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Abstract: A groundwater mound (or pressure mound) is defined as a volume of fluid
dominated by viscous flow contained within a sediment volume where the dominant fluid
flow is by Knudsen Diffusion. Hig permeability selsealing groundwater mounds can be
created as part of a sustainable urban drainage scheme (SUDS) using infiltration devices.
This study considers how they form, and models their expansion and growth as a function of
infiltration device echarge The mounds grow through lateral macropore propagation
within a Dupuit envelope. Excess pressure relief is through propagating vertical surge
shafts. These surge shafts can, when they intersect the ground surface result, in high volume
overland flav. The study considers that the creatiorselfsealinggroundwater mounds in

matrix supported (clayey) sediments (intrinsic permeability'2 tt010%° m* m'? §* Pd*) is

a low cost, sustainable method which can be used to disposeg®fvialumes of torm

runoff (<20Y 2,000 ni/24 hr storm/infiltration device) and raise groundwater levels.
However, the inappropriate location of pressure mounds can result in repeated seepage and
ephemeral spring formation associated with substantial volumes of uncahtveéeland

flow. The flow rate and flood volume associated with each overland flow event may be
substantially larger than the associated recharge to the pressure mound. In some instances,
the volume discharged as overland flow in a few hours may exceddthestorm water
recharge to the groundwater umal over the previouthreeweeks.Macroporemodeling is
usedwithin the context of gressure mound pot@astic fluid expulsion model in order to
analyzethis phenomena and determine (i) how this phenoroanae used to extract large
volumes of stored filtered storm water (at high flow rates) from within asealfng high
permeability pressure mound and (i) how seléling pressure mounds (created using storm
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water infiltration) can be use@ providea sustainable low cost source of treated water for
agricultural, drinking, and other water abstraction purposes.

Keywords: storm water disposal; infiltration; macroporestural pipewater treatment;
water supply sources; groundwater mound; overlamd; fstorm water recycling; SUDS;
infiltration device; solkaway; seepage; ephemeral spriotpy clods modeling air-water
contact; standing water
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1. Introducti on

Studies[1,2] of drainage failureassociated with @ustainable Urban Drainage Schen$tJDS
(Appendix 1, A.1))at Greenloaning, PerthshirScotlam, UK (Appendix 1, A.2), have identified that
the infiltrating water is held in a sealgdoundwatemound which does not dissipate over tim® ithe
underlying water table. Drainagailfire events resuftl-3] in high volume, high flow rateoverland
fow (Figure 1) and canlead to down slope flooding. These failure events partially dilaén
groundwater moundsHigh volume, high flow rate, overland flow discharging from a groundwater
mound indicates that the groundwater mound can both store water taad abigh permeability
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reservoir or aquifef1-3]. The infiltration devices at Greenloaning were placed in boulder clay
(lodgment till)[2,3].

Figure 1. Water discharging through a vertical surge shaft from a groundwater mound
(Zone R1,Greenloaning, Sdatand, UK, 24/9/06).

Groundwater mounds in impermeable sediments (clagssandy clays) arporo-elasic pressure
mounds [3#4]. Changes in thevater level in the groundwateramnd are associated with variations in
the flow regimesa t t he mo uynThé fiow kegmeracda@ss the mounds boundary cyclically
changes from viscous flow (during recharge) to Knudsen diffusion. The flow regime defirsezethad
shapeof the groundwater mour|@-4]. The pressurizing fluidwater) migrates into the sedimepbres
by displacinghe dominant fluid irthe sediment pores (2i2,5,6]. The rate of water infiltratiomto the
groundwater mounds controlled by the rate of air displacemebbth within the mound and at the
moundodos H56]nld the Greeslaning example, the permeability (and flow rate) across the
mound boundary drops by between five and nine smafamagnitude [2,3].

Groundwater mounds (associated with infiltration devices) in impermeable sediments follow a cyclic
three stage pattern ofawth [3,4]. In the initial recharge period, the mound grows slowly by viscous
flow through the sediment matrix [3]. Once the water levels in the infiltration device reach a critical
level, a rapid dispersion of the infiltrating fluid occurs through maaresimatural pipes [3]. Following
the cessation of recharge the watedy within the groundwater mound is held in place by the change
in flow regime at the mounds boundei[2]. Thisresults in a flow ratéor the descending groundwater
mound which icortrolled by Knudsen diffusion [3,4]. This posdastic cycle frequelyt results in high
levels (<0.% 3.0 m) of static (standing) water in infiltration devices placed in glacial clays [1,2] or in
i made sructed foom glacial clays [.7The standingvater represents part of the upper surface
of the groundwater moundStanding water is associated with infiltratiomio low permeabity/
impermeable sediments [2].
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Artificial pressure mounds can have water or gas as the pressurizing B4P][3In a pressure
mound formed by infiltratiorthe pressurizing fluid is water and the dominant fluid in the adjacent
sediments is aifThis studyanalyses(i) how the groundwater moundsrm; (i) how clayey sediments
can be used to accommodate large volumesoofmrsvater runoff,and (iii) how this stored water may
be abstractedThe field observationdrom Greenloaning (Appendix 1, A.Zre used to develop a
model, which can be used in two situations: (i) the disposal of large volumes of storm water runoff into
an impermeable clay sequence; and (ii) the storage and recovery of large volumes of water from
groundwater mounds contained within a clay sequence.

2. Calculation Methodology Used to Interpret Field Observations
2.1 OverlandFlow Rates

The Manning Equatio [13] was used tocalibrate the Manning RoughnefiSgure 2) at a down
slope road drainage gully (surrounded by an asphalt tarmac surfacgigGre Al)) with a surveyed,
designed and constructed capacity of 0.079 hfi1]. The flow rateQp (m° s') was estimateflL3] as

Qo = [AR“PSY/[Nr] (1)

whereA; = cross sectional area of flow IS = longitudinal gradient of the flow (m'M; N, = the
Manning Roughnesgalibrated at 0.15Q, = 0.079 mis'); Ry = the hydraulic radius (m) =AL/[Pu];
and P,, = wetted perimeter of flow, nQp was calibrated (Figur@) during a storm event where the
overland flow overtopped the road guly]. The overland flow volumeéy, is the time integral oQp.

Figure 2. Hydrograph (ms?') for seepage event. Watéow to gully, G1 (Figure Al),
Date: 24/10/05.
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2.2 Calculation of Recharge Volumes

Therecharge volumes/, (m°) were calculated using the Rational Metlibd 4] as:

Vi=E AFR] )
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whereA = surface areaf a surface typd, whose runoff feeds the drains leading to the soakaw3y (m

Fi = surface runoff factor for the surface type, D8 O 1R =0rginfall during storm (ritime interval
(e.g.,24 hrs)). Surfaceunoff factors vary wih surface type, temperature (evaporation)] dagree of

water saturation [14 They provide an estimate of recharge volumes arriving in the soakaway. The
surface runoff factors used [1] are: roads and asphalt surfaces = 88%; bofsse 188%; public
gardens = 53%; house gardens = 53%; play areas = 63%. Rainfall is recorded at the Strathallan weathe
station [1]. The runoff surface areas associated with each soak@gaye Al) are: (i) D1,

roads = 607 /) public gardens =,952 nf; play areas = 150 In(i)) D2, roads = 167 fproofs = 178

n?; gardens = 867 mand (i) D3, roads =,#80 nf; roofs = 1571 nf; gardens = Z47 nf [1].

