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ABSTRACT

Handling Editor: David Laird

Biochar can be potentially used as an amendment to beneficially enhance the physicochemical qualities of
agricultural soils. In this study the effects of corn (Zea mays L. cv. Maxima) residue and its biochar on the
soil–water characteristic curve (SWCC), the soil penetration resistance curve (SPRC, penetration resistance
versus matric suction), plant available water (PAW) content, least limiting water range (LLWR) and integral
water capacity (IWC) were examined in greenhouse experiments. Indices of soil physical quality and hard-setting
(soil compaction during the drying processes) behavior were also measured. Pots (5 kg) were filled with a
calcareous sandy loam mixed with raw corn residue or its biochars at rates of 1, 2, and 4 percent (w/w). Low and
high temperature biochars, produced by slow pyrolysis process at 350 and 650 °C were evaluated. Both biochar
amendments significantly ameliorated soil physical properties such as bulk density, total porosity, water re
tention and penetration resistance (Q) compared to the un-amended soil. Pore size distribution was significantly
altered in favor of a greater fraction of wider pores (i.e. macro and mesoporosity) in the biochar amended soils.
The lowest Q value was observed for the unmodified corn residue at a 4% application rate (CR 4%) in all of the
matric suctions. The increase in Q with drying was attributed to Q’s strong relationship with the effective stress
which originated from the matric suction. The hard-setting indices inferred from the SWCC and SPRC and shown
by the slope of power model b (0.709), ΔQ (3.31 MPa), ΔQ/Q3000 (1.98), hard-setting index related to structural
pores, H1 (789 hPa) and hard-setting index proposed by Dexter (2004b), HDexter (1163 hPa), were more pro
nounced in the untreated compared to the treated soils. Overall the changes in soil available water (SAW) for
plants following biochar application was compared using three different indices, PAW, LLWR and IWC. Applying
biochar could increase soil water availability such that PAW increased from 0.100 in the control to 0.156 cm3
cm−3 in BC-650 4%, LLWR100 increased from 0.079 in CR1% to 0.122% cm3 cm−3 in BC-350 2% and IWC
increased from 0.072 in the control to 0.166 cm3 cm−3 in CR4%. The positive correlations between PAW, LLWR
and IWC with soil physical quality indices like S1 and S2 (slopes of SWCC at first and second inflection points,
related to structural and matrix pores, respectively) indicated these quantities were a potentially useful tool for
evaluating soil physical quality.
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1. Introduction
Biochar is a porous and carbon-rich material produced from pyr
olysis of organic materials in an oxygen-limited environment (Lehmann
et al., 2011; Saffari et al., 2020). During the past decade various studies
showed the role of biochar in simultaneously increasing soil carbon
sequestration and improving its physicochemical properties like water
holding capacity (Peake et al., 2014). This is important because water
scarcity is globally a major challenge for sustainable agriculture espe
cially in arid and semi-arid lands (Falkenmark, 2013). Using biochar to

⁎

increase soil water holding capacity has thus been suggested as one
novel approach to plant water availability management.
The plant available water (PAW) approach can be described as the
amount of water held between field capacity (FC) and permanent
wilting point (PWP) for plant use. This is a simple and well-known
approach considering only soil water potential limitation for plant
water uptake regardless of other limitations of soil physical properties
(Asgarzadeh et al., 2011; Minasny and McBratney, 2003). The least
limiting water range (LLWR) approach proposed by da Silva et al.
(1994) is the range of soil water content considering aeration, and
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Nomenclature

(Q3000)
Hard-setting index: slope of a power model for soil pene
tration resistance
H1 (hPa) Hard-setting index related to structural pore space
H2 (hPa) Hard-setting index related to matrix pore space
HDexter (hPa) Hard-setting index proposed by Dexter (2004b)
S1(–)
Physical quality index related to structural pore space
S2(–)
Physical quality index related to matrix pore space
SDexter (–) Physical quality index proposed by Dexter (2004b)
BD (Mg m−3) Bulk density
CCE (g kg−1) Carbonate calcium equivalent
SOC (g kg−1) Soil organic carbon
HWSC (g kg−1) Hot-water soluble carbohydrates
BSR (mg CO2 kg−1) Basal soil respiration
σ′ (hPa) Effective stress originated from matric suction
w1 and w2 Relative weighting factors given to the first and second
regions of SWCC
θ (cm3 cm−3) Soil water content
b (–)

