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ABSTRACT

Biochar application to agricultural soil may improve soil physical and
chemical properties and promote sustainable management of natural resources.
Biochar has also been proposed as an amendment to stormwater treatment media,
including both bioretention media and roadway soils. In both applications, the effect
of biochar on the saturated hydraulic conductivity (K) of the amended media is a
critical factor affecting soil or stormwater treatment performance. The objective of this
research was to advance models for predicting K of natural soil and bioretention media
amended with biochar of different particle size and mass. Experiments were conducted
using three natural soils, silt loam, loamy sand, and sandy loam, amended with
unsieved biochar (2% and 6% by w/w); a uniform sand amended with six different
sizes of biochar (4% and 6% w/w); and a bioretention medium amended with three
different sizes of biochar (4% w/w). Experimental measurements of K in these media
showed a strong positive correlation between the interporosity of each
sediment/biochar medium and K. The classical Kozeny-Carman equation was able to
describe the data better than a more recently proposed model for biochar-amended
soil, the Lim model, as long as the total porosity in the Kozeny-Carman model is
replaced by the interporosity. If the objective is instead to predict the relative change
in K with biochar-amendment, the Lim model performed better overall. These results
can be used to guide selection of biochar to improve the hydraulic properties of natural

soils and bioretention media.

viii



Chapter 1
INTRODUCTION

Biochar is a charcoal product produced in high-heat (300°C-850°C) and low-
oxygen conditions that can be used as a soil amendment with the potential for
enhancing soil properties and plant growth (Brantley et al. 2015). Biochar is made

from diverse biomass (feedstock) and pyrolysis conditions (Mukherjee and Lal 2013),

which results in a wide variety of biochar morphological and chemical properties.
Biochar has a relative high porosity and large specific surface area, and amending soil
with biochar can alter soil physical properties, such as particle size distribution, and
bulk density. In addition, biochar amendment may affect soil hydraulic properties, for
example, soil water retention capacity and hydraulic conductivity (Lei and Zhang
2013).

Amending soils with biochar can increase crop productivity, potentially by

improving the hydrologic properties of soil (Barnes, Gallagher et al. 2014). Biochar

amendment is also potentially important for addressing two globally important issues -

climate change and sustainable soil management (Chan, Van Zwieten et al. 2007) .

Sandy soils amended with biochar will drain more slowly, and clay-rich soils amended

with biochar will drain more quickly (Barnes, Gallagher et al. 2014), both beneficial

changes. The impact of biochar on soil hydraulic properties is a complex interaction of
soil and biochar physical properties.
Several studies have reported that incorporation of biochar to soil increased,

decreased, or had no significant effect on the saturated hydraulic conductivity (K)



(Asai, Samson et al. 2009, Githinji 2013, Lim, Spokas et al. 2016). Lei and Zhang

reported soils amended with biochar (dairy manure and woodchip biochars pyrolyzed

at temperatures of 300, 500, and 700°C) had increased K, and the effect increased with

increasing pyrolysis temperature of biochar (Lei and Zhang 2013). Githinji (2013)

produced biochar from peanut hulls using slow pyrolysis at 500°C for 1h and found
that K decreased from 0.49 to 0.18 cm/min as biochar content increased from O to
100% (v/v) (Githinji 2013). However, in another field study application of a
commercial wood biochar at 16 t ha® increased K by 79 % in the top 0-5 cm after 60

days of incubation (Asai, Samson et al. 2009).

For various feedstock materials and/or pyrolysis conditions, K has been found

to change over time (Devereux, Sturrock et al. 2013, Lei and Zhang 2013). For

example, K initially decreased from 4.8x1073 to 2.3x10% cm/s with increasing biochar

content at the early time of experiment (Devereux, Sturrock et al. 2013). At the end of

experiment after wheat root growth occurred, K was found to increase with biochar

content (Devereux, Sturrock et al. 2013). Thus, there are dynamic changes in soil

structure associated with biochar addition that may not be captured in experiments that
neglect plant growth and associated time-dependent changes in soil microbiology.
While there are many observational studies documenting biochar’s impact on K, very
few studies discuss the mechanisms by which biochar alters K, e.g., changes in soil
interparticle porosity.

The objectives of this study are to (1) measure K in a controlled laboratory
setting when wood biochar at two mass fractions is added into three natural soils - silt

loam, loamy sand, and sandy loam; (2) measure K when different sizes of this same



biochar is added to bioretention media or a uniform sand; and (3) evaluate two models

for describing saturated hydraulic conductivity of biochar-amended media.



Chapter 2

MATERIAL AND METHODS

2.1 Sediment

Six types of sediment were employed in this study: Accusand 30/35, Accusand
30/40, silt loam, loamy sand, sandy loam, and a well-defined bioretention media.
Accusand 30/35 (ACS (30/35)) and Accusand 30/40 (ACS (30/40)) are silica sand
(Unimin, Pittsburgh, PA) that was pre-sieved between #30 (0.59 mm) and #35 (0.5
mm), and between #30 (0.59 mm) and #40 (0.425 mm) sieves, respectively. Silt loam
(SIL), sandy loam , and loamy sand (LOS) were collected from University of
Delaware farm land (39<40'11.1"N 75245'08.7"W), a highway roadway (39<31'52.1"N
7594'12.6"W), and University of Delaware farm land (39240'21.4"N 75%44'30.0"W),
respectively. To make the loamy sand somewhat coarser, loamy sand was sieved to
selectively remove some particles smaller than #200 sieve. These three soils are
referred to as natural soils below.

Bioretention media (BIM) is a sediment mixture that includes 88% C33
concrete sand (dso = 0.595 mm, Mason- Dixon Sand & Gravel, Port Deposit, MD), 8%
clay (Mason-Dixon Sand & Gravel, Port Deposit, MD), and 4% sawdust (roughly
between 0.2 to 1 mm by visual observation, Second Chance Hardwoods, Elkton, MD)
by mass, or 62% C33 sand, 11% clay, and 27% sawdust by volume. The ACS (30/35),
ACS (30/40), and BIM were oven-dried at 105°C for 24 h and stored in a sealed
container before use. Natural soils were all ground using a mortar and pestle to remove
large soil aggregates, oven-dried at 105°C for 24 h and stored in a sealed container

before use.



2.2 Biochar

Soil reef biochar (The Biochar Co., Berwyn, PA) produced through pyrolysis
of Southern Yellow hardwood chips at 550°C was used in this study (referred
as “biochar’ for simplicity). The biochar batch was purchased in Summer 2014 and
was stored in open buckets at room temperature and humidity. All measurements and
tests were performed beginning in February 2015.

