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Abstract: Biochar impacts soil-water related processes such as infiltration and contributes to the
hydrological response of catchments. The aim of this work is to determine the impact of wetting
and drying conditions on the infiltration behavior of two biochar amendments and to validate the
performance of three infiltration models: Kostiakov, Horton, and Philips. Two materials, sand and
a sandy loam, were mixed with 0%, 2.5%, and 5% (by dry wt.) mango wood biochar produced at
a highest heating rate of 600 ◦C and with a particle size of <63 µm. A sequence of four wetting
and drying cycles were simulated. In each cycle, infiltration was measured. We found that biochar
addition decreased infiltration because the formation of narrower pores reduced infiltration capacity.
The higher the biochar dosage, the more resilient the treatment became concerning the changes on
the water infiltrated. Repetitive wetting and drying cycles resulted in a reconfiguration of structural
pores affecting the transport of water and air. The infiltration models of Kostiakov and Horton could
predict the infiltration dynamics in the amended materials, although they show some instabilities
along the WD cycles.

Keywords: biochar amendments; water infiltration; wetting and drying; soil deformation;
surface runoff

1. Introduction

Increased food demand and decreased arable land productivity threaten food security.
Crop production in degraded lands demands more water and nutrients in order to provide enough
food for a growing population. In general, rainfall is the main source of water for agriculture, however,
global changes affect water availability with consequences for a sustainable environment and crop
production. Many regions are facing long dry periods, whereas other regions are suffering from intense
and frequent rain events [1]. The Food and Agriculture Organization of the United Nations mentions
that about 25% of global arable land is degraded and this is turning into a critical situation to face global
demands [2]. Therefore, there is a need to provide soil and water management solutions to agricultural
regions facing water scarcity. Biochar as soil amendment is considered to be a complementary soil
management option to enhance soil quality due to its ability to improve soil physical, hydraulic, and
chemical soil conditions [3–12]. Biochar has a great ability to absorb and store water [13] by modifying
soil water retention properties, total porosity, and pore structure [14–16].

It is well known that water infiltration plays a key role in watershed hydrology. The efficiency
on how water enters the soil surface is delimited by factors such as initial water content, surface
sealing, vegetation, and surface crack formation [17–21]. Once rain or irrigated water enters the
soil, depending on its water-holding capacity, a fraction of water is retained in the soil matrix and
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becomes available for plants while especially coarse pores conduct soil water into deeper soil layers.
Some studies, with contradictory results, have investigated the effect of biochar on the infiltration
capacity of amended soils. Novak et al. [22] described an increased water infiltration due to the
addition of different biochars. Gopal et al. [21] observed a decrease of the infiltration rate in biochar
amendments, mainly due to a decrease of macropores and an increase in water retention capacity.
Villagra-Mendoza et al. [23] reported that charcoal combined with compost amendments reduced
surface water infiltration and delayed percolation time compared to the unamended soil, enhancing
soil water retention. Itsukushima et al. [24] observed higher initial and final infiltration rates in
amended soils with bamboo charcoal and humus than in unamended soils. Hamidreza Sadeghi et
al. [25] reported that both the time of biochar application before the rainfall event and an increased
water holding capacity were key factors to reducing surface runoff. Hardie et al. [26] as well as
Doerr and Thomas [27] concluded that soil hydrophobicity resulted in a retarded infiltration time,
and a longer time to runoff generation. However, while the active growth of fungi and bacteria
communities in the biochar pores has demonstrated an ability to resist long dry periods [28], and
might preserve soil structural health, it may at the same time contribute to reducing infiltration and
increasing runoff, due to the formation of some fungal structures that increase water repellency [29].
Zhi-guo et al. [30] suggested that biochar from agriculture and forest biomass decreased surface
runoff and delayed time for its initiation. Abrol et al. [31] stated that biochar is a useful option for
soil conservation by ameliorating infiltration and controlling soil erosion. However, the interrelation
between soil water flow patterns, environment, and management conditions is quite complex and
not yet completely understood. Therefore, there is a need to simplify these relations in order to apply
infiltration models as valuable tools to save time and to avoid costs for field measurements. Physically
based infiltration models such as Green-Ampt, Philips or Smith Parlange [32–35], semi-empirical
models such as Horton [32,36,37], or empirical models such as Kostiakov or Holtan [32,38,39] are
commonly used. The selection of the most appropriate model depends on the data collected and the
quality of fitting required. For instance, Jačka et al. [34] suggested that empirical models perform
better than physically based models and the latter perform better when using laboratory data than
field data. To apply these models, some general restrictions or assumptions are considered: (1) the
soil profile is homogeneous and the initial water content is constant [34,40,41]; (2) the soil structure
and pore size distribution are assumed to be temporally stable, and the soil bulk is considered to be
rigid [42,43]; (3) preferential flow is not considered [43,44]; (4) hysteresis, cracks, entrapped air, and soil
water repellency are ignored [43]; (5) ponding surface conditions are considered constant [34]; and (6)
a uniform rainfall or irrigation rate must be assumed [39]. Although these models are widely used, it
is unclear how biochar amended soils may respond to the general model assumptions and parameters.

