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Abstract
Biochar is an eco-friendly material that is potentially used in earthworks to prevent stability and serviceability problems 
under extreme scenarios. This study aims to examine the effects of biochar amended on water infiltration and evaporation 
under extreme climate. A series of numerical analyzes were conducted to observe the response of pore water pressure (PWP) 
to extreme climate variation with an application of biochar composition. Moreover, an analysis of variance (ANOVA) has 
been performed to investigate the effect of biochar on soil water holding capacity at a low suction range. According to the 
result, biochar amended can maintain the fluctuation of PWP due to wetting and drying processes under extreme climate 
scenarios. This is due to the fact that the finer particles of biochar may clog large soil pores, reducing the water infiltration 
rate. Moreover, the addition of biochar can increase water retention capacity at low matric suction ranges, which can prevent 
flooding during extreme wet conditions. Further to this, the addition of biochar to the soil can maintain PWP fluctuation at 
the near surface area under extreme climate, preventing soil desiccation cracks.
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Introduction

Water infiltration and evaporation are the main factors 
that should be taken into account in embankment stability 
and serviceability analysis. It is widely known that water 
infiltration can cause stability issues in numerous earth-
works, including embankments and cut fills (Fredlund and 
Rahardjo 1993; Ranjan and Rao 2000; Briggs et al. 2019). 

The infiltration may reduce soil strength as a result of the 
increase in pore water pressure (PWP), leading to slope insta-
bility (Briggs et al. 2013; Lees et al. 2013; Apriyono et al. 
2023). Moreover, the cycle of water infiltration and evapora-
tion during seasonal variation can lead to the fluctuation of 
PWP (Chen et al. 2022a, 2023a; Dong et al. 2023). The larger 
range of PWP fluctuation has a significant impact on slope 
serviceability, triggering progressive failure (Leroueil 2001; 
Smethurst et al. 2006; Glendinning et al. 2014). Further to 
this, extreme climate as a result of climate change is undeni-
able and will exacerbate stability and serviceability issues. 
Recently, Zeng et al. (2020) and Cheng et al. (2021) stated 
that prolonged drought can increase the water infiltration rate 
due to the attendance of the cracks. Likewise, evaporation 
can also rise during extreme drought conditions through the 
occurrence of desiccation cracks (Cui et al. 2014; Song and 
Cui 2020). Given the aforementioned issues, it is of utmost 
importance to explore environmentally-friendly solutions for 
controlling water infiltration and evaporation to effectively 
prevent earthworks stability problems.

Biochar, a substance derived from biomass (such as pea-
nut shells, wheat straw, and wood chips) through heating in 
a low-oxygen environment, is commonly used to address 
soil and environmental issues due to its unique properties 
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and numerous beneficial effects on soil and surrounding eco-
systems (Lehmann and Joseph 2009). In the field of agri-
culture, biochar can lead stimulation of growth, activity, 
and metabolic efficiency of the microbial biomass, includ-
ing plant symbionts (George et al. 2012). Moreover, due to 
its ability to absorb and reduce methane emissions through 
microbial methane oxidation and immobilize certain pollut-
ants and heavy metals in the soil, biochar can be employed 
as a final cover in landfills (Shang et al. 2013; Yu et al. 
2013; Wong et al. 2017). In terms of physical properties, 
incorporating biochar into soil mixtures can enhance water 
retention capacity and hydraulic conductivity owing to its 
porosity (Wong et al. 2017; Chen et al. 2020, 2023b; Garg 
et al. 2021). Moreover, regarding Razzaghi et al. (2020) and 
Wang et al. (2022), biochar amended soil mixtures can sig-
nificantly reduce water infiltration capacity. It can be attrib-
uted to the high surface area and pores of biochar, permit-
ting it to be first filled up before the gravitational moisture 
percolates down. Furthermore, the finer particles of biochar 
can clog the large soil pores, resulting in pore blockage and 
thus reducing water infiltration rate. Further to this, the use 
of biochar as a soil improvement led to a decrease in evapo-
ration (Feng et al. 2023). This reduction can be attributed to 
biochar's porous structure, which enhances the capacity for 
capillary water retention in soil voids, thereby improving the 
soil's resistance to evaporation.

To date, the majority of research has focused on the effect 
of biochar addition on crop soil water infiltration in arid and 
semiarid locations (Abrol et al. 2016; Novak et al. 2016; 
Ibrahim et al. 2017). In their research, loosely compacted 
soil was used in association with the requirement of soil res-
piration for plant growth (Passioura 2002; Kamchoom et al. 
2022). In the context of earthwork, several researchers stud-
ied the effect of biochar on embankment. Due to its light-
weight and moisture-retentive properties, biochar-amended 
soil has the potential to enhance earthwork stability, par-
ticularly in embankments (Lagmago 2021; Hussain and 
Ravi 2022; Ramezanzadeh et al. 2023). Hussain and Ravi 
(2022) stated that biochar-amendment soil decreased the dry 
unit weight. Moreover, the biochar-amended soil improved 
plant roots, thus increasing slope stability (Ng et al. 2017; 
Kamchoom and Leung 2018). Recently, Chen et al. (2022b) 
proposed that biochar-amended soil could potentially serve 
as landfill cover in waste disposal systems. Based on their 
research, the application of biochar can reduce the thick-
ness of soil cover, leading to a decrease in water infiltration 
and percolation. Regarding Ramezanzadeh et al. (2023), the 
application of biochar amended soil has a great contribution 
in enhancing the definite range of aggregation formation. 
However, the addition of biochar can reduce soil compac-
tion, hence decreasing shear strength. Based on Lagmago 
(2021), sand-biochar mixtures are potentially used as fill 
material for roadways with respect to satisfactory drainage 

