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Abstract

Leachate frongroundwood stockpiled at recycling facilities may be detrimental to water
quality. Although mathematical modeling of water movement through steskpiay

help estimate leachate quantityformation on water retention and unsaturated hydraulic
conductivity of woodparticlesneeded to run the modedse unavailable. Our objectives

were to (a) estimate the hydraulic properties of faitkpiled woodnaterial (b) assess
performance ofhree models of pore structuresimulatng waterflow, and (c) determine
relationships betweewptimized hydraulic parameters and particle size.

The particle size distributions (PSDof thirty samples collected fromstockpiles of
coarsely and finely ground wood were measured, and their geometric mean diameters
(dg) and distributiorspread$S,) were used to establish two groups (I and Il), V@toup

| sampleshaving greater glvalues for any given ShanGroup Il samples Six samples



with PSDs representative oboth groups were selected for hydraulic characterization.
Material was packed in acrylic flow cells and outflow was induced by applying
successive pressure potentials-2f-10 and-40 cm to the bottom of &cells. Water
retention data from outflow tests and from steady state measurements carried out in
pressure extractors at potentials -800, -500, -2000 and-10000 cm were fitted to
unimodal and bimodal water retention functiohrsrzerse modelingf outflow datawas
performedusing the software HYDRU3D and assuming(1l) a unimodal poresize
distributionSPM, (2) a bimodal poresize distributioni DPM, (3) two distinct and
interacting poralomainseach with their own water retention and hydraulic condugtivi
functionsDPeM

Wood materiakeleased almost 50% of iheotal water at2 cm with Group | samples
releagng significantly higher volumes tharoup Il. All models of pore structure
captured outflow dynamics. Statistical tests indicated tthetDPeM followed by the

SPM were the best models for conductivity and the DPM for water retention. Parameters
of hydraulic models could be estimated from PSD data. Predictions by all models indicate
that hydraulic conductivity of the unsaturated material is v@ny(Bround0.09 cm/hr at

10 cm), suggesting that water would move slowly through stockpiles exlceiiy

intense rainfalls
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1. Introduction

In 201Q 57% of the 17million metrictons of urban tree and woody yard residue
generated was recovered for reuse and recycling in the United States (Falk and
McKeever, 2004; USEPA, 2010)Vood recycling facilitiesthat process tree and woody
yard residue for landscape mulch typically grind up the incoming materie¢, and
stockpileit outdoorsfor periods of time ranging from weeks to monthsachaterom
wood pilesis of concerndue to ittoxicity to aquatic life, which has beenr#itited tolow
pH and high concentrations of organic compounds such as tannin, lignin, tropolone,
terpene andignan (Zenaitis and Duff, 2002; Tao et al.,, 2007; Hedmark and Scholz,
2008. Environmental impact®f leachateto surface and groundwateanbe assessed
with numericalmodels For porous systems such as Hitidd solid waste and waste rock
piles frommines,numerical modelfhave been used &imulak the flow, transportand
distributionof water andcontaminantsandestimae leachate quantifyas well asprovide
guidance on the design obntrol andcollection systems for leachafg&l-Fadel et al.,

1997, Fala et al, 2005; Molson et al, 200&hire and Mukherjeg2007; Fellner and

Brunner, 2010Safari & al., 2012).

We have found only one published study on the simulation of water movement
through wood chip media. The model in that study (Seng,e2@l2)however,focused
only on the movement of watén a static cylindrical composting reactor contai

wood chipsthrough evaporation, diffusion and percolation and did not incorporate the



external addition of water into through precipitation whvebuld be requiredo model

fluid flow throughfield stockpiles of ground wood

Solutions of nofinear flov equations needed tmodel fluid movement in
unsaturatedporous mediarequire information on water retention and hydraulic
conductivity functionsof the material(Han et al., 201)1 Hydraulic characterization of
wood particle mediahas been limited teporosity and saturated hydraulic conductivity
measurementsn woody biofilter medigTable 1), whichare highly porousvith particle
sizes andhydraulic conductivitiedeingon the order of those of grawelth sizesof 2-80
mm (Gee and Bauder, 1986) abh@810800 cm/hr (Domenico and Schwartz, 1998)

respectively

There isthereforea need foinformation about théydraulic properties of wood
particlesover a wide range oparticle sizes. Field techniques to measure hydraulic
conductivity ofporous mediauch assoils (Amoozegar and Wack, 1986; Green et al.,
1986) and land filled municipal solid waste(Ettala, 1987; Oweis et al., 1998hank,
1993; Jain et al., 2006are unsuitable for stockpikof groundwood because of the
irregulargeometry the low density of the material artle inability to control boundary
conditions Steady state laboratory techniques to measurevaher retentiorcurve (Dane
et al., 2002 have been found to b@adequate taaccurately measure nesaturation
hydraulic propeies of porous systemwith largesized pores(e.g.Logsdon et al., 1993)

and the same mayold true for woodparticle media as well

The mathematicatechniqueof inverse modelingstimates parameteos$ interest

by minimizing an objective function beter® measured and predicted valoésa process



that varies with timgHopmanset al, 2002. Estimation of hydraulic parameters by
inverse modeling involveselecting water retention and hydraulic conductivity functions
andsolving the governing flow modékratively (Hopmanset al., 2002 The selection of

the water retention and associated hydraulic conductivity functions should reflect the
nature of the pore system of the material studied. Likewise, the process selected for
simulation should be designéd augment the characteristics of the pore system to be

characterized.

Hydraulic parametarfor solid waste samples Yebeendeterminedby inverse
modelingdata ofcumulativedrainagefrom saturatedcolumnsinduced by pressuseof
increasing magnitudapgied in multiple steg (Scicchitano, 2010; Han et al., 201The
water retention and hydraulic conductivitynctions ofthe unimodalpore model byan
Genuchten(1980) have been widely used to describe watetention functions fol
multitude of materils such assoils (Han et al., 201)) compost(Naasz et al., 2005;
Londrg 2010;Al Naddd et al., 201}, solid wastgKazimoglu et al.,20065cicchitano,
2010; Han et al., 201 1l)andfilled municipal solid wastéJohnson et al., 200Haydar
and Khire, 205; Khire and Mukherjee, 2007; Fellner and Brunner, 2@bd)waste rock
piles (Fala et al, 2005; Molson et al, 2005he assumption, howevenf a unimodal
distribution ofpore size may not beralid andmaynot be able t@account forpreferential
flow throughlarge poreqge.g. Gardenas et al., 200 herefore modek incorporating a
dual (bimodal)subsystenof poreswith uniform flow and also assuming dual interacting
pore domains with neequilibrium flow need to beconsideredvhen modeling porous

meda with a wide range of particle sizes



The objectives of this worthereforewere to:1) usemultistep flowexperiments
to estimate hydraulic parameterswbod particle media with different size distributions
representative of material stockpiled in firedd, 2) assess the performance of different
models of pore structuref increasing complexityfor their ability to simulate the
movement of water througthe wood particlesand 3) evaluateelationships between
predictedhydraulic parameters of the mdsleonsideredandparticle size of the material.

Inverse modelingvas carried outising the software package HYDREID version 4.14

(Gi mT et al.k2009).



2. Materials and methods

2.0. Overview of experiments

Physical characterization of bulk densitydguarticle size distribution (PSD) was
carried out orB0 samplesA composite of the80 samples was used to determine water
retention data at pressure potentiedaging from-200 to -10000cm. Based on PSD
analyses a subset of six samples was selectduyéivaulic characterization gqforosity,
saturated hydraulic conductivity and multistep outfloMydraulic parameters were
obtained by inverse modeling flow data from the multistep outflow experiments using

HYDRUS-1D.

2.1. Materials

A total of 30 sample consisting of botkoarsely(once)and findy (twice) ground
recycled woodnaterialwereobtainedfrom material stockpiled ahreefacilitiesin New
Jersey A composite sample of material from th@p middle, and bottom of pile was
mixed on site andllowed to airdry for one month daboratoryconditions The moisture
content of aidried samplesvas on an average 7 (£%, and wasised to correct bulk
density and particle size distribution dataotendry (105+3°C for 24 hourshnoisture

content



2.2. Sample characterization

2.2.1 Bulk density

One kilogram of akdried material was loosely packed in a calibrated container
and dropped 15 times from a height of 15 cm (ASAE S269.4, 1992) on to a rubber mat.
The depth of the settled material aftee tL5" drop was measured at three points in the
container, and the average depth after each of those drops was converted to volume and
used t o est i mgiThe changihgkbullddensis with yncrdasing number of

drops for all samples is shown in Appienl.

