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Abstract
Purpose The objective of this study was to investigate the influence of apple tree biochar on the soil water retention curve 
(SWRC) of compacted loess, which is increasingly used in man-made earth structures in loess regions. Additionally, we 
aimed to elucidate the underlying mechanisms from both physicochemical and microstructural perspectives and propose 
potential directions for future research.
Materials and method Compacted biochar-amended loess (BAL) specimens with different biochar contents, dry densities 
or molding water contents were prepared, and their SWRCs were determined. Besides, the hydrophilicity, minerals, func-
tional groups, structure and pore-size distribution (PSD) of loess, biochar and BALs were characterized for exploring the 
mechanisms by which biochar modifies the SWRC of loess.
Results and discussion The addition of biochar significantly improves the water retention capacity of compacted loess. With 
the increase of biochar content, both the saturated water content and air-entry value (AEV) increase, and the desaturation 
rate slightly increases. The influence of molding water content and dry density on the SWRC of BAL is similar to that on 
the SWRC of compacted loess.
Conclusions On the one hand, the apple tree biochar studied is highly hydrophilic due to the presence of abundant oxygen-
containing functional groups and negative charges on its surfaces, thus significantly enhancing the soil wettability. On the 
other hand, the biochar addition increases the volume of inter-aggregate pores and changes the type and size of aggregates, 
aggregates with a wide range of sizes are arranged more closely in BAL. Therefore, the soil water retention capacity and 
drainage capacity are improved. This study provides a theoretical basis for the applications of biochar in geotechnical or 
geo-environmental engineering in loess regions, however, further investigations are imperative.

Keywords Biochar-amended loess · Compacted loess · Soil-water retention curve · Pore structure · Hydrophilicity · 
Functional groups

1 Introduction

Global carbon emissions from energy combustion and indus-
trial processes have increased by 50% from 1990 to 2022, 
reaching nearly 321 million tons annually, as reported by 

the International Energy Agency in 2023 (IEA 2023). This 
could exacerbate the global climate change and increase the 
frequency and severity of extreme natural disasters, such 
as typhoons, extreme droughts, torrential rains, mudslides 
and landslides. These events have a detrimental impact on 
both the Earth's ecosystem and people's lives (Park and 
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Kug 2022). In recent years, many countries and organiza-
tions have taken concrete actions to be carbon neutral for 
climate change mitigation and sustainable development (e.g., 
Mallapaty 2020; Williams et al. 2021; Huovila et al. 2022). 
Biochar is a carbon-rich solid material obtained by pyrolyz-
ing (or gasifying, torrefying, carbonizing) biomass (such 
as woodchips, crop residues, animal manures and sewage 
sludges) at a high temperature (300 – 1000 ℃) under low 
or anoxic conditions (Lehmann and Joseph 2015) (Fig. 1). 
Because of its biomass feedstock, biochar has a high car-
bon content of up to 60% (Lehmann and Joseph 2015). It 
was also reported that biochar exhibits greater persistence 
than its feedstock due to the specific molecular configu-
ration (strongly bonded carbon atoms) (Edeh et al. 2020) 
and thus has a longer half-life (over 100 years). Therefore, 
biochar has been used as a sustainable soil amendment to 
increase the organic carbon, organic matter or humus content 
of soil, helping achieve carbon sequestration, enhance soil 
nutrients and increase crop yields (Chen et al. 2019) (Fig. 1). 
In addition, the light weight and porous structure of biochar 
resulting from its unique processing technology enable it to 
be used for mitigating environmental risks such as munici-
pal wastewater treatment and improving soil properties in 
man-made earth structures. As this lightweight, granular 
and porous solid material is gradually introduced into soil, 
increasing attention has been paid to the soils amended with 

biochar. The physicochemical properties such as specific 
gravity and pH (e.g., Abel et al. 2013; Gul et al. 2015; Garg 
et al. 2021), hydraulic properties such as water retention 
capacity and permeability (e.g., Jeffery et al. 2015; Wong 
et al. 2018; Liu et al. 2022), mechanical properties such as 
shear strength and compressibility (e.g., Reddy et al. 2015; 
Zong et al. 2016; Hussain and Ravi 2022) of various bio-
char-amended soils were examined by scholars from differ-
ent fields (Fig. 1).

Biochar is generally considered to have a porous struc-
ture, low specific gravity, large specific surface area (SSA), 
high cation exchange capacity (CEC), and abundant surface 
functional groups (Wang and Wang 2019; Chen et al. 2019). 
In fact, the physicochemical properties of biochar are influ-
enced by its feedstock (e.g., type, structure, and contents of 
hemicellulose, cellulose, and lignin in biomass) and pyroly-
sis condition (e.g., pyrolysis temperature, heating rate and 
heating time) (Lehmann 2007; Hussain et al. 2020a; Anand 
et al. 2022). For example, wood-based biochar has a more 
porous structure, lower specific gravity, and higher SSA 
compared to manure/biosolid-based biochar (Tomczyk et al. 
2020); while manure/biosolid-based biochar generally has a 
higher ash content, pH, and CEC compared to crop waste- 
and wood-based biochar (Yuan et al. 2011). The pyrolysis 
temperature can have a significant influence on the struc-
ture and wettability (hydrophilicity or hydrophobicity) of 

Fig. 1  Production, properties, and applications of biochar
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biochar. As the pyrolysis temperature increases, aliphatic 
functional groups are volatilized and lost (Novak et  al. 
2009; Yuan et al. 2011; Chintala et al. 2014; Gul et al. 
2015), resulting in a more porous structure and increased 
hydrophilicity (Bansal et al. 1988; Al-wabel et al. 2013); 
concurrently, the aromaticity of biochar is also increased, 
which increases the hydrophobicity of biochar. The wettabil-
ity of biochar depends on the relative changes in functional 
groups and aromaticity (Lian et al. 2011; Lu et al. 2023). In 
summary, the properties of biochar pyrolyzed from diverse 
feedstocks or at diverse temperatures can vary dramatically; 
these properties, including the SSA, ionic and mineral com-
position, specific gravity, pH, CEC, and surface functional 
groups, affect the interaction between biochar and soil. As 
a result, the engineering properties of biochar-amended soil 
are influenced (Uzoma et al. 2011; Igalavithana et al. 2017; 
Tomczyk et al. 2020; Zhang et al. 2021).