properties. Since the increment in biochar composition is 
not promising to enhance the physical properties of soils, it 
is necessary to find a balance between the consumption of 
biochar and its effect on soil–water retention. To date, there 
is limited research on the application of biochar to prevent 
serviceability problems in earthworks, particularly under 
extreme climate variations. Given that the embankment will 
undergo wetting and drying cycles, additional studies are 
needed to investigate the behavior of biochar-amended soils 
in response to seasonal variations.

The objective of this study is to investigate the water 
infiltration and evaporation of biochar-amended soil (BAS) 
under extreme climate scenario variation. In order to con-
duct this investigation, three variations of biochar composi-
tion (0, 10, and 20%) were observed. Moreover, excessive 
rainfall and drought based on the worst Thailand climate 
scenario (RCP 8.5) in the near future (2030) and far future 
(2060) were implemented in this simulation. The current 
climate condition was also applied in the simulation for 
comparison purposes. A finite element model was used to 
investigate transient seepage analysis. Water infiltration rate 
and evaporation have been subjected in the model in relation 
to biochar composition and climate scenarios. Moreover, 
PWP along the depth was also investigated in this study with 
respect to biochar composition and climate variation. This 
research is expected to provide a better knowledge of the 
use of BAS to prevent stability and serviceability problems 
of earthwork, particularly under extreme climate scenarios.

Methodology

Model geometry

To obtain the research aim, a numerical study was simulated 
considering an experimental model which was conducted by 
Chen et al. (2022a). In their research, a soil column with a 
diameter of 0.28 m, and a height of 0.7 m was generated to 
study water infiltration in BAS. Accordingly, axisymmet-
ric idealization was used in this simulation, measuring the 
radius of 0.14 m and the height of 0.7 m as illustrated in 
Fig. 1. The height of the model was determined from the 
commonly-used thickness of landfill cover, ranging between 
0.45 and 1.2 m (Albright et al. 2006). Moreover, to facilitate 
the investigation, four observation points were determined 
in the model, located at the depths of 0.05, 0.25, 0.45, and 
0.65 m, representing near surface area, two points of middle 
area and the deepest depth. Following this, since one dimen-
sional axisymmetric idealization was used in this analysis, 
the width of the model has been set as minimum as pos-
sible hindering lateral behavior distraction. Furthermore, 
this study simulated three variations of BAS composition, 
namely B0, B10, and B20, representing biochar composition 
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of 0, 10, and 20%. Regarding Jin et al. (2016), the addition 
of 10 or 20% biochar suggests the possibility of interaction 
between biochar and soil components and/or the influence 
of biochar oxidation.

Material properties

The biochar utilized in this investigation was purchased in 
China from Shangqiu Sanli New Energy Co., Ltd. It was 
generated by slow pyrolysis from agricultural waste (spe-
cifically, peanut shell) with a heating rate of 5–10 °C min−1 
maintained at that temperature for 30–40 min, or until 500 °C 
was reached. In order to extract biochar with a particle 
size smaller than 0.25 mm, it was ground to pass through 
a 0.25 mm sieve. To eliminate any residual moisture and 
ensure precise mass fractions, all test materials (silty sand 
and peanut shell biochar) were dried in an oven at 105 °C 
for a duration of 24 h. The soil utilized in the simulation was 
fully decomposed granite (CDG), which was commonly used 
as building material in Thailand, China, and other countries. 
Soil properties in this study were obtained from laboratory 
tests, performed by Chen et al. (2022a). The soil was clas-
sified as silty-sand (SM) consisting of sand (57.4%), silt 
(27.6%), and clay (15%), based on The Unified Soil Classifi-
cation System (USCS). In addition, the biochar used in this 
study was ground to pass through a 0.25 mm sieve, result-
ing in biochar with a particle size smaller than 0.25 mm. 

Considering ASTM D854-14 (2003), biochar composition 
of 0, 10, and 20% resulted from specific gravity of 2.62, 
2.56, and 2.51, respectively. Due to the lower dry density of 
biochar particles compared to soil particles, an increase in 
biochar application resulted in a decrease in specific gravity. 
Specifically, biochar applications of 0, 10, and 20% led to 
maximum dry densities of 1.66, 1.48, and 1.43 g/cm3, respec-
tively. However, the corresponding optimum water content 
was increased as more pores from biochar were presented in 
the BAS. Regarding the mercury intrusion porosimeter test 
result, compared to biochar 0%, the total pore volume was 
increased by about 15 and 40% as the biochar application of 
10 and 20% respectively. Moreover, the application of bio-
char transformed the saturated hydraulic conductivity (Ksat) 
of soil. Regarding Chen et al. (2022a), the addition of biochar 
of 10% and 20% decreased the value of Ks by about 41.9% 
(7.17–7 m/s) and 48.9% (5.67–7 m/s) respectively, compared 
to bare soil (1.24–6 m/s).