All biochars were from the same batch of soil reef biochar, but some were
sieved to different size fractions to evaluate the impact of biochar size (and thus
shape) on K. The biochar was first rinsed and then sieved. Rinsing was used to remove
possible organic coatings and readily solubilized salts. When rinsing, biochar was

added to deionized (Steiakakis, Gamvroudis et al. 2012) water at 1:50 (biochar/DI

water) mass ratio. Samples were gently rinsed until the electrical conductivity of the
water decreased below 100 puS/cm. Rinsed biochar when then oven dried at 105°C for
24 h,

Rinsed biochar was sieved by mechanical sieving into seven particle classes:
small, S (0.001-0.059 mm); small’, S’ (<0.85 mm); medium, M (0.5-0.59 mm); large,
L (2-4.75 mm); large’, L’ (0.85-4.75 mm); unsieved, U (< 4.75 mm), and unsieved’,
U’ (<2 mm). For each biochar class, a 200 g subsample was selected to determine the
particle size distribution (PSD) using both mechanical sieves (ASTM 2014) and
hydrometer tests, which were performed according to ASTM D422-63, using 152-H
hydrometer (ASTM 2007). According to the standard procedure (ASTM 2014), at
least 200 g of sample was placed on the mechanical shaker followed by a 15 minutes
agitation, with sieves No. 4, 6, 8, 10, 14, 20, 30, 35, 40, 50, 60, 70, 100, 140, and 200.
The hydrometer test involved dispersing samples that passed sieve No. 200 and taking

hydrometer readings at 1, 2, 3, 5, 10, 15, 30, 60, 250, and 1440 minutes (ASTM 2014).



2.3 Physical Properties

2.3.1 Particle density

Skeletal density (ps) is the sample mass divided by the sample skeletal volume,
where skeletal volume is the volume occupied only by the solid sample (Brewer et al.,
2014). The skeletal density of Accusand, silt loam, loamy sand, sandy loam, and
bioretention media were measured using a pycnometer (ASTM D854-06e1, 2006) and
found to be 2.665 g/cm?, 2.658 g/cm?®, 2.591 g/cm?, 2.667 g/cm?®, and 1.924 g/cm?,
respectively. The skeletal density of biochar was measured using mercury invasion
porosimetry (ASTM 2010) and found to be 1.051 #0.120 g/cm?®, where the *value

here and below is one standard error. The skeletal density of mixtures of biochar and
sediment packed into the experimental columns (pg . ) was calculated from
100%

psmix - fsed+fBC
Pssed PsBC

(2-1)

fsea 1S the mass fraction of sediments without biochar in the mixture, and fp. is the
mass fraction of biochar in the mixture. The sum of f,., and fgc is equal to 100%.
Pss.q 1S the skeletal densities of sediment.

Envelope density (p,) is the ratio of the mass of a particle to the sum of the
volumes including the solid in each piece and the voids within close-fitting imaginary
envelopes surrounding each piece (ASTM 2013) . Envelope density of biochar was
measured using mercury intrusion porosimetry (ASTM 2010): 0.520 +0.027 g/cm?.

The envelope density of mixtures of biochar and sediment packed into the
experimental columns (p,_. ) was calculated from
100%

pemix - fsed+fBC
Pesed PeBC

(2-2)



Pe o 1S the envelope density of sediment without biochar, which for natural soil and

Accusand was assumed equal to the skeletal densities of these materials.

2.3.2 Porosity

The pores in the packed columns of sediment and biochar consist of interpores,
pores between particles, and intrapores, the internal voids of biochar. Intrapores of
sediment particles are assumed negligible. There are two types of intrapores: (a)
connected pores, which are connected to interpores; and (b) unconnected pores, which

are isolated within the biochar particles (Liu, Dugan et al. 2016).

Total porosity (¢) is the ratio of total pore volume to total sample volume
(V), which includes pore volume and solid volume. Interporosity (¢;yter) IS the ratio
of interpore (Vi,+er) Volume to total volume of sediment sample. Intraporosity (¢inira)
is the ratio of intrapore volume (V;,:-¢) to total volume. Because intrapores are
typically much smaller than interpores, we postulate that most water flows through
interpores in a sediment samples containing biochar. As result, the interporosity is a
better parameter for describing the behavior of K than total porosity. The total
porosity, interporosity, and intraporosity for a sediment sample amended or not
amended with biochar are defined with respect to sample bulk density, envelop density

and sample skeletal density as

d)T — VintraV+Vinter =1-— Pb (2_3)
T Ps

_Vinter_l_& 2.4

¢inter v s ( - )



V: _
¢intra — Yintra _ Pe—Pb (2_5)
Vr Ps

where dry bulk density (p;) of each packing was determined by dividing the sediment
mass packed into each experimental column by the column volume. The total porosity,
inter porosity and intraporosity for mixture are calculated by skeletal density, dry bulk

density, and envelope density.

2.4 Hydraulic Properties

The seven different biochars were each combined at 2%, 4% or 6% (w/w)
(oven dry mass fraction) into six different sediments: ACS (30/35), ACS (30/40), silt
loam, loamy sand, sandy loam, or BIM. Biochar/sediment samples were first
thoroughly mixed in a bowl to provide a homogeneous sample. The sediment or
sediment amended with biochar were then gently repacked into glass columns 5 cm
inner diameter <30 cm long with light tamping and vibration to reach targeted dry
bulk densities. Two independent replicates of each sediment or sediment/biochar
combination were prepared. All columns were fixed securely on laboratory stands.
Columns were packed to achieve identical dry bulk densities as in complementary
experiments conducted by Seyyedaliakbar Nakhli for water retention and unsaturated
hydraulic conductivity measurements.

Dry packed columns were flushed upward with carbon dioxide gas for at least
1 h at a flow rate of approximately 30 mL/min to displace air and saturate the column
with a readily solubilized gas. The columns were then saturated with a solution of
calcium sulfate and deionized water (0.005 mol/L). The saturation step typically took
two to three days to complete for each packing.

The constant head method (Jury 2004) was used to measure the K of Accusand
and biochar-amended Accusand samples (ACS (30/35), ACS (30/35)-6U, ACS



(30/35)-6L, ACS (35)-6L", ACS (30/35)-6M, ACS (30/40), ACS (30/40)-4S', ACS
(30/40)-4U', ACS (30/40)-4L", BIM, BIM-4S’, BIM-4L’, and BIM-4U"). To calculate

K, the following equation was solved for each packed column

Q=K (2-6)

where Q (cm/h) is volumetric flow rate, AL (cm) is the length of soil sample, and AH
(cm) is the head difference between top and bottom of column that ranged between 3.9
cm and 9.7 cm for all experiments. Five different AH/AL were used in each
experiment, and data were linearly regressed to determine K from equation (2-6).
Experiments were conducted such that the experimental Reynolds number was
maintained < 1.0.

