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ABSTRACT 

Compaction of urban soil where stormwater infrastructures are built reduces infiltration, 

vegetation growth, and stormwater treatment capacity. Biochar—a carbonaceous porous material 

produced by pyrolysis of organic waste – can be used as a soil amendment to improve the function 

of stormwater infrastructure in addition to the proven benefit of increased pollutant removal. 

However, the benefits depend on the biochar’s properties such as particle size distribution and 

concentration. Further, because biochar’s particle size distribution is altered by compaction, the 

hydraulic functions of compacted biochar amended soil is unknown. Herein, we examined the 

effect of biochar concentrations (0-6% w/w) and particle sizes (unsieved, sieved to < 2mm, and to 

< 0.5 mm) on water retention and saturated or unsaturated hydraulic conductivity of compacted 

stormwater media amended with biochar. Our results show the particle size of biochar plays a 

critical role in whether or not compaction is alleviated: while increasing concentration of unsieved 

biochar increased hydraulic conductivity up to 3% biochar, increasing concentration of fine 

biochar (< 2 mm) resulted in consistent decline in hydraulic conductivity under compaction. The 

results indicate that large biochar particles can effectively dissipate the compaction energy, while 

the fine biochar under compaction increased clogging by generating more fines that occupy the 

pores. Water retention improved regardless of the size distribution of added biochar, indicating 

that addition of biochar would reduce the irrigation requirement to maintain plant health in dry 

climate or water-stressed conditions. Overall, the results indicate that biochar addition can be 

effective in mitigating the negative impacts of compaction on stormwater infrastructures, 

depending on the proportion of coarse biochar. 
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CHAPTER 1: INTRODUCTION  

1.1 Impacts of Urbanization 

Urban areas are rapidly expanding (e.g., Seto et al., 2012; Bren d’Amour et al., 2017) and 

over 68% of the world’s population is expected to live in urban areas by 2050 (UN, 2018). A 

multitude of studies have shown the impacts of urban expansion on human health, climate, 

biogeochemistry, and hydrology (Grimm et al., 2008; Bai et al., 2017; Rossi and Toran, 2019). 

Despite their low total land coverage, impermeable surfaces such as roads and parking lots 

significantly increase accumulation of contaminants, flood risk, and subsequent transport of 

contaminants to the environment surrounding natural surface water reservoirs (Göbel et al., 2007). 

Engineering solutions to capture, infiltrate, and treat stormwater runoff are important in the 

context of projected urban expansion and increased frequency of extreme rainfall events. 

Stormwater management practices (SMPs) come in a variety of forms such as retention basins, 

bioswales, and bioinfiltration systems (Deng, 2020), where all types are implemented primarily to 

facilitate flood control through runoff retention and rapid infiltration. SMPs can provide several 

other benefits including groundwater recharge, enhancement of urban ecological habitats, and 

stormwater treatment, all while being aesthetically pleasing (Cook, 2007; Peliza et al., 2018). 

SMPs are frequently installed with mixtures of sand or sandy loam soil with vegetation (Figure 1). 

Effective SMPs can transform roadside areas that would otherwise be reservoirs for pollution into 

potential stormwater treatment areas (Shrestha et al., 2018; Shaneyfelt et al., 2017). 
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Figure 1.  A conceptual model of stormwater management practices (SMP). 

 

 

Figure 2. Examples of green stormwater infrastructure systems in a) Greendale, Wisconsin, 

Source: Aaron Volkening from Flickr, licensed under CC BY 2.0 and in b) Philadelphia, 

Pennsylvania, Source: Joshua Caplan). 
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1.2 Biochar as a Soil Amendment 

Soil amendments are materials that can be added to soils to improve essential functions 

including hydraulic conductivity (Ksat and Kunsat) to increase infiltration, adsorption capacity to 

increase pollutant removal from infiltrating water, and biodegradation capacity to remediate 

adsorbed pollutants and recharge the adsorption capacity of the amendment (Tirpak et al., 2021; 

Trenouth et al., 2015; Rivers et al., 2021). One amendment may not fit all the criteria, so it is 

typical to mix amendments in biofilters to serve different functions (Tirpak et al., 2021). For 

example, bulking agents such as coarse sand is used as an amendment to increase infiltration and 

alleviate compaction with time. However, the sand amendments have limited effects on 

contaminant removal (Hatt et al., 2006; Berger et al., 2019). On the other hand, amendments 

such as compost or mulch that provide an adequate environment for microbial growth are used to 

enhance biodegradation (Ulrich et al., 2017), although they may export nutrients to effluent 

(Hurley et al., 2017). 

 Biochar, a carbonaceous, porous substance produced by pyrolysis of biomass (often 

waste material) under oxygen‐limited conditions, is one of many amendments that has recently 

come into use due to its capacity to remove a wide range of pollutants (Mohanty et al., 2018; 

Boehm et al., 2020; Graham et al., 2021). Biochar has received more attention in the last decade 

and has been widely used as a strategy to improve nutrient and water retention properties in 

agricultural areas, and for remediation of contaminated soils (Lehmann et al., 2011; Biederman 

and Harpole, 2013). Several characteristics of biochar make it a highly effective amendment in 

the stormwater infiltration media, including its capacity to remove a wide range of contaminants, 

low production costs, opportunities for co-production with biofuels and waste biomass 

processing, and long residence time in soil (Mohanty et al., 2018, Boehm et al., 2020). In 

addition to improving soil and water quality, soil application of biochar is considered a 
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sustainable negative emission technology (Smith, 2016; Sohi, 2012). Biochar can capture a wide 

range of contaminants via physio-chemical processes including sorption, partition, complex 

formation, and electrostatic interactions (Abit et al., 2012; Mohanty and Boehm, 2014; Wang et 

al., 2015; Lau et al., 2015). Overall, biochar application in urban areas may have the potential to 

improve permeability and water retention, which both benefit plant health in stormwater 

retention basins and other roadside infrastructure intended to treat urban runoff (Mohanty et al., 

2018).  

The benefits of biochar depend on the changes in water flow and retention in biochar‐

amended soil, as water conveys essential nutrients to plants, sustains soil microbial communities, 

and transports contaminants in soil (Luo et al., 2017; Xu et al., 2014). Thus, understanding how 

biochar application changes hydraulic conductivity and water retention properties of the 

amended soils can help estimate the percentage of biochar needed for effective treatment, and the 

appropriate initial size of biochar to maximize drainage potential while retaining enough water 

for vegetation during dry periods. Several laboratory and field studies have demonstrated 

significant improvement of water retention properties and hydraulic conductivity in soils 

amended with biochar (Guggenberger and Zech, 2001; Abel et al., 2013; Głąb et al., 2016, Abrol 

et al., 2016; Omondi et al. 2016). However, several other studies indicated contrasting effects on 

soil hydrological properties which ranged from decreases to conductivity and water retention to 

having no effect (Brantley et al., 2015; Jeffery et al., 2015; Novak et al., 2009). Recent studies 

have attributed this discrepancy to the properties of biochar amendments depending on the type 

of feedstock, pyrolysis temperature, application rate and particle size (Głąb et al., 2016; Liu et 

al., 2017; Trifunovic et al., 2018). Głab et al. (2016) showed the disproportionate role of small 

biochar particles (<500 microns) in increasing water retention in sand. Liu et al. (2017) used 
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laboratory column experiments to investigate the role of biochar in improving soil hydraulic 

properties and concluded that intrapores (porosity intrinsic to biochar particles) control water 

retention at lower soil water potentials and interpores (porosity from spaces between grain 

contact) control water retention at higher soil water potentials. Further, biochar particle shape 

and size play a significant role in water retention, and high intraporosities along with irregular 

shapes most effectively increase water storage in coarser soils (Liu et al. 2017). More recently, 

Trifunovic et al., (2018) addressed the role of both particle size and concentration of biochar, the 

two parameters that can be altered by end users. Using pure sand amended with different 

concentrations and size fractions of biochar, they showed that biochar can either decrease (clog) 

or increase pore spaces in the mixture based on the quantity of fine biochar fraction, which in 

turn could decrease or increase the hydraulic conductivity of the mixture. Thus, biochar 

concentration and particle size must be taken into consideration to maximize the intended 

hydrological benefits of biochar amendment (Trifunovic et al., 2018).  