Although many studies have pointed out the positive effects of biochar amendments on the
soil hydrology, it is still unclear the potential contribution of biochar application as an agricultural
management practice, in particular under extreme weather conditions. Wetting and drying cycles (WD)
change soil structure, modify soil pore distribution and enhance the formation of cracks and macropores,
leading to preferential flow that consequently alter the amount of water and gas transported in the soil
matrix [17,45,46]. Additionally, soil rigidity has been proven to increase with biochar addition [10,47].
This work pursues to investigate the impact of wetting and drying (WD) conditions on the water
infiltration capacity and the ability of the Kostiakov, Philip, and Horton models to predict the infiltration
behavior of two biochar amendments.

2. Materials and Methods

2.1. Experimental Analysis

Two soil materials, classified based on the German Standard [48], were mixed with two application
rates (2.5 and 5% dry weight) of a mango wood biochar pyrolized at 600 ◦C and sieved through 63 µm.
A medium sand with grain size diameter between 0.20 and 0.63 mm and a sandy loam soil collected
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from the first 30 cm (Ah horizon) of a Luvisol derived from glacial marl located in Schleswig-Holstein,
near Kiel in Germany were tested. The climate of this region is oceanic with a mean annual precipitation
of 860 mm. Precipitation occurs throughout the year, with a maximum average of 73.5 mm in August.
The mean annual temperature is 18 ◦C with a mean maximum monthly temperature of 22 ◦C in July
and a mean monthly minimum of 0 ◦C in January and February. The soil is classified as a haplic
Luvisol [49].

The substrates were air dried and sieved through 2 mm. Six treatments were set as S0 (sand
without biochar), S2.5 (sand +2.5% biochar), S5 (sand +5% biochar), SL0 (sandy loam without biochar),
SL2.5 (sandy loam +2.5% biochar), and SL5 (sandy loam +5% biochar).

Three replicates of soil cores with a volume of 100 cm3 per treatment were compacted to obtain
average soil densities of 1.51 g/cm3 for the sandy treatments (S) and 1.39 g/cm3 for the sandy loam.
Three simulated wet and dry (WD) periods were performed per sample. The wet condition (W)
refers to the soil cores completely wetted after infiltration (100% saturation) and the dry condition
(D) was set as oven dry at 30 ◦C for 72 h. Infiltration capacity was measured after each cycle with a
minidisc infiltrometer. The sequence of the WD cycles applied is shown in Table 1. After each drying
period, height changes of each soil core were registered in order to quantify changes in bulk density.
Additionally, the weight of each sample was used to determine the initial soil water content.

Table 1. Description of the sequence of WD cycles applied. WD cycles were executed sequentially.

Cycle Description of the Sequence of the Cycle

WD0 Sampling preparation Inf
WD1 Dry Inf
WD2 Dry Inf
WD4 Dry Inf Dry Inf

WD: wetting and drying cycle; Inf: infiltration (up to 100% saturation); Dry: oven-dry at 30 ◦C for 72 h.

