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A b s t r a c t. Water and solute transports in the vadose zone 
depend on the distribution, size, shape and configuration of the 
pores. They affect the soil hydraulic properties and, consequently, 
the directly related processes such as water storage, infiltration, 
groundwater recharge, and also erosion and runoff. Soils amended 
with biochar are prompt to improve their physical and hydraulic 
properties. Biochar addition alters not only porosity, the water 
retention pattern and the derived pore distribution, but also the 
hydraulic conductivity under saturated and unsaturated condi-
tions. In our work, two different doses (2.5 and 5% dry wt.) were 
added to two textured soils (sand and sandy loam). The unsatu-
rated hydraulic conductivity and saturated hydraulic conductivity  
were measured under laboratory conditions. The obtained results 
show the positive effect of biochar on the hydraulic functions. For 
the sandy soil, the higher the dose of biochar, the more constant 
and relatively higher is the hydraulic conductivity up to - 40 kPa. 
At less negative matric potentials (< -10 kPa), the unamended 
sandy loam soil showed a slightly higher unsaturated hydraulic 
conductivity, compared to the amended soils. These results under-
line that biochar addition enhances the transport of water under 
unsaturated conditions by reducing the formation of larger pores 
while also intensifying the finer inter-particle pore formation. 

K e y w o r d s: amendment, biochar, pore size distribution, tex-
ture, unsaturated hydraulic conductivity

INTRODUCTION

Hydraulic conductivity in soils depends on texture, 
structure and pore properties (configuration, size, shape and 
distribution). Soils with large pore diameters drain off first, 
and react as a barrier to water flow at more negative mat-
ric potentials. At saturation, coarse textured soils conduct 

water more rapidly than finer textures (Jury and Horton, 
2004). The same occurs for aggregated soils as compa- 
red with poorly aggregated ones. The opposite occurs 
under unsaturated soil conditions. Due to their larger pores, 
coarse-textured soils become nonconductive as matric 
potential develops as this steeply decreases the hydraulic 
conductivity. In contrast, in fine textured soils, smaller 
pores dominate, conducting less water, but doing so more 
constantly up to more negative matric potential values. 
Thus, the hydraulic conductivity does not decrease as steep- 
ly as for coarse soils. Irrespective of the pore diameter, tor-
tuosity affects the hydraulic conductivity in finer textured 
soils as it decreases the water fluxes and keeps it constant 
at a more negative matric potential. Hence, the more tor-
tuous the pores are, the more the water flux is retarded. 
Both under saturated and unsaturated conditions, a strong 
dependency is especially noted with regard to this, and 
must be included in the water flux discussions, which 
may result in nonlinear functions of water content (θ) or 
matric potential (ψ) (Hillel, 1998; Jury and Horton, 2004; 
Selker et al., 1999). Under in-situ conditions, shrinkage/
swelling, mechanical deformation, plowing, biological 
and chemical processes must be considered as additional 
components, as they may induce intense changes in the soil 
medium (Nimmo, 2004). Shrinkage/swelling contributes to 
the orientation of soil particles, thus affecting the forma-
tion of macro pores (enlarged by shrinkage and decreased 
by swelling), and the formation of aggregates within an 
intra-aggregate pore system. Its reformation enhances the 
contact between aggregates and keeps the pores more con-
ductive near saturation. 

©  2018  Institute of Agrophysics, Polish Academy of Sciences



K. VILLAGRA-MENDOZA AND R. HORN374

Intra-aggregate porosity and its hydraulic conductivi- 
ty also affect the soil fluxes. During the initial formation 
of aggregates, new finer pores are formed. These, together 
with more contact points between the single particles, pro-
mote a smaller flux, while a more homogeneous and greater 
flux occurs after  aggregate formation, together with a more 
continuous macroscopically homogeneous pore system 
reaching the final stage of the smallest entropy (Horn, 
1994). As with all fluxes, the hydraulic conductivity must 
be considered as a tensor with direction dependent values. 
Dörner and Horn (2009) described these interactions and 
concluded that isotropic conditions are less frequent to be 
seen, while vertical or horizontal anisotropic flux condi-
tions dominate in prisms, and in blocky or platy structures. 

