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Abstract
Biochar is a carbon-rich material obtained after thermochemical conversion of biomass under no oxygen environment. The 
effect of biochar amendment on soil properties, such as water retention, infiltration and desiccation crack potential was studied 
in the recent years. However, the effect of biochar or feedstock type on these properties is not explicit. This study investigates 
the effect of two different (in terms of feedstock) types of biochar on the water retention, infiltration and desiccation crack-
ing behavior of compacted silty sand. Water retention characteristics, infiltration rate and the progression of desiccation 
cracks were measured after compacting soil amended with 5–10% (w/w) biochar produced from water hyacinth (WHB) and 
mesquite. Measurements were also taken for an unpyrolyzed material coir pith (CP, sourced from coconut husk)-amended 
soil for comparing the results of biochar-amended soil. The results show that the amendment of 5% to 10% biochar increased 
the maximum water holding capacity (θs), air entry value (AEV) and water content at 1500 kPa (θ1500) of the soil, whereas 
decreased the infiltration rate and peak crack intensity factor (CIF) of the soil. Moreover, the application of CP increased 
the infiltration rate. The amendment of WHB showed the highest increment in AEV and θ1500 and the highest decrement in 
infiltration rate and CIF compared to the other amendments. Based on the results, it is advisable to use the WHB-amended 
soil in bioengineered structures that could promote the growth of vegetation by higher water retention and could reduce the 
potential of leachate formation by decreasing water infiltration and desiccation crack potential.

Keywords  Biochar · Water hyacinth · SWRC​ · Infiltration · Desiccation cracks

1  Introduction

The amendment of biochar in soil gained momentum in geo-
technical and geoenvironmental engineering, e.g., landfill 
cover and other bioengineered structure, due to its multiple 
beneficial features, such as carbon sequestration (Van Zwi-
eten et al. 2010), removal of methane gas from landfill cover 
soil (Reddy et al. 2014; Wong et al. 2016), improvement of 
vegetation growth (Cao et al. 2014; Chen et al. 2016) and 
removal of organic and inorganic pollutant, especially heavy 
metals from soil in mining sites (Fellet et al. 2011; Yargico-
glu and Reddy 2017). Biochar is a solid product obtained 
after pyrolysis or gasification of biomass under the absence 
or limited content of oxygen in a closed container (Lehmann 
and Joseph 2015). It is characterized by high porosity, large 
specific surface area (SSA), high pH value, presence of 
surface functional group (carboxyl, hydroxyl and phenolic) 
and high nutrient content that could influence the phys-
icochemical and hydraulic properties of soil (Ahmad et al. 
2014; Reddy et al. 2015; Tan et al. 2015; Yang et al. 2017). 

 *	 K. Ravi 
	 ravi.civil@iitg.ac.in

	 Rojimul Hussain 
	 rojmul.hussain@iitg.ac.in

	 Sanandam Bordoloi 
	 sanandam@iitg.ac.in

	 Piyush gupta 
	 iitbiitgiitk@gmail.com

	 Ankit Garg 
	 ankit@stu.edu.cn

	 S. Sreedeep 
	 srees@iitg.ac.in

	 Lingaraj Sahoo 
	 ls@iitg.ac.in

1	 Department of Civil Engineering, Indian Institute 
of Technology Guwahati, Guwahati, India

2	 Department of Civil and Environmental Engineering, 
Shantou University, Shantou, China

3	 Department of Biosciences and Bioengineering, Indian 
Institute of Technology Guwahati, Guwahati, India

http://orcid.org/0000-0002-3152-1533
http://crossmark.crossref.org/dialog/?doi=10.1007/s42773-020-00064-0&domain=pdf


466	 Biochar (2020) 2:465–478

1 3

Previous studies reported that the amendment of biochar in 
soil increased the Atterberg limits and the optimum mois-
ture content (OMC) and decreased the maximum dry density 
(MDD) (Yaghoubi and Reddy 2011; Ni et al. 2018; Williams 
et al. 2018). It was also found that the saturated hydrau-
lic conductivity decreased in sandy soil while increased in 
clayey soil when biochar was amended (Uzoma et al. 2011; 
Igalavithana et al. 2017; Wong et al. 2018).

The amendment of biochar in soil could alter the soil 
water retention characteristics (SWRC), infiltration rate 
and desiccation crack potential of soil (Downie et al. 2009; 
Ibrahim et al. 2013; Zong et al. 2014; Wong et al. 2017). 
This is conceptually highlighted in Fig.  1 where it is 
hypothesized that the amendment of biochar having intra-
pores (pores within biochar), which would change the pore 
size distribution of the soil and hence the water reten-
tion, infiltration rate and desiccation crack. These have 
been extensively studied for loose soil suitable for agri-
culture (Major et al. 2012; Ouyang et al. 2013; de-Melo-
Carvalho et al. 2014; Prober et al. 2014; Moragues-Saitua 
et al. 2017; Chen et al. 2019). However, limited studies 
are available for soil in geotechnical and geoenvironmen-
tal engineering structures, e.g., landfill cover (Wong et al. 
2017), bioengineered slopes and embankment (Bordoloi 
et al. 2018b; Ni et al. 2018) where soils often compacted, 
have higher design life and generate higher suction due to 
drying (Wall and Zeiss 1995; Harshani et al. 2015). Wong 

et al. (2017) reported an increased water retention of kao-
lin clay after amendment of peanut shell biochar. Recently, 
Bordoloi et al. (2018b) investigated the water retention 
and desiccation potential of sand amended with biochar 
derived from water hyacinth by measuring suction ranges 
from near saturation to wilting point. It was reported an 
increased water retention and decreased crack potential 
quantified by a crack intensity factor (CIF, defined as 
the ratio of total crack area to the total soil surface area 
considered).