The falling head method (Jury 2004) was also used to measured K of natural
soil and soil with biochar (SIL, SIL-2U, SIL-6U, SAL, SAL-2U, SAL-6U, LOS, LOS-

2U, and LOS-6U). Linear regression was used to fit average K for each sample

column

in () = Koae 20 (27)

hiy1 L
where L is the length of the soil sample, ti is the i"" time (s), ti+1 is the time after i time
(s), hi is the i'" height of water in the column referenced to the soil column to the soil

outflow (cm), and hi+1 is the next time of height for water referenced to soil outflow.
Five different (-

- ) were used in each experiment, and data were linearly regressed to
i+1

the determine K from equation (2-7)



Chapter 3

RESULTS AND DISCUSSION

3.1 Particle Size Distributions

Figure 3.1 shows PSDs for two mixtures of sediments with biochar to illustrate
the difference between mass-based PSD and volume-based PSD. The black lines in
Figure 3.1 represents PSD by mass and the blue lines PSD by volume. PSDs by mass
are directly measured, while PSDs by volume are calculated using measured mass of
each particle type, sediment or biochar, collected on each sieve and the envelope
density of sediment and biochar. Because the envelope densities of the two materials
are different, the mass-based PSDs are different from the volume-based PSDs.
Volume-based PSD are shifted to the right in the Figure 3.1: because the unsieved
biochar contains many large volume, but low-density particles, when plotted by
volume versus mass PSDs show a greater number of larger particles. Because density
of biochar is small with respect to sediment and biochar contains many elongated
particles, the dso of volume-based PSD is larger than mass-based PSD, particularly for

natural soil like SIL shown in Figure 3.1.B.

10
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Figure 3.1: A Particle size distribution both by mass and volume for ACS (35)-6U,
and BIM-4U. B Particle size distribution both by mass and volume for
SIL-6U. Abbreviations are defined in Table 3.1.

Images of the sediments and the seven biochars are shown in the Appendix

(Figures A.1-A.4). The corresponding mass-based PSDs of unmixed sediments and

biochars are shown in Figures 3.2.A and 3.2.B, respectively. The mean particle size,

dso, of sediments increases from SIL, SAL, LOS, ACS (40), ACS (35), to BIM.

The red and black lines in Figure 3.2.B represent the entire rage of unsieved

biochar particles (U) (red) or biochar sieved only to <4.75 mm (U”) (black).

Approximately 88% of unsieved biochar falls within the sand fraction (0.05 — 2 mm).

Small BC (S) sieved to < 0.841 mm includes 67% sand-sized particles (> 0.05 mm).

11



However, for the small BC (S”) sieved to 0.001-0.059 mm, only 3% of biochar
particles are sand-sized. The large BC (L) (2-4.75 mm) and large BC (L) (0.841-4.75
mm) possessed 100% and 27% gravel-sized particles (> 2 mm), respectively.

Table 3-1 summarizes all experimental packings, where the dry bulk densities
and envelop densities are given for each. As the biochar content increases, the dry

bulk density and envelop density decrease.

100 J —&— Accusand 30/35 (ACS (35))
80 - —&— Accusand 30/40 (ACS (40))
i —A— Silt Loam (SIL)

60 4 —w— Sandy Loam (SAL)

| —@—Loamy Sand (LOS)

40 - —— Biorctention Mcdia (BIM)

204

1E-3 0.01 0.1 1 1

100 _—®— Unsieved BC (U)
—#— Unsieved BC (U")
—A— Large BC (L)
801 o Large BC (L")
|—e— Small BC (S)
60 1_o— Small BC (5)
T—— Medium BC (M)

Cumulative Mass Passing (%)

40

20—-

0- B
B3 o0t 01 10

Sieve Opening {(mm)
Figure 3.2: A Particle size distribution by mass for ACS (35), ACS (40), SIL, SAL,

LOS, and BIM. B Particle size distribution by mass for different biochar
samples. Abbreviations are defined in Table 3.1.
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Table 3.1:

Properties of uniform sands, natural soil, and bioretention media with
different size fractions of biochar.

Non-biochar

Biochar

Biochar

aSample particle size particle size content (IjDry pulk 3 Enve_lope 3
(mm) (mm) (wt %) ensity (g/cm3)  density (g/cm?)

ACS (30/35) 0.5-0.595 - 0 1.644 +0.001 b2.665

ACS (30/35)-6U 0.5-0.595 <4.75 6 1.256 +0.001 2.140 £0.001
ACS (30/35)-6L 0.5-0.595 2-4.75 6 1.212 +0.002 2.140 £0.001
ACS (30/35)-6M 0.5-0.595 0.5-0.59 6 1.131 +0.001 2.140 £0.001
ACS (30/35)-6S 0.5-0.595 0.001-0.059 6 1.131 +0.001 2.140 £0.001
ACS (30/40) 0.425-0.595 - 0 1.600 +0.001 b2.665

ACS (30/40)-4S' 0.425-0.595 <0.841 4 1.736 +0.001 2.280 £0.001
ACS (30/40)-4U' 0.425-0.595 <2 4 1.533 +0.001 2.280 £0.001
ACS (30/40)-4L' 0.425-0.59 5 0.841-4.75 4 1.412 £0.001 2.280 +0.001
SIL <? - 0 1.173 +0.001 2.658 £0.001
SIL-2U <?2 <4.75 2 1.401 +0.001 2.458 +0.001
SIL-6U <?2 <4.75 6 1.321 +0.001 2.136 £0.001
SAL <2 - 0 1.161 +0.001 2.591 +0.001
SAL-2U <?2 <4.75 2 1.462 +0.001 2.402 £0.001
SAL-6U <?2 <4.75 6 1.376 +0.001 2.095 +0.001
LOS <?2 - 0 1.205 +0.001 2.667 £0.001
LOS-2U <?2 <4.75 2 1.551 +0.001 2.465 +0.001
LOS-6U <?2 <4.75 6 1.432 +0.001 2.141 £0.001
BIM <2 - 0 1.204 £0.001 1.924 +0.001
BIM-4S' <?2 <0.841 4 1.515 +0.001 1.738 +0.001
BIM-4U' <?2 <2 4 1.261 +0.001 1.738 +£0.001
BIM-4L"' <?2 0.841-4.75 4 1.289 +0.001 1.738 +0.001
Unsieved Biochar - <4.75 100 1.048 +0.001 0.520 £0.027

2 ACS, SIL, SAL, LOS, BIM are abbreviations for Accusand, silt loam, sandy loam,

loamy sand, and bioretention media, respectively. 30/35 and 30/40 contain particles

between US Std. #30 and #35, or US Std. #30 and #40 sieves. U, L, M, and S

represent unsieved, large, medium and small biochar. U’, L’, and S’ represent

unsieved biochar smaller 2 mm, large biochar between 0.841-4.76 mm, and small

biochar smaller 0.841 mm

® The value is from (M. H. Schroth 1996). ACS (30/40) has the envelope density with

ACS (30/35).
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3.2 Saturated Hydraulic Conductivity