To conduct transient seepage analysis, the soil water 
retention curve (SWRC) and hydraulic conductivity function 
(HCF) were required. Accordingly, the correlation between 
soil suction and volumetric water content (VWC) was used 
to generate SWRC. In this research, both drying and wetting 
SWRC were deployed which were obtained from laboratory 
experiments, conducted by Chen et al. (2022a). Measured 
SWRC data were fitted using the Genuchten model (Van 
Genuchten 1980), following Eq. (1). Equation (2) was then 
used to predict HCF based on SWRC and saturated hydraulic 
conductivity. Measured and fitted SWRC during the wet-
ting and drying process based on experimental data can be 
depicted in Fig. 2.

where θ is VWC (%), θs is saturated VWC (%), θr is residual 
VWC (%), ψ is matrix suction and a, n, m is curve fitting 
parameters.

where Kw is unsaturated hydraulic conductivity (m/sec).
It can be seen in Fig. 2 that SWRC varied in accordance 

with BAS composition. Moreover, the wetting and drying 
process resulted in a subtle SWRC pattern, represented in 
Fig. 2a and b respectively. Figure 2 shows that wetting SWRC 
tend to have lower saturated and residual VWC, as well as 
steeper slope gradient, compared to drying part. With bio-
char application rates of 10 and 20%, the saturated water 
content increased by approximately 2.5 and 4%, respectively. 
The increase in water content was proportional to the rise in 
porosity. With a larger pore volume and greater surface area, 

(1)� = �r +
(�s − �r)

((1 + a�)
n
)
m ,

(2)Kw = Ksat
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)
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n
)
m

2

,

Fig. 1   Model Geometry
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a higher biochar application rate enhances its water absorp-
tion capabilities during infiltration, thereby increasing its 
water-holding capacity (Uzoma et al. 2011). On the other 
hand, the impact of biochar composition on the air-entry 
values and absorption curves was found to be limited. This 
suggests that the size and distribution of pores in the biochar-
amended soil (BAS) remained largely unchanged compared 
to the bare soil sample. As a result, the alterations in air-entry 
values and absorption curves were negligible. The experi-
mental measurements were fitted with the van Genuchten 
model and subsequently utilized in the numerical modeling.

Boundary condition

No flow boundary was set on the right and left sides of the 
model, representing an impermeable wall of the column. 

Moreover, the review boundary was situated at the bottom of 
the model (i.e., seepage boundary during rainfall and no flow 
boundary during evaporation). Further to this, the model was 
subjected to rainfall and evaporation to represent the wet 
and dry seasons. The Green-Ampt (GA) infiltration method 
was used (Green and Ampt 1911) to calculate the water flux 
boundary with regard to precipitation. According to Cui and 
Zhu (2017) the GA model is more commonly used in many 
applications as it considers more physical parameters such 
as saturated hydraulic conductivity (Ksat), PWP, and VWC, 
thus resulting in better accuracy, compared to other mod-
els. However, the measurement of Ksat should be performed 
prior to the calculation. The infiltration rate and cumulative 
infiltration depth can be calculated using Eqs. (3) and (4). It 
should be noted that the GA parameter was obtained from 
a laboratory experiment, conducted by Chen et al. (2022a). 

Fig. 2   SWRC (a) Drying (b) 
Wetting
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In addition, the Penman method (Penman 1948) was used 
to calculate evaporation based on Thailand climate data 
as can depicted in Eq. (5). Based on Allen et al. (1998), 
since Penman method uses standard climatological records 
of solar radiation (daylight), air temperature, humidity and 
wind speed this method is more relatively convenient to 
determine evaporation value, rather than field measurement 
experiment. However, this model is less accurate than that 
direct evaporation test such as pan evaporation.

 where f(t) is infiltration rate (mm/sec), t is time (sec), ψ is 
suction head (mm), and Δθ deficit of VWC.

where PET is Potential Evaporation (mm/day), Rn is Net 
Radiation (MJ/m2day), G is Soil heat flux density (MJ/
m2day), T is Mean daily air temperature at 2 m height (°C), 
u2 is Wind speed at 2 m height (m/sec), es is saturation vapor 
pressure (kPa), ea is actual vapor pressure (kPa), Δ is slope 
vapor pressure curve (kPa/°C), γ is psychrometric constant 
(0.061 kPa/°C).