Cracks form in soil when the tensile stress developed 
in soil due to the generation of suction exceeds the tensile 
strength of the soil (Corte and Higashi 1964). The presence 
of cracks in landfill cover soil could lead to the emission 
of methane gas to the atmosphere, increase the formation 
of leachate by enhancing the infiltration rate during rainfall 
and increase the potential of erosion, whereas in agricultural 
soil it could lead to a rapid flow of nutrient causing a loss 
of nutrient (Coles and Trudgill 1985; Albright et al. 2006; 
Indraratna et al. 2008; Costa et al. 2013). The infiltration rate 
is an important parameter for engineered structures where a 
higher infiltration rate could lead to a generation of leachate 
and pore water pressure, which are against the integrity of 
these structures. The amendment of biochar in agricultural 
soil decreased the infiltration rate, which was measured 
using a mini-disk infiltrometer (Ibrahim et al. 2013; Gith-
inji 2014).

Saturated bare soil

Saturated biochar amended soil

Drying At higher suction

Evaporation

Drying At higher suction

Biochar intra-pores filled with water

Inter-pores between soil

Inter-pores between soil and biochar

Fig. 1   Conceptual diagram showing saturated to drying state of the bare and biochar-amended soil
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Even though the previous studies investigated the 
water retention, infiltration rate and desiccation poten-
tial of biochar amended soil, the effect of biochar type 
on these properties was not considered. Any alteration in 
these properties of soil amendment with biochar could be 
mainly due to the distinct characteristics of the biochar, 
including intra-pores, surface functional group, cation 
exchange capacity, etc., which are highly dependent on 
the type of feedstock or biochar (Lei and Zhang 2013; 
Suliman et al. 2017; Wu et al. 2019). Biochar of differ-
ent feedstock type could be hydrophilic or hydrophobic 
depending on the type of functional group and could have 
different porosities that would definitely influence the 
water retention and infiltration rate of soil after amend-
ment (Jeffery et al. 2015; Hussain et al. 2020a, 2020b). 
Thus, studies are needed to consider the effect of biochar 
type on the water retention, infiltration rate and desicca-
tion potential of soil. The objective of the present study 
is to investigate the effect of biochar type on the water 
retention, infiltration and desiccation crack potential of 
compacted silty sand. Soil columns were prepared by 
compacting soil amended with 5–10% (w/w) biochar 
produced from feedstock of water hyacinth (WHB) and 
mesquite wood (CB) at 500 °C for monitoring matric suc-
tion, volumetric water content, infiltration rate and desic-
cation crack. Similarly, soil columns were also prepared 
for coir pith (CP, an un-pyrolyzed material)-amended soil 
for comparing the results of biochar-amended soil.

2 � Materials and method

2.1 � Soil

Soil for the study was collected from a hillside located inside 
the campus of Indian Institute of Technology (IIT) Guwa-
hati in North-eastern province of India (26.19˚N, 91.69˚E). 
Dead roots, stones and any other impurity in the soil were 
manually removed. Thereafter the soil was characterized for 
basic and index properties based on the referral provided 
by ASTM standards (ASTM C128–15 (2015); ASTM 
D422–63 (2007); ASTM D698–12 (2012); ASTM D854 
(2010); ASTM D4318–10 (2010); ASTM D4972 (2018)). 
The properties of the soil are reported in Table 1.

2.2 � Biochar

Two different types of biochar (based on different types of 
feedstock) and a coir pith (CP) were used in this study. The 
first biochar was made in the laboratory from water hya-
cinth (Echhornia crassipes, an aquatic plant) as feedstock. 
The water hyacinth (WH) plants as feedstock were collected 
from Deepor Beel lake in Assam, northeast India (26.13˚N, 
91.66˚E). All the required WH plants were collected from 
the same water body to minimize any genetic variation. The 
collected WH plants were dried in air and cut into smaller 
(20–40 mm) pieces. Pyrolysis of the dried WH plants was 
carried out at 500 °C for a period of 45 min. The second bio-
char was commercial biochar (CB) obtained from Greenfield 
Eco. Pvt. Ltd., and produced from the hardwood of mesquite 

Table 1   Basic and index 
properties of the soil tested

Value in the table represents the average value ± standard deviation

Soil property Value ASTM

Specific gravity 2.68 ± 0.04 ASTM D854 (2010)
pH 4.5 ± 0.07 ASTM D4972 (2018)
Water absorption capacity (%) 35.6 ± 1.41 ASTM C128–15 (2015)
Particle size distribution (%) ASTM D422–63 (2007)
 Coarse sand (4.75 mm-2 mm) 6
 Medium sand (2 mm-0.425 mm) 20
 Fine sand (0.425 mm-0.075 mm) 25
 Silt (0.075 mm-0.002 mm) 29
 Clay (< 0.002 mm) 20

Atterberg limits (%) ASTM D4318–10 (2010)
 Liquid limit 37
 Plastic limit 26
 Shrinkage limit 15

Compaction properties ASTM D698–12 (2012)
 Optimum moisture content (%) 17
 Maximum dry density (kg/m3) 1700