The effect of compaction on the hydrological properties such as permeability and soil water 

retention (important factors affecting vegetation and contaminant removal) of biochar-soil 

mixtures in stormwater retention basins is not yet understood. Roadside stormwater retention 

basins are often slightly compacted during construction and may experience compaction post-

installation via foot traffic and maintenance activity (i.e., mowing). Additionally, road banks are 

typically required to be compacted to 85-90% of its capacity to ensure structural integrity 

(Washington State Department of Transportation, 2017; California Department of Transportation, 

2017).  Soil compaction limits infiltration and therefore treatment of stormwater (Gregory et al., 

2006; Batey and McKenzie, 2006). Mass grading and construction vehicle traffic have shown the 

greatest impact on increasing soil bulk density (Schueler, 2000). On this scale, compacted soil 
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reduces infiltration contrary to the goal of the bioswale (Gregory et al., 2006). Since biochar can 

increase both infiltration and pollutant removal rates, it is a prime candidate as a soil amendment 

(Trifunovic et al., 2018; Mohanty et al., 2018). However, during the compaction process, biochar 

also becomes compacted and due to its brittle nature, it has the potential to fragment and alter the 

relative fraction of coarse and fine material in the media (Ghavanloughajar et al., 2020; Le et al., 

2020). It is important to understand how the biochar size fraction changes with different levels of 

compaction, concentration, and particle size. Thus, the combined effects of biochar amendment 

and soil compaction on the permeability and water retention properties of SMPs must be 

investigated. 

1.3 Hypotheses and Objectives 

Quantifying the effects of compaction on biochar is important for understanding the long-term 

implications of biochar as a soil additive in urban areas. However, studies of compaction on 

biochar-amended soils are rare (e.g. Ghavanloughajar et al., 2020, He et al., 2021). One major 

concern is how biochar may break into fine, mobile particles with compaction, where pollutants 

adsorbed to biochar no longer remain stationary within the stormwater basin (Ghavanloughajar et 

al., 2020). However, these previous studies were conducted by mixing pure sand with biochar and 

did not account for changes in hydrological properties of the medium resulting from particle 

breakage. The behavior of biochar in soil is expected to be different from that of sand, which is 

not easy to compact. Hence, it is important to investigate changes in hydraulic conductivity 

resulting from the compaction-induced alteration of biochar particles. This information will help 

develop guidelines for biochar use in roadside areas or stormwater treatment systems where 

compaction is necessary or inevitable. 
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In this study, the effects of particle size and percentage of biochar in compacted soil-biochar 

mixtures on hydrologic properties: water retention and saturated and unsaturated hydraulic 

conductivity were investigated. The hydraulic conductivity function is an important parameter that 

determines the flow and transport of contaminants in the subsurface which can be estimated from 

water retention characteristics. Thus, to understand the impacts of compaction on soil-biochar 

mixtures, the variations of hydraulic conductivity with soil moisture and suction (soil matric 

potential) over a wide range of moisture conditions is required. The knowledge gap was addressed 

by testing the hydrologic properties (water retention, saturated and unsaturated hydraulic 

conductivity) of soil amended with various concentrations and particle sizes of biochar and 

compacted to different specifications. 

 

1.3.1 Hypotheses 

1. Increasing concentrations of biochar will increase the hydraulic conductivity of compacted 

soil up to a point and then decrease.  

2. Increasing concentrations of biochar will increase water retention of compacted soil in 

stormwater infrastructure regardless of particle size.  

3. Compaction will preferentially break fine biochar particles (<2 mm diameter) into size 

fractions capable of clogging pore spaces in the medium thereby decreasing hydraulic 

conductivity.  
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1.3.2 Objectives 

These hypotheses were tested via the following tasks:  

i. Laboratory experiments were used to determine the moisture characteristics and the 

variations of hydraulic conductivity with soil moisture and suction (soil matric potential) 

over a wide range of moisture conditions for soil and biochar mixtures with and without 

compaction.  

ii. The water retention data from laboratory experiments were fitted to an existing water 

retention model (van Genuchten) and fitting parameters were used to describe changes in 

soil physical properties (pore size distribution, unsaturated hydraulic conductivity) due to 

biochar addition and compaction. 

iii. Grain size analysis determined changes in soil particle sizes during compaction of different 

soil biochar mixtures and related particle size to changes in soil hydraulic properties. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Soil Medium 

Philadelphia’s aging sewage system is often overloaded during storm events when impervious 

surface runoff enters the drainage system leading to pollution of surrounding waterways, and the 

city requires implementation of green spaces and water storage areas at all construction sites. 

Research groups from Temple and Villanova universities are currently working at a site 

constructed by The Pennsylvania Department of Transportation (PennDOT) and AECOM at the 

Girard Avenue Interchange section of Interstate 95 (I-95) in Philadelphia (Figure 3) to monitor 

stormwater runoff, infiltration, and bioswale ecosystem health and efficacy (Toran et al., 2017).  

 

Figure 3. The green stormwater infrastructure located on Shackamaxon St. is one of many basins 

along I-95 (39.9676˚, -75.1326˚) (Google Maps). 
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Soil samples (top 5 cm) for the laboratory experiments were collected from one of the 

stormwater infiltration basins along the I-95 corridor (Figure 3). The soil mix was created using a 

number of natural soils to create a soil type best serving green stormwater infrastructure. Soil 

samples were air-dried, sieved (< 2 mm), and stored in sealed plastic containers. The particle size 

distribution of the soil indicated that 50% of particles are less than 500 μm diameter (Figure 4). 

2.1.2 Biochar  

 The biochar product used in the experiments was from Confluence Energy, LLC, 

manufactured by slow pyrolysis of woody feedstock (Figure 5). The biochar product had an 

organic carbon content of ~86% and a bulk density of 200 kg m-3 (Trifunovic et al., 2018). The 

biochar was divided into three size classes including raw unsieved product, sieved to a maximum 

particle size of 2 mm, and a maximum of 500 μm. The particle size distributions reflect the 

maximum sieve sizes, and as the sieve becomes smaller, the overall distribution of the biochar 

particles becomes finer (Figure 6).  
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Figure 4. Particle size distribution of the soil used for this study, collected from SMP-E along I-

95. 
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Figure 5. Unsieved biochar product used in experimentation (Confluence Energy, LLC). The scale 

is in cm. 
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Figure 6. Particle size distribution of the three sieve types of biochar used for this study. 

2.2 Methods 

2.2.1 Sample Preparation  

 In order to capture the combined effects of compaction, rate of biochar amendment, and 

biochar particle size, an array of biochar-soil samples was created. Biochar was added to the soil 

in varying amounts, from 0% (w/w) to 6% (w/w) in 1% increments. Then, for each biochar-soil 

mixture, one sample was compacted using standard Proctor compaction and the other was left 

uncompacted. The template was applied to three different sieve types of biochar, where the first 

type was the raw unsieved biochar product, a second type with a maximum particle size of 2mm 
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diameter, and a third type with a maximum particle size of 500 microns diameter (Figure 7). 

 Each biochar-soil mixture was brought to 10% moisture content to ensure uniform 

compaction across all samples as the degree of compaction is affected by moisture content of the 

medium. The moisture contents of biochar and soil before mixing are used to calculate the 

amount of water that must be added during the mixing process to bring the combination to 10% 

moisture. Soil and biochar were mixed together in proportion, then water was added to the mix 

via a fine-spray bottle. The mixture was stirred gently to ensure a homogeneous mixture without 

clumps. 

 Uncompacted samples were made by packing the mixture directly into the metal ring 

(250 mL) (HYPROP, Meter Group, Inc) with a permeable plastic base and a layer of 

cheesecloth. Three layers were added one at a time, each layer one third of the height of the core 

and each was lightly compressed by hand, without breaking biochar particles, to minimize soil 

sinking during the water retention experiment. 
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Figure 7. a. variation of biochar percentage and compaction; b. flowchart of the experimental 

design. 1, 3 and 5% treatments are repeated using fine (under 2 mm) and very fine (under 

0.5 mm biochar). 

 

Figure 8. Proctor compaction equipment in Panel 1, including Proctor hammers and cylinders. 