CR
BC 350

Corn residue
Corn residue biochar produced at pyrolysis temperature of
350 °C
BC 650 Corn residue biochar produced at pyrolysis temperature of
650 °C
SWCC
Soil water characteristic curve
h (hPa) Matric suction
SPRC
Soil penetration resistance curve
SAW (cm3 cm−3) Soil available water
PAW (cm3 cm−3) Plant available water
LLWR (cm3 cm−3) Least limiting water range
IWC (cm3 cm−3) Integral water capacity
Q (MPa) Penetration resistance
h2MPa (hPa) h value at critical Q of 2 MPa
ΔQ (MPa) Difference between Q values at h values of 3000 (Q3000)
and 15,000 hPa (Q15,000)
ΔQ/Q3000 Relative ΔQ: ratio of ΔQ to Q value at h value of 3000 hPa
mechanical resistance as some physical limitations in addition to water
potential of the PAW approach. The LLWR defines an upper limit of
water content at FC or at the air-filled porosity of 10%, whichever is the
lower and at the lower limit water content at PWP or penetration re
sistance (Q = 2 MPa), whichever is the larger (da Silva et al., 1994;
Asgarzadeh et al., 2010, 2014a). The integral water capacity (IWC)
proposed by Groenevelt et al. (2001) is another approach to determine
the available water for plant which considering gradual and continuous
weighting functions accounting for the plant responses to limitations
such as deficient aeration and rapid drainage in the soil wet range, and
low hydraulic conductivity and root penetrability in the dry range of
IWC (Groenevelt et al., 2001; Asgarzadeh et al., 2010, 2014a). Mon
itoring of these quantities, along with the S-index (Dexter, 2004a) as a
soil physical quality index (the slope of the soil water characteristic
curve at its inflection point), are the most important soil physical in
dices for a sustainable soil management (Asgarzadeh et al., 2011,
2014a; Wilson et al., 2013).
Some reports indicated that biochar can increase PAW for almost all
soil textural classes (Glab et al., 2016; Mukherjee and Lal, 2013), with
pronounced effects on the coarse-textured soils and if biochar is pro
duced at high pyrolysis temperatures (Uzoma et al., 2011; Kinney et al.,
2012; Alghamdi, 2018). Increasing in soil PAW after applying biochar,
might be attributed to the high porosity and large surface area of the
amendment (Alghamdi, 2018). Although, the effects of different kinds
of biochar on PAW widely reported, data in this regard for LLWR and
IWC are rare. For obtaining LLWR and IWC, soil water characteristic
curve (SWCC) and soil penetration resistance curve [SPRC, relationship
between soil penetration resistance Q, (MPa) and matric suction (hPa)]
should be determined. Commonly, Q, as an important physical property
is measured by penetrometers and widely used for SAW determination,
because of its direct effect on root penetration (Atwell, 1990; Bengough
et al., 2011; Colombi et al., 2018). High amount of Q ultimately leads to
loss of soil physical quality and consequently limited access to water
and nutrients in response to low root elongation, and decline in plant
productivity (Colombi et al., 2018; Batey, 2009; Hamza and Anderson,
2005). Overall, and for most crops, a penetration resistance equal to
2.0 MPa is an acceptable threshold for reducing root elongation
(Bengough et al., 2006; Safadoust et al., 2014; Ferreira et al., 2017).
While some studies found no significant effect of biochar on soil pe
netration resistance (Blanco-Canqui, 2017), Chan et al. (2008) found
that using poultry litter biochars could reduce soil mechanical strength.
Similar results was reported by Busscher et al. (2010) when adding
ground pecan shell biochar produced at 700 °C.
Increasing soil strength upon drying is partly associated with the

inter-particle effective stress and can result in the hard-setting phe
nomenon (Bengough et al., 2011; Whalley et al., 2005; Ley et al., 1995).
Hard-setting occurs when soil becomes slumped without external me
chanical forces and is associated with internal soil forces such as matric
suction and surface tension that manifest as effective stress (Mullins
et al., 1992; Farahani et al., 2019). Dexter (2004b) proposed a simple
index of hard-setting based on the rate of change of effective stress with
unit change of gravimetric water content at the inflection point of
SWCC. It was assumed that a soil which exhibits a greater hard-setting
at the inflection point, also exhibits greater hard-setting at other water
contents. Recently, Farahani et al. (2019) proposed several new indices
for predicting soil hard-setting, using only the soil–water characteristic
curve with no need for soil penetration resistance data. Although sev
eral studies have examined the effects of biochar on soil physical
properties, soil penetration resistance and its relationship to the effec
tive stress as a result of applying biochar have not been extensively
reported. The relationship between hard-setting behavior and the at
tributes of soils amended with biochar, has not been studied either.
Likewise there is scant published data on the effect of biochar on major
SAW indices such as LLWR and IWC. Therefore, examining these phe
nomenon is worthy and necessary. The hypotheses of this study were: i)
corn residue and low-temperature biochars with higher quantities of
OM can enhance soil water retention and reduce soil mechanical re
sistance, and ii) there are positive relationships between the hard-set
ting indices derived from SWCC with those derived from SPRC in bio
char-amended soils.
Therefore, the objectives of this study were: i) to investigate the
effects of corn residue, and its biochars of different pyrolysis tempera
tures, on SWCC, SPRC, PAW, LLWR and IWC, ii) to quantify the hardsetting behavior in the treated soils using SWCC and SPRC, and iii) to
evaluate the relationships between hard-setting and common physical
quality indices.
2. Materials and methods
2.1. Sample preparation
The used sandy loam soil was taxonomically classified as Typic
Torriorthents (Soil Survey Staff, 2014) or Calcaric Regosols (IUSS
Working Group WRB, 2015). The selected soil's physicochemical
properties are presented in Table 1. The soil was passed through a 4mm mesh and thoroughly mixed with the biochar and residue amend
ments by weight at rates of 1, 2 or 4%. All treatments (in 5-kg pots with
height and diameter of 17 and 18 cm, respectively) were conducted in
2
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Table 1
Selected physiochemical properties of the studied soil.
Textural class
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where θ is soil water content (cm cm ), h is the absolute matric po
tential (hPa), θr and θs are respectively the residual and saturated water
contents (cm3 cm−3), α (hPa−1) is a scaling parameter and n is the shape
parameter (subscripts 1 and 2 in Eq. (2), refer to the first and second
regions of the SWCC). w1 and w2 are weighting factors accounting for the
relative weights (varying in the range 0–1) given to the first and second
regions of SWCC, respectively, and were subject to w1 + w2 = 1 [Eq.
(2)].
Based on the SWCC data, the following soil parameters were cal
culated: volumetric water content at h values of 100 and 330 hPa, (FC),
volumetric water content at h of 15,000 hPa, (PWP) and differences
between the FC and PWP (PAW). Dexter's S [Eq. (3)] was derived from
the slope of the SWCC [Eq. (1)], at the inflection point according to
Dexter (2004a) as follows:

CCE: calcium carbonate equivalent, SOC: soil organic carbon, ECe: electrical
conductivity of saturated extract

triplicate and included: 1) raw corn residue (CR), 2) low-temperature
biochar (BC-350), 3) high-temperature biochar (BC-650), and 4) control
(soil without amendment). Soil water content was adjusted to ap
proximately 75% of field capacity throughout the experiment (0.117 to
0.166 g g−1). At the harvesting time (3 months after planting), un
disturbed soil samples were collected using steel core samplers of
5.1 cm diameter and volume of 100 cm3 for determining the soil water
characteristic curve (SWCC), bulk density (BD) and penetration re
sistance (Q). Some disturbed soil samples were also taken and passed
through a 2-mm mesh for determining other soil properties. Soil texture
was measured using the pipette method (Gee and Bauder, 1986) and
calcium carbonate equivalent (CCE) by the back-titration method using
NaOH (Sims, 1996). Soil organic carbon (SOC) was determined by the
wet-oxidation method (Walkley and Black, 1934), hot-water soluble
carbohydrates (HWSC) content by the phenol–sulfuric acid method
(Dubois et al., 1956) and basal soil respiration (BSR) was determined by
CO2 entrapment with a NaOH solution and back-titration with HCl
(Chen et al., 2000).
Corn (Zea mays L. cv. Maxima) residue (CR) was initially oven-dried
at 40 °C for 24 h and crushed to produce fine particles (< 0.5 mm) prior
to producing the biochars. The feedstock was pyrolyzed in an electrical
furnace (Khanmohammadi et al., 2015), at two different temperatures
(350 or 650 °C) for 2 h with a heating rate of 3 °C min−1 and designated
as BC-350 and BC-650, respectively. Biochars were stored in plastic
containers until used. The basic chemical properties and yield (mass of
biochar/feedstock) of the prepared biochars are presented in Table 2.
The biochar’s total carbon, nitrogen, and hydrogen contents were de
termined using a CHNS analyzer (Vario Max, Elementar, Hanau Ger
many) according to ASTM D5291. The pH and EC of the biochar were
measured in a deionized water extract (1:20 w/w).
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The HDexter (hPa) is a hard-setting index characterized by the
changes in effective stress (σ′) with unit change of water content at the
inflection point [Eq. (1)] and calculated as follows [Eq. (4)]:

HDexter =

d
d

hi

=

× 1+

s

i

i

(4)

SDexter

where σ′ is the effective stress originated from matric potential, S is a
soil physical quality index, hi and θi are, respectively, the h (hPa) and
water content values at the inflection point of SWCC (Dexter, 2004b;
Farahani et al., 2019).
The S1 and S2, as soil physical quality indices, are respectively the
slopes at the first and second inflection points of the SWCC derived by
the Durner (1994) model [Eq. (2)]. The greater the values of S1 and S2,
the greater frequency of structural and matrix pore spaces, respectively.
The corresponding hard-setting indices H1 [Eq. (5)] and H2 [Eq. (6)]
were derived from the SWCC fitted by the Durner (1994) model [Eq.
(2)] as follows (Farahani et al., 2019):

2.2. Measuring and modeling of SWCC and hard-setting indices

H1 =

A total of 150 undisturbed samples were taken from the 30 pots (10
treatments × 3 replications) × 5 cores from each pot. One core of each
treatment was kept for the SWCC determination (total of 30 cores) and
4 other cores were used for SPRC determination (total of 120 cores).
To determine SWCC, sandbox was used for the absolute matric
potentials or matric suctions (h) of 0, 10, 30, 50, 70 and 100 hPa, sandkaolin box for h values of 330 and 500 hPa and the pressure plate ap
paratus for h values of 1000, 3000, 5000, 10,000 and 15,000 hPa
(Reynolds and Topp, 2008). After equilibrium at each h value, soil cores
were weighed and the next matric suction (h) was applied. At the end of
last matric suction, the oven-dried (105 °C for 24 h) samples were used
for measuring soil water content and bulk density. Penetration re
sistance (Q) was measured at h values of the dry range (i.e., 3000, 5000,
10,000 and 15,000 hPa) using a micro-penetrometer (cone angle 30°
and basal of 2 mm diameter) with 2 mm min−1 insertion speed at three
positions (replicates) for each core. A micro-penetrometer was mounted
on a uni-axial compression apparatus. The average of the three re
plicates was used as the final Q value.
The SWCC data was fitted to the single-porosity model of van
Genuchten (1980) [Eq. (1)] that was a prerequisite for calculating Dex
ter's S and HDexter indices and the dual-porosity model of Durner (1994)
[Eq. (2)] both with Mualem's (1976) restriction (i.e., m = 1–1/n):

H2 =

h1
s

1+

1

h1
s

1+

2

r

(5)

S1

r

r

(6)

S2

r

Table 2
Selected physiochemical properties of the utilized corn feedstock and its two
derived biochars.
Variables
OC
H
N
C/N
C/H
EC (1:20)
pH (1:20)
Yield

Unit
kg
kg
kg
–
–
dS
–
%

−1

100 kg
100 kg−1
100 kg−1
m−1

CR

BC-350

BC-650

42.5
6.0
1.8
23.6
7.1
3.8
4.2
–

59.5
4.2
2.7
22.0
14.2
4.2
7.4
39.3

65.6
1.4
1.9
34.5
46.9
5.9
10.6
28.3

OC: organic carbon content, H: hydrogen content, N: nitrogen content, C/N:
carbon to nitrogen ratio, C/H: carbon to hydrogen ratio, CR: corn residue, BC350, and BC-650: biochars of corn residue produced at 350 and 650 °C, re
spectively, EC: electrical conductivity, Yield = (biochar mass / feedstock
mass) × 100.
3

Geoderma 383 (2021) 114734

N. Saffari, et al.

where h1 and h2 are the absolute matric potentials at the first and
second inflection points of SWCC, and θ1 and θ2 are the volumetric
water contents corresponding to h1 and h2, respectively.

the full procedure and equations for determining IWC are available in
Groenevelt et al. (2001) and Asgarzadeh et al. (2010). The SAWCal
software (Asgarzadeh et al., 2014b) was used to obtain LLWR100,
LLWR330, and IWC.

2.3. Measurements and modeling of SPRC and hard-setting indices

2.5. Statistical analyses

The soil penetration resistance curve (SPRC), i.e. the relation be
tween Q (MPa) and h (hPa), was fitted using the power model [Eq. (7)]
proposed by Groenevelt et al. (2001) as follows:

The 10 experimental treatments were triplicated with a completely
randomized design. The 10 levels of soil amendments including corn
residue and its derived biochar pyrolyzed at 350 and 650 °C were ap
plied at three application rates (1, 2 and 4% (w/w)) and compared to a
control. Analysis of variance (ANOVA) and means comparisons be
tween the treatments (LSD test at P < 0.05) were performed using
statistical software SAS v. 9.4 (SAS Institute, 2008). Pearson pair-wise
correlations were used to examine the relationships between physical
quality and hard-setting indices.

