suggested that large media volume to drainage ratezs could be
advisable (e.g. Holman-Dodds et al., 2003; Braneteal., 2004;

Williams and Wise, 2006; Sansalone and Teng, 2@D%&2Barber et
al, 2003; Davis et al., 2008; Li et al., 2009). Ma@pecific outcomes
had a site-specific validity. For instance, a fisldvey completed by
Le Coustumer et al. (2007) on 30 biofilters instdlin Melbourne
(Australia) pointed out that a biofilter area sizatl 2.5% of its

impervious catchment area is able to treat arousith &f mean

annual inflows. Based on a study on a wide rangeaikersheds in
California (USA) Palhengy et al. (2012) concluddtitt facilities

receiving runoff from 100% impervious surfaces stidwave specific
areas ranging from 12 to 25%. Deepening the filerdia is

suggested as a valuable solution to increase fildume while

enhancing evapotraspiration in highly urbanizedasirélLi et al.,

2009).

The use of appropriate media is an important fagtoachieving

reliable hydraulic functioning of the biofilters. low drainage is
generally detrimental to performances (e.g. Dax¥)8; Barber et
al.,2003; Sansalone and Teng, 2004,2005; Brandal,2004). For
small events a 30% decrease in peak reduction a@ad pelay
performances was seen for as little as 1% incrieapeestorm water
content. On the contrary, for large storms a wed#tionship was
found between soil moisture antecedent conditiams lydrologic

performances (Barber et al., 2003). Nevertheleaspre hand the
filter media should drain quickly, on the other Haih must allow

enough detention time for evapotranspiration antufamts removal
(Hatt et. al, 2009; Li et al., 2009). A balanceviexn filtered water
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volume vis-a-vis residence time is an importanigtesonsideration.
Recommendations for the value of saturated hydraxdnductivity
vary from one country to another. For example, gigeguidelines
require a minimum value of 12.5 mm/h in New Zealamdl in the
USA (ARC, 2003; Claytor and Schueler, 1996; Winogig 2002);

between 36 and 360 mm/h in Austria (ONORM B25012Q00);

between 50 and 200 mm/h in Australia (Melbourne &f/a2005).
Many authors detected a temporal decrease inratfdn capacity
(e.g. Bouwer, 2002; Achleitner et al., 2006; Le Samer et al.,
2007-2009; Asleson, 2009). In order to ensure gpp@te hydrologic
performances, high values of the saturated hydrazdinductivity
(ks>250 mm/h) were then recommended; the implemematioa

safety factor ranging from 2 (New Jersey Departmeoit
Environmental Protection, 2004) to 3-4 (Le Coustumieal., 2012)
was suggested. Besides meeting hydraulic requiresmean

appropriate soil matrix should have physical anenaleal properties
to enhance pollutants removal.

Vegetation type and density affects evapotranspirantensity, soil
moisture and, generally, the maintenance of apmtgphydraulic
conductivity values. Although the exact mechanishys which

vegetation affects hydraulic conductivity of bigfition media
remains an important knowledge gap (Le Coustumeal.et2012),
many authors (e.g. Quinton, 1996; Archer et al0220Le Coustumer
et al., 2012) encouraged the selection of plantispewith thick
roots. Soil type (physical and chemical propertiebinate conditions
(e.g. temperature span, dry and wet spells lengtlafer quality
characteristics provide boundary conditions for fiedection of an
appropriate, site-specific vegetation type.

Specularly, many empirical surveys focused on tdopmances of
biofilters in removing stormwater pollutants andirped out site-
specific design advice.

A laboratory study on biofiltration columns’ abjlito remove total
suspended solids, total fosforus and total nitrofyjem stormwater
was completed by Lintern et al. (2011) and highkgh four

impacting factors, i.e. soil moisture, vegetatigpe, filter media
nutrient content, media depth.

Of particular interest, a general positive corielatbetween soil
moisture and pollutant removal performances wasaotied; this result
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was confirmed by Zinger et al. (2007) for nitrogemd by
Chandrasena et al. (2012) for pathogens.

Although many field surveys on hydrologic and ptaht removal
performances of biofiltration systems allowed inmpat empirical
assertions, significant questions about the phlsichemical,
biological processes involved and the relative iohpaf design
parameters still remain (Davis, 2008; Le Coustur2et?2).

Attempts to fill this knowledge gap mainly concetéd on the
processes leading to the removal of stormwateutzoits. The multi-
component reactive transport module CW2D (Langéera2001;
Langergraber and Simunek, 2005) is probably the miakely known
outcome of this research effort. The module CW2[3 waorporated
in Hydrus 2D (Langergraber and Simunek, 2005) andhadels
transport and reactions processes of the main itoersls of
wastewater and stormwater. Since it was developethé modeling
of constructed wetlands, an “atmospheric” uppemidauy condition
is required. The potential fluid flux across thigeirface is controlled
by external conditions (precipitation, evaporatioahd by the
(transient) moisture conditions in the soil. Sailrface boundary
conditions may change from prescribed flux to priescl head type
conditions (and vice-versa). When the infiltraticapacity of the soil
is exceeded a prescribed, constant head condisoapplied. An
expedient was proposed by Dittmer et al. (200%)rder to model the
temporal variations of the storage volume accordinghass balance
conditions. The supernatant water level (storagéume) was
modeled by a virtual layer with a pore volume 00%)and a residual
water content of 0%. On the top of the virtual lage atmospheric
boundary condition was applied. This approach wagddmented, for
instance, by Henricks et al. (2007, 2009) to asHesperformances
of biofiltration facilities for organic matter arammonium reduction.
Nevertheless, it has been shown that a good mdtdinwlation
results with CW2D can only be achieved once theduldc behavior
of the system has been modeled successfully (Lgrejser, 2003;
Henricks et al., 2007).

The hydraulic behavior of the system not only calstimpacts on
hydromodification but also plays a primary role pailutant removal
by controlling water and pollutants residence timeygen renewal,
soil moisture content, vegetation and micro-orgasis health
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conditions (Carlton et al., 2001; Hatt et al. 20@86iger et al., 2007;
Ross et al., 2011; Lintern et al., 2011; Chandrasgral., 2012).
Accurate modeling of water surface and subsurfdoesf is thus
essential for (i) a reliable analysis of the bebawf a biofiltration
trench, and (ii) the definition of appropriate dgsiadvice to
maximize both hydrologic and pollutant removal perfances.

In particular, a complete modeling involves thrdeges: advance,
storage and depletion.

The methods so far used for the hydraulic modedinigiofilters were
originally developed for constructed wetland apgiiens and focus
on the storage and depletion phases while neglethie advance
phase. In fact, in biofiltration trenches the uadiestate functioning
and the consequent hydraulic head variations dutiveg advance
phase play a primary role in infiltration proces¢es. Beach et al.,
2005; Ross et al., 2011).

Four modeling strategies were identified (She aamigP2010):

-curve methods relying upon empirical data curvessitoulate
outflow;

- physical models mainly based on the solution ofhRids’
equation;

-analytical models that hypothesizes a combinatiohdinear
storage reservoirs (with separate storages fomptmaling zone
and the filter media zone);

- water-balance models that hypothesizes a set oagds with
flows between them restricted by laws (such as Psitaw).

Water balance models are probably the most commompiemented
(e.g. Konyha et al., 1995; Heasom et al., 2006hdepl et al., 2012;
Lintern et al., 2012).

Physical models are generally based on the nunhesalation of
Richards equations. In addition to the well-knowrydHis 2D
package (Simunek, 1998), it is worth quoting thenarical solution
of Richards equation proposed by Dussaillant (2@@d)he modeling
of a biofilter. Both of them cannot model the adsarphase in a
horizontal trench.

Ross et al. (2011) compared the results of fiveemahlance methods
with experimental data and pointed out sensibledueacies, i.e.
large differences were detected between computed nagasured
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outflow hydrographs. According to the authors diffties in
modeling could arise from (i) spatial distributi@md variation of
preferential flow paths; (i) misinterpretations tife soil moisture
patterns of the biofiltration trench.

In this study we aimed at the development of a detemumerical
modeling of advance, storage and depletion phabsesreed in a
biofiltration trench.

Such a model could

(a) increase the system understanding;
(b) document hydrologic performances;

(c) provide a valuable prognostic tool to suggegstneal design
and maintenance procedures for both quantitatideqaalitative
treatment of stormwater runoff according to thes Specific
conditions

Based on the previous studies, the most influesigdeparameters
are:
1) filter media volume, as the product of surface amed depth;
2) soll type;
3) vegetation type.

The lining of the sides is considered a good peacivhen polluted
water is conveyed to the biofiltration facility.

Shape and slope of the surface area should praspat&lly uniform
conditions, i.e. the inflow should quickly wet timbole surface of the
filter media and the hydraulic head during theagerphase should be
uniform. A rectangular, horizontal domain coaxiaithwvthe main
stream direction of a punctual inflow source ismpte, yet effective
solution (e.g. Worman et al., 2005)

81



3 —Overland flow and infiltration in ear horizontal plots

3.1 Case study: the biofiltration trent
installed aMonash university
(Melbourne, Australie

The biofltration basin installed at Monash University (Glay
campus, Victoria, Australia) in 2006 is part ofweo-stage treatmel
train draining runoff from a 100% impervious m-storey carpar
Runoff coming frora 4500 m impervious catchment area is firs
conveyed to two sedimentation tanks having a taihlme of 18 r?,
the overflow discharge is then directed to a 4° parallelepiped tan
hydraulically connected to a rectangular, 4.5m wiim long, 0.7n
deep biofiltration basin. A sketch of the treatment train is showr
Fig. 33.

multi-level gravel
carpark carpark
biofilter —

\

.
-
-
Le*
'.-.-.”-".l

sedimentation
tanks

""" pipe @ water sampling paint
—— fiow ditection P flow measurement point

Fig. 33 —Sketch of thewo-stage treatment train draining runoff fror
100% impervious mul-storey carpark

82



3 — Overland flow and infiltration in near horiztah plots

Australian guidelines require to size biofiltratitacilities in order to
treat at least 90% of the mean annual flow (Wor@)62. A field
survey completed by Le Coustumer et al. (2007) Onbbfilters
installed in Melbourne pointed out that a biofilsézed at 2.5% of its
impervious catchment area is able to treat arouBh &f mean
annual inflows. The area of the biofiltration basistalled at Monash
University is undersized according to current glifrcks being only
1% of the total catchment area.

The biofiltration basin was divided into three sgpa cells by
concrete barriers; each cell is 1.5 m wide, 10 ngland 0.7 m deep.
The bottom and sides of the biofiltration system ewvsealed to
prevent exfiltration of polluted water to the sumding soil. Three
triangular weirs introduce water into each celfuage wave travels
on the permeable soil until it reaches the dowastrémpervious
wall, then a storage phase begins. Three overflowsw8.5m far
from the inlet, allow water to pond to 0.41 m. Essewater is
removed by the overflow weirs, storage water fiterto a soil layer
0.50m thick, until it reaches a gravel drainagestad.20m thick. A
sand layer overlaps the gravel layer in order v@nt any loss of
filter media. Perforated 100 mm diameter PVC pigese located in
the drainage layer of each cell to collect thetegavater. Outflow is
discharged by three triangular weirs to a nearligrdn pond and
used for irrigation purposes.

The middle cell (i.e. Cell 2) was reconfigured @08 in order to
build a submerged zone. The presence of a submergeel was
found to positively affect nitrogen (Zinger et @007) and overall
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pathogens removal (Chandrasena et al., 2012), theless it showed
no influence on total suspended solids and me¢a®val (Zinger et
al., 2007), while it might be counterproductive fphosphorus
removal.

CELL 3 CELL 2 CELL1

Filter Filter Filter

Transition laver

Perforated drain

Fig. 35 — Sketch of the vertical cross sectiothefbiofiltration trench

Filter media and drainage layers influence thecigfficy of the
biofilter by (i)maintaining healthy plant growth;ii)€ontrolling
hydraulic conductivity; (iii)preventing leaching pbllutants.
Australian Standards recommend sandy loam as e haterial for
the filter media; a percentage lower than 3% ot+sihy is
recommended to ensure soil structure and providsorption
capacity, while maintaining flexibility in the Iger particle size
range. Furthermore filter media must not leach ieots (e.g.
phosphorus leaches must be lower than 100 mg/kay)itamust not
inhibit plant growth (Electric Conductivity and pidust be within an
appropriate range for healthy plant growth).

In order to investigate the pollutant removal parfances of different
combinations of filter media and vegetation typeghecell contains a
different filter media:

- Cell 1 is made of sandy loam;

- Cell 2 has 80% sandy loam, 10% vermiculite, 10%iteetby
volume;

- Cell 3 has 80% sandy loam, 10% compost, 10% hardwoo
mulch, by volume.
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Bioretention systems rely strongly on vegetation é&s symbiotic
relationships with bacteria and fungi for stormwatgollutant
removal (e.g. FAWB, 2008). Each cell contains asdegrowth of
native sedges and rushes, in particular

- Carex appressa, Carex tereticaulis, Lomandra |oolgf
Isolepis nodosa, Caleocephalus lacteus, Juncusdftawere
planted in Cell 1 and Cell 3;

- Carex appressa, Malaleuca ericifolaere planted in Cell 2.

All the selected species tolerate both droughts andasional
inundations and proved to have an overall effectnatrient and
pollutants removal. In particularCarex appressaprovided the
highest performances in terms of nutrient remolkahks to its rapid
root spreading, and the presence of symbiotic famgund the root
rhizosphere (Bratieres et al., 200B)aleleucaspecies proved to be
effective for the maintenance of soil hydraulic doativity (Le
Coustumer et al., 2007).