The saturated hydraulic conductivity (K) of sediments with and without
biochar are reported in Table 3.2, along with interporosities of all sediment/biochar
mixtures. Two biochar properties significantly influenced K: particle size and quantity
of biochar amendment. A second factor influencing K was the PSD of the sediment.
Measured K of the unamended media spanned four orders of magnitude: 820, 510,
0.371, 2.55, 5.99, and 77.6 cm/h for Accusand 30/35 (ACS (35)), Accusand 30/40
(ACS (40)), silt loam (SIL), sandy loam (SAL), loamy sand (LOS), and bioretention
media (BIM), respectively (Table 3.2).
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Table 3.2:  Physical properties of column packings and measured and K-C model
predicted saturated hydraulic conductivities

aN Sm Sy bTotal Interp °Pred K dMeas K

Sediment (m?/kg) (m2/m?3) porosity ~ orosity  (cm/hr) (cmthr)
ACS (35) 2  4.15E+00 1.10E+04 0.383 0.383  8.52E+02 820 +90
ACS (35)-6U 2  9.06E+00 6.10E+04 0.485 0.412  5.80E+01 130 £20
ACS (35)-6L 2 2.70E+00 5.09E+03 0.503 0.433  5.73E+03 92 £5
¢ACS (35)-6L" 2  2.70E+00 5.09E+03 0.537 0.471 8.48E+03 370 +30
ACS (35)-6M 2 5.17E+00 1.10E+04 0.536 0.471  2.14E+03 323 9
ACS (35)-6S 2 227E+01 1.65E+05 0.344 0.251 7.33E-01 3.44 £0.13
ACS (40) 2 4.25E+00 1.13E+04 0.349 0.349  5.54E+02 510 +10
ACS (40)-4S> 2  5.04E+00 1.40E+04 0.389 0.330  2.88E+02 41.0 4.3
ACS (40)-4U0° 2  4.89E+00 1.24E+04 0.438 0.383  6.71E+02 136.7 £1.0
ACS (40)-4L 2  4.87E+00 1.00E+04 0.533 0.487  3.07E+03 324 £2
SIL 2 3.91E+02 1.04E+06 0.473 0.473 2.47E-01  0.371+£0.010
SIL-2U 2 4.17E+02 9.62E+05 0.488 0.462 2 59E-01 0.33 +0.02
SIL-6U 2  4.65E+02 8.37E+05 0.523 0.455 3.18E-01  0.256 £0.002
SAL 2 8.30E+01 2.15E+05 0.436 0.436  3.95E+00 2.55 +0.08
SAL-2U 2 8.96E+01 2.15E+05 0.453 0.427  3.59E+00 1.00 +£0.05
SAL-6U 2  1.03E+02 2.15E+05 0.494 0.424  3.49E+00 1.15+0.08
LOS 2  1.27E+02 3.38E+05 0.418 0.418  1.33E+00 5.99 £0.06
LOS-2U 2 1.36E+02 3.26E+05 0.446 0.419  1.43E+00 2.42 £0.04
LOS-6U 2  1.55E+02 3.07E+05 0.507 0.437  1.95E+00 7.02 £0.06
BIM 2 8.11E+00 1.56E+04 0.213 0.213  4.48E+01 77.6 £0.4
BIM-4S’ 2  9.14E+00 2.12E+04 0.323 0.274 6.25E+01 131 %5
BIM-4U’ 2 7.97E+00 1.82E+04 0.308 0.258  6.62E+01 315.0 1.9
BIM-4L’ 2 8.33E+00 1.56E+04 0.437 0.397  4.94E+02 243 +3

&N is number of independent sample measurements

b the standard error for total porosity and interporosity are all 0.001.

¢ Predicted saturated hydraulic conductivity (K) calculated with K-C model using Sv
and interporosity (equation (3-3))

4 Measured K

¢ Accusand amended with large biochar (ACS (35)-6L), but the bulk density is equal
to 1.131 #0.001(g/cm3), same with the bulk density of ACS (35)-6M.
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In Figure 3.3.A, K of biochar-amended sediment are plotted against
interporosity. Data indicate that as interporosity increases, K increases. For example,
application of 6% unsieved biochar reduced interporosity by 3.5% and 2.5% for silt
loam (SIL) and sandy loam (SAL), respectively, which reduced K by 31% and 55%
for these two media. On the other hand, application of 6% unsieved biochar increased
interporosity and K by 4.6% and 17%, respectively, in loamy sand (LOS). For
bioretention media (BIM), application of 4% biochar of different sizes increased
interporosity by 22%, 29%, and 87%, which corresponded to increases in K of 306%,
68%, and 213% in BIM-4U, BIM-4S, and BIM-4L, respectively.

Increased interporosity did not always increase K for biochar-amendment of
Accusands, though. When biochar particles were large, interporosity increased from
0.383 to 0.434 when 6% large biochar (L) was amended to ACS (35), but K decreased
from 820 to 92 cm/h. Similar results occurred when unsieved biochar (U or U”) were
amended to ACS (35) and ACS (40): interporosity increased with biochar amendment,
but K decreased. It seems likely that the shape, surface roughness, and elongated form
of large biochar particles increased the tortuosity of flow paths sufficiently that even
with increased interporosity resistance to water flow increased. Similar results did not
occur when small biochar particles were amended to Accusand: when biochar S was
amended to ACS (35) and biochar S’ amended to ACS (40), interporosities decreased
for both mixtures by 34% and 5%, respectively, and corresponding K decreased by
99% and 92%. Based on these observations, K appears to be influenced by volume of
pores between particles, interporosity and pore structure, which varies with size of

biochar particles amended.
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Figure 3.3: The relationship between interporosity and measured K (A), and
interporosity and K-C model predicted K (equation 3-3) (B). Linear
regressions were conducted weighting the data by the inverse of the
squared standard error of measured K. Error bars in the plots are too

small to be visible.

3.3 Kozeny-Carmen Model

Many models have been developed to predict K (Fair 1933, Carman 1937,
Shahabi 1984, Lim, Spokas et al. 2016). One of the earliest models that is widely used

today was proposed by Kozeny (1927) and later modified by Carman (1937, 1956)

9w 1 ¢°
k=c w (SmXpe)? (1-¢)? (31)
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where u,, is the dynamic viscosity of water (kg/m/s), ¢ is porosity (dimensionless),
p., it the density of water (kg/m?), and g is the gravitational constant (m/s?). S,,, is the
specific surface area (m?/kg), and C is a dimensionless factor that accounts for shape
and tortuosity of flow channels. The Kozeny-Carmen (K-C) model was developed
considering a porous material as an assembly of capillary tubes for which Navier-

Stokes equations describe flow (Dolzyk and Chmielewska 2014). The value of C =

0.20 includes simultaneously the notion of equivalent capillary channel cross-section

and tortuosity (Chapuis and Aubertin 2003, Eibisch, Durner et al. 2015). The value of

Ckc = 1/C = 4.840.3 (W. David Carrier 111 2003) for uniform spheres, reported by

Carman (1956), is usually taken to be 5 and thus C = 0.2. The value of C has been
reported between 1/6 and 1/2.4, and 1/5 is generally employed for unconsolidated
porous media (Wyllie 1955). In this work with unconsolidated porous media, C = 0.2

was assumed.

3.3.1 Envelope Density and Interporosity

While biochar has significant internal porosity that affects total sample
porosity, the micron and sub-micron sized pores inside biochar will have negligible
impact on water permeability: biochar intrapores are too small to transmit water
effectively. Thus, it is postulated that water primarily passes through interpores
between particles of biochar-amended sediment. In this case, the total porosity in the

K-C model is replaced with the interporosity

3
K = @ 1 ¢inter 2
¢ tw (SmXpe)? (1—dinter)? (3 )

The specific surface area in equations (3-1) and (3-2) is a measure of the outer

particle surface area per unit mass of particles. Because of the markedly different
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densities of biochar and sediment particles, it is postulated that a better measure of
surface area is one defined based on envelope volume of particles, not particle mass.