2.3. Design Storms

The design storm rainfall for the region is defined by the Instatitdydrology[15,16]. The 24 hour
design storms with a return period: df year = 47 mm; 5 years = 62 mm; 10 years = 71 mm;
30 years = 3 mm; 50 years = 92 mm and 100 years = 10dnm

2.4. Pressure Loading

The total pressure loa® (.4, Pa) associated with aniltviting water body can be estimati®] as

I:)Load = Vr g dN (3)

whereg = acceleration due to gravityn $% d, = density of waterkg m'®. A linkage between the
volume of overland flow discharged through the seepage zones (R1 (feigeBe Al) andthe total
pressure load associated with accreting groundwater mountsdragstablishe@].

2.5. Intrinsic Permeability

The falling head method is used to calculpermeability measurements for iitmhtion device
design[15,17]. This involves digginga pit €.g.,1 mx 1 mx 1 mto 3 mx 3 m x 3 m), or
drilling/augering a boreholee(g., 0.15 m diameterx 1 to 5 m), ordigging an inspection
hole 0.3 mx 0.3 mx 0.3 m[15,17. The pit/hole/borehole is then filled with wa{&5,17. A recordof
waterdepth vs. time is collectdd5,17. These tests allow a vertical permeabiliy) @nd a horizontal
permeability k) to be a@fined [18]. The infitration rate through a surfac€ (m* m'? s is
calculated2-4,19 as:

Q=kP 4
wherek = intrinsic permeability(m®* m'? s* Pd') and P = driving force (Pa)The equation can be
rewritten[20] as:

Q=Kh ©)

whereK = hydraulic conductivity (hm'? s* h'Y) andh = the water depth (m} of 1 m approximates
to (gd,) Pa.In this study intrinsic permediby is used in preference to hydraulic conductivity, thbu
demonstrated by Equations 4 anthB two terms can be readily translated from one to the atler,
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K = kP/h. Permeability values obtained by this method from saéar soil during the wter maybe
lower than permeability values obtained during dry summer periods.

2.5.1 Vertical andhorizontalpermeability

The waterdepthdecline ratewithin an infiltration device (or test piguring infiltrationis a function
of both vertical permealtly (k,) and horizontal permeability k) [18]. The intrinsic permeabilities
associated with a drop in water level in the test pit from an elevatiorEgm)o an elevation (m)g,,
during a time interval, t {scan be estimated by solving:

Q: (M® 81 = i/t = kPpAy + knPAs (6)

whereE; andE; are measured relative the base of the test pit, atide base of the test pit has an
elevation of 0 mV; = the volume of watefm®) infiltrated through the sides and base of the pést
during the time inteval, t; A,= the area of the base of the test pif)(mAs = average area (nof the
sides of the test pit between the base of the pit and an elevafjora(culated a&; = [0.5(E; + E,)];

P, = Esgd,, Ps = 0.5Esg9d,). dy varies with temperature, satyy and water compositiorj21].
Equation Gapplies to both an infiltration tepit and the physical operation of an infiltration device.

2.6. Anisotropy

The anisotropy of the infiltration devicA) is a dimensionless ratio where:

Ao= kik, )
Conwentionalinfiltration device design [15,17] assumes thgt= 1.0 and does not change with time.
Figure 3 illustrates the effect of keepikgconstant and varyingp by varyingk,. The anisotropy affects
the shape of the groundwater mound. The width & ¢fioundwater mound increases as the
anisotropy increases.

Figure 3. Impact of anisotropy of the infiltration devic&d) on the infiltration rate Q).

Base Casek, = 10° m*s* m'? Pd*; k, = 10° m* §' m'? Pd*, A, = 1.0 Water Depth: 1 m
(constant) Device dimensions = 3 m3 mx 3 m; Basal Surface Area = ¥i\rea of side
of the infiltration device which is in contact with the water = 12 kp remains constant;

Base = flow rate through the device base;
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3. Fluid Migration within a Groundwater Mound

The groundwater mound migrates both downwards and laterally by being able &meadigplfrom
the pore volume [3,6]. Along the upper margin of a laterally accreting wetting frontjsadtisplaed
by watermigrating in the same direction (Figu4g Water can only move into a pore volumergy the
base of the groundwater mound, if it can displace an equivalent volume of air. The water is migrating
downwards, while the displaced air migrates upwards throwglgribundwater mound (Figudy. The
principal control on the downward migration of the groundwater mound (and fluid migration within the
groundwater mound) is the ability of the displaced air to migrate up through the mound.

Figure 4. Molecular flow throgh interparticle porosity between clay platelets
(purpk) [2,5,8. Water molecules/bubbles/drops (blue) and air molecules/bubbles (red).
Arrows indicate flow direction.
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In permeable sedimerit, andk, control the water deptwithin an infiltration device as a function of

time. Figure 5 illustrates the decline in water depth, where, )k, and (ii) [k, = 0, k, > 0] and ki > O,

k, = 0]. A decline ink, to 0 with time will result in the rate of water depth decline deangasith time.

The water depth will (given sufficient time) fall below the base of the infiltration device as the
groundwater moundescends [15,17, 220].

In clays, pore blockage by occluded air bubbles (or another mechanism) [5] commonly results in a
rapid initial decline in water levels within the infiltration device, followed by a relatively abrupt
termination in flow from the device. This results in the presence of standing water (static water) within
the infiltration devices (Figure 6) [2,7The in®t photograph (Figure 6) shows standing water in an
inspection chamber. A thin capillary fringe has developed above the standing water. The section of the
chamber above the awater contact (AWC) is dry demonstrating that the water level is static. This
water level is the upper surface of a static groundwater mound.
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Figure 5. Impact of Permeability on Infiltration Device Water Depth as a Function of Time.
Base Casek, = 10" m* $* m'? Pd*; k, = 10" m* §' m'? Pd*, A, = 1.0 Water Depth
(att = 0) =1 ny Device dimensions =3 m3 mx 3 m
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Figure 6. Greenloaning:Probability distribution forPy. ID = infiltration device (=56);
OP = observation pit within the GWM; DTP = dry test pitlay (h = 7);
GWM = groundwater mound; Measurement Dates: B4I&5/1/08. Green bars in the
inset photograph are 300 mm long.
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3.1 Analysis of Standing Water within a Groundwater Mound

The presence of static water (standing water) in an infiltration device (placed in clayey soils) can
provide information about theore throat radii within the sedimemflembrane studies have established
that a minimum driving force (Pa), or pressuPg, is requied to initiate viscous flow [19 When the
driving force,P, is less tharPy the sedimehis effectively impermeable [1%nd the flow type switches
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from viscous flow to Knudsen diffusion, ¢ another form of diffusion [19 Py is defined [14,1419]
as:

Pu= 2 (cosfl,i cosdy) or2 riicbsd) (8)

wherel = s ur f afevaterdr etlerfaceoN1iT [21]; U varies with temperature [31r = pore
throat radii, microns (16 m) whenPy, is expressed in bar (1 bar =*1Ra)]19]; d, = contact angle of

the advancing meniscudl, = contact angle of the receding meniscus; drel contact angle of the
meniscusThe wettingangle between water and mineral matter is small andl casy be approximated

as 1.0 [14 Low concentrations of flocculated, or suspended, or colloidal clay, or surfactant, in an
advancing water front can redud¢31,32].