Flows and water quality were monitored startingnfrecember
2006 to assess both hydrological and pollutant veeerformances.
Nine ultrasonic depth sensors (Siemens Miltronwegh a temporal
resolution of 1 minute were used to assess flowsralirough the
three triangular input weirs, the three triangwatput weirs and the
three trapezoidal overflow weirs. Depth data weolected by a
datalogger. Depth-discharge relationships were rately calibrated
and regularly checked for each input and overflowirw The
calibration procedure involved pumping water frdme nearby pond
at a number of flow rates, and recording the flate rcalculated by
the monitoring equipment (Siemens Milltronics sensand
datalogger) as well as the flow rate calculatednigasuring the
volume of water passing over a weir for a givemflate and time. A
calibration curve was generated, linking logged ene@sured (actual)
average flow rates. The uncertainty in the flow sne@aments at this
site is well below the 10% (Fletcher and Dele2@Q7) that is below
the standard threshold stormwater monitoring peecti
Autosamplers (Sigma 900) collected flow-weighted ewaguality
samples (e.g. total suspended solids, total phagphtotal nitrogen)
at the inlet and from the outlet of each of the¢hcells during storm
events.
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I
2 et ¥

Fig. 36 — Depth sensors for the detection of infl@awv discharge

Five soil-moisture sensors were installed in CellTabel 10). As

previously explained (par. 2.4.3.3), one commomnépie to assess
soil moisture is to measure the dielectric constdhat is, the

capacitive and conductive parts of a soil's eleatriresponse. The
dielectric constant was measured by commercialgilable probes,

designed to be buried and left in-situ. Volumetmater content was
derived implementing specific experimental calilmat curves

(Zinger et al., 2007). Data were sampled each raimumnd collected
by a datalogger adopting a temporal resolutiohSigninutes. It is

worth noting that each data represents the soisti@ content value
averaged over 15 minutes.

Tabel 10 — Position of the five soil moisture seesnstalled in Cell 1

Distance from  Depth from
the inlet [m] | soil surface [m]
A 2 0.30
Bl 5 0.03
B2 5 0.15
B3 5 0.30
C 8 0.30
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3.2 Hydrologic performances

Research to date has generally focused on the t@alluemoval
performance of biofilters, with less attention give their hydrologic
performance (Hatt et al 2009; Li et al 2009).

Many studies have documented the important roldiofetention
facilities in restoring the predevelopment hydrglogf a drainage
area (Davis et al. 2001, 2003; Barber et al., 2E#hsalone and
Teng 2004, 2005; Dietz and Clausen 2005, 2006; teura. 2006,
2008; Davis 2007, 2008). However, quantifying thgdrologic
benefits of bioretention facilities in field sitims is complicated by
design variation and rainfall characteristic vaitigb(Li et al., 2009).
McCuen (2003) recommended three metrics for deasgilihe
hydrologic performances of a bioretention faciligpecifically, 1)
hydrologic storage compensation; 2) stream chapredervation; 3)
travel time maintenance.

Using these metrics as a guide, three quantitggar@meters were
proposed by Davis (2008):

- the effluent/influent volume ratify (Eq. 28):

fr = Vour Eq. 28
VIN

whereV}y is the inflow volume to the biofiltration trencimd
Vour Iis the corresponding volume of outflow.
It was noted that outflows may continue at very libow rates
for many hours and, sometimes, even for many dagsause
of the practical challenge of measuring low flows éxtended
times, an outflow volume was defined after 24h @wf

Vour = VOUT,24) .

- the peak flow rate ratio of effluent to influeRfeax (Eq. 29):

Qpeak,OUT
Rpear = ——— Eq. 29

Qpeak,l N
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- the peak discharge time span ratio of efflueninftuent Ryeiay
(Eqg. 30):

_ time(Qpeak,OUT)
V="
tlme(Qpeak,IN) Eq. 30

Providing a buffer capacity for runoff surges witbportunity for
infiltration, a successful bioretention facility nmilate the
predevelopment hydrology of a drainage area redugiand Roeas
while correspondingly increasiieiay

Increased infiltration enhances water storage aask flows; the
corresponding runoff volume reduction has importargtlications for
management of urban waterways, where increaseds feow a key
stressor (Paul and Meyer, 2001). Peak flow decreaheces erosion,
scour, and sediment transport in the receivingasire By delaying
the peak, the hydrologic response through the t@ntien facility
more closely mimics that of undeveloped land, whaagural
meandering, infiltration, and vegetation slow thoav

According to the widely used rational method toedeine peak
discharge from drainage basin runoff, the runoféftioient of an
undeveloped land is 0.3, while its value in case aofhighly
impervious area is 0.9. A target volume raifp of 0.33 for
infiltration trenches was then established.

The same argument applied for peak flow rate ffigand the same
target value (0.33) was proposed (Davis et al.8200

A simple expression for sheet flow time of concatn, Tc, was
given by Davis and McCuen (2005) (Eq. 31):

0938 (nL)°'6

C— joa VS

wheren is theManning’'s roughness coefficierit; the flow length;

the rainfall intensity; ands the drainage area slope. The time of
concentrationil'c of a paved drainage area=(Q.02) was compared to
that of a light underbrush foresh=0.4), the latter was assumed to be
representative of undeveloped land. With the oga@gameters of Eq.
31 remaining unchanged, the time of concentratiatior for
undeveloped to developed land is approximately letpu#®.4/0.02,

Eg. 31
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3 — Overland flow and infiltration in near horiztah plots

i.e. roughly 6. The latter value was set as the kdibget for the
bioretention delay ratio (Davis et al., 2008).

Based on these parameters, comparison among therrmpances

provided by the biofiltration facility installed &onash University
and literature values are presented in Tabel 11.

Our analysis as well as literature studies death vmany complex
runoff events, with several peaks resulting froeréases and lulls in
rainfall intensity. Small effluent flows thus comtied from the
bioretention cells for long time, occasionally depping the next
inflow runoff event. This made quantifying the hgtirgic impact of

the bioretention facilities more complex.

Referring to the biofiltration facility installedt &onash University,
results from previous and this studies are preder@enerally, an
inflow event was defined as the period during wHiokvs exceeded
the detection limit of the instrumentation (0.0%)./Lewis et al.

(2008) and Hatt et al. (2009) analyzed the datdectsld from

December 2006 to December 2007. In this first sttigy proportion
of the inflow volume that passed through each cellld not be

calculated because the concrete barriers builefimel the three cells
did not extended above the ground level. Theretbeeyolumes from
the three outlets were summed to assess the gbelbfdrmances of
the facility.

In September 2008 the concrete barriers were esteng to 0.50m
above the ground level to coherently divide thedbn basin.

In this study we analyzed the data collected frapt&mber 2010 to
April 2012 and we were able to assess the perfatesanf each cell.
Cell 3 was obstructed by plants roots, fragmentewetected in the
outflow after many inflow events and overflow waghly frequent.

Due to unlucky design and management choices CetiuBd not be

regarded as representative; consequently we focusdbe analysis
of the hydrologic performances of Cell 1 and Qell

A few literature studies providing a complete asayof the

hydrologic performances of bioretention cells weedected for the
purpose of comparison.

In particular, Davis (2008) analyzed the data ofrdBoff events to
point out the performances of two bioretention c@bnstructed in
the University of Maryland (USA) in Fall 2002/Spgin2003 to

capture and treat stormwater runoff from an asphattace parking
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lot. They had a surface to drainage ratio over 2h& media in each
cell consisted of an engineered soil mix of 50% Yojume) sand,
30% topsoil, and 20% compost, with a clay conténess than 10%.
The total media depth in each cell was 0.9m anch1Bach cell was
covered by 0.08 m of mulch and planted with shratd herbs. Both
cells were lined to minimize migration of wateranor out of the
system.

Li et al. (2009) evaluated the performances ofldotetention cells
two to seven years-old, located in North Caro(#jsand in Mariland
(2) (USA), and treating heavily impervious waterdhe(asphalt
parking lots, rooftops). They had a specific amaging from 2% to
6%. Ponding depths ranged from 0.10 to 0.34 m whielia depths
ranged from 0.50 to 1.20 m. Soil textures werdlamamong the six
cells (sandy loam; sandy clay loam; loamy sand)y ©ne cell was
lined to prevent exfiltration.

Tabel 11 — Hydrologic performances of many biddifion facilities:
literature review and original data. is the mean value of the parameter;
Pac is the expected probability of achieving the target

Parameter and metric target value
fy <0.33 Rpeak <0.33 Roetay >=6

Pc®W| 1 [ Pc®| w Pac(®) | n
Davis (2008)

5562 | 0.18-0.2 3042 | 0.40-048] 3138 227

Li et al. (2009)

1582 | 0.01-0.6] 70-99| 0.01-0.14 2580  3-240

Monash University, lumped system, Dec.2006-Dec.2007

(Lewis et al., 2008; Hatt et al., 2009)

5 | o67 | 8 | 02 | e
Monash University , Cell1, Sept. 2010-Apr. 2012

15 | o077 | e | 03 | 37 | 45
Monash University , Cell2, Sept. 2010-Apr. 2012

2 | o713 ] s9 | 03 | 40 | 52
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3 — Overland flow and infiltration in near horiztah plots

Both Davis (2008) and Li et al. (2009) registerath runoff events
that did not produce outflow; they were able toleate an average
rainfall intensity (0.052 cm/h and 0.003-0.8cméspectively) that
can be completely managed by the bioretention &retention
cells generally exhibited higher hydrologic perfarmes for small
rain events while performance were poor under mex&reme
precipitation events during which the filter meelias saturated and
evapotranspiration almost stopped. Yet, for largents, the flow
volume was frequently spread beyond 24h at a lotputulow, so
hydrologic storage compensation capability of ti@diention cells
could be overestimated (i#®24 may result unrealistically small).
The biofiltration trench installed at Monash Unisigy showed poor
hydrologic performances, especially in terms of rblabic storage
conservation.

A detailed evaluation is here presented. The reqflthe previous
studies (Lewis et al., 2008; Hatt et al., 2009)evevmpared with our
original analysis. In particular, Fig. 37-38-3%swhthe cumulative
frequency of the three hydrologic parametéys Reax . Rieln) based
on the data collected in Cell 1 from September 2018pril 2012.
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Fig. 37 — Cumulative frequency of effluent/infliemlume ratio computed
for Cell 1 of the biofiltration trench of Monash Warsity, Sept.2010-April
2012. The red line shows the target value.
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Fig. 38 — Cumulative frequency of inflow/outflove@k discharge ratio
computed for Cell 1 of the biofiltration trenchbnash University,
Sept.2010-April 2012. The red line shows the tavgéde.
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Fig. 39 — Cumulative frequency of inflow/outflqweak delay ratio
computed for Cell 1 of the biofiltration trenchbnash University,
Sept.2010-April 2012. The red line shows the tavgédie.
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During the first monitoring period (December 2006December
2007), Lewis et al. (2008) and Hatt et al. (2008lgzed 51 storm
events. The flow bypass weir was engaged on 19smrts i.e. a
percentage equal to 37% of monitored events oweellb As the
bypass weir had not been rated, these events weteded from
hydrologic analysis.

During the second monitoring period (September 28361 2012)
we detected 141 storm events, the overflow weir eagaged 11
times in Celll and 15 times in Cell 2, i.e. an @allgpercentage equal
to 10% of monitored events overflowed.

Since hydrologic regime variations were excluddtg temporal
decrease in the rate of overflowing events wadylideie to sensible
changes in infiltrability conditions. In particulabad management
choices led to a sensible decrease of infiltratt@pacity up to
October 2006, a recovery phase lasted until Af¥i72(more details
on this issue are provided in par. 3.3.2). Furtlogen preferential
flow paths developed with time increasing the oNeahility of the
infiltration trench to convey water downwards (maketails on this
issue are provided in par. 3.7)

The target value for effluent/influent volume ratiwas rarely
achieved, the performances in terms of storage eteaton
decreased with time. On average, a percentage &u&d% of the
inflow volume was retained by the biofilter durinthe first
monitoring period; this value decreased to 25% riuthe second
monitoring period. Only very small storm events &veompletely
intercepted during the first monitoring period, tghall the inflow
events produced outflow in the second monitoringpple

Better performances for incoming peak flow reductiovere
observed, a deterioration with time was again detecThe mean
peak inflow reduction rate was 80% in the firstmoring period;
70% in the second monitoring period.

Peak delays values were not provided for the firshitoring period;
in the second period the outflow peak dischargeasdd by the
biofiltration trench was generally faster comparéal a pre-
development condition and the target value waseaeli on average
for 38% of the observed events.

An attempt was made to relate volume losses tatitien event size
and intensity (rainfall intensity averaged acroke event, event
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duration, inflow volume) and seasonal influenceatdéd antecedent
dry weather period). Following the approach proddsg Hatt et al.
(2009), the relationships between losses, flow ¢gdns and the five
predictor variables were assessed using multipleali regression.
The distribution of the datasets were checked fmmality using
Kolmogorov— Smirnov tests (significance accepte@>di.1) prior to
using hierarchical regression analysis to deterrttieeproportion of
variance explained by each variable. Hatt et @092 highlighted
that the five predictor variables jointly explainadout 75% of the
total variance in losses, however inflow volume alerplained 68%
of the variance in volumetric losses. Not surpgsin the
proportional loss decreases non-linearly with iases in inflow
volume. Although it might be expected that evapwparation would
be higher in warmer months (e.g. Hunt, 2003), tifleénce of inflow
volume was overwhelming. These results were rougbhfirmed by
our analysis; antecedent soil moisture conditiorsvai{able
exclusively for Cell 1) seemed to affect storagessovation.

The diagnostic studies reported in literature anéfly quoted in
par.3.1, allowed to partly explain the poor hydgioperformances
provided by the facility installed at Monash Unisiy. For instance,
the low value of its specific area (or volume) wiéghlighted as an
important negative feature.

The simple data analysis here performed descrilted dverall
behavior of the infiltration trench but did not pide any remarkable
correlation.

A complete hydraulic model could provide a deepedeanstanding
and a valuable prognostic tool to point out theiral design
solutions according to the site specific conditions

In particular, we implemented, calibrated and \atkd a complete
hydraulic model of one cell of the biofilter indead at Monash
University, Clayton Campus. Being the only one pged with soll
moisture sensors, Cell 1 was selected. As detailedar.3.7 this
numerical analysis suggested a valuable hypotliesithe detected
temporal decrease of hydrologic performances (velstorage, peak
reduction, peak delay) accompanied by a lower nurobeverflow
events: preferential flow paths likely developedhvime leading to a
reduction in the buffering capacity of the infilien trench.
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3.3 Hydraulic parameters of the filter media

Filter media of Cell 1 was sandy loam. A detailéddg on its
hydraulic parameters was required to model the tiomiog of the
infiltration trench. A study on saturated water teont , residual water
content, saturated hydraulic conductivitgpil water retention curve
was completed based on (i) previous field campadggs(ii) original
field data analysis. Details are presented in elewing paragraphs.
For the purpose of comparison Tabel 12 listsviiaes of the main
hydraulic parameters proposed by Carsel & PariSB§L

Tabel 12 — Sandy Loam, values of the main hydrgudrameters
proposed by Carsel & Parrish (1988)

0, 0s ks[mm/h] | acm?] n
Mean 0.065 0.41 44.2 0.075 1.89
Standard deviation 0.017 0.09 56.3 0.03F 041

3.3.1 Saturated and residual water contents

Saturated water content value was assessed bytéstd; residual
water content was based on (a) numerical analysiBeosoil water
retention curve (see par.3.4) and (b) literaturéues (Carsel &
Parrish, 1980). The values are listed in Tabel 13.