In this case, the K-C equation is written

_c9Pwl_ Pineer _
k=c HUw 55 (1-Pinter)? (33)

where Sy is the specific surface area by volume (m?/m?). As will be shown below, with
this definition it is possible to separately compute the influence of biochar and
sediment particles on Sy. In the analysis of K data, equations (3-1), (3-2), and (3-3)

were used.

3.3.2 Estimation of Specific Surface Area

The specific surface area of sediment and biochar is a critical parameter in the
K-C model. This parameter may be estimated assuming particles are spheres or cubes
(Legare 1992). Other approaches result in estimates of Smor Sy by introducing the
shape, roughness, or projection factors (Chapuis 2012). If biochar particles are
assumed spheres, then Sp for a single spherical particle is computed from

S, = area _ mD? _ 6 (3.4)

" mass 7wD3/6 Xpe  DXpe

As shown in Figure A.1, though, the large biochar particles used in this work had
elongated shapes. If particles are assumed to be rectangular in shape, then when sieved
to diameter d (sieve opening size) they could, for example, have height 0.25 d, width
d, and length 2 d. In this case, Sm for a single, rectangular-shaped particle is computed
from equation (3-4), replacing “6” with “11” .

For samples with a range of sizes, Sm has been estimated from (Legare 1992).

6 -1 PNo.p—P 0.
S = o Bl —pcted (3.5)

+vDpXDg4
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where P is the percentage by weight of particles of diameter d;, P, , is the
percentage by weight of particles that are the next size smaller d;, 4, i is an index
starting from the largest particle size to the smallest, and n is the number of particle
size divisions. In the method of (Legare 1992), an equivalent size, deq, must be defined

for all particles smaller than the minimum size of the particle size distribution
1 Dmin Din
dog =5—J, ™" y* dy == (3-6)
Equation (3-5) was used here to estimate the smallest d; in equation (3-5).

To calculate the specific surface area by volume, S,,, the surface area and

volume of particles in each size class i, S,; and Sy;, are determined using the envelope

density of the sediment, p,_, and biochar, p...,

C— [Msi , MBci 6

Sap = (B2 4 2act) (3.7)
o — [Msi | MBci

SVl (Pes + PeBC) (38)

mg; and mp; are the mass of soil and biochar in each sieve or particle size class,

respectively. With these, S,, is determined from

s, = ZzSa (3.9)

Z?:l SVl

3.4 Lim Model

Lim, Spokas et al. (2016) developed a model that employs four different

pedotransfer functions (PTF) based on sand and clay size fractions of biochar to
predict K of biochar-amended soils. Biochar amended to a given soil is assumed to
alter the sand or clay size fraction, depending on the PSD of the biochar. Their
approach averages the results from the four PTFs to obtain an estimated saturated

hydraulic conductivity. The soils in Lim’s study were amended with pine chip,
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hardwood chip, oat husk, and hardwood pellet biochar, all of which were unsieved and
had different PSDs. The Lim model was developed using their experimental data, and
then evaluated using published K data for other biochar-amended soils.

In the Lim model, biochar must be classified as either sand texture (>0.5 mm),
silt texture (0.002-0.5 mm), or clay texture (<0.002 mm). The biochars used in this
study were classified in these categories. For unsieved biochar (U and U’) that
contained particles in all three textural classes, biochar was classified as sand texture,
since 57% of unsieved biochar was in the sand texture range, 40% was silt texture, and

3% clay texture.

3.5 Statistical Analysis

To quantitatively compare the K-C and Lim model predictions, the raw data is
converted into logarithmic (the base is 10) data for all the statistical analyses. Data are
log transformed, given the several orders of magnitude variation of K for the data in

this work. The following parameters are then defined

_ loglty)-log(Kn) :
AK = log(Km) (3-10)
log(Kp)—log(Kp,)
MK, = —8Up) 708 pc) 3-11
p log(Kp,) ( )
__log(Km)—log(Km,) -
AKpy = log(Km,) (12)

where K,, and K, are predicted K values from models for biochar-amended or

unamended (control) sediment, respectively, and K, and K,,, are measured K values

for amended or control sediment. AK is the relative error of the model prediction in

log space. AK,, is the relative model-predicted change in log K from biochar
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amendment, and AK,, is the relative measured change in log K from biochar
amendment. For a good model, AK is small and AK,, is similar to AK,.

To quantify the model goodness of fit, mean absolute error (MAE) and
modified coefficient of efficiency (E1) were selected to analyze the data (Legates and
McCabe 1999). E1 overcomes the limitations of correlation-based measures for

assessing relative model error (Legates and McCabe 1999). MAE, on the other hand, is

a reasonable measure of model absolute error: because of the slight bias in root mean
square error (RMSE) when large outliers are present, MAE is slightly preferred over

RMSE (Legates and McCabe 1999). MAE and E; are computed from

N P
MAE = 22100 (3-13)
¥N 10;-P;|
E,=10—-2 0 3-14
! =i, 10;-0] (3-14)

where 0; is either log(K,) or log(Ky,,); P; is either log(K,,) or log(K,, ) predicted by
K-C or Lim models, and O is the mean of measured K. Alternatively, 0; is AK,,; P; is
AK,, predicted by K-C or Lim models, and 0 is the mean of AK,,,.

MAE describes the difference between the model predictions and observations
in the log-transformed variable. E1 is a dimensionless value used to evaluate the
relative performance of models and ranges from minus infinity to 1.0, with higher

values indicating better model agreement (Legates and McCabe 1999). Table A.1 and

A.2 (in the Appendix) illustrate more information about the differences between the

K-C and Lim models based on MAE and E;.

3.6 Model Predictions
Predicted K using the K-C model are shown in Figure 3.4 and Table 3.2.

Model predictions of K for natural soil and bioretention media are within a factor of 3
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of measured K. However, the prediction of ACS (35)-6L, ACS (35)-6 L", ACS (35)-
6M, ACS (40)-6S’, and ACS (40)-6L’ are more than a factor of 3 different from
measured values. For example, the prediction of ACS (35)-6L is a factor of 60 greater
than measured K. One hypothesis about why the K-C model performed poorly for
biochar-amended sand is that the biochar particles were not uniformly mixed and

segregation occurred (Lei and Zhang 2013). Future work is necessary to test this

hypothesis.
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Figure 3.4: A. and B. Predicted versus measured K computed using equation (3-3)
for uniform sands, natural soils and bioretention media. Error bars are +
one standard error and most area so small as not to be visible. Dashed
lines represent 3X differences between model-predicted and measured K.

Figure 3.5 shows the Lim model predictions: this model worked well for natural soils,
but poorly for sands and bioretention media. The trend of K-C model predictions is

similar to that of the data. Although the Lim model predicted K in uniform sand with
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different size of biochar to the correct order of magnitude, the prediction of K for

Accusand amended with different sizes of biochar are all identical.
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Figure 3.5: Predicted K from the Lim model versus measured K. Error bars are one
standard error and most are so small as not to be visible. Dashed lines
represent 3X differences between model-predicted and measured K.