Pwv represents a critical switc which can abruptly increase, or decrease, the flow rate through a
sediment by many orders of magnitude [3,4], by adjusting the sediments intrinsic permeability (Equation
4) when the driving forcep, (e.g., water depth in the infiltration device) fallselow Py. At
Greenloaning, the switch changes the intrinsic permeability from betwéeartD10’ m* m'? s* pd*
to about 10 m®* m'? $* Pd* [3] or vice versa. The steh is sometimes termexisnapoff point [33].

3.1.1 Field observations

The statiovater levels (in the soakaways at Greenloaningy batween <0.5 and 3 m (Figurg &d
vary between stormd.he static AWCrepresents the top of the groundwater mound in the infiltration
device (betweerrecharge events). Its presence signii@s elevatd groundwater mound in the
surrounding sediment [1,2]; wheRy = d,gh; h = [z T Z]; z = elevation of the base of the infiltration
device, mamslz = elevation of the AWC in the infiltration device, mantskld observations were made
of h in test pis (located outside the groundwater mound), observation pits located within a
groundwater mound, and static water levels within soakaways. Each datum value was used to calculat
a value ofPy. The data values were ranked in ascending order. A probability svhaller value
occurring was assigned to each observation as (Ranlbétiftotal number of sampleshy [1]. This
data (Figure ¥ indicates thatPy associated with a groundwater mound is higher tRann the
sediment outside the groundwater mound.

3.12. Interpretedporethroatradii

A pore radiuof 10° m representa first approximation for the boundarg,() between viscous flow
and Knudsen Diffusiof21]. The change iRy inside and outside the groundwater mounds (Fi§uis
either due to a change pore throat radiior a change in the contact angle of the advancing meniscus
(Equation §. An advancing surfactant front has a net contact angle of ab8[8180The difference
between{(i) the mediarPy in the test pits 0100 Pa Water depth= 0.01 m) and (i) the mediarPy in
the infiltration devices 014846 Pawater depth= 1.5 m) is too largeto be accounted for (Equatioh 8
by a change inf from about 80to O (wherer = 10* m, & = 74.23 16° Nm'! at a temperature of
10 €). This changecan occurif r is reducedto 10’ m. Therefore, ta stati AWC is interpreted
(Figure7) as representing reduction irr, within the groundwater mound he presence of the static
AWC, results from awitchingof the flow type along the boundaries of the mud from viscous flow
to Knudsen diffusion (or another form of diffusion).
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Figure 7. Measured pore throat radii (mm) in the groundwater mounds at Greenloaning.
ID = infiltration device; OP = observation pit; DTP = dry test pit; GWM = groundwateind)o
Measurement Dates: 24/6/0%6/1/08; Data Source: Figube Calculation Method: Equation 8
cosd = 1.0; Temperature 25€ (298 K); surface ¢nsion= 71.99 mN 1 [39]. Greenbaning
annual temperature range<258 K >308 K.
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3.2 Pore Throat Reduction Meahisms within the Groundwater Mound

Lodgment Till forms immediately below a deblaglenglacier [34,35]. The constituemtimorphic
and tetramorphic (swelling) clay particles are composed of-pites (71.5 nm thick; <2,000 nm
diameter B6]) separatedy interlayer spaces ((intdayer porosity,le), typically <0.52.1 nm thick)
containing exchangeable catiof&/,38]. Interparticle porosity( )j separating the clay particléss
been classified [39] into: (i) micropoiietiameter = <2 nm; (i) mesopoieiameter = P50 nm; and
(iif) macroporesdiameter = >50 nm.

3.2.1 Porethroatreductionassociated withoridging

In permeable sediment, the poreddtt radii are sufficiently large to allow a counter flow of air and
water (Figure 8a). The reduced radii (Figur® associated with atatic AWCmay ke a result of pore
bridging (Figure8c), or partial blockage (Figur8b) byair (or water)

Figure 8a illustrates the design assumptions for an infiltration device placed in permeable
sediment [15,17]Figure 8b illustrates the situation where the pdmedt diameters are sufficient to
allow the unimpeded vertical flow of air by viscous flow but are insufficient to allow a downward
migration of water by viscous flow. Downward water flow rates are controlled by the upward flow rates
of air. The upward flv of air is by Knudsen diffusion or diffusion [5,6,19,33]. Pendular rings form by
air bubbles, or water droplets, adhering to the side of grains. Figure 8c illustrates the situation where the
reduction in pore throat diameters prevents viscous flow Hyereitir, or water, (or clay expansion)
and all flow is by Knudsen diffusion or diffusion [5,6,11,33].
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Figure 8. Molecular and bubble flow patterns through the base of a descending
groundwater mound(@) Viscous flow through inteparticle porosity. (b)impact of the

effect of water absorption on the grain boundaries creating pendular rings of water around
the pore throats. (c) Impacf the development of toroidal liquid bridges of the wetting
phase on pore throats. VF = Viscous flow; KD = Knudsen difusir diffusion. Fluid 1
(blue), Fluid 2 (red).
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3.2.2 Flow cessation associated witbroidalbridges

Toroidal bridges form within the intgrarticle porosity. In this section experimental observations of
flow through sand, sal derived from winnowed lodgment till and lodgment till are used to investigate
the role of toroidal bridges in creating pressure loses mwithé flow pathways. The firgiart of this
section examines the formation of toroidal bridges by mégrdoubbles in sand, and then applies these
observations to explain the development of nodular or beaded macropore structures at the end of
propagating macropore/natural pipe in the lodgment till. The end of a propagating macropore defines
the lateral limit or bondary of a groundwater mound in a clay sequence [2].

The development of toroidal fluid bridges was experimentally examined in clay (Greenloaning
lodgment till) and sand. A vertical 12 mm clear tube (containing a basal retaiamgrane) was filled
with (0.310.6 m of) compacted sediment and a measured driving force (head) applied. Thresat differe
experiments were undertaken:

() an unconsolidated sand was placed in a water saturated tube and a driving force applied acros

the sand bodyThis experimensimulates the reactivation of flow within a sand filled natural
pipe within the groundwater mound (Section 3.2.2.1);

(i) a sample of lodgment till was placed in a tube and fluidized. Clay particles were elutriated to
create a simulated sand filled natural pipe. THeetwas drained in order to simulate the
lowering of the upper surface of the groundwater mound. The tube was then refilled with water
and a driving force applied across the r
reactivation of a natural pipe duringcharge (Section 3.2.2.2);
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(i) a sample of lodgment till was placed in a tube and a gradually increasing driving force applied
across the clay body in order to examine how macropores and natural pipes form
(Section 3.2.2.3).