Tabel 13 — Saturated and residual water contethieofilter media of Cell 1

9( 95
0.09 0.43

3.3.2 Saturated hydraulic conductivity

Recommendations for saturated hydraulic condugtivitsoil media
used in infiltration trenches vary from one countiy another
(par.3.1). Current Australian guidelines suggedtas between 50
and 200 mm/h (Melbourne Water, 2005).
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The design value of the infiltration trench instdll at Monash
University was 180 mm/h.

Saturated hydraulic conductivity was measured ighteifield
campaigns completed between February 2006 and A2pd0. A
constant flowrate was pumped from the nearby pond the
upstream basin until overflow was detected in otdegnsure the
achievement of a stable constant head. The valusatfrated
hydraulic conductivity was then calculated usingrdys law
(details on this topic can be found in par. 1.8 & par. 2.3.4)
The results, shown in Fig. 40, were compiled bwis et al. (2008)
and by Radion and O’Gallagher (2010).
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Fig. 40 — Saturated hydraulic conductivity valuesasured by field tests

Compaction of soil under hydraulic loading and iatitgrowth of
plants roots decreased the initial, undisturbedyh hisaturated
hydraulic conductivity (300 mm/h) until a value apaching the
target design (a value of 180 mm/hr was detectecdnwthe
infiltration trench was one month old) . This fooeg effect was
followed by a sensible, totally unexpected decreamban extremely
low value of 15 mm/hr was detected in August 2006 fact, a
hothouse was erected over the biofilter in ordesrtbance vegetation
growth over winter (from June to September 2006) @rhad the
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unforeseen effect of stimulating the growth of imkhmoss layer over
the surface of the soil. Both the hothouse roof #re moss were
removed in October 2006. A recover of hydraulic dugstivity was

detected as plants continued to mature and theit Bystems
penetrated the filter media (Lewis et al., 2008);September 2007
the saturated hydraulic conductivity of the systas greater than
200 mm/hr.

The tests performed in April 2010, when the bisfilvas four years
old, pointed out a marked decrease until 123 mnm/hou

Field and laboratory studies on the features diftiafion systems
reported in literature highlighted a similar des®eaof hydraulic

capacity with time. Lindsey et al. (1992) and Leu€mimer et al.
(2009) reported that a percentage respectivelyléque2% and 40%
of infiltration systems was either not functioning designed, or
anyway unable to meet current design guideline$ wéspect to
hydraulic conductivity, after a few years of opérat Le Coustumer
et al. (2009) undertook a review of 37 biofilterged between 6
months to 7 years located in Melbourne, Sydney 8ndbane

(Australia) and found that a large number had nreastydraulic

conductivity around 25-50% of their initial value.

Based on a lab survey on 18 non-vegetated filternoaes made of
sandy loam and sandy loam variations, Hatt et28l07) concluded
that all filter media types exhibited a significaréduction of

hydraulic capacity with time. They argued that,ikmlsand filters,

soil filters experience a high level of compactidturthermore, a
sensible influence of moisture content was highiédhClay particles
and organic matter swelled during wet periods reduthe porosity

of the filter media and shrinked as water conteurelased during dry
periods thus increasing porosity.

According to Asleson (2009), soil properties sushparosity and,
consequently, hydraulic conductivity can changeravme due to
compaction, loss of soil structure, and/or clogging

Soil compaction reduces infiltration rates by redgahe pore space
available for water transmission. Post-constructoil compaction

only occurs when heavy machinery is used for maaree or

redevelopment of the site.

The loss of soil structure may be due to loss gfetation, chemical
reactions, and compaction.
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Lindsey et al. (1992), Bouwer (2002), Le Coustureerl. (2009),
and Schueler et al. (1992) showed that cloggiraissue of primary
importance.

In general terms, clogging is the outcome of a doatibn of
mechanical, biological and chemical processes (éagber et
al.,2003). Sediment deposition is considered tthbeprincipal cause
of clogging (Bouwer, 2002); it can occur at theface of the system
or deeply (interstitial clogging) (Langergraberagt 2003; Winter et
Goetz, 2003). Single ring infiltration test and pa@ng infiltration
test performed by Le Coustumer et al. (2009) omi8filters around
Australia highlighted that the hydraulic condudivof the system is
controlled primarily by the top layer.

Le Coustumer et al. (2012) performed a laboratotydys to
investigate the main parameters affecting surfatmgmng. In
particular, 75 large columns were used in ordeuniderstand the
influence of design parameters, such as (a) hkeofikize (and,
consequently, the loading rate), (b) pollutant eiation, (c) soll
type, and (d) vegetation species. Hydraulic cotidity decreased on
average by a factor of 3.6 after 72 weeks of servihe rate of
reduction decreased over time, appearing to reacsymptote value
after 45 weeks. This temporal trend confirmed #®uits of a field
survey performed by Le Coustumer (2009). In casggihg does
occur, it occurs within the very first few yeargnsequently age is
not a significant predictor of the hydraulic capacif a system.

The loading rate depends on the hydrologic regiftbearea and it
increases with decreasing specific area of theesygi.e. the ratio
between infiltration trench and treated basin ar@&e bigger the
loading rate, the more the system is prone to @hogg

Sediment concentration showed a weaker impact.

Referring to the soil type, the addition of compostrmiculite or
perlite to the traditional sandy loam increased ittigal hydraulic
conductivity and slightly helped to slow the dese@ conductivity
over time. Nevertheless, the poor nutrient remgeformance for
filter media containing compost should also be meTed (Braitiéres
et al., 2008).

Maintenance of hydraulic conductivity by vegetatisas shown only
for Maleleucaspecies, i.e. plants with thick roots, while cohsm
planted with thin-rooted species suchGarex appressa, Dianella,
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Microleana, Leucophytdo not performed significantly differently to
those with no vegetation. This result was cohengith previous
studies. An experimental based conceptual modepgsed by
Quinton (1996) implied that fine roots do not neegdy increase
hydraulic conductivity. Results of experimentaltseperformed by
Morgan et. al (1995) even suggested a decrease ydfatilic
conductivity when roots form a thick matting in thail surface.
Archer et al. (2002) detailed the different effecfsfine and coarse
roots. Long and thin roots have a rapid turnoved &rm large
amounts of fine organic matter, which over timel vialkilitate soil
aggregation and reduces hydraulic conductivity.r€®aioots have a
slower turnover rate, they increase hydraulic caetidity through the
creation of macropores.

Stating that clogging primarily occurs on the scefaElkins (1986)
and Archer et al. (2000, 2002) questioned the impédhick roots
dieback on biofilter hydraulic capacity.

Nevertheless, interaction and competition betwedantpspecies
should be taken into account. Despite these itsigthe exact
mechanisms by which vegetation affects hydraulindoetivity of
biofiltration media remain an important knowledge p géle
Coustumer et al., 2012).

Given the widely acknowledged difficulty in maimag hydraulic
conductivity in biofiltration media, many authors.g. Achleitner et
al., 2006; Le Coustumer et al., 2009) underlinedithportance of its
initial value. A statistical analysis completed Bghleitner et al.
(2006) pointed out two main different behaviorsstgys with a high
initial hydraulic conductivity K=50mm/h) decrease substantially
over time; however, final hydraulic conductivitiage still relatively
high k=130 mm/h), and likely to be adequate. Systems Vath
initial hydraulic conductivity K=25mm/h) show a negligible
decrease over time: the small relative differenceparticle size
between the filter media and the influent sedinoarshion the impact
of any build-up of sediment at the surface has gmomally less
impact.

The selection of an appropriate media is thus groitant factor for
achieving a reliable hydraulic functioning of thefilter. The use of
conservative values of the saturated hydraulic cotity is
advisable; many guidelines proposed a safety faetoging from 2
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(New Jersey Department of Environmental Protect@Q4) to 3-4
(Le Coustumer et al., 2012).

Secondly, stating that the interaction between &yt conductivity,
filter area and hydraulic load is critical to maim treatment
performances, oversizing of biofilter area is suggge to “buffer”
against unintended reduction in infiltration capa¢ie Coustumer et
al, 2009-2012).

Thirdly, vegetation should be selected based onitgi)pollutant
removal performances and (ii) its ability to enhanhkydraulic
conductivity throughout the creation of macropores.

Based on this literature review, Cell 1 of the lirdition trench
installed at Monash University is likely prone tlmgging: (a) it is
undersized, and (b) its vegetation lacks of thmdéted plants such as
Maleleuca

As a first attempt, the last measured value ofstiterated hydraulic
conductivity was introduced in the numerical model.

3.3.3 Soil Water Retention Curve

Van Genuchten model was selected for the desaniptiothe soil
water retention curve of the filter media.

During the first phase of our study on coupled auefsubsurface
flows, we applied two, different reliable protocdts the assessment
of the main wetting branch of the soil water retamtcurve of a
porous media. In particular, (A) experimental tirseries of soil
moisture values sampled during the wetting of aicar column
provided the calibration data for the implementatiof inverse
parameters estimation techniques embedded in ncathenodels of
the subsurface flow; (B) soil moisture values meedat the end of
the drainage phase allowed the computation of tlaén narying
branch of the soil water retention curve, literatatudies focusing on
hysteresis between recursive wetting and dryingsehaprovided
reliable methods for the assessment of the maitingeturve starting
from the main drying curve. These protocols araitkzt in par 2.4.2.
The hydraulic behavior of an infiltration trenchiostgly depends on
its global, site-specific, time dependent field ditions, i.e. mainly
(i) soil structure and compaction level; (i) veggdn type and
density; (iii) existence and development of a clogglayer; (iv)
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presence and features of macropores, preferentitisp cracks.
Furthermore, (v) hysteresis effect are importantepeated wetting
and drying phases.

The assessment strategy (B) based on the theting dfrainage phase
was parsimonious and effective; it allowed the dpson of the
behavior of the infiltration trench as a globaltsys while taking into
account its hysteretic behavior.

Theoretical and experimental studies on verticalviy drainage
(e.g. Liakopoulos, 1964; Whisler & Watson, 1968;stémek, 1971)
showed negative pressure values increasing ateghthand times,
until an equilibrium condition, at which the pressis equal to the
elevation, is achieved.

Measures of soil moisture content values couldgitly yield to the
reconstruction of a drying branch of the soil watetention curve.
Braddock et al. (2001) introduced the Van Genuch{&880) model
into the Parlange (1976) hysteresis model. Thegioétl a first order
ordinary differential equation whose solution leatds a pair of
formulae for the wetting and drying scanning curv&dopting the
Van Genuchten model for the main drying curve, ii@n wetting
curved,, mqin IS given by Eq. 32.

Ow main(W) = —0sap + 6[1 + (ap)™]*/™ Eq. 32

Eq. 33 and Eq. 34 describe the general forms ®pthwetting and
drying cycles:

Bup W) = Busmain + (W= ¥,,_,) C (¥,,.)

p—

+) (Vi = Yases) € (¥) Eq. 33
Oap (W) = Ouman + (¥ = ¥,,) CW)
p—1
+ ; ('l’d,k - l/}d,k_l) C (¢W’p) Eq. 34
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In which the specific capaci@(y) is given by Eq. 35:
d e
CAP) = =5 [Bwman@)] = 05 (L + ()" a™y" ™" — b Eq. 35

Owp (W) is thepth wetting curve starting ap,,,, and ending aty ,,,
that is the curve is defined far, , > =194, . The switch points
are denoted by,,,, , which is the switch on the-1 drying curve,
and denotes the ending of thel™ drying phase, and the start of the
p" wetting phase.

Asymptotic soil moisture values were extrapolatéidraeach inflow
event from field data series sampled at five poifithe filter domain
(see par. 3.2)

Soil moisture measures of the drainage phaseswioitp inflow
events which led to the complete saturation offitter media (i.e. all
the moisture sensors detected, approximately, #terated water
content,8; = 0.43) were used to assess the main drying branch of the
soil water retention curve. This aim was achieved dimple
numerical fitting of Van Genuchten parameters base® averaged
measured points in the soil moisture-pressure Headhin.

— Main Drying curve

80 { — Main Wetting curve
i — Drying curve of order 1
| Weeting curve of order 1
60- N Main wetting curve, Van Genuchten
° Field data (averag
£
S, 40
S
20-
8.1 0.2 0.3 0.43

(7

Fig. 41 — Soil water retention curves computedterfilter media of Cell 1
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The Parlange (1976) hysteresis model modified tadBock (2001)
yielded to the definition of the main wetting cunamd of the
subsequent scanning curves; in particular Fig.skdws the main
branches and the scanning curves of first ordepcoed for the filter
media of Cell 1 of the infiltration trench installeat Monash
University.

Numerical fitting pointed out the values of Van @ehten
parameters describing the main wetting curve. Adanumber of
events led to the complete saturation of the fittedia; inflow events
were often observed before the complete dryingheffiiter media.
Wetting scanning curves detached from the mainndrygurve, the
switch point¥,, ,, was retrieved from the measured antecedent soil
moisture value of the filter media. As previouslypkined, the
ending poin¥, ,, was often 0. Focusing on the range of soil mogstur
values detected (i.e. 0.19-0.43), wetting scancimyes of different
order almost overlapped. Representative values aif Genuchten
parameters are listed in Tabel 14.

Tabel 14 — Wetting phases, representative valfigan Genuchten

parameters
o n
Mean value 0.118 1.93
Standard deviation 0.04 0.33
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3.4 Numerical model

Our complete numerical model was based on the rexdtdéterative
coupling strategy for surface-subsurface flow dalitons proposed
by Bautista et al. (2010) (details are presented3tR)

The computational domain and the boundary condit®mulated the
biofiltration trench installed at Monash Univers(tglayton, Victoria,
Australia). The largest calibration and validatidata set available
was related to Cell 1. Measured values of inflowdrographs were
the input data; measured time series of (a) pondi@pgh values close
to overflow weir, (b) soil moisture values at fipeints of the filter
media, (c) outflow hydrographs were used for calibn and
validation purposes.

