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Abstract
Recently, incentives have been provided in many countries, including Canada and Denmark, to produce
biochar for construction usage. This is done because biochar is carbon negative and can help achieve the
emission reduction goal of 2030. This technical note aims to analyze the e�ciency of biochar in soils
with varying grain size distribution for enhancing water retention capacity (WRC). The combinations of
biochar content and grain size distributions corresponding to the maximum and minimum e�ciency were
explored. Arti�cial Neural Network (ANN) based model for predicting Soil Water Characteristic Curve
(SWCC) as a function of soil suction and grain size distribution was developed. A new factor (the ratio of
�ne (silt + clay) and coarse (sand) content) was proposed for the interpretation of the e�ciency of
biochar in soils. The newly developed model is able to predict SWCC reasonably well. Biochar
amendment is found to in�uence both dry and wet sides of soils with a clay content lower than threshold
content (6–8%). Beyond threshold content, the in�uence of biochar appears to reduce. However, in the
case of high sand content soils (90%), the NWC value on the drier side is generally higher as compared to
soils with lower sand content. Based on sensitivity analysis, it was found that the ratio of �ne to sand
content is the most in�uential, while biochar content is the least in�uential.
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SWCC                    Soil Water Characteristic Curve

WHC                      Water Holding Capacity

WRC                      Water Retention Capacity

Introduction
The biochar addition generally increases the Water Retention Capacity (WRC) of soils, which can be
attributed to the biochar's high porosity and hydrophilic nature [1–3]. In addition, biochar has many other
promising properties like carbon sequestration, high plant nutrient value etc. [4–13]. This enhancement
mainly depends on the type of the feedstock of biochar, the type of soil, and the soil biochar mixture
rates. It is necessary to understand the water retention mechanism of Biochar Amended Soils (BAS) to
promote biochar as a soil amendment [14]. Su�cient literature is available, which shows that the water
holding capacity (WHC) of the biochar soil composite is increased compared to bare soil [15, 16].
Mollinedo et al. (2015) [17] observed that the �ne-sized biochar particles change the soil pore
arrangement, increase surface area, void ratio and WHC of soil biochar composite. On applying biochar to
soil, the WHC of soil (medium textured boreal agriculture soil) increased by 11% [18] and 32% [19] in
sandy loam soil. Gopal et al. (2019) [20] observed a reduction in in�ltration rate and an enhancement in
WHC with an increase in biochar amendment. Similarly, Garg et al. (2020) [21] observed that the addition
of biochar increased the WRC of unsaturated soils (loam and sandy loam). The study also demonstrated
that the addition of biochar modi�ed soil water retention capacity (SWRC). 

Porosity, void ratio and soil structure get altered by biochar addition, speci�cally depending upon the
particle shape, size, and internal structure of biochar [22]. The internal structure of biochar particles
determines their WHC, shape (elongated/oval/spherical), and size determines the complexity and density
of soil-biochar composite and capillary system [23]. Liu et al. (2017) observed the effect of 2% biochar
amendment of three different particle size samples with sand. It was noticed that the saturation water
content, �eld capacity, permanent wilting point (PWP), and plant available water (PAW) in SWRC
increased when compared with the other two samples; sand – �ne sand and sand + coarse sand
(replacing biochar with �ne sand and coarse sand). The authors concluded that more porous and
irregular shaped biochar particles are more effective in increasing water retention of sandy soils [23–26].
Duarte et al.(2019) [27]  modi�ed eight samples with agricultural residue biochar of size > 2mm, 2 – 0.15
mm and < 0.15 mm with 200 g soils (loamy and sandy) at 0.92 g of biochar (~ 25 Mg/hec). After
allowing an incubation period of one year, it was noticed that biochar particle size of < 0.15 mm is most
suitable for increasing water retention in the soils (particularly loamy soil). It was observed that soil's
physical properties were dependent upon the particle size of biochar. Similarly, in another study
conducted by Alghamdi et al. (2020) [28], �ne biochar particles < 0.1 mm increased the water content at
�eld capacity and available water content more than that of particle size greater than 0.1 mm, probably
due to increased surface area, microporosity and biochar's porous structure in light-textured soils after an
incubation period of 120 days. 
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Though many studies reported an increase in WHC, there are some studies where effect of biochar has
been either negligible or negative. Some authors observed both increase and decrease [29–32], some
reported increase only [33], whereas some reported no effect [5]. Bordoloi et al. (2019) [34] observed an
increase in WHC of silty sandy soil, while Hardie et al. (2014) [35] observed no noticeable effect of
biochar on drainable porosity, �eld capacity, PWP, PAW content or soil moisture content of a sandy, loamy
soil. Further, the effect of biochar on WHC may vary with the type of feedstock, from which biochar was
produced [2, 36]. Biochars produced from plant feedstock types tend to have higher porosity than that of
animal feedstock [36–38]. As far as authors are aware, there is a lack of systematic study that
investigates the extent of biochar effect on WHC of soils with varying grain size distribution. It is di�cult
to interpret the extent or e�ciency of biochar on WHC of soils from literature due to high variability in
testing conditions such as instrumentation, climate and type of biochar. 