Panel 2 shows the degassing equipment (left, background), HYPROP scales with soil 

core (middle, foreground), and KSAT instrument (right, foreground). 
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Figure 9. Flowchart of the methods, where saturated hydraulic conductivity data (KSAT, Meter 

Group, Inc.) and water retention curves (HYPROP & WP4C, Meter Group, Inc.) were 

collected first and from which pore-size distribution and Kunsat were derived. Particle 

size distributions (CAMSIZER, Retsch Technology; LS13320, Beckman Coulter) were 

collected as supporting data. 
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Compacted cores were made using the standard Proctor compaction method (Figure 8). 

Samples of mixture were filled into standard molds (4-inch internal diameter and 4.5-inch height 

with a 2-inch detachable collar, Humboldt Mfg. Co.) and compacted with a standard proctor 

hammer (4.5 kg weight and a drop of 18 inches with a 2-inch diameter face). The mixture was 

placed in the mold in three layers and each layer was compacted by dropping the proctor hammer 

25 times for a total compactive energy of ~ 2700 kN-m m-3. A metal HYPROP ring was then 

inserted into the compacted sample and extruded using a hand-operated sample ejector 

(Humboldt Mfg. Co., H-4155A). The compacted and uncompacted cores were placed into 2 cm 

deionized water for 30 minutes. After the initial absorption period, the tub was filled with water 

to just below the top edge of the HYPROP rings and left to saturate for a period of 24 hours.  

2.2.2 Data Collection & Models  

 

 Hydraulic conductivity of each core was measured using the KSAT benchtop instrument 

model (Figure 8) (UMS KSAT, Decagon Services, Pullman, WA, USA) which uses the falling 

head method, where hydraulic head is known, and water flows through a core of permeable 

material in a certain amount of time – with a range of 0.1 to 10,000 cm per day. The results can 

be applied to Darcy’s equation: 

𝐾𝑠𝑎𝑡 =  
𝐴𝑏𝑢𝑟

𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐿

∆𝑡
ln (

𝐻𝑡𝑖

𝐻𝑡𝑖+1

)    Equation 1 

where ASample is the cross-sectional area of the sample core, Abur is the cross-sectional area of the 

burette (cm2); L is the sample depth (cm); Δt is the total change in time (from ti to ti +1); and Hti 

and Hti+1 are the pressure head differences (cm) at the beginning time and the ending time (ti and 

ti+1) (UMS GmbH, 2013). 
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 After the hydraulic conductivity tests, the biochar-soil cores were transferred to the 

HYPROP benchtop instrument (HYPROP, METER Group, Inc., Pullman, WA) which 

determines soil-water retention curves via the evaporation method (Peters and Durner, 2008; 

Schindler and Mueller, 2006). The evaporation method relies on the change of weight of the core 

and soil suction measured by dual tensiometers over time. Samples become lighter as water 

evaporates from the biochar-soil core, and the HYPROP station continually records data points 

over time. The method continues until the point of air entry, where air enters the tensiometer tip 

and suction measurements can no longer be made.  

 To prepare the HYPROP for the cores, the tensiometer tips were filled with degassed 

water. Water in a reservoir was placed under vacuum for at least 24 hours to remove dissolved 

gases. Degassed water was drawn through the tensiometer tips using the same vacuum setup for 

another 24 hours. The tensiometer tips were screwed into the HYPROP base, holes were carved 

into the biochar-soil cores, and the cores were placed onto the base, locked in place, placed on 

the HYPROP scale, and connected to the computer. The evaporation method took approximately 

two weeks to complete and a maximum of four HYPROP stations were active at a time.  

 The WP4C Dew point potentiometer (METER Group, Inc., Pullman, WA) was used to 

measure the water potential values of dry end (up to -300 MPa) of soil water retention curves. 

The soil cores were transferred from the HYPROP core ring to aluminum trays and distributed 

into four WP4C metal cups for each tray. The WP4C was set to fast measurement mode. The soil 

cups were measured in rotation for water potential immediately after being taken off the 

HYPROP, a second time that same day, a third time after having sit in the open air for 24 hours, 

and a fourth and final time after oven-drying. After each cup was finished in the WP4C the cup 

was weighed and the weight was recorded with the water potential measurement. The WP4C 
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measures the temperature of the sample and the water potential in units of MPa (megapascals) 

and pF (pF is the log10(h), where h is the suction in centimeters). Together with the weight of 

the wet sample, weight of the oven-dried sample, and the tare weight of the cup, the HYPROP-

FIT software (METER Group, Inc., Pullman, WA) can plot the discrete dry end water retention 

points on the soil water retention curve. The HYPROP‐FIT (METER Group, Inc., Pullman, WA) 

software uses HYPROP data to create discrete data points of soil-water retention and unsaturated 

hydraulic conductivity (UMS GmbH, 2015) (Figure 8). A finalized soil water retention curve 

combines the data collected using both HYPROP and WP4C.  

 Each core was oven-dried and weighed and together with the volume of the HYPROP 

core the bulk density of each core was calculated. The bulk density is expected to remain the 

same across different trials of the same treatment, so the uniformity of compaction can be 

assessed using this metric.  

 The grain size distributions of the soil samples were determined using LS 13320 laser 

diffraction particle size analyzer (Beckman Coulter, Inc. CA, USA) which measures the size 

distribution of particles suspended in either liquid or air and has a dynamic measurement range 

of 0.017 to 2000 μm. The grain size characteristics of coarse biochar samples were analyzed 

using the Camsizer (Retsch Technology Gmbh, Haan, Germany) opto-electronic particle size 

analyzer with a measurement range of ~0.04 mm to 8 mm. Particle size distributions statistics 

help describe the soil and biochar mixes. Most notably, the comparison between uncompacted 

and compacted soil core particle size distributions help determine the effect compaction has on 

particle breaking. The grain size distribution data from laser diffraction were collected at 5%, 

16%, 25%, 50%, 75%, 84%, 90%, and 95% of percent finer material and used to create grain-
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size profiles. The profiles were then compared to determine which profile retained a coarser 

particle size distribution before and after compaction. 

 The water retention data from HYPROP and WP4C were fitted with the van Genuchten 

(1980) water retention model to describe changes induced by soil physical properties. Even 

though several water retention models were available, the van Genuchten model was chosen for 

its simplicity and applicability to pore-size distribution and unsaturated hydraulic conductivity 

functions. The van Genuchten formula is as follows: 

𝑆𝑒 =  
𝜃− 𝜃𝑟

𝜃𝑠− 𝜃𝑟
 = 𝜃𝑟 + 

1

[1+(𝛼|ℎ|)𝑛]𝑚             Equation 2 

where Se is effective saturation; θ is volumetric water content; θr is the residual volumetric water 

content; θs is the saturated volumetric water content; α is related to the inverse of air entry 

suction; h is the suction pressure (cm); n and m are empirical shape parameters; and m = (1-1/n). 

The van Genuchten model was fitted to experimental data using a nonlinear fitting package in R 

(R version 4.1.0) that estimated the parameters via bootstrapping. The parameters for different 

treatments were compared (as a function of biochar concentration, size, and soil compaction). 

The water retention model was used to estimate the moisture retained by micropores and 

macropores in soils. Macropores are drained around 0.001 MPa, whereas micropores start 

draining around 0.033 MPa (Jarvis, 2007; Poulsen et al. 2002). The water retention curves 

provided information about how biochar concentration, size, and compaction impact the relative 

distribution of macropores and micropores in the media. 

 The process for fitting and plotting the water retention curves started with the 

organization of HYPROP data in Excel. The data were read into R and filtered based on the sieve 

treatment and trial number (only the second round of HYPROP data was used). Using the van 
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Genuchten function, the data were resampled and fit 100 times. The parameters estimated for 

each iteration were recorded and averaged together (across 100 estimates) and used for the final 

version of the van Genuchten model. 