3.22.1 Toroidalbridges inunconsolidatedsand

Following the cessation of soakaway recharge vertical and inclinedchatural pipes (within the
groundwater mound) will contain a well graded, porous, unconsolidztied. During rechargduid
flow within the natual pipe will restart ad a number of features will develop:

() In Figure @ theinitial rechargehas separateithe sand bodyo form two sand bodies separated

by a water bodyFluid flow in the lower sand body is Hidized flow within a zone of
stationary particulates (expandgabrosity) [40]. Stationary particulates are continuously
moving particles in expanded porosity, where tipsvard force associated with the flowing
water matches the downward gravitationatéexerted by the particles 48]. Fluid flow in

the upper santody is within unexpanded int@article porosity. Rising air bubbles moving in
the same direction as theater molecules coales¢&ithin the water bodyand block the pores
into the overlying sand body.e., create toroidal fluid bridges (Figui&t)). The waterflow
leaving the upper sand botigs a lower velocity than the water flow leaving the lower sand
body. Overtime the gap between the upper and lower sand bodies inGgraashe upper sand
body is pushed along the conduit by the faroatainedwithin the expanding water body

(i)  Figure 9b demonstrates that the water flow rate is sufficient to carry a few of the fluidized sand

grains from the lower sand body into the overlying water column. This results in a counter flow
of small sand particles ng in the main flow channel and descending in the adjacent slack
water. The flow into the water body from the lower sand body will result in a loss of energy
and a conversion of kinetic energy to potential energy. Continuing expansion of the water body
volume with time, reflects an increase in potential energy pressure loading (Equation 3).

(i) Figure 9c shows that air has coalesced to form bubbles, which form toroidal bridges
(Figure 8c). These toroidal bridges block entry to the pores in the overlyingosdgd This
results in:

a. areduction in the water flow rate through the upper sand body.

b. a buildup of potential energy in the water body immediately downstream of the upper
sand body.

c. the rate of flow through the upper sand body decreasing as the voluairebobbles
along the infiltrating surface increases.

When a critical potential energy (Equation 3) develops in the water body, the overlying sand body
will collapse as the gas bubbles (and water) flow through, and fluidize the upper sand body. This
suggets that when natural pipes reopen, there will be a series of successive pressure losses along tt
pipe length (associated with separating sand bodies) as the stable fluidized flow within the pipe
(containing stationary particulates) becomes established.
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Figure 9. Example of waterflow through an unconsolidated san() Example of
separation, where an upper sand body (purple arrow) is separated from the lower sand body
(blue arrow) by an expanding water body (green arrow). The overlying water (brown
arrow) is free of suspended particl€b) Detail of the upper surface of the lower sand body
showing a central fluidized sand channel (blue arrow) containing stationary particulates.
(c) Detall of the base of the upper sand body showing air bubble (red aBlawfl arrows

indicate flow direction of both air and water in a vertically orientated tube. Tube diameter is
12 mm.
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3.2.2.2 Toroidalbridges inwinnowedsa nd wi t hi n a @natGueenoaninglli ped de

A sample of Greenloaning lodgment tills fluidized and allowed to settle in a 12 mm vertical tube.
The tube was dnaed, and flow restarted, iarderto simulate the behavior of fluids within a natural
pipe located above the static groundwater mound following recharge. This experiosnatted a
number of features:

(0 Figure 10demonstrates that the sediment column first breaks into a number of segments

separated by expanding water bodies.
(i) After the water body reaches a critical size, the overlying sediment fluidizes and &ollapse
into the waer body (Figure 1)1

(i)  The sediment eitheside of the water body (Figure 18 not fluidized. However, the strength
of the water current entering the water body is sufficient to support stationary particulates
within the water body (Figussl0 and12).

(iv)  Within the lower sediment body, nodular, irregular pateselop (white arrow (Figure 1@

which contain small discrete air bubbles. These expand over time (as they receive more air
and water) to form discrete water bodi€se downstream surface of these ernfaygores is
lined with air bubbles.
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(v) The main water body (Figure 10s fed by a series of mioitubes (yellow arrow
(Figures 10and 12)), which are formed as a lining of naao bubbles. These water filled
micro-tubes (<30 mm long) are fed with nano aibbles through their base and sides. The
nano bubbles coalesce towards the tube end to discharge a string of uniform sized &ir bubble
into the water body (Figure 12

(vi)  The junction of the upper sediment body and the water body is marked (brown arrow) by a
rim of nanoand micro air bubbles (Figure 13 his is an analogous situati to that observed
in Figures 9a, @ It indicates that the downstream surface of enlarging pores can be lined
with air. These air bubbles reduce the sediment permeability atriti&oju of the pore and
the sediment.

Figure 10. Sand body separation occurring within graded sand retained within a relict flow
conduit inlodgmenttill following reactivation of flow. Yellow arrow indicates a vertical
water lined tube containing small &ubbles, which migrate into the expanding water body.
Green arrow indicates expanding water body. Black arrow indicates water flow direction.
Tube diameter = 12 mnhodgmenttill from Greenloaning, Scotland.

Figure 11 Fluidised flow in gradedodgmenttill sand. Orange arrow indicates main water
current. Blue arrow indicates presence of descending sand grains in slack Blaatkr.
arrow indicates water flow direction. Tube diameter = 12 mm. Tube orientation = vertical.
Lodgmenttill from GreenloaningScotland.
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Figure 12 Detail of air bubble trains in Figure 1 ellow arrow indicates a vertical water
lined tube containing small air bubbles, which migrate into the expanding water body. White
arrow indicates pore filled with air bubbles.

Figure 13. Detail of junction of the upper sediment bodnd the water body in Figure .10
The brown arrows highlight a film of nano and micro air bubbles separating the upper
sediment body from the water body.

3.22.3 Toroidalbridge formation inpropagatingmacrgoores withinGreenloaningodgmenttill

Lodgment till containing clearactively flowing water (Figure 14 shows thedevelopment of
interconnectedclay clods (Figure 14 and 15) [41]. The clods separate an interconnected three
dimensionabraidedseries 6 flow channels (macropores) [@dhose permeability increasestag clay
clod size increases [#1

The macropores develop adraidednetwork ofthin conduits containing a number of larger pores
arranged in series. This creates a nodulaieadedappearace for each flow pathwayir bubbles
collect and coalesce ihe larger more open por@sigures 14 and16). These air bubbles obstruct the
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downstream flow of wate(i.e., create toroidal bridgeBigure 9c). The shape of the nodular pores
(Figure 16) is gamilar to the shap of the nodular pores created tbgppedair butbles in the sandy till
(Figure 12 white arrow).

