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Abstract

BACKGROUND: Different physical and chemical 
properties of biochar, which is made out of a variety of 
biomass materials, can impact water movement through 
amended soil. The objective of this research was to develop 
a decision support tool evaluating the impact of the shape 
and the size distribution of biochar on soil saturated 
hydraulic conductivity (Ksat). 
METHODS AND RESULTS: Plastic beads of different 
size and morphology were compared with biochar to assess 
impacts on soil Ksat. Bead and biochar were added at the rate 
of 5% (v/w) to coarse sand. The particle size of bead and 
biochar had an effect on the Ksat, with larger and smaller 
particle sizes than the original sand grain (0.5 mm) 
decreasing the Ksat value. The equivalent size bead or 
biochar to the sand grains had no impact on Ksat. The 
amendment shape also influenced soil hydraulic properties, 
but only when the particle size was between 3-6 mm. 
Intra-particle porosity had no significant influence on the 
Ksat due to its small pore size and increased tortuosity 
compared to the inter-particle spaces (macro-porosity). 
CONCLUSION: The results supported the conclusion that 
both particle size and shape of the amended biochar 
impacted the Ksat value.

Key words: Biochar size distribution, Saturated hydraulic 
conductivity, Tortuosity

Introduction

The saturated hydraulic conductivity (Ksat) of soil 

is a function of soil texture, soil particle arrangement, 

clay content, organic matter content, soil aggregation, 

bioturbation, shrink-swelling, and overall soil structure 

(Hillel, 1998; Moutier et al., 2000; Vervoort and Cattle, 

2003; West et al., 2008). The Ksat is one of the main 

physical properties that aid in predicting complex 

water movement and retention pathways through the 

soil profile (Keller et al., 2012; Quin et al., 2014). It is 

also widely used as a metric of soil physical quality 

(Reynolds et al., 2000). 

It appears that the impact of biochar on the soil 

hydraulic properties is a complex interaction of the 

physical properties of soils and biochars. Several 

studies have reported that the incorporation of 

biochar to soil increased the Ksat (Herath et al., 2013; 

Moutier et al., 2000; Oguntunde et al., 2008), but 

other studies have observed decreased Ksat following 

biochar additions (Brockhoff et al., 2010; Uzoma et al., 

2011; Githinji et al., 2014). In contrast, Barnes et al. 

(2014) found that biochar addition decreased by 92% 

the Ksat in sand, but increased Ksat by 328% in 

clay-rich soil. However, it is unclear which physical 

characteristics of biochar have the greatest effect on 
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Fig. 1. Photos by different particle sizes of Macadamia 
nutshell (a-d) and Pine chip (e-g) biochar used in 
this experiment: a) 18 mm, b) 8.0-4.0 mm, c) 
4.0-2.0 mm, d) <2.0 mm, e) 8.0-4.0 mm, f) 4.0-2.0
mm, g) <2.0 mm. 

the transport and the interaction of water within the 

soil profile.

The shape and size of external biochar pores is a 

function of particle size and particle morphology. The 

biochar particle size and particle morphology depend 

on the shape of raw materials, which can be processed 

into a range of shapes from platy to spherical (Abel 

et al., 2013; Yargicoglu et al., 2014). The particle size 

of biochar also impacts the hydraulic conductivity 

due to the increase of tortuosity when it added to soil 

as biochar consists of mostly different particle size 

distributions (Lim et al., 2016). Those features could 

affect the pore distribution of soil after addition of 

biochar to soil and, the important flow characteristics 

like hydraulic conductivity (Sperry and Peirce, 1995; 

Lim et al, 2016).

Biochar porosity has been divided into micropores 

(<2 nm), mesopores (2-50 nm), and macropores (>50 

nm) based on internal diameter (Rouquerol et al., 

1994; Rouquerol et al., 1999). However, Gray et al. 

(2014) reported this classification system does not 

adequately account for micrometer size pores that 

dominates soil water retention and transport (typically 

>15,000 nm).

Pores between 1 and 100 μm in diameter are 

regarded to contain the majority of pore volume 

within biochar (Sun et al., 2012; Gray et al., 2014). 

Hydraulic conductivity in saturation condition is 

significantly influenced by the presence of large 

macropores (>100 nm) (Bouma et al., 1977; Bouma, 

1982). An interconnected network of macropores will 

facilitate the rapid downward movement of water 

through soil profile (Mallants et al., 1997; Vervoort 

and Cattle, 2003). For soil applications, the presence 

of macropores in biochar could also affect the 

hydraulic conductivity of soil.