 Inconsistencies in the water retention curve for uncompacted cores between 0 and 1 pF 

can be attributed to the settling and redistribution of water in the core after being set up on the 

HYPROP scale which made that part of the curve unreliable for van Genuchten 

parameterization. The data points in that pF range were removed from the set and a fixed θs was 

implemented. The θs is assumed to be the same value as total porosity since all pore spaces are 

filled with water at 100% saturation. Biochar is highly porous compared to soil particles so the 

best estimation for biochar is with its skeletal density, not its bulk density (used with soil), which 

calculates the density of the material excluding all pore spaces available to be filled. The skeletal 

density was assumed to be 1.35 g cm-3 from Brewer et al. (2014) where they found the feedstock 

material, heat and time of pyrolysis affected the density of the biochar product and the 

specifications matched those of the biochar used in this experiment. The skeletal density of the 

soil is estimated to be 2.65 g cm-3 from the same paper, which is the density of quartz. Liu et al. 

(2017) provided a more rigorous total porosity equation for the bimodal biochar/soil mixtures 

compared to the basic porosity equation for unimodal soils:   

 
𝜙𝑇 =  

𝑉−𝑀𝑠 / 𝜌𝑠𝑠 − 𝑀𝑏 / 𝜌𝑠𝑏

𝑉
                      Equation 3 

where ϕT is the total porosity of the mixture (% volume); V is the volume of the sample (cm3); 

Ms is the mass of the portion of soil in g; Mb is the mass of the portion of biochar in g; ρss is the 

skeletal density of the soil (g cm-3); and ρsb is the skeletal density of the biochar.  
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 The van Genuchten parameters were applied to the effective pore radius equation to 

determine the cumulative pore size distribution for each soil core, which can be approximated by 

dividing 3000 by the suction in hPa (Ghiberto et al., 2015). The water retention curve can reveal 

the pore size radius because water is retained at certain suctions controlled by pore size. The first 

curve revealed after application to the EPR equation gave the cumulative pore size. The 

derivative of the cumulative pore size gave the frequency of each pore diameter. All calculations 

were completed in R using the ‘soilphysics’ soil function package (da Silva & de Lima, 2015; da 

Silva et al., 2016). 

 The van Genuchten parameters were applied to the van Genuchten-Mualem (VGM) 

model to describe how unsaturated hydraulic conductivity changes with changing moisture 

content in the soil cores. The VGM model is as follows: 

𝐾(𝜃) = 𝐾𝑠𝑎𝑡 (
𝜃− 𝜃𝑟

𝜃𝑠−𝜃𝑟
) [1 − (1 − (

𝜃− 𝜃𝑟

𝜃𝑠−𝜃𝑟
)

1

𝑚
)

𝑚

]

2

  Equation 4 

where K(θ) is unsaturated hydraulic conductivity (mm d-1); Ksat is saturated hydraulic 

conductivity (mm d-1); θ is current volumetric water content; θr is the residual volumetric water 

content; θs is the saturated volumetric water content; and m is an empirical shape parameter. The 

percent moisture of a soil determines the rate of water flow through the soil. At total saturation, 

hydraulic conductivity is highest since no pores are filled with air that would impede the flow of 

water. However, when soil moisture decreases, the largest soil pores drain first and substantially 

decrease the hydraulic conductivity of the soil. Progressively lower moisture contents and 

therefore higher suctions lead to lower hydraulic conductivities, and this change is characterized 

by the water retention curve. Thus, using the Ksat as a starting point, the VGM model uses water 

retention data to guide the Kunsat curve.  
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CHAPTER 3: RESULTS 

3.1 Unsieved Biochar Amendment 

 

Biochar amendment (unsieved, original product) increased the saturated hydraulic 

conductivity of uncompacted fill media. Ksat increased linearly (R2 = 0.88) with increasing 

concentration of unsieved biochar (Figure 10). Increasing biochar content from 0-6% (w/w) 

increased Ksat by a total of 374%.   

 

Figure 10. Saturated hydraulic conductivity (mean) of fill media amended with different 

concentrations of unsieved biochar. Error bars represent minimum and maximum values. 

 

Compaction decreased the Ksat of soil samples by about an order of magnitude. However, 

the trend was non-linear and showed a threshold response. Biochar content increased Ksat for 
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compacted samples, but only up to 3% biochar, at which point Ksat decreased with further increase 

in biochar content (Figure 10). 

Biochar addition linearly decreased the dry bulk densities of both compacted (R2 = 0.57) 

and uncompacted (R2 = 0.81) soils (Figure 11a). Increase in bulk density decreased the Ksat of 

the fill media as expected, but the slope of decline was lower for compacted soil. The range in 

variation of Ksat was much lower in the case of compacted samples. Increasing biochar addition 

seems to have alleviated the effects of compaction on Ksat and soil bulk density.  

 

 

Figure 11. a. Changes in bulk density with increasing biochar for uncompacted and compacted 

samples. b. Changes in Ksat with increasing bulk density. Increasing circle size 

represents higher biochar concentrations, as shown in a. Shaded ellipses represent a 95% 

confidence level for a multivariate t-distribution.  
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 Compacted and uncompacted samples showed an increase in saturated water content (θs) 

with an increase in biochar content, where for both compacted and uncompacted samples the 

control (0% biochar) had the lowest θs and 6% biochar had the highest θs (Figure 12). Addition 

of 6% (w/w) of unsieved biochar increased the θs of the uncompacted soil by 13% compared to 

the control. Compaction decreased θs when compared to uncompacted conditions (Figure 12). 

However, addition of 6% (w/w) unsieved biochar increased θs of compacted soil by 10% 

compared to the compacted control (Figure 12).

 

Figure 12. Water retention curves for each unsieved biochar-soil treatment. Low suction values 

collected with HYPROP and high suction values collected with WP4C. Data points fitted 

with the van Genuchten model. 
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 The compacted samples showed a steady increase in θs by about 1% θs per 1% of biochar 

added. The trend in the uncompacted samples did not follow a clear pattern like the compacted 

samples; for example, 1% biochar had a lower θs than the control sample. However, the other 

samples showed increases in θs as biochar concentration increased. Compaction reduced θs and 

increased water retention between 50 hPa and 10,000 hPa compared to the uncompacted 

samples. All cores had θr between 0% and 3% moisture (Figure 12 and Table 1). 

 

Addition of biochar increased the wet-end water retention of soil but the increase in 

saturated water content was not incremental with the biochar added. However, an increase to 

water retention did not lead to an increase in plant-available water (PAW), the difference 

between soil moisture content at wilting point and field capacity. Compacted samples had higher 

PAW than uncompacted samples. Unsieved biochar up to 2% and through 4% increased PAW in 

uncompacted samples, but beyond 5% and 6% PAW decreased again (Figure 13). 

 

Figure 13. Plant available water calculated by subtracting permanent wilting point water content 

from field capacity water content. 
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Table 1. van Genuchten fitting parameters for all plotted curves. θs is saturated water content, θr 

is residual water content, α is a scaling factor that determines the pore-size maximum, n is an 

empirical shape parameter, θpF 2.5 is the water content at field capacity, and θpF 4.2 is the water 

content at permanent wilting point. 
 

Soil Cores θs θr θpF 2.5 θpF 4.2 α n 

Control Samples 
  

  
  

Uncompacted Control 0.62 0.002 0.27 0.10 0.062 1.27 

Compacted Control 0.50 0.013 0.33 0.10 0.009 1.34 

Unsieved Samples 
  

  
  

Uncompacted Unsieved 1% 0.62 0.009 0.28 0.09 0.043 1.31 

Uncompacted Unsieved 2% 0.64 0.003 0.29 0.10 0.052 1.28 

Uncompacted Unsieved 3% 0.64 0.001 0.28 0.10 0.052 1.29 

Uncompacted Unsieved 4% 0.65 0.030 0.29 0.10 0.038 1.34 

Uncompacted Unsieved 5% 0.67 0.002 0.27 0.09 0.069 1.28 

Uncompacted Unsieved 6% 0.70 0.005 0.26 0.10 0.126 1.27 

Compacted Unsieved 1% 0.51 0.005 0.34 0.11 0.010 1.32 

Compacted Unsieved 2% 0.53 0.007 0.34 0.10 0.009 1.34 

Compacted Unsieved 3% 0.53 0.019 0.34 0.09 0.008 1.40 

Compacted Unsieved 4% 0.55 0.023 0.36 0.09 0.006 1.46 

Compacted Unsieved 5% 0.53 0.034 0.34 0.09 0.007 1.46 

Compacted Unsieved 6% 0.55  0.027 0.35 0.08 0.007 1.48 

Fine Samples 
  

  
  