(7)

Q = ahb
−1

where a (MPa hPa ) and b are empirical fitting parameters, with b
representing the rate of increase in Q with increasing h (i.e., drying),
and can be considered a proper indicator for soil hard-setting behavior.
The SWCC and SPRC models [Eqs. (1), (2) and (7)] were both fitted
to the measured data using the Solver Tool (Wraith and Or, 1998) of
Microsoft Excel® 2013 (Microsoft Corporation, Redmond, Washington
State, US). Other hard-setting indices extracted from the SPRC were ΔQ
[i.e., difference between Q values at h values of 3000 (Q3000) and
15,000 hPa (Q15,000)], relative ΔQ (i.e., ΔQ/Q3000), and h value at the
critical Q of 2 MPa (h2MPa) was calculated by inverting Eq. (7). Dexter
et al. (2007) proposed an equation for the relationship between Q and
effective stress (σ′) as follows:

Q=c+d

1
+e
S

3. Results and discussion
The measured physiochemical properties of the soil and amend
ments prior to initiation of the study are respectively summarized in
Tables 1 and 2. The sandy loam soil had an EC of around 1 dS m−1 and
a pH of 7.9.
3.1. Effect of biochar on soil water characteristic curve and related
parameters

(8)

where c, d and e are adjustable (fitting) parameters, and S and σ′ are the
soil physical quality index and the effective stress, respectively. The
effective stress (σ′-hPa) originating from matric potential was calcu
lated by Eq. (9) (Mullins and Panayiotopoulos, 1984; Dexter, 2004b):
1

= Se h + 0.3

Se

h dSe

Amending the calcareous sandy loam soil with either corn residue or
its derived biochars significantly altered the amount of retaining water
and penetration resistance. The effects of the amendments on changes
in soil water characteristic curves (mean of three replications) and the
SWCC fitting parameters of the Durner (1994) model are presented in
Fig. 1 and Table 3. The contribution of structural pores to soil water
retention (as quantified by w1) was higher than the matrix pores (as
quantified by w2) for all treatments. The amount of w1 increased from
0.46 (control) to 0.70 for the BC-350 2% treatment (Table 3) indicating
more contribution of SOC and HWSC in this trait compared to the
control (Table 4).
Applying 4% biochar amendments resulted in the greatest changes
in soil water retention, irrespective of the pyrolysis temperature. The
influence was over the entire range of measured SWCC points, but the
major changes occurred at low h values (i.e., 0 to 50 hPa) and the
differences were negligible in the dry range of the curves. According to
the Young-Laplace equation [i.e., d (μm) = 3000/h (hPa)], this range is
equivalent to the pore sizes (d) larger than 60 μm, and classified as
macro and mesopors (Luxmoore, 1981). Mollinedo et al. (2015) in
corporated 4% corn stover and switchgrass biochars into a sandy loam

(9)

where Se and h are respectively the degree of saturation and absolute
matric potential (hPa). Eq. (8) was used to model Q versus S and σ′ in
the studied treatments.
2.4. LLWR and IWC calculations
Least limiting water range (LLWR) and integral water capacity
(IWC), were determine according to the procedures described by da
Silva et al. (1994), Groenevelt et al. (2001) and Asgarzadeh et al.
(2010). When calculating the LLWR (=UL – LL), the upper (UL) and
lower (LL) limits were considered. The UL was selected as the water
content at FC (h of 100 or 330 hPa) or at an air-filled porosity of 10%,
whichever was lower. Water content at PWP or Q equal to 2 MPa was
taken to be the LL, whichever was higher (da Silva et al., 1994). De
pending on the selected h value for FC (i.e., 100 or 330 hPa), LLWR was
designated as either LLWR100 or LLWR330, respectively (Asgarzadeh
et al., 2010). Full details of LLWR calculations are given in da Silva
et al. (1994) and Asgarzadeh et al. (2010).
The IWC was calculated using Eq. (10) (Groenevelt et al., 2001):
m

IWC =

0

i (h )

C (h) dh

(10)

i=1
−1

where C(h) is the absolute differential water capacity (hPa ), which is
the slope of the SWCC (i.e., |dθ/dh|), and ωi(h) are multiplicative
weighting functions accounting for the different limiting soil physical
properties (1 to m) as a function of h.
The ωi(h) ranged from 0 to 1, (1 = no limitation for plant water
uptake), decreasing continuously to 0 for a complete limitation. In the
wet range, rapid water drainage (i.e., high hydraulic conductivity) and
deficient aeration are the restricting factors. In contrast, in the dry
range, high penetration resistance and low hydraulic conductivity are
the main restricting factors (Groenevelt et al., 2001). Further details of

Fig. 1. Soil water characteristic curves of different treatments and fittings of the
Durner (1994) model.
4
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Table 3
Comparisons of means (three replicates) of parameters of the Durner (1994) model for soil water characteristic curve among the studied treatments.
Treatments

Rate

θr

θs
3

%
Control
CR
BC-350
BC-650

cm cm
b

0
1
2
4
1
2
4
1
2
4

α1

−3

hPa
e

0
0b
0b
0b
0b
0.09a
0b
0b
0b
0b

0.374
0.398de
0.478ab
0.499a
0.442bc
0.426 cd
0.477ab
0.401de
0.389e
0.459bc

α2

n1

n2

w1

w2

0.00250b
0.00422a
0.00424a
0.00094d
0.00043e
0.00144c
0.00040e
0.00017e
0.00029e
0.00036e

2.41c
2.72b
3.12a
2.70b
1.62ef
2.40c
2.26c
1.49f
1.81e
2.04d

1.12c
1.10c
1.14c
1.17c
1.35b
1.64a
1.35b
1.38b
1.33b
1.41b

0.46f
0.50ef
0.56 cd
0.64b
0.62bc
0.70a
0.53de
0.59
0.52de
0.52de

0.54a
0.49ab
0.44bc
0.36ef
0.38de
0.30f
0.47bc
0.41 cd
0.48b
0.48b

−1

e

0.0277
0.0267e
0.0323de
0.0417bc
0.0594a
0.0257e
0.0388 cd
0.0554a
0.0464b
0.0422bc