At the end of a macrape flow conduit the density of the nodular pomesreases and their size
decreasef@Figures 15and17). This morphologys consistent witlihe hypothesis that the nodular pores
form as potential energy stores at the end of a principal flow conduit and are linked by narrow conduits.
The general energy flow through thesaahats is summarized in Figure 18

Figure 14. Lodgment Till from Greenloaning Water is actively flowing through the clay.
Flow direction arrowed (black arrow); macropores (flow channels (blue arrow)), clay clods
(green arrow), air bubbles (red arrow). White scale bar = 1 mm. Example mineral grains
(quartz grain = yellow arrow, feldspar grain = purple arrow). Photograph prepared by
flowing water through compressed lodgment till held in a 12 mm diameter clearThe
flowing water is clear.

Figure 15. Distal end of apropagatingflow conduit in Greenloamg lodgment till

Gradated junction between an area wherediminant flow is within the inteparticle

porosity (green arrow)and the dominant flow is within macropordsed arrow)

Macropores containing clear flowing water. Arrow indicates the water dioection. Scale
bar (white) = 1 mm.
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Figure 16. High contrast black and white image bddgmentTill from Greenloaning
Water is actively flaving through the clay. Figure lgrovides the same photograph in
color. Air bubbles (red arrows). Narrow poreorwuits (green arrows) connect large
macropore chambers (blue arrows) some of which contain air bubbles. White lines identify
illustrative flow pathways within the porosity.

Figure 17. High contrast black and white photographtlee distalend of apropajating
macropore. Figure 1Pprovides the same photograph dolor. Macropores (black) are
separated by clay clods (white). Arrow indicates the water flow direction. Scale bar
(white) = 1 mm. Red arrow indicates the clay into which the macropore network is
propagating.
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Figure 18. Schematic representation of flow between the clay clods within the macropores.
P1to P5represent total pressure or driving force at different points in the macropore.
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Macropore Macropore
Chamber Chamber
LOW ENERGY MACROPORE STRUCTURE IN A CLAY SEQUENCE

There is an implied loss of amg force @) when kinetic energy converts to potential energy and
vice versa (Figure 18):

P=Ri Pi P 9
where B = pressure at the discharge location (Pa)=Rhe pressure (or head) behind the flowing

water (Pa); and P= pressure losses affewy the flowing water resulting from the transfer of kinetic
energy to potential energy (Pa).

3.2.3 Flow cessation associated witigdration of thenterlayerporosity

The lodgment till contains smectite. Smectite comprises a 2:1 dioctahedral strwbiene an
octahedral layer is sandwiched between two tetrahedral layers [38]. The octahedral layer contains
substitutable cations and contains the itger porosity (Figure 19) [37,38]. Common cations are Ll,

Na, K, Rb, Cs, Mg, Ca, Sr and Ba [38]. Twapeg of swelling of the intdayer porosity are
recognized [38]. They are crystallisevelling where the water bonds with the cations to form one, two,

or three layer hydrates [38] (Figure 19) and osmotic swelling [42]. The unhydrated cations occupy an
inter-layer spacing of around <@.9.1 nm [38]. A single hydration shell increases the spacing to
between 1.0 and 1.2 nm [38]. A double hydration shell increases théayeerspacing to between 1.3

and 1.5 nm [38] (Figure 19). When a triple hydratehwel is present, the bivalent cations (Mg, Ca, Sr,

Ba) show a greater intdgiyer spacing (112.1 nm) than the monovalent cations (Li, Na, K, Rb, Cs)
(1.371.7 nm) [38]. Toroidal bridging can occur (Figure 19) when the hydrated cations are at the edge of
theclay plates.
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Figure 19. Cross section through a clay platelet showing the end of the platelet where it
abuts the inteparticle porosity, the clay layers, and the id&grer porosity containing
structural (and substitutable cations).
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The basal tills in the region contain (median composition (ppm), n = 546) Au = 2 ppb, Hg = 70 ppb,

Ca = 3950, Ti=5305, V = 106, Cr = 8@dn = 1350, Fe = 48000, Ni= 29, Cu = 23, Zn = 88, As = 22,
Rb =57, Sr = 266, Y = 16, Nb = 10, Mo = 3, AdlsBa = 535, La = 31, Ce = 40, W = 2, Pb = 28,
Bi =1, Th =6, U = 3 [43]. This analysis [43] indicates tha® dominant hydrated cations in the

Greenloaning clay are Ca, Ba and Sr.

The static AWC analysis (Figure 7) indicates that the median porereddices from 0.36 mm
(outside the groundwater mound) to 0.00086 mm beside the infiltration device (within the groundwater
mound). This is equivalent to a 99.76% decrease in pore throat radii.

Two structural arrangements (of clay platelets) can prod@8:76% reduction in pore throat radii
associated with the intgrarticle porosity. They are (i) the formation of a compact platy arrangement of
clay particles (Figure 20a) and (ii) a chaotic formation resulting from the presence of trapped air and
water wthin the interparticle porosity of the clay structure (Figure 20b).

Figure 20. (a) Compact clay structurgb) chaotic clay structure containing trapped air
(red) and water (blue) in the intparticle porosity.

~IF | 59\

Compact Clay Structure Chaotic Clay Structure

(@) (b)
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3.24. Otherflow cessatiorfactors

The pore throat radii can be reduced by an expansion of the clayayegerspace associated with
osmotic flows[42]. A collapse of the intelayer space (and expansion of the pore throat radii) can be
triggered by a reduction in e¢hinterlayer monovalent electrolyte concentratiang(, salinity) [4,42].

Pore throat bridging associated with siltation can recaare throat radii adjaceéno the infiltration
device[44].

3.25. Standingwateii modelsummary

In high permeability graisuppored sedimentshe water will infiltrate through the sides and base of
the soakaway to create a wedd®mped groundwater mound, which descends with time, anddsxpan
laterally with time (Figure 211[7,1517 45]. Following recharge (Figure 22the water level drops to
below the base of the soakawayheél groundwater mound continues to descend with time and expand
laterally until it reaches thenderlying water table (Figure 23

Figure 21 Expectedgroundwater mound associated with a soakaplayedin permeable
sediment immediately following the cessation of recharge. Blue arrows indicate direction of

water flow.
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Figure 22 Expected goundwater mound associated with a soakaplagedin permeable
sedimeniafter the cesation of recharge.
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Figure 23. Expected groundwater mound associated with a soakaway placed in permeable
sedimentillustrating a descending mound accreting onto the regional water table.
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In matix supportedclays the maximum lateral extent of the mound occurs at the batde o
soakaway [2,3p(Figure 24. The geometric morphology of groundwater mounds containing horizontal
macropores can be described Wywpuit envelope [1,2] (Figure 25
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Figure 24. Expected groundwater mound associated with a soakaway placed in
impermeable sediment (e.g., clagmediately following the cessation of recharge, when
macropores do not develop.
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Figure 25. Expected groundwater moundssaciated with a soakaway placed in
impermeable sediment (e.g., clagmediately following the cessation of recharge, when
macropores develop.
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Following the cessation of recharge, the elevation of the AWC (in the soakawagaskscas the
mound migrates downwards and expands laterally, until water flow from the soakaway into the
surrounding sediment ceases. A static AWC forms in the infiltration deafieg water infiltration into
the surrounding sediment ceases. The groateinmound, at this point (Figure 26) is static [1,2]. It
contains a network of natural pipes and macropores containing static water [2]. Some of these
macropores and pipes may require a positive hydrostatic pressure, or flowing water, to remain open.
The macropore network will fragment with wall collapses and blockages occurring between recharge
events. Within the drained sediment above the groundwater mound, the macropores/natural pipes wil
also remain open or partially open (due to wall collapses aukdijes). The hodary of the mound
(Figures 15 and 7) marks a transition from viscous flow to Knudsen diffusion. This transition is aided
by pressure losses associated with the entrapment of air and the pressure losses associated with t
formation of naular pore networks at the boundary.