Uncompacted Fine 1% 0.62 0.002 0.28 0.094 0.046 1.29 

Uncompacted Fine 3% 0.65 0.002 0.27 0.096 0.074 1.28 

Uncompacted Fine 5% 0.66 0.001 0.28 0.083 0.043 1.32 

Compacted Fine 1% 0.51 0.003 0.34 0.100 0.009 1.34 

Compacted Fine 3% 0.51 0.016 0.34 0.097 0.008 1.37 

Compacted Fine 5% 0.56 0.023 0.36 0.087 0.007 1.46 

Very Fine Samples 
  

  
  

Uncompacted Very Fine 1% 0.63 0.002 0.25 0.080 0.059 1.31 

Uncompacted Very Fine 3% 0.65 0.007 0.26 0.076 0.048 1.34 

Uncompacted Very Fine 5% 0.65 0.012 0.26 0.073 0.036 1.37 

Compacted Very Fine 1% 0.48 0.002 0.36 0.118 0.006 1.31 

Compacted Very Fine 3% 0.49 0.014 0.34 0.100 0.007 1.37 

Compacted Very Fine 5% 0.51 0.026 0.36 0.092 0.005 1.45 
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The addition of biochar to soil increased the total porosity of the medium (Figure 14). 

The increase in θs is due to an increase in macroporosity. The pore size distribution shows that 

the volume of macropores is greater in the uncompacted samples. Compaction resulted in a 

decrease in macropore volume (peak was lower and shifted to the right), while the micropore 

volume remained mostly unaffected. 

The uncompacted samples did not show a clear pattern of peak pore size frequency per 

treatment of biochar. The 1% biochar and 5% biochar had lower peak frequencies than the control 

(0% biochar), and 3% biochar had higher peak frequency. The 5% biochar had the smallest peak 

radius at 384.9 µm, followed by 1% biochar at 463.6 µm, 0% biochar at 612.8 µm, and 3% biochar 

at 738.2 µm.  

The compacted samples did not show a clear pattern of pore size frequency either. The 

peak frequency of 3% biochar was slightly lower than the control, 1% biochar had a slightly higher 

peak frequency than control, and 5% biochar had a higher peak frequency than 1% biochar. 5% 

biochar had the smallest peak pore radius at 49.7 µm, followed by 3% biochar at 59.9 µm, and 1% 

biochar and 0% biochar shared the same peak pore radius at 72.1 µm. 
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Figure 14. Pore-size distribution estimated from van Genuchten parameters using the Young-

Laplace equation. Y-axis is a relative frequency of pore sizes, the derivative of the 

cumulative pore size distribution. Note the Y axes are not the same between panels. 

 

The unsieved uncompacted samples had lower Kunsat than the control sample except for 4% 

biochar (Figure 15). Biochar amendment decreased Kunsat, but no clear pattern relating the amount 

of biochar added and decreases in Kunsat can be seen. The unsieved compacted samples, however, 

had 3% biochar treatment as the highest Kunsat. Compaction increased Kunsat of all samples except 

for moistures approaching 3% and below. 
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Figure 15. Unsaturated hydraulic conductivity of all unsieved samples. Combined data using 

Ksat and van Genuchten parameters in the van Genuchten-Mualem model. 

 

Coarse particles broke increasingly more with greater biochar percentages and compaction 

of 6% generated the most fines compared to lower percentages (Figure 16). The compacted and 

uncompacted control samples had an almost identical particle size profile in the coarse range. Only 

a slight increase in <2000 μm particles occurred due to compaction. Increasing biochar also 

increased the difference between the uncompacted and compacted profiles, where the 

uncompacted profiles had higher retained percentages in the >2000 μm range. The compacted 

profiles were highly similar throughout all biochar treatments, but there were more fines with 

increased % compacted biochar (in particular for 6% biochar). 
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Figure 16. CAMSIZER particle size distribution data of 0-6% biochar soil samples. Purple lines 

are uncompacted samples and yellow lines are compacted samples. 
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The fine range of the particle size distribution (<1500 μm) became finer with the addition 

of biochar compared to the control with the exception of 3% biochar, which in the uncompacted 

samples was almost identical to the control profile and in the compacted profile was coarser than 

all other samples (Figure 17).   

 

 

Figure 17. Particle size distribution of the fine portion (< 2 mm) of unsieved biochar soil sample. 
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3.2 Fine (sieved < 2mm) biochar amendment 

 

Unlike the unsieved biochar, fine biochar amendment did not clearly affect the Ksat of 

uncompacted fill media. Ksat remained the same with increasing concentration of unsieved biochar 

(Figure 18). Compaction decreased the Ksat of soil samples by an order of magnitude. For the 

compacted samples, fine biochar amendment also did not produce a clear pattern in Ksat. 

 

 

Figure 18. Saturated hydraulic conductivity (mean) of fill media amended with different 

concentrations of fine-sieved biochar. Error bars represent minimum and maximum 

values. 
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Compacted and uncompacted samples showed an increase in θs with an increase in fine-

sieved biochar content, where for both compacted and uncompacted samples the control (0%) had 

the lowest θs and 5% had the highest θs (Figure 19). Addition of 5% (w/w) of fine-sieved biochar 

increased the θs of the uncompacted soil by 6%. Compaction decreased θs when compared to 

uncompacted conditions (Figure 19). However, addition of 5% (w/w) fine-sieved biochar 

increased θs of compacted soil by 12% (Table 1). 

The compacted samples showed a steady increase in θs by about 1% per 1% of biochar 

added, except for 5% (w/w) biochar which showed a large increase up to 55% θs. The trend in the 

uncompacted samples did not follow a clear pattern as the compacted samples; instead, 1% biochar 

had a lower θs than the control sample. However, the other samples showed an increased θs as 

biochar increased.  

Compaction reduced θs and reduced the decline of soil moisture with increasing suction. 

The soil moisture content of the compacted soils was greater in the intermediate suction ranges 

and then converged (became comparable) with the uncompacted soil in the high suction ranges 

(Figure 19 and Table 1). 
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Figure 19. Water retention curves for each fine-sieved biochar-soil treatment. Low suction values 

collected with HYPROP and high suction values collected with WP4C. The individual 

circles are the raw data points and the solid and dashed lines are the fitted van Genuchten 

curves.   

 

The fine uncompacted samples all had lower Kunsat than the control sample (Figure 20). 

Biochar amendment decreased Kunsat, but no clear pattern relating amount of biochar added and 

decreases in Kunsat can be seen. Of the uncompacted samples, 3% had the highest Kunsat. The fine 

compacted samples, however, had 5% biochar treatment as the highest Kunsat. Compaction 

increased the dry-end Kunsat of all samples. 
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Figure 20. Unsaturated hydraulic conductivity of all finely sieved samples. Combined data using 

Ksat and van Genuchten parameters in the van Genuchten-Mualem model. 

 

The addition of fine biochar to soil increased the total porosity of the medium (Figure 21). 

The increase in θs is due to an increase in macroporosity. The pore size distribution shows the 

volume of macropores is greater in the uncompacted samples. Compaction resulted in decrease in 

macropore volume (peak was lower and shifted to the right), while the micropore volume (> 1.5 

m) remained mostly unaffected. 

The uncompacted samples did not show a clear pattern of peak pore size frequency per 

treatment of biochar. 1% and 5% biochar had lower peak frequencies than the control, and 3% 
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biochar had higher peak frequency. 5% had the smallest peak radius at 384.9 m, followed by 1% 

at 463.6 m, 0% at 612.8 m, and 3% at 738.2 m.  

The compacted samples did not show a clear pattern of pore size frequency. The peak 

frequency of 3% was slightly lower than the control, 1% was slightly higher than control, and 5% 

was higher than 1%. 5% had the smallest peak pore radius at 49.7 m, followed by 3% at 59.9 m, 

and 1% and 0% shared the same peak pore radius at 72.1 m. 