The θs and θr are saturated and residual water contents (cm3 cm−3), respectively; α (hPa−1) and n are the scaling parameters and the shape parameters, respectively.
Subscripts 1 and 2 refer to the first and second inflection points, respectively; w1 and w2 are weighting factors of the first and second inflection regions of SWCC,
respectively.

resistance curve (SPRC). The SPRC is not only related to the pore size
distribution but also to the interaction between soil water content and
the matric potential (Bengough et al., 2011). The relationship between
the measured penetration resistance (Q) and the matric potential was
very well fitted (R2 > 0.96) to the power model (Fig. 2). This model
was utilized to generate Q (MPa) as a continuous function of h (hPa),
meaning that Q is positively related to the absolute matric potential, as
an increment in cohesion and the angle of internal friction (Leao et al.,
2006).
Compared to the un-amended trait at the high h values, application
of biochar in all of the treatments (except for BC-650 2%), helped to
decrease the amount of Q (Fig. 2). At the wet end of the SPRC (i.e.,
3000 hPa), Q was generally similar for all treatments but as h rose,
differences between the curves increased. However, applying either
corn residue or its derived biochars to the soil resulted in decreased
changes in Q with increasing h.
The hard-setting indices (means) extracted from the SPRC including
b (the fitting parameter of the power model), ΔQ, ΔQ/Q3000, are pre
sented in Table 4. The b values were significantly lower in the amended
compared to un-amended soils; with the lowest values of b observed for
the CR 4% and BC-350 4% treatments, respectively. Similar trends were
observed for the ΔQ and ΔQ/Q3000 indices. There was also a positive
and significant correlations between b and both ΔQ and ΔQ/Q3000
(r = 0.84 and 0.95, P < 0.01). This is because of the low bulk density
(BD) and high total porosity produced by soil organic carbon (SOC) and
HWSC in the biochar-enriched treatments (Table 4). These results are in

soil and found that the water retention data fitted well to the van
Genuchten (1980) model and that the differences observed in the SWCC
were mostly in the macropores and mesopores regions. Rawls et al.
(2003) also found that organic carbon content has the least effect on
water content at low water potentials (i.e., dry range) in contrast with
that of high water potentials.
Adding corn residue (feedstock) and its associate biochars to the soil
substantially altered pore size distribution (Table 4) in favor of in
creasing total porosity (TP) and lowering bulk density (BD). According
to Glab et al. (2016), not only the amount and kinds of biochar added
accounted for altering TP and BD, but its particle size was also im
portant.
While several studies showed positive effects of biochar amendment
on soil water retention status (Abel et al., 2013; Gray et al., 2014),
others (Hardie et al., 2014; Jeffery et al., 2015) reported no significant
biochar impact on soil porosity and water retention. Improved soil
water retention following biochar application is usually attributed to a
combination of: 1) altering pore size distributions, 2) increasing total
pore space, and 3) increasing soil surface area (Obia et al., 2016; Wang
et al., 2019).
3.2. Effects of biochar on soil penetration resistance and hard-setting indices
Penetration resistance (Q) is simply the force per unit area inserted
by roots or a penetrometer (Bengough and McKenzie, 1997). The re
lationship between Q and h is described by the soil penetration

Table 4
Comparisons of means (three replicates) of soil penetration resistance parameters, different soil properties and hard-setting indices among the studied treatments.
Index

Control

Rate %
b
ΔQ (MPa)
ΔQ/Q3000
H1 (hPa)
BD (Mg m−3)
Porosity (cm3 cm−3)
SOC (g kg−1)
BSR (mg CO2 kg−1)
HWSC (g kg−1)
h2MPa (hPa)
HDexter (hPa)

0.709a
3.31a
1.98a
789a
1.66a
0.373e
3.0 g
30 g
0.43 g
4277 cd
1162.6a

CR

BC-350

BC-650

1

2

4

1

2

4

1

2

4

0.598c
2.71c
1.73b
555c
1.57b
0.406d
5.4f
168c
0.84d-f
4167 cd
738.6b-d

0.492 g
1.95d
1.24d
282ef
1.50c
0.432c
8.4e
240b
1.47b
4527 cd
375.4 fg

0.381i
1.32e
0.88e
254f
1.33de
0.498ab
13.3c
460a
2.94a
6200a
237.5 g

0.605b
3.07ab
1.71b
714ab
1.59b
0.401de
11.3d
90e
0.71e-g
3533e
701.6 cd

0.601bc
2.76bc
1.73b
522c
1.38 cd
0.479bc
17.2b
96de
0.95c-e
4067d
805.2bc

0.476 h
1.8d
1.2d
360de
1.30e
0.508a
30.5a
116d
1.31bc
5050b
478.3ef

0.548f
3.08ab
1.45c
639b
1.57b
0.407d
4.8f
40 fg
0.50 fg
2667f
1171.5a

0.550e
3.01a-c
1.49c
637b
1.42c
0.465c
5.4f
48f
0.77e-g
2833f
871.8b

0.588d
2.65c
1.68b
422de
1.32de
0.502ab
7.5e
80e
1.16b-d
4250 cd
625.5de

For each index, numbers with the same letters are not significantly different (LSD, P < 0.05).
Hard-setting indices include: b: the rate of increase in Q with increasing h, ΔQ: difference between Q values at h values of 3000 and 15,000 hPa, ΔQ/Q3000: relative
ΔQ, H1: structural hard-setting index, BD: bulk density, h2MPa: h value at critical Q of 2 MPa, HDexter: Dexter’s hard-setting index, SOC: soil organic carbon, BSR: basal
soil respiration, HWSC: hot-water soluble carbohydrates.
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Fig. 2. Soil penetration resistance curves (SPRC) of selected treatments fitted to
the power model [Eq. (7)].