The protocol implemented is here briefly detailed.

The zero-inertia solution of WinSRFR numerical mio®irelkoff et
al., 1990) was used to model the routing of aroimfhydrograph on a
permeable soil. Several inflow events were analyiretividually;
recorded data provided input flow data with an aacy of 0.01 I/s
and a temporal resolution of 1 minute. Based ordttia provided by
Melbourne Regional Office, Bureau of Meteorologyatidhal
Climate Centre Australian Governmentdirect rainfall input was
negligible compared to runoff surge waves. Rainaotpon soil
moisture was taken into account throughout thendifn of adequate
initial conditions based on field data.

The computational domain was a rectangular, 10 my land 1.5m
wide, horizontal basin with impervious lateral bdaries 0.50m high.
Manning’'s empirical formula was used to syntheljcakpresent
surface roughness effects on wave routing. A liteeaanalysis on
vegetation type and density pointed out 0.15"3ms a reasonable
value for the Manning'’s coefficient. The filter madvas uniform and
0.50 m deep. Infiltration was taken into accounhgghe empirical
formula proposed by Kostiakov.

The computed temporal series of surface flow deptres number of
selected nodes were then introduced as upper bouwdaditions
into the Hydrus package for subsurface flow modgliBiminek et
al., 1999). In particular, we used our edited \@rsdf the original
source code, kindly released by Prof. &ek. Our originally
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3 — Overland flow and infiltration in near horiztah plots

modified version ensured the mass balance condiidhe interface
between the surface and subsurface domains andveallahe
extension of the external coupling strategy progdseBautista et al.
(2010) to the storage and depletion phases.

The Hydrus domain was a 0.5m deep, one-dimensicolamn of
uniform soil; a seepage face was used as bottomdaoy condition
to allow gravitational flow from the filter media the drainage layer;
a 0.02m spatially uniform computational mesh andniaimum
computational time step of 0.01s satisfied bothld?eend Courant
conditions for numerical stability.

A critical analysis of soil moisture field data pided every fifteen
minutes for five points of the filter media yieldéalthe definition of
the initial conditions required for the numericadligion of the
infiltration problem. Firstly, we analyzed the datampled in the
same soil column (i.e. three vertically alignedmei5m far from the
inlet, named B1l, B2, and B3), we checked and extstpd a
downward increasing soil moisture profile typicdl the drainage
phenomenon. Secondly we compared the field datglednat the
same soil depth (i.e. three points horizontallgradd at a depth of
0.30m, and 2, 5, and 8m far from the inlet, redpelst named A, B3,
C) with the purpose of a spatial extrapolation loé tvertical soil
moisture profile previously detected. Generallysdzhon (a) the time
elapsed from the previous inflow event and (b)dfisbil moisture
data, the hypothesis of an ongoing, although nidgigor not even
detected, drainage flow was reasonable. In casmmplex runoff
events, due to a succession of several rain shotiersvhole bulk of
the filter media could show homogeneous soil moistialues, often
close to the saturation condition.

Filter media parameters were porosity (or saturatater content),
residual water content, saturated hydraulic condtict soil water
retention curve. Saturated water content value agagssed by field
tests, residual water content was based on literatalues (Carsel &
Parrish, 1980). More efforts were required for apprapriate
assessment of saturated hydraulic conductivity @od water
retention curve. The complete procedures are éetail par. 3.3.3.
The Hydrus model was then run and the resulting saisture
profiles yielded to cumulative infiltration depthme series and
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consequently to physically based parameters valfidse Kostiakov
empirical infiltration equation for each calibratioode.

Performance analysis proved that eleven one-megtedistant nodes
yielded to an adequate representation of the tdtahain while
limiting computational time. In fact, sensitive &rsas performed by
Bautista et al. (2010) pointed out that surfacewvfloydrographs
computed using singhes multiple calibration nodes are very similar.
The iterative coupling strategy was performed wtitvergence was
achieved according to criterion proposed by Baaigstal. (2010).The
complete iterative strategy showed fast convergence

Field data of ponding depth values were then coetpao the
computed values in the corresponding cross sectien,8.5m far
from the inlet. In case of discrepancies, a ciitiaaalysis of the
parameters used and the phenomena involved wasmped.

Final surface depth hydrographs were then introduas upper
boundary conditions in the Hydrus 2D package irepitd compute
soil moisture spatial and temporal patterns, and tutflow
hydrograph. In particular, we used our originallgdified version of
the Hydrus source code. Our version

1. ensured the mass balance condition at the inteldateeen
the surface and the subsurface domains during ttrage
and drainage phases;

2. allowed the introduction of a different hydrauliedd time
series for each upper boundary node.

The computational domain was a 10 m long, 0.5 npdkerizontal

rectangle of uniform soil having impervious sidesdaa seepage
bottom face. The computational mesh and a lowendary threshold
value of the computational time step were definaseld on numerical
analysis of the Peclet-Courant conditions. In palér, a lower

threshold value of 0.01 sec was adopted, and asotaopic spatial
discretization 0.04 and 0.005m wide in the horiabrand vertical

directions respectively was used. A surface heattdgyaph for any
upper boundary node (i.e. 201 nodes) was computed/inSRFR

and then introduced into Hydrus2D. Soil parametegse obviously
defined in the previous phase.
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3 — Overland flow and infiltration in near horiztah plots

The analysis of storms causing multiple surges hHa biofilter
demanded a third editing intervention on the oaggsource code. In
particular, our modified version

3. allowed multiple switches of the upper boundary ditbon
from hydraulic head to no-flow and viceversa.

Five observation nodes were located in correspaawith the soil
moisture sensors, time series of computed soil ton@svalues were
compared to measured data for calibration purpoSasilarly,
cumulative outflow discharge from the bottom seepdgce was
compared to outflow measured hydrographs.

The numerical protocol here described was completetomated by
the implementation of an original Matlab code whiakowed to
avoid cumbersome, repeated event-specific intemgtiwith the
graphical user interfaces provided by WInSRFR angdrbs
packages.

It was initially used for single-event based aniglyg order to
investigate the hydraulic behavior of the biofiitoa trench installed
at Monash University. In particular, the impactdafsign parameters
such as geometry, soil type and vegetation cover avealyzed and
peculiar hydraulic features were highlighted.

As further detailed in 3.10 the modeling of a ctetg hydrologic
cycle is a short outcoming of this work. It willal the modeling of
inter-event periods highlighting (1) the impactesfapotranspiration
on the hydrological performances of the facilitpydg2) the temporal
patterns of soil moisture. In particular, tempopatterns of soil
moisture highly affects hydrologic and pollutanmiaval efficiency
(see 3.1).
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3.5 Analysis of “large” storm events

We called “large” inflow events all the events thsttowed an
advance phase, a storage phase and, eventualbpletidn phase.
“Small” inflow events were, obviously, all the evgsrihat showed an
advance phase and a depletion phase, while thagstghase was
missing.

Ponding depth values measured 8.5m far from tlet inkre available
for each “large” event. Since these data were figiseful for the
calibration of the numerical modeling, our analygerted from many
selected “large” inflow events. This strategy lgtenved to be useful
for a deep insight in the hydraulic behavior of ihitration facility.
We demonstrated that “large” events and “small’nesewnerer the
outcome of both inflow hydrograph and initial camoiis of the
infiltration basin.

3.5.1 Event A: clogging of the filter media

Inflow event A was considered as representativeeims of volume
and peak discharge values.

It started at 3:08 AM of 2011/05/14 and it last&drBin; its volume
was 4.7 mwith a peak discharge of 5.47 |/s; storage andetiep
phases lasted 319 minutes, the maximum pondindndegd 195 mm.
Outflow started 15 minutes after the inflow anthgted 600 minutes;
its total volume was 4.17 fwith a peak discharge of 0.26 I/s.

Tabel 15 — Inflow event A

Volume [n7] 4.7
Inflow Peak discharge [l/s] 5.47
Length [min] 86
Ponding Maximum dept'h [mm]| 195
Length [min] 319
Volume [n7] 4.17
Outflow Peak discharge [I/s] 0.26
Length [min] 600
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Tabel 16 — Inflow event A

. fu2a 0.887
Hydrological
Roeak 0.045
parameters
Raelay 6.17

Numerical simulations using the parameters destrilme par.3.3
couldn’t fit ponding depth, outflow, neither soilomture time series
sampled data. In particular, our numerical resstiswed (i) faster
and smaller storage and depletion phases; (ii)steffaand higher
outflow peak value.

A sensitivity analysis on the importance of the elted parameter
highlighted the leading role of the saturated hyticaconductivity

value. Referring to the discussion on the cloggiffgct of the filter

media (Le Coustumer et al., 2009, 2012; see 3.@@)hypothesized
a sensible decrease in the saturated hydraulicuctimdy value after
the last experimental measure in April 2010.

Round mean square errors between computed andesangdues of
ponding depth, outflow and soil moisture time seneere minimal
when the saturated hydraulic conductivity of thenetdcal model
was only 0.35 times the measured value.

Fig. 42 compares computed and measured pondint,deytflow,
soil moisture time series.

A first result of this analysis was the assessmoéihe current value
of the saturated hydraulic conductivity; the lardecrease with
respect to the value measured in April 2010 wasbated to the
clogging of the filter media. According to Le Ctwrwer et al. (2009;
2012) this phenomena shows a quick, early developeed, then, a
negligible evolution. Following the last intervemti on the
biofiltration facility in 2008, a decrease in thatwated hydraulic
conductivity value was experimentally pointed ofield campaign
completed in September 2007, April 2010).

We assume#ts~=43 mm/h(i.e. k=0.35*Ks measure20p @S the asymptotic
value. Numerical analysis were performed to chackitypothesis.

The next step was the numerical modeling of théowmfevent B
previous to event A.
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Fig. 42 — Event A: (a) Inflow hydrograph, measufe3 Ponding depth time
serie, measures and model; (c) Outflow hydrograpasures and model;
(d) Soil moisture time series, measures and model
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3.5.2 Event B: anomalous functioning

Inflow event “B” started at 22:55 of 2011/02/13 ahthsted 38 min;

its volume was 6.68 fiwith a peak discharge of 8.36 I/s; storage and
depletion phases lasted 47 minutes, the maximurdipgrdepth was
235 mm. Outflow started 8 minutes after the inflamd it lasted 118
minutes; its total volume was 6.5 muith a peak discharge of 2.38 I/s
(see Tabel 17).

Tabel 17 — Inflow event B

Volume [nT] 6.68

Inflow Peak discharge [I/s] 8.36
Length [min] 38

Ponding Maximum dep'Fh [mm] 235
Length [min] 47

Volume [nT] 6.5

Outflow Peak discharge [l/s] 2.38
Length [min] 118

Hydrological fuae 0.97

parameters Rocal 0.2846
Rielay 3.63

The numerical model, in which saturated condugtivialue was
updated to account for the clogging of the filtexdia k—=43 mm/l,
couldn't fit ponding depth, outflow, neither soilosture time series
sampled data. With respect to measured data, auemcal results
showed (i) highly slower and deeper storage antetiep phases; (ii)
outflow started several minutes later and had allemgeak
discharge. A sensitivity analysis confirmed theussted hydraulic
conductivity value as the parameter leading thétratfion process.
Sampled data could be fitted provided that theratéd conductivity
value was threefold higher than the measured data8.6 times
bigger than the clogged valug;z=369 mm/h

Fig. 43 compares computed and measured pondintt,deytflow,
soil moisture time series.
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Fig. 43 — Event B: (a) Inflow hydrograph, measu(b} Ponding depth time
serie, measures and model; (c) Outflow hydrograpasures and model;
(d) Soil moisture time series, measures and model.
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3.5.3 The value of saturated hydraulic conductivity as
a bulk parameter

The totally unexpected result required further stigations on the
functioning of the biofiltration trench.

A direct comparison (see Tabel 18) highlighteat ¢ smaller event,
i.e. inflow A, yielded to a much longer, althougim#ar in depth,

ponding phase than a bigger event, i.e. inflow Brtthermore, the
biofiltration trench performed much better for thlow event A than

for the inflow event B. The latter statement isrewaore interesting if
we observe that the biofiltration trench was wetie. it had a
smaller storage capability, before the inflow evént(Fig. 44).

Saturated conditions were achieved during botletleats.

Tabel 18 — Comparison between inflow event A anfldw event B

A B
Volume [nT] 4.7 6.68
Inflow Peak discharge [I/s] 5.47 8.36
Length [min] 86 38
Pondin Maximum depth [mm] 195 235
9 Length [min] 319 47
Volume [nt] 4.17 6.5
Outflow Peak discharge [l/s] 0.26 2.38
Length [min] 600 118
Hvdrolodical fuo4 0.89 0.97
ydrologica Ryeal 0.045 0.285
parameters
Raelay 6.2 3.6
Inflow event “A” Inflow event “B”
0 ® O e
10 10
— (6} — (¢}
£ 20 £ 20
L, L,
N 30 @O0 N 30 @
40 40
5 0.150.20.250.30.350.4 5 0.150.20.250.30.350.4
g (7

Fig. 44 — Soil moisture values detected beforeetrants A and B
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Fig. 45 overlaps the measured time series of pgndépth. Event A
yielded to a much longer ponding phase charactefgea sensibly
slower depletion phase.
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Fig. 45— Events A and B: detected water levels

During the depletion phase inflow was zero andfilter media was
saturated; Eq. 36a,b provide a simple mathematgplession for
mass conservation condition:

v,

% = Qinflow ) — Qinf(t) Eq. 36a
dh

AE = _Qinf Eq. 36b

whereVg;orqge is the volume of water stored above the grounellev
at timet; Qinriow(t) is the inflow discharge;, s (t) is the volume
infiltrated per unit time; h is the ponding depth at tinte A4 is the
surface area of the infiltration trench.
Darcy’s law allows the computation of the infilicat flow yielding
to Eq. 37:

2 dh " h + dA

aa " d °

whered is the depth of the filter media4p is the effective flow area
of the soil media.
Solving this differential equation with respectthe ponding depth
we get Eq. 38.

Eq. 37
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h(t) = [exp (—ks%%t)] (h; +d) —d Eqg. 38

whereh; is the value of the ponding depth at the beginmihghe
depletion phase.

A numerical analysis based on the parameters &kpgcific problem
was performed. The maximum possible value of th#rdulic head
was 0.41 m; the saturated conductivity value wémnald to span
from the fifth part to five times the last fieldtdaHere, the rigorous
exponential decrease may adequately be represdmted linear
behavior.