Water repellency was estimated after each drying cycle with the method described by Hallet [50]
and Tillman et al. [51]. Sorptivity for both, water (Sw), and ethanol (SE) was calculated as
described below:

S =

√
Q f
4br

(1)

where Q is the rate of uptake of the liquid (cm3/s), b is a soil-water related parameter taken as 0.55 [52],
r is the radius of the tip of the infiltrometer (cm), and f is the air porosity (m3/m3). The repellency
index RI, was estimated as follows:

RI = 1.95
SE

Sw
(2)

where 1.95 is a constant value obtained from the relation of the surface tension and the viscosity of
ethanol and water [47].

The minidisc infiltrometer had an internal diameter of 23 mm. Time and water volume changes
in the graduated minidisc infiltrometer were registered until volume changes reached a steady flow.
Infiltration rate (i) was determined as the difference of volume between two consecutive readings by
the time interval between the same two readings. Cumulative infiltration (Icum) was determined by
the difference between the initial water volume infiltrated and the volume at each time step, divided
by the internal contact area of the minidisc infiltrometer.

2.2. Statistical Analysis

Soil physical and hydraulic parameters such as bulk density, soil total porosity, and saturated
hydraulic conductivity were described in Villagra-Mendoza and Horn [47]. The mean and standard
deviations of i and Icum were calculated for each treatment. The analysis of variance (ANOVA) with p <
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0.05 was used to assess differences of final and mean infiltration rates as well as cumulative infiltration
for different wetting and dry periods. Post-hoc testing (HSD Tukey’s test (p < 0.05)) was used for
multiple comparison and to determine significant differences between means. Means grouped with
the same letters indicate no significant differences. All statistical analyses were performed with the
software R studio v.3.5.2.

2.3. Modelling of Infiltration

The predicted infiltration capacity from three infiltration models were compared with the
infiltration curves measured after each wetting and drying (WD) period. Cumulative infiltration (Icum)

and infiltration rate (i) based on the Philip model (cited by Lal and Shukla [53]) were expressed as:

Icum = Sst1/2 + At (3)

i =
1
2

Sst−1/2 + A (4)

where Ss is an estimate of sorptivity
(
mm/h1/2

)
and A is an empirical constant known as the soil-water

transmissivity and is related to saturated hydraulic conductivity (mm/h).
The Horton model (cited by Baver et al. [54]) was expressed as:

Icum = Ibt +
(Io − Ib)
β

[1− exp(−βt)] (5)

i = Ib t + (Io − Ib) exp(−βt) (6)

where Io is the initial infiltration capacity (mm/h) at t = 0, Ib is the final rate of the infiltration capacity
(mm/h) and β is a constant which describes the decreasing rate of infiltration capacity.

The Kostiakov model [55] is described as:

Icum =
a

b + 1
tb+1 (7)

i = at−b (8)

where t is infiltration time (h) and a, b are fitting parameters of the curve as a function of texture, soil
water content and bulk density.

The quality of the models was verified with the coefficient of determination (R2), a residue analysis
by means of the root mean square error (RMSE) and the Nash–Sutcliffe model efficiency coefficient
(NSE):

RMSE =

√∑n
i=1

(
Yobs −Ypred

)2

n
(9)

NSE = 1−

∑n
i=1

(
Yobs −Ypred

)2

∑n
i=1

(
Yobs −Yobs

)2 (10)

where Yobs represents the measured data, Ypred the predicted data through the models, Yobs the
arithmetic mean of the measured data, and n the number of observations. Model outputs with RMSE
values less than half the standard deviation of the measured data were considered to be appropriate
for model evaluation. The model performance criteria for the NSE values was considered as very good
for 0.75 < NSE ≤ 1.00, good for 0.65 < NSE ≤ 0.75, satisfactory for 0.50 < NSE ≤ 0.65, and unsatisfactory
for NSE ≤ 0.50 [56].
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3. Results

Table 2 summarizes some chemical and physical soil properties of the amendments reported
in Villagra-Mendoza and Horn [47]. The sandy (S) and the sandy loam (SL) treatments showed a
non-significant increase in the small fraction of the particle size distribution due to the addition of
biochar. The biochar addition did not significantly change pH, whereas a larger fraction of biochar
increased the content of total carbon.

Table 2. Main physical and chemical properties reported in [47]. Particle size distribution is based on
the German Standard classification [48].