In terms of the extreme climate scenario, the future pro-
jection of the twenty-first century was calculated based on 
the 1956–2000 data series (Qiao et al. 2021). Moreover, 
considering the alteration of surface air temperature, two 
future periods were defined, representing future climate, i.e., 
near future from 2026 to 2045, and far future from 2041 to 
2060. Based on their study, air temperatures will increase by 
approximately 1.64 and 2.09 °C in the near and far future, 
respectively. Accordingly, three variations of extreme climate 
scenarios were implemented in this study i.e., current cli-
mate, near future (2030), and far future (2060), regarding 
the worst case scenario in Thailand. Since having distinct 
climate conditions, the study of the biochar effect on water 
infiltration and evaporation based on those three climate 
scenarios will provide a profound contribution to this field 
of study. Further to this, rainfall intensity and duration used 
in this research were derived from Thailand intensity dura-
tion frequency (IDF), developed by Yamoat et al. (2022) as 
can be seen in Fig. 3. Pertaining to their research, Thailand 
will be experienced with maximum hourly rainfall intensity 
of 19.2 mm/h for 12 h regarding 100 years return period. 
Considering the same rainfall intensity, 4 and 8-h duration 
of rainfall represented 2 and 10 years return periods respec-
tively. Note that Intensity Duration Frequency (IDF) has been 

(3)F(t) = Ksatt + �Δ�ln

(

1 +
F(t)

�Δ�

)

,

(4)f (t) = Ksat

(

�Δ�

F(t)
+ 1

)

,

(5)PET =
0.408Δ.(Rn − G) + �

900

T+273
u2
(

es − ea
)

Δ + �
(

1 + 0.34u2
) ,

derived based on 30 years (1990–2020) historical data. Fur-
ther to this, based on Shrestha et al. (2017) maximum rainfall 
intensity will increase by about 37.9 and 54.9% in the near 
future (2030) and far future (2060). Therefore, the model will 
be subjected to 27.5 and 31.0 mm/h during extreme near and 
far future scenarios respectively.

In the context of evaporation, weather data was required 
in the calculation with regard to three extreme climate sce-
narios. World Bank Group and The Asian Development 
Bank (2021) reported that the atmospheric condition will 
remarkably change with time, considering the worst climate 
scenario (RCP 8.5). Based on their analysis, the average of 
air temperature was about 32.3, 34.8, and 37.5 °C during 
current, near and far future scenarios. Moreover, the mean 
of air humidity will gradually decrease by approximately 
81.39, 80.39, and 78.39% during current, near and far future 
conditions respectively. In accordance with those atmos-
pheric data, it can be reported that the model was subjected 
to evaporation of 5.08, 5.42, and 5.81 during current, near 
and far future climate scenarios. Those evaporations were 
implemented into the model to simulate drying conditions. 
All of input parameters to calculate water infiltration and 
evaporation can be seen in Table 1.

Analysis procedure

A series of numerical analyzes were done to compare the 
PWP response during rainfall and evaporation events using 
Seep/W. Seep/W is a highly effective finite element mod-
eling software for predicting groundwater flow in a porous 
medium. SEEP/W is capable of simulating both basic satu-
rated steady-state problems and complex saturated/unsatu-
rated transient analyzes with atmospheric interaction at the 
ground surface. Each simulation consists of three stages: (i) 
steady state analysis to determine the initial PWP for each 
model; (ii) transient seepage analysis owing to rainfall; and 

Fig. 3   Thailand intensity duration frequency (After Yamoat et  al. 
(2022))
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(iii) transient seepage analysis due to evaporation through-
out the drying phase. Initial PWP was determined in steady-
state phases based on the PWP value at the commencement 
of the test. To analyze wet conditions, the model was sub-
jected to precipitation for 12 h. The values of PWP were 
observed at the time of 4, 8, and 12 h, representing a return 
period of 2-years, 10-years, and 100-years respectively. Fol-
lowing this, evaporation based on Penman calculation was 
applied in the drying simulation for 144 h. Further to this, 
extreme rainfall and evaporation induced by current, near 
future, and far future extreme climate were also applied to 
the model. Following numerical simulation, Analysis of 
Variance (ANOVA) has been deployed to investigate water 
holding capacity based on SWRC curves. Regarding Sawyer 
(2009), ANOVA is a statistical tool used to detect differences 
between experimental group means. ANOVA is based math-
ematically on linear regression and general linear models that 
quantify the relationship between the dependent variable 
and the independent variable. In this analysis, negative PWP 
(suction) was divided into three range groups, i.e., < 10 kPa, 
10–50 kPa and 51–100 kPa, representing very low, low and 
medium level suction (Pham et al. 2023).