Fig. 3. Relationship between soil penetration resistance (Q) and effective stress
(σ') for individual treatments.

accordance with the negative correlations of b and ΔQ with HWSC
(r = 0.81 and 0.84, P < 0.01) and positive relations with BD (r = 0.63
and 0.65, P < 0.01, Table 7). These results were consistent with
previous studies (e.g., Stock and Downes, 2008). Chan and Hulugalle
(1999) also reported that hard-setting could be intensified by de
creasing soil organic matter content. Regardless of the rate of applica
tion (t-test analysis), no significant differences were observed for the b,
ΔQ or ΔQ/Q3000 indices between the two pyrolysis temperatures. This
could be due to the similarities of the effects of the two pyrolysis
temperatures on SOC or HWSC.
While different critical values of Q for root growth have been re
ported in the literature, 2.0 MPa is a well-known and commonly ac
cepted critical threshold value (Bengough et al., 2006; da Silva et al.,
1994; Safadoust et al., 2014). For the control, the critical Q (2 MPa)
occurred at h of 4277 hPa, while for the CR 4% and BC-350 4% treat
ments, this threshold was increased to h values of 6200 and 5050 hPa,
respectively. Comparisons of mean h2MPa between the treatments
showed that higher pyrolysis temperature (650 °C 1& 2%) enhanced the
soil to reach the restricted penetration resistance sooner (Table 4), at
which point, root elongation and access to soil water and nutrients are
limited. The threshold Q = 2 MPa was reached at a h value of ap
proximately 2800 hPa for BC-650 2% , which increased to 4250 hPa for
BC-650 4%. It seemed that the unique properties and multiple effects of
added organic matter, were able to increase the resistance to de
formation and/or enhance elasticity (rebound effects), improving soil
structure and subsequently reduced soil compactibility. However, the
extent of this effect depended on the type and composition of the or
ganic matter (Soane, 1990). Treating soil with high temperature pyr
olysis derived biochars resulted in lower SOC and HWSC (the major
labile portion and available components of SOC) and increased the
susceptibility risk to compaction and hard-setting. The significant po
sitive correlation between h2MPa and HWSC, BSR, SOC and BD and the
negative correlation between h2MPa and H1, b, ΔQ and ΔQ/Q3000 sup
ported this conclusion. Obia et al. (2016) also found that corn cob
biochar produced at a pyrolysis temperature of 350 °C significantly
decreased penetration resistance in a sandy loam soil. Likewise,
Busscher et al. (2010) also reported that a sandy loam soil treated with
2% pecan biochar (700 °C) resulted in lower penetration resistance
compared to a non-treated soil.

Fig. 4. Relationship between soil penetration resistance (Q) and effective stress
(σ') for all treatment data. Different symbols are related to various treatments.

The best fit of the Dexter model [Eq. (8)] related the studied soil
over the entire data set resulted in Eq. (11):

Q (MPa) = 0.5229 + 0.02228

1
+ 0.0008 (hPa)
S

R2 = 0.91

(11)

Which was similar to the equation derived by Dexter et al. (2007)
for Polish soils [Eq. (12)]:
Q (MPa) = 0.328(± 0.319) + 0.0374( ± 0.006)

1
+ 0.016( ±0.00399)
S

(hPa)

(12)

The differences between the coefficients of the two equations are
because of: i) the type of penetrometer used, noting that a cone micro
penetrometer (2-mm cone base diameter) was used in this study, while
Dexter used a field cone penetrometer with 12.8-mm cone base dia
meter, and ii) differences in soil textural and other properties, Dexter
covered a wide range of Polish soil types, while this soil study used a
sandy loam from an arid region.
Clearer differences between treatments emerged as h increased. One
important reason for the hard-setting phenomenon is the effective stress
(Ley et al., 1995), where results here showed that adding biochar,
especially those produced via high-temperature pyrolysis, could lead to
hard-setting on drying (Fig. 3).
Similar to the effect caused by an external mechanical pressure, as
soil water content decreases the mechanical strength of clay and silt
increases and the higher the contact area between the particles during
the drying process the stronger is the binding of soil particles and
consequently the greater is the effective stress (Ley et al., 1989; Fabiola
et al., 2003). The contribution of biochars to hard-setting is possibly
due to the unique behavior of finer particles (e.g., clay and silt) or as
sisting in the formation of stronger binding during drying. Overall,

3.3. Relationship between soil penetration resistance and effective stress
Effective stress expresses the internal stresses that originate from
negative pore water pressure (i.e., matric potential). Increasing soil
strength during drying is partly due to an increase in effective stress
(Ley et al., 1995). The effects of applying biochar to the soil on the
relationships between Q and σ′ according to the proposed model of
Dexter et al. (2007) are shown in Fig. 3.
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Table 5
Comparisons of means (three replicates) of soil available water quantities, S1 and S2 as affected by the treatments.
Treatment

Rate

PAW100

PAW330

3

%
Control
CR
BC-350
BC-650

0
1
2
4
1
2
4
1
2
4

LLWR100
cm cm

e

0.100
0.115d
0.123 cd
0.126c
0.144b
0.152ab
0.151ab
0.125c
0.130c
0.156a

d

0.067
0.086c
0.093bc
0.100a-c
0.102ab
0.104ab
0.114a
0.101a-c
0.094bc
0.116a

LLWR330

IWC

S1

S2

SDexter

0.041de
0.039e
0.052 cd
0.058bc
0.059bc
0.073a
0.069ab
0.047c-e
0.040de
0.067ab

0.072f
0.100de
0.131bc
0.166a
0.118 cd
0.147ab
0.155ab
0.093d-f
0.085ef
0.143ab

0.053f
0.067e
0.092b
0.105a
0.050f
0.081 cd
0.089bc
0.053f
0.047f
0.072de

0.011de
0.009e
0.013c-e
0.017b-d
0.019bc
0.030a
0.031a
0.023b
0.019bc
0.035a

0.036de
0.055c
0.081b
0.107a
0.039de
0.058c
0.054c
0.029e
0.033de
0.044d

−3

0.081e
0.079e
0.100b-d
0.103b-d
0.105a-d
0.122a
0.107ab
0.090c-e
0.088de
0.106a-c