 

Figure 21. Pore-size distribution of fine sieved cores, estimated from van Genuchten parameters 

using the Young-Laplace equation. Y-axis is a relative frequency of pore sizes, the 

derivative of the cumulative pore size distribution. 
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For the uncompacted samples, the fine range of the particle size distribution (<1250 μm) 

became finer with the addition of biochar compared to the control with the exception of 3% 

biochar, which had a coarser profile than the control. With compaction, 3% biochar retained the 

coarser profile only for the fine half of the range, where the coarse half of the range (>750 μm) 

1% biochar treatment had the coarsest profile (Figure 22). 

 

 

Figure 22.  Particle size distribution data for the fine (<2 mm) sieved biochar-soil samples (range 

of <1500 μm). 
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3.3 Very fine (sieved < 0.5 mm) biochar amendment 

 

Again, unlike unsieved biochar, the very finely sieved (<500 μm biochar particle 

maximum) biochar slightly and inconsistently increased average Ksat. For the compacted samples, 

biochar mostly decreased Ksat at 1% and 3%, but no meaningful change was seen at 5% (Figure 

23). Compaction decreased the Ksat of soil samples by an order of magnitude. Very fine biochar 

amendment did not produce a clear pattern in Ksat. 

 

Figure 23. Saturated hydraulic conductivities of very finely sieved biochar/soil samples. The 

circles represent the arithmetic mean Ksat and the whiskers encompass the full range of 

all results. 
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Compacted and uncompacted samples generally showed an increase in θs with an increase 

in biochar content. Uncompacted samples shared a maximum θs between 3% and 5% (w/w) 

biochar (Figure 24). Addition of these very fine biochar rates increased the θs of uncompacted soil 

by 3%. Compaction decreased θs when compared to uncompacted conditions (Figure 24). Addition 

of 5% (w/w) very fine biochar increased θs of compacted soil by 2%, which was the only 

application rate that increased compacted θs (Figure 24). 

The compacted samples showed a steady increase in θs by about 1% θs per 1% of biochar 

added after an initial decrease from the control to 1% biochar (w/w). The trend in the 

uncompacted samples did not follow a clear pattern like the compacted samples, where 1% 

biochar had a slightly higher θs than the control sample, but the 3% and 5% samples had the 

same θs. Compaction reduced θs and reduced the decline of soil moisture with increasing 

suction. The soil moisture content of the compacted soils was greater in the intermediate suction 

ranges and then converged with the uncompacted soil in the high suction ranges (Figure 24 and 

Table 1). 
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Figure 24. Water retention curves for each biochar-soil treatment, with biochar sieved to under 2 

mm particle size maximum. Low suction values collected with HYPROP and high suction 

values collected with WP4C. The individual circles are the raw data points and the solid 

and dashed lines are the fitted van Genuchten curves.   

 

The uncompacted samples with very fine biochar had lower Kunsat than the control sample 

above 40% water content (Figure 25). Biochar amendment decreased Kunsat, but no clear pattern 

relating amount of biochar added and decreases in Kunsat can be seen. Of the uncompacted samples, 

5% (w/w) had the highest Kunsat with the control just below. The compacted samples with very fine 

biochar also had 5% biochar treatment as the highest Kunsat. Compaction decreased the Kunsat of all 

samples. 
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Figure 25. Unsaturated hydraulic conductivity of all very finely sieved samples. Combined data 

using Ksat and van Genuchten parameters in the van Genuchten-Mualem model. 

 

The pore size distribution shows the volume of macropores is greater in the uncompacted 

samples (Figure 26). Compaction resulted in decrease in macropore volume (peak was lower and 

shifted to the right), while the micropore volume remained mostly unaffected. 

The uncompacted samples showed a clear pattern of peak pore size frequency per treatment 

of biochar where increasing amounts of biochar decreased the peak frequency and peak pore size. 
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5% biochar had the smallest peak radius at 291.1 m, followed by 3% biochar at 384.9 m, 0% 

biochar at 612.8 m, and 1% biochar at 508.8 m.  

The compacted samples did not show a clear pattern of pore size frequency, but all biochar-

treated cores had lower peak frequencies than the control. 1% biochar had the lowest peak 

frequency, followed by 5% biochar, and then 3% biochar. 5% biochar had the smallest peak pore 

radius at 37.6 m, followed by 1% biochar and 3% biochar at 54.6 m, and then 0% biochar at 

72.1 m.  

 

Figure 26. Pore-size distribution of very finely sieved cores, estimated from van Genuchten 

parameters using the Young-Laplace equation. Y-axis is a relative frequency of pore sizes, 

the derivative of the cumulative pore size distribution. 
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For the uncompacted samples, the fine range of the particle size distribution (<1250 μm) 

became finer with the addition of biochar compared to the control (Figure 27). 1% biochar had a 

profile similar to that of the control, and 3% biochar and 5% biochar were notably finer than the 

control. The same pattern was retained with compaction with the only difference being 3% 

biochar sample took on a profile much closer to the control compared to the 5% biochar sample. 

 

 

Figure 27. Particle size distribution for the fine range (<2 mm) of very finely sieved biochar 

samples. 
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CHAPTER 4: DISCUSSION 

4.1 Compaction 

Particle breakage depends on the particle size distribution, material and strength, shape, 

and soil water content (Yu, 2021). At lower concentrations of biochar, the coarse biochar can 

alleviate the effect of compaction by dissipating the compaction force (Figure 28). When 

concentration of biochar increases, the concentration of finer biochar particles increases. This 

observation confirms the studies that have demonstrated that fragmentation by splitting is less 

prominent for large biochar (Karatza et al., 2019).  

 Biochar particles are more brittle than soil particles, hence the biochar will fragment 

more readily under stress. The biochar particles are highly angular which lends to their 

likelihood of breaking, since coordination number (the average number of contacts per grain) 

tends to be less effective on more angular particles. Smaller biochar particles have lower number 

of contact points between the biochar particle of interest and the adjacent particles that exert 

pressure on the biochar particle during compaction. The contact points transmit compaction 

energy into the biochar particles; thus, lower number of contact points would result in higher 

tensile stress at each contact point (McDowell & De Bono, 2013). As large biochar particles 

have a larger surface area than the small biochar particles, the numbers of contact points on large 

biochar particles would be greater than that of small biochar particles. Particles with high 

coordination numbers are more resistant to fragmentation as the internal tensile crack initiation is 

reduced because of confinement from the multiple contact points. Hence, surface chipping is 

often the dominant process for larger particles. However, small particles have low coordination 

numbers, so fragmentation and splitting are the dominant process as a result of compressive 

forces imposed at their contacts with their neighbors (Karatza et al., 2019). Consequently, large 
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biochar particles would experience less tensile stress, as the compaction energy is dissipated 

between the contact points at the points and be highly protected (McDowell & De Bono, 2013).  

 

Figure 28. The effect of coordination number on particle breakage of large and small biochar 

particles (modified from Karatza et al. 2019). 

 

The low coordination numbers of the very fine biochar particles make them extremely 

susceptible to further breakage compared to coarser particles, where biochar will fragment more 

easily, and the low coordination numbers increase likelihood of breakage. There may be an 

optimal ratio of coarse-to-fine particles before and after compaction that aids in the retention of 

beneficial Ksat-increasing biochar properties, where coarse particles absorb more of the 

compaction energy and fragment into finer particles, but the added fine particles do not clog 

pores to the detriment of Ksat outweighing the benefits of compaction resistance (Figure 10).  
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Soil aggregates in the base soil are expected to break upon compaction where the 

particles making up the aggregates do not break, but rather the clumps disintegrate. Aggregates 

act as one particle in the uncompacted scenarios but once broken up become finer material that 

can fit into small pore spaces and clog flow paths. 

4.2 Saturated Hydraulic Conductivity 

The increase in Ksat of amended soil with increasing percentage of biochar (w/w) was 

consistent with prior studies conducted on media amended with uncompacted biochar where 

biochar changed saturated hydraulic conductivity depending on the particle size distribution of 

the biochar (Guggenberger & Zech, 2001; Abel et al., 2013; Głąb et al., 2016; Abrol et al., 2016; 

Omondi et al., 2016; Trifunovic et al., 2018; Mohanty et al., 2018). Laboratory and field 

experiments have demonstrated that biochar application significantly improved water retention 

properties of soils by increasing total pore volume (Abel et al., 2013; Głąb et al., 2016). Soil-

biochar mixtures exhibited a difference in saturated hydraulic conductivity based on both size 

and concentration of the biochar amendment (Figure 10, Figure 18, and Figure 23).  