2.2.2 Particle size distribution

Particle size distribution(PSD) was determinedn triplicate by mechanical
sieving of 2 Lsample§ASAE S424.1, 199Zhrough a set of 10 US Standard sieves with
openings (um) of 25400, 19050, 9525, 5660, 283,01 590, 297, 149, and 6Ron
wood materials wereemovedbefore sievingandresultswere expressed as mass percent

of material retained on each sieve.

Triplicate measurements of cumulative massgsressed apercent of material
retained on a sievd-(d)) was fitted with either a power (Eq. 1) or a sigmoidal (Eq. 2)
function using the Solv&rsoftware in Microsoft Excél (Microsoft Corp.,Redmond,

WA).

0 wQ (1)

"0'Q ()




Where,d is theopeningdiameterin a sieve andb, a, 15 andk are fitting parameters. The
1%'(das) and the % (dzs) quartile diameters of a PSD, were estimated with eflae¢l) or
Eq. @) and used to calculate the sorting coefficien) (8 the distribution as (Lotspeich

and Everest, 1981):

oy — 3

The geometric mean diameteg)@as calculated as:
Q b Q 4

Wheredy; is the geometric mean of material retained betweeithirend (i+1)th sieves

andf; is the mass fraction of particles with geometrieamd,;.

2.2.3. Steady state measurements of water retemtigmessure potentialsetween200
and-10000cm
A composite of allsamplesvas made bynixing 1 L of each of the30 samples and its
PSD determined in triplicatd.he composite wasieved intosix sizeclassesvith upper
bounds 00525 pm, 5660 pm, 2830 pm, 1410 pum, 590 um and 297[Note: each size
class was obtained by passing material through a single sieve and not sequentially
through a set of sievedfour replicate samples each sizelasswere packed into rings
(1 cm in height and 5 cm in diametesnd placed ina pressure plate extractor
(Soilmoisture Equipment Corporation, Santa Barbara, CA) at pressure potent20§ of
cm and-500 cm for31 days and at2000 cm and10000 cm for & days to ensure
equilibration. Samples removed from the pressure extractors weredogdnat 105°C

for 24 hours to determine their water content at the end of the experiment.



The geometric mean diameter of each size class was calculated with Eqg. (4)
considering only the size classes mixed. For each pressure potential, the relationship

bet ween volumetric wat edyofasizatlasswas givehpy: and t
— O (5)

where,p and q are fitted parameters (Table Zjhe fitted d-dy curves (Fig. 1) were
extrapolated to thd, values of the samples used in outflow experiments to estimate their
volumetric watercontents in the range of pressure potentials measured witbupges

extractors {200 cm to-10000 cm).

2.2.4. Water absorption and porosity measurements in individual wood particles

A total of 33 airdried wood particles greater than 297 pm diameterwere

weighed, saturated in denized water and weighed periodically for 15 daijse volume
of each particle of wood was determined using an Elcomet800 Densimeter

(Elcometer Inc., MI) and used to determine the porogita particlecalculated as the

ratio of the volume of water absorbed in that period to the volume of the patrticle.

2.3. Flow experiments

Measurements of porosity (&)andeudldwur at e d
rate of packed columns of wood mulch were carried outciylia flow cells (Soil
Measurement Systems, Tuscon, A%)cm inheightand 12 cm in internal diametéfig.

2). Eachcell hal two 1.5 cm diameteports located 3 cm from thep andbottom that
were usedo accommodateeramictensiometers3 cm long and1cm in dameterwith a

bubbling pressure of % hatach tensiometewvasconnected t@ precalibrated pressure



transducer (model 26PCAFA6D, Honeywell Sensing and Control, Morristown, NJ)
monitored with a CR1000 data logger (Campbell Scientific Inc., Logan, S&ples
were held between perforated mgtidte assemblies witthe uppermetatplate used

only during outflow measurements.

Air-dried material was packed directly on top of the lower nmtke and
incrementally around the saturated tensiomtrsduce systems taa targetdry bulk
densityof 240 kg/ni which was the average determirfedthe 30 sample®acked flow
cells weresaturatedvith deionized and deaerated wdliar 24 hours(Christianson et al
2010). The amount of water addedas determinedby differences irmassbefore and
after saturationPorosity was calculated as the ratio of the volume of the water added to

that of theemptyflow cell.

After the measurement of porosity,atsirated hydraulic conductivity was
determinedfor the same sample by the constant head metidin( et al., 2009;
Christianson et al., 201®y maintaining aconstant pressureeadof about4 cm at the
upper end of thélow cell by a Mariotte systemThe outflow from theflow cell was
collectedevery 30 seconds a container placed on a balanB&B403S/FACT, Mettler
Toledo Inc., Columbus OHgonnected to a computer througs232 data acquisition
software (WinWedgé version 3.X TAL Techndogies Inc., Philadelphia, PA) The

value ofKs (cm/hr)was calculatedrom (Jury et al. 1991):
0 (6)

where,Q is the flow rate(cmhr) at steady statéconstant for an hourA is the area

(cn?) andH is the height othe flow cell (cm) andh is the head(cm)]. The procedure



10

was repeated byecreasingh in two consecutive steps of approximatdlycm and

determining the correspondiqgvalues at equilibrium

After determiningKs the flow cell was closed at the upp@&dewith the perforated
metal plate At the lower endh disc ofsaturated ponge cloth $pontex Inc., Columbia,
TN) was placed in contact with the wood mulahd a filter paper #40 (Whatman,
Clifton, NJ) wasinserted between thgpongeand thelower metal gate (Young et al.,
2002). The K of the sponge cloth/filter paper combination was determined by the
constant headhethod tobe 0.6 cm/hrThe column wase-saturated anteft overnight.
During outflow experimentsthe upper end of the flow celvas keptat atmospheric
pressureand the lower end was equilibratedat successively decreasing pressure
potentials of-2 c¢cm, -10 cm and-40 cm for all samplesbut ore, in which pressure
potentialsof -2 cm, -5 cm and-50 cm (replicate )}, and of-2 cm,-10 cm and-50 cm
(replicate 2)were appliedThe samples were kept at the pressure potentiéd ofn for
about 57 days, at5 or-10 cm for about 710 days and a0 or-50 cm for about 114
days to ensure that outflow wasgligible atevery pressure stepatafrom the pressure
transducergonnected to the tensiometeverecollectedevery 60 seconds for the first 3
hoursafter achange impressure potentiand thereafter every 15 minut&gater draining
from the flow cell was collected in a burette, which wasptied andweighed

periodicallyto determine the cumulative outflow

Onceequilibrium was reached at the finaessure potentiadf -40 (or -50) cm,
the wate content of the material was deterndnigom three sectionsn the flow cell
comprising matedl between the two tensiometeasid aboveand belowthe upperand

lower tensiometes, respectively. The water content remaining in the colwas
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expressed as the average of the water content in the three selthiersaturated water
contentof the mateial in a columnwas calculated by addintd cumulative volume of
water drained during the experimemot the volume of waterremaining after the final
pressure stepWater retention atntermediatepressure potentials ag determinedby
subtracting the cuntative volume of water that drained a given pressure potential

from the water content at saturation

Water retention data from the outflow experimet# {0 -40 or-50 cm) was
supplemented with correcteldtafrom the pressure extractor systes200 to-10000 cm)
and fitted with both unimodal (van Genuchten, 1980) and bimodal (Durner, 1994)
functions (Table 3) wusing the SWRC Fit web interface (Seki, 2007)

[http://seki.webmasters.gr.jp/swrc/]

2.4.  Inverse modeling

Experimental observations ofimulative outflow and pressure head data from the
multistep outflow procedures wemversely modeledo obtain the hydraulic parameters
using the software package HYDRUS® ( Gi mT n e k). Taree difdrent,mod2I® 0 9
of pore structuravere considereqTable 3and Fig. (3): (1) a single porosity model
(SPM) which assumes that the paiee distributionis unimodalandthe water retention
function is described by thean Genuchten (1980inodel (2) a dual porosity model
(DPM) characterized bya bimodal distribution of poresizes consisting of two
overlapping subsystemsf pores.The water retentionfunction of each subsystem is
described byhe van Genuchter{1980) modelineaty addedto give the function for the

total pore systenDurner, 1994)and(3) adual permeabilitynodel(DPeM)in which the
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pore systentonsists otwo overlapping andnteracting porelomains eachassumed to
have & unimodalpore size distributiorwith their own water retention antdydraulic

conductivity functiongGerke and van Genuchten, 1993)

Both the SPM and the DPIdre characterized by a single flow domairnth the
porous medium consisg of impervious particles separated by pores throulgichwvflow
and transport takes pl ac e8).h&DReNan¢hk ottem d v an
handassumes that the particles of the porous mediunalacepermeablewith water
moving relatively fast in the intgrarticle pore domain or macropore when elds
saturation and slowly in the int@article pore domain or matrik Gi mTnek and \
Genuchten, 2008). Differences in permeabilities between the two domainssgive
nortequilibrium flow in the DPeM In this study, the macropore domaim the DPeM

was assumed t@tain water in the pressure potential range from-Q tom.