This research is an investigation of the influence of 

the shape and the size of biochar particles on 

hydraulic conductivity. The objectives of this research 

were (1) in order to determine the influence of 

biochar particle size on the Ksat when two different 

types of biochar were added to coarse sand and (2) to 

determine whether course sand amended with 

spherical and non-spherical beads can be used to 

predict Ksat values of soils amended with biochar.

Materials and Methods

Sand 

Coarse sand was obtained from QUIKCRETE Company 

(Atlanta, GA USA). Particle size distribution of coarse 

sand was determined by manual dry sieving of a 500 

g subsample of homogenized sand. Dry sieving was 

performed using seven different sized sieves arranged 

in decreasing sizes of 4.0, 2.0, 1.0,0.5, 0.25, 0.1, and 

0.05 mm and agitating for 10 min. The sand was 4% 

>2mm, 9% 1-2 mm, 39% 0.5-1 mm, 43% 0.25-0.5 mm, 

and 5% <0.25mm (median 0.5 mm) by weight.

Biochars and beads

The biochars used in the experiments were derived 

from pine wood chips (bark and limbs, Pinus ponderosa 

and P. banksiana), and macadamia nutshell (Macadamia 

integrifolia). Dry sieving 100 g of the biochars (10 min 

agitation) resulted in size fractions from 8 to 4 mm, 

from 4 to 2 mm, and <2 mm (Fig. 1). The average 

diameter of macadamia nutshell remaining on the 8 

mm sieve size after sieving was 18 mm. Spherical and 

non-spherical beads (15.0, 8.0, 3.0, 1.0, and 0.1 mm) 

were purchased from various commercial companies 

(Fig. 2).
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Fig. 2. Photos by different particle sizes of spherical beads
(a-e) and non-spherical beads (f-i): a) 15.0 mm, b) 
8.0 mm, c) 3.0 mm, d) 1.0 mm, e) 0.1 mm, f) 13.0
mm (13.0×18.0×2.0 mm), g) 10.0 mm\(10.0×10.0×
4.0 mm), h) 7.0 mm (7.0×7.0×2.0 mm), i) 6.0 mm 
(6.0×6.0×4.0 mm), j) 2.5 mm\(2.5×2.5×2.0 mm).

Preparation of columns

The two biochars and spherical or non-spherical 

beads were each combined at 5% volume per weight 

with coarse sand and thoroughly mixed to provide a 

homogeneous mixture. It should be noted, that we 

normalized the additions to volume, such that the 

density difference of beads and biochar would be 

minimized.

To determine the hydraulic conductivity, the coarse 

sand and biochar or bead mixtures were gently 

packed into a soil column (6 cm diameter×20 cm 

high) to approximately a 5 cm height with light tamping 

and vibration of the PVC column to eliminate any 

gaps and voids during packing. Four independent 

replicates of each soil treatment were prepared.

Saturated Hydraulic Conductivity

Saturated hydraulic conductivity (Ksat) was measured 

using a falling head method (Klute and Dirksen, 

1986). A piece of filter paper was placed on the soil 

surface to minimize soil disturbance when filling with 

water. Tap water was gently poured into column 

until it was full (20 cm height of column) and 

hydraulic testing was performed after steady flow 

conditions were attained, usually after 3-4 repetitive 

flushing of the entire column. The average drop in 

hydraulic head over a known time period was used 

to calculate the Ksat value for each sample by the 

following equation (Klute and Dirksen, 1986):

 







where L is the length of the soil sample (3-6 cm), t 

is the time period (sec), ho is the initial height of 

water in the column referenced to the soil column 

outflow (cm), and hf is the final height of water also 

referenced to the soil outflow (cm). Since the diameters 

of the column and water column were equivalent 

these factors cancelled out from the equation.

 

Bulk density

The bulk density of each individual column was 

determined by dividing the known mass of the oven 

dried sample added to the columns by the measured 

sample volume. This soil volume measurement occurred 

immediately after the hydraulic conductivity assessments. 

Statistical analysis

Averages and standard deviations of the quadruplicates 

were calculated. The one-way analysis of variance 

(ANOVA) is used to determine whether there were 

any significant differences between the means of the 

independent treatment groups (R Core Team, 1980). 