Unsieved biochar increased the macroporosity through an increase in coarse particles where 

interpores became larger and more abundant. The macroporosity to porosity ratio is positively 

correlated with Ksat (Wang et. al, 2017) and increased when the coarse fraction of biochar particles 

created macropores in the soil, which decreased tortuosity, increased flow channel size, and 

allowed for higher flow velocity. However, some studies have shown contradictory results ranging 

from a decrease to no significant effects of biochar on hydraulic conductivity (Jeffery et al., 2015; 

Barnes et al., 2014; Trifunovic et al., 2018). Trifunovic et al (2018) attributed the change in Ksat 

to pore size alteration by biochar particles in pure sand. Thus, biochar can either decrease or 

increase pore spaces in the medium based on the quantity of fine biochar fraction (%< pore size of 
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the medium). Trifunovic et al. (2018), found Ksat increased with biochar content up to 3% (w/w) 

and then decreased in a medium of pure Ottawa sand. The pore size of the sand in tetrahedral 

packing (for loose packing of spheres) can be approximated to 0.414d, where d is the grain 

diameter (Grau et al., 2015). For Ottawa sand with a median diameter of 900 μm, the pore size 

was estimated to be 373 μm. However, in this study the average grain diameter of uncompacted 

soil was 519 μm, so the pore size can be approximated to 215 μm. From the particle‐size 

distribution data (Figure 6), the percentage of unsieved biochar particles less than 215 μm is only 

1.1%. This fraction is very small for unsieved biochar-soil mixtures, so clogging may be 

insufficient to impact Ksat even at 6% biochar addition. Pore clogging can be achieved by 

increasing the fraction of biochar less than pore size of the medium (adding fine and very fine 

biochar) or by generating fines by breakage of biochar particles due to compaction. In this study, 

a linear increase of Ksat with increasing biochar concentration was observed for the unsieved 

biochar, as there were not enough fine particles in the mixture to outweigh the effects of the coarse 

particles and decrease the macroporosity ratio by clogging interpores. However, no significant 

increase in Ksat was observed in the case of fine sieved biochar amendments due to the higher fine 

fraction capable of clogging the medium. 

When compacted, soils amended with unsieved biochar exhibited a nonlinear dependence 

(initial increase with increase in biochar, then decrease after increasing past 3% biochar) of Ksat 

with increasing biochar concentration (Figure 10). This can be attributed to the changes in pore 

space distribution and particle size distribution of the biochar with compaction. In soils with 

unsieved biochar, compaction caused breakage of biochar particles, most likely through 

fragmentation and abrasion (Ghavanloughajar et al., 2020).  
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The uncompacted sample already had a certain amount of fine clogging particles to begin 

with, so the addition of even more fine particles to the medium resulted in a decrease in Ksat 

despite the increase in total biochar content. Previous studies have shown the presence of large 

particles along with the smaller fraction of particles in unsieved biochar increased the Ksat of 

porous media, but an increase in only fine particles decreased Ksat (Trifunovic et al 2018). 

Compaction induced a two-fold effect in Ksat reduction through the change in biochar particle 

size distribution alone, where compaction destroyed coarse particles and added the debris to the 

fine particle range. The effect of unsieved biochar on the Ksat of compacted samples is either 

retained even with compaction or helpful in reducing the effect of compaction on the soil, but 

only up to a point. The maximum benefit from biochar addition appeared to be 3% (w/w) where 

the benefit of compaction resistance outweighed the detriments from the addition of fine 

particles. For compacted soil, the average grain diameter was 429 μm, so the pore size can be 

estimated to be 178 μm, and particles under 178 μm will clog the pores and cause a decrease in 

Ksat. The amount of biochar particles that could clog the pores exceeded the threshold for the 

medium and more biochar resulted in an overloading of fine particles below 178 μm diameter, 

which occurred above 3% (w/w) biochar.  

Sieved biochar did not provide consistent benefits to Ksat in either sieve category, and this 

can be attributed to the elimination of coarse biochar particles and therefore the source of the 

macroporosity that contributes to increases in Ksat. The fine-sieved biochar had the same 

maximum particle size as the soil since they were both filtered through a 2 mm sieve, so the 

macroporosity ratio was likely not altered even as the concentration of biochar increased. In 

uncompacted soil, the pore size was estimated to be 215 μm and the percentage of biochar 
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particles smaller than the pore size for fine-sieving and very fine-sieving are 2.8% and 5.38%, 

respectively.  

  The expectation was that very fine biochar would decrease Ksat due to the smaller particle 

size distribution that would clog interpores, increase tortuosity, and decrease flow velocity by 

decreasing the macroporosity ratio. However, the results did not reflect this prediction and were 

instead inconsistent. The inconsistencies in the very fine-sieved biochar cores could be due to 

inconsistent packing during sample preparation. The particle size distribution of biochar may 

have varied from sample to sample since the scoops of biochar from the main container were 

different scoops of the same material. The samples were packed by hand, not compressed and 

homogenized by something such as Proctor Compaction, so variations in biochar scoop particle 

distribution were not rectified. This issue would be present for all uncompacted samples and may 

explain the range of values seen in the unsieved results. The increase in range between maximum 

and minimum Ksat values can be attributed to the increase in heterogeneity in the soil cores. The 

biochar product is a mix of coarse and fine particles, and this variance in particle size is 

accentuated in higher percentage treatments. It is difficult to ensure a uniform particle size 

distribution across multiple samples, even when the source product is thoroughly mixed in its 

container before being sampled. 

4.3 Unsaturated Hydraulic Conductivity 

The change in Kunsat did not produce an incremental pattern like in the Ksat experiments, 

but every uncompacted core treated with biochar regardless of sieving had lower Kunsat than the 

control. This can be attributed to the increase in microporosity provided by the fine portion of 

biochar particles (Trifunovic et al., 2018). As water evaporates from the soil, sequentially 
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smaller pores are filled with air, which restricts the flow of water to even smaller pores, 

increasing tortuosity and decreasing flow channel velocity.  

Compaction generally increased Kunsat for samples compared to the Kunsat of the 

uncompacted samples of the same amount of biochar. This can be attributed to the increase in 

abundance of micropores in the soil. The response contrasts with the decrease in Ksat because of 

a reduction in abundance of macropores and increase in tortuosity. The flow paths at lower 

moisture contents are more abundant because the active pores at higher suctions are more 

abundant, which decreases tortuosity and allows for higher water conductivity. This trend is seen 

for soils treated with fine biochar, but not for very fine biochar where every compacted sample 

had lower Kunsat than its uncompacted counterpart. The Kunsat of the very fine biochar soils did 

not benefit from the increase in microporosity which is unexpected since the microporosity 

increased with compaction. The decrease in Kunsat might be explained by the lack of coarse 

biochar particles cushioning the medium from compaction.  

4.4 Water Retention 

The increase and subsequent decrease in plant-available water as a function of biochar 

(PAW) can be attributed to the proportion of coarse and fine particles in the added biochar. Even 

if the total porosity of the sample increases as a result of biochar addition, the pores may not 

exist in the PAW range. The higher percentages of biochar may add so many macropores that 

while saturated water content increases, the percent pore space within the PAW decreased. The 

trend is seen in the equivalent pore radius frequency curves, which were also derived from the 

water retention curves. Frequency is a term used to describe the relative abundance of pore size 

in relation to other pore sizes, so a curve with a higher frequency profile (example: 6% 

compacted) has more pore space than a curve with a lower frequency profile (6% uncompacted). 
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Figure 29 makes it clear the unsieved 6% uncompacted sample had the lowest amount of pore 

space within the PAW range compared to other samples; however, it had the highest saturated 

water content. 