Reaching a consensus on the influence of biochar on 
the water retention capacity of soil is probably impossible, 
mainly owing to the diverse nature of biochar and soil (Lu 
et al. 2023). It can be summarized into two groups (biochar-  
and soil-related) and most factors within each group are 
interdependent (e.g., Ippolito et al. 2020; Zhang et al. 2021; 
Alghamdi et al. 2020; Gluba et al. 2021). Thus, four factors 
can mainly be dependent on, namely, 1) soil type, particle 
size or density, which indicates the composition and struc-
ture of soil, 2) specific gravity or SSA of biochar, which 
indicates the porosity, structure and ash content of biochar, 
3) wettability of soil and biochar, the former one varies with 
soil type and properties (e.g., the water, clay and organic 
matter content, pH, the presence of fungal mycelium and 
others), the latter one depends on the relative quantity of 
hydrophobic and hydrophilic functional groups and aroma-
ticity, 4) suction level. A summary of recent studies on the 
soil-water retention curve (SWRC) of biochar-amended soil 
is presented in Table S1 in the supplement. It shows that 
biochar generally improves the water retention capacity and 
increases the saturated water content of sandy soil (which 
has been extensively studied, e.g., Abel et al. 2013; Sun and 
Lu 2014; Jeffery et al. 2015; Suliman et al. 2017; Hussain  
et al. 2020b; Chen et al. 2022a), while has little effect on the 
water retention capacity of silty soil (Ouyang et al. 2013; 
Mao et  al. 2019), and even reduces the water retention 
capacity of clayey soil (Sun and Lu 2014; Kameyama et al. 
2016). The water retention capacity of sandy soil was also 
reported to be reduced by biochar. For instance, Suliman 
et al. (2017) found that pine wood biochar improved the 
water retention capacity of a sandy soil, whereas pine bark 
biochar decreased its water retention capacity. The influ-
ences are opposite because pine wood biochar is hydrophilic, 
whereas pine bark biochar is hydrophobic. This indicates 
that although wood-based biochar provides additional spaces 
for retaining water and reduces the average pore size, the 

wettability of biochar plays a crucial role in influencing 
the SWRC. Another example is peanut shell biochar, which 
has been reported to enhance the water retention capacity 
of both silty sand (Ni et al. 2018; Chen et al. 2022b) and 
kaolin (Wong et al. 2017, 2022). In addition, the influence 
of biochar on the SWRC may vary with the suction level. 
To be specific, the soil water retention capacity could be 
improved in the high suction range when micropores are 
increased due to biochar application, while the improvement 
could be observed in the low suction range when macropores 
are increased. However, peanut shell biochar was observed 
to increase the water retention capacity of kaolin in both 
the low suction range (< 1000 kPa) and high suction range 
(48.49 – 124.56 MPa) (Wong et al. 2017, 2022). Similar 
results were obtained for water hyacinth biochar, which was 
reported to increase the water retention capacity of silty sand 
in both the low suction range (< 3000 kPa) (Hussain et al. 
2020b) and high suction range (10 – 100 MPa) (Huang et al. 
2021). Therefore, we consider the wettability of biochar, as 
well as the difference in the particle or pore size between 
biochar and soil to be responsible; and the difference in wet-
tability or hydrophilicity between soil and biochar largely 
determines the biochar-induced modifications of the SWRC.

Research on the hydraulic properties of biochar-amended 
soil is still in its early stages, especially for loess soils. 
Firstly, most related studies aimed at the soil tillability and 
plant growth, with particular attention given to determining 
the soil moisture at low suctions, such as the field capac-
ity and wilting point since the amount of water available 
for plants is concerned (e.g., Ouyang et al. 2013; Sun and 
Lu 2014; Castellini et al. 2015; Kameyama et al. 2016; 
Rasa et al. 2018). However, soils may experience extreme 
droughts and produce high suctions in practice, especially 
in geotechnical or geo-environmental engineering (such as 
landfill covers, engineered slopes and embankments), the 
water retention and associated mechanical behavior (e.g., 
desiccation cracking) are therefore of great significance 
(e.g., Bordoloi et al. 2018; Lu et al. 2021). Besides, the 
SWRC used for modeling the seepage is always obtained 
by fitting many measured data points with a known math-
ematical equation, the number of data points and measure-
ment range of suction undoubtedly influence the accuracy 
of SWRC in numerical calculation (Zapata et al. 2000; Li 
et al. 2018). Secondly, biochar has already been used in geo-
technical or geo-environmental engineering, such as landfill 
covers and man-made filled slopes, because it can enhance 
plant growth and alleviate cracking (Chen et al. 2016, 2018; 
Ng et al. 2022). Whereas, there is a lack of studies focusing 
on biochar-amended loess (BAL) under high compaction 
conditions, despite the fact that engineered slopes and other 
man-made earth structures often require such conditions. 
This limits the potential applications of biochar in geotech-
nical or geo-environmental engineering in loess regions. 
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Therefore, a comprehensive understanding of the SWRC of 
densely compacted BAL is urgently needed, which will serve 
as a theoretical basis for the applications of biochar in geo-
technical or geo-environmental engineering in loess regions.

In this study, the SWRC of compacted BAL was inves-
tigated. Besides, the hydrophilicity, minerals, functional 
groups, structure and pore-size distribution (PSD) of loess, 
biochar and BALs were characterized to gain a deep and 
comprehensive insight into the mechanisms by which bio-
char modifies the SWRC of loess. Our hypothesis is that bio-
char can increase the water retention capacity of compacted 
loess since its porous structure provides additional spaces 
for water retention.

2  Materials and methods

2.1  Materials

The loess tested was collected from Binzhou, Shaanxi, 
China at a depth of 4–6 m below the ground, and its physi-
cal properties measured using intact block samples follow-
ing relevant ASTM standards are summarized in Table 1. 
The liquid limit and plasticity index are 27.81% and 11.55, 
it can be classified as a low plastic clay (CL) according 
to the Unified Soil Classification System (ASTM 2013).  
The biochar used was purchased from Shaanxi Yixing 
Technology Co., Ltd. and it was produced by pyrolyzing 
apple trees and branches at a temperature of about 550 °C.  
This biochar was selected because the apple tree plant-
ing area in the Loess Plateau, which has been maintained 
at about 20,000 hectares in the past 10 years, accounts for 
55.2% of the total apple tree planting area in China (China 
Statistical Yearbook 2020). Increasing planting area, pruning 
and other agricultural activities generate a large amount of 
waste (i.e., apple trees and branches) that can provide abun-
dant raw materials for the production of biochar. Undoubt-
edly, converting these agricultural wastes into biochar and 
returning them to loess soils for both agricultural and geo-
environmental purposes is an effective approach to sustain-
able development. Basic physicochemical properties of the 
biochar derived from apple trees are listed in Table 2.

The air-dried loess was screened with a 2 mm sieve and 
the biochar was screened with a 0.5 mm sieve, and then both 
were dried at 105 ℃ for 24 h. After both materials were 
cooled to the room temperature, the biochar and loess were 
removed from the oven and mixed with different mass ratios 
of biochar to loess (i.e., biochar content, 0%, 5%, 10%, 20%). 
These contents were chosen because the biochar content was 
less than 20% in almost all of the studies related to biochar-
amended soils (e.g., Wong et al. 2017, 2022; Zhang et al. 
2020; Hewage et al. 2023). The Atterberg limits of biochar-
loess mixtures were measured, as summarized in Table 3 
(where, BAL is short for biochar-amended loess; C denotes 
the biochar content, i.e., mass ratio of biochar to loess). It 
can be seen that with the increase of biochar content, both 
the plastic limit and liquid limit of biochar-loess mixture 
are increased, and the plasticity index exhibits an increase 
upon the addition of biochar, while showing little varia-
tion as the biochar content is further increased. In addition, 
the compaction curves of loess and biochar-loess mixtures 
were determined by conducting Standard Proctor Compac-
tion tests (ASTM D698-12 2012), as shown in Fig. 2a. The 
optimum water content is increased while the maximum dry 
density is decreased in response to the addition of biochar, 
as summarized in Table 3.