Figure 26. Expected groundwater mound associated with a soakaway placed in
impermeable sedimenke.Q., clay) following the cesation of recharge and afterstic
groundwater mound has formed
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3.3 Macropore Formation

The primary method of fluid distribution within the groundwater mounds at Greenloaning is through
macropores and natural pipes [Ehe toroidabridge analysis has established that
() the nodular or beaded macropore develograémhe end ofhe flow conduit is associated with
pressure losses where each nodular pore represents an expanding store of energy, where kinet
energy is transferred to potential energy, and
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(i) energy losses are accentuated along the downstream margihe abdular pores by the
formation of toroidal bridges associated with migrating air bubbles.
The experimental analysis established that the nodular pores increase in volume as the storec
potential energy increases. When a critical level of stored emexaymulates, the downstream margin
of the pore fluidizes allowing rapid pore growth and natural pipe formation, and water flow within the
enlarged pore with reduced pressure lossélis section considers the formation of the
macropore/natural pipe flowoaduits, the associated pressure losses and the migration of infiltrating
water from the maropores into the surrounding sediment pores.
The stages in natural pipe formation in the till as a function of increasing diovogare
() Low Driving Force: Iner-particle viscous flow through the clay. Thissults in the discharde
water containinga high proportion of colloidal matial (Figure 273. The presence of this
colloidal material in the water moving ahead of the wetting front may have a surfaceat eff
and reducel (Equation §.
(i) Medium Driving Force: Formation of beaded macropore pathways (containing clear water)
separated by clay clods (Figu28).
(i) High Driving Force: Broadening of beaded macropore flow routes to form contifoosemi
continuou$ linear, or meanderingconduits (Figure9, 30
(iv) Higher Driving Force: Formation of high peeaility natiral pipes (Figur&l).

Figure 27. Watekrclay interface, where Greenloanitgdgmenttill is overlain by water.

Arrow indicates the water flow direo. Scale bar (white) = 1 mm.

Q = 0.00040.005 M m?s*; h=<0.21.1 m Figures 2732 are formed by flowing water
through a 12 mm diameter clear tube.

P —

Figure 28 Macroporesseparated by clay clodsontaining clear flowing water within
Greenloaning lodgment till. Arrow indicates the water flow directionScale bar
(white) =1 mm. Q =0.04 fm'?s*; h, = 1.001.4 m.
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Figure 29. Distal end of a propagating natural pighowing the transition (as pressure
losses increase) into a zonemécropores sepated by clay clods. 12 mm diameter tube
containing clear flowing water within Greenloaning lodgment till. Arrow indicates the water

flow direction.

Al ———

Figure 30. Natural pipe forming in the Geenloanidgdgmenttill between clay clods.
Arrow indicates the water flow direction. Scale bar (white) = 1 mm.

Figure 31 Natural pipe formed in the Greenloanileglgmenttill containing clear flowing

water. Air bubble(red arrow); Sand grains, green arrow; Black arrow indicates the water
flow direction. Dashed liree mark the macropore boundary. Scale bar (white) = 2 mm.
Q=0.06mMm?s%: h;=1.3>1.5m.
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3.3.1 Sandaccumulations withiimmacroporesiaturalpipes

Sand withn the natural pipes (Figures &&d 31) may accumulate (e.g., Figure 10) and may become
fluidized (Figure 11) as the flow rate increases during recharge. As the flow rates decrease within the
pipes, the fluidized sand (Figure 11) will settle to produce sharply graded winnowed sand within the
natural pipes (Figure 32). The example in Figure 32stiates the gapraded nature of the
Greenloaning lodgment till where the clay contains a multimodal sand size distribution (Figure 33).

Figure 32. Example of high porosity sharply graded sand within a natural mpgrgent
till, Greenloaning). Arrow indiates flow direction. \hite scale bar is tm.

f—

Figure 33. Clay compositionjodgmenttill, Greenloaning. The graded sand composition in
the natural pipes based on grains between 0.25 and 16 mm. Data: [1].
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3.3.2 Intrinsic permeabilitywithin macroporesaturalpipes

The intrinsic permeability of the macropores/natpipes was measured (Equationflom the flow
rate (at known driving forces) through a 12 mm tube contaitadgmenttill with macropores
(Figure 34. The intrinsic permeability increasewith driving force. In compacted clay (at



Sustainability2009 1 882

Greenloaning) a driving force of about 12000 Pa is required to form macropores [4]. Once a zone
containing macropores has formed, it will be reused by succeeding recharge events.

Figure 34. Relationship betweemtrinsic permeability and potential (driving force) through
Greenloaning lodgment till [4]. Lodgment till placed in 12 mm diameter tube.
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3.3.3 Flow regimes around macropore

A macropore can be viewed @fbire 35 as a cylindrical zone (or pipe, or cait) containing water,
surrounded by clay. The driving force,e) within a macropore/natural pipe is:

Poipe = [9dw (ZT Zn)] T P (20

where z,, = elevation of the macropore (mPy. = pressure loss between the soakaway and the
macropore locatiofPa). Fluid can only flow out of the macropore into the surrounding formation (by
viscous flow) whileP,, > Py. This driving force Py, (Pa),is:

Pp2 = F)pipeT F)FL (11)

Pr. = pressure loss between the macropore and the formation at a distanoefroim the edge of
the macropore. At a distanceyofn from the edge of the macropd?g = Py and viscous flow from the
macropore into taformation will cease (Figure 35The distance will be a function ofPi,. and the
elevation of the aiwvater contact intte infiltration device. The intrinsic permeabilities within each flow
regime differ by sevet orders of magnitude (Figure 85
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Figure 35.Schematic drawing illustrating the flow regimes around a macropore.
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3.3.4 Flow from themacropore into theurroundingformation