To ensure that theolution of thenverseproblemexistsandis unique and stable
the number of parameters that need to be estimated to solve the continatiprégy
(Table 3)should bdimited (Hopmanset al, 2002. The strategy used to fit the outflow
and pressure plate ddtar different modelss summarized in Table. Fhe spongeloth
filter paper combination placed at the lower end of the flow cell was accoumted &
second material during inverse modelingp ensure that the combination remained
saturated during inverse mo &ecmtand 1.000 and
(Gi mTnek et al ., 2t9réstljaland sawiratpdevater contenveye;  wh i |

fixed at O(complete drynesgnd 1(complete saturatignrespectively

2.5,  Goodnesof-fit
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The goodnessf-fit of the models was determined by partitioning siuen of the

squares of the residudSSR)B ®w ® ]as (Whitmoe, 1991):

B w w B o w w o B o o (7)

Where,y; are the observations amdare the corresponding predictions by the model, and
wandadfare the mean of the observations and predictions, respectivelihe first term

on the right hand sidseasures therror or random variatiometween observations and
predictions(ERR), and the second term measures|#uok of fitor systematic variain

that can be attributed to the modeOFIT). The nodelis considered to be reliabiethe

LOFIT is not significantly larger thathe ERR (Whitmore, 1991)

Considering that the three models used have different number of parameters
(Table 3) the bestmodel for the observed data was selected usingAitkea i k e 6 s

Information Criterion (AlG) calculated as (Burnham and And®ers1998):

~

b® 11— ¢ —— (8)

Where,N is the number of data points or observations lansl the nunmber of estimable
parameters in the moddtquaion (8) is used when N/Khas a valuef less thard0 to
correct for small sample bias. The model with the lowest.Adue (AlGmin) or the

model withY = 0 is chosen as the best from the set of madsted where

(v

Y 0® 0® 9)

Whit moreds (199 % pnalysise wdre carneed outt Separatelyl fa@

cumulative outflow data and pressure head data $ample
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3. Results andDiscussion
3.1. Physical and hydraulic characterization

Two distinct groups ovood mulchsamples were identified based the values
of their sorting coefficien{S,) and geometric meattiameter(dy), with samples in Group
| having greatedgvalues for ay given value of Sthan samples in Group Il (Fig). The
mass perceages of particlespassing the sieve with 2800 um openifg., fineg in
samples ofGroup 1(66+14%)and Group 1l (40£6%)in this studywere higher than in
those reported in the liteture (Table 1)The shapeof the particle size distributionsas
different between groups, withg. (1) fitting Group | andeq. ) Group Il samples (Fig.
5). The measured and fitted particle size distributions of3®esamples are given in

Appendix L

The distributionof particle sizes in aix influenced the @lumetric water content
d retained at a given pressure potenffag. 1). The i ncr e adgney deduetd wi t h
thedecrease in porosity @food particles( g] with decreas inparticle sizgTable 4 Fig.

6). Wood particles smaller th&®0 pmwere observed to ightly hydrophobic

Six duplicate samples with particle size distributions representativ@roup |
and Il were selected for hydraulic characterization (Fijy. There wasno signficant
difference(P>0.05 between tha@verage porosity dhe selecte@roup 1(0.73cm’cm?)
andGroup 11(0.76 cm’/cm®) sampleor of ther averagemeasured Kvalues of 58 cm/hr
and & cm/hr, respectivelyTable5). Measured porositiewere in the rang reported by

other studies with woodchips, buteasured K valueswere much lower thamhose
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reported(Table 1) This possiblymay bedueto thehigheramount of fineswhich were
observed to settlat the bottom of the flow celduring Ks measurementgesulting in
reducedconductivity (Schéalchli, 1992) Porosity valuesmeasured before the outflow
experimentswvere on an average &(+4.4% lower than thewater content at saturation
backcalculaed from the outflow experimentt is likely that wood partids had
continuedto absorbwater inthe approximatelyd8 hour period betweethe measurement
of porosity and thestart of theoutflow experiment In fact fromthe water absorption
study on individual wood particleparticles >9500 um abscet water over lhe 15 day
period of saturatiomhile smallerparticles were fully saturated within 24 hourBorosity
valuesof packed columsof wood particlesmeasuredafter 24 hoursaturationtherefore
may not be representative of the actual porosity of the matand must be edeafter
allowing the material to saturate folanger period of timgespecially if thematerialis

comprisel of large particles.

3.2.  Multistep outflow and inverse modeling

The outflow characteristics of the twgroups were ifferent, with Group |
samplesreleasinga significantly greate(P= 0.00007 amountof the total wateiat the
first pressure potential 62 cm(56+2%) compared to Group |l sampld8£5%). During
the outflow experimentdifferences inpressurepotentialbetween thaupper and lower
tensiometerswvere roughly equal to tiredifferences inheight as expected for near
saturation system@-ig. 7). For the first two pressure stephetdeviationbetween the
expected values of pressure potentials based on the positiaateh#iometers and their
readingsat equilibriumwerebetweer0 and3 cm for samples ofsroup I, andd and5 cm

for samples ofsroup II(Fig. 7). The deviatiorat the third step increaseddn average of
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8 cm for Group land B cm for Group Il There is © explanation for the larger deviation
in samples of Group I, bub¢re is a possibility that deviatisrin generalerecausedy

the decrease in contaateabetweenthe ceramic tensiometer cugnd the irregularly
shapedwood mrticles, leading to anincrease in tensiometer response time (Watson,
1965). The outflow and pressure head data for the six duplicatglkes are given in

Appendix Il

Water retention data from outflow experimeahd pressure extractongere fitted
with the van Genuchten (1980hdchthe Durner (1994) functiondables 6a and 6b)
Fitted parameters from both modelsowed great variation betwesamplereplicates
and also between sampleand when used as inpsiin HYDRUS-1D they did not
simulatethe outflow dynamicswell. Therefore, mverse modelingpf cumulative outflow
and pressurpotentialdatawere used to optimize parameters defining the shape of water
retention functions over the entire range investigated (SPM) or near sat(eRiwhand
DPeM). For theDPM and DPeM parameters defining trdrier range of water retention
functionsobtained by fitting data from pressure extractwese used tdimit the number
of parametes optimized during inverse modelingrable 3). Consequently inverse
modeling withmodek SPM, DPM andDPeMrequired theoptimization of two, three and
six parameters, respectively (Table Bjater retention data betweeh and-10000 cm
was only included for optimization in the objective function of the DPdihce
preliminary runs indicated thatater retention did not improve tHiting in either the
SPM orthe DPeM Also, since our focus was on outflow prediction, the weight given to
cumulative outflow data was five times that given to pressure head data for inverse

modeling.
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All models fited the measured data reasonably weéth R? greater thar©.82 in
most casegTables 7a, 7b and 7chccording to the Whitmore (1991) test, #firee
models reproduced the major features of outflow dyna(iiable8). Among the mode|s
the DPeM providedthe bestpredictionof cumulative outfbw (lowest AIC value in
eight ofthe twelve samplesandthe SPMin the remainingour samplesFor pressure
head data predictions, the Al@nalysis suppoed the SPMin 42% of the cases over
other models (Tabl&). However,the sum of square of thesiduals ESR of the
pressure headncreasedwith sample d; for all three models suggesting that the
tensiometer measurements in columns with lakgeay have not captured the psere

potentialsnside the column.