2.2  Specimen preparation

Compacted specimens were used for the SWRC characteri-
zation, the graphical depiction of the step-by-step procedure 
for specimen preparation can be found in Fig. 3. Firstly, the 
soil blocks extracted in the field were crushed, ground, air-
dried and screened with a 2 mm sieve; and the purchased 
biochar was screened with a 0.5 mm sieve. Both materials 
(loess and biochar) were oven-dried. Then, the soils were 
divided into parts and each part was mixed with a certain 
amount of biochar to achieve a predetermined mass ratio 
of biochar to loess (i.e., 0%, 5%, 10%, or 20%); the mix-
ture was fully stirred until the color became uniform (the 
loess is buff-colored and the biochar is dark). After that, a 
certain amount of distilled water was sprayed onto the mix-
ture to reach the desired molding water content (i.e., mass 
ratio of water to solid particles, 14%, 18%, or 22%). The wet 
mixtures were sealed in plastic bags and stored in humid 

Table 1  Physical properties of the loess studied

Physical property Value

In-situ density (g/cm3) 1.37
Specific gravity, Gs 2.68
Plastic limit, wp (%) 16.26
Liquid limit, wL (%) 27.81
Plasticity index, PI 11.55
Optimum water content (%) 18.00
Maximum dry density (g/cm3) 1.63

Table 2  Physicochemical properties of the purchased biochar

Property Value Source

pH 9.52 Li et al. (2020a)
Ash content (%) 13.16 Li et al. (2020a)
Organic C(g/kg) 467.47 Li et al. (2020a)
C/N 82.30 Han et al. (2022)
SSA(m2/kg) 1.05 Li et al. (2020a)
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chambers for at least 72 h for water equalization. Finally, 
each mixture was compacted statically using a self-designed 
specimen preparation equipment to reach the dry density of 
1.4 g/cm3, 1.5 g/cm3, or 1.6 g/cm3. A total of 72 BAL speci-
mens were prepared for the SWRC measurement using the 
axis translation technique, they had different biochar con-
tents (BCs) or molding water contents (MWCs) or dry densi-
ties (DDs), and were 1 cm in height and 4 cm in diameter, as 
shown in Fig. 3. Each specimen has its duplicates.

2.3  SWRC measurement

A 15-bar pressure plate extractor was used for the measure-
ment of SWRC, as shown in Fig. 3. Once the BAL speci-
mens were prepared, they were saturated, weighed, and 
placed onto the pre-saturated ceramic disk in the pressure 
chamber with a wet filter paper beneath each specimen. 
Then, an air pressure regulated by the pressure control sys-
tem was applied to the chamber to achieve a predetermined 

Table 3  Physical properties of 
BALs

Specimen Specific gravity
Gs

Plastic 
limit wp 
(%)

Liquid 
limit wL 
(%)

Plasticity index
PI

Optimum 
water content 
(%)

Maximum dry 
density (g/cm3)

Loess 2.68 16.26 27.81 11.55 18.00 1.67
BAL-C5 2.58 18.30 33.54 15.24 20.00 1.61
BAL-C10 2.57 19.19 34.34 15.15 21.64 1.53
BAL-C20 2.55 22.11 37.86 15.75 28.00 1.36

Fig. 2  Physicochemical properties of biochar, loess and BALs: a compaction curves, b variation of contact angle, c FTIR spectra and d XRD spectra
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matric suction (thereafter referred to as suction, equal to 
the air pressure applied to the specimens since the water 
phase is connected to the atmosphere, i.e., axis transla-
tion technique), in order to desaturate the BAL specimens 
gradually. The air pressures applied to the chamber or 
specimens were successively 1, 3, 6, 10, 25, 50, 75, 100, 
150, 200, 300, 400, 500, 700, 900 and 1100 kPa (Xiao 
et al. 2022). As the air pressure or suction in the chamber 
increased, water drained from the BAL specimens until 
reaching the equilibrium. Under different suction val-
ues, the time required for the equilibrium varied, usually 
between 4 and 14 days. The higher the suction was, the 
longer the time was required. Once the equilibrium was 
achieved under each suction (no water outflowing from 
the chamber or specimens), the BALs were removed from 
the chamber and weighed on a balance with the accuracy 
of 0.0001 g, to determine their gravimetric water contents 
(hereafter referred to as water contents).

During the test, since specimen was removed from the 
pressure plate extractor and weighed on a balance once the 
soil moisture reached the equilibrium, the solid mass of the 
specimen would change if the specimen was taken to the 
balance and then put back to the extractor a dozen times. For 
example, a very small amount of soil particles would remain 
on the filter paper which was placed beneath the specimen, 
especially at high degrees of saturation, or on the tray of 
balance during weighing. Moreover, saturating specimen 
under the vacuum condition before the SWRC measurement 

would result in a loss of solid mass, especially at high bio-
char contents. In the test, the specimen was weighed under 
each suction to compute the mass of water discharged by 
the specimen. After the test, the specimen was oven-dried 
to determine the mass of solid particles and water content 
of the specimen under final suction. We compared the solid 
mass after the test with that of the as-compacted specimen 
and found the difference was less than 1.0 g. So, the average 
of two values was regarded as the mass of solid particles, 
and water content of the specimen under each suction was 
obtained by dividing the corresponding amount of water dis-
charged from the specimen by the mass of solid particles. 
In a word, it was more convenient to express the SWRCs in 
terms of gravimetric water content, and the measured gravi-
metric water content can be converted into volumetric water 
content without considering any change in soil volume.

2.4  Microstructural characterization

The prepared BAL specimens were freeze-dried prior to the 
microstructural characterization using either MIP or SEM, 
to minimize the structural disturbance during the drying 
process (Romero et al. 1999). After that, the freeze-dried 
BAL specimens were cut into cubes with an appropriate size, 
1 × 1 × 2  cm3. An AutoPore IV 9500 porosimeter was used 
to characterize the pore-size distribution (PSD) of BAL. The 
porosimeter is capable of exerting a pressure ranging between 
0.5 and 60,000 psi on mercury, causing it to intrude into 

Fig. 3  Specimen preparation for various tests



1109Journal of Soils and Sediments (2024) 24:1103–1123 

1 3

the pores progressively, from the larger to the smaller, as 
the pressure increases progressively. According to the law 
of capillarity, the pores with an entrance diameter between 
3 nm and 360 µm were detectable (Washburn 1921). Besides, 
the BAL specimens were directly observed using a Quanta 
450 scanning electron microscope to analyze their structural 
characteristics, including the size of particles or aggregates, 
contact between particles or aggregates, size and morphology 
of pores, and so on. A freeze-dried 1 × 1 × 2  cm3 specimen 
was fractured at mid-height, and a fresh section was sputter-
coated with platinum (i.e., Pt) before being observed using 
the microscope. Various magnifications and representative 
views were selected for shooting. Figure 4 displays the bio-
char particles in BAL, which have a vascular bundle structure 
(Tan et al. 2015).