Results and Discussion

Bulk density

Biochar had a statistically significant influence on 

the bulk density of coarse sand after amendment 

(p<0.05; Table 1). This decrease in bulk density following 

biochar incorporation has also been observed in other 

studies (e.g., Mukherjee et al., 2014; Pathan et al., 
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Treatment
Biochar/bead additions Bulk density of 5% (v/w) 

amended soil mixturesSize Addition rate Bulk density

mm % v/w g/cm3 g/cm3

Control - - - 1.68 (0.03)ab

Macadamia nutshell > 8.0 5.0 0.36(0.02) 1.61 (0.03) e

8.0 - 4.0 5.0 0.51 (0.03) 1.59 (0.02) e

4.0 - 2.0 5.0 0.48 (0.05) 1.59 (0.02) de

< 2.0 5.0 0.51 (0.04) 1.60 (0.02) ab

Pine chip 8.0 - 4.0 5.0 0.26 (0.08) 1.58 (0.04) e 

4.0 - 2.0 5.0 0.30 (0.09) 1.60 (0.02)cde

< 2.0 5.0 0.51 (0.05) 1.58 (0.04)cde

Spherical bead 15.0 5.0 1.45 (0.07) 1.68 (0.03) ab

8.0 5.0 1.32 (0.08) 1.68 (0.02) ab

3.0 5.0 1.36 (0.10) 1.65 (0.01)abcd

1.0 5.0 1.36 (0.11) 1.66 (0.02)abc

0.1 5.0 1.59 (0.09) 1.68 (0.02) ab

Non-spherical bead 13.0 5.0 0.24 (0.05) 1.60 (0.01)cde

10.0 5.0 0.76 (0.04) 1.63 (0.01)abcde

7.0 5.0 0.30 (0.03) 1.61 (0.01)cde

6.0 5.0 0.79 (0.05) 1.63 (0.02)bcde

　 2.5 5.0 1.33 (0.07) 1.68 (0.02) ab

The values in parentheses are the standard deviation for the 4 assessments of the corresponding bulk densities. Values
for the soil mixtures with the same letter are not statistically different from one another.

Table 1. The change of coarse sand bulk density after different size of biochar and bead were added to coarse sand

Fig. 3. The comparison of saturated hydraulic conductivity
between biochar (pine chip and macadamia nutshell)
and beads (spherical and non-spherical bead) 
treated with different particle sizes on the coarse 
sand.

2003; Laird et al., 2010) and is expected due to the 

lower particle density of the biochar materials 

compared to soils (Laird et al., 2010; Brewer et al., 

2014; Rogovska et al., 2014). The bulk density of the 6 

to 13 mm non-spherical bead/sand mixture decreased 

similarly to the sand/biochar mixture; the 2.5 mm 

non-spherical bead/sand mixture is not different 

(Table 2). In contrast, the sand amended with spherical 

beads had a higher bulk density than that of the 

non-spherical bead/sand mixtures, likely linked to a 

possible improved packing and geometric packing 

arrangement.

Hydraulic Conductivity 

The Ksat of coarse sand amended with spherical 

beads were significantly affected (p<0.05) as compared to 

the Ksat of coarse sand (Fig. 3). Increasing the size of 

spherical beads in the sand from 1.0 to 15 mm 

decreased the Ksat. For example, the Ksat values of 

coarse sand added with 1 mm and 15 mm spherical 

beads were decreased to 206, and 112 mm/h, 

respectively as compared to 229 mm/h for sand. 

Those reasons might be attributed to greater tortuosity 

and increased length of the water pathway following 

amendment of larger sized beads to sand as 

compared to the unamended sand, for which >85% of 
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the particles were <1.0 mm, with a median size of 0.5 

mm (McKeague et al., 1982; Kameyama et al., 2012). It 

should be noted for the case of 0.1 mm beads also 

reduced Ksat, possibly as the result of clogging 

existing pores. Keren et al. (1980) attributed the 

reduction in hydraulic conductivity of soils following 

gypsum additions was due to small gypsum particles 

mechanical plugging existing pores. 