Based on field data of event A and B, Tabel 18 lihe average
celerity of water level drop during the depletiomape dh/dt.
Coherently with the analysis here performed, tivedees are roughly
proportional to the saturated hydraulic condugtivivvalues
ks, imposed in the numerical model.

Tabel 19 —-Events A and B: average field celeritibwater level drop and
imposed values of the saturated hydraulic condigtiv

dh/dt [mm/hr] ks Large [MmM/hr]

Event A 56 43.08
Event B 497 369

The numerical modeling of many inflow events allowehe
validation of the latter statement. In particulzased on the measured
data, the celerity of water level drop during tleplétion phase was
computed for many inflow events.

A blind, simple variation of the saturated hydrautionductivity
value was imposed in the numerical model to rouglelyount for this
effect. We thus adopted a lumped modeling approach.

In a lumped model all the parameters impactingsiystem response
are spatially averaged together to create unifgraniross the spatial
domain (Johnson 1997; Shah 1996). Our lumped moatedidered
the biofiltration trench as a unit, characterized & relative small
number of parameters and variables.

Numerical analysis pointed out the best fittingusatied hydraulic
conductivity values .
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Referring to each event, Tabel 20 lists the awkeeesoil moisture
contenté, ; inflow volume, length, and peak discharge; therage
measured celerity of water level drop and the a#ddr hydraulic

conductivity valuek,; correspondingly imposed in the numerical

model. In particular, the initial conditiang was the spatial-weighted
mean of the soil moisture values detected by timsms before the

inflow event.
Tabel 20 — Numerical analysis of many “large” avl events.

Inflow event features, field data Mode
o ome | 8 |0 | in | 8 | o) | e
A | 20054 0.305| 47 86 | 547| 56 43.08
B | 20LU0213 0.234| 6.68 38 | 836 497 369
C | 2010M00) 0.205| 95 282 | 284 855 864
D | 2010121081 9236 | 5.12 43 | 860 429 394
E | 200092101 0.234| 5.24 28 | 1558 462 369
F | 2011108241 0.263| 9.08 52 | 1296 486 344
G | 0DI0412) 0.207| 7.2 91 | 576 1044 74
H | 200131 0.203] 2,02 42 | 488 942 99
|| 2QHIOL 0364| 1255 187 | 1210 822 59
L | 221 0305  3.07 32 | 662 834 74
M | 2000007 0.320| 6.4 | 348 | 116 5581 49
N | 2OLO02L) 0274| 1261 | 143| 1160 1866 166
o| 20U 0.273| 1153 | 89 | 6.15 337 209
p | 2002001112 0.305| 1.83 19 | 714/ 738 74
Q| 20120198 0.301| 2.95 38 | 454| 139.2 123
R| 201209111 0.247| 1205| 73 | 1489 512 469
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Fig. 46 compares measured and computed outflovunved
highlighting the good performances of the numenmnatiel. The root
means square error is 0.67;rthe average ration between measured
and model values is 0.96.
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Fig. 46 — “Large” inflow events, modeled and meadwutflow volumes

The saturated hydraulic conductivity value was s §imply
regarded as a bulk parameter of the numerical madelalue was
arbitrarily changed to fit measured data.

An appropriate, physically based investigation loa tunctioning of
the biofiltration trench started with a insight thre depletion phase.
The celerity of water level drop ranged from 50588 mm/h. Based
on our numerical analysis, the saturated hydrauditductivity value
pointed out by the last field campaign (i.e. Ap2010) roughly
corresponded to a water level drop celerity of &B0/h. As shown in
Fig. 47, about 60% of the measured values wererlailve remaining
40% were obviously bigger.
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Fig. 47 — Measured average celerity of water lelvep during the depletion
phase: cumulative frequency

A simple look at the temporal distribution of thalwes, represented
in Fig. 48 denied evident seasonal effects orithpact of any
unpredictable, not detected vegetation change.
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Fig. 48 - Measured average celerity of waterllevep during the depletion
phase, temporal distribution
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An attempt was made to relate the celerity of tiknfy head to the
initial conditions of the biofiltration trench (i.€1) the average soil
moisture value), and the features of the inflowng\ee. (2) volume,
(2) length, and (3) average intensity of the inflaydrograph). The
relationship between the celerity of the water lelrep and the four
predictor variables were assessed using multipigession. The
distribution of the datasets were checked for ntitynausing
Kolmogorov— Smirnov tests (significance accepteg>d.1) prior to
using hierarchical regression analysis to deterrtiieeproportion of
variance explained by each variable. The four jptedivariables
jointly explained about 86% of the total varianoetie celerity of the
failing head, however average initial soil moistwone explained
57.5% of the total variance.

It is absolutely worth noting that the correlatibatween the initial
soil moisture value of the biofiltration trench athé celerity of water
level drop during the storage phase deeply cortiedlithe traditional
theory of infiltration flows in unsaturated mediAs previously
briefly explained (par.1.2.3), the hydraulic coniikity value
generally increases with soil moisture. Accordilmgour data, the
wetter the filter media, the slower the depletitrage. In our lumped
model we blindly reduced the saturated hydraulicdcetivity value
in order to fit measured time series of ponding tdemutflow
discharge, soil moisture data.

Fig. 49 to Fig. 54 and Tabel 21 show four, espntative examples
of the impact of the initial moisture content oéftfilter media on the
behavior of the biofiltration trench.

Total volumeV [L°] and average intensit§ [L*/T] (the latter defined
as the ratio between volume and length of the wfgdrograph, Eq.
39) were used to describe the inflow event.

O = Eq. 39

The average moisture content of the filter medid thee same, low
value ¢,=0.236) before both inflow events E and D, a qulekrease
of the ponding depth was observed, poor hydroldgiesgformances
were pointed out; the same, high saturated hydraadnductivity
value had to be imposed in our lumped numericalehod
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The average moisture content of the filter medid thee same, high
value ¢,=0.304) before both inflow events L and P, a sleerdase
improved hydio&d

performances were pointed out; the same, low datiraydraulic
conductivity value had to be imposed in our lumpadherical model.

of the ponding depth was observed,

Tabel 21 — Analysis of inflow events with highliffdrent antecedent soil
moisture conditions

015 02 025 03 035 04
o

5

015 02 025 03 035 04

Fig. 49 — Events L and P, antecedent soil mastonditions
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0 phases performances
0 v Q Pmax | Length | dh/dt | ksparge f, | R Ry
(m’ | (/s] | [mm | [min] | [mm/hr] | [mmhe | eak | Mdelay
E | 0.236 5.24 3.12 207 38 462 369 0.99 014 1
D | 0.236 5.12 1.98 114 35 432 369 0.99 0427 2.83
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Fig. 50 — Event L : (a) measured inflow hydrografti) measured and
modeled ponding depth values; (c) measured and lesdetflow
hydrograph; (d) measured (symbols) and modeledqJisoil moisture
values
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Fig. 51— Event P : (a) measured inflow hydrogrdphmeasured and
modeled ponding depth values; (¢) measured and lewdetflow
hydrograph; (d) measured (symbols) and modeledq]Jiroil moisture
values
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Inflow event E
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Fig. 52 — Events E and D, antecedent soil moistaralitions
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Fig. 53 — Event E : (a) measured inflow hydrogrdph measured and
modeled ponding depth values; (¢) measured and lewdetflow
hydrograph; (d) measured (symbols) and modeledq)Jisoil moisture
values
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Fig. 54 — Event D: (a) measured inflow hydrogra;measured and
modeled ponding depth values; (c) measured and e detflow
hydrograph; (d) measured (symbols) and modeledq]Jisoil moisture
values
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Nevertheless, changes in the initial moisture aantd the biofilter
media couldn't completely explain the wide varidpil of the
behavior of the biofiltration trench. As a consewee of specific
features of the inflow events, (i) the same initiahditions could lead
to different behaviors; (i) different initial m&ture content could
result in similar behaviors; (iii) exception to tlgeneral inverse
relationship moisture content-celerity of waterdedrop could be
observed.

Meaningful examples of the three conditions listace here
presented, their data are listed in Tabel 22; Bigo5-ig. 60 show the
inflow hydrograph and compare outflow and soil e measured
and modeled data.

Notwithstanding the moisture content of the filimedia was the
same (0.27) before both the inflow events N andhe, depletion
phase of the latter was sensibly quicker and, apresgly, the
saturated hydraulic conductivity value required time lumped
numerical model was bigger.

The filter media was drier before the inflow evéhthan before the
inflow events L and Q, nevertheless its depletibage was as slow
as L’s and even slower than Q’s.

Conversely, although the filter media was wettefotze the inflow
event I, the depletion phase following the infloveet M was slower.

Tabel 22 - Analysis of inflow events and anteceédei moisture
conditions impact on the behavior of the biofilivattrench

Inflow event | Storage and depletion phase®ODEL ;Z?g?:ﬁg:fca;s
90 \ Q hmax Len_gth m ks,Large f Rp Rdela
m% | /sl | [mm [min] | [mm/hr | [mmih] v eak |
G 0.297 7.20 1.32 387 254 104 74 0.7 0{09 11.3
L | 0.305 3.07 1.50 146 125 83 74 092 0p4 6.3
Q | 0301 2.95 1.29 121 70 139 123 0.8 0{24 1.8
N | 0.273 12.61 1.47 389 170 187 166 0.02 0}13 .7
O | 0.273 11.53 2.14 378 131 338 209 099 0Ol17 45
| 0.361 12.55 1.12 385 561 89 59 085 0J08 19
M | 0.329 6.14 0.29 123 402 56 49 0.88 0.06 7
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Fig. 55— Event G: (a) measured inflow hydrogrgiph;ponding depth
values; (c) outflow hydrograph; (d) measured (syisiband modeled (lines)
soil moisture values
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Fig. 56 — Event Q: (a) measured inflow hydrogrgiph;ponding depth
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soil moisture values
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Fig. 57 — Event N: (a) measured inflow hydrogra(fi;ponding depth
values; (c) outflow hydrograph; (d) measured (syisiband modeled (lines)
soil moisture values
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Fig. 58 — Event O: (a) measured inflow hydrograiph;ponding depth
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soil moisture values
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Fig. 59 — Event I: (a) measured inflow hydrografit);ponding depth
values; (c) outflow hydrograph; (d) measured (syisioand modeled (lines)
soil moisture values
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The analysis of the measured data allowed a gtreditaliagnosis:
depending on specific features of the inflow hydapdn, the average
soil moisture of the filter media increased durthg event, and the
celerity of water level drop decreased.

The behavior of the infiltration trench was thusiaction of its

(1) initial conditions and
(2) event dependent alteration.

Although reasonable in terms of general meanirg )dtier assertion
was based on a diagnosis in contradiction withgiheeral theory of
the unsaturated flows.

In particular, a few possible correlations betwésn features of the
inflow events and the behavior of the infiltratidnench were
highlighted:

(a) bigger volumes of the inflow events reasonablydgel to a
greater increase in the moisture content of therfinedia
thus inducing longer depletion phases. Inflow ev@rnihdeed
started from drier initial conditions but had a deg inflow
volume than inflow events L and Q. It is worth ingtithat the
average intensity of the inflow discharge was smfbr the
three events.

(b) bigger values of the average intensity of the imflevent
somehow allowed faster depletion phases. Startiog the
same initial conditions, inflow events N and O paiisimilar
volumes in the infiltration trench, neverthelesssmaaller
inflow intensity was accompanied by a slower deseeaf the
failing head. Despite the higher values of botliahiwater
content and inflow volume, the more intense inflevent |
showed a faster depletion phase than the inflowmteMe

Prior to investigate the existence of a physich#lged explanation for
these empirical diagnosis, a further confirm wasvigted by the

numerical analysis of the “small” inflow events.ithe inflow events
lacking of the storage and depletion phases.
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3.6 Numerical analysis of “small” events

We called “small” inflow events all the events thsthowed an
advance phase and a depletion phase, while thagstgghase was
missing. Furthermore, the advance phase wasn'trgineble to
reach the downstream end of the biofiltration theand no data were
detected neither by the water depth sensor nohéysbil moisture
sensor located 8m far from the inlet.

The numerical modeling of these events was thutla bit more
challenging. A constant, zero water depth valuthenlast 2m of the
biofiltration trench was imposed for the calibratiof the external
iterative coupling strategy.

Referring to our previous numerical analysis org*bnflow events,
the lacking of a storage phase suggested the aeteiceoil moisture
content of the filter media as the only parametading the behavior
of the infiltration trench.

This hypothesis was verified by the numerical modglof several
“small” storm events. Adopting a lumped model apgty the bulk
value of the saturated hydraulic conductivity wasursively changed
in order to fit the measured values of outflow aod moisture.

Tabel 23 lists the main features of the “smalle® modeled as
well as the bulk value of the saturated hydrautinductivity which
minimized round mean square errors between measmedaodeled
outflow and soil moisture time series.

Fig. 61 to Fig. 64 prove the good performanceshef lumped
numerical modeling strategy.

Fig. 65 compares measured and computed outflounves. The root
means square error is 0.175; e average ration between measured
and model values is 0.92.
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Tabel 23 —Numerical analysis of many “small” infl@vents

o | Lo | T
[m?] [|/QS] fy Roeak | Raelay | [mm/hr]

010NN 0305| 052| 030| 10§ 022 50 148
oL 0308| 042| 022 108 023 48 138
DL 0198| 074| 054 071 033 69 394
OLLOU2) 0213| 365| 087| 099 039 38 36
oL 0220 | 358| 077| o096 058 32 369
2011051 0.266| 5.12| 036 085 044 11 209
20107 0337| 157| 027| 120 065 15 86
201200181 0.239| 020| 014] 048 021 22 244
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Fig. 61 — Event “a”: (a) Inflow hydrograph, meessyj (b) antecedent soil
moisture content; (c) Outflow hydrograph, measared model; (d) Soil
moisture time series, measures and model
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Fig. 62 — Event “d": (a) Inflow hydrograph, measst (b) antecedent soil
moisture content; (c) Outflow hydrograph, measiares model; (d) Soil
moisture time series, measures and model
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Fig. 63 — Event “g”: (a) Inflow hydrograph, meass; (b) antecedent soil
moisture content; (c) Outflow hydrograph, measared model; (d) Soil
moisture time series, measures and model
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Fig. 64 — Event “h": (a) Inflow hydrograph, measst (b) antecedent soil
moisture content; (c) Outflow hydrograph, measares model; (d) Soil
moisture time series, measures and model
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Fig. 65— “Small” events, volume of the outflowdnggraph, results of the
numerical model and measured data

Numerical analysis pointed out a best fitting mathgcal
representation of the correlation between antededeih moisture
conditions 8, and the optimal value of the saturated hydraulic
conductivity kg s;mqn based on the results of our numerical model
(Eqg. 40, RMSE=24 mm/hr ; Fig. 66)

Kssman = 917 - exp (=205 - 8,") Eq. 40

It is worth noting that the value of the saturatbgidraulic
conductivity kg spmq; implemented in our numerical model had to
adequately represent the behavior of the infilbratrench during the
whole inflow event taking into account the obvigradual increase
of soil moisture content. Nevertheless, accordmg@ur analysis, it
could be efficiently expressed a function of theteaadent soil
moisture conditions. For this reason, in the neatagraphs we
replacedc; gimqn With kg g .