Classification (USCS) Silty sand (SM) ASTM D2487–11 (2011)
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(Prosopis juliflora) as feedstock at 500 °C and 45 min resi-
dence time. WH and mesquite are two fast-growing inva-
sive weeds causing many problems to the environment; thus, 
production of biochar could at least minimize the problem 
(Malik et al. 2007; Angalaeeswari and Kamaludeen 2017). 
The CP used in this study was a dried unpyrolyzed mate-
rial sourced from coconut husk. The coarse WH biochar 
(WHB) and CB obtained after pyrolysis were crushed using 
a mechanical crusher, and thereafter, all the biochar and CP 
were sieved through 2 mm sieve for minimizing the influ-
ence of particles size. The images of the biochar and CP 
are highlighted in Fig. 2a–d. The elemental composition of 
the biochar was determined using combustion technique as 
per the procedure described in Bird et al. (2017). The ash 
content and cation exchange capacity were measured by the 
ammonium acetate method (Thomas 1982) and the method 
described in ASTM E1755-01 (2007). The contact angle of 
wetting was measured by following the sessile drop method 
as described in Jeffery et al. (2015). The surface functional 
groups present in the biochar and CP were determined by the 
Fourier transform infrared spectroscopy (FTIR) test using a 
Fourier transform infrared spectrophotometer (IRAffinity-1, 
Shimadzu, Japan). To observe the surface morphology, field 
emission scanning electron microscopy (FESEM) images 
were captured using a Sigma-300 (Zeiss) variable pressure 
field emission scanning electron microscope operated with 

2–10 kV accelerating voltage. Images were captured at dif-
ferent magnifications ranging from 50 × to 40K ×. The prop-
erties of biochars and CP are presented in Table 2.

2.3 � Test procedure

2.3.1 � Preparation of soil column

The test setup used for the experimental study is presented 
in Fig. 3. PVC mold of size 250 mm diameter and 250 mm 
length with a perforated base allowing water drainage were 
fabricated for preparing compacted soil column. Holes were 
drilled in the diagonal direction of the mold at a depth of 
120 mm for accommodating suction and moisture content 
sensors. For biochar-amended soil, the soil and biochar at 
5–10% (w/w) were dry mixed in an aluminum pan. Thereaf-
ter, water corresponding to 90% of the maximum dry density 
(0.9MDD) obtained from the standard Proctor test (compac-
tion curve) was added, mixed uniformly and incubated for 
a period of 24 h by sealing inside a desiccator for moisture 
equilibration. The mixture was then statically compacted at a 
dry density equal to 0.9MDD in three layers up to a height of 
170 mm from the base of the mold. The selection of compac-
tion density of 0.9MDD and the corresponding water content 
was based on the compaction criteria adopted for many geo-
technical and geoenvironmental structures reported in the 

(d)(c)(a)

(e) (f) (g) (h)

(b)

At 5KX

Smaller and shallow depth 
cavity in CP 

Intra-pores in biochar

Fig. 2   Raw images of a bare soil, b water hyacinth biochar (WHB), c commercial biochar (CB) and d coir pith (CP) and FE-SEM images (at 
2K ×) of e bare soil, f WHB, g CB and h CP
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literature (Goldsmith et al. 2001; Li et al. 2016). Moreover, 
the selection of amendment rate of 5–10% was based on 
the preliminary investigations conducted for the biochars 
considered in this study.

2.3.2 � Measurement of suction, moisture content and soil 
water retention curve (SWRC)

The matric suction (ψm) was measured using MPS-6 sen-
sors, while the volumetric water content (θ) was measured 
using EC-5 volumetric water content sensors (Decagon 
devices 2016). The MPS-6 sensors can measure the matric 
suction in the range of 9–105 kPa with an error of ± 10%, and 
the EC-5 sensors can measure the volumetric water content 
in the range of 0–100% with an error of ± 3%. These sen-
sors were inserted to the compacted soil/soil-biochar mixture 
through the predrilled holes at 40 mm from the surface of 
the compacted soil, as mentioned in the previous section. 
However, before installation, soil specific calibration for all 

the sensors was performed for minimizing any variation or 
error in reading. The choice of 40 mm sensor depth was 
based on the influence zone of the moisture sensors (approx. 
25 mm either side). For preventing any leakage of water, the 
open space surrounding the sensor body was sealed using 
a plastic sealant (Anabond glue). Three replicates for bare 
soil and three replicates for each 5–10% biochar and CP 
amended soil were tested.

All the compacted soil columns were placed in a green-
house (Fig. 3) maintained at a relative humidity of 55 ± 5% 
and temperature of 25 ± 1 °C. For measuring the soil water 
retention characteristics or curve (SWRC), all the compacted 
soil columns were irrigated using a controlled head mariotte 
bottle until the suction read by the MPS-6 sensor reached 
a minimum value of around 9 kPa (minimum range of the 
sensor) or near saturation. Thereafter, it was subjected to a 
continuous drying until the suction reached a nearly constant 
peak value. The MPS-6 and the EC-5 sensors were con-
nected to an EM-50 data logger for continuous monitoring 

Table 2   Properties of the selected biochars and coir pith

WHB water hyacinth biochar, CB commercial biochar, CP coir pith, CEC cation exchange capacity, EC electric conductivity

WHB CB CP ASTM/method

Feedstock Water hyacinth stem 
sourced from Deepor 
lake, India

Hardwood of mesquite (Prosopis 
juliflora) by Greenfield Eco. Pvt. 
Ltd

Coconut husk –

Pyrolysis process Slow pyrolysis Slow pyrolysis – –
Pyrolysis temperature ( ◦C) 500 500 – –
Elemental composition (%) Combustion technique 

(Bird et al. 2017) Carbon (C) 55 71.5 33.64
 Oxygen (O) 44 – –
 Hydrogen (H) 2 – –
 Nitrogen (N) 1.88 0.19 2.25
 Phosphorus (P) – 0.2 0.02
 Potassium (K) – 2.6 0.05