Since the particles of wood gperous, the assumptiorof the pore system in wood
mulch astwo ovefapping and interactinffow domainswith vastly different hydraulic
propertiesby the DPeMwould seem to be most favorablerapresent the materialhis
characterizatiomllowsthe DPeMto simulate macropore flow during saturated conditions
and also base matrix flow during unsaturated conditi@G@sdenés et al2006)making it
suitableto capture the dynamics of flow through the wood mulch syste@pposed to a
single flow domain as assumbyg the SPM and the DPMhe DPeMalsooutperforned
the more commonly used SPManstudy to determine the hydraulic properties of paper
waste of different sized particles from laboratory multistep outflow experinfigiats et

al., 2011)

Defining two subgstems of poregor the hydraulic functionss in the DPM
enabéd itsuccessfuy replicae the measured water retent®with accuracy comparable

to those obtained by fitting static water retention data @igOn the other handheé
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SPM and the DPeMhich assume a homogeneous distribution of porélsaim domains
(single and dual, respectivelgyerestimatedhe water conterdt-2 cmby an average of
21% and 14%, respectivelgndunderestimaedthe water contents at pressure potentials
less than ahg -10 cm by an average &%. In a researclusing paper waste th&PM
performed similarlyto this studyand underestimated the wet content in the matrix
domain(Han et al., 2011)The DPeMin this investigationadditionally under estimated
the saturatedvater contents by an average of 7% comparison thenly noticeable
deviation of the DPM occurred a2 cm and was an averagé 5%. Measured and

predicted water retentions for the six duplicate samples are given in Appkndix |

Predictions by the mais indicate that thaydraulicconductivity of the material
will quickly dropwith the application of pressure potentibdssthan-10 cm (Fig.9 and
AppendixIl). Hydraulic conductivities at1l0 cmwere significantly (P=0.011) different
between théwo groupsand wereon an averag®.12 and0.03 cm/hrfor Groups | and I,
respectively This trendis expected sinceamples inGroup |comprise of larger sized
particles and thereforhave fewer smaller sizedporesavailable for conductivity than
Group | samplesat the same pressure potentidlbe same analysiglso explains the
inversetrend observedbetweenvalues ofpredicted saturated matrix conductw{iK <)
and dy by the DPeM (Table 7c) even though there was no significafi?=0.228)
difference in K values between Group | (0.16 cm/hr) and Group Il (0.33 cm/hr)

Since field stockpiles of coarsely and finely ground wood matarealnsaturated
most of the time, theo values of predicted unsaturated conductivity suggest that water
(and hence, antaminants) will move slowly througthem. Howeverwhen there are

extended and substantrainsthe stockpiled wood material may retain a greater amount
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of water leading to a preferential flow in regions of greater satur@litmtson et al.,

2005)and perhaps an increase leachate especiallyom piles of finely ground material

3.3Relationship between particle size atimizedhydraulic parameters

A way to assess whether the predicted hydraulic parameters have a physical
meaning is to finda correlaton with independently measurgthysicalproperties otthe
system such as parametelefining particle size distribution®SD) like the geometric

mean diameterd() and the sorting coefficien&).

The averagevalue of parametemn predicted by the SPMemonstrated a direct
relationship withdy (Fig. 10). This trend is physically soundnse n is regardedasthe
slope of thawvater retentiorturveand as such is expected tde greaterfor samples with
larger pores (largedgy) to simulate therapid dropin their water contergt with small
pressure changesear saturation Models that consider a dual organizatioh pores
(DPM and DPeM) haveparameters that assign weightsthe pore systemsor pore
domains In the DPM,the parameteiv, is a measure of thanportance ofthe first
subsywtem of pores (near saturatioiihe values of parameten predicted by the DPM
increagdwith dy up to about 3000 pm and thefeer remained constant at 0.@ig. 11),
indicating that thesystem of larger porewias more impaant in samplesof larger
particles This trend isconsistent wittthe fact that sampkewith dy > 3000 um hold more
water betweensaturationand-2 cm, andtherefore havdower water contentati 2 cm
(0.38) thansampleswith dy < 3000 pm(0.49).In samples with aly of about 2000 pm
both pore systemsvere seen to be equally importafw;=0.5). For the DPeM, the

parametemy (Table 3)denotesghe macroporosity in a samplenlike w; the predicted
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wy valuesdid not show any retenship withdy and itwas not significanty (P=0.397)
different between Groups | (0.48) and Il (0.5This resultis expected sincthe predicted
saturated macropore conductivitieKsg) (Table 7c)did not show a trend with
themselves or a significar(P=0.535) difference between groups implying that the

macroporesystem itselbehavedn the same manner

Both the hydraulic parameters of the second subsystem of pords @l ny,
obtained by fitting the steady state retentitattg decreased witincrease ity (Figs. 22
and B). Thisindicates that samples with larger sizgurticleshavefewer small pores
than samples with lowedy values and release water gradually at very loagatve

pressure potentials.

Predictedmacropore inflection points};) by the DPeMdemonstrated a direct
relationshipwith dg. Since theanflection point is consideretb be roughly the inverse of
the air entryvalue (van Genuchten and Nielsen, 1985) the resdlicaesa decrease in
the air entry pressure potentidior the macropore regiowith increase inparticle size
(Fig. 14) Consequentlystockpiles with larger sizkparticleswill be expected tarain
fasterwith smallpressure potenti@hangesearsaturationA similar result was obtained

by Han et al. (@11) in their study on paper waste of different particle sizes.

An importantfinding in this studywasthat of a direct relationship betweethe
ratio of the first to the second inflection poitg with dy for both the DPM and the
DPeM (Fig.15). Thelg-dq relationshipis significant in thatt enables the inflection point
of one pore systerfor pore domainjo be calculated if th@SD of the material and the

inflection point of thesecondpore gstem (orpore domain)s known.
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4. Conclusions

Recycled wod material was found to have a complex pore system, requring
dual subsystem of pore® describe its water retention aadual flow domainmodelto
describe itsoutflow characteristics Hydraulic parameters estimated from inverse
modeling using transnt flow data were more representative of the pore system found in
wood mulchthanparameters estimated from static measurements of water retdfritisn
validaesthe useof transient flow data over steadjate data to describe the hydraulic
properties b the system.The geometric mean diameteof particle size distributions
were corelated toseveral hydraulic parametenghich opens the possibility to estimate

themfrom particle size data.

Results of this investigation suggest thatter movement thragh recycled wood
stockpilesis slow except foperiods ofextended and substantial rain evemksch might
lead to preferential flow througtegions of higher saturation in the piincesmaller
sized wood particles have lower porosities and higleger absorption ratethanlarger
pieces, i may be necessary then to grind incoming material at wood recycling facilities
only once for orsite storage to limit the amount of leachate. Simulations of 2D/3D
movement of water through the stockpiles of differgeometries may then help
determine the pile geometry that leads to the least leachate as has been done for waste

rock pile from mines (Fala et. al., Z)0
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Table 1. Physical and hydraulic characterstics of woody biofilter media.
Bulk Saturated hydraulic Mass
Porosi t
Reference Particle size density ( 4) conductivity percent of
(cm¥cm®) §
(kg/m?®) (Kg(cm/hr) fines
Robertson et al.
1-50 mm NR°® NR 39600 £+ 10800 NR
2005%
Van Driel etal. | coarse (250 mm) 0.70 (coarse); | 4320 +3600 (coarse);
a NR NR
2006 fine (1-5 mm) 0.47 (fine) 432 + 252(fine)
Ima and Mann.
b 2-25 mm 286+ 1.7 0.63 £0.013 NR 7.4
2007
Christianson et al
0-30 mm 200- 243 0.66-0.78 34200 £ 5760 <2
b
2009
Chun et al.,
b 0i 510 mm 200 0.79 9720- 17640 29.5°
2009

aField study °Laboratorystudy;°NR - Not reported®p ar t i c | e ;€ madpedcenfagednparticles6000 pm.
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Table 2. Parameter values from (Eq. (5)) obtained by fitting data pairs of
geometric mean diameter ¢;) and correspondingv ol umetri c water C
retained at different pressure potentals by woodchip mixes of different sizes ¢
alsoFigure 2).