Figures 3.4 and 3.5 illustrate the absolute model errors. The relative errors re

shown in Table 3.3 (using equations (3-10) and (3-11)). Here, goodness of fit occurs

when the sign and magnitude of AKn and AK are similar: in this occurs, the model

predicts the relative change in K because of biochar amendment accurately. From

Table 3.3 results, the K-C model resulted in good predications for natural soils and

bioretention media, but not for Accusand with different size of biochar, especially for

Accusand amended with large biochar. Although the signs of AK, matches those for

AKm when the Lim model is applied to Accusand samples, predicted K for Accusand

with different size biochar (except ACS (35)-6S) are identical: 3.76 cm/h for ACS
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(35), and 3.52 cm/h for ACS (40), respectively. The prediction of sediment amended
by large biochar particles is often significantly in error, and as result AKn and AKp

differ significantly for these sediments.
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Table 3.3:  AKn and AKp using K-C and Lim models.

*AK),
Sediments AK,, K-C Model Lim
TP&M IP&M TPandV IPandV Model
ACS (35) - - - - - -
ACS (35)-6U -0.27 0.01 -0.12 -0.33 -0.46 -0.47
ACS (35)-6L -0.33 0.39 0.27 0.43 0.31 -0.47
ACS (35)-6L" -0.12 0.44 0.33 0.48 0.37 -0.47
ACS (35)-6M -0.14 0.25 0.14 0.25 0.14 -0.47
ACS (35)-6S -0.82 -0.48 -0.68 -0.85 -1.04 -1.13
ACS (40) - - - - - -
ACS (40)-4S° -0.40 0.08 -0.04 0.02 -0.10 -0.49
ACS (40)-4U’ -0.21 0.17 0.07 0.14 0.03 -0.49
ACS (40)-4L -0.07 0.32 0.24 0.35 0.27 -0.49
SIL - - - - - -
SIL-2U 0.10 -0.16 0.05 -0.25 -0.04 4.42
SIL-6U 0.37 -0.49 0.05 -0.74 -0.19 2.27
SAL - - - - - -
SAL-2U -1.00 0.16 -0.07 0.16 -0.07 -0.61
SAL-6U -0.85 0.50 -0.09 0.51 -0.08 -0.55
LOS - - - - - -
LOS-2U -0.51 1.20 0.07 1.40 0.27 -0.61
LOS-6U 0.09 3.61 0.84 4.13 1.36 -0.55
BIM - - - - - -
BIM-4S’ 0.12 0.42 0.24 0.27 0.08 -0.49
BIM-4U’ 0.32 0.45 0.25 0.30 0.11 -0.49
BIM-4L’ 0.26 0.78 0.60 0.75 0.63 -0.49

aTP, IP, M, V represent total porosity, interporosity, Sm by mass, and Sy by volume,
respectively, in the K-C model.

Results using the MAE and E; evaluation tools on log-transformed K are
reported in Tables 3.4 and 3.5. Over all sediments, the K-C model has smaller MAE
and larger E: for calculations using interporosity and Sy in equation (3-3) (Table 3.4
and Table 3.5). If samples with large biochar particles (ACS (35)-6L, ACS (35)-6L",
ACS (40)-4L and BIM-4L) are excluded, the K-C model with total porosity and Sy is
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best overall. Although the values of MAE and E;: for the natural soils show that the
Lim model is better for these sediments, the difference between K-C (with
interporosity and Sy in equation (3-3)) and Lim models is very small (0.339 vs 0.292
for E1 in the Tables 3.4 and 3.5). Thus, when predicting K for either biochar-amended
or unamended sediments in this study, the K-C model is best using interporosity and
Sv in equation (3-3).

When AK,, is predicted, though, the Lim model is best model for all sediments
since MAE is smaller and larger E1 (Tables 3.6 and Figure 3.6). The results are also
shown when samples with large size biochar particles (ACS (35)-6L, ACS (35)-6L",
ACS (40)-4L and BIM-4L) are excluded, which also show that the Lim model is best
overall for all sediments (Table 3.6). The K-C model is only best for the bioretention

media (Tables 3.6 and 3.7).
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Table 3.4:  The MAE and E; for K-C and Lim model predictions of log(K). The
shaded numbers represent the best prediction for each row.

MAE K-C Model Lim
TP and M IP and M TP and V IPand V Model
PAll the sediment (N=23) 0.567 0.529 0.554 0.528 1.062
Accusand (N=10) 0.860 0.782 0.834 0.756 1.562
Natural soil (N=9) 0.358 0.349 0.359 0.338 0.292
Bioretention media (N=4) 0.306 0.301 0.291 0.386 1.544
K-C Model Lim
E1 TPandM  IPandM  TPandV  IPandv  Model
All the sediment (N=23) 0.463 0.500 0.476 0.500 -0.004
Accusand (N=10) -0.774 -0.613 -0.721 -0.560 -2.222
Natural soil (N=9) 0.187 0.208 0.185 0.231 0.338
Bioretention media (N=4) -0.394 -0.370 -0.327 -0.759 -6.035

aTP, IP, M, V represent total porosity, interporosity, Sm by mass, and Sy by volume,
respectively, in the K-C model.

b N=23, N=10, N=9, and N=4 represent the numbers of samples.

Table 3.5: MAE and E; for K-C and Lim model predictions of log(K) excluding
large biochar particle samples (ACS (35)-6L, ACS (35)-6L*, ACS (40)-
4L and BIM-4L). The shaded numbers represent the best prediction for

each row.

MAE K-C Model Lim
aTP and M IP and M TP and V IPand V Model

All the sediment (N=19) 0.399 0.404 0.385 0.406 0.907
Accusand (N=7) 0.538 0.541 0.488 0.490 1.469
Natural soil (N=9) 0.358 0.349 0.359 0.338 0.292
Bioretention media (N=3) 0.197 0.252 0.223 0.412 1.445

K-C Model Lim
E1 TPand M IP and M TP and V IP and V Model

All the sediment (N=19) 0.624 0.619 0.637 0.617 0.144
Accusand (N=7) 0.059 0.055 0.148 0.143 -1.567
Natural soil (N=9) 0.187 0.208 0.185 0.231 0.338
Bioretention media (N=3) 0.108 -0.145 -0.012 -0.870 -5.562
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Figure 3.6: AK,, vs AK,for Accusand and BIM (A) or for natural soils (B) using K-C
and Lim models. Data in the top right and bottom left quadrants of each
plot are where sign of AK,, and AK,, are identical.

Table 3.6:  The MAE and Ei of AK,, and AK,, from equations (3-11) and (3-12),
respectively, for K-C and Lim models. The shaded numbers represent the

best prediction for each row.