For each property, numbers with the same letters are not significantly different (LSD, P < 0.05).
PAW100, PAW330, LLWR100, LLWR330, and IWC are the plant available waters, least limiting water ranges and integral water capacity, respectively; S1 and S2 are soil
physical quality indices corresponding to structural and textural porosities, respectively; SDexter is the soil physical quality index proposed by Dexter (2004a).

irrespective of the treatment type, there was a strong, positive and
significant (r = 0.88, P < 0.01) linear relationship between the
measured Q and σ ׳for all of the data (Fig. 4). A similar trend was ob
served by Fabiola et al. (2003), Mosaddeghi et al. (2003,2006), and
Bayat and Ebrahim Zadeh (2018) for various soil types.
The highest amount of Q at a given effective stress (i.e., 4000 and
5000 MPa) were observed respectively for the BC-350 1%, while the
lowest Q at the mentioned stresses were recorded for the BC-350 4%
and CR 4% (Fig. 3). This is probably due to the amount of organic
carbon content, bulk density and pore size distribution (Table 4) of the
treatments, which altered the effective stress as a result of changing in
particle contacts and inter-particle friction (Vepraskas, 1984; Fabiola
et al., 2003). These results were also supported by the observed changes
in hard-setting indices shown in Section 3.2.

The good linear regressions of H1 with other hard-setting indices (i.e.,
b, ΔQ) and with BD for all treatments supported the previous results
(Fig. 5). In particular the strong positive relationship between H1 and BD
(r = 0.62, P < 0.01) explained why with increasing bulk density the
soil becomes more susceptive to hard-setting behavior (Fig. 5b).
3.5. Effect of biochar on soil available water quantities
The effects of soil amendments on soil available water (SAW) quan
tities such as plant available water (PAW100, PAW330), least limiting water
range (LLWR100, LLWR330) and integral water capacity (IWC) are shown
in Table 5. Plant available water (PAW100) ranged from 0.100 (control) to
0.156 (BC-650 4%) cm3 cm−3, LLWR100 ranged from 0.079 (CR 1%) to
0.122 (BC-350 2%) cm3 cm−3 and IWC ranged from 0.072 (control) to
0.166 (CR 4%) cm3 cm−3. The large variances between the above ranges
are probably due to the different nature and assumptions made for each
SAW approach. For example, PAW corresponds to solely available water
in the range FC to PWP, while LLWR is calculated based on cut-off
functions and for IWC these functions are continuous and gradually in
creasing or decreasing. (da Silva et al., 1994; Groenevelt et al., 2001)
The upper limit for the LLWR of all treatments was the FC (i.e., h of
100 or 330 hPa), corresponding to a state with no aeration restriction for
soil water availability. Whereas, penetration resistance was the re
stricting factor for the lower limit in the dry range. Therefore, the dif
ference between PAW and LLWR was associated with the penetration
resistance limitation for the studied soil. Ferreira et al (2017) also in
dicated the Q2MPa as a lower limit of LLWR for sandy soils. Differences
between PAW (PAW100 and PAW330) or LLWR (LLWR100 and LLWR330)
were attributed to choosing of the h value at FC (i.e., 100 or 330 hPa).
The IWC values were consistently greater than LLWRs in all treatments
except for the control and BC 650 2% (Table 5). The higher prediction of
SAW by IWC compared to LLWR was due to the gradual limiting func
tions used in calculating IWC as revealed by Asgarzadeh et al. (2010).
Greater SAW quantities (i.e., PAW, LLWR, and IWC) in the amended
soils compared to the unamended treatments may be partly due to higher

3.4. Relationship between soil physical quality and hard-setting indices
Almost all of the measured soil quality indices [S1, S2, Dexter's S
(SDexter)] and H1 and HDexter of the hard-setting indices were sig
nificantly changed by applying the biochar to soil (Tables 4 and 5). The
H2 index showed no significant correlation with the other indices, and
is therefore not discussed. S1 (being larger than S2) had more consistent
contributions to changing soil physical quality indicators with more
pronounced effects on structural rather than textural porosity (Table 5).
Strong correlation between S1 and SDexter (r = 0.91, P < 0.01) also
demonstrated the important role of the structural porosity. The largest
and smallest values of S1 respectively were obtained for the 4% CR and
the control treatments. Increasing the amount of biochar from 1 to 4%
for the BC-350 and BC-650 treatments resulted in 78 and 36% incre
ments in the S1 value, respectively. Classification of the Dexter (2004c)
soil physical quality based on SDexter was as follows: SDexter ≥ 0.050
very good, 0.050 > SDexter ≥ 0.035 good, 0.035 > SDexter ≥ 0.020
poor, and 0.020 > SDexter very poor. Thus, according to this classifi
cation, 1 and 2% BC-650 biochar treatments had poor physical quality,
while 1, 2 or 4% CR and 4% BC-350 had the best physical quality, with
all other treatments showing good physical quality.
The correlation coefficients between soil physical quality and hardsetting indices (S1, S2, SDexter, H1, and HDexter) are summarized in
Table 6. Although S2 was not significantly correlated with any other
indices, S1 and SDexter were both inversely related to H1 and HDexter,
indicating the importance of structural pores in reducing soil hardsetting (Table 6). There was also a significantly strong relationship
between H1 and S1 (Fig. 5a), which was confirmed by the findings of
Farahani et al. (2019). Positive and significant correlations were gen
erally observed between H1 and HDexter (r = 0.91, P < 0.01) and H1
with other hard-setting indices which showed that all of these indices
are potentially useful to predict soil hard-setting (Table 7).

Table 6
Pearson pair-wise correlation coefficients between soil physical quality (S1, S2,
SDexter) and hard-setting (H1 and HDexter) indices.