2.5  Measurement of surface properties

The hydrophilicity of loess, biochar and BALs were assessed 
by measuring their contact angles, while the functional 
groups of biochar, BALs and loess were identified using the 

Fourier Transform Infrared Spectrometry (FTIR) technique. 
Additionally, their mineral compositions were investigated 
using the X-ray Diffraction (XRD) technique. The results of 
loess, biochar and BALs were used for comparative analy-
sis to examine the potential modifications of surface prop-
erties of loess induced by biochar application, to disclose 
the mechanisms by which biochar influences the SWRC of 
compacted loess.

The contact angle measurements were conducted to char-
acterize the hydrophilicity of loess, biochar and BALs. A 
Dataphysics-OCA20 Optical Contact Angle Meter which 
includes an optical system, a video system and various ana-
lytical software was used. In the test, the process as a 3-μL 
water droplet was dropped onto the sample until it infiltrated 
the sample was recorded, and the contact angle was deter-
mined by the analytical software. Figure 2b illustrates the 
variation of contact angles of loess and BALs with time. The 
material is considered hydrophilic when the initial contact 
angle is less than 90°, otherwise the material is hydropho-
bic (Liu et al. 2022). From Fig. 2b, it can be observed that 
loess, biochar and BALs are hydrophilic since their initial 

Fig. 4  Micrographs of biochar
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contact angles are all less than 90°. The higher the biochar 
content, the smaller the contact angle of BAL. It suggests 
that the addition of biochar enhances the soil hydrophilicity 
and this effect is positively correlated with the amount of 
biochar added. The contact angle of biochar was measured 
and considered to be zero, since when a 3-μL water droplet 
was dropped onto the sample it infiltrated too quickly to be 
captured and quantified by the digital camera of the contact 
angle meter.

The functional groups and minerals on the surfaces of 
solid particles were characterized using the FTIR technique 
(Igalavithana et al. 2017). This technique uses infrared light 
with varying frequencies to illuminate compounds, induc-
ing molecular transitions between vibrational energy levels 
and generating infrared absorption spectra, thereby facili-
tating the identification of functional groups in compounds 
according to the enhancement or attenuation of infrared 
light. The infrared spectra of biochar, BALs and loess at 
the intermediate and far infrared region (4000 – 650  cm−1 
and 650–450  cm−1) are presented in Fig. 2c. For the biochar 
derived from apple trees and branches, the peaks (indicating 
high absorbance) at the wavenumber of 3500 – 4000  cm−1, 
2882 – 2972  cm−1, 1590 – 1610  cm−1 are attributed to -OH, 
C-H and C=C/C=O functional groups, respectively (Han 
et al. 2022). In addition, the peaks at 1445 and 877 cm −1 
are due to the presence of carbonates (Wang et al. 2020; 
Han et al. 2022), and the peaks at 470, 800, and 1031 cm −1 
represent Si-O/Si-O-Si bonds in quartz (Wang et al. 2020; 
Han et al. 2022). Similar results were obtained for loess and 
BALs, which could be attributed to the wrapping of biochar 
with clay partciles in BAL (this will be further discussed 
later). Their spectrums appear to peak at 912 and 3622  cm−1, 
indicating the presence of kaolinite and illite, respectively 
(Wang et al. 2020; Liu et al. 2022).

The XRD technique was utilized to determine the miner-
als in biochar, loess and BALs (Igalavithana et al. 2017). 
This technique enables the identification of multiple crystals 
in materials based on their unique diffraction patterns, as 
each crystal has its unique structure, resulting in a distinc-
tive diffraction pattern (diffraction position θ, diffraction 
intensity I). The diffraction patterns of multiple crystals 
in materials are superimposed without interference in the 
diffraction spectrum. The diffraction intensity of a crystal 
depends on its relative content in the material. According to 
Fig. 2d, the main minerals in loess are quartz, albite, calcite, 
illite and kaolinite. The minerals (inorganic substances) in 
the purchased biochar derived from apple trees and branches 
are mainly calcite, magnesium calcite and quartz (Kim et al. 
2011; Al-Wabel et al. 2013). The XRD spectra of loess and 
BALs are almost identical possibly due to the same reason 
mentioned above; however, slight disparities in the intensi-
ties of specific crystals imply potential differences in their 
contents between loess and BALs.

3  Results and analysis

The SWRCs are presented in terms of gravimetric water con-
tent in this study. It is worth noting that the drying-induced 
volume change under null pressure condition is very small 
for both intact and compacted loess (Ng et al. 2016; Hou 
et al. 2020; Xiao et al. 2022). And biochar was reported to 
play a positive role in alleviating soil shrinkage and cracking 
(Lu et al. 2021; Puspanathan et al. 2022). For these reasons, 
the shrinkage of BAL during drying could also be too small 
to be considered, see Fig. 3.

3.1  SWRCs of the BAL specimens with different 
biochar contents

The SWRCs of the BAL specimens with different biochar 
contents, while the same molding water content and dry den-
sity, are summarized in Fig. 5. It is evident that the SWRCs 
of the biochar-amended specimens are consistently above 
those of the specimens without biochar, which indicates 
that the addition of biochar significantly improves the water 
retention capacity of compacted loess.

Firstly, the saturated water content of BAL increases 
with the increase of biochar content. For example, the satu-
rated water contents of the BAL specimens (with a mold-
ing water content and dry density of 14% and 1.4 g/cm3 
respectively) are 32.6%, 36.5%, 36.9% and 37.9%, respec-
tively, corresponding to the biochar contents of 0%, 5%, 
10% and 20%, as shown in Fig. 5a. The saturated water 
content of the specimen with 10% biochar is a little less 
than that of the specimen with 5% biochar, as shown in 
Fig. 5b, which is probably because the former was not fully 
saturated (all specimens that achieved a degree of satura-
tion not less than 95% were considered to have met the test 
standard). In summary, the addition of biochar can increase 
the saturated water content of compacted loess; the higher 
the biochar content, the larger the saturated water content 
of BAL. Similar results were obtained by Ouyang et al. 
(2013), Hardie et al. (2014) and Yi et al. (2020), who car-
ried out investigations on sandy loams amended with bio-
char derived from various feedstocks (i.e., dairy manures 
pyrolyzed at 700 °C, acacia trees pyrolyzed at 550 °C, yel-
low pine pyrolyzed at 550 °C, and poultry litters pyrolyzed 
at 300 °C). Bordoloi et al. (2018) examined the water reten-
tion capacity of a sandy clay amended with water hyacinth 
biochar, and their results showed a positive relationship 
between the saturated water content and biochar content 
for biochar-amended sandy clay. Typically, the saturated 
water content of a soil specimen can be calculated from the 
specific gravity and known dry density, according to the 
mass-volume relationship of soil. According to wsat = 1/ρd 
-1/Gs, the saturated water content, wsat, will decrease with 
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Fig. 5  SWRCs of the BAL specimens with different biochar contents 
(W denotes the molding water content, %; D denotes the dry density, g/
cm3; C denotes the biochar content, %; AEV is the air-entry value. With 

the increase of biochar content, the saturated water content increases, 
the AEV increases, and the desaturation rate slightly increases)
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the increase of biochar content, which is obviously differ-
ent from the measured data. This is because unlike soil par-
ticles, biochar particles are porous, and the mass-volume 
relationship of soil cannot be used to calculate the saturated 
water content of BAL.