The addition of biochar as an amendment positively 
influences various soil-specific physical, hydraulic and che- 
mical properties, as well as several soil processes (Uzoma 
et al., 2011; Verheijen et al., 2010). It modifies the pore size 
distribution and increases the available water for plants, as 
well as the air capacity (Ajayi and Horn, 2016; Bodner et 
al., 2013). Moreover, it increases the specific surface area 
and, consequently, increases the filter and buffer capacity 
of the soil (Burrell et al., 2016; Eibisch et al., 2015; Uzoma 
et al., 2011). Some authors have identified a decrease in 
the saturated hydraulic conductivity (Ksat) in coarse-tex-
tured soils, and the opposite effect in finer-textured soils 
(Ajayi and Horn, 2016; Brockhoff et al., 2010; Herath et 
al., 2013; Lim et al., 2016). Castellini et al. (2015) found 
that near saturation (-0.1 to -1.2 kPa), biochar had a negli-
gible effect on the unsaturated hydraulic conductivity of the 
soil. Kameyama et al. (2012) evaluated the effect of bio-
char addition on  unsaturated hydraulic conductivity (Ku) 
and observed that the amended soil (up to 3% biochar) had 
the lowest values of Ku for matric potentials greater than 
-10 kPa. In contrast, with biochar additions of 5 and 10%, 
Ku displayed higher values than in the unamended soil 
in the entire matric potential range. Bayabil et al. (2015) 
observed that charcoal incorporation increased the rela-
tive hydraulic conductivity (Krel) of fine textured degraded 
soils, at matric potentials greater than -10 kPa, and Hardie 
et al. (2014) reported that the addition of biochar to a sandy 
loam soil increased near saturation at -0.25 and -0.10 kPa. 
Finally, Uzoma et al. (2011) observed that (Krel) increased 
in the amended sandy soils, but it depended on the pyroly-
sis temperature and the dosage applied.

The objective of this work was to study the effect of the 
addition of two biochar dosages on unsaturated hydraulic 
conductivity and water retention, and the effect that it may 
have on water transportation through the soil matrix under 
drying conditions. We tested the hypothesis that biochar 
addition enhances soil water retention, by increasing the 
unsaturated hydraulic conductivity at more negative matric 
potentials.

MATERIALS AND METHODS

Two soil textural classes were used, i.e. sand (S) and 
a sandy loam (SL), collected in Schleswig-Holstein, in 
the northern region of Germany. The sandy loam soil was 
first air dried and passed through a 2 mm sieve. The sand 
had a dominant particle size distribution of 2-0.063 mm. 
Mango wood, acting as biochar material, was pyrolysed at 
a temperature of about 600°C. After crushing, it was passed 
through a 63 µm sieve and  added to both the sand and sandy 
loam in fractions of 2.5 and 5% (by dry mass). Treatments 
were set as sand + 0% biochar (control = S0), sand + 2.5% 
biochar (S2.5), sand + 5% biochar (S5), sandy loam + 0% 
biochar (control = SL0), sandy loam +2.5% biochar (SL2.5) 
and sandy loam + 5% biochar (SL5). For each treatment, 
the dry bulk density (ρd) was assessed using the soil core 
method (Soil Survey Staff, 2014), while pH was measured 
in a 0.01 M CaCl2 solution and the specific surface area 
was ascertained via the Multipoint Brunauer Emmett-Teller 
(BET) method (method description can be found in Ajayi 
and Horn, 2016).

A soil water retention curve was established by way of 
40 replications per treatment. In so doing, the samples were 
packed in 100 cm3 stainless steel cylinders (about 4 cm 
height and 5.6 cm diameter) using an Instron 5569 loading 
frame (Instron, 2008). Additionally, 10 samples of about 
2 cm diameter for each treatment were prepared for dehy-
dration at -1500 kPa. Some basic soil properties are listed 
in Table 1. 

Soil samples were saturated with water by capillary rise 
for 48 h, and then drained to matric potentials of -3, -6, -15, 
-30 and -50 kPa. A sand bed was used for water desorp-
tion up to -6 kPa, while for more negative matric potentials, 
ceramic plates were employed. Gravimetric water content 
was determined by weighing each soil sample at each mat-
ric potential. After the last matric potential, samples were 
oven dried at 105°C for 16 h (Soil Survey Staff, 2014). 
The gravimetric water content at the matric potential of 
-1 500 kPa was obtained by saturating the small rings, 
draining them for about four weeks on ceramic plates under 
air pressure and, after weighing, letting them dry at 105°C 
for 16 h. 

Additionally, 10 samples per treatment (100 cm3 cylin- 
der) were prepared so as to determine the saturated hydrau-
lic conductivity (Ksat) as measured via the falling-head 
method (Hartge, 1966). Water flow over time through each 
soil sample was replicated three times (at three upper and 
lower gradient limits), and the geometric mean was calcu-
lated for the 10 samples corresponding to each treatment. 