Arti�cial Neural Network (ANN) has proved to be an alternative technique for analysing material
behaviour from limited experimental results [1, 2, 39–41]. Many studies have reported using the ANN to
study soil properties [42, 43]. ANNs are based on a learning technique that imitates the biological learning
process occurring in the brain and presents a robust way to predict responses from a dataset [44,
45]. Vasu et al. (2016) [46] used ANN to estimate soil-water characteristic curve (SWCC) for Korea's
weathered soil using Fredlund and Xing equation. Zainal and Fadhil (2018) [47] determined SWCC by
ANN using properties like air entry point and residual degree of saturation. Similarly, Johari and
Hooshmand (2015) [48] used gene expression programming to predict SWCC. Johari and Javadi
(2011) [49] used clay and silt contents along with void ratio, gravitational water content and suction and
estimated SWCC using the ANN technique. Hence, ANN technique can serve as an important tool for
developing models and analysing soil behaviour. 

This study aims to investigate the e�ciency of biochar in affecting the WHC of soils with varying grain
size distribution. Database of SWCCs of soils with and without biochar amendment was systematically
established. ANN models were developed based on an established data set. Models were developed as a
function of parameters such as percentages of biochar amendment, clay, sand and a new factor (the
ratio of �ne (silt +clay) and coarse (sand) content).

Materials And Methodology
2.1 Test Procedure

Measured data was collected from the literature [12, 31, 50–53] are used in this study. Soils from these
studies varied from sandy to silty clay and pure clay. Sand content, clay content and silt content vary
from 58% – 98%, 0% – 20% and 2% – 37%, respectively. Biochar amendment varies from 0% to 15%.
Biochars were obtained from different feedstocks types such as Water hyacinth, Peanut shell and Dairy
Manure. Detail of biochar type and production was given in one of the studies [50]. The biomass had a
lignocellulosic nature with 46% cellulose content and 21% hemicellulose. The procedure prescribed
by Gogoi et al. (2017) [54] was adopted for the production of biochar. The biomass was cut into small
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pieces of 30 mm – 50 mm. The temperature of the pyrolysis process was maintained at 300°C - 500°C
for 45 minutes as per the optimum conditions for water hyacinth species [55]. The biochar produced was
cut using an automatic crusher and sieved through a 2 mm sieve. After achieving the desired torrefaction
temperature required for biochar production, the sample was removed and subjected to further analysis.
The procedure for establishing soil-water characteristic curve varies among the above studies. Studies
[50–52] have established SWCCs using simultaneous measurements of volumetric water content and
soil matric suction in a 1-D column set up, which contains compacted soil-biochar composite. Wong et al.
(2016) [12] utilized the vapour equilibrium technique to measure SWCC of compacted kaolin clay
amended with different biochar percentages. 

For preparing the dataset for the training of models, the volumetric water content of the soils was
normalized with their maximum water content (i.e., to establish Normalized water content (NWC). NWC is
de�ned as per the following equation: 

 This is done to minimize any �uctuations in the data caused due to variation in soil types, soil density,
instrumentation type etc. Future studies need to be conducted to establish full-scale SWCCs for various
soil types using the same set of instrumentation and testing conditions (i.e., soil density and soil type). 

2.2 ANN Procedure

Arti�cial Neural Network (ANN) is a learning algorithm that implicitly describes the nonlinear and complex
relationship between input data and output results [39, 56]. In the present study, the commercially
available STATISTICA, version 12 software was used. To develop the model seven input parameters viz.
soil suction, biochar content, sand content, silt content, clay content, �ne content (silt and clay) and the
ratio of �ne content to sand content were used. Corresponding to these seven parameters, normalized
water content was predicted using two hidden layers in the ANN architecture. Figure 1 presents a
�owchart that shows a methodology used for the implementation and Figure 2 illustrates the three-layer
ANN architecture.