Molar ratios –
 H:C 0.05 – –
 C:N 29 382 15
 Ash content (%) 40 1.9 – ASTM E1755–01 (2007)
 CEC (cmol kg−1) 21 18 – ASTM D7503
 Specific gravity 1.2 ± 0.1 1.05 ± 0.1 – ASTM D854 (2010)
 pH 7.7 ± 0.1 8.4 ± 0.22 7.02 ± 0.16 ASTM D4972 (2018)
 Water absorption capacity (%) 54.7 ± 0.99 205 ± 12.73 – ASTM C128–15 (2015)
 Average pore size (nm) 35 ± 5 60 ± 4 – BET analysis

Contact angle of wetting (˚) 0 65 ± 3 – Sessile drop method
 EC (dSm−1) – 1.5 0.005 –

Particle size distribution (%)
 Coarse sand (4.75-2 mm) 0 0 – ASTM D422–63 (2007)
 Medium sand (2–0.425 mm) 0 67 –
 Fine sand (0.425–0.075 mm) 30 23 –
 Fine content (< 0.075 mm, silt and 

clay)
70 10 –



470	 Biochar (2020) 2:465–478

1 3

of suction and moisture content at an interval of 15 min. The 
suction and volumetric water content data recorded by the 
data logger were fitted using van Genuchten (1980) model 
in RETC software (van Genuchten et al. 1991). The air entry 
value (AEV) was calculated by graphical method (Fredlund 
et al. 2012), where tangents were drawn along the SWRC 
curve and the point of crossing of the tangents or the transi-
tion point is referred as AEV.

2.3.3 � Measurement of infiltration rate

The infiltration test was conducted using a mini-disk infil-
trometer (MDI) on the same compacted soil column used 
for the SWRC measurement (Fig. 3). The selection of MDI 
for measuring infiltration was likely due to its simplicity to 
use in laboratory, and there is no need of auguring or dis-
turbing the sample. To start the measurement, the bubble 
chamber and the reservoir of the MDI were filled with water 
and a suction head of 2 cm was applied through the suction 
control tube. The application of the suction head was basi-
cally to minimize any flow of water through macro-pores. 
However, it is to be noted that in the present study, soils are 
highly compacted where a negligible effect of macro-pores 
are expected. Similar suction head of 2 cm for measuring 
infiltration rate using MDI is also found to be adopted by 

the previous researchers (Fodor et al. 2011; Bordoloi et al. 
2017b). The water-filled MDI was placed vertically straight 
on the compacted soil surface (Fig. 3) for ensuring proper 
contact between the sintered disk and the soil surface. The 
responses of the cumulative volume of water infiltrate 
(V) with time (t) were recorded at an interval of 60 s. The 
obtained V-t responses were fitted with a second-degree pol-
ynomial equation, and the corresponding fitting parameters 
were noted. The polynomial equation was further differenti-
ated with respect to time (t) to obtain dV/dt for calculating 
infiltration rate, I(t) as shown in Eq. 1 below.

where, (dV) is the change of volume of water infiltrated 
within a given time (dt), and A is the cross-sectional area 
of the infiltrometer.

2.3.4 � Quantification of cracks

In the present study, the surface cracks developed during 
the drying phase of the samples were quantified by CIF 
(crack intensity factor). For this, images of the compacted 
soil surface were captured daily using a commercial DSLR 
camera (Canon EOS 600D with lens range 18–55 mm and 

(1)I(t) =
1

A

dV

dt

Em50 Data logger

Humidifier

MPS-6 Sensor

EC-5

250

250

Compacted bare soil

80
130

Compacted biochar amended soil

All dimensions are in mm

Minidisk infiltrometer (MDI)

Suction control tube (7 cm)
Stopper

Bubble chamber

Mariotte tube (28 cm)

Water reservoir

Sintered steel disk (4.5 cm dia.)

10
2

21
2

Steel adjustable frame

DSLR Camera

PVC mould
Computer connected to

data logger

Fig. 3   Experimental setup adopted for the study inside a green house
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resolution of 72 dpi) mounted on an adjustable steel frame 
as shown in Fig. 3. Images were captured from the same 
height for minimizing any variation in pixel count or area of 
the images. The captured images were analyzed for cracks 
using an open-access image processing software Imagej 
(Rasband 2011) as per the procedure described in Gadi 
et al. (2017) and Bordoloi et al. (2018a). Figure 4 shows 
the stepwise procedure adopted for analyzing the image for 
crack quantification. Digital images captured by the camera 
were imported into the Imagej software and then cropped 
for removing the boundary shrinkage. The area (in pixel) 
of the cropped image was measured and taken as the total 
soil surface area. In the next step, the cropped images were 
adjusted to color threshold using RGB color space and the 
corresponding area of cracks was measured. Thereafter, the 
CIF was calculated as the ratio of cracks area (AC) to the 
total soil surface area (AT), i.e.

2.3.5 � Statistical analyses

The two-way analysis of variance (ANOVA) was used to 
determine whether there were any significant differences 

(2)CIF(%) =
A

C

A
T

× 100

between the means of the CIF and SWCC parameters with 
respect to the different biochar amendment rates and the 
biochar types. The means were compared by post hoc tests 
such as Tukey and Fisher LSD. The difference is considered 
statistically significant when the observed p value was less 
than 0.05 (preset, 95% significance level). The analysis was 
carried out in Origin Pro (Origin 9) software.