The empirical expression suggested (Eq. 40) isnsitally limited
by the extreme values of moisture content. In paldi, referring to
the lowest average initial value of the soil maistaontent detected
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during the monitoring period (September 2010-Ag0lL2) and the
saturated water content we got:
Oomin =0.198 - kgo = 410 mm/hr
B Eq. 41
0o sar = 0430 -  kgo= 21 mm/hr

The highest value of the antecedent soil moistorgent detected in
the monitoring period (September 2010-April 20123sv0.37; it
leads tok; ys = 43 mm/hr. These statements are coherent with our
numerical results.

60 ‘ ;
® Model results
500- — Numerical fitting|
E 400~ ]
e
é= 300~ .
©
£
0
~7 200 ]
1007 \\
0 2 I I I I L 2
0.1 02 028 07 0.35 0.4 047F
A

Fig. 66 — “Small” events, bulk value of the satachhydraulic conductivity
as a function of the antecedent soil moisture adnte

Nevertheless, the numerical evidences showed sonémded a
physically based explanation.

A literature review yielded to the hypothesis oil seater repellency
(or hydrophobicity). The next paragrpaph descrthesphenomenon
with reference to its effects on infiltration anasaturated flows.
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3.7 Soil water repellency

Soil water repellency (or hydrophobicity) reduclkes affinity of soils
to water such that they resist wetting for pericgisging from a few
seconds to hours, days or weeks (e.g. King, 198&rmand Thomas,
2000). Soil water repellency has been reporteddoying soils, land
uses, and climatic conditions (Dekker et al.,198Bickwell, 2000;
DeBano, 2000; Dekker and Ritsema, 2000; Doerr.e2@00; Keizer
et al., 2005; Moral Garcia et al., 2005). Wateretkmt soils are
difficult to manage and pose negative effects omicatural
productivity and environmental sustainability (Debal1969; Letey,
1969; Bond, 1969; van't Woudt, 1969; Jamison, 19688&jzhey,
1969; Letey et al., 1975; Ritsema et al., 1993).

The affinity or repellency between water and salitifaces depends
on the prevailing of adhesion or cohesion effeétshydrophilic
surface allows water to spread over it in a comwsufiim whereas
water on a hydrophobic surface ‘balls up’ into indual droplets
(Adam, 1963) (Fig. 67).

Fig. 67 — Water drop on a hydrophobic soil (Dek&eRitsema, 2000)

Surface free energy quantifies the disruption térimolecular bonds
that occurs when a surface is created. All pringpd minerals have
a much higher surface free energy than water aedtlzrefore

hydrophilic (Tschapek, 1984), whereas soft orgaslids, such as
waxes or organic polymers, can exhibit lower swaféice energy
values and are thus hydrophobic (Zisman, 1964).

Soil water repellency has been proven to be the rather than the
exception in most field soils (Wallis et al., 198492; Steenhuis et
al., 1996; Dekker, 1998). According to the revieempiled by
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Dekker et el. (2005), water repellent soils haverbéound and
studied in at least 21 States of America, in CanaddJexico, in
Equador, in Chile, in Peru, in Venezuela, in BranlEgypt, in Mali,
in Congo, in South Africa, in Israel, in Spain, Fortugal, in
Germany, in United Kingdom, in Denmark, in Swederkinland, in
Poland, in Slovakia, in France, in Greece, in It@Bjovannini and
Lucchesi, 1983, 1997), in Turkey, in Russia, irpdlein India, in
Japan, in New Zealand, in Australia.

Referring to Australia, the southern region has lHrgest area of
water repellent soils of any country in the workbout 2 Mha in
Western Australia, 2 Mha in South Australia and haMn Victoria
are known to be affected and a further large aesatlhe potential to
be repellent (Blackwell, 1993; Moore and Blackw&898).
Numerous techniques have been developed to deterthan water
repellency of soil. The most physically meaninghéthod is a direct
measurement of soil-water drop contact angle (Wathal. 2005).
Stating its practical issues, alternative strategiere developed. The
most common method is probably the water drop patieh time
test, which is based on the time required by a dsbpvater to
infiltrate into soil (Dekker et al. 1998).

3.7.1 Origin

Soil water repellency has been observed for a hagge of soll
textures and clay content (up to 40%) values (Covdket al., 1991;
Chan, 1992; Dekker and Ritsema, 1996) and it iegdly believed
to be caused by long-chained hydrophobic organigpounds (Doerr
et al., 2000; Franco et al., 2000; Dekker et @012 Morley et al.,
2005; Xiong et al., 2005). The identification of ethspecific
compounds causing water repellency has been a &dagsl research
in the last decades (e.g. Franco et al., 1994; éludd al., 1994;
Mcintosh and Horne, 1994). In general terms, thenpmunds
identified from water-repellent soils can be diddmto two main
groups, i.e. the aliphatic hydrocarbons, and thiarpsubstances of
amphiphilic  structure (Mcintosh and Horne, 1994).he3e
hydrophobic compounds all derive from living or detposing
plants, plant root exudates, decomposing soil acganatter, fungal
residues, resins, waxes, aromatic oils, and sotroorganisms
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(McGhie and Posner, 1981; Mallik and Rahman, 18&jom et al.,
1993; Dekker and Ritsema, 1994; Doerr et al., 188Bano, 2000;
Doerr et al., 2000; McKissock et al., 2000; Mainwg et al. 2004;
Hallet et al, 2006,2007).

Plants most commonly associated with water repeji@ne trees with
a considerable amount of resins, waxes or arorodsicsuch as pines
and eucalyptus, Australian varieties of the latter said to produce
the most severe repellency patterns observed invidrl (Doerr et
al., 2000; Coelho et al., 2005; Keizer et al., 200%ighton-Boyce et
al., 2005). Water repellency has also been founttushrubs ranging
from temperate heathland (Mallik and Rahman, 198%)
mediterranean shrubland (Giovannini et al., 198% semi-desert
chaparral (DeBano, 1991). Finally, soil under deas$ can also
resist wetting (Karnok et al., 1993; York, 199&rockford et al.,
1991; Ritsema et al., 1994; Mcintosh and Horn®&41Zarter et al.,
1994)

Generally speaking, a small amount of hydropholimmounds is
necessary to cause water repellency (Wallis et1800; Berglund
and Persson, 1996; McKissocketal.,, 1998; Teram@80 ;
Jungerius and de Jong, 1989; DeBano, 1991; Wallk,€1993).
Referring to a range of Australian soils, McKidsaat al. (1998)
concluded that it is impossible to use any of thaividual soil or
vegetation characteristics on their own to acclyat@redict the
occurrence or the degree of water repellency.

Nevertheless, the leading role of organic compoundst be taken
into account when planning low impact strategiedtie treatment of
sewage waters (e.g. wetlands).

Apart from the biological factors listed abovegeftias been observed
to induce hydrophobicity (DeBano and Krammes 19&&Bano et
al. 1970 and Savage 1974).

3.7.2 Hydrological consequences: focus on
preferential flow pathways

According to the reviews reported in literature @aao, 1981; White
and Wells, 1982; Wallis and Horne, 1992; Doerr &t a000:;
Blackwell, 2000), soil water repellency may resimt contrasting
hydrological impacts.
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Field observations have indicated that the rategfifration into
repellent soils are very irregular. Water infiltoast in initially dry,
water repellent soils is retarded compared totmafibn in wet soils
(e.g. Wallis et al., 1991), causing water to bairgtd in the top layer
at first. With prolonged rainfall, minor perturbatis in an originally
planar infiltrating wetting front may grow to forpreferential flow
paths, often called “fingers” (Fig. 68).

(a) (b)

Fig. 68 — Preferential flow paths in water repalsoils (a) field image,
http://www.splu.nl/waterrepellency ; (b) laboratényage, Doerr et al.(2000)

Preferential flow is the concentrated vertical moeat of water via
discrete pathways through the soil matrix resultingan uneven
distribution of soil moisture. Water (and solutesay move to far
greater depths, and much faster, than would beigteedwith the
Richards equation using area-averaged moisture estintand
pressure heads (Beven, 1991).

Although preferential flow may originate for a \et§i of reasons such
as cracks and macropores, textural discontinuitied unstable
wetting fronts due to soil layering or air entrapinéRitsema et al.,
1993); several researchers (e.g. Raats, 1973pPhdir5; Parlange et
Hill, 1976; Glass et al., 1989; Wang et al., 1988)ed that fingered
by-passing flow is more likely to occur in repelieils rather than
in wettable soils.

Wang et al. (1998, 2000) carried out laboratoryiltmation
experiments to quantify the effects of soil watgpallency on
wetting front instability and infiltration rate. ®g proved the
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reliability of two alternative criteria for prediog the onset of
wetting front instability, i.e.:

a) the velocity criterion (Parlange et Hill, 1976) (Ef):

i <ks Eq. 42

where i is the infiltration rate andcs is the saturated hydraulic
conductivity

b) the pressure criterion (Raats, 1973; Philip, 19E85) 43):
H=hy—hye—hgr <0 Eq. 43

WhereH is the net matrix pressure head difference adressvetted
layer, hy the surface pressure hedy,, the water-entry pressure of
the porous medium, i.e. the critical soil watergmbial at which water
starts to displace air in the porous medigy; the gauge air pressure
below the wetting front.

Wetting front instability can thus be induced by timdividual or
combined effects of three factors:

(i) a decrease in surface pressure hkegd for instance during
redistribution of water following infiltration (sqmr. 2.2);

(i) an increase in water-entry valhg,, due to, for instance, the
presence of a fine-over-coarse layering in the ftinecof
flow, the occurrence of macroporés, (~0);

(iif) an increase in soil air pressure below theting front (see
par. 2.2).

The same experimental studies proved that watedlegp soils have
positive water-entry valueh{,, > 0), condition (b) is consequently
often verified and preferential instable flow ocur

Field soils are heterogeneous and layered.

The topsoil is often macroporous or sometimes wateellent.

The soil air can easily be entrapped during higargity rainfalls or
ponded surface irrigation events. The soil surfacetherwise under
non-ponding infiltration or drainage conditions fdéag in negative
water heads at the soil surface.

All these natural conditions tend to induce unstatdbw. Hence,
fingering is more likely a common phenomenon rattiem the
exceptions in the field.
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Furthermore, hydrophobicity can be particularly eefive at
preventing or hindering downward water movemengaling it into
structural (e.g. root channels and rodent burrows) textural
preferential flow paths or creating an unstablegular wetting front
(Kung, 1990; Ritsema and Dekker, 1994).

Fingered flow pathways tend to persist once theyehtormed.
Repeated wetting and drying of these pathways av@rotracted
period of time will probably lead to the leachinf) lydrophobic
substances from the pores along the fingered flathvways. This
leaching can make the fingered flow pathways maettable than the
surrounding hydrophobic media. In the long termjgioally
instability-driven fingers might become heterogéneriven fingers
(Ritsema et al.,, 1993; Ritsema and Dekker, 199%ldFstudies
showed that preferential flow is exacerbated by water hysteresis
between wetting and drying phases (Ritsema et 298).

Referring to the listed impacts of soil water régraty, many studies
(e.g. Scott, 1992; Moore and Blackwell, 1998; Dastr al., 2000;
Leighton-Boyce et al., 2005; Twaites et al, 2006)gested that the
release of hydrophobic substances in the soil reaysled by plants to
suppress the germination of competing vegetatiod, ta increase
water conservation by channeling water deep into ghil profile
along preferential flow pathways, thereby reducivaperation.

3.7.3 Moisture effect on infiltration patterns in water
reppelent soils

Water repellency is usually a transient soil propemany authors
reported an inverse relationship between soil wedatent and soil
water repellency (e.g. Gilmour 1968; DeBano, 19King, 1981; ;
Walllis et al., 1990; Witter et al., 1991; Carterak, 1994; Dekker
and Ritsema, 1994; Dekker et al., 1998; Doerr .e800; Coelho et
al., 2005; Keizer et al., 2005; Leighton-Boyce let2005).

A volume of soil remain hydrophobic until the orgatayer covering
its surface undergoes molecular conformational geanduring its
contact with water (Ma'shum and Farmer, 1985; Wadli al., 1990;
Richardson and Hole, 1978; Barrett and Slaymake89;1 Tschapek,
1984; Ma’'shum and Farmer, 1985; Dekker and Rits€d®; Soto et
al. 1994; Doerr et al. 2000).
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Dekker and Ritsema (1994) hypothesized the existaica soil-
specific “critical soil moisture threshold” dividin wettable and
hydro-repellent conditions. In a later study, Deaklet al. (2001)
replaced the concept of the transition thresholth vé moisture
‘transition zone' concept, within which both welgaland repellent
soil conditions may occur, but only repellent anettable conditions
are possible respectively under and above the umeiftoundaries of
this zone.

Leighton-Boyce et al.(2005) observed a dichotomdistribution of
water repellency concluding that the transitiomfravater repellent to
wettable conditions must be sudden. They argueadtkie transition
zone observed by Dekker et al. (2001) could be reseguence of
hysteretic soil water-repellency, with water repetly breaking down
and re-establishing a different soil water contents

Several field studies aimed at quantifying moistcoatent threshold
values or transition zones as a function of both &aad vegetation
features. For example, water repellency was foonbet present for
soil moisture contents up to 22% in sandy loamsefband Thomas,
2000); up to 38% in a clayey peat (Dekker and Rigel996); up to
2% in coarse sands (Dekker and Ritsema, 1994 ).