The unsaturated hydraulic conductivity (Ku) was deter-
mined through a modification of the Evaporation method 
(Hartge and Horn, 2009). Soil samples (three replicates per 
treatment) were packed in 472 cm3 stainless steel cylin- 
ders (about 6 cm in height and 10 cm in diameter) and 
put on a metal plate. At the bottom  of each cylinder, an 
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o-ring sealed the soil cores and prevented both evaporation 
and water leakage from the sample. Thus, water loss only 
occurred from the top surface by way of a continuous hori-
zontal air flow and was registered by TDR mini probes and 
micro tensiometers installed horizontally at two different 
depths. Soil water content (θ, cm3 cm-3) and matric poten-
tial (ψm, kPa) were monitored continuously by a real-time 
computer. Tensiometers were lined with Kaolinite in order 
to guarantee good soil-sensor contact. Before undertaking 
the measurements, the samples were saturated. 

The unsaturated hydraulic conductivity was obtained 
according to the transformed Darcy´s equation:

(1)

where: Ku is the unsaturated hydraulic conductivity (cm s-1), 
t1 – t2 is the time interval between two measurements (s), 

is the change of soil water content between two measu- 
rements (cm3 cm-3), gradψm=  is the hydraulic gradient 
between two points, l is the flow length (cm).

Due to the nature of the laboratory method, the observed  
Ku values were obtained within a small matric potential 
range. Therefore, the observed hydraulic properties at 
different matric potential values were fitted using van 
Genuchten-Mualem’s expression (van Genuchten, 1980) 
by means of RETC software (van Genuchten et al., 1991), 
which is known to generate a good data fit for the hydraulic 
properties of unsaturated soils (Neyshabouri et al., 2010; 
Van Genuchten and Nielsen, 1985; Wessolek et al., 1994). 
The fitted curves were used to predict the curve pattern in 
a wider matric potential range:

(2)

where: Ksat – saturated hydraulic conductivity (cm s-1); 
α is the inverse of the air entry value (cm-1); ψm is the 
matric potential (kPa); n, m are independent empirical para- 
meters; λ is the tortuosity or pore connectivity parame-

ter. The Mualem restriction m = 1 – 1/n, and the Burdine 
restriction m = 1 – 2/n were compared and the best fitted 
values (using as criteria the SSQ) was chosen.

RESULTS AND DISCUSSION

Water content increased due to the addition of bio-
char, but the effect was more pronounced in the sand than 
in the sandy loam (Fig. 1). In the sandy control, at matric 
potentials near saturation, the water loss is higher than in 
the sandy amendments, traduced in a steeper slope. The 
range of field capacity increased significantly with higher 
biochar dosages. With a fraction of 5% biochar addition, 
the draining pore diameter between 50-10 μm (Scheffer 
and Schachtschabel, 2010) increased, and the water con-
tent at field capacity also increased significantly. The sandy 
loam amendments (SL2.5 and SL5) resulted in non-signi- 
ficant differences, compared to the control sample (SL0). 
Water content at both saturation and wilting point did not 
increase, but the field capacity range grew (although not 
significantly) with a higher dosage of biochar. 

In the amended sandy soil (S), the addition of biochar 
decreased the fraction of wide pores related to a matric 
potential > -6 kPa (Ø > 50 µm), and increased the narrow 
(50-10 µm) and medium pores (10-0.2 µm) correspond-
ing to matric potentials of -6 to -30 and -30 to -1 500 kPa, 
respectively. We hold that these changes came about due to 
the fill in of pores with the smaller grained biochar, which 
is also in accordance with the findings of  (Ajayi et al., 
2016; Ajayi and Horn, 2017). In the sandy loam (SL), the 
effect of the biochar addition was less evident since the 
fractions of wide coarse pores were initially similar to the 
medium and narrow pores. 