The Ksat was also significantly affected by non- 

spherical bead and its particle size representing what 

could be affected by particle shape. Those Ksat value 

showed similar patterns with the Ksat of biochars in 

the condition of 3 and 6 mm, corresponding intermediate 

sizes of from 2-4 mm and 4-8 mm, indicating do not 

following the Ksat curve of the spherical bead added 

into coarse sand. It might be attributed to similar 

non-spherical shapes as shown Fig. 1 and Fig. 2. It 

could be also inferred that it does not well match 

with those methods such as Campbell (1985), and 

Smettem and Bristow (1999), and Saxton et al. (1986) 

models in predicting of Ksat, presumably because 

application of biochar and the shape of biochar play 

an important role in predicting and modeling of Ksat.

In the soil treated with biochar, there are two 

possible theoretical pathways in water flow through 

soil profiles (Barnes et al., 2014). One is water 

migration through the pores within the biochar, the 

other is water migration through external space 

between sands or biochar-sand mixtures.

Firstly, there are potential water pathways through 

the pores within the biochar particle. The size 

distribution of pores of biochar appear a different 

range of from sub-nano (<1 nm) to macro (>50 nm), 

and their ability are well known for improving water 

holding capacity (Yu et al., 2006; Atkinson et al., 2010; 

Joseph et al., 2010). From soil capillary forces, a given 

height of water rise in a capillary column can be 

related to the pore radius by the following equation:

  

  

 Where is the height of rise in the capillary 

column (pore, m),  is the surface tension of water [@ 

25℃=71.97 kg/sec2],  is the contact angle 

(assumed=0o rad), g is the acceleration due to gravity 

(9.8 m/sec2),   is the density of water (999.97 

kg/m3), and r is the radius of the pore (m) (Hillel, 

1998). Therefore, the largest pore that will be holding 

water at a soil moisture potential at the wilting point 

(-1500 kPa) is 0.2 μm. In other words, soil pores <200 

nm are not of agronomic significance, since this soil 

moisture will not be plant or microbe available, as 

well as not contributing significantly to saturated 

water flow. 

According to pore classification in relation to pore 

function, it is mentioned that pore sizes of between 

0.005 and 0.5 μm are recognized as retention and 

diffusion ions in solutions as residual pores, and pore 

sizes of between 0.5 and 50 μm are capable of holding 

of water against gravity and release as storage pores, 

and pore sizes above 50 μm play a drainage in excess 

water as transmission pores (Lal and Shukla, 2004). In 

other words, only pore sizes above 50 μm play a 

critical role for water transport. 

Gray et al. (2014) found that the sizes of biochar’s 

macropore were centered in the low micrometer 

range and Shaaban et al. (2013) reported average pore 

diameter for rubber wood sawdust biochar treated at 

300, 500, and 700℃ was 7, 13, and 7 nm, respectively. 

All these median pore sizes are significantly below 

those pores theoretically available at the soil wilting 

point. Besides, Barnes et al. (2014) mentioned water 

pathway within biochar has greater tortuosity and the 

restriction of water flow due to the size of the 

smallest pore as well as the lack of interconnectivity. 

These facts justify the lack of significant impacts of 

biochar’s intra-particle pores in water transport.

Secondly, there is also water pathway through 

external spaces between sands or biochar-sand mixtures. 

The size of external pores counts on particle size, 

particle morphology, and compaction (Juang and 

Holtz, 1985; Gray et al., 2014). Bigelow et al. (2004) 

found that the Ksat values in coarse sand increased 6 

times due to the higher presence of macro-porosity in 

the coarse sand (0.347 cm3/cm3) compared to fine 

sand (0.182 cm3/cm3), although the total porosity in 

fine sand, was higher in the fine sand (0.45 cm3/cm3 

compared to 0.38 cm3/cm3). This result highlights the 

importance of pore size in regards to controlling Ksat. 

For example, according to Jong et al. (2007), the 

required time for water to move 30 mm through a 

channel with a 5 cm water head water was 200 sec 

for a 200 μm channel compared to 1,400 sec for a 

channel of 50 μm of diameter. Thereby, Ksat depends 

on the presence and proportion of macropores (50 

μm) existing within sands or biochar-sand and 

meanwhile the water pathway through internal pores 
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of biochar was largely restricted or had a little impact 

on the Ksat values.