Pressure potential (cm) Fitted p Fitted q
-200 0.1983 0.0250

-500 0.1865 0.0095

-2000 0.1484 0.0281

-10000 0.0820 0.0558




Table 3. Continuity equations, water retention [d ( hafd]hydraulic conductivity [K(h)] functions and the inverse
modeling strategies for the three pore models considered.

Model
SPM DPM DPeM
[ — + E _ p - b
Continuity Eqgn. — —+E — p °®
- — % E — p - ¢
. E — 0 e :
¢ (h) fE - —— I z e — f
s B 0°Y ¢ B 0 Y . ‘
K *E 0o p Y Sl o+E 0 5 LA +E 0V p pY f
Ul
i n ' = J PR
Fixed parameters d.",d ', Ks= measured value d5", d- 7, Ks= measured valuéb’, n,* daa = 1,6 = 0, i, o', U, ¥ @= 1y B=3, 2,20.4
Optimized 5 )
U, n U, e, wy .
parameters Kav, Kemy w1, Gl Wi, Ka

®Ri char ds. ( Rd'dartdK(lw) LT Y] are the volumetric water content and the hydraulic conducfivitgtionsrespectively, corresponding to pressure Hefid,
tis time [T], andz is the vertical a)d [L].
bandcThe continuity eqn. for thmacroporeandmatrix systemsrespectivelfGerke and van Genuchten, 1998he macropore system was assumetbicer the range 0 t& cm.

wy is thefraction of the total volume occupied byacroporeg0<wy,<1). | w Y descrieswater exchange between the pore systems, calculated:using— 0 [ 'Q

"0 whereK, is the effective saturated hydraulic conductivity of the interface between the two pore systém&[LT ] i s the shape factor of the
ai s the characteri st i,dstHedimegpgionlespscalirgfagtaar ti cl e [ L], and 2

dvan Genuchten (1980, andd}. are the saturated and residual water contents, respectijely] andn [-] are curve fitting parameters aad  p - .
eDurner (199%. k=2 for the DPM O<wi< 1 andl. x w

fvan Genuchten (1980) applled separatelgacl‘pore systemSubscript =M for the macropore and=m for the matrix system For the overall system-Q 0 — Q p
0 — Qandb™Q 0 O Q p 0O U "Q. Numerical solutions of the DPeM were accepted only ifrti® of thepredictedsaturated hydraulic conductivinf the
overal system(' =0 U p L U to that of its measured value ( was between 0.5 and 2.

0€



9Mualem (1976).Y = ;a p -.

_“Taken as the average of the measured porosity afthé u mn ( d) and wat @ calcudatedfiom thé mubistep sutlawmexparimeno n ( d
'danddm, wer e kept f i xeofitheDurnet (h994) furetioruobtaired by @tting steady state water retention measurements with theiSWREam.
TGandU,wer e kept f i xedtheaDurnar (1994) furction abtaioefl by fitting steady state water retention measurements with the SWRC Fit program.
¥, andn,, were kept fixed at the value of aof the Durner (1994) funath obtained by fitting steady state water retention measurements with the SWRC Fit program.

' d..fixed at the water content measureeRatm from the multistep outflow experiment.

™ geometric mean radiusdy/2 (cm).

T€



Table 4.

Average + standard devation of air-dried mass (my), volume (), and

p or o sp) df woodpatticles from different size classes saturated for 15 days

Size class (um) m, (9) v, (cm®) do ()
>25400 5.712 +2.311 13.47+ 4.094 0.59 + 0.04
1905625400 4,327 + 1.680 8.617+2.222 0.60 + 0.05
952519050 1.333+0.931 2.596+ 1.783 0.47 +£0.10
56609525 0.259 +0.217 0.933+ 0438 0.35+0.16
28305660 0.185 + 0.247 0.717+0.378 0.24 +0.11
14102830 0.014 + 0.008 0423+ 0019 0.06 + 0.01
297-1410 0.006 + 0.001 0.39+ 0.020 0.02 +0.01
Table 5. Physical properties of the six samples selected for hydraulic

characterization. Values shown are the erage * standard deviation of gometric
mean diameter ¢ly) and sorting coefficient &) calculated from particle size
distribution data. Valuesofdry packi ng , d @ 0 s iosatyrdteg wdted )
content from the multistep outflow experiment () and saturated hydraulic
conductivity (Ks) are provided for each duplicate sample.

dg (um) So (Um) 3 b (kg/m’) d  (Yenm) dso Ks (cm/hr)
1403+208 2.77 230/ 230 0.79/0.78 0.83/0.86 61 +1/55 +4
2255+260 2.43 240/ 240 0.75/0.76 0.79/0.77 65 +2/ 63 £1
3482+457 2.21 250/ 240 0.73/0.74 0.82/0.77 63 +2/ 62 £1
4402+1857 4.74 230/ 220 0.73/0.76 0.73/0.75 64+1/549
5512+632 1.76 240/ 240 0.74/0.75 0.82/ 0.85 51 1/ 80 £2
8130+1354' 2.83 240/ 240 0.72/0.72 0.79/0.79 61 +1/53 0

& Group |
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Table 6a. Parametersd,, atd n of the van Genuchten(1980) model (Table 3)
obtained by fitting the model separatdy to duplicate samples selected for hydraulic
characterization. Samplesare identified by their averagegeometric mean diameter

().

dy (um) d, (cm*/cm®) Ocm?) n(-)
1403 6.7607/1.2E07 5.53/11.55 1.17/1.16
2255 2.8E02/2.1E06 4.37/26.85 1.18/1.14
3482 3.3E07/6.7E06 29.78/63.26 1.14/1.12
4402*° 2.1E06/1.8E06 2431.5/572050 1.09/1.09
5512 4.8E06/9.7E08 51.89/13.31 1.12/1.15
8130 5.9E07/2.7E06 1241.7/1036.9 1.09/1.10
aGroup |.

®The vanGenuchter{1980)function fitted the waterretentiondataof replicates of sample 44@@orly.
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Table 6b.  Parameters d;,, 1, Ui, wi, » &hd n, of the bimodal Durner (1994
model (Table 3) obtained by fitting the model separately to duplicate samples
selected for hydraulic characterization. Sampds are identified by their average

geometric mean diameter dg).

dg (M) | d (cm*cm?’) G, (cm™) ny(-) wa(-) Gy(em™) Nz (-)
1403 0.08/0.02 | 571.83/0.66 | 1.64/7.31 | 0.36/0.44| 0.198/0.195 | 1.295/1.187
2255 0.04/0.03 | 2.62/302.71 | 1.53/1.48 | 0.55/0.44| 0.109/0.278 | 1.174/1.168
3482 | 0.05/2.1E05 | 0.97/6.99 3.94/1.51 | 0.53/0.62| 0.095/0.040 | 1.202/1.122
4402% | 0.00/6.2E05 | 13.40/6.72 | 22.08/35.50| 0.77/0.51| 0.058/0.029" | 1.150%/1.138
5512 0.10/0.10 0.65/0.64 8.55/6.62 | 0.61/0.57| 0.022/0.034 | 1.345/1.337
8130% | 6.6E:07/0.00 | 626.50/86.10| 1.24/129.00| 0.66/0.56| 0.026/0.048 | 1.121/1.137
2Group |.