Secondly, the AEV of BAL increases with the increase 
of biochar content. It is shown in Fig. 5a, at the biochar 
contents of 0%, 5%, 10% and 20%, the corresponding AEVs 
are 6.9 kPa, 9.4 kPa, 12.1 kPa and 15.4 kPa, respectively. 
That could be because the incorporation of biochar reduces 
the size of inter-aggregate pores in compacted specimen. 
The pore-size distribution curves (PSDs) of these specimens 
(which will be presented and elucidated in detail in the dis-
cussion) show that the dominant diameter of inter-aggregate  
pores in BAL decreases with the increase of biochar con-
tent. In the studies by Ouyang et al. (2013), Mollinedo et al. 
(2015), Rasa et al. (2018) and Hussain et al. (2020b), the 
SWRCs of various biochar-amended soils (sandy loam 
amended with animal manure biochar, corn straw biochar, 
and switchgrass biochar; silty sand amended with water hya-
cinth biochar and mesquite biochar; silty clay amended with 
animal manure biochar; clay amended with willow biochar) 
were compared with those of untreated soils. And it was 
found that the addition of biochar increased the AEV of soil. 
In addition, Chen et al. (2022b) measured the SWRCs of 
a silty sand amended with peanut shell biochar at varying 
contents (i.e., 0%, 10% and 20%) during drying and wet-
ting processes. The results suggested that both the AEV and 
air-occlusion value (AOV) of biochar-amended silty sand 
were increased in response to an increase in biochar con-
tent. However, Wong et al. (2022) determined the SWRC 
of a kaolin amended with peanut shell biochar through the 
column test (i.e., transient profile method), and found that 
the influence of biochar on the AEV was not clear. A study 
by Chen et al. (2022a) on a loess amended with coconut 
shell biochar showed that the addition of biochar reduced 
the AEV of loess, which differs from the results of this study 
and may be attributed to variations in the type or wettability 
of biochar (hydrophilic or hydrophobic).

Finally, the addition of biochar affects the slope of the 
SWRC in the transition zone; with the increase of bio-
char content, the slope of the curve in the transition zone 
slightly increases. That is, the desaturation rate of loess is 
raised, because soil desaturation mainly occurs in the transi-
tion zone (Fredlund et al. 2012). As depicted in Fig. 5, the 
SWRC of BAL gradually becomes steeper as the biochar 
content increases from 0 to 20%. This is consistent with 
the observation of Lei and Zhang (2013), Andrenelli et al. 
(2016) and Alghamdi et al. (2020), which can also be attrib-
uted to the porosity of biochar. It can be observed from the 
micrographs (Fig. 4) that the size of intra-particle pores of 
biochar is a few microns to dozens of microns, which is 
close to the size of inter-aggregate pores in compacted loess 

(Xiao et al. 2022; Li et al. 2023). Therefore, in the transition 
zone (the stage at which inter-aggregate pores desaturate), 
water retained in biochar pores is discharged due to suc-
tion increase. In response to the same suction increase, the 
larger the content of biochar, the larger the amount of water 
drained from BAL and the higher the desaturation rate.

3.2  SWRCs of the BAL specimens with different 
molding water contents or dry densities

The SWRCs of the compacted specimens with different 
dry densities (1.4 g/cm3, 1.5 g/cm3 and 1.6 g/cm3), while 
the same molding water content and biochar content, are 
summarized in Fig. 6. It can be seen that at the same mold-
ing water content and biochar content, the influence of dry 
density is mainly on the saturated water content and AEV; 
the larger the dry density of specimen, the smaller the satu-
rated water content and the larger the AEV. This is in line 
with the mainstream view since particles are packed more 
closely with the increase in dry density (Xiao et al. 2022; Xu 
et al. 2023a, b). For example, similar findings were reported 
by Jiang et al. (2017) and Hou et al. (2020) for compacted 
sandy loess, and by Xiao et al. (2022) for compacted clayey 
loess. However, Wong et al. (2017) reported that the satu-
rated water content increased in response to the increase in 
compaction degree for biochar-amended kaolin. Moreover, 
the addition of biochar intensifies the impact of dry density 
on the AEV. For example, the AEVs of the compacted speci-
mens without biochar with the dry densities of 1.4, 1.5 and 
1.6 g/cm3 are 6.1 kPa, 6.8 kPa, and 7.9 kPa, respectively, as 
depicted in Fig. 6a. After the addition of biochar, the dif-
ference in AEV resulting from the variation of dry density 
increases. The AEVs of the specimens with 10% biochar 
are 6 kPa, 12 kPa and 18 kPa, respectively, corresponding 
to the dry densities of 1.4, 1.5 and 1.6 g/cm3 (Fig. 6c); the 
AEVs are 12 kPa, 28 kPa and 34 kPa, respectively, when 
20% biochar was added (Fig. 6d). In addition, a study by 
Xiao et al. (2022) presented that the SWRCs in terms of 
gravimetric water content of compacted loess specimens 
with different dry densities were basically coincident when 
suction was greater than 30 kPa. That is to say, dry den-
sity had little influence on the dehydration of compacted 
loess when suction was greater than 30 kPa. It is shown 
in Fig. 6, at the same molding water content and biochar 
content, the SWRCs of the compacted specimens with dif-
ferent dry densities also tend to coincide. In other words, 
as suction increases, the impact of dry density on the water 
retention capacity of BAL weakens and may disappear as 
suction reaches a critical value. This critical suction for BAL 
seems larger than that of the specimens without biochar. 
For example, this suction for the specimens with a low bio-
char content (e.g., 0%, 5%) is about 100 kPa (Fig. 6a, b), 
and exceeds 100 kPa for the specimens with a high biochar 
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Fig. 6  SWRCs of the BAL specimens with different dry densities (W 
denotes the molding water content, %; D denotes the dry density, g/cm3;  
C denotes the biochar content, %; AEV is the air-entry value. The influ-

ence of dry density is mainly on the saturated water content and AEV, and 
the addition of biochar intensifies the impact of dry density on the AEV)
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content (e.g., 20%) (Fig. 6f). In Figs. 6c, d, this suction 
may be much greater because there remain obvious differ-
ences among the curves within the range of measurement 
(0–1000 kPa). A study by Wong et al. (2017) on peanut 
shell biochar-amended kaolin also showed that the differ-
ence in water content was less than 1% among the speci-
mens with different dry densities in the high suction range 
(48.49–124.56 MPa).