Results And Discussion
3.1 Comparison between measured and predicted results

The number of soil samples used in the study was 23. Corresponding to these samples, 794 data points
were obtained from the literature. These data points were divided in the ratio of 80:20 for training and
testing, respectively. Figure 3 shows a comparison is drawn between the measured and the predicted
output. The SWCC is plotted between normalized water content and soil suction. The proposed model's
coe�cient of determination (R2) and Mean Absolute Percentage Deviation (MAPD) calculations are
conducted using the following equation: 



Page 6/20

Where Mi = Measured Value, Pi is the Predicted Value, and n is the number of observations.

The R2 value was found to be 0.7109. It is observed that measured and predicted NWC follow a trend,
indicating accuracy (in terms of R2) of the prediction of NWC. The error percentage as calculated by
MAPD was reported to be 13.76%. 

In order to further visualize the predictive ability of the model, estimated SWCCs for three particular soils
at different biochar contents of 0%, 5% and 10% were compared with the measured ones in �gures 4 (a),
(b) and (c), respectively. It should be noted that only a few selected plots have been used for comparison.
This has been done based on the availability of complete data of grain size distribution and also reported
SWCCs at different biochar contents (0%, 5% and 10%). For each measured SWCC, three predictions were
made to analyse the in�uence of variation in individual silt, and clay contents as in literature, only total
�ne (silt and clay) content was available. It is evident from the �gures that the results of water content
obtained from measured and predicted SWCC’s are comparable. 

3.2 In�uence of clay and silt content on SWCC of soils amended with biochar at different contents

Figures 5 (a) and (b) show the biochar effectiveness on SWCCs of soil with different silt and clay content.
Analyses were conducted by keeping the ratio of �ne to coarse content (0.667), �ne (silt and clay of 40%)
and sand content (60%) constant. Clay was varied from 0% to 10%. Correspondingly, silt varied from 40%
to 30%.  The in�uence of silt and clay content on SWCCs was analysed for two different biochar
percentages (i.e., 3% and 10%), as shown in �gures 5 (a) and (b), respectively. 

As observed in �gure 5 (a), NWC reduced from 0.9 to 0.65, with an increase in suction for clay contents up
to 6%. NWC of 0.65 represents normalized water content corresponding to the drier part of the soil.
However, for clay content of 6%, minimum NWC reduced further up to 0.35. At 6% clay content, the
change in normalized water content at the wetter side of SWCC is still insigni�cant. This seems to
suggest that with a constant biochar content of 3%, the e�ciency (change) of biochar to affect SWCC
seems to reduce with an increase in clay content at 6%. The possible reason could be that the amount of
smaller size of pores is enhanced with an increase in clay content beyond this optimal amount. Any
further addition of �ner biochar may not be signi�cant since the existing smaller pores of clay will instead
engulf biochar particles. Such pore-�lling mechanism effects have also been discussed in the literature
(Duarte et al., 2019). For clay content above 8% or above, a signi�cant reduction in NWC is also observed
in the wetter side of SWCC. It suggests that for higher clay contents, any effect of biochar may not be
signi�cant on the drier or wetter side of SWCC. 

The trend of SWCCs for soils at a biochar content of 10% appears to be similar to that of 3%. However,
some changes are observed in SWCCs when biochar content is increased to 10%. The threshold clay
content beyond which reduction in NWC takes place increased from 6% (biochar content of 3%) to 8%
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(biochar content of 10%). It also suggests that at the threshold clay content is higher for soils with a
larger amount of biochar. The implications of these results suggest that any addition of biochars may not
be useful for soils with clay content higher than 6%. This conclusion is obviously dependent on the data
used for training of model and prediction. However, this result suggests an important precaution for
avoiding excessive use of biochar in soils with higher �ne content. 