The pressure transmission from the macropore to the surrounding formation (associated wih viscou
flow) can be approximated E): (i) Pp2 = 0.5P;ipe at a distance 5] mm; (ilPp2 = 0.1Pype at adistarce
10j nm; and (iii) for P, = 0 Pype at a distace 30j mm. j =Py, (Pa)/1000.Figure 36illustrates the
expected pressure (driving force) profile cross section through a 10 mm diameter macropore located a
0.5m, 1 m, 2 mand 3 m below the-aiater contact ithe infiltration device. The infiltration rate from
the macropore into the surrounding sediment decreases as the elevation of the macropore rise
(Figure 37 and the width of the zone of infiltration decreases as the elevatiore ahaélcropore
decreases$Figure 37. The deeper macropores will store a substantially larger water volume than the
shallower macrpores (Figure 38 However, the time taken for the macropore to saturate the adjacent
sediment increases with macropore defiigure 39. Following recharge, the proportion of stored
water held within the macropores is small, but increases as the macropore depth decreasd§)(Figure
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Figure 36 Indicative relationship between deptim) of the macropore (tative to the
AWC in the infiltration devicg driving force in the surrounding sediment (for viscous flow)
and distance from the centre of a 10 mm diameter macropore.
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Figure 37. Indicative relationship between depth of the macropore (relative to thesr
contact in the infiltration device)nfitration rate (m hr'* per m length of macropore) into

the surrounding sediment (for viscous flow) and distance from the centre of a 10 mm
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Figure 38. Indicative relationship between depth of the macropore (relativiect airwater
contact in the infiltration device) and the water storage capacity of the sediment
(macropore + sedimentSediment porosity = 20%, macropore porosity = 100%.
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Figure 39. Indicative relationship between depth of the macropaehative b the AWQ
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Figure 40. Indicative relationship between depth of the macropalative to the AWdn
the infiltration device) and the proportionr@servoiredvater stored in the macropores
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4. Groundwater Mound Envelope

Water is distributedFigure 41) from the infiltration device into the groundwater mound through
macropores/natural pipes/natural cond{iit®?]. The goundwater mound is encased by a boundary
ernvelope (which may be <0.1 m across) which contains a transition from viscous flow (within the
mound) to Knudsen diffusion (or another form of diffusion). An example of the bouzdasyis
illustrated in Figurs15and17.

Figure 41 Groundwater mound in ingemeable sediment during recharge.
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The end of the propagating macropore network (mound boundary) is characterized by increased
pressure losses and iresed pore tortuosity (Figurédi 17). Section 3has identified that incread
pore tortuosity is associated with increased pressure losses. This section integrates the observed po
tortuosities with the definition of Knudsen diffusion in order to establish a linkage between groundwater
mound radii and tortudy. The linkage beteen the length of the propagating macropores
(groundwater mound radii), sediment permeability, water depth and pressuradasszto develop a
predictivemodel. This model defindse size and morphology of a groundwater mound.

The equilibrium width(L) of the groundwater mound asfunction ofh (expressed aB) and the pore
tortuosity within the boundary envelope zone. The intrinsic permeability of the bounuaipme is
represented by th&nudsendiffusion (kinra) permeability of the sedimenf2-4]. In Figure 41the
maximum width [) is at the base of the infiltration device [2] and the maximum water depth in the
device () defines the upper surface of the groundwater mound [1,2].

The maximum flow rateQ, (m*> m'? %), of the advaring boundaryenvelope (Figure J)7under
equilibrium conditions is [1P

Qo=[" nmr*DJ/[RCT { PIL = [KntraP] = [Kinrahgdy] (12

wheren, = number of moles of aifwhenQj is expressed in moles'frs ; whenQ; is expressed in
m? st n,is expressed in th T = Temperature, KRC = gas constani21]; D, = Knudsen diffusion
coefficient = 0.66r ([BRCT)/[ 'Mw])°° [19]; Mw= weight of air(g mol* [21] or g m®); U= pore
tortuosity; Uis a measure dt.4/L . Lqis the direct distance between the two ends pdre conduit and
L. is the actual flow distance between the twdseof a flow path€.g.,Figure 16.

4.1 Pore Tortuosity at the Mound Boundary

The experimental analysis, indicate that: (i) in the major cosmdoatural pipese(g., Figure 31),
U= 1.0/ 1.1; (i) Within the zones containing coarse clay cloglg.(Figure 16, U= 1.1 to 2.5; and (iii)
at the end of th@ropagating macropores (Figure)1¥= 1.5/ >10. The observed increaseliat the
end of the macropore network may reduce the pdrifitgacross the boundary envelope by an order of
magnitude. However, the biggestpatt on permeability (Equatiol?) is the observed reduction in
(Figure7).

4.2. Equilibrium Mound Widths

At the groundwater mound handary (Figure 4}l the driving fore (for viscous flow)P, reduces to
zero [1. Integratingr (Figure 7) with U (Equation 12 indicates that adJ increasesL increases
(Figure42). Anisotropy associated with flow pathways can resuliwarying in x, y,and z directions
(e.g.,Figure 43.
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Figure 42. Probability distribution for the lateral exterit, (m) of the static groundwater
mound either side of the soakaway as a function of pore tortutsity (
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Figure 43. Plan cross section through a groundwater mound showing macropores radiating
from a central infiltration device. Mound anisotropy is a result ofwian in pore tortuosity
in thex andy flow directions.
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Flow lines within a groundwater mound, which are directed towards a seepage |omatoonther
infiltration device (or borehole, or drainage conduitpermeable sediment layer) nagateanisdropy
in the groundwater mound (Figure)43 hese features are schematically illustrated (leigld for the
groundwater moundassociated with soakaway D3 (Appendix Mound anisotropy is a result of
variation in pore tortuosity in thg andy flow directons. In Figure 44the maximum anisotropy is
towards D1 and the area R1 where mound rises above the growsudface to produce overland flow.
A vertical vent (V) discharges high volumes of water into R1 ftenmacropore network (Figure 44
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Figure 44 Plan cross section through the D3 groundwater mound showing macropores
radiating from a central infiltration device (D3Y. = vertical vent. R1 = seepage zone;
S = Seepage from \Photograpk 25/1/2008 Geographic location is shown in Figure Al.
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4.3 Groundwater Mound Growth as a Function of Time

The critical driving force for macropore initiatioec, applies at the propagating end of the
macropore, i.e., the effective groundesa mound boundary, (Figures34and 44) [2]. The rate of
macropore propagatn Qu, m s?) is:

QM = AMPPpM (13)

where Ppy (Pa) = Ppipd Pe; Pow = driving force associated with the propagating macropore (Pa);
Pp. = pressure losses in the macropore network at the propagating end of the macrop®e (Hh).
vary with clay stucture, cohesiveness, saturation, porosity, mineralogy and compa&gn.
(Equation 10) will decrease with increasing distance from the infiltration defige= macropore
propagation rate (m¥d"). A simple model allow®,y (Pa) to be approximateas P(1-PL)", where
PL = pressure loss x%(fraction) per metre @IL.0), d = distance from the infiltration device. When
(Ppipe T Ppl) < Pc, thenPyy is 0 Pa.Pc defines the maximum (equilibrium) macropore length (i.e.,
effective mound boundary), whi@y defines the length of time it takes for a macropore to propagate to
its maximum length.