Result and discussion

Effects of biochar on infiltration rate

The value of infiltration rate and cumulative infiltration 
depth over time, based on the GA method can be plotted 
in Fig. 4. The infiltration rate represents the velocity at 
which water enters the soil. Meanwhile, cumulative infil-
tration depth equals the water amount that infiltrated to the 
soil at a specific time. Figure 4a, b and c correspond to the 

calculation result of biochar content 0, 10, and 20%, respec-
tively. Furthermore, the graph also showcases three dis-
tinct climate scenarios: current, near future, and far future. 
Regarding Fig. 4, it becomes apparent that at the beginning 
of rainfall, the water infiltration rate is relatively high due 
to the substantial difference in hydraulic gradient between 
the upper and lower soil layers. Subsequently, the infiltra-
tion rate decreases significantly as the hydraulic gradient 
decreases, eventually reaching a stable condition. Overall, 
it can be inferred that the application of biochar reduces the 
water infiltration rate, consequently diminishing the infiltra-
tion depth. This phenomenon can be attributed to the higher 
porosity of the biochar-amended soil (BAS) column, which 
enables greater water absorption compared to bare soil. In 
the context of the current climate scenario, the application 
of 10% and 20% biochar results in a reduction of water infil-
tration rate by approximately 33.9% (4.35 × 10–7 m/s) and 
42.2% (3.81 × 10–7 m/s) respectively, compared to bare soil 
(6.58 × 10–7 m/s). As such, reducing water infiltration depth 
by about 31.1% (11.2 mm) and 38.5% (13.9 mm) respec-
tively. This is due to the fact that finer particles of biochar 
may clog large soil pore, reducing water infiltration rate 
(Ibrahim et al. 2017). Moreover, regarding Ibrahim et al. 
(2013) biochar can be considered as a biding agent, leading 
to flocculate soil particles to form stable aggregates and thus 
limiting the downward movement of soil water.

Besides, Fig. 4 also shows the infiltration rate of near and 
far future extreme climate scenarios. It can be seen in Fig. 4 
that infiltration rates under future extreme climates tend to 
have a similar pattern to the current climate. However, future 
extreme climate resulted from a higher infiltration rate sig-
nificantly compared to the current climate for all of three 
BAS variations in association with the increase in rainfall 
intensity. Without biochar application, the near and far future 

Table 1   Water infiltration and evaporation parameter

Sample Green Ampt Infiltration Parameter Penman Parameter

Current Climate Current Climate

θe Ks (mm/hr) Se Δθ (%) i (mm/hr) T (°C) Rh (%) Rs (MJ/m2day) γ  (kPa/°C) Δ

B0 0.43 4.46 0.430 1.162 19.20 32.36 81.39 24.08 0.061 0.230
B10 0.44 2.58 0.450 1.169 19.20 32.36 81.39 24.08 0.061 0.230
B20 0.47 2.04 0.460 1.167 19.20 32.36 81.39 24.08 0.061 0.230

Near Future Climate Near Future Climate
B0 0.43 4.46 0.430 1.162 27.50 34.86 80.39 24.27 0.061 0.230
B10 0.44 2.58 0.450 1.169 27.50 34.86 80.39 24.27 0.061 0.230
B20 0.47 2.04 0.460 1.167 27.50 34.86 80.39 24.27 0.061 0.230

Far Future Climate Far Future Climate
B0 0.43 4.46 0.430 1.162 31.00 37.56 78.39 24.32 0.061 0.230
B10 0.44 2.58 0.450 1.169 31.00 37.56 78.39 24.32 0.061 0.230
B20 0.47 2.04 0.460 1.167 31.00 37.56 78.39 24.32 0.061 0.230
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extreme climate will trigger the increase in infiltration rate 
by about 15% (7.57 × 10–7 m/s) and 49% (9.83 × 10–7 m/s), 
compared to the current climate scenario (6.58 × 10–7 m/s). 
On the other hand, the application of biochar 10% and 20% 
can reduce infiltration rate under near future extreme climate 
scenarios by approximately 32% (5.14 × 10–7 m/s) and 40% 
(4.56 × 10–7 m/s) as compared with bare soil (7.57 × 10–7 m/s 
m/s). Likewise, the increasing of biochar composition to 10% 
and 20% can lead to the reduction of water infiltration rate 
by around 31% (6.77 × 10–7 m/s) and 38% (6.10 × 10–7 m/s), 
compared to bare soil column (9.83 × 10–7 m/s) during the 
far future extreme climate. Given the result that the biochar 
amendment can reduce water infiltration, it has the possibil-
ity of providing a more effective design of landfill cover. It is 
due to the fact that the application of biochar as a soil mixture 
can reduce landfill cover thickness, and hence minimizing the 
budget.

The response of PWP due to extreme wet climate 
with biochar variation

Figure 5 illustrates the response of PWP along the depth dur-
ing rainfall with the application of three biochar composi-
tions under three extreme climate scenarios. The fluctuation 
of PWP due to the application of biochar 0, 10, and 20% can 
be depicted in Fig. 5a, b, and c respectively. At the beginning 
of the simulation, the initial PWP was set by about −60 kPa 
following experimental data. As water infiltrated into the 
soil, the PWP along the depth gradually increased. It can 
be seen in Fig. 5 that the PWP at 0.05 m depth jumped to 
near 0 kPa in all variations of biochar composition after 8 h 
of rainfall, under the current climate scenario. The value of 
PWP becomes less fluctuated at the deeper depth in asso-
ciation with water infiltration depth. The current climate 
scenario promoted the increase in PWP up to the depth 
of 0.25 m in bare soil (30%), indicating maximum water 
infiltration depth. Noted that the PWP value at a depth of 
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Fig. 4   Infiltration rate and cumulative infiltration (a) B0 (b) B10 (c) B20
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0.45 m has remained unchanged due to the application of all 
biochar composition under the current climate scenario. On 
the other hand, biochar application of 10% can retain PWP 
value significantly to the depth of 0.25 m (11%). In fact, the 
value of PWP at 0.25 m depth is almost similar after 12 h of 
rainfall with the biochar application of 20%. It indicated that 

the biochar application of 10% and 20% can reduce water 
infiltration depth significantly.