A huge scatter of results is listed in literatucgnting out the extreme
importance of local conditions representing theconte of specific,
not reproducible combinations of several time guatial varying soil
and vegetation parameters (e.g. Leighton-Boycd.&f2805); L.A.
Thwaites (2006))

Bauters et al. (2000) completed a series of exmarisnto examine
infiltration patterns in hydrophobic (and coarsepilss as a
consequence of varying values of initial water eatntAs initial soil
moisture content increased from the residual vaju& the saturated
value, three flow regimes were detected: unstabtermediate and
stable Richards’ (Fig. 69). Unstable flow was obsdrat very low
moisture content values and fingers did not wideabl8 Richards’
flow was obtained closed to saturated conditions,wetting front
moved both sideways and downwards. In the interatediange of
moisture content values, the fingers changed grigdinain unstable
to stable Richards’. These results are consistatit Di Carlo et
al.(1999) who studied the sideways expansion ofefgover an
extended time period.
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6=0.01 6=0.03 6=0.047
Unstable Intermediate Stable Richards’

Fig. 69 — Three flow regimes observed with incieg@soil moisture content
(Bauters et al., 2000)

Bauters et al. (2000) calculated the unsaturatewiwdivity as a

function of moisture content. During their expegims the wetting
front velocity was approximately constant. The ligth velocity

corresponded to the smallest finger diameter; gdigethe advance
was much slower for the high water contents tharttfe low water

contents. In particular, a sixfold velocity deceedsom very low to

saturated initial water contents was measured.

It is worth noting that this outcome is highly ceemntuitive since

classical Richards’ type wetting front theory deBnan increase in
velocity with increasing water content.

3.7.4 Concluding remarks

Water repellent soils are highly prone to prefaegntlows (e.g.

Wang et al., 2008). As a consequence, (i) soil may wet

completely with the passage of a wetting front, @idvater may be
quickly channeled downwards by-passing the soil rimat
Consequently, water storage and residence timéleirunsaturated
zone could be sensibly reduced (Burch et al., 198@ Dam et al.,
1996).

For instance, Walsh et al. 1995 considered that syepass routes
explained why even large storms produced littlerlavel flow for

highly hydrophobic mature pine and eucalyptus forssils in

Portugal.
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Furthermore, water repellency affects (iii) soil istore dynamics,
including evaporation patterns. A water-repellemtface layer with
preferential flow routeways can lead to dry surfaod and higher
soil moisture in the subsoil (e.g. Meeuwig, 1971irdh et al., 1989;
Imeson et al., 1992).

Specularly, soil water repellency is inversely eféel by soil
moisture content. A shift from preferential, und¢aflow to matrix,

stable flow and a related decrease of the watent fcelerity were
detected as soil moisture content increased.

Three clues supported the hypothesis of soil wageellency of the
fiter media of the facility installed at Monash wdesity. In

particular, in order of importance they are:

1. soil water repellency is a highly common issue ictdfia;

2. the leaves of the native species planted in théltbédion
trench have a thick wax layer;

3. our numerical analysis pointed out a faster petimriaas soll
moisture decreased.

Soil water repellency probably developed as plgresv. Preferential
flow paths as a consequence of soil water repmllecould

coherently explain the temporal decrease of hydrolperformances
(volume storage, peak reduction, peak delay) aceored by a lower
number of overflow events detected for the biddiibn system
installed at Monash University (par.3.3). In mamgms finger flow

by-passed the soil matrix thus sensibly reducing thuffering

capacity of the system.

Soil moisture negatively affected soil water repedly leading to a
shift from a finger flow regime to a matrix flow gene. Fast
percolation through preferential pathways was ofeserfor dry

antecedent soil moisture conditions; slow matridtmation occurred

for wet antecedent soil moisture conditions. Pogdlapth values led
the first, gravity driven flow regime; soil wateretention

characteristics led the latter. A transient flovginee operated for
intermediate antecedent soil moisture conditions.

Management strategieBhysical, chemical and biological approaches

exist to ameliorate soil water repellency, the mnashmon are (a)
plant adaptation; (b) soil or hydrophobic layer omad; (c) reduced
soil drying; (d) claying (Blackwell, 2000).
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3.8 Discussion on the implementation of a
lumped model

The hypothesis of soil water hydrophobicity cohéyeexplained the
widely varied hydraulic behavior of the infiltratidrench installed at
Monash University. Although the clogging of thetdil media was
reasonably speculated, preferential flow paths éaduby soil water
repellency highly enhanced water downward movement.

Several mathematical formulations have been praptisenodel and
predict multidomain flow processes; most of thermeandeveloped to
assess solute leaching. They mainly refer to thapproaches
(Gardenas et al., 2006):

a) the use of soil hydraulic properties artificiallyodified to
account for accelerated flow (e.g. Vogel and Caslayr 1988;
Durner, 1994; Mohanty et al., 1997) ;

b) the dual-porosity approach (e.g. Simek et al., 2003);

c) the dual-permeability formulation (e.g. Gerke andnv
Genuchten, 1993, 1996).

According to the first approach, the hydraulic fiimas evaluated for
the soil matrix domain are simply multiplied by appriate factors to
describe the behavior of the preferential flow domahese factors
are based on the statistics of the fractional esessional areas of the
domains considered. Although this approach may athematically
appropriate, the task of testing these function®risidable in view
of current experimental limitations (Mohanty et, al997). Some
researchers (e.g., Anderson and Hopmans, 1994h $ingl., 1991)
attempted to quantify preferential pathways by dinmeasurement
using computer tomography. On the other hand, Elal.e(1992)
suggested that knowledge of the number and sizpreferential
pathways is not enough to adequately model finigev.fMohanty et
al., 1997 suggested a simplified protocol basedhenuse of single
continuous piecewise hydraulic functions retriefeam in situ and
laboratory measurements. They assumed that waigrtfirough the
overall porous but rigid matrix could be describedh Richards'
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equation in conjunction with hybrid piecewise cantus hydraulic
functions.

Dual-porosity models assume that water flow isriesd to the
preferential flow domain and that the water in thatrix does not
move at all. The Richards’ equation with properbfided parameters
is employed to describe flow in the preferentialhsawhile a mass
balance equation describes moisture dynamics imtex.
Dual-permeability approaches assume that water flawtake place
in both the preferential paths and the matrix. Sonuelels invoke
similar equations for flow in both regions (e.g.rke and Van
Genucthen, 1993, 1996, applied the Richards equatidooth pore
regions), while others use different formulatiohar6bo and Jarvis,
2003). Approaches for calculating water flow in mugores range
from the Green and Ampt or Philip infiltration mdsi§Ahuja and
Hebson, 1992; Chen and Wagenet, 1992), the kinematve
equation (Germann, 1985; Germann and Beven, 128%is,) 1994),
and the Richards equation (Gerke and van Genuct®&3a).
According to Gardenas et al. (2006) dual-permesalpproach most
accurately simulates preferential drainage flow. amactive feature
of the dual-permeability model is the ability tonsilate both the peak
flow resulting from macropore flow, and the basewflreflecting
matrix characteristics. They have been increasingbd for analysis
of preferential flow paths, both on the laboratoojumn scale (Gwo
et al., 1995-1996; Allaire et al. 2002; Castigliateal., 2003; Greco,
2002; Katterer et al., 2001) and on the plot ddfsxale (Jarvis et al.,
1994; Andreu et al., 1994; Larsson and Jarvis, 18@hler et al.,
2001).

An new module, called DualPerm, has been recendlpded in the
HYDRUS (2D/3D) software package (Version 2) (Sirek et al.,
2012). It simulates two-dimensional variably-sateda water
movement and solute transport in dual-permeabpityous media
(dual-porosity approaches were included in the iptesvversions of
the software package). Based on the model propogederke and
van Genuchten (1993), the dual-permeability forrioafor water
flow uses Richards equation. The mass transferabémbetween the
two domains is driven by the gradient of presswrads. Numerical
stability issues have been reported by the auttirsinek et al.,
2012)
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Unluckily dual permeability models are based onugennumber of
site-specific assumptions about the geometry arel hiadraulic

features of preferential pathways. They typicalged soil hydraulic
conductivity and soil water retention functions &ach flow domain,
including terms accounting for the interaction aclenge of water
between the different domains.

For example, the dual-permeability model of Gerked avan

Genuchten (1993), in its full complexity, needs d&rameters to
describe water flow. Additionally to the six soifdraulic parameters
required to describe the hydraulic properties & fimgers and the
matrix region, estimates of structural parameteg aeeded to
characterize the hydraulic conductivity of the Bngmatrix interface
when wusing the Mualem—van Genuchten model. Sireplifi
approaches (e.g. the kinematic wave model can bd tws describe
flow in the fingers domain) or practical assumpsiamay slightly

reduce the total number of parameters.

Many different protocols have been proposed to uatal some of
these parameters (Beven, 1991; Clothier et al.51%%ynes et
al.,1995, KodeSova, 2011). Nevertheless, they aperesive (e.g.,
Panguluri et al., 1994; Kohne et al., 2005) andy ttegely provide

enough information to fully calibrate multidomaifoWw models

(Simanek et al, 2003). Most available techniques for sneag of

hydraulic properties (conductivity and retentioocpn neither

distinguish between the different flow domains ahdir relative

contribution to flow (Luxmooree et al., 1990), nbe used to
determine the between-domain exchange terms.

A need still remains to apply currently availabledeling tools to

natural systems (Evans et al., 2001).

Furthermore, Coppola et al. (2012) highlighted thal-permeability
models proposed in literature assume a rigid poneedium, that is a
medium with stable preferential flow (for instanceactures or

burrows). This assumption badly fits the intringi@nsient behavior
of preferential flow paths due to soil water repedy.

Aiming at a parsimonious, synthetic, yet effectiveodel we
hypothesized a simplified version of the first aggoh (a) based on
the use of artificially modified soil hydraulicqperties.
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Referring to the protocol proposed by Mohanty et &ab97, we
replaced the real, deeply heterogeneous system amitequivalent
media (e.g. Lin and Govindaraju, 1996) encompadsatl

(a) the time-dependent preferential paths and
(b) the soil matrix

of the infiltration trench.

This equivalent media was expected to process fhitowi
hydrographs in the same way as the complex, highlying real
system. Computed outflow hydrographs and averagensaisture
content time series had to fit measured data.

Although lumped approaches cannot represent theraictions
between the flow domains, they may be beneficial éddressing
large-scale in situ flow problems (e.g. Mohantylet1997).
According to our analysis, the results of the cedplsurface-
subsurface numerical model were highly sensitivehéovalue of the
saturated hydraulic conductivity. Partially negiegt its physical
character, our trivial protocol imposed event-sfiediulk values of
the saturated hydraulic conductivity.

We then assumed that water flow in the equivaleadien could be
described with Richards' equation in conjunctiothvithe fictitious
value of the saturated hydraulic conductivity am@ tpreviously
assessed hydraulic functions.

The bulk value of the saturated hydraulic conditgtihad to be
adequately changed to account for bidirectionalinrgee shifts from
a preferential flow regime to a matrix flow reginigrough many
transitional regimes. Soil moisture conditions dgegffected soil
water repellency, preferential flow pathways and flow regime.
Antecedent water content of the filter media wésaaing parameter.
Nevertheless, a further challenge was the modealfntpe effects of
progressive wetting coupled with the features efitfilow event.

As shown in par.3.5 and in par. 3.6 this lumpestieh provided a
reliable representation of the overall behaviothefinfiltration trench
thus validating the selected strategy.
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3.9 From diagnosis to prognosis

The diagnostic approach was useful for a deephisig the behavior
of the infiltration trench as a function of itstiai conditions and the
features of the storm event. A complete, reliablenerical model
was proposed; in particular, a lumped model wascsatl to
parsimoniously represent ephemeral preferentiat flathways.
Shifting our attention from a diagnostic approazlatprognostic one,
we aimed at the numerical definition of a semi-aiopl, practical
protocol to assess the parameters required byummemcal model for
a good fitting of the sampled data of outflow awd moisture time
series.

3.9.1 Assessment of the soil water retention curve

Porosity and residual water content were assumée tmonstant; the
assessment of Van Genucthen parameters was bageel iumerical
fitting of the soil moisture data sampled at fiveirgs of the filter

media domain immediately before the inflow evergtéils on this

protocol can be found in par.3.3.3).

3.9.2 Assessment of the saturated hydraulic
conductivity

Event-dependent switches from a preferential fl@gime due to
hydrorepellency to a matrix flow regime controlldee behavior of
the infiltration trench. This complex physical pbemenon was
synthetically represented forcing sensible numeésiaaations of the
value of the saturated hydraulic conductivity, ¢ddesed as a semi-
quantitative, bulk parameter in a lumped model. Eicglly detected
correlations between the initial conditions of fiileer media, the
features of the inflow event, and the bulk valuetlodé saturated
hydraulic conductivity represented a valuable téad a reliable,

complete numerical modeling of the hydraulic bebavof the

infiltration trench.
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The initial conditions of the filter media, i.esitaverage moisture
content, completely described the behavior of tif@triation trench
provided that a storage phase was missing (i.eage of “small”
events, see par.3.6). When a storage phase wavethsthe features
of the inflow event, mainly its intensity and volamplayed a not
negligible role (i.e. in case of “large” eventeegar.3.5).

A storage phase occurred when the average inteokite inflow
event exceeded the initial infiltration capacitytbé system, i.e. its
hydraulic capability of conveying downwards thdomf discharge. A
discriminating parameter, namestorage indexwas consequently
defined (Eq. 44) :

Storage index(S.1.)

Qv { >1 Existence of a storage phase Eq. 44

- Qrutero \ =1 NOT — existence of a storage phase

where

- Qy is the average intensity of the inflow event cotepuas
the ratio between the volunigy and the total lengthtime;y
of the inflow hydrograph (Eg. 39):

- Qfiterpo is the initial infiltration capacity of the infiiation
trench.

The infiltrability of the system was a function of

(a) the soil matrix and
(b) the existence, density, and hydraulic capability thie
preferential flow paths.

The moisture content of the filter media exertsagije effects: the
drier the filter media, the smaller the hydraulmnductivity of the

soil matrix, but the higher the occurrence of preféal flow paths

that quickly channel downward the inflow discharge.

Despite infiltrability obviously changed with tim#éhe establishment
of a storage phase was adequately predicted usiingtial value.