3 � Results and discussion

3.1 � Properties of the soil and biochar

The FESEM images obtained for the soil, biochars and CP 
are presented in Fig. 2e–h. The presence of intra-pores in 
biochar is clearly visible from Fig. 2f–g, whereas the CP has 
some shallow depth cavity. The functional groups present in 
the biochar and CP are highlighted in Fig. 5. The presence 
of water absorptive OH, COOH and C-O functional groups 
in WHB (Fig. 5) makes it highly hydrophilic compared to 
the CB where C = C (Alkenes) functional group leads to a 
slight decrease in hydrophilicity. This higher hydrophilic-
ity of WHB compared to the CB is also evident from the 
measured contact angle (Table 2). Thus, the variations in 
physicochemical properties of the produced biochars due 
to the difference in feedstock type could be easily observed 
from Table 2, Fig. 2 and Fig. 5, and these, in turn, could lead 

Digital image Cropped image

Analysed image

Threshold colorAdjustment of color threshold 

Analysed area 

Area in pixel 

Fig. 4   Process of measuring crack (CIF) using the color threshold technique in ImageJ
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to the difference in effect of the biochar on soil properties 
after amendment.

3.2 � Effect of biochar on SWRC​

Figure 6a–c highlights the SWRCs of the bare soil and soil 
amended with 5–10%, (w/w) WHB, CB and CP, respec-
tively. The fitting parameters of the SWRCs are presented 

in Table 3. The effect of biochar on these fitting parameters, 
such as, saturated water content or maximum water holding 
capacity (θs), air entry value (AEV), slope (n) and residual 
water content (θr) that defines the water retention character-
istics of the soil, is discussed next. The bare soil showed a 
θs of 23%, and it was observed to increase (p = 0.02 < 0.05) 
with the increase in amendment rate of biochar from 5% to 
10%. This could be attributed to the higher water absorp-
tion capacity of the biochars (Table 2) compared to the soil 
(Table 1). The higher porosity or large SSA due to the intra-
pores present in biochar skeleton (Fig. 2f and g) along with 
the surface functional groups or bonds especially OH− group 
(Fig. 4) allow higher water storage or absorption in biochar 
compared to the soil. The biochar with higher porosity and 
absorption capacity increased the total porosity and hence 
θs in the biochar-amended soil compared to the bare soil. 
Among the type of amendment, CP-amended soil showed 
the highest (p = 0.1 > 0.05) θs (28.5% and 26% for 10% and 
5% biochar, respectively), whereas WHB exhibited the low-
est (25% and 24%) (Table 3). The highest θs in CP amended 
soil was attributed to the higher total porosity due to the 
formation of inter-pores or preferential path between the 
interface of soil particle and the CP (Bordoloi et al. 2017a). 
The total porosity comprises of inter-porosity by inter-pores 
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Fig. 5   FTIR spectra of the WHB, CB and CP

Fig. 6   SWRCs of a WHB-amended soil, b CB-amended soil and c CP-amended soil
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and the intra-porosity by intra-pores. Since, an increase in 
volume was observed only for CP amended soil when water 
was added. The adsorption of water in the surface of CP 
by the hydroxyl (OH) groups present in CP formed larger-
size inter-pores between the soil and CP similar to that of 
soil–fiber composites reported in Bordoloi et al. (2017a) and 
hence increased porosity. However, this increase in θs in 
CP-amended soil may get suppressed at higher confinement 
or controlled volume condition. Even though the WHB is 
more hydrophilic due to the presence of more water-absorb-
ing (OH and COOH) surface functional groups compared 
with the other amendments (only OH) (Fig. 5), the θs was 
observed to be the lowest in WHB-amended soil. This is 
attributed to the lowest total porosity in WHB-amended soil 
compared to the CB- and CP-amended soils, which is evi-
dent from the theoretical initial total porosity calculated from 
initial compaction density and specific gravity. The theoreti-
cal total porosity after compaction was observed to be the 
lowest in WHB-amended soil (34–35% for 5–10% biochar 
amendment) and the highest in CP-amended soil (39–42%) 
that caused the variation in θs. The lowest total porosity 
in WHB-amended soil could have occurred either by the 
decrease in inter-pores size with the settlement of smaller 
size WHB particles (Table 2) in the inter-pores between soil-
soil particles or due to the lower intra-porosity of WHB by 
the presence of less number and smaller size intra-pores in 
WHB (relative to CB). The smaller size of intra-pores in 
WHB was evident by the average pore size measured by the 
BET analysis (Table 2). In the present study, the crushing 
of biochar (both WHB and CB) to pass through 2 mm sieve 
lead to the smaller size particles in WHB compared to the 
CB (Table 2) that possibly caused a higher destruction of 
intra-pores in WHB and hence less number of intra-pores in 
WHB. Spokas et al. (2014) showed a decrease in the number 
of intra-pores in biochar with the crushing of biochar into 
smaller particles. The lower intra-porosity of WHB was also 
evident from the lower water absorption capacity of WHB 
(54.7 ± 0.99%) compared to the CB (205 ± 12.73%).