Future extreme climate scenarios triggered remark-
able fluctuation of PWP, compared to the current climate 
as can be depicted in Fig.  5. Without biochar applica-
tion, water infiltrated to the depth of 0.45 m after 12 h of 

(a)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-70 -60 -50 -40 -30 -20 -10 0 10

D
ep

th
 (m

)
Pore water pressure (kPa)

B0-0H-(Current Climate) B0-4H-(Current Climate)
B0-8H-(Current Climate) B0-12H-(Current Climate)
B0-0H-(Near Future) B0-4H-(Near Future)
B0-8H-(Near Future) B0-12H-(Near Future)
B0-0H-(Far Future) B0-4H-(Far Future)
B0-8H-(Far Future) B0-12H-(Far Future)

(b) 

(c) 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-70 -60 -50 -40 -30 -20 -10 0 10

D
ep

th
 (m

)

Pore water pressure (kPa)

B10-0H-(Current Climate) B10-4H-(Current Climate)
B10-8H-(Current Climate) B10-12H-(Current Climate)
B10-0H-(Near Future) B10-4H-(Near Future)
B10-8H-(Near Future) B10-12H-(Near Future)
B10-0H-(Far Future) B10-4H-(Far Future)
B10-8H-(Far Future) B10-12H-(Far Future)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

-70 -60 -50 -40 -30 -20 -10 0 10

D
ep

th
 (m

)

Pore water pressure (kPa)

B20-0H-(Current Climate) B20-4H-(Current Climate)
B20-8H-(Current Climate) B20-12H-(Current Climate)
B20-0H-(Near Future) B20-4H-(Near Future)
B20-8H-(Near Future) B20-12H-(Near Future)
B20-0H-(Far Future) B20-4H-(Far Future)
B20-8H-(Far Future) B20-12H-(Far Future)
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rainfall due to the near future extreme climate, leading to 
the increase in PWP by about 42% (−37.2 kPa). Moreo-
ver, the application of biochar 10% can maintain PWP to 
the depth of 0.45 m, minimizing the increase in PWP by 
approximately 2% (−59.5 kPa). Further to this, the value of 
PWP was unchanged at 0.45 m depth as the application of 
biochar 20% under near future extreme climate scenarios. 
It was substantiated that the addition of biochar 20% can 
prevent water percolation up to the depth of 0.45 m under 
near future extreme climate scenarios. In the context of far 
future extreme climate, rainfall led to an increase in PWP 
value up to the depth of 0.65 m after 12 h of rainfall in bare 
soil (77%). However, the application of biochar 10% and 
20% significantly influenced PWP due to far future extreme 
climate scenarios. It can be indicated from the constant value 
of PWP at the depth of 0.65 m after 12 h of rainfall under 
far future extreme climate with respect to biochar applica-
tion of 10 and 20%. The addition of biochar 10% and 20% 
can promote the increase in PWP by about 61% (−23.4 kPa) 
and 3% (56.2 kPa) respectively at the depth of 0.45 m under 
far future extreme climate. It substantiated that the applica-
tion of biochar 20% can prevent water percolation up to the 
depth of 0.45 m under far future extreme climate scenarios. 
This result is useful for further consideration of soil cover 
thickness in BAS application. Thus, the use of biochar can 
improve the performance of soil covers by decreasing water 
infiltration and enhancing water retention. Further to this, as 
biochar ages, it is incorporated into soil aggregates, protect-
ing the biochar carbon and promoting stabilization (Joseph 
et al. 2021). Moreover, biochar is regarded as a chemically 
and biologically very stable carbon pool and can persist in 
nature for long periods of time (Cheng et al. 2008). Given 
that characteristic, it is evidence that biochar can reduce 
water infiltration of soil in long-term conditions. Based on 
the result, it can be suggested that the application of a 10% 
biochar composition can be effectively used in landfill cov-
ers, measuring 0.45 m in thickness under near future climate. 
Moreover, the same thickness of landfill cover can be resil-
ient in far future climates with the implementation of 20% 
biochar. It should be noted that without biochar application, 
the thickness of landfill cover tends to be higher to prevent 
serviceability problems, promoting an increase in financial 
support.