Figure 7 displays the SWRCs of the compacted specimens 
with different molding water contents, while the same dry 
density and biochar content. The results of Xiao et al. (2022) 
indicate that different molding water contents can result 
in different AEVs and desaturation rates for compacted 
loess, specifically, the AEV and slope in the transition zone 
decrease with the increase of molding water content. They 
interpreted that molding water content has a control on the 
size of particles or aggregates in compacted loess, thus 
controlling the size of inter-aggregate pores. The specimen 
molded at a higher water content has smaller aggregates, as 
well as smaller inter-aggregate pores, in comparison to the 
specimen molded at a lower water content. In consequence, 
the former specimen has a lower rate of desaturation, or a 
flatter slope in the transition zone, and a higher AEV, than 
the latter. It is shown in Fig. 6, molding water content has a 
similar influence on the SWRC of BAL; that is, at a given 
dry density, the AEV of BAL decreases a little with an 
increase in molding water content. For instance, as molding 
water content increases from 14 to 22%, the AEV of BAL 
with 10% biochar decreases from 23.5 kPa to 14.2 kPa at the 
dry density of 1.6 g/cm3 (Fig. 6c); the AEV of BAL with 
20% biochar decreases from 33.0 kPa to 20.8 kPa (Fig. 6f). 
With an increase in molding water content, the slope of the 
SWRC in the transition zone decreases, meaning that the 
desaturation of BAL slows down. It should be noted that for 
the compacted specimens with the same dry density and bio-
char content, their SWRCs intersect at a suction between 20 
and 50 kPa in the transition section. Molding water content 
has an impact on the SWRC of BAL, which is essentially on 
the PSD of BAL (Xiao et al. 2022).

4  Discussion

According to the results summarized above, the biochar-
induced modifications of the SWRC of compacted loess are 
mainly on the saturated water content, AEV and desatura-
tion rate. The direct influence of biochar on the water reten-
tion behavior of compacted loess mainly comes from two 
aspects. On the one hand, the physicochemical properties of 
biochar differ from those of loess, including the organic mat-
ter content and surface properties (i.e., surface charges and 
functional groups). On the other hand, biochar particles have 
a porous structure. Both can directly result in differences in 

the structure, physical, hydraulic and mechanical properties 
between BAL and natural loess (compacted loess). The indi-
rect influence of biochar is that it might promote the micro-
bial biomass, activity and diversity in soil as a carbon source. 
This may lead to the occurrence of bio-cementations (organic 
binding agents) and biological voids in soil, thereby resulting 
in changes in the soil structure and mechanical properties 
(Palansooriya et al. 2019; Kocsis et al. 2022). However, the 
indirect effect of biochar may only be evident under appropri-
ate environmental conditions, such as humidity, temperature, 
oxygen level, pH and so on. Therefore, this study focuses 
on discussing the direct effects induced by the above two 
aspects, and the indirect effects of biochar are not considered.

4.1  Influence of biochar on the wettability of loess

Biochar is composed of organic matter or organic carbon 
(aromatic carbon, aliphatic carbon, etc.) and inorganic mat-
ter or ash (mainly refer to minerals, such as carbonates and 
phosphates, etc.) (Xu et al. 2017). The apple tree biochar 
used in the present study was found to contain about 47% 
organic carbon (Li et al. 2020a). The physicochemical prop-
erties of biochar are controlled by the organic matter it con-
tains (Lee et al. 2010; Xu et al. 2017). The functional groups, 
refer to atoms or atomic groups that have a control on the 
physicochemical properties of organic compounds, thus gov-
ern the properties of biochar. The functional groups may be 
hydrophilic or hydrophobic. For example, oxygen-containing  
functional groups (e.g., carboxyl, hydroxyl, and aldehyde 
groups) have a similar structure to water molecules (charge 
polarity) and are capable of forming hydrogen bonds with 
them (Vander Spoel et al. 2006; Das and Sarmah 2015;  
Suliman et al. 2017). However, aliphatic functional groups 
(e.g., -CH) and aromatic functional groups (e.g., C–C) are 
nonpolar in structure, and thus hydrophobic (Fan et  al. 
2022). The type and quantity of functional groups on the 
surfaces of biochar particles determine its wettability. From 
the FTIR spectrums (Fig. 2c), the surface functional groups 
of apple tree biochar are mainly phenolic hydroxyl groups 
(-OH) and carbonyl groups (C=O), which are hydrophilic 
functional groups. This explains why the measured contact 
angles of biochar and BALs are less than 90°, as shown in 
Fig. 2b. Both the loess and biochar studied are hydrophilic, 
and the biochar is more hydrophilic since its initial con-
tact angle is close to zero; the addition of biochar enhances 
the hydrophilicity of loess, i.e., the contact angle of BAL 
reduces more dramatically with an increase in biochar con-
tent. Suliman et al. (2017) once investigated the correlation 
between the water retention capacity of biochar-amended 
soil and the presence of oxygen-containing functional 
groups in biochar. They found that after the oxidation treat-
ment (heating biochar in air at 250 °C), oxygen-containing 
functional groups (such as carboxyl, phenolic hydroxyl, 
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Fig. 7  SWRCs of the BAL specimens with different molding water 
contents (W denotes the molding water content, %; D denotes the dry 
density, g/cm3; C denotes the biochar content, %; AEV is the air-entry 

value. With an increase in molding water content, the AEV of BAL 
decreases a little and the desaturation in the transition zone slows down)
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and carbonyl groups) on the surfaces of biochar could reach 
75.34% of the total amount of functional groups. The hydro-
philicity of biochar was enhanced, and the water retention 
capacity of sand amended with oxidized biochar was sig-
nificantly improved compared to that of sand amended with 
unoxidized biochar. In addition, the influence of biochar is 
associated with the organic matter content and hydrophilic-
ity of soil. For example, Mao et al. (2019) compared the 
water retention capacities of black soil, loess and red soil 
amended with plant tissue biochar and dairy manure biochar 
with that of their duplicates without biochar. The addition of 
biochar (both plant tissue biochar and dairy manure biochar) 
was found to only improve the water retention capacity of 
loess and red soil, which have a low organic carbon content 
and are hydrophilic, while had little impact on the water 
retention capacity of black soil which has a high organic 
carbon content and is hydrophobic.

The surfaces of biochar particles could be both nega-
tively charged and positively charged due to the dissocia-
tion and protonation of functional groups, with the quantity 
of charges depending on the environmental pH. As per He 
et al. (2022), the  pHpzc (the pH at the point of zero charge, 
positive and negative charges are balanced) of apple tree 
biochar is about 3.3. This means when the environmental 
pH exceeds 3.3, the dissociation of functional groups is 
dominated, and the particles of apple tree biochar are thus 
negatively charged. Generally, a greater difference between 
the environmental pH and  pHpzc leads to a higher degree of 
dissociation of functional groups, as well as a larger density 
of negative charges on the biochar particle surfaces. Under 
normal conditions, apple tree biochar is negatively charged 
in loess, which is attributed not only to the pH of loess (var-
ies between 7.0 and 8.1, according to He et al. 2022), but 
also to the pH of apple tree biochar (9.52, see Table 2; as 
per Zhao et al. 2015; Tan et al. 2020). Both pHs are much 
higher than the  pHpzc of apple tree biochar, suggesting that 
the surface functional groups of biochar are highly dissoci-
ated. Biochar particles possess abundant negative charges on 
their surfaces, which attract water molecules by electrostatic 
attraction, like clay particles. Therefore, the water retention 
capacity of compacted loess is improved as a result of the 
addition of apple tree biochar.