Treatment pH TC Sand Silt Clay

% %
S0 7.54 0.16 ± 0.01 a 99 0.4 0.6

S2.5 7.47 1.83 ± 0.02 b 99 0.7 0.3
S5 7.50 3.56 ± 0.03 c 99 0.0 1.0

SL0 6.83 1.35 ± 0.01 d 54.1 32.5 13.4
SL2.5 6.98 3.27 ± 0.03 e 54.0 32.9 13.1
SL5 7.08 4.85 ± 0.04 f 53.7 33.9 12.4

Biochar 7.12 78.36

Variables with the same letters are not significantly different (p < 0.05)

The applied wetting and drying (WD) cycles changed the bulk density of the treatments (Table 3).
The unamended sand (S0) showed a greater and constant increase of the bulk density compared to
the amended sandy treatments S2.5 and S5. It was observed that S2.5 and S5 tended to swell during
wetting, decreasing bulk density. After drying, shrinkage was of similar magnitude in relation to
swelling in treatments S2.5 and S5, and therefore overall changes in bulk density were small. In the
sandy loam (SL) treatments, bulk density remained similar along the different WD cycles.

Table 3. Effect of the simulated WD cycles on the bulk density (ρd) and volumetric soil water content
(θ) on the sandy (S) and sandy loam (SL) mixtures.

Wetting and Drying Cycles (WD)

WD0 WD1 WD2 WD4

ρd θ ρd θ ρd θ ρd θ

S0 1.55 1.3 ± 0.54 1.54 ± 0.03 1.1 ± 0.45 1.61 ± 0.07 1.2 ± 0.46 1.71 1.0
S2.5 1.52 ± 0.03 2.0 ± 1.32 1.49 ± 0.03 1.7 ± 1.14 1.47 ± 0.03 1.1 ± 0.31 1.48 0.7
S5 1.48 ± 0.01 1.7 ± 0.31 1.46 ± 0.02 1.1 ± 0.28 1.46 ± 0.02 1.1 ± 0.21 1.43 0.8

SL0 1.38 ± 0.02 4.6 ± 0.72 1.36 ± 0.02 1.8 ± 0.10 1.37 ± 0.01 2.1 ± 0.17 1.38 1.9
SL2.5 1.40 ± 0.05 5.5 ± 0.86 1.39 ± 0.06 1.9 ± 0.04 1.38 ± 0.05 2.4 ± 0.12 1.35 1.6
SL5 1.40 ± 0.04 5.2 ± 0.79 1.36 ± 0.05 1.9 ± 0.11 1.35 ± 0.02 2.3 ± 0.11 1.37 1.9

ρd in g/cm3 and θ in cm3/cm3.

Hydrophobicity was determined as means of the repellency index, RI. Based on Tillman et al. [51],
RI ≤ 1 is attributed to non-repellent soils, while RI > 1 indicates that a soil is water repellent. Table 4
shows the water repellency index, RI, oscillating within the different WD cycles and no clear trend
was observed for any of the treatments studied. There was also no clear correlation observed between
hydrophobicity and the biochar content along the WD cycles applied. Except for WD2 in S0 and
WD4 for treatment S5, all sandy mixtures remained hydrophilic during all WD cycles. In general,
in the sandy mixtures the higher the biochar application rate the higher was the RI, although most
of the treatments kept their hydrophilic condition. The unamended sandy loam (SL0) was already
hydrophobic and biochar increased slightly the hydrophobicity of the mixtures. However, no clear
trend was observed between the effect of WD cycles and the hydrophobic condition of these treatments.
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Table 4. Effect of wetting and drying (WD) cycles for the repellency index, RI, of the sandy (S) and
sandy loam (SL) treatments.