The air entry value (AEV) of the soil was observed to 
increase (p = 0.09 > 0.05) with an increase in amendment 

rate of biochar. The bare soil showed AEV of 29.92 kPa, 
and it increased to 48.16–51.67 kPa in 5% and 169.73 and 
104.66 kPa in 10% WHB- and CB-amended soil respec-
tively. Moreover, a change in AEV was also observed for 
CP-amended soil. The increased AEV in biochar amendment 
soil could be attributed to the smaller pore size in biochar-
amended soil compared to the bare soil. The settlement 
of smaller soil or biochar particles in the inter-pores and 
the presence of smaller size intra-pores in biochar possi-
bly caused the formation of smaller size pores in biochar-
amended soil (Abel et al. 2013; Andrenelli et al. 2016). In 
smaller pores, water is held with a higher suction by cap-
illary action and requires a higher pressure (air pressure) 
for escape compared to the bare soil therefore higher AEV 
(Fredlund et al. 2012). The negligible or the absence of intra-
pores in CP (Fig. 2h) may be responsible for the negligible 
variation in AEV with respect to the biochar. Among the 
biochars, WHB at 10% (w/w) showed the highest AEV while 
at 5% biochar content, it showed no significant difference. 
This could be due to the smaller pore size in WHB-amended 
soil compared to the CB-amended soil by the settlement 
of smaller-size WHB particles (Table 2) in the inter-pores. 
The increased AEV in biochar-amended soil would allow 
the biochar-amended soil to remain saturated for a longer 
duration compared to the bare soil.

The parameter ‘n,’ i.e., the slope of the SWRC was 
observed to decrease slightly (p = 0.1 > 0.05) in biochar-
amended soil when compared with bare soil (Table 3). The 
bare soil showed n value of 1.261 and it decreased to 1.164, 
1.242 and 1.236 in 5% and 1.174, 1.25 and 1.234 in 10% 
WHB-, CB- and CP-amended soil, respectively. The smaller 
pore size in biochar-amended soil compared to the bare soil 
or the decrease in pore size of the soil after biochar amend-
ment caused the decrease in n value. The amendment of bio-
char in soil could decrease the size of pores in soil-biochar 
composites by settling smaller size biochar or soil particles 
in the inter-pores and increasing the numbers of smaller size 
intra-pores which is resulting in increased total porosity but 
decreased pore size compared to the bare soil (Andrenelli 
et al. 2016). The parameter ‘n’ represents the desaturation 

Table 3   Fitting parameters 
of SWRCs fitted using van 
Genuchten (1980) model

AEV air entry value

Type Biochar 
content (%)

θs (%) θr (%) α (kPa−1) AEV (kPa) n (−) m = (1–1/n) R2 value

Bare soil 0 23 0 0.033 29.92 1.261 0.21 0.980
WHB 5 24 0 0.020 48.16 1.164 0.141 0.983

10 25 0 0.006 169.73 1.174 0.148 0.980
CB 5 25 0 0.019 51.67 1.242 0.195 0.994

10 26 0 0.009 104.66 1.25 0.200 0.990
CP 5 26 0 0.035 28.4 1.236 0.191 0.994

10 28.5 0 0.022 46.3 1.234 0.190 0.994
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rate under drying and re-saturation rate under wetting of soil; 
thus, the decreased ‘n’ value due to biochar amendment in 
the present study indicates a slow de-saturation of the soil 
after AEV.

The residual water content (θr) was observed 0 (from the 
fitting) for all bare and amended soil (Table 3). However, 
these were not the actual representative of θr. The actual 
θr corresponds to a very high suction which has not been 
reached in the present study under the specified boundary 
condition and is difficult to measure due to the limitation in 
most of the measuring instrument. The peak or maximum 
suction measured in the present study was in the range of 
2000–2200 kPa (Fig. 6), and the minimum measured water 
content ranges from 5.5% in bare soil to 14% in 10% (w/w) 
WHB-amended soil. Therefore, the effect of biochar on θr 
could not be explained in the present study. In general, the 
maximum drought stress is considered as wilting point (rep-
resented by suction) beyond which plant could not uptake 
water. A suction of 1500 kPa is often considered as wilt-
ing point for most of the plant species (Feddes et al. 1978). 
Plants or vegetation have immense significance in bioengi-
neered structures due to their capability in providing addi-
tional stability (Garg et al. 2015). Hence, instead of θr, the 
water content that corresponds to the suction of 1500 kPa 
is considered only for comparison, i.e., to see the effect of 
biochar on water retention at higher suction. The water con-
tent at 1500 kPa, i.e., θ1500 was observed to increase from 
8.3% in bare soil to 16.9% in 10% (w/w) WHB-amended 
soil. Moreover, among the amendments, WHB-amended soil 
exhibited the highest increment by 62.65–104% in 5–10% 
biochar content, whereas CP-amended soil showed the low-
est increment by 21% and 50% in 5% and 10% CP content. 
This increase in θ1500 in biochar-amended soil was attributed 
to the intra-pores along with the functional groups present 
in biochar that have retained water at higher suction due 
to their smaller size (nanoscale). The smaller size pores 
held water tightly due to capillary action that minimizes the 
water evaporation, and hence, higher water retention. How-
ever, the negligible content of intra-pores in CP leads to the 
lowest increment in θ1500. Further, the presence of smaller 
intra-pores (Table 2) and the smaller size inter-pores due to 
embedded fine biochar particles in WHB-amended soil led 
to the highest increment in θ1500. Thus, smaller pores may 
be intra-pores or inter-pores retaining water at large suction.

Overall, the increased water retention in the biochar-
amended soil is mainly governed by the intra-pores and the 
inter-pores as hypothesized in Fig. 1. Moreover, the presence 
of water-absorbing surface functional groups or bond in bio-
char holds the water inside of these pores especially in intra-
pores, i.e., the pores provide only spaces for storage and the 
functional group holds water in it. The trend of increased 
water retention in biochar-amended soil was reported by the 
previous researchers (Bordoloi et al. 2018b; Ni et al. 2018). 