4.2  Influence of biochar on the structure 
of compacted loess

On the one hand, unlike soil particles, biochar particles are 
porous. Apple tree (pumila Mill) is a vascular plant, like 
most terrestrial plants such as trees, shrubs and herbs. Water 
and nutrients transport from roots to other parts of the plant, 
such as stems and leaves, through the vascular system that 
is composed of xylem and phloem. Such a structure ben-
efits the long-distance transport of fluids in the plant (Lucas 

et al. 2013), and could be preserved during pyrolysis (see 
Fig. 4). Numerous tubular pores with diameters exceeding 
10 μm have been observed in other wood-based biochar 
(e.g., Lin et al. 2012; Hyväluoma et al. 2018). Sun and Lu 
(2014) measured the PSDs of straw biochar and woodchip 
biochar using MIP and suggested that around 35% of the 
total porosity of straw biochar is contributed by the pores 
with entrance diameters > 75 μm, followed by the 0.1 – 5 μm 
class (≈ 25%), and the 5 – 30 μm class (≈ 22%), while the 
PSD of woodchip biochar appeared to be bimodal with two 
peaks at 4 – 5 μm and around 8 μm (see Fig. 8a). Rasa 
et al. (2018) and Turunen et al. (2020) characterized the 
pore structure of biochar particle derived from various plant 
biomass (e.g., willow, hemp hurd, and mixed wood) using 
micro-CT, and quantified the morphological characteristics 
of intra-particle pores of biochar by image processing. They 
found that the diameters of intra-particle pores of all three 
biochars were concentrated in the range of 2–12 μm, with 
a dominant diameter close to 7–9 μm (as shown in Fig. 8a). 
The discrepancy between the results of MIP and micro-CT 
mainly stems from the limitations of each technique. Spe-
cifically, MIP quantifies the PSD of a compacted biochar 
specimen (a number of stacked biochar particles, > 1  cm3 
in volume), thus, it is likely that the large pores (> 20 μm 
pores) are pores between biochar particles rather than intra-
particle pores. In contrast, micro-CT is limited by the image 
resolution although all the pores detected are intra-aggregate 
pores, those with sizes smaller than the image resolution 
(0.568 μm in their studies) cannot be identified currently. 
Moreover, the pore diameter determined by micro-CT refers 
to the equivalent sphere diameter, which is the diameter of 
an equivalent sphere with the same volume as that of the 
three-dimensional pore. Whereas, MIP assumes that the 
three-dimensional pore is cylindrical and determines its 
diameter (i.e., the entrance diameter) following the Laplace’s 
capillary law. Therefore, both diameters cannot accurately 
represent the size of a three-dimensional pore, which is also 
variable due to the irregular shape of pores in natural mate-
rials. The combined use of these two techniques may lead 
to a more accurate understanding of the size distribution of 
intra-particle pores of biochar. In the present study, we also 
measured the PSD of apple tree biochar using MIP, as shown 
in Fig. 8b. The large pores (> 20 μm diameter) are prob-
ably inter-particle pores resulting from particle arrangement, 
whereas it can be confirmed that the size of intra-particle 
pores of biochar mainly falls in the range of 0.5–10 μm. 
The pores in BAL were categorized into three groups based 
on the MIP-determined pore diameter, and the volume ratio 
of each group was calculated and summarized in Fig. 8d. 
The addition of biochar is demonstrated to increase the 
pore density within the range of 0.5 – 10 μm, which further 
increases with an increase in biochar content, i.e., 33.8%, 
50.9%, 55.39% and 65.36% corresponding to the biochar 
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contents of 0%, 5%, 10% and 20%, respectively. Therefore, 
apple tree biochar particles are porous and have good pore 
connectivity (Rasa et al. 2018; Lu and Zong 2018). Such a 
structure allows biochar particles to store or drain water. In 
compacted loess, the diameter delimiting inter-aggregate and 

intra-aggregate pores varies with the grain-size distribution 
(GSD) and method used to determine the PSD, and ranges 
between 0.1 and 3 μm (Ng et al. 2016; Li et al. 2020b; Xiao 
et al. 2022). In that case, most intra-particle pores of biochar 
have sizes larger than the delimiting diameter of compacted 

Fig. 8  a–c PSDs of various biochar and BAS specimens; d volume ratios of different pore groups in BAL specimens (CD means the compaction 
degree, BAS is short for biochar-amended soil)
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loess, suggesting that these pores may belong to the family 
of inter-aggregate pores in BAL. In other words, the incor-
poration of biochar could potentially alter the PSD of inter-
aggregate pores of compacted loess. This is evidenced by the 
PSDs of the BAL specimens, as shown in Figs. 8b, c. That 
is to say, the volume of inter-aggregate pores is increased 
due to the biochar addition, thereby leading to significant 
modifications to the soil water retention and drainage behav-
ior (Fig. 5). In summary, wood-based biochar particles are 
porous in nature, with vascular bundles featuring large sizes 
ranging from 0.5 to 10 μm. The addition of biochar greatly 
changes the PSD, resulting in an increase in the density 
or volume of large pores (inter-aggregate pores), thereby 
enhancing the soil water retention capacity (saturated water 
content) and drainage capacity (rate of desaturation in the 
transition zone) (Sun and Lu 2014; Liu et al. 2016).

It should be stated that some intra-particle pores of bio-
char (with large sizes) may be filled with fine soil parti-
cles when fully mixed and compacted (Wong et al. 2017; 
Vijayaraghavan 2021; Liu et al. 2022). If the biochar pores 
are mostly filled with fine soil particles, the impact of bio-
char’s macroporosity on the soil PSD and SWRC may be 
diminished due to the reduced pore connectivity. However, 
under such a condition, the density increase in BAL may 
not fall in the range of 0.5–10 μm (the size range of bio-
char pores), which deviates from the experimental finding. 
For this reason, the biochar pores were not be fully filled 
with soil particles. The micrographs also reveal that the 
biochar pores were partially filled with a small number 
of fine particles (Fig. 4d); the PSDs indicate that the most 
significant increase in the pore-size density occurs within 
0.5–10 μm in the BAL specimens (Figs. 8b, c), by around 
20–32% (Fig. 8d), and the pores smaller than this range are 
largely unaffected (by around 2%) (Fig. 8d). In summary, the 
porous structure of apple tree biochar provides more water 
retention spaces and drainage channels in amended loess 
compared to natural loess. Therefore, under any suction, the 
water contents of the BAL specimens are higher than those 
of untreated loess specimens, and the drainage rates in the 
transition stage of the BAL specimens are larger than those 
of untreated loess specimens.