Treatment WD1 WD2 WD4

S0 0.6 2.27 0.38
S2.5 0.94 0.69 0.78
S5 0.48 0.99 1.10

SL0 1.76 2.28 1.52
SL2.5 1.99 3.14 2.51
SL5 1.89 1.64 2.33

The enhancement of soil rigidity, due to the addition of biochar, made the soil amendments more
resilient to repetitive wetting and drying (WD) in the sandy (S) and sandy loam (SL) mixtures (Figure 1).
We observed that the larger the biochar fraction, the smaller the mean and final infiltration rates, in
particular in the sandy mixtures. Furthermore, a biochar application rate of 5% caused less changes
on the mean infiltration rate along the WD cycles in comparison to the other application rates. In the
sandy amendments, mean infiltration rate decreased in comparison to the unamended sand (S0) in
WD0 by 57% and 82% for treatments S2.5 and S5, respectively, whereas smaller changes in the mean
infiltration rate were detected for the sandy loam mixtures; with respect to SL0 in WD0, 30% and 68%
decreases occurred for treatments SL2.5 and SL5, respectively (see Figure 1). In comparison to S0, the
final infiltration rate (Ib) decreased up to 81% and 84% for S2.5 and S5, respectively; and, in comparison
to SL0, Ib decreased by 52% and 75% for SL2.5 and SL5, respectively.
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Figure 1. Measured mean infiltration rate (i) and final infiltration rate (Ib) for the sandy (S) and
sandy loam (SL) treatments during different wetting and drying cycles (WD). Same letters in the
same treatment at different WD cycles are significantly similar (p < 0.05). Error bars denote standard
deviation from the mean (N = 3).

The occurrence of WD cycles resulted in an oscillating behavior concerning both the mean and
final infiltration rates for most soil materials. The greatest decrease of mean infiltration was observed
in the unamended sand. In S0, mean infiltration decreased by 42.5% in WD1, and 65% in WD2 and
WD4, compared to WD0. As the biochar application rate increased, the decrease of mean infiltration



Soil Syst. 2019, 3, 63 7 of 15

along the WD cycles (in comparison to WD0) was smaller. In treatment S2.5, the mean infiltration rate
decreased with respect to WD0 by 23%, 55%, and 50%, whereas, in S5 the decrease was 26%, 27%, and
40% with respect to WD1, WD2, and WD4, respectively. In the sandy loam treatments, non-significant
changes of mean infiltration rate were observed in the WD cycles, and the biochar application rate of
5% produced the smallest mean infiltration decrease along the WD cycles applied. Final infiltration
rate did not significantly change along the WD cycles, although an oscillating trend was observed.

Figure 2 shows the pattern of cumulative infiltration (Icum) at specific time periods of 15, 30, and
45 min, during different WD cycles. In the unamended sand (S0), the final infiltration rate was reached
within a period shorter than 30 min during WD1 and WD2. For WD4, the final infiltration rate was
reached after 45 min. In the sandy amendments S2.5 and S5, the addition of biochar increased the time
to reach steady flow (longer than 45 min) but also decreased the amount of water infiltrated along
the time, compared with S0. In S2.5 the WD cycles did not enhance infiltration capacity and a slight
significant decrease of infiltration capacity was observed at each time step. In the S5 treatment, the
amount of water which infiltrated at each time step remained similar. We noticed that the application
of WD cycles did not cause any significant change.
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Figure 2. Measured cumulative infiltration (Icum) at 15, 30, and 45 min during the wetting and drying
cycles WD0, WD1, WD2, and WD4 for the sandy (S) and the sandy loam (SL) treatments. Same letters
in the same time period at different WD cycles are significantly similar (p < 0.05). Error bars denote
standard deviation from the mean (N = 3).

Infiltration capacity was validated with three different infiltration models (Kostiakov, Horton, and
Philip) under two different wetting and drying cycles WD1 and WD4, compared to the initial condition
WD0. Infiltration model parameters for all treatments are shown in Table 5. The Philip model was not
able to explain infiltration dynamics for treatments S2.5 and S5, and for all SL treatments the model
generated unrealistic values related to the saturated hydraulic conductivity parameter. Based on
the criteria of assuming an acceptable model performance by comparing RMSE values to standard
deviation, output with unacceptable results were obtained in Kostiakov for S2.5 in WD1, Horton for
S2.5 in all cycles, and SL0 in WD0. Applying the NSE performance criteria [56], unsatisfactory output
results were obtained in Kostiakov for S2.5 in WD0 and WD1, Horton for S2.5 in all cycles, S5 in WD4
and SL0 in WD0, and Philip for S0 in WD4.
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Table 5. Mean infiltration model parameters obtained from the Kostiakov, Horton and Philip models;
for the sandy (S) and sandy loam (SL) treatments during two extreme wetting and drying (WD) cycles
WD1 and WD4 compared to the initial WD condition WD0.