Particle shape was also important parameter in 

ground-water flow such as hydraulic conductivity 

(Coelho et al., 1997). Sperry and Peirce (1995) reported 

porous media consisted of irregular particles showed 

lower hydraulic conductivity for the larger (700 to 840 

μm) particles, though particle shape had no observable 

influence for the smaller (150 to 180 μm) particles on 

hydraulic conductivity. Those results could be extrapolated 

on the basis of two things. The first thing is that 

non-spherical bead might put in denser configurations 

than spherical bead, creating smaller pore passage 

sizes and greater tortuosity. The other thing is when 

beads pour into a column, the shape the bead affects 

the angle of repose. For example, Friedman and 

Robinson (2002) found while the minimum and 

maximum angle of glass beads were 22.1 and 23.1 

degrees respectively, those of soil grains were 

between 34 and 37 degrees. In other word, the angle 

of repose is influenced by the shape and roughness of 

the particlesand is greater for non-spherical particles, 

which makes the Ksat increase (Sperry and Peirce 

1995; Yun et al., 2005).

Conclusions

Saturated hydraulic conductivity (Ksat) is influenced 

by the particle size distribution and the shape of bead 

and biochar treated with coarse sand. The application 

of larger particles sizes compared to the median sand 

(0.5 mm) decreased Ksat, while non-spherical particles 

had a more significant impact on decreasing Ksat than 

the spherical counterparts. The application of smaller 

particles size materials also decreased the Ksat value, 

most likely due to the mechanical clogging of original 

water pathways. The downward migration of water 

through inner holes within biochar in the well- 

drained coarse sand had little impact on the Ksat 

value. This data also demonstrated that an important 

consideration for biochar additions in altering 

hydraulic properties is the overall particle morphology 

also must be considered. However, further research is 

needed to understand the duration of these effects.

Notes

The authors declare no conflict of interest.

References

Abel, S., Peters, A., Trinks, S., Schonsky, H., Facklam, M., 

& Wessolek, G. (2013). Impact of biochar and hydrochar 

addition on water retention and water repellency of 

sandy soil. Geoderma, 202-203, 183-191.

Atkinson, C., Fitzgerald, J., & Hipps, N. (2010). Potential 

mechanisms for achieving agricultural benefits from 

biochar application to temperate soils: a review. Plant 

and Soil, 337(1-2), 1-18.

Barnes, R. T., Gallagher, M. E., Masiello, C. A., Liu, Z., & 

Dugan, B. (2014). Biochar-induced change in soil hydraulic 

conductivity and dissolved nutrient fluxes constrained 

by laboratory experiment. PLoS One, 9(9), e108340.

Bigelow, C. A., Bowman, D. C., & Cassel, D. K. (2004). 

Physical properties of three sand size classes amended 

with inorganic materials or sphagnum peat moss for 

putting green rootzones. Crop Science, 44(3), 900-907.

Bouma, J. (1982). Measuring the hydraulic conductivity 

of soil horizons with continuous macropores. Soil 

Science Society of America Journal, 46(2), 438-441.

Bouma, J., Jongerius, A., Boersma, O., Jager, A., & 

Schoonderbeek, D. (1977). The Function of Different 

Types of Macropores During Saturated Flow through 

Four Swelling Soil Horizons. Soil Science Society of 

America Journal, 41(5), 945-950.

Brewer, C. E., Chuang, V. J., Masiello, C. A., Gonnermann, 

H., Gao, X., Dugan, B., Driver, L. E., Panzacchi, P., 

Zygourakis, K., & Davies, C. A. (2014). New approaches 

to measuring biochar density and porosity. Biomass and 

Bioenergy, 66, 176-185.

Brockhoff, S. R., Christians, N. E., Killorn, R. J., Horton, 

R., & Davis, D. D. (2010). Physical and mineral- 

nutrition properties of sand-based turf grass root 

zones amended with biochar. Agronomy Journal, 

102(6), 1627-1631.

Campbell, G. S. (1985). Soil physics with BASIC: transport 

models for soil-plant systems, pp. 49-59, Elsevier 

Science, New York, USA.

Coelho, D., Thovert, J. F., & Adler, P. M. (1997). 

Geometrical and transport properties of random 

packings of spheres and aspherical particles. Physical 

Review E, 55(2), 1959-1978.

De Mendiburu, F. (2014). Agricolae: statistical procedures 

for agricultural research. R package version, 1(1).

Friedman, S. P., & Robinson, D. A. (2002). Particle shape 

characterization using angle of repose measurements 

for predicting the effective permittivity and electrical 

conductivity of saturated granular media. Water Resources 



Impact of Biochar Shape and Size on Hydraulic Properties of Soil 7

Research, 38(11), 1236-1246.