¢ The Durner(1994) model wasfitted pooty to the water retentiomlataof replicates ofsample4402. For inverse
modeling, mrameterd), andn, werekept fixed at the valuesivgn in this tdle and not thosétted by the SWRC Fit
software (Seki, 2007)
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Table 7a. Optimized parameters U and n and the coefficiens of determination
(R?) of duplicate samplesobtained by inversely modeling cumulative outflow and
pressure hea data using thesingle porosity model E§PM) in HYDRUS-1D. The
samples selected for hydraulic characterization are identified by their geometric
mean diameter ().

dy (um) Oem nO) R?
1403 0.37/0.77 1.49/1.33 0.83/0.92
2255 0.46/0.37 1.34/1.48 0.94/0.82
3482 0.80/0.37 1.38/1.47 0.92/0.88
44022 0.38/0.39 1.49/1.59 0.88/0.87
5512 0.62/0.39 1.54/1.58 0.92/0.73
81302 0.92/0.79 1.38/1.45 0.90/0.83

2Group |.
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Table 7b. Optimized parameters U, n; and w; and the coefficiens of
determination (R?) of duplicate samplesobtained by inversely modeling cumulative
outflow and pressure head data using théual porosity model ©OPM) in HYDRUS-
1D. The samples selected for hydraulic characterization are identified by their
geometric mean diameter ¢g). The values of, and n, were kept fixed during
inverse modeling at values shown in Table 6b.

dg (um) Gy (cm™) ny(-) wa(-) R’
1403 0.56/2.08 14.71/1.58 0.36/055 0.92/0.91
2255 0.65/0.63 1.69/7.35 0.54/0.45 0.97/0.95
3482 2.56/0.40 1.79/2.23 0.58/0.61 0.90/0.96
4402° 0.62/0.71 9.34/6.00 057/062 0.93/0.93
5512 1.73/° 2.24}° 0.64/-° 0.95+°
8130° 4.07/1.4 1.83/3.28 0.62/0.58 0.79/0.93
aGroup |.

®hoor prediction for replicate 2 of sample 5512.
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Table 7c. Optimized parameters Uy, Ny, Wu Ksn, Ksu, Ka and the coefficient of
determination (R?) of duplicate samples obtained by inversely modeling cumulative
outflow and pressure head data usinghe dual permeability model OPeM) in
HYDRUS-1D. The samples selected for hydraulic characterization a& identified by
their geometric mean diameter ¢y). The values ofU,and nn, were kept fixed during
inverse modeling at values ot,and n, shown in Table 6b.

- Ksm KsM Ka
dg (um) | Gy (cm™) Nw(-) Wi (-) R?
(cm/hr) (cm/hr) | (cm/hr)®

1403 0.16/0.24 | 2.28/1.71| 0.50/0.63 | 0.12/0.57 35/53 1.5/0.9 0.86/0.88

2255 0.16/0.27 | 2.71/2.84 | 0.43/0.39 | 0.75/11.9| 60/195 1.0/0.02 | 0.94/0.94

3482 0.52/0.29 | 1.58/2.19 | 0.62/0.48 | 0.19/0.62 49/93 1.4/1.1 | 0.90/0.91

44022 0.45/0.34 | 2.39/2.74 | 0.45/0.50 | 0.36/0.10| 12/107 1.9/1.0 0.94/0.86

5512 0.36/0.45| 2.90/1.73| 0.47/0.58 | 0.05/0.01| 110/102 1.0/1.0 0.88/0.67

8130° 0.87/1.17 | 2.08/2.64 | 0.50/0.48 | 0.03/0.13 81/77 1.1/3.9 0.88/0.97

aGroup |.
® Multiply value given in the table by o get the actual value of the effective saturatettanylic conductivity of the
interface between the two pore systemg)(iRefer to Rble 3).
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Table 8. Sum of the square of the residuals (SSR), lack of fit (LOFIT), and
deviation from AICn,, value @ for a given sample and model fothe cumulative
outflow and pressure head data.

Cumulative Outflow

sample SSR LOFIT ®

SPM | DPM DPeM | SPM DPM DPeM | SPM | DPM | DPeM
1403 (1) 18 59 6 2.1E01 | 5.4E01 | 4.1E04 | 40 98 0
1403 (2)| 23 40 23 | 23E01 | 15E01 | 20EO01 | O 29 9
2255 (1) 8 24 1 23601 | 5.1E+00 | 1.1E02 | 168 | 255 0
2255 (2)| 17 48 1 8.2E04 | 2.8E+01 | 1.0E02 | 199 | 271 0
3482 (1)| 8 39 4 3.0E01 | 1.0E01 | 1.4E01 | 61 194 0
3482 (2)| 9 21 6 1.0802 | 3.0E+00 | 8.4E02 | 17 76 0
4402 (1)| 29 230 3 79801 | 1.2E+02 | 3.1E01 | 131 | 260 0
4402 (2)| 17 204 33 | 4.0B01 | 1.2E+02 | 1.0E+01| O 157 52
5512 (1)| 8 21 2 37E02 | 17802 | 1.2E01 | 101 | 180 0
5512 (2)| 29 4841 34 | 6.6E01 | 4.0E+03 | 8.6E+00| O 401 21
8130 (1)| 17 40 17 | 15801 | 1.9802 | 1.2E+00| O 60 12
8130 (2)| 40 35 3 1.0E04 | 4.6E02 | 3.8602 | 165 | 159 0
Pressure head
Sample SSR LOFIT ®

SPM | DPM DPeM | SPM DPM DPeM | SPM | DPM | DPeM
1403 (1)| 3033 3641 3396 293 476 189 0 19 19
1403 (2)| 2522 5353 1889 141 1625 9 16 83 0
2255 (1)| 1973 | 1917 1853 700 680 117 2 0 1
2255 (2)| 1553 1378 1368 469 33 323 10 0 6
3482 (1)| 4486 | 12700 | 4389 47 3177 62 0 177 5
3482 (2)| 3101| 2595 1942 873 896 1043 41 24 0
4402 (1)| 3507 | 1706 1852 | 2356 767 578 87 0 17
4402 (2)| 2499 | 1383 2571 | 1535 124 748 71 0 84
5512 (1)| 1277 | 3651 4812 186 1029 1836 0 164 213
5512 (2)| 7656 | 313693511 9118 6597 | 114205306/ 5270 0 1659 36
8130 (1) 6772 30747 7335 507 10041 596 0 202 19
8130 (2)| 4625| 8408 2021 189 2023 31 106 | 190 0
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Figure 1. Vol umetric water c agvenpressure pdtgntiatagt ai ne
a function of geometric meandiameter (dy) for the different wood particle mixes

placed in the pressure plate extractor.Eq. (5) has been fitted (lines) to the
measurements (symbols). &ameters resulting from the fitsare listed in Table 2.
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Figure 2. The flow cell with upper (T1) and lower (T2) tensiometers inserted.
The pressure tansducers attached to the tensiometers are not shown.

15 cm
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Figure 3. Graphical description of the pore system in wood particle media
showing pores filled with air (white) and water (blue)and the pore models usedo
characterize it In the single porosity mdel (SPM) and the dual porosity model
(DPM) wood particles are impervious and fluid flow takes place only through inter
particle pores. The SPMand DPM are characterized by unimodal and bimodal
distribution s of pore sizes,respectively. In the DPM one mocde represens large
pores (1) and the other smaller pores (2)in the dual permeability mode(DPeM)
wood particles arepermeable leading to slowr flow in the intra-particle domain or
matrix (m) than in the interparticle domain or macropore (M). Both domains have
unimodal pore systens, each with their ownwat er retention [ d(h)]
conductivity [K(h)] functions.

Dl = v 28 Ao o & -.-...-J "Ahh
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Figure 4. Sorting coefficient &) asa function of geometric meandiameter (dg)
of particle size distributions of the 30 wood mulch samples (see Appendix). The
numbers alongside the ifled data points denote thed, of the samples selected for
hydraulic characterization.
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Figure 5. Particle size distributions of (a) Group | and (b) Group Il samples
selected for hydraulic characterization and identified by their geometric mean
diameter (dy) values (in um). Symbols represent measurements and solid lines fits
with Eg. 1 (Group I) and Eq. 2 (Group I1).
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different sizes(in um).
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Volumetric water absorbed ( ) as a function of tme for woodchipsof
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Figure 7. Measured (symbols) and predicted (lines) cumulative outflow and

upper (T1) and lower (T2) pressure potentials of Group Il samples 2255 and 5512
and Group | sample813Q Models used arethe single porosity (SPM), dual porosity
(DPM) and dual permeability (DPeM).
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Figure 8. Measured and predicted water contents ( d Qver the range of
measuredpressure potentials Predicted water contents werebtained by fitting the :

(a) van Genuchten(1980) mode] (b) Durner (1994) mode] or by inverse solutionof

cumulative outflow and pressure head data sing models:(c) SPM, (d) DPM, and (e)

DPeM asimplemented in HYDRUS-1D. The line isthe 1:1 line. Fitted equations are
given below.
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(@)  Opredicer™ 0 . 9 B.8,6F®.0058; Riz 0.996.
(b) Ooredicted™ O . 9 Rabredt @.0013; R2 =0.997.
©)  Chredced= 1 . 2 fbaieft 6.1108; R = 0.850.
(d) dpredicted= 1.0 n%a&r@ 60057, R°=0.976.