A global, representative index of the initial beloavof the system
was induced from the numerical analysis of the ‘|Erstorm events;

this index was a lumped value of the saturatedawyar conductivity
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ks o (par.3.6). In particular, our numerical analysis pointed dti).
40 for the assessment of the bulk value of therstsd hydraulic
conductivityk, , as a function of the initial average moisture eant
6, of the infiltration media.

Introducing the surface area of the infiltratiorsina we assessed the
initial infiltration capacity of the system (Eqg. 45

Qritter,0 = ksp - Area Eq. 45

Measured data proved the reliability of tBeorage indeXEq. 44).
“Large” and “small” inflow events were detected Hhvita
discrimination error of 7% (Fig. 70).

|
Ponded Surface Detected

0 O0mOp @ OO O @0 O O ®)

1 QIN / inlter,O

(O C) 0y ) o) @

Ponded Surface NOT Detected
1

Fig. 70 — Measured and predicted occurrence oftirage phase for Cell 1
of the biofiltration facility installed at Monashriiversity.

In case theStorage indeXEq. 44) was lower than 1, Eq.40 straightly
provided the numerical value of the overall valdeth®e saturated
hydraulic conductivityks, (ks smau) t0 introduce in our lumped
numerical model.

This protocol was implemented and validated.

Tabel 24 lists the main features of two repredemtavents which
showed aStorage Indejower than 1. The bulk value of the saturated
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hydraulic conductivity was computed by Eq. 40 amdoduced in the
lumped numerical model. Fig. 71 and Fig. 72 (d @y overlaps
measured and modeled outflow and soil moistureegliabel 25
compares measured and modeled values of the outBiawne.

Tabel 24 —Event®& andl*, main features: validation of the protocol

\% QIN A ksO inlterO
Date 6 ' ‘ S.l.
Mm% | [Us] O Amm/hr]| [U/s]
o | 1016120101 4 451 | 0210| 0311 127 0528 042
h 5:34
2011/01/11 A L
I* h 12:35 0.733 | 0.531| 0.247 276 1.152 0.46
b
0.7 0 R (b)
10
@ o
=04 '='20
= 5
2 N 30 @
02
40
0 02505 075 1 125 15 0 015 02 025 03 035 04
Time [hr] 7]
0.7 (©
—Measures
o —Model
=04
i)
go.z
0.1
1 2 3 4 5 0 02505 075 1 125 15
Time [hr] Time [hr]

Fig. 71 — Event*: (a) Inflow hydrograph, measures; (b) antecedeilt
moisture content; (c) Outflow hydrograph, measared model; (d) Soil
moisture time series, measures and model
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Fig. 72 — Event*: (a) Inflow hydrograph, measures; (b) antecedeiit
moisture content; (c) Outflow hydrograph, measiares model; (d) Soll
moisture time series, measures and model

Tabel 25 - Event# andl* , results : validation of the protocdig=field
data;Mod=model results%Rel.ert=( Mod-Fd)/Fd*100

Outflow volume [n]
Fd Mod %Rel.err.
i* 0.452 0.471 0.04
* 0.526 0.571 0.09

(b)

()

In case theStorage indeXEq. 44) was greater than 1, the overall

value of the saturated hydraulic conductivity regdiby our lumped
numerical model was the outcome of (i) the initahditions of the

filter media and (ii) the features of the inflowee¥ (see par. 3.5).

According to our diagnostic analysis, peculiar tee$ of the inflow
event, i.e. volumeV,y, and average intensit@,y, could lead to a
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lumped value of the saturated hydraulic condugtigither higher or

lower than its initial state (see par. 3.5).

The higher the volume and, especially, the londer ¢vent, the

higher the increase in soil moisture and, consefyyehe higher the

reduction of soil water hydrophobicity. Matrix flowvas thus

enhanced and a decrease in the overall value ofs#terated

hydraulic conductivity was detected.

The more intense the inflow event, the faster tianace phase, the
higher the initial ponding depth, the faster theldgon phase. High

hydraulic head values on the soil surface exacedb#te gravity-

driven flow through the preferential paths. As aufte an increase of
the overall saturated hydraulic conductivity witsspect to its soll

moisture-driven valuesg. 43 was detected.

Nevertheless, the overall behavior of the infiloattrench was more
sensitive to the averaged intensity than to thal teblume of the

inflow event.

Keeping in mind these assertions, humerical aralysie performed
to point out a mathematical expression for the alesaturated

hydraulic conductivity valuérg ; 4,4, required by our lumped model
in case of “large” inflow events. Our efforts yieltito Eq. 46 (Fig.

73; R=0.8):

k 0. k
—skarge _ 0.0326 - ( Un _ %s0 ) +0.1654 Eq. 46
ks, Qritter ks0(@sat)

where kgo(68sq¢) Was the representative value of the initial
infiltrability at 8 = 8,,;, computed b¥q. 43and introduced here as a
reference value.

Numerical efforts pointed out that introducing théow volume did
not lead to a significative improvement in progmoperformances of
Eq. 46.

Many “large” inflow events were modeled in ordervtalidate the
proposed protocol.
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Fig. 73 - “Large” events, bulk value of the satathhydraulic conductivity
as a function of the antecedent soil moisture aante

Tabel 26 lists the main features of two repregamtaventsS* and
T* which showed aStorage Indexyreater than 1. The bulk value of
the saturated hydraulic conductivky, .qe Was then computed by Eq.
46 Eqg. 40 and introduced in the lumped numericadeho

Fig. 74 and Fig.75 (c and d) overlaps measuratl mndeled
outflow and soil moisture values. Tabel 27 companesisured and
modeled values of the outflow volume.

Tabel 26 —EventsS*’ and “T*”, main features: validation of the protocol

\Y QIN A ks,O inlter,O ks,Large
Date |\ 1ol | s | % | | sy | S| i
o | 2010080 o 11 | 0.96d 0.296] 152 |0634 15 | 83
h 23:58 ) ) ) : :
. 2011/03824 i
T | % eme | 931 | 34650256 239 [0.997 35 | 364

160



3 — Overland flow and infiltration in near horiztah plots

@ 3 E‘lz (b)
£ —Measures
=10 —Model

v S 80

= o
(]

= o 60

o o

=1 £ 40

- 2
S 20

oLl | .
01234567 891011 01234567 8091011
Time [hr] Time [hr]
(d) . 2 ©)

il 5 \ —Measures
o —Model
~~
=2
2
o
=
S 1
o

oad .. ... ABLB2E3C AN

' 2 4 6 8 10 12 14 16 01234567891011

Time [hr] Time [hr]

Fig. 74 — Event S*: (a) Inflow hydrograph, measii®) Ponding depth
time serie, measures and model; (c) Outflow hydiplyr measures and
model; (d) Soil moisture time series, measuresraodel
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Fig. 75— Event T*: (a) Inflow hydrograph, measréh) Ponding depth
time serie, measures and model; (¢) Outflow hydiplgr measures and
model; (d) Soil moisture time series, measuresraodel
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Tabel 27 - EventS* andT* , results : validation of the protocol-¢g=field
data;Mod=model results%sRel.ert=( Mod-Fd)/Fd*100

Outflow volume [m]
Fd Mod %Rel.err.
S* 10.46 11.30 0.08
T* 9.27 7.91 -0.15

Focusing on the practical outcomes of the propgsetbcol, a gross
evaluation of the accuracy of the complete strategy achieved by a
further analysis of the inflow events for which &6 showed the
largest negative either positive error.

The inflow event F was adequately modeled provithed a overall
saturated hydraulic conductivity value equal to Bd4#hr was
implemented in our lumped numerical model. The ealaf
296mm/hr, computed by Eq. 46 , underestimatexk pischarge,
volume and celerity of the outflow hydrograph.

The inflow event G was adequately modeled provitiedl an overall
saturated hydraulic conductivity value equal to whr was
implemented in our lumped numerical model. The ealaf
112mm/hr, computed by Eq. 46, overestimated peakhdrge,
volume and celerity of the outflow hydrograph.

Absolute and relative errors are listed in Tab8l 2

Tabel 28 - Events F and G, results : validatibthe protocol; Fd=field
data;Mod=model results¥%Rel.ert=(Mod-Fd)/Fd*100

Vour[m? Qour peadl/s] time (Qour peal [MiN]
Fd Mod | %Rel.erf. Fd Mod | %Rel.erft Fd | Mod [%oRel.err
F | 911| 8.98 -1.5 2,71 2.12 -22 1y 20 18
G| 6.98| 7.11 1.9 0.65| 0.86 32 45 34 -24

Errors in the assessment of the volume of the mutiydrograph are
hidden by the low storage capacity of the biofiltra trench.

Stating the rapid, parsimonious approach selecteztall errors were
tolerable and the proposed protocol cost-effegtivéépicted the
hydraulic behavior of the biofiltration facility @étalled at Monash
University.
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3.10 Conclusions and further developments

A study on overland and infiltration flows in nelaorizontal plots
was based on the analysis of the hydraulic behawabrthe

biofiltration facility installed at Monash Univetgi (Clayton,

Victoria, Australia).

Biofiltration facilities are best management prees for quantitative
and qualitative management of stormwater runoff unban,

impervious areas. Basically, they are vegetataliratfon basins that
provide a buffer capacity for runoff surges to nukni
predevelopment hydrologic conditions of a drainagea while
reducing pollutants concentration. Although soredfiexperiences
exist, biofilters are usually regarded as black-bggtems. Empirical
input-output analysis yielded to many, site-spedaifiles of thumb for
design and management purposes. The hydraulicidmirag of the

system leads its hydrological performances and lgdegifects the
pollutant removal efficiency.

Consequently, a complete numerical model of thedwldc behavior
of the biofiltration facility is beneficial to

(a) increase system understanding;
(b) provide a valuable prognostic tool to suggest opttidesign
and maintenance procedures.

The surface surge wave was modeled using the seftpackage
WIinSRFR (Bautista et al., 2009); subsurface floneravmodeled
using our originally modified version of the softwgyackage Hydrus
2D (Siminek et al., 1999). Surface and subsurface flowsewer
coupled implementing the external strategy propdsedautista et
al., 2010. The numerical protocol here described wampletely
automated by the implementation of an original klattode which
allowed to avoid cumbersome, repeated event-spetiferactions
with the graphical user interfaces provided by VRR® and Hydrus
packages.

The experience developed during the first phasethig study
(Chapter 2) provided appropriate methods for theessment of the
soil parameters of the filter media, and, more digatly, the soil
water retention characteristic curve.
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Comparative analysis of previous field tests andrdiure studies
yielded to the assessment of the value of the aarhydraulic
conductivity. In particular, issues due to the giog of the filter
media were highlighted.

Field measures recorded from September 2010 tol A{Bil2
provided both input and calibration data.

The results of our numerical model required a desight in the
peculiar hydraulic behavior shown by the biofilkoat trench.
Numerical analysis, field observation and literatatudies supported
the hypothesis of ephemeral hydrophobicity of tiigerf media.
Preferential flow paths are highly common in watepellent soils.
Nevertheless, an inverse relationship betweenvgatiér content and
soil water repellency exists. Based on our numkacalysis and a
literature review, two, opposite, flow regimes wealiagnosed: (a)
unstable, finger flow at very low moisture conteatues; (b) stable,
matrix flow at high, close to saturation, moistaemtent values. The
unstable, finger flow regime is gravity driven; tstable, matrix flow
regime is completely described by Richards’ equatid transient
regime exist for intermediate soil moisture conteaities.

Many numerical approaches have been proposed éomtideling of
water flow in soils affected by preferential flonatps. Rigorous
approaches are based on large computational efiodsrequire a
huge number of parameters, hardly available.

Aiming at a parsimonious, synthetic, yet effectigrategy we
implemented a lumped model. In particular, we aept the real,
deeply heterogeneous system with an equivalent amedi
encompassing both (a) the time-dependent prefatguaths and (b)
the soil matrix of the infiltration trench.

This equivalent media was expected to process fthitowi
hydrographs in the same way as the complex, highlying real
system. Computed outflow hydrographs and averagensaisture
content time series had to fit measured data.

According to our analysis, the results of the cedplsurface-
subsurface numerical model were highly sensitivthéovalue of the
saturated hydraulic conductivity. Partially negiegt its physical
character, our simple protocol imposed event-spebiilk values of
the saturated hydraulic conductivity.
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We then assumed that water flow in the equivaleadien could be
described with Richards' equation in conjunctiothwhe fictitious

value of the saturated hydraulic conductivity.

The bulk value of the saturated hydraulic conditgtihad to be

adequately changed to account for bidirectionalingge shifts from

a preferential flow regime to a matrix flow reginfgrough many
transitional regimes.

Soil moisture conditions deeply affected soil watepellency,

preferential flow pathways and the flow regime. dggdent water
content of the filter media was a leading paramédtevertheless, a
further challenge was the modeling of the effedtspmgressive
wetting coupled with the features of the inflow ete

Our analysis yielded to a parsimonious, simple quoit for the

assessment of the bulk value of the saturated bigdreonductivity

required by the numerical model.

The overall strategy is based on a few steps:

1) definition of the input data, i.e. (i) the antecedesoil
moisture content and (ii) the hydrograph of théoinfevent;

2) assessment of the soil water retention curve basethe
antecedent soil moisture conditions;

3) assessment of the bulk value of the saturated bldra
conductivity based on (i) the antecedent soil nooést
content; (ii) the volume and the length of the omifl
hydrograph (see Eq. 39, 44, 46 in par. 3.6, 3.9);

4) start of the coupled external numerical strategysiarface-
subsurface flow computations based on the surftms f
package WinSRFR and on an originally modified \arsof
the sub-surface flow package Hydrus 2D.

The 4 steps listed were completely automated iddanvironment,
the only input data required are the (i) antecedmit moisture
content; (ii) the inflow hydrograph; (iii) the geetny of the facility.
The protocol was validated trough numerical analysi

A parsimonious, lumped approach thus proved to @atety model
the routing of waves on a spatial and time varyififfration domain.
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3 — Overland flow and infiltration in near horiztah plots

Although the proposed protocol was so far employed the
modeling of single events, a short outcoming of gtudy will be the
modeling of the behavior of the infiltration trendbring a complete
hydrological cycle.

This kind of analysis is beneficial for the defioit of optimal design
parameters (mainly, geometry, soil type, vegetatigpe) and
management protocols leading quantitative and tgtiake treatment
of stormwater runoff.

Furthermore, although this protocol was specificddlilt for the
modeling of the biofiltration facility installed &flonash University,
the overall strategy is prone to be widely used.
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