Model/WD Parameter S0 S2.5 S5 SL0 SL2.5 SL5

Kostiakov

WD0 A 355.1 164.8 92.1 111.7 65.3 18.7
B −0.369 −0.510 −0.295 −0.588 −0.762 −0.989

NSE 0.75 0.42 0.88 0.86 0.95 0.72
RMSE 94.10 72.98 12.50 63.45 30.92 72.96
σ 201.56 98.58 98.58 176.97 136.17 141.42

WD1 A 319.8 128.7 61.6 65.3 35.7 18.7
B −0.340 −0.520 −0.440 −0.641 −0.951 −0.921

NSE 0.89 −0.63 0.95 0.92 0.90 0.57
RMSE 62.16 70.04 9.01 34.43 40.16 85.67
σ 204.22 56.66 56.66 123.44 133.93 133.88

WD4 A 142.2 93.6 60.9 70.1 44.8 N.D
B −0.563 −0.417 −0.244 −0.714 −0.834 N.D

NSE 0.78 0.60 0.98 0.84 0.90 –
RMSE 79.88 23.20 2.01 41.04 40.07 –
σ 175.44 37.86 37.86 106.80 127.44 129.10

Horton

WD0 Io 1829.2 2503.2 252.4 666.5 568.5 565.2
Ib 610.5 91.8 84.6 97.9 36.9 22.6
β 15.3 3.4 2.9 2.0 2.4 8.9

NSE 0.96 −44.94 0.55 −0.03 0.55 0.84
RMSE 38.78 649.35 24.50 174.73 88.88 55.62
σ 201.56 98.58 98.58 176.97 136.17 141.42

WD1 Io 1540.4 2682.0 313.0 609.0 564.0 507.6
Ib 407.5 121.6 68.4 50.5 26.8 15.6
β 11.5 6.9 5.5 3.7 5.7 5.0

NSE 0.92 −92.92 0.76 0.64 0.97 0.95
RMSE 53.18 531.69 20.49 72.34 21.81 29.52
σ 204.22 56.66 56.66 123.44 133.93 133.88

WD4 Io 936.3 386.8 128.8 585.3 572.0 474.5
Ib 157.1 64.4 52.4 47.4 25.6 14.1
β 6.3 1.7 2.1 3.7 3.3 2.8

NSE 0.81 −3.30 0.49 0.62 0.70 0.65
RMSE 74.48 76.27 9.05 64.21 67.99 73.74
σ 175.44 37.86 37.86 106.80 127.44 129.10

Philip

WD0 A 125.8 N.D 46.5 −86.4 −66.2 −137.2
S 431.1 N.D 88.4 363.9 271.2 293.0

NSE 0.66 – 0.92 – – –
RMSE 110.20 – 10.18 – – –
σ 201.56 98.58 98.58 176.97 136.17 141.42

WD1 A 305.1 N.D N.D −57.1 −143.2 −115.4
S 241.1 N.D N.D 230.7 312.4 241.7

NSE 0.79 – – – – –
RMSE 86.17 – – – – –
σ 204.22 56.66 56.66 123.44 133.93 133.88

WD4 A 161.9 56.6 34.4 −87.5 −65.2 −68.9
S 154.2 106.2 51.9 309.2 246.0 234.8

NSE 0.33 0.88 0.94 – – –
RMSE 139.81 12.49 3.06 – – –
σ 175.44 37.86 37.86 106.80 127.44 129.10

NSE: Nash-Sutcliffe efficiency; RMSE: root mean square error; σ: standard deviation of the measured data.
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Figures 3 and 4 show the plotted observed and predicted infiltration rates for the sandy (S) and
sandy loam (SL) treatments, respectively. Based on the RMSE and NSE criteria (Table 5) it was observed
that infiltration was well approximated by Kostiakov and Horton in all WD cycles for the sandy
treatments (S0 and S5), whereas in S2.5 Horton overestimated the infiltration rate. Although Philip
showed a good approximation in S0 and S5, the other two models provided better performance ratings
in overall. The Kostiakov model showed to be robust in the sandy loam treatments in all WD cycles,
especially in SL0 and SL2.5, though in SL5 Horton provided a higher performance in all WD cycles.
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4. Discussion