The macropores at each depth level (below thevaier contact) will propagate with time until
Pov (Pa) = 0. The rate of propagation declines with distance fronmfitietion device. At each depth
level (below the aiwater contact), there is an equilibrium distance for macropore growth from the
infiltration device. The time taken for macropores to propagate up to 40 m is illustrated in Figure 45.
This analysis (Fjure 45) shows that the length of time required for a macropore to propagate to a
specific length decreases with increasing water column, and is faster in the construction fill than in the
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underlying till. However, the larger water column affecting tHeséiuence allows the macropores to
propagate for a greater lateral distance.

Figure 45.Modeled length of time taken for the macropores to grow to a specific length as
a function of soil type (construction fill, lodgment till) and-aiater contactPL =5% m*;

Pc = 2000 Pa; The infiltration device has a constant water depth of 4 m; The sediment
comprises 1 m construction fill overlying 3 m of lodgment #e (lodgment til) =

3.28 x10° m $*'Pd*, e.q. kinter [3]; Awp (Construction Fill) = 10 ms 'Pd™.
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4.4. Impact of Pressure Losses on Groundwater Mound Diameter

Pressure losses increase along a macropores length with increasing distance from the infiltration
device. The pressure loss (PL) controls both the pressure in a macropore at a distainoen the
infiltration device and the maximum length of macropore which can be associated with a specific water
depth in the iritration device. Figures 4@9 consider an infiltration device containing 6 m of water.
minimum driving force P¢) is required to form a macroporéacropores of lengti.,, will only be
present at the specified depth if the driving force within the macroabr@ distancex from the
infiltration device exceeds the minimum driving forég)

The length of the macropores, whBp = 0 Pa, decreases with increasing PL, but irsggawvith
water depth (Figures #89). SettingPc as 2000 Pa, allows an indication of the groundwater mound
shape to be ascertained as a functibRL and water depth (Figure i0) by defining the maximu
macroporelength. This analysis (Figure 48) can be used to determine the maximum macropore
length as a function of depth below the-water comact (Figure 50). Figure 5@lustrates the
relationship between the groundwater mound boundary as aofratidepth below the AWC, and
distance from the infiltration device for PL = 5% to 20f%. This analysis indicates that any contour
that dips up to 1.7 m below the AWC within 43 m of the infiltration device is likely to encounter the
upper surface of thgroundwater mound.
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Figure 46. Driving force (Pa) in macropores at a dista of 1, 10m from the infiltration
device as a function of their elevation below thewater contact in the infiltration device
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Figure 47. Driving force (Pa) inmacropores at a distance of 1, 10, 20,n3Grom the
infiltration device as a function of their elevation below thewater contact in the
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Figure 48. Driving force (Pa) in macropores at a distance of 1, 10, 204@0and 50 m
from the infiltration device as a function of their elevation below th&abter contact in the
infiltration device PL = 7.5% hh.
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Figure 49. Driving force (Pa) in macropores at a distance of 1, 10, 20, 30, 40, and 50 m
from the infiltraion device as a function of their elevation below thenaiter contact in the
infiltration device PL = 5% M.
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Figure 50. Equilibrium macropore lengths (measured from the infiltration device) as a
function of depth below the AWC in the infiltration de®, and pressure losses [PL, %]m
within the macropores. 1:8.3 and 1:50 (brown dash lines) indicate different contour
gradients. [23] markshe design assumption for infiltration devices enshrined in the UK
construction regulations [7,15,17;38,47%50].
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Figure 50 demonstrates that:

0) Macropore length (at a specific depth below the AWC) increases with decreasing PL

(i) Shallowmacropores at a depth of <1.7 m below the AWC may extend for >40 m from the
infiltration device. UK SUDS guidance [7,22,23,29,47] idades that the groundwater
mound associated with an infiltration device in permeable sediment will not extend more than
5 m from the device. This analysis demonstrates that a groundwater mound in impermeable
sediment will have a substantially larger (ahallowe) radial footprint.

(i) Infiltration devices placed on sloping sites where the gradient is steeper than 1:50 may
experience overland flow due to the groundwater mound rising above the ground surface
creating seepage zones.

The use of borehole infilttmn devices [2] allows water column lengths to be increased. For
example, an infiltration device with a 40 m water column will have a groundwater mound with a lateral
extent of >100 m at the base of the infiltration device (Figure 51). The replacememtveitional
shallow pits (typically <6 m deep) [7,15,17,22,23] with borehole soakaways (typicallyp@in deep)
in clayey sediments allows the storage capacity of the groundwater mound to be substantially increased
This, in turn, allows storm drainagei a substantially larger catchment area (and water volume) to be
focused into the infiltration device.
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Figure 51. Driving forces in the propagating macropores at distances between 10 and 100
m from the infiltration device. Minimum driving forceP{) required for macropore
propagation is 2000 Pa. Macropores extend >100 m beyond the infiltration device when the
water column exceeds 34 m.
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4.5. Seepage Volumes Associated with Groundwater Mounds

At Greenloaning (Appendix 1, A.2), the groundwater moundCi8rintersects the ground surface
creating a high Mame of overland flow (Figure 44 This overland flow overloads the wo slope
soakaways D1 (Figure 52) and D2 (Figure$ &ulting in an extensive down slope overland flow
discharge Figures 44, 52and 53 provide examples (25/1/2008) illustrating that overland flow
associated with an upslope infiltration device can overload down slope infiltration devices. This can
transfer flooding problems from a developed site to a neighboring area, or can creatm@ fomaem
on the developed site, which also results in overlidma on a neighboring area P, Figure 54
illustrates an example of overland flow on a neighboring property resultingtfimverloading of D2
(Figure 53. Figure Al provides a locatianap for each soakaway (D1, D2, and D3).

Figure 52 Seepage from R1 (blue arrow) flowing to the terminal gullies (green arrow) of
D1 (red arrow) andvertopping them. Date: 25/1/08
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Figure 53 Overland flow from R1 and D1 ponding over D2. Date: 25/1/08.

Figure 54. Overland flow from D2 flowing across a dowlope propertyDate: 12/10/05.

The D3 groundwater mound (Figure ¥das a high anisotropy indicating that pressure losses
associated with horizontal macropore formatioay be less than 5% (Figus&). This high anisotropy
is the principal reason why the overland flow occurs, and why high volume vertical vents (vertical
pipes/maropores) are present (Figure 44)

The observed high anisotropy confirms the presence of a high tortuosity in the grtamahoands
boundary envelop@igures 15, 17). At Greenloaning there is a relationship between pressure loading of
the groundwater mound (Equation 3) and seepage volumes [3]. This relationship indicates that the
see@ge volumes will be related to:

M U

(i) the volume of water stored in the groundwater mound prior to the recharge event, and

(i) recharge volumes over a longer period, rather than a shorter period.

4.5.1 Groundwatemoundstoragevolume

The volume VRW, of relict water within the groundwater mod betweenz and z, at the storm
onsetis:

VRW(T) = [¢ " (L+B)%2-2)N (i SuSd] (14)