In a similar manner, the effect of biochar is likely to be lower in soils compacted at higher densities.
Compaction results in a reduction in average pore size. Garg et al. (2021) [52] also conducted series of
experiments to determine the in�uence of biochar on water retention in soils compacted at different
densities. It was found in their study that biochar was found to be more e�cient in soil compacted at 65%
followed by 80% compaction as compared to 95%. The pore-�lling mechanism of biochar in�uences
water holding capacity and hence, plant available water. The optimum biochar percentage addition
makes a biochar soil composite with a higher hydraulic conductivity due to a large and continuous
porous system [57]. 5% biochar addition showed more plant available water than 2.5% [58]. The review
conducted by Edeh et al. (2020) [59] observed that the biochar amendment > 30 t/ha and < 30 t/ha were
feasible for coarse and �ne-grained soils, respectively. 

3.3 In�uence of biochar types on soil with higher sand content 

Figures 6 shows the in�uence of biochar content on SWCCs of soil with higher sand content (i.e., 90%). It
can be observed that with an increase in biochar content, there is a slight increase in NWC of soil at the
wetter side of SWCC. On the other hand, the change in NWC on the drier side of SWCC is insigni�cant with
an increase in biochar content (except for 10%). The observation is different from that of soils with a
relatively higher ratio of �ne to coarse content (refer to �gures 4 (a) and (b)). It was found in �gures 4 (a)
and (b) that the in�uence of biochar is relatively more on the drier side of SWCC than on the wetter side.
There was a threshold clay content, beyond which the effect of biochar was signi�cant on the wet and
dry side of SWCC. It was found in �gure 6 that the presence of excessive biochar (i.e., 10%) can cause a
reduction in NWC. This implies that for soil with very high sand content, there is a relatively high
requirement of biochar content (at least 10%) for causing a signi�cant change in NWC.  Previous studies
revealed the effects of biochar on hydraulic characteristics [32]. Biochar amendment increases the water
retention capacity, which is also in�uenced by biochar feedstock, pyrolysis temperature, pyrolysis
duration and soil types [30]. Arthur et al. (2015) [60] observed an increase in WHC due to biochar at a high
suction range in non-compacted sandy loam soil. 

It can be found from �gure 7 that the ratio of �ne to sand content is the most in�uential parameter
affecting NWC (�gure 7). The ratio of �ne to sand content indirectly in�uences the microstructural
arrangement and hence, water retention capacity. This is followed by sand content, silt content and soil
suction. Interestingly, biochar content seems to be the least important parameter among all. The results
seem to suggest that the ratio of �ne to sand content is an important parameter while determining the
e�ciency of biochar. It should be noted that the conclusions are based on a limited set of data, and any
in�uence of soil compaction and feedstock type of biochar is not taken into account.
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Conclusion
This study aims to analyse the e�ciency of biochar on SWCC of soil with varying grain size distribution.
A new factor (ratio of �ne to sand content) was de�ned to understand the extent of in�uence of biochar
on SWCC. The ANN-based model was found to predict SWCC reasonably well. Based on predictions, it
was found that there is a threshold clay content (6% to 8%) beyond which any effect of biochar becomes
less signi�cant. However, for soils with higher sand content, there is a slight increase in normalized water
content on the wetter side of SWCC with the presence of biochar. A relatively higher amount of biochar
(i.e., 10%) is required for causing changes in the drier side of SWCC for sandy soils. Based on sensitivity
analyses, the ratio of �ne to sand content was also found to be the most important factor causing
changes in NWC. This is because the ratio indirectly in�uences the microstructural arrangement and
hence, soil water retention capacity.

In contrast, biochar content was found to be comparatively least in�uential. It should be noted that the
above conclusions are based on the given set of measured data that was available in the literature.
Further, there is also a lack of enough data of SWCC at the higher range of soil suction and also for
various types of biochar produced from different feedstock types. More systematic studies need to be
conducted to establish full-scale SWCC for soils amended with various types of biochars (i.e., animal-
based and plant-based). 
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Figure 1

Flowchart for ANN modelling
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Figure 2

ANN architecture used for the prediction of normalized water content
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Figure 3

Variation between Predicted Normalized Water Content and Measured Normalized Water Content (R2)
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Figure 4

Comparison of measured and predicted SWCCs corresponding to biochar content of (a) 0%, (b) 5% and
(c) 10%
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Figure 5

Variation of normalized water content and soil suction for at different combinations of clay and silt
contents for biochar content of (a) 3% and (b) 10%
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Figure 6

Variation of NWC and soil suction at different biochar content for soil with higher sand content
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Figure 7

Relative signi�cance of parameters affecting SWCCs