Biochar acts as a binding material generating a more rigid soil volume [7,57]. However, there
are differences between the textural behavior, as could be proved with our results. Sandy biochar
amendments (S2.5 and S5) did not alter considerably their bulk densities during the WD cycles. In the
sandy loam, however, the more biochar was added, the less shrinkage occurred. These results are
consistent with a previous report of Bodner et al. [58]. They proofed that the presence of macropores,
like in S0, makes the soil more sensitive to deformation compared to substrates with smaller pores,
which resist higher capillary stress. Thus, a higher dosage of biochar enhanced the soil strength of the
amended materials, presenting relatively higher rigidity when wetting and less bulk deformation at
higher drying conditions.

In the sandy mixtures, mean infiltration rate decreased the more the higher was the added biochar.
An application rate of 5% however, resulted in less infiltration rate changes along the WD cycles.
In the sandy loam mixtures, changes were less evident in the mean infiltration rate between different
biochar dosages and along the WD cycles. The oscillation of the mean and final infiltration rate
through the WD cycles corresponded to the presence of more fine pores in the amendments that
slowed down water infiltration during wetting and the rearrangement of soil aggregates during drying.
Novak et al. [22] used pelletized manure and lignocellulosic feedstock with a size material between 2
mm and 6 mm. They determined that biochar initially improved water infiltration in an amended
sandy loam soil and attributed it to bulk density changes by the formation of more pore space able
to enhance water flow. However, water infiltration declined after additional water leaching due to
the clogging of pores by biochar physical disintegration. Despite this, bulk density decreased in the
amended materials (S and SL), the authors consider that this parameter is not sensitive enough to
explain changes in infiltration capacity since this parameter does not provide information about the
pore conformation and connectivity in the bulk soil. Although bulk density drastically changed in S0
from WD0 to WD1, mean and cumulative infiltration did not significantly decrease between these
two WD cycles. Final infiltration rate decreased significantly in the first WD (WD1) cycle especially
for the unamended treatments, however as the biochar application rate increased, final infiltration
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remained stable along the WD cycles in the amendments. This might assume a higher resistance of the
biochar amendments to internal pore changes and to the formation of macro-aggregates during drying.
As reported in Villagra-Mendoza and Horn [59], under initial infiltration conditions, when the soil is
partially moistened, the higher the fraction of biochar, the higher is the transport of water (in terms of
unsaturated hydraulic conductivity) due to the intensification of a finer inter-particle pore formation,
especially in the sandy loam amendments. This could be another mechanism that may help to keep
similar infiltration conditions along the WD cycles.

Soil water repellency is largely associated with low infiltration rates and increased runoff [9,60,61].
It is also very prominent in coarse textured soils due to their relative small SSA and/or in soils with less
than 10% of clay, although in some cases fine textures have shown some repellency degrees due to the
formation of soil aggregates, which reduce the surface area covered later by a hydrophobic skin [27,62].
The hydrophilic condition of the unamended sand (S0) did not manifest any opposition to the flow
entering the soil surface during infiltration and presented higher mean infiltration rates, especially in
WD0 and WD1. In the sandy loam (SL), all treatments reacted in a hydrophobic manner, which resulted
in a reduced rate of water infiltration. These findings partially agreed with the results of Doerr et
al. [62]. He reported an increase in the hydrophobicity of amended coarse textured soils as the dosage
of biochar increased; results are also consistent with the findings of Herath et al. [63] who used a corn
stover as biochar feedstock (with a dominant particle size between 0.5 and 2 mm) and reported no effect
on finer textures. They suggested that the effect of biochar addition on hydrophobicity was soil type
dependent. Githinji [6] used biochar from peanut hulls and a particle size of <2 mm and concluded
that an increasing rate of biochar application produced a decreasing trend of cumulative infiltration in
a sandy loam soil, and attributed this trend to biochar hydrophobicity. He observed a linear decrease
of Ksat with increasing biochar application rate, which also caused the reduction of the cumulative
infiltration. Hardie [19] reported an increase of soil water repellency after intense drying (using heating
oven-dry) conditions. These reports are contrary to the results of this study, since the sandy mixtures
(S) did not show any water repellency with repetitive wetting and drying. Water repellency only
appeared with a biochar application rate of 5%. In the sandy loam (SL) after simulating repetitive
wetting and drying, the SL mixtures presented an oscillating behavior. The dynamics of this behavior
assumes that wetting periods decreased hydrophobicity and drying caused a re-distribution of the
organic molecules that restored hydrophobicity of the SL samples to some degree, as suggested by
Doerr and Thomas [27].