MAE K-C Model Lim
“TPandM  IPandM  TPandV IPandV  Model
°All the sediment (N=17) 0.727 0.586 0.709 0.587 0.409
Accusand (N=8) 1.056 0.959 1.022 0.925 0.388
Natural soil (N=6) 0.419 0.206 0.466 0.253 0.156
Bioretention media (N=3) 0.467 0.351 0.359 0.356 0.972
K-C Model Lim
E1 TPandM IPandM  TPandV  IPandV  Model
All the sediment (N=17) -0.654 -0.296 -0.565 -0.296 0.097
Accusand (N=8) -1.229 -1.024 -1.158 -0.953 0.181
Natural soil (N=6) -1.485 -0.222 -1.762 -0.498 0.077
Bioretention media (N=3) -2.220 -1.422 -1.476 -1.454 -5.712

TP, IP, M, V represent total porosity, interporosity, Sm by mass, and Sy by volume,
respectively, in the K-C model.

b N=23, N=10, N=9, and N=4 represent the numbers of samples
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Table 3.7:  The MAE and Ei of AK,,, and AK,, from equations (3-11) and (3-12),
respectively, for K-C and Lim models excluding large particle biochar
samples (ACS (35)-6L, ACS (35)-6L", ACS (40)-4L and BIM-4L). The
shaded numbers represent the best prediction for each row.

K-C Model Lim
MAE aTP and M IPandM TPandV IPandV Model
All the sediment (N=13) 0.517 0.408 0.496 0.413 0.384
Accusand (N=5) 1.030 0.910 0.981 0.862 0.405
Natural soil (N=6) 0.419 0.206 0.466 0.253 0.156
Bioretention media (N=2) 0.263 0.184 0.171 0.260 0.946
K-C Model Lim
F1 TPand M IPandM TPandV IPandV Model
All the sediment (N=13) -0.087 0.143 -0.043 0.132 0.192
Accusand (N=5) -0.656 -0.464 -0.578 -0.385 0.349
Natural soil (N=6) -1.485 -0.222 -1.762 -0.498 0.077
Bioretention media (N=2) -0.376 0.039 0.108 -0.358 -3.947

aTP, IP, M, V represent total porosity, interporosity, Sm by mass, and Sy by volume,
respectively, in the K-C model.

b N=23, N=10, N=9, and N=4 represent the numbers of samples

3.6.1 Relation between K and Sediment Texture

The interporosity has a positive relationship with K, as shown in Figure 3-3.
When dso of the sediment increases from 0.0185 to 0.752, the slope of the regression
lines shown in Figure 3-3 and listed in Table 3.8 also increase from 7.1 1.1 to 1500
+1000. When sediment particles size is small, interporosity and K are strongly
correlated, as seen from large R? in the last column of the Table 3.8. But as dso
increases, the correlation weakens and R? approaches zero: other parameters play a

more significant role as sediment dso becomes large.
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Table 3.8: Relation between dsp and K.

3Sediment dso ®Slope (cm/h) R?
SIL-0%U, 2%U, 6%U 0.0185 71%+11 0.98
SAL-0%U, 2%U, 6%U 0.209 150450 0.91
LOS-0%U, 2%U, 6%U 0.258 200190 0.48
ACS (40)-0%, 4%S, 4%U, 4%L 0.541 1800400 0.93
ACS (35)-0%, 6%U, 6%L, 6%M, 6%S 0.545 1000300 0.74
BIM-0%, 4%S, 4%U, 4%L 0.752 150041000 0.48

2 Abbreviations defined in Table 3.1.

b The slopes are of regressed lines in Figure 3-3 (interporosity versus measured K).
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Chapter 4

CONCLUSIONS

This study demonstrated that saturated hydraulic conductivity (K) of biochar-
amended sediments are influenced by the particle size distribution of sediment,
interporosity, sediment texture, and biochar texture. In the uniform sands, K decreased
after adding different biochars, and in the natural soils K also decreased with biochar
amendment. However, in bioretention media, K increased with biochar amendment.
These effects on K are a function of interporosity and specific surface area, and were
accounted for reasonably well with a revised Kozeny-Carmen model that replaced
total sample porosity with interporosity, and the specific particle surface area from a
mass-based particle size distribution with that from a volume-based particle size
distribution. While the Kozeny-Carmen model predicted absolute K best, if the
objective is predicting the direction and magnitude of the change in K with biochar
amendment the Lim model was best. Both the Kozeny-Carmen and Lim models
predicted K poorly when large biochar particles amended the sediments.

In the future, more research should be conducted to better assess the impact of
biochar of varying particle size and shape on K. The shape of biochar, segregation of
sediment and biochar, and roughness of biochar surfaces likely also affect the specific
surface area in the Kozeny-Carmen model. Finally, this study did not examine the role
of soil aggregation on K, which is a time-dependent process and may involve

microbial processes.
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Appendix

NORMALIZATION OF MAE AND E:

Tables A.1 and A.2 list MAE and E; of log(K) and 4K normalized by standard
deviation (SD) and/or mean. The top four rows in Tables A.1 and A.2 are identical to
rows in Tables 3.4 and 3.6, respectively. To compare two models, in this case the K-C

and Lim models, Legates and McCabe (1999) suggest eliminating the difference

between the mean of measured and model prediction, and/or correcting for differences
in the standard deviation of measured and model predictions (log(K) or AK) before
computing MAE and E;. Three different normalizations of the data were performed:
(1) Normalize only with respect to the difference between mean measured
and mean model prediction (The second four rows in Tables A.1 and
A.2):

P = P — (M(P) — M(0))) (A-1)
where 0; is either log(K,) or log(K,, ), and P; is either log(K,,) or log(K,,) predicted
by K-C or Lim models. Alternatively, 0; is AK,,; P; is AK,, predicted by K-C or Lim
models. M (P;) is the mean of P; and M(0;) is the mean of 0;. P/ is the new
prediction data normalized by means.

(2) Normalize only respect to the standard deviation of measured and

model predictions (The third four rows in Table A.1 and Table A.2):

SD _ p ., SP(Oy) )
P?" = Pix =% ) (A-2)

PSP is the new prediction data normalized by standard deviation (SD). SD (Oi) and SD
(Pi) are standard deviation of O; and P;j, respectively.
(3) Normalize with both the mean and standard deviation (The fourth four

rows in Table A.1 and Table A.2):
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poPm = pix 22 Eﬁi — (M(PS?) - M(0)) (A-3)
PiSD "™ |s the new prediction data normalized by mean and standard deviation.

The last four rows of Tables A.1 and A.2 present the results with this method. When
the data are normalized by the mean and standard deviation, the K-C model is better

than the Lim model.
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Table A.1: The MAE and E; of log(K) for different sediments and different models (K-C model and Lim's model). The

shaded numbers represent the best prediction for each row.

MAE (®Initial) E; (Initial)

K-C Model Lim K-C Model Lim
‘TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV  Model
dAll the sediment (N=23) 0.567 0.529 0.554 0.528 1.062 0.463 0.500 0.476 0.500 -0.004
Accusand (N=10) 0.860 0.782 0.834 0.756 1.562 -0.774 -0.613 -0.721 -0.560 -2.222
Natural soil (N=9) 0.358 0.349 0.359 0.338 0.292 0.187 0.208 0.185 0.231 0.338
Bioretention media (N=4) 0.306 0.301 0.291 0.386 1.544 -0.394 -0.370 -0.327 -0.759 -6.035

MAE ("Mean_Normalized) E: (Mean_Normalized)

K-C Model Lim K-C Model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV  Model

All the sediment (N=23) 0.593 0.551 0.582 0.540 0.844 0.439 0.479 0.449 0.490 0.201
Accusand (N=10) 0.690 0.662 0.664 0.636 0.316 -0.423 -0.365 -0.370 -0.312 0.349
Natural soil (N=9) 0.365 0.329 0.369 0.333 0.236 0.170 0.252 0.161 0.242 0.464
Bioretention media (N=4) 0.306 0.263 0.270 0.270 0.365 -0.394 -0.199 -0.229 -0.231 -0.662

& using initial O; and Pi: results are identical to Table 3.4. No normalization of the data.
b using P value
TP, IP, M, V represent total porosity, interporosity, Sm by mass, and Sy by volume, respectively, in the K-C model.