 

Figure 29. Pore-frequency chart of uncompacted and compacted unsieved biochar-soil mixes 

only in the plant-available water suction range. 
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Compaction decreased the abundance of large pores and increased the abundance of 

small pores which changed the water retention curves of soils. The water retention curves 

experienced a decrease in saturated water content and an increase in retention of moisture 

content at the plant-available range. The large pores that existed in the uncompacted samples 

were squeezed and compressed during the compaction process. Soil and biochar particles 

became more densely packed and as explained earlier, biochar particles fragmented into finer 

pieces which further clogged pores converting them into smaller interpores. The high 

intraporosity of biochar was beneficial to compacted soils and more biochar equated to more 

water retention.  

Interestingly, the uncompacted versus compacted trends between plant available water 

and hydraulic conductivity were flipped, where hydraulic conductivity linearly increased with 

unsieved uncompacted biochar but became nonlinear with compaction, with the peak being at 

3% biochar. For plant available water, the compacted unsieved biochar increased PAW linearly 

but was nonlinear without compaction, with the peak being at 3% biochar. Again, in compacted 

samples compared to uncompacted samples, the decrease in macropores and the increase in 

micropores created more tortuous flow paths which decreased Ksat. For the compacted samples, 

there are no more macropores to take up the space within the PAW range, which is why the 

PAW increases linearly. The biochar in compacted samples had been broken into fine particles 

so the increase in PAW makes sense and can be seen in the pore size distribution curve, whereas 

in the uncompacted samples the coarse biochar particles created pores that exist in the saturated 

range in suctions lower than the field capacity and not in the PAW. The uncompacted, unsieved 

biochar has particles across the entire range, but when the biochar exceeds a certain volume, the 
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benefits to PAW from the fine portion are outweighed by the addition of coarse particles which 

add pores with lower suction than the suction at field capacity and the PAW content decreases.  

4.5 Practical Application 

 Biochar as a soil amendment can improve certain qualities of soil and the biochar 

qualities can also be controlled by material selection – namely particle size distribution and 

application rate. Assuming the soil will become compacted over time, 3% unsieved pine wood 

chip biochar will provide the most benefits to the function of the stormwater infrastructure soil. 

For practical use, it would make no sense to sieve biochar product to different particle size 

maximums or minimums. However, the type of biochar used can be controlled, and biochar 

products with different feedstocks will have different particle size distributions. Pine wood chip 

biochar includes the coarse fraction of particles greater than 2 mm and ranging to 8 mm in 

diameter which are believed to be (in tandem with the fine fraction of biochar) responsible for 

the benefits to stormwater basin function.  

 The improvement to Ksat increases the peak flow capacity of the stormwater infrastructure 

by allowing quick infiltration. The more biochar, the higher the Ksat (at least up to 6% tested 

here). After the soil becomes compacted, the Ksat is expected to remain higher than the other 

treatment rates and retain maximum function if 3% unsieved biochar is added. Stormwater basins 

will be able to infiltrate and treat runoff at a faster rate than soil untreated by biochar.  

 The improvement to water retention does not differ between sieve types, so the addition 

of any biochar will benefit basin function. If water retention was the only parameter to improve, 

then the more biochar added to the soil, the better. However, considering the other parameters 

controlling basin function, the water retention can still be improved in both uncompacted and 

compacted soils by adding 3% biochar. Compaction changes the way water is held in the soil, 
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where large pores are squeezed into smaller pores, and more water is held at higher suctions. 

This does not mean the water is held for a longer period of time. Compacted soils tend to 

evaporate their water faster compared to uncompacted soils and the soil depth from which water 

evaporates increases. The water retention of soil determines how much water is available to 

plants and it is important to ensure plants have enough water to survive through dry periods, and 

enough water stays in the soil after a storm event (which is why plants do not grow in gravel, 

even though gravel has a high Ksat). If the soil becomes compacted, the 2, 3, and 4% biochar are 

the best options since they increase water retention in the plant available range by roughly the 

same amount. So again, 3% biochar appears best.  

 In any case, compaction should be avoided wherever possible. Compaction significantly 

reduces Ksat and infiltration (Figure 10). Compaction removes the benefits provided by the 

coarse biochar particles by fragmenting them into smaller particles. Available water content is 

comparable for unsieved and fine biochar, but evaporative losses will be much higher (Figure 

30). Following the simplified empirical approach by Or et al. (2013), the characteristic 

evaporation length can be estimated from the van Genuchten parameter with the following 

equations: 

𝐿𝐶 =  
𝐿𝐺

1+
𝑒0

𝐾𝑒𝑓𝑓

     Equation 5 

 

where LC is the characteristic evaporation length (mm); LG is gravity length; e0 is evaporation 

rate; and Keff is hydraulic conductivity.  
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 Equation 6 uses the van Genuchten parameters to calculate the gravity length: 

 

𝐿𝐺 =  ℎ𝑚𝑖𝑛 − ℎ𝑚𝑎𝑥 =  ∆ℎ𝑐𝑎𝑝 

=  
1

𝛼(𝑛 − 1)
(

2𝑛 − 1

𝑛
)

2𝑛−1
𝑛

(
𝑛 − 1

𝑛
)

1−𝑛
𝑛

 

        Equation 6 

 

where LG is gravity length; hmin is capillary pressure for small capillaries expressed as head; hmax 

is capillary pressure for large capillaries expressed as head; ∆hcap is the pressure head difference; 

α is the van Genuchten parameter related to the inverse of air entry suction; and n is the 

empirical shape van Genuchten parameter.  

 In the case of SMPs, the evaporation rate (e0) to hydraulic conductivity (Keff) ratio will be 

miniscule. SMPs are designed to have high infiltration rates so water does not pool long enough 

for significant amounts of water to leave the system via evaporation. Therefore, LC is determined 

primarily by the gravitational characteristic length LG (Or et al. 2013). 
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Figure 30.  a. Characteristic evaporation length (CEL) and b. plant-available water content 

(PAW) 
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4.6 Limitations and Future Study 

 This study could benefit from a larger number of replicate samples for Ksat measurements 

since the Ksat values had a wide range. A better method for creating the uncompacted samples 

should be implemented in the future since the samples may have been susceptible to an edge 

effect, where the HYPROP ring was not hammered into uncompacted material, but the material 

was hand-packed into the core.  

 Future work should investigate a more realistic compaction method, perhaps one over a 

longer period of time versus proctor compaction which happens within a matter of minutes. 

Perhaps the structural integrity of the biochar particles will hold up more and fewer coarse 

particles will break down. Additionally, relationships between different biochar types and soil 

types could expand the understanding of biochar-soil particle size effects on hydraulic properties. 

 Future work should use a more complete particle size analysis method because the laser 

diffractor used here could not examine particles over 2 mm in diameter. Also, the method 

assumed all particles have the same density, which is not the case for soil and biochar. To 

examine the coarse range of the particle size distribution the CAMSIZER was used, but the 

instrument is not accurate for very fine particles. Thus, the two particle size data sets are separate 

and potentially not comparable. Understanding the shape of the biochar particles and how they 

influence breaking should also be investigated, since biochar particles made from pine wood 

feedstock are angular and not at all spherical, while many of the studies investigating soil 

compaction assume spherical to sub-spherical particles. 
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4.7 Conclusions 

We demonstrated that compaction has a significant impact on the quality of biochar-

amended soil. As found in previous studies, the fine portion of the biochar particle size 

distribution has a disproportionate effect on the hydraulic conductivity of the medium. In this 

study it was found that biochar with coarse grains mitigates the negative effects of compaction at 

a certain threshold of biochar. The effects of biochar on compaction and water content are as 

follows: 

 

• Biochar addition can be effective at mitigating the negative impacts of 

compaction on green stormwater infrastructure media, depending on the 

proportion of coarse biochar. 3% biochar yields the best results. 

• The coordination number of the particles in the soil media influence the breaking 

of the particles, where larger coordination numbers cushion against compaction 

and lead to less breaking, and smaller coordination numbers concentrate 

compaction and lead to more breaking. 

• Large biochar particles are more effective in dissipating energy from compaction 

and are less likely to break  

• Smaller biochar particles are more likely to break, increasing the fine particle 

fraction in the soil which can clog the media. 

• Available water content is comparable for unsieved and fine biochar, but 

evaporative losses will be much higher. 
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APPENDICES 

Examples of R scripts and all data tables can be found at this link: 

 https://figshare.com/account/home#/collections/6087180  

https://figshare.com/account/home#/collections/6087180