However, in previous studies, the effect of different biochars 
or feedstock type was not considered. In addition, in some 
studies, the effect of biochar on the different domains of 
water retention characteristics was not demonstrated, rather 
simply mentioned increased water retention. The increased 
water retention in biochar-amended soil that has been char-
acterized by some fitting parameters could be beneficial for 
the growth of vegetation by reducing irrigation demand and 
the effect of drought stress as well as less maintenance in 
bioengineered structures. The higher growth of vegetation 
due to improved water retention would increase or provide 
additional stability to the structures against erosion and 
failure by enhancing the root reinforcement or anchorage, 
evapotranspiration (suction) and surface coverage.

3.3 � Effect of biochar on infiltration

The variation of infiltration rate with suction for bare soil 
and soil amended with 5–10% (w/w) WHB, CB and CP are 
depicted in Fig. 7. The infiltration rate obtained at different 
suction for bare and other amended soils is fitted with an 
exponential equation, showing the highest R2 value of 0.8 
for bare soil and 0.64–0.73 for other amended soil. It is clear 
from Fig. 6 that the infiltration rate of the bare soil and all 
other amended soil decreased with the progressive increase 
in suction. Moreover, the rate of decrement was observed to 
be different (being lowest in CP amended soil) among the 
bare and all other amended soil. Although the infiltration 
rate of soil naturally increases with suction due to higher 
water affinity or adsorption tendency at higher suction, the 
infiltration rate was observed to be decreased. This could be 
due to the blockage of pores by the entrapped air at higher 
suction that resists the flow of water into the pores, thereby 
reducing the infiltration rate (Fredlund et al. 2012).

A decreased infiltration rate compared to the bare soil 
was observed with an increased biochar amendment rate. 
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However, the infiltration rate was observed to be increased 
with increase in amendment rate of CP. The decreased infil-
tration rate in biochar-amended soil was attributed to the 
decrease in inter-pore size compared to the bare soil or the 
blockage of inter-pores by the settlement of smaller biochar 
or soil particles. The WHB highly consists of fine parti-
cles compared to the bare soil that have a tendency to settle 
inside the inter-pores between soil-soil particles. The CB 
consists mostly of larger size particles that the smaller soil 
particles have the tendency to settle inside the inter-pores 
between biochar-soil or biochar-biochar particles. The set-
tlement of smaller particles in inter-pores makes the flow 
path tortuous and hence lower infiltration rate. Moreover, 
in literature (Ibrahim et al. 2013; Githinji 2014), the hydro-
phobic nature of some biochar was reported to be respon-
sible for the decrease in infiltration rate. However, in the 
present study, the biochar (both WHB and CB) was found 
to be hydrophilic, being higher of WHB (the lowest contact 
angle) with a contact angle of wetting < 90°. The relatively 
higher hydrophilicity of WHB over the CB was due to the 
variation in surface functional groups with feedstock type 
as seen from the FTIR spectra presented in Fig. 5. Thus, 
the concept of biochar hydrophobicity has no relation to the 
infiltration rate observed in the present study. Further, the 
increased infiltration rate in CP-amended soil compared to 
the bare soil was attributed to the preferential flow occurred 
through the interface between CP particles or coir fiber and 
soil particles, similar to the case reported for soil-fiber com-
posite in Bordoloi et al. (2017b). A considerable content of 
coir fiber in CP could be observed from Fig. 2d. The wetting 
or saturation of CP-amended soil led to an absorption of 
water in the surface of coir fiber by the hydroxyl (OH−) or 
other oxygen-containing groups present in it, thereby push-
ing the soil matrix. On further drying, the absorbed water 
escapes leading to the formation of the preferential path or 
pore spaces between the interface of soil and fiber (Bordoloi 
et al. 2017a).

Among the biochars, WHB-amended soil showed lower 
infiltration rate compared to the CB-amended soil. This 
could be attributed to the higher content of smaller particles 
(fines) in WHB (70%) compared to the CB (10%) as men-
tioned in Table 2 that have decreased or blocked the inter-
pores to a higher extent in WHB-amended soil. The higher 
blocking of pores hinders the water flow path to higher 
extent leading to the lower infiltration rate. In the existing 
literature (Ibrahim et al. 2013; Novak et al. 2016), mostly a 
decreasing trend of infiltration rate in biochar-amended soil 
compared to the bare soil was documented. Moreover, litera-
ture also reported an unchanged infiltration rate of soil after 
biochar amendment (Busscher et al. 2010; Rogovska et al. 
2014). Therefore, the observed decreased infiltration rate 
in biochar-amended soil in the present study is acceptable 
and beneficial over unpyrolyzed CP or coir fiber-amended 

soil (increased infiltration), in terms of reducing pore water 
pressure and water percolation in bioengineered structures 
such as slopes and landfill cover.