H1
S1
SDexter
S2

HDexter

H1

S1

SDexter

0.91**
–0.87**
–0. 85**
–0.12 ns

1
–0.93**
–0.82**
–0.26 ns

1
0.91**
0.18 ns

1
–0.16

ns: not significant.
**: p < 0.01.
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Fig. 5. Linear relationship between different soil physical quality and hard-setting indices: S1 and H1 (a), H1 and BD (b), H1 and ΔQ (c) and b and H1 (d). Values are
the means (three replicates) of all of the studied treatments.

amounts of SOC, HWSC and subsequently BSR in the amended treat
ments. This is because organic compounds with large surface areas can
significantly increase soil water retention (Rawls et al., 2003) and con
sequently inncrease water availability to plants in the lower water po
tential range and also decrease soil penetration resistance (Ferreira et al.,
2017). Hansen et al. (2016) also showed that amending a sandy soil with
1% spring barley straw gasification biochar improved plant available
water. Olness and Archer (2005) concluded that a 1% increase in SOC
should result in a 2–5% increase in PAW depending on the soil texture.
The observed significant positive correlations between SAW quantities
and SOC support this inference (Table 7). The IWC was also significantly
correlated with HWSC (r = 0.72, P < 0.01). Tammeorg et al. (2014)
had reported that biochar in a loamy sand soil increased the PAW due to
higher SOC. Conversely, Asgarzadeh et al. (2010) showed no significant
relationship between PAW and SOC when evaluated twelve arable soils.
This contrast was probably due to the differing complex effects of SOC on
soil physical properties in the different soil types considered.

soil structure and physical quality on plant available water and sec
ondly indicates the usefulness of SAW quantities as soil physical quality
indices for plant growth (Table 7). These results are fully in agreement
with the findings of Asgarzadeh et al. (2010,2011). There were good
interrelationships between SAW quantities, more profoundly between
LLWRs and IWC than those observed with PAWs. The reason might be
the consideration of other physical properties (like aeration and pene
tration resistance) besides the matric potential, when approaching
LLWR and IWC (Table 7). The only consideration for approaching PAW
is matric potential as a limiting factor for plant's water uptake
(Asgarzadeh et al., 2010).
The LLWR100 and LLWR330 had larger correlation coefficient with S2
(r = 0.57 and 0.71, P < 0.01) than S1 (r = 0.43 and 0.41, P < 0.05)
indicating greater importance of textural and fine pores in SAW derived
from LLWRs, especially for LLWR330. In this manner, Silva et al. (2011)
reported the LLWR as sensitive to soil physical properties as soil water
retention and mechanical resistance. While in contrast, IWC was more
strongly related to S1 (r = 0.76, P < 0.01) than S2 (r = 0.50,
P < 0.01), reflecting the more basic role of soil structure when using
the IWC approach. In agreement with correlation observed here,
Hosseini (2015) reported significant correlations (r values of 0.58 and
0.64) between LLWR330 with S1 and S2, respectively, while correlations
between IWC with S1 and S2 were 0.70 and 0.56, respectively.

3.6. Relationhip between soil available water quantities and physical quality
indices
The strong relationships between the quantities of SAW and S1 and
S2 are useful in two respects. It initially shows the significant impact of
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1
0.73**
1
0.90**
−0.41*
−0.77**
−0.81**
−0.72**
−0.73**

1
−0.59**
−0.81**
−0.84**
−0.77**
−0.80**

1
0.63**
0.65**
0.57**
0.76**

1
0.84**
0.95**
0.80**

1
0.85**
0.83**

(1) In this study the influence of amending corn residue and its biochar
at two pyrolysis temperatures (350 and 650 °C) into a calcareous
sandy loam soil on water retention and penetration resistance was
evaluated and modeled. Overall the results indicated that soil water
retention, penetration resistance (Q), bulk density and total por
osity, were all dependent on the rate and type of the treatments
applied. Two treatments, CR 4% and BC 350 4%, could increase
water retention better than all others, especially in the wet range
(i.e., high matric potentials). In the wet range, the soil penetration
resistance curve (SPRC) of the amended soils was similar to that of
the un-amended soils, but this was not the case for the dry range.
The increased Q in the high-temperature biochar treatments was
due to increasing effective stress.
(2) The Durner dual-porosity model was able to accurately predict the
hard-setting index related to structural pores (H1) and physical
quality indices related to structural and textural pores (S1 and S2)
for all of the amended soils. There was also a positive correlation
between H1 and slope of power model (b), ΔQ, ΔQ/Q3000 (the hardsetting indices obtained from SPRC) which both were strongly and
negatively related to the physical quality indicators. Amongst all
treatments, the highest and lowest hard-setting indices were ob
served respectively for the control and CR 4%. While for the biochar
treatments these indices were the lowest for BC 350 4%.
(3) Generally, the highest and lowest values of soil available water
quantities; such as plant available water, least limiting water range
and integral water capacity were observed in soils amended with
the lower-temperature biochar or un-amended soils, respectively.
This indicated that the simple application of biochar has significant
potential to enhance water retention in arid and semiarid regions. A
low-cost amendment with significant potential for enhancing crop
yield in such regions, might help sustainability of agriculture and
lead to great socio-economic advantages. This study did not include
any plants, though taking a precautionary approach, it is re
commended to evaluate the promising approaches presented here
in response to plants and under various soil and field conditions.

1
0.51**
−0.23ns
0.04ns
−0.62**
−0.11ns
−0.04ns
0.02ns
−0.25ns
1
0.16ns
0.54**
0.76**
0.79**
−0.64**
−0.69**
−0.86**
−0.68**
−0.88**

1
0.19ns
0.34ns
−0.60**
−0.44*
−0.54**
−0.41*
−0.47**

BSR
S2
S1

SOC

4. Conclusions

1
0.76**
0.50**
0.66**
0.58**
0.72**
−0.72**
−0.61**
−0.72**
−0.53**
−0.77**
1
0.76**
0.41*
0.71**
0.67**
0.12ns
0.35ns
−0.58**
−0.23ns
−0.33ns
−0.15ns
−0.43*
1
0.78**
0.72**
0.43*
0.57**
0.58**
0.15ns
0.35ns
−0.47**
−0.24ns
−0.26ns
−0.19ns
−0.39*
1
0.67**
0.74**
0.64**
0.26ns
0.70**
0.58**
0.08ns
0.32ns
−0.61**
−0.43*
−0.31ns
−0.33ns
−0.46*
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