Biochar and texture affect the pattern of the hydraulic 
conductivity at different matric potentials (Fig. 2). In the 
sandy mixtures, the increase of field capacity (on aver-
age by 200% in the observed data), coincided with a more 
continuous unsaturated hydraulic conductivity pattern 
(Ku). The higher the dosage of biochar, the more constant 

Ta b l e  1. Physical and pH properties of sand and the sandy loam soils, as well as their amendments at 2.5 and 5% biochar addition

Treatment

Particle size (%)
ρd

(g cm-3)
pH

Multipoint 
BET-SSA
(m2 g-1)

Clay
<0.002

Silt
0.063-0.002

Sand
2.0-0.063

(mm)
S0  1  0 99

1.5
7.5 0.3 ± 0.1a

S2.5  0  1 99 7.5 0.5 ± 0.2a
S5  1  0 99 7.5 1.5 ± 0.2b
SL0 13 33 54

1.4
6.8 4.7 ± 0.5c

SL2.5 13 33 54 7.0 4.0 ± 0.1d
SL5 12 34 54 7.1 4.7 ± 0.2c
Biochar 7.1 42.1 ± 0.7

ρd – bulk density, BET-SSA – specific surface area. Particle size distribution according to German Standards (AG Boden, 2005). 
Variables with the same letters are not significantly different (p < 0.05).
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and relatively higher Ku values are obtained up to -50 kPa 
(according to the fitting curve). In the sandy mixtures, 
changes in the field capacity were less pronounced than 
in the sand control treatment (S0) because biochar in- 
creased the frequency of narrow and medium pores, by 
clogging larger pores with smaller biochar particles, thus 
enhancing the ability of the amended sand to retain water 
at more negative matric potentials. Moreover, the sorption 
capacity of the biochar, due to a higher specific surface area 
(Table 1), increased water retention at more negative mat-
ric potentials, as compared with the unamended sand. The 
sandy loam (SL) showed relatively constant Ku values up 
to a matric potential of – 30 kPa, while the unamended 
sandy loam (SL0) resulted in a slightly higher (though non-
significant) Ku values, when compared to the amended soil. 
Finally, the Ku curve pattern was relatively flat in the near 
saturated range but decreased rapidly at more negative mat-
ric potentials.      

In general, the observed data fitted better via the Mualem 
restriction (m=1-1/n) than via the Burdine restriction (m=1-
2/n). The SSQ (sum of squares) of the Mualem restriction 

reflected more accurate values (Table 2). All parameters (α, 
n, l) except Ksat were fitted to the hydraulic curve. Ksat was 
not fitted since it was determined under laboratory condi-
tions, and the obtained results were reliable enough to be 
used. Most of the treatments showed good data correlation, 
except for the SL5 treatment in which the Burdine model 
provided an unacceptable fit. The fitted Ku data of the van 
Genuchten-Mualem model (Fig. 2) predicted the range of 
the measured data very well if the decreasing Ksat values, 
due to the addition of biochar, are included (Fig. 1). The 
clogging of large pores, especially in the sandy mixtures, 
through the incorporation of smaller biochar particles, 
reduced the water conductive capacity under saturated con-
ditions, which was also in agreement with the findings of 
Obia et al. (2017).

Furthermore, an increase in the surface area (Table 1) 
of the amended sandy substrates also contributed to rela-
tive constant Ku values due to the delayed entrance of air in 
the soil matrix. Although the matric potential at which air 
enters the sandy loam mixtures was more negative than in 
the sandy mixtures, Ku was not significantly higher when 

Fig. 1. The measured soil water retention curves of the sand (S) and sandy loam (SL), and their amendments at applications of 2.5 
and 5% of biochar. Error bars correspond to 2σ range of the average values recorded at each matric potential, where σ represents the 
standard deviation.

Fig. 2. Fitted and observed unsaturated hydraulic conductivity for the amended sand (S) and sandy loam (SL) with the 
Mualem restriction applied. K values correspond to the saturated hydraulic conductivity, where the sub-index refers to the 
treatment: 1= S0; 2=S2.5; 3=S5; 4=SL0; 5=SL2.5; 6=SL5.
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compared to Ku of the sandy mixtures. This might also be 
related to the measured Ksat, which was higher for sand and 
decreased as biochar was added. Between a matric poten-
tial of -30 and -100 kPa, the decline of Ku in the sandy loam 
was less pronounced than for the sand. This was due to the 
presence of finer pores which reduced the draining process 
and contributed to more water being retained in the soil 
bulk. 

CONCLUSIONS

1. The addition of biochar enhances the transport of 
water under unsaturated conditions by reducing the forma-
tion of larger pores (draining pores) and promoting finer 
inter-particle pore formation. 

2. In coarse textures biochar increases  the water con-
tent within the pore diameter in the range of 50-10 µm. This 
enhances the unsaturated hydraulic conductivity for the 
same matric potentials when compared to the unamended 
soil. 

3. The fill in of larger pores due to biochar addition 
in coarse textured soils decreases the saturated hydrau-
lic conductivity and increases the unsaturated hydraulic 
conductivity. This enhances the conductive capacity of 
coarse-textured soils under drying conditions.
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