3.4 � Effect of biochar on desiccation crack

Figure 8 presents the variation of crack intensity factor (CIF) 
with time for bare soil and soil amended with 5–10% biochar 
and CP, respectively. In the figure, the zero magnitudes of 
time represent the day of wetting for saturation of the bare 
and amended soil samples. The CIF was observed zero for 
bare and all other amended soil on day zero which is an indi-
cation of the saturated condition of the samples. Moreover, 
the zero CIF was observed to extend up to day 4 after satura-
tion in all amended soil, indicating a prolonged saturation of 
amended soil compared to the bare soil. It is also supported 
by the higher AEV in all amended soil compared to the bare 
soil (Table 3). The CIF was observed further to increase 
in bare and all amended soil with the increase in duration 
of the drying after saturation. However, it became constant 
after reaching a peak value of (2.2 ± 0.1) for bare soil and 
(0.78 ± 0.07 to 1.47 ± 0.08) for amended soil. The maximum 
CIF was observed (2.2 ± 0.1) in bare soil, and this could be 
the maximum crack potential of the soil under the specified 
compaction density and boundary condition. In a previous 
study on silty clay compacted at 0.9MDD, Bordoloi et al. 
(2018a) reported a maximum CIF of (2.65 ± 0.56). However, 
in the present study soil consist of lower fine (< 0.075 mm) 
content (49%) against higher content (75%) in Bordoloi 
et al. (2018a). Therefore, a lower CIF was expectable as 
soil with lower fine content exhibits lesser cracks compared 
to soil with higher fine content (Yesiller et al. 2000). The 
increase in CIF with time was attributed to the decreased 
soil strength due to drying after wetting, and increased ten-
sile stress developed in soil surface. The shrinkage of soil 
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due to drying causes breaking of microbonds and rearrange-
ment of soil structure, leading to decreased soil strength. 
Further, the drying or evaporation of water with time causes 
the generation of higher suction and that in turn led to the 
development of large tensile stress in the soil surface (Tang 
et al. 2010). However, the tensile stress developed due to 
increased suction was maximum at peak CIF, and thereafter, 
further increase in suction caused no change in tensile stress 
and hence the CIF (Yesiller et al. 2000).

The CIF was observed to decrease (p = 0.009 < 0.05) with 
an increase in the amendment rate (WHB, CB and CP) from 
0% in bare soil to 5–10% (w/w) (Fig. 8). This is attributed 
to the increased water retention of the soil with the higher 
amendment rate (Fig. 6). The increased water retention or 
the higher water content in soil with amendment led to the 
generation of lower suction or the development of lower 
tensile stress by a lower loss of water in drying or evapo-
ration compared to the bare soil and hence lower cracks 
or CIF (Tang et al. 2010). The smaller-size intra-pores in 
biochar that are responsible for increased water retention 
in biochar-amended soil hold water tightly and not allow 
water to escape easily, i.e., reduces water evaporation and 
hence resist cracks. Among all the amendment (WHB, 
CB and CP), the WHB-amended soil showed the lowest 
(p = 0.15 > 0.05) CIF, and it was followed by the CP- and 
CB-amended soil. The lowest CIF in WHB-amended soil 
is attributed to the highest water retention (the lowest value 
of ‘n’ in Table 3) after AEV in WHB-amended soil. Cracks 
generally start developing after AEV and extend with further 
increase in suction (Bordoloi et al. 2018b). However, in the 
WHB-amended soil, the highest water retention after AEV 
reduced the extending potential of the cracks, leading to the 
lowest CIF. A trend of decreased CIF or cracking tendency 
due to the amendment of biochar was also reported in the 
literature (Zong et al. 2014; Bordoloi et al. 2018b). How-
ever, the reported literature has not considered the effect of 
different biochars or feedstock types that controls the bio-
char properties. Therefore, the amendment of WHB would 
be beneficial over the CB and un-pyrolyzed CP in terms 
of reducing the crack potential. The reduced tendency of 
crack due to biochar amendment would be beneficial for 
bioengineered structures, in terms of controlling infiltration 
rate, excess pore water pressure and maintaining structural 
stability. Different biochars produced at variable pyrolysis 
temperature with dissimilar particles size could impose dif-
ferent effect after amending to soil. The different pyrolysis 
temperatures cause variation in biochar intra-porosity by 
changing the number and size of intra-pores (Ahmad et al. 
2014). The dissimilar particle size could lead to the variable 
inter-porosity by changing inter-pores size (Lim et al. 2017). 
The difference in porosity (inter-pores and intra-pores) due 
to variable pyrolysis temperature and biochar particles size 
would definitely alter the soil water retention and infiltration 

rate that in turn desiccate crack potential. However, in the 
present study, the pyrolysis condition (pyrolysis temperature 
and residence time) and particles size were maintained same. 
Therefore, there should not be any effect of pyrolysis process 
and biochar particles size expected and ignored.

4 � Conclusions

The present study aims to explore the effect of two different 
biochars on the water retention, infiltration and desiccation 
crack potential of compacted silty sand. The following con-
clusions can be drawn:

(1)	 The water retention is observed to be higher in biochar-
amended soil compared to the bare soil. Intra-pores 
present in biochar are responsible for the altered water 
retention.

(2)	 The infiltration rate and the desiccation crack potential 
of the soil are observed to be decreased after biochar 
amendment. The alteration in pore size distribution of 
the soil after biochar amendment contributed to the 
change.

(3)	 The amendment of WHB is found to be more effective 
over the CB in terms of higher water retention at large 
suction (= > 1500 kPa), lower infiltration rate and des-
iccation crack potential.

(4)	 Moreover, the amendment of biochar is found to be 
advantageous over the un-pyrolyzed coir pith, in terms 
of higher water retention, lower infiltration rate and 
desiccation crack potential.

The higher water retention in biochar-amended soil would 
help in the growth of vegetation in the bioengineered struc-
ture in the arid or semiarid region by reducing the effect of 
drought stress and the demand for irrigation. Similarly, the 
lower infiltration rate and desiccation crack potential of bio-
char-amended soil would resist or prevent the development 
of excess pore water pressure and the percolation of water 
in bioengineered structures, especially in landfill cover. 
Future systematic studies are needed to consider the effect 
of biochar particle size and pyrolysis temperature on soil 
engineering properties. Further, field-scale studies on the 
water retention, infiltration and desiccation crack potential 
of biochar-amended soil are needed to be done for potential 
application of biochar-amended soil in the real field.
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