The response of PWP due to extreme dry climate 
with biochar variation

The responses of PWP during the drying process with the 
variation of biochar composition variation under three climate 
scenarios can be illustrated in Fig. 6. It can be seen in Fig. 6 
that the PWP value was more fluctuated at near surface depth, 
compared to the deeper depth due to the evaporation process. 
With respect to the current climate scenario, soil in the upper 

half of the column was saturated, based on the previous simu-
lation. Following this, PWP decreased after 48 h of evapora-
tion. However, PWP in the lower layer of the column was still 
increased due to the downward infiltration through the column. 
The downward infiltration process stopped after 48 h of evapo-
ration. Moreover, the application of biochar can maintain the 
decrease in PWP as compared with bare soil. Without biochar 
application, PWP dropped by around −188 kPa at a depth 
of 0.25 m under the current climate scenario. At the same 
depth, the application of biochar at 10 and 20% decreased the 
PWP value by approximately −93.5  and −45.75 kPa respec-
tively. It can be attributed to the finer particle of biochar which 
decreased the soil porosity, reducing evaporation area. Regard-
ing Feng et al. (2023) the addition of biochar 10, 30 and 50% 
can decrease evaporation by approximately 9.58, 10.95, and 
4.2%, respectively. As PWP fluctuation during the wetting and 
drying process can trigger progressive failure of the embank-
ment, maintaining PWP is required to prevent serviceability 
problems.

Regarding future extreme climate scenario analysis, the 
noticeable decrease in PWP occurred with the application 
of three biochar variations at near surface depth. Compared 
to the current climate scenario, near and future extreme 
climate promote the decrease in PWP value by about 23% 
(−232 kPa) and 95% (369 kPa) respectively at a depth of 
0.25 m without biochar application. Moreover, the addition 
of biochar composition can also reduce the decrease in PWP 
significantly under extreme scenarios. Under near future 
extreme climate scenarios, the minimum PWP at depth of 
0.25 m was around −164 kPa and −115 kPa with variations 
of biochar application of 10 and 20% respectively. It should 
be noted that the PWP value decreased by around 29 and 
50%, compared to the B0 variation (−232 kPa). In terms of 
far future extreme climate scenarios, evaporation promoted 
the decreasing PWP by approximately −219  and −168 kPa 
due to the addition of biochar 10% and 20% at the depth of 
0.25 m. Figure 6 shows the application of BAS maintained 
PWP value at the lower half of the column under future 
extreme climate scenarios as compared with B0 variation. It 
substantiated that biochar can mitigate PWP under extreme 
drought conditions. Since extreme wet and dry climates 
can promote the fluctuation of PWP to be more significant, 
promoting progressive failure in the future (Anderson and 
Kneale 1980; Smethurst et al. 2006) and even affecting rein-
forcement in soil stabilization structure (Borana et al. 2016, 
2017), the application of biochar amendment is significantly 
important.

Responses of PWP during rainfall at BAS with return 
period variation

Since IDF is an important standard to represent rainfall inten-
sity, the observation of PWP response due to return period 
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variation is required. Figure 7 shows the behavior of PWP 
with return period variation because of biochar composition. 
In detail, the effect of the return period to PWP at the depth 
of 0.25 m due to current climate conditions can be depicted in 
Fig. 7a. In the context of current climate conditions, 10 years 
return period of rainfall can slightly infiltrate to the soil with-
out biochar composition (B0) to the depth of 0.25 m. It can 
be attributed to the increase in PWP by about 3%. Moreover, 
PWP increased significantly (29.9%) due to 100 years return 
period of rainfall. The biochar application of 10% (B10) can 
prevent water infiltration to the depth of 0.25 due to 10 years 

return period of rainfall, regarding the constant value of 
PWP. However, rainfall can infiltrate to the depth of 0.25 m 
because of 100 years of return periods of rainfall. It also can 
be reported from Figure (a) that the biochar application of 
20% (B20) can hinder water infiltration to the depth of 0.25 
due to all of the return period variation.

Since having higher rainfall intensity compared to the 
current climate, near future climate resulted from deeper 
water infiltration depth. Based on the simulation result, rain-
fall can infiltrate to the depth of 0.25 m during 100-years 
of return period in a near future climate with all biochar 
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Fig. 6   Development of pore water pressure (PWP) with depth during drying (a) B0 (b) B10 (c) B20
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composition. To investigate the effect of biochar application 
under near future climate, the correlation between PWP and 
return period variation at the depth of 0.45 m was generated, 
as can be seen in Fig. 7b. Considering Fig. 7b, without bio-
char application, rainfall infiltrated to the depth of 0.45 m 
due to a 10-years return period of rainfall, promoting PWP 
slightly increase by around 3.9%. Moreover, PWP increased 
by approximately 42% under a 100-years return period of 
rainfall. Further to this, regarding Fig. 7b, the biochar appli-
cation of 10 and 20% can maintain water infiltration to the 
depth of 0.45 m due to a 100-years return period of rainfall. 
It can be indicated from the stable value of PWP due to all of 
the return period variations. It substantiated that the biochar 
application of 10% and 20% can prevent water infiltration 
up to the upper half of the model during near future extreme 
climate conditions.