Due to the complexity of the pattern behavior of the soil parameters under study after different WD
cycles, three simple infiltration models with accessible derived parameters were assessed. In general,
Kostiakov showed to be more robust in all treatments (except S2.5) and in most of the WD cycles.
Empirical models, such as Kostiakov, has proved to fit well to measure data although its parameters
lack of physical meaning [35,38,64–66]. As reported by Li et al. [61], this good performance was
obtained because the fitting parameters are not related to the wetting front depth. Authors such as
Haghiabi et al. [67] suggested to using the logarithmic characteristic of infiltration to estimate the
parameters of Kostiakov, since this modification provides better estimations. In the unamended sand
(S0), all infiltration models (Kostiakov, Horton, and Philip) performed well when predicting infiltration
along the WD cycles, with the exception of the Philip model in WD4, but as the biochar application rate
increased, the Kostiakov model was more robust. If only the performance of the infiltration models in
WD0 were considered, these results agree with findings of van De Genachte et al. [32] that reported
a better estimation of infiltration in high clay content soils by using Philip, Kostiakov, and Horton
equations; meanwhile for coarse sand the Philip approach better described the infiltration behavior.
van De Genachte et al. found some heterogeneities in parameter A (hydraulic conductivity) because
of the poor structure of the coarse soil dominated by the matrix flow, while in the high clay content
soils, a high contribution of preferential flow was present due to the formation of subangular blocky
structures with abundant channels.
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Other studies have obtained good estimations of infiltration using the Philip model. For instance,
Ayodele et al. [68] observed good fitting results of the Philip equation in an amended loamy fine sand
soil. Likewise, Carrick et al. [69] confirmed that hydrophobicity (by means of sorptivity) was the main
mechanism affecting early-time infiltration, with sorptivity being one of the main parameters of the
Philip infiltration model. In the unamended sandy loam SL0 and SL2.5, due to the formation of some
small cracks at the soil surface (after the application of the WD cycles), the Horton equation had a
good performance too, because it was able to estimate the initial preferential flow, as suggested by van
De Genachte et al. [32].

In the Philip model, predicted negative A values suggested that this model was not applicable
to amended sandy loam substrates for any of the WD cycles studied. A study of Bayabil et al. [66]
reported negative steady infiltration rates, which presumes that this model may be unstable under
special circumstances.

Although the empirical models have been well documented to explain the infiltration processes,
it was demonstrated that the models studied were unable to predict infiltration through all the WD
cycles studied, particularly for the biochar amendments. This may be due to the complexity that
brings the biochar properties to the amended soils, which must be further investigated. Wetting and
drying demonstrated some soil instabilities not capable to be represented by any conventional model.
Information about crack volume and length after each wetting and drying period, rearrangement of
soil aggregates, unsaturated hydraulic conductivity and even the effect of hydrophobicity should be
assessed in future work. Models with separation of flow domains (soil matrix and macropores) may
provide better results, although more soil parameters may be required.

5. Conclusions

Infiltration rates decreased in a sandy and sandy loam substrates amended with biochar (derived
from mango wood and pyrolized at a heating rate of 600 ◦C) with a particle size of <63 µm, in contrast
to previous studies that reported an enhancement of water infiltrated in biochar amendments.

Biochar as amendment may help to decrease structural pore changes by providing more soil
rigidity to overcome changes in infiltration capacity caused by repetitive wetting and drying cycles.

The empirical infiltration models of Kostiakov and Horton provided proof that can be used to
explain infiltration in an acceptable way through different wetting and drying cycles, although other
soil parameters may be investigated to enhance the modeling accuracy.
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