On the other hand, the addition of biochar changes the 
type and size of aggregates in compacted loess, which in 
turn affects the pore structure of compacted loess. As men-
tioned above, oxygen-containing functional groups on the 
surfaces of biochar particles can provide or accept hydro-
gen ions for the formation of hydrogen bonds; so, biochar 
particles may attract clay particles through hydrogen bonds 
and electrostatic attraction. It can be observed from Fig. 9a, 
b that a substantial quantity of clay particles is adsorbed 
onto the surfaces of biochar particles. Meanwhile, there is a 
large quantity of anionic charges on the surfaces of biochar 
particles, which enables them to adsorb cations and water 

molecules. For these reasons, organic-inorganic complexes 
could be formed via cationic bridging or through the shar-
ing of bound water films (Fig. 9a, b). Some scholars have 
discussed the interaction between biochar particles and soil 
minerals. For example, Keiluweit and Kleber (2009) and 
Joseph et al. (2010) proposed that the interaction between 
biochar particles and clay minerals is similar to that between 
organic matter and clay minerals, and the main inter- 
particle forces are van der Waals attraction, hydrogen bond-
ing, electrostatic attraction, and cation bridging, e.g.,  Fe3+, 
 Al2+. These forces are related to the type of clay mineral 
and surface properties of biochar (e.g., type and quantity 
of functional groups) (Yang et al. 2016). In a word, biochar 
and mineral particles can form organic-inorganic complexes 
through van der Waals attraction, electrostatic attraction, 
cation bridging and hydrogen bonding; these complexes 
serve as an important type of aggregate in biochar-amended 
soil (Kleber et al. 2007; Keiluweit and Kleber 2009; Joseph 
et al. 2010). From Fig. 9c, e, we can clearly see that most 
aggregates in untreated loess specimens are silt aggregates, 
while the BAL specimens contain many complexes formed 
by clays wrapping biochar particles (Fig. 9d, f). That is to 
say, aggregate remains the fundamental element of the BAL 
structure, while the type of aggregate differs from that in 
compacted loess. Moreover, BAL and untreated loess have 
different sizes of aggregates. In comparison to untreated 
loess, the sizes of silt and clay aggregates in BAL are 
smaller, while the size of organic-inorganic complexes is 
much larger, see Fig. 9e, f. This is because the addition of 
biochar affects the occurrence of clay particles and hinders 
the formation of silt aggregates. In this case, aggregates with 
a wide range of sizes are arranged more closely in BAL. 
This explains the test results that there are fewer large pores 
(i.e., > 20 μm) in the BAL specimens compared to the speci-
men without biochar, despite having the same dry density 
(see Fig. 8c).

4.3  Significance, limitations and future perspectives

The present study investigated the water retention behavior 
of BAL in order to explore its potential applications in geo-
technical or geo-environmental engineering in loess regions, 
the main contributions and innovations can be summarized 
into two aspects. 1) This study aimed at compacted BAL 
with high degrees of compaction since engineered slopes, 
embankments, and landfill covers often require high com-
paction conditions. This could fill a knowledge gap in cur-
rent research that studies on densely compacted BAL are 
quite lacking, and most related studies aimed at the nutrient 
availability, water availability, plant growth, soil tillabil-
ity and soil remediation (Han et al. 2016; Su et al. 2019; 
Luo et al. 2020). However, biochar has been recognized as 
a promising soil amendment for enhancing soil properties 
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such as alleviating cracking and retaining water. And it is 
currently used in man-made earth structures where the soils, 
unlike loose planting soils, are typically compacted to high 
degrees of compaction (Wong et al. 2017; Ng et al. 2022; 
Guo et al. 2023). Additionally, the SWRCs of BALs with 
various biochar contents were examined over a wide range 
of suction, as engineered soils may experience extreme 

droughts and produce high suctions in practice. 2) This study 
presents a comprehensive analysis of the underlying mecha-
nisms by which biochar influences the SWRC of compacted 
loess by altering its surface properties and structure. The 
fundamental data and detailed interpretations presented can 
help fully understand how specific properties of biochar can 
have a control over the water retention capacity of BAL, 

Fig. 9  Micrographs of the BAL specimens
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as both biochar- and soil-related factors can influence the 
properties of biochar-amended soil.

However, our study also has limitations. 1) The shrinkage 
of compacted BAL during drying for measuring the SWRC 
was not considered in this study. 2) The suction range is not 
wide enough as it can be seen from Figs. 5, 6 and 7 that the 
boundary effect zone and transition zone of BALs during 
the desaturation were only concerned. Due to these limita-
tions and knowledge gaps in research on biochar applica-
tions in geotechnical or geo-environmental engineering in 
loess regions, several perspectives could be proposed for our 
future research. First of all, further investigation could be 
conducted on the effects of biochar derived from different 
types of feedstocks, such as woodchips, crop residues, animal 
manures, sewage sludges, grasses and biosolids, as feedstock 
and pyrolysis process have a significant impact on the phys-
icochemical properties of biochar. Then, more hydraulic and 
mechanical properties of compacted BAL with high degrees 
of compaction could be examined, such as permeability, 
compressibility, shear strength, tensile strength, and volume 
change behavior, since they are important for evaluating engi-
neered soils. Actually, we also performed some mechanical 
tests on compacted BALs (with different compaction degrees, 
biochar contents, etc.), such as triaxial tests, unconfined com-
pression tests, and infiltrations tests, which will be presented 
and discussed in another paper due to the space limitation. 
Moreover, it is imperative to conduct more comprehensive 
and rigorous experimental investigations on the water reten-
tion behavior of compacted BAL. Specifically, careful con-
sideration should be given to the volume change during dry-
ing or wetting of compacted BAL, and further examination 
of its SWRC over a wider range of suction is warranted. And 
constitutive equations for modelling the SWRC of compacted 
BAL could be proposed, which can take into account the 
biochar-induced modifications to the soil hydrophilicity and 
pore structure. Last but not least, investigations on the long-
term effects of biochar are imperative since biochar, as a car-
bon source, will inevitably interact with soil microorganisms 
(microbial decomposition) and plants, even if it is wrapped 
with fine particles in soil. In that case, the temporal variation 
of biochar influence holds great significance for geotechni-
cal or geo-environmental applications. In addition, revealing 
the potential environmental implications associated with the 
applications of biochar in geotechnical or geo-environmental 
engineering is of importance.

5  Conclusions

In this study, the influence of biochar on the water retention 
behavior of loess was investigated and a comprehensive and 
detailed analysis of the underlying mechanisms was provided. 

Additionally, several perspectives were proposed for future 
research. Several important conclusions can be drawn.

The addition of biochar significantly improves the water 
retention capacity of compacted loess. With the increase of 
biochar content, the saturated water content increases, the 
AEV increases, and the desaturation rate slightly increases. 
The influence of dry density is mainly on the saturated water 
content and AEV, and the addition of biochar intensifies the 
impact of dry density on the AEV. The influence of molding 
water content on the SWRC of BAL is similar to that on the 
SWRC of compacted loess.

The effects of biochar can primarily be attributed to the 
modifications induced by biochar on the physicochemical 
properties and structure of loess. On the one hand, the apple 
tress biochar studied is highly hydrophilic due to the pres-
ence of abundant oxygen-containing functional groups and 
negative charges on its surfaces, thus significantly enhancing 
the soil wettability. On the other hand, the biochar addition 
increases the volume of inter-aggregate pores and changes 
the type and size of aggregates, aggregates with a wide range 
of sizes are arranged more closely in BAL, therefore, the soil 
water retention capacity and drainage capacity are improved.

This study provides a theoretical basis for the applica-
tions of biochar in geotechnical or geo-environmental engi-
neering in loess regions, however, further investigations are 
imperative, including: 1) examining the effects of biochar 
derived from various types of feedstocks on loess; 2) inves-
tigating the hydraulic and mechanical properties of BAL 
under high compaction conditions; 3) studying the water 
retention behavior of compacted BAL in depth; 4) exploring 
the temporal variation of the biochar influence.
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