Moreover, the responses of PWP at the depth of 0.45 m 
with the variation of return period under far future extreme cli-
mate conditions can be plotted in Fig. 7c. It can be clearly seen 
from Fig. 7c that far future extreme climate caused the increase 
in PWP significantly for soil without biochar composition. 
Without biochar application, PWP rose by about 9.6% and 
68.2% when the model was subjected to 2-years and 10-years 

return periods of rainfall. Yet, the PWP value jumped to near 
0 kPa as the application of 100-years return period of rainfall. 
Subtle different PWP responses apparently occurred due to the 
application of biochar as can be seen in Fig. 7c. The biochar 
application of 10% can maintain PWP to the depth of 0.45 m 
under 10-years return period of rainfall. However, PWP also 
inclined remarkably by approximately 61.9% under 100-years 
return period of rainfall. Following this, the biochar applica-
tion of 20% can prevent water infiltration up to the depth of 
0.45 under all of the return period variations. With respect to 
the observed result, it can be concluded that the biochar appli-
cation of 10% is sufficient enough to prevent water infiltration 
to the depth of 0.45 due to a 10-years return period of rainfall 
under near future extreme climate conditions. Further to this, 
the biochar application of 20% can maintain water infiltration 
to the depth of 0.45 due to a 100-years return period of rainfall 
under far future extreme climate conditions.

The effect of biochar variation on water holding 
capacity

The correlation between biochar composition and VWC 
for each group of suctions can be depicted in Fig.  8. 
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Fig. 7   Development of pore water pressure (PWP) during rainfall with return period and BAS variation (a) current climate (b) near future cli-
mate (c) far future climate



3658	 Acta Geophysica (2024) 72:3647–3660

Figure 8 exhibits that the application of biochar variation 
resulted in three different groups of water holding capacity 
at very low (< 10 kPa) and low (10–50 kPa) range suction. 
Regarding the probability (P) value (< 0.05), each compo-
sition of biochar tends to have a different range of VWC, 
compared to another biochar variations. It represented 
that the addition of 10 and 20% biochar can significantly 
affect water retention capacity at very low and low suc-
tion ranges. Moreover, it can be reported that the increase 
in water holding capacity at the middle range of suction 
(51–100 kPa) due to the addition of 10 and 20% BAS was 
similar, indicated by the higher P value (> 0.05). It indi-
cated that the addition of 10 and 20% biochar can increase 
water retention capacity at low matric suction range which 
can prevent flooding during extreme wet conditions. By 
adding biochar 10 and 20% can increase water holding 
capacity by approximately 5.7 and 9.6% respectively. This 
result is consistent with Qian et al. (2020) which expressed 
that biochar has the potential to increase soil water holding 
capacity. Further to this, regarding (Wong et al. (2022), the 
application of peanut shell biochar increased the soil water 
holding capacity of clay by > 59% at high matric suction 
range (48–125 MPa) during severe drought period. This is 
because biochar has a large surface area and pores, which 
allow it to be saturated prior to gravitational moisture per-
colating downward. In addition, the finer biochar particles 
have the potential to obstruct the sizable soil pores, leading 
to a subsequent reduction in the rate of water infiltration. 
Biochar is known for its numerous benefits to soil health, 
but it's important to recognize that its impact on soil salin-
ity can vary based on its source material and production 
process (Lee et al. 2022; Liu et al. 2023). Therefore, a 

thorough evaluation of biochar's characteristics is essential 
before large-scale application.

Conclusion

This study evaluated the water infiltration and hydrologi-
cal behavior of biochar-amended soil (BAS) in extreme 
climates, using numerical simulation. In this simulation, 
three variations of Biochar composition (i.e., 0, 10, and 
20%) were calculated in response to three extreme climate 
scenarios (i.e., current, near future, and far future). In this 
investigation, changes in water infiltration and PWP were 
observed and studied. The result concluded that biochar 
amended soil can maintain the fluctuation of PWP due to 
the wetting and drying process. This is due to the fact that 
finer particles of biochar may clog large soil pore, reduc-
ing the water infiltration rate. Moreover, finer particles of 
biochar decreased the soil porosity, reducing evaporation 
area. In detail, the biochar application of 10% and 20% can 
prevent water infiltration up to depth of 0.25 and 0.45 m 
respectively under the current extreme scenario. Also, the 
addition of biochar 10 and 20% is effective in prevent-
ing water infiltration to the depth of 0.45 m under near 
and far future extreme climate scenarios respectively. The 
study indicates that incorporating 10% biochar into landfill 
covers, with a thickness of 0.45 m, is an effective strat-
egy for adapting to near-future climate conditions. This 
approach enhances the resilience of landfill covers under 
far-future climate scenarios when the biochar composition 
is increased to 20%. This 20% biochar mix is also capable 
of managing water infiltration effectively up to a depth of 
0.45 m during heavy rainfall events that are predicted to 
happen once every 100 years in these future climates. This 
highlights biochar's potential as a climate change adap-
tation and soil water management technique, especially 
given its ability to increase soil water holding capacity at 
lower matric suction ranges (less than 100 kPa). The addi-
tion of 20% biochar could thus play a key strategy in flood 
prevention during periods of excessive rainfall, aligning 
with sustainable practices for managing water resources 
in changing climate conditions.
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