Githinji, L. (2014). Effect of biochar application rate on 

soil physical hydraulic properties of a sandy loam. 

Archives of Agronomy and Soil Science, 60(4), 457-470.

Gray, M., Johnson, M.G., Dragila, M.I., & Kleber, M. 

(2014). Water uptake in biochars: The roles of porosity 

and hydrophobicity. Biomass and Bioenergy, 61, 196- 

205.

Herath, H. M. S. K., Camps-Arbestain, M., & Hedley, M. 

(2013). Effect of biochar on soil physical properties in 

two contrasting soils: An Alfisol and an Andisol. 

Geoderma, 209-210, 188-197.

Hillel, D. (1998). Environmental soil physics: Fundamentals, 

applications, and environmental considerations, pp. 

129-198, Academic Press, New York, USA. 

Jong, W. R., Kuo, T. H., Ho, S. W., Chiu, H. H., & Peng, 

S. H. (2007). Flows in rectangular microchannels 

driven by capillary force and gravity. International 

Communications in Heat and Mass Transfer, 34(2), 

186-196.

Joseph, S. D., Camps-Arbestain, M., Lin, Y., Munroe, P., 

Chia, C. H., Hook, J., van Zwieten, L., Kimber, S., 

Cowie, A., Singh, B. P., Lehmann, J., Foidl, N., Smernik, 

R. J., & Amonette, J. E. (2010). An investigation into 

the reactions of biochar in soil. Australian Journal of 

Soil Research, 48(7), 501-515.

Juang, C. H., & Holtz, R. D. (1985). Fabric, pore size 

distribution, and permeability of sandy soils. Internatinal 

Journal Geotechnical Engineering, 112(9), 855-868.

Kameyama, K., Miyamoto, T., Shiono, T., & Shinogi, Y. 

(2012). Influence of sugarcane bagasse-derived biochar 

application on nitrate leaching in calcaric dark red 

soil. Journal of Environmental Quality, 41(4), 1131-1137.

Keller, T., Sutter, J. A., Nisse, K., & Rydberg, T. (2012). 

Using field measurement of saturated soil hydraulic 

conductivity to detect low-yielding zones in three 

Swedish fields. Soil and Tillage Research, 124, 68-77.

Keren, R., Kreit, J., & Shainberg, I. (1980). Influence of 

size of gypsum particles on the hydraulic conductivity 

of soils. Soil Science, 130(3), 113-117.

Klute, A., & Dirksen, C. (1986). Hydraulic conductivity 

and diffusivity: Laboratory methods. Methods of soil 

analysis: part 1-physical and mineralogical methods, 

(ed. Klute, a.), pp. 687-734, Madison, WI, USA.
Laird, D. A., Fleming, P., Davis, D. D., Horton, R., Wang, 

B., & Karlen, D. L. (2010). Impact of biochar amendments 

on the quality of a typical Midwestern agricultural 

soil. Geoderma, 158(3-4), 443-449. 

Lal, R., & Shukla, M. K. (2004). Porosity, In Principles of

soil physics, PP. 140-152, Marcel Dekker INC., USA.

Lim, T. J., Spokas, K., Feyereisen, G., & Novak, J. (2016). 

Predicting the impact of biochar additions on soil 

hydraulic properties. Chemosphere, 142, 136-144.

Mallants, D., Mohanty, B. P., Vervoort, A., & Feyen, J. 

(1997). Spatial analysis of saturated hydraulic conductivity 

in a soil with macropores. Soil Technology, 10(2), 115- 

131.

McKeague, J. A., Wang, C., & Topp, G. C. (1982). 

Estimating saturated hydraulic conductivity from soil 

morphology. Soil Science Society of America Journal, 

46(6), 1239-1244.

Moutier, M., Shainberg, I., & Levy, G. J. (2000). Hydraulic 

gradient and wetting rate effects on the hydraulic 

conductivity of two calcium vertisols. Soil Science 

Society of America Journal, 64(4), 1211-1219.

Mukherjee, A., Lal, R., & Zimmerman, A. R. (2014). Effects 

of biochar and other amendments on the physical 

properties and greenhouse gas emissions of an 

artificially degraded soil. Science of Total Environment, 

487, 26-36.

Oguntunde, P. G., Abiodun, B. J., Ajayi, A. E., & Van de 

Giesen, N. (2008). Effects of charcoal production on 

soil physical properties in Ghana. Journal of Plant 

Nutrition and Soil Science, 171(4), 591-596.