(e) Ooredicted™ 1 . 1 RaSrk@084; R? = 0.846.
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Figure 9. Predicted hydraulic conductivity [K(h)] of Group Il samples 2255 and
5512and Group | sample 8130by the single porosity (SPM), dual porosity (DPM)
and dual permeability (DPeM) models Note that the measuredvalues ofsaturated

hydraulic conductivity (Ks) is indicated in the log-scaleat h=-0.1 cminstead of h=0
cm.
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Figure 10.  Relationship between theaveragevalues ofn in the van Genuchten
(1980) model obtained from the single porosity model (SPM) and the geometric
mean diameter (ly) of the samples bosen for hydraulic characterization The filled
data point was not considered for determining the relationship equation.
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Figure 11.  Relationship betweenthe averagevalues ofw; in the Durner (1994)
model obtained from the dual porosity model OPM) and the geometric mean
diameter (dg) of the samples bosen for hydraulic characterization

wy = 9.44E13d,>-2.08E08d,°+1.46E04d,+0.278
R*=0.97.
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Figure 12.  Relationship betweenthe fitted average values of U, in the Durner

(1994) modeland the geometric mean diameter @) of the sk samples chosen for
hydraulic characterization. The filled data point was not considered for determining
the relationship equation.
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Figure 13. Relationship betweenthe fitted averagevalues d n, in the Durner

(1994) model andthe geometric mean diameter @) of the six sampleschosen for
hydraulic characterization. The filled data point was not considered for determining
the relationship equation.
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Figure 14. Relationship between the average macropore air entry pressure
potential (1/Uy) obtained from the dual permeability model (DPeM) and the
geometric mean diameter ;) of the six samples losen for hydraulic
characterization.
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Figure 15. Relationship betweenthe average inflection point ratio (lg) and
geometric mean diameter @) for the dual porosity (DPM) and dual permeability
(DPeM) models of the six samples lsosen for hydraulic characterization The
relationship equations are given below.
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lr=1.73E06d," - 0.0027%,+4.6541;  R°=0.976 (DPM).
|r=2.91E07d,’ + 0.001%,- 2.4563;  R*=0.996 (DPeM).
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Appendices

Appendix . Dry bulk density changeswith increasing compaction as neasuredby
the number of drops from a height of 15 cmand particle size distribution (PSD)
curvesfor the 30 samplesin this study. The chart titles refer to the geometric mean
diameter of the sample dy (in pm). For bulk density the line denotes the average of
the threereplicatesand for PSD it denoteghe fit of either Eq. (1) or EqQ. (2).

400 1 1053
~ 350 -
E
2 300-
>
= A
@ 250 - N A
o A = O = = —£]
° 2004 S
% o o O O O
o) T o
> 1504
=)
100 . . .
0 5 10 15
Number of times dropped

S
= 1053
S 100 4 ) X0
£
A
o 80
c
3
o 60 -
o
[%)]
% 40
S
[}
=
< 20 -
E 4
5
O o O
1 10 100 1000 10000 100000
Sieve diameterg(mn)




Sieve diameterefm)

400 1 1403
. 350 4
&=
~
(@)
< 300 4
P
2 250
(]
o
X
= 200 - A A A A
= 150 A M
&)

100 T L] L] 1

0 5 10 15
Number of drops
<
S 1403
= 100 - Q0
<
[7)]
ﬁ 80 -
IS
[¢D)
O 60 -
g &
7
o 40 -
= 202
[¢D)
= 20
g i
>
= /{
3 O <
1 10 100 1000 10000 100000

52



53

400 - 1426
350 -
€
(@]
< 300 -
Pin
2 250 A
3
- A N
= 200 3 &
o)
Pa
5 150
100 T L] 1
0 5 15
Number of drops
X
= 1426
S 100 - QL
s
7
D 80
=
(5]
o
() 60 A
o
(7))
<
E 40 A
()
=
& 20 -
g
= /&
@) 0 O
1 10 100 1000 10000 100000
Sieve diameterg(mn)




Sieve diameterg(m)

400 - 1439
A A A A A
350 - A .
£ S 3
2 A
X 3005
z
2 250 -
[}
©
X
= 200
o)
Pa
5 150-
100 . . .
0 5 10 15
Number of drops
$
% 1439
S 100 - QL0
=
7
@ 80 1
=
3
5 60 A
o
9]
8 40
S
o
=
T 20 -
=
= o/©’
>
) 0
1 10 100 1000 10000 100000

54



55

1619

15

10

400 -

02
3
<&
O
<5
<4 \@a
<4 \O
An.uﬁn.U
& 4

(u/Bx) Aususp yng A

100

Number of drops

100000

10000

1619

1000

100

10

I T T T T
o o o o o o
o o © <t N

i

(9%) ueyr ssa| Juadlad ssew aAneINWND

Sieve diameterefm)




56

O @O« -0
O O <
O HRY - 9
O
S <O 4
(o)
—
O 4 - 0
O o<
O O
. . rO— < . o
o (@] o o o (@] o
o n o n o Te] o
<t (40] (4p] N N — —

(u/Bx) Aususp yng A

Number of drops

1666

r T T
o o o
o [¢] ©
—

(9%) ueyy ssa| Juadlad ssew aAneINWND

T
o
<

T
o
N

100 1000 10000 100000

10

Sieve diameterg(m)




Sieve diameterg(m)

400 - 1748
~ 350 -
£
(@]
< 300 A
c 250A A - — |l
3 gra/é? o RS >
X
= 200
o)
Pa
5 1501

100 . . .

0 5 10 15
Number of drops
g 1748
S 100 - ) S
=
7
@ 80 1
=
3
5 60 A
o
9]
8 40 -
S
o
=
T 20 -
E
3 o el
1 10 100 1000 10000 100000

57



58

O r

(<

K O i
N~
> 3
0
i

3 i
S o o o 9o o o
le) Ty) S o] S p) S
< ™ ™ I\ I - —

(/Bx) Aususp ngq Aig

15

10

Number of drops

QS

1897

f T T T T
o o o o o o
m_ (ee] (o] < N

(9%) ueyy ssa| Juadlad ssew aAneINWND

100 1000 10000 100000

10

Sieve diametergfm)




59

400 - 1925
350 -
€
(@]
< 300 -
P
2 250 A A A A A A
S A " N ° - =
4
g 200 '/e/z/z 0 0 0O O
> ol U
5 150
100 T L] 1
0 5 10 15
Number of drops
S
= 1925
('U 100 N
=
7
@ 80 1
=
3
o 60 A
o
9]
@ 40 - <
S
2 2
T 20
E
3 o (@/
1 10 100 1000 10000 100000
Sieve diameterg(m)




60

mmv -9
CHO - 9
- CH
p >
(@)}
—
O - 0
3
1) L] L] L] L] L] 0
o o o o o o o
o Te) o n o Te] o
< o (92) N (qV] — —

(/B) Ansuap yng A1

Number of drops

Q00

O
&

1991
g

T T T T
o o o o o
[ee] O < N

100 -

(9%) ueyl ssa) Judalad ssew aAle|NWND

100 1000 10000 100000

10

Sieve diameterg(mn)




61

2114

<

15

10

- O

T
o
o
™

] A
200 4

g
150 1

T T
o o
L0 Lo
™ N

400 1

(u/6x) Aususp %ing A1

100

Number of drops

QS0

2114
<
<&

v

f T T T T
o o o o o o
m_ [¢e] o <t N

(9%) ueyl SS9 1Ud2Iad Ssew aAle|INWND

100 1000 10000 100000

10

Sieve diameterg(mn)




Sieve diameterg(m)

400 1 2255
~ 3504
£
o
< 300 A
2
£ A
c 2509 A A A A A A
3 ZW g 8! 8} 2 <
4
= 200&
o]
Pa
5 1501
100 T L] 1
0 5 10 15
Number of drops
< 2255
c
100 + >
= Q0
2
@ 80
=
3
5 60 A
o
7
T 40 - ©
e S
[«}]
=
T 20 A
>
S
O 0 /((
1 10 100 1000 10000 100000