4 N=23, N=10, N=9, and N=4 represent the numbers of samples.
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Table A.1 continued.

MAE (®SD_Normalized) E; (SD_Normalized)
K-C Model Lim K-C Model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV Model
All the sediment (N=23) 0.431 0.421 0.450 0.438 0.699 0.592 0.602 0.574 0.585 0.339
Accusand (N=10) 0.488 0.633 0.467 0.631 0.937 -0.007 -0.305 0.038 -0.301 -0.933
Natural soil (N=9) 0.352 0.354 0.360 0.352 0.365 0.199 0.196 0.181 0.199 0.170
Bioretention media (N=4) 1.080 1.036 1.059 1.075 1521 -3.920 -3.720 -3.826 -3.899 -5.932
MAE (°SD and Mean_Normalized) E; (SD and Mean_Normalized)
K-C Model Lim K-C Model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV Model
All the sediment (N=23) 0.431 0.424 0.449 0.441 0.699 0.593 0.599 0.575 0.582 0.339
Accusand (N=10) 0.405 0.353 0.390 0.339 0.275 0.164 0.273 0.196 0.302 0.433
Natural soil (N=9) 0.359 0.333 0.371 0.348 0.225 0.164 0.273 0.196 0.302 0.433
Bioretention media (N=4) 0.135 0.163 0.156 0.190 0.371 0.382 0.258 0.290 0.136 -0.692
3 using PP
busing PP



Table A.2: The MAE and E; of delta K (AK,, and AK,, in Equation (3-10) and (3-11), respectively) for different sediments
and different models (K-C model and Lim model). The shaded numbers represent the best prediction for each

row.
MAE (Initial) E; (Initial)

K-C Model Lim K-C model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV Model

All the sediment 0.749 0.587 0.728 0.589 0.409 -0.654 -0.296 -0.606 -0.299 0.097
Accusand 1.069 0.959 1.038 0.926 0.388 -1.258 -1.025 -1.191 -0.956 0.181
Natural soil 0.447 0.208 0.495 0.256 0.156 -1.652 -0.235 -1.935 -0.517 0.077
Bioretention media 0.499 0.351 0.367 0.354 0.972 -2.444 -1.426 -1.531 -1.440 -5.712

MAE (Mean_Normalized) E; (Mean_Normalized)

K-C Model Lim K-C Model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV Model

All the sediment 0.491 0.496 0.475 0.482 0.389 -0.084 -0.094 -0.048 -0.065 0.141
Accusand 0.568 0.626 0.551 0.595 0.377 -0.199 -0.322 -0.163 -0.257 0.205
Natural soil 0.123 0.148 0.116 0.115 0.124 0.271 0.122 0.311 0.318 0.264
Bioretention media 0.271 0.313 0.316 0.359 0.145 -0.869 -1.162 -1.182 -1.475 0.000

2 using initial O; and Pi: results are identical to Table 3.6. No normalization of the data.

b using P/ value

TP, IP, M, V represent total porosity, interporosity, Sm by mass, and Sy by volume, respectively, in the K-C model.

4 N=23, N=10, N=9, and N=4 represent the numbers of samples.
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Table A.2 continued.

MAE (SD_Normalized)

E; (SD_Normalized)

K-C Model Lim K-C Model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV  Model
All the sediment 0.626 0.466 0.635 0.476 1.153 -0.382 -0.029 -0.401 -0.052 -1.544
Accusand 0.915 0.753 0.913 0.750 0.827 -0.931 -0.589 -0.928 -0.584 -0.747
Natural soil 0.526 0.209 0.531 0.304 0.229 -2.119 -0.238 -2.146 -0.804 -0.357

Bioretention media 0.183 0.169 0.163 0.269  5.4E+14 -0.263 -0.166 -0.125 -0.857  -3.7E+15
MAE (SD and Mean_Normalized) E:1 (SD and Mean_Normalized)

K-C Model Lim K-C Model Lim
TPandM IPandM TPandV IPandV Model TPandM IPandM TPandV IPandV Model

All the sediment 0.388 0.371 0.392 0.376 0.424 0.143 0.182 0.134 0.170 0.064
Accusand 0.288 0.269 0.266 0.249 0.268 0.392 0.431 0.438 0.475 0.434
Natural soil 0.120 0.139 0.114 0.099 0.126 0.289 0.178 0.322 0.410 0.254
Bioretention media 0.181 0.184 0.180 0.183 0.222 -0.246 -0.268 -0.241 -0.261 -0.533




Table A.3: The Max. Reynolds for all the sediments.

Sediment Max. Reynolds #
ACS (35) 1.98E-01
ACS (35)-6U 2.44E-01
ACS (35)-6L 2.94E-01
ACS (35)-6 L" 2.42E-01
ACS (35)-6M 1.98E-01
ACS (35)-6S 1.31E-02
ACS (40) 8.47E-01
ACS (40)-4S° 2.98E-01
ACS (40)-4U° 3.74E-01
ACS (40)-4L° 4.68E-01
SIL 4.03E-05
SIL-2U 5.86E-05
SIL-6U 1.03E-04
SAL 3.49E-03
SAL-2U 1.54E-03
SAL-6U 2.00E-03
LOS 1.25E-02
LOS-2U 4.25E-03
LOS-6U 1.37E-02
BIM 8.49E-01
BIM-4S’ 3.61E-01
BIM-4U’ 8.45E-01
BIM-41L° 4.22E-01




¢ ® D

Figure A.1: A contains ACS (30/35) and Small biochar (0.001-0.059 mm). B contains
ACS (30/35) and medium biochar (0.5-0.59 mm). C contains ACS

(30/35) and large biochar (2-4.75 mm). D contains ACS (30/35) and
unsieved biochar (< 4.75 mm).
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Figure A.2: The image of soil from right to left is silt loam, sandy loam and loam
sand.

Figure A.3: Bioretention media.



Figure A.4: A:small biochars (< 0.841 mm), B: unsieved biochars (< 2 mm), C: large
biochars (0.841-4.75 mm), D: small biochars (0.001-0.059 mm), E:

medium biochars (0.5-0.59 mm), F: large biochars (2-4.75 mm), G: and
unsieved biochars (< 4.75 mm).
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Figure A.5: A. and B. Predicted versus measured K values computed by K-C model
with Sm and interporosity for the uniform sands, natural soils and
bioretention media. The error bars in the plots are too small to be visible.