Pathan, S. M., Aylmore, L. A. G., & Colmer, T. D. (2003). 

Properties of several fly ash materials in relation to 

use as soil amendments. Journal of Environmental 

Quality, 32(2), 687-693.

Quin, P. R., Cowie, A. L., Flavel, R. J., Keen, B. P., 

Macdonald, L. M., Morris, S. G., Singh, B. P., Young, I. 

M., & Van Zwieten, L. (2014). Oil mallee biochar 

improves soil structural properties–A study with x-ray 

micro-CT. Agriculture, Ecosystem & Environment, 191, 

142-149.

R Core Team. (2015). R: A language and environment for 

statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. (https://www.R-project.org/)

Reynolds, W. D., Bowman, B. T., Brunke, R. R., Drury, C. 

F., & Tan, C. S. (2000). Comparison of tension infiltrometer, 

pressure infiltrometer, and soil core estimates. Soil 

Science Society of America Journal, 64(2), 478-484.

Rogovska, N., Laird, D. A., Rathke, S. J., & Karlen, D. L. 

(2014). Biochar impact on Midwestern Mollisols and 

maize nutrient availability. Geoderma, 230-231,340-347.

Rouquerol, F., Rouquerol, J., & Sing, K. (1999). Adsorption 

by powders and porous solids, Academic Press, 

London. pp. 51-92.

Rouquerol, J., Avnir, D., Fairbridge, C. W., Everett, D. H., 



Lim et al.8

Haynes, J. M. & Pernicone, N. (1994). Recommendations 

for the characterization of porous solids (Technical 

Report). Pure and Applied Chemistry, 66(8), 1739-1758.

Saxton, K. E., Rawls, W. J., Romberger, J. S., & 

Papendick, R. I., (1986). Estimating generalized soil- 

water characteristics from texture. Soil Science society 

of America Journal, 50(4), 1031-1036.

Shaaban, A., Se, N. M., Mitan, N. M. M., & Dimin, M. F. 

(2013). Characterization of biochar derived from rubber 

wood sawdust through slow pyrolysis on surface 

porosities and functional groups. Procedia Engineering, 

68, 365-371.

Smettem, K. R. J., & Bristow, K. L. (1999). Obtaining soil 

hydraulic properties for water balance and leaching 

models from survey data. 2. Hydraulic conductivity. 

Australian Journal of Agricultural Research, 50(7), 

1259-1262.

Sperry, J. M., & Peirce, J. J. (1995). A model for estimating 

the hydraulic conductivity of granular material based 

on grain shape, grain size, and porosity. Ground 

Water, 33(6), 892-898.

Sun, H., Hockaday, W. C., Masiello, C. A., & Zygourakis, 

K. (2012). Multiple controls on the chemical and physical 

structure of biochars. Industrial & Engineering Chemistry 

Research, 51(9), 3587-3597.

Uzoma, K. C., Inoue, M., Andry, H., Fujimaki, H., Zahoor, 

A., & Nishihara, E. (2011). Influence of biochar 

application on sandy soil hydraulic properties and 

nutrient retention. Journal of Food, Agriculture and 

Environment, 9(3-4), 1137-1143.

Vervoort, R. W., & Cattle, S. R. (2003). Linking hydraulic 

conductivity and tortuosity parameters to pore space 

geometry and pore-size distribution. Journal of Hydrology, 

272(1-4), 36-49.

West, L. T., Abrew, M. A., & Bishop, J. P. (2008). Saturated 

hydraulic conductivity of soils in the Southern 

Piedmont of Georgia, USA: Field evaluation and 

relation to horizon and landscape properties. Catena, 

73(2), 174-179.

Yargicoglu, E. N., Sadasivam, B. Y., Reddy, K. R., & 

Spokas, K. (2015). Physical and chemical characterization 

of waste wood derived biochars. Waste Management, 

36, 265-268.

Yu, X. Y., Ying, G. G., & Kookana, R. S. (2006). Sorption 

and desorption behaviors of diuron in soils amended 

with charcoal. Journal of Agricultural and Food 

Chemistry, 54(22), 8545-8550.

Yun, M. J., Yu, B. M., Zhang, B., & Huang, M. T. (2005). 

A geometry model for totuosity of streamtubes in 

porous media with spherical particles. Chinese Physics 

Letters, 22(6), 1464-1467.