62



63

el -3
—
| ©
—
(o))
(o)}
AN
(QV
L 10
|
O
T T T T T T 0
o o o o o o o
 m & 1w © m &
S ® ® & & 9+ 904

@/6) Aususp ying Aig

Number of drops

Q0

2299

f T T T T
o o o o o o
m [eo] O < N

(9%) ueyl SS9 JUB2Iad Ssew aAle|NWND

100 1000 10000 100000

10

—

Sieve diameterg(m)




Sieve diameterg(mn)

400 - 2327
350 -
€
(@]
< 300 -
P
2 250 A A A A A
o A
= A O g O
4
= 2005 0 O
> &
a og
100 T L] 1
0 5 10 15
Number of drops
S
‘;5 100 - 2327 O X
@
0
2 804
=
]
o
o 60 -
o
(2]
S
e 40 <
()
=
8 20 %
>S5
S
@) 0 (‘:(@/
1 10 100 1000 10000 100000




65

2896

400 1
350 +
300 -
250

200 -
150 A
100

(/6x) Ausuap yng A1

Number of drops

9 50

2896

I T T T T
o o o o o o
mIU_ [ee] © <t N

(9%) ueyl SS9 1UB2Iad Ssew aAleINWND

100 1000 10000 100000

10

Sieve diameterg(m)




Sieve diameterg(m)

400 4 2972
= 350 A
=
~~
(@]
< 300 -
2
2
o 250 A A A PN
k= [ = ™
X
o)
e
O 150 -

100 . . .

0 5 10 15
Number of drops
S
=S 2972 o
£ 2
9]
n
2o 80
=
(5]
(&)
o 60 -
o
(7))
Q
e 40 -
2 &
S 20 4
>
£
o}
O o o=z
1 10 100 1000 10000 100000

66



400 1 3482
350 -
€
(@]
X 300 -
2
@ 250 - o—8 o &
[¢B)
x 200
>
o]
> 150 -
&)
100 T T 1
0 5 10 15
Number of drops
S
% 3482
100 -
s g
A
@ 80 4
=
3
S 60 -
o
(%]
S 40
S
o
=
T 20 4
>
5
O o &=
1 10 100 1000 10000 100000

Sieve diametere(mn)

67



68

~ ¢

™

o 0]

o™

T T T T T T

o o o o o o o
= g} S el S g} =t
< ™ ™ N N = =

(w/6x) Ansusp %ing AiQ

15

10

Number of drops

0 9

3834

I T T T T
o o o o o o
m_v [ee] © <t N

(9%) ueyl ssa) JUsalad ssew aAne|INWND

100 1000 10000 100000

10

Sieve diameterg(mn)




69

it -
O
ogt -
o
i
(@)
™
S o 9 o 9o o o
& mB & m © 1w &
S ® ® q§ « 9« o«

(u/6x) Aususp %ing AiQ

15

10

Number of drops

o ¥

3910

I T T T T
o o o o o o
m_ [ee} © <t N

(9%) ueyl ssa| 1usalad ssew aAneINWND

100 1000 10000 100000

10

Sieve diameterg(mn)




400 - 4299
— 350 -
£
(@)]
< 300 -
2
2
S 2501
©
= 200 EW g 8 o o
2 LA A A A A
8 1504 2

100 . . .

0 5 10 15
Number of drops
S
= 4299
S 100 -
S
3
9 80 g
<
(0]
e
g 60 -
0 10
7]
S 40 - S/
2 o
f_g 20 2 <&
=
O o
1 10 100 1000 10000 100000

Sieve diametergfm)

70



71

<o O -
o (u!
o4 Od -
4
™ O KO
™
4
_H_ -
O
< O
S o o o o o o
© m © m © m o
S ® ® & «§ < 4

(@/6>) Aususp Ying Aig

15

10

Number of drops

4334

I T T T T
o o o o o o
o [c0) © < N

—

(9%) ueyy ssa| Juadlad ssew aAneINWND

100 1000 10000 100000

10

Sieve diameterg(m)




72

4402

o4 O

<O O

T T
o o o o
L o Lo o
™ ™ N N

400 1
150 -

(u/6x) Aususp %ing A1

100

15

10

Number of drops

4402
1%
<&

f T T T T
o o o o o o
m [ee] (o] <t N

(9%) ueyl SS9 1UB2Iad SSew aAle|INWND

100 1000 10000 100000

10

Sieve diameteregfm)




73

K r
K3
K24 -
o )
3 O
o
4
S o 2o o o o o
& mB & m o mw &
T ® ® «N N « o«

@/6) Aususp Ying A1g

15

10

Number of drops

4960

A

o o
o (<0}
i

o o o o
© < N

(9%) ueyr ssa| Juadlad ssew aAneINWND

100 1000 10000 100000

10

Sieve diameterg(m)




74

aq <©

4973

15

10

400
350
300 ~
250
200
150

(u/Bx) Ansuap ying Aia

100

Number of drops

G &

&

N

4973
<&

I
o o
o 3]
—

o o o o
© < [Q\

(9%) ueyl SS9 1UBIIad Ssew aAleINWND

100 1000 10000 100000

10

Sieve diameterg(mn)




400 - 4994
350 -
€
(@)]
< 300 4
Py
g 250 - A A A A @
© A A 4 © © o
= 200
3 4
0
>
5 1501
100 L] L] 1
0 5 10 15

Number of drops

S
= 100 4994
S <>/§>
?
@ 80 -
E
8
o 60 -
o
()]
8 40
e
o 9
=
T 20 - &
S
e
>
O o0 Ot
1 10 100 1000 10000 100000

Sieve diameterg(m)




76

5032

< <&

&

&

VAN

< <
< &
< &
< <&
Am

<

1

200
150 -

T
o
Te}
N

300 A

T
o
Lo
™

400 -

(@/6>) Aususp Ying Aig

100

15

10

Number of drops

5032
o

I T T T T
o o o o o o
m (¢} © < N

(9%) ueyy ssa| Juadlad ssew aAneINWND

100 1000 10000 100000

10

—l

Sieve diameterg(m)




77

5512

S 11092

10

< & -

@ o

<

o
5

B
&

400 1

350 -
300 -
250 ~
200IE
150 -
100

(u/6x) Aususp %ing A1

Number of drops

8

5512

f T T T T
o o o o o o
m_ [¢e] (] < N

(9%) ueyl SS9 1usaIad ssew aAneINWND

100 1000 10000 100000

10

Sieve diameterg(mn)




78

6775

<&

&

a

un

<

400 1

350
3

o%u

Te)
N

2

150 -

(w/B) Ansuap ng A1

100

15

10

Number of drops

6775

. .
0 O O
o [¢6] (o]
—

T
(@)
<

T
o
N

o

(9%) ueyl SS9 1U2Iad Ssew aAneINWND

100 1000 10000 100000

10

—

Sieve diameterg(mn)




79

7122

age

O

150 -

T T
o o
Te} o
N N

300 A

T
o
Lo
™

400 -

(@/6>) Aususp Ying Aig

100

15

10

Number of drops

7122

I T T T T
o o o o o o
m (¢} © < N

(9%) ueyy ssa| Juadlad ssew aAneINWND

100 1000 10000 100000

10

Sieve diameterg(m)




80

8130

g o

0q <&

wo
o
Q

(u/6x) Aususp %ing A1

T T
o o
Lo Lo

T
o o
L0 o
™ ™ N

400 1
1

100

15

10

Number of drops

8130
O o S8

f T T T T
o o o o o o
m_ [¢e] (] < N

(9%) ueyl SS9 1usaIad ssew aAneINWND

100 1000 10000 100000

10

—

Sieve diameterg(mn)




81

Appendix Il . Measured (symbols) and predicted (lines) cumulative outflow and

pressure potential of the six samples selected for hydraulic characterization
Samples are labeled by their geometric mean diametedl (in pm). Sample replicate

numbers are given withinparentheses
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Appendix 11l .Measured (symbols) and predicted (lines) water retention and
unsaturated hydraulic conductivity of the six samples selected fohydraulic
characterization. Samples are labeled by their geometric mean diameted (in pm).
Sample replicate numbers are given withinparentheses The measured saturated
hydraulic conductivities(Kg) are indicated in the logscaleof the K(h) charts at h=
-0.1 cm instead of h=0 cm.
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