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Abstract

The utilization of biochar as an environmentally sustainable
material has garnered attention in recent years for its ability to
enhance soil properties, such as mechanical and hydraulic
characteristics. Nevertheless, a comprehensive understanding of
the effects of biochar on water infiltration in landfill covers,
especially with regards to variations in rainfall and evaporation
patterns, is limited. This study aims to investigate the effects of
biochar on soil water infiltration extreme climate. To do this
research, finite element analyses were conducted using SEEP/W
under a two-dimensional axis-symmetry condition. Both
drying and wetting SWRC data from the experiment were fitted
with the van Genuchten model and implemented into the
numerical models. Moreover, A series of numerical analysis was
performed to observe the PWP response during extreme rainfall
and evaporation events. The results of this study indicate that
the addition of biochar to CDG led to a delay in the response
time of water infiltration, reducing the depth of the wetting front
and slowing down water infiltration. Furthermore, the addition
of biochar can significantly reduce the increasing of PWP during

infiltration under extreme climate.

Keywords: Landfill cover, Peanut shell biochar, Granite residual

soil, Numerical simulation, Extreme climate
1. Introduction

Water infiltration plays an important role in many aspects of
human life such as geotechnical, hydrological engineering and
agriculture. It is an undeniable fact that water infiltration may
trigger stability and serviceability problems in many earthworks

(1]-3].

Rainfall infiltration alters the behaviour of the soil,

especially its strength due to the increasing pore water pressure,

inducing a slope instability problem [4]-[6]. Meanwhile,
overwhelming water infiltration during wet season can seriously
disturb plant growth and lead to significant yield losses in many
(71-191.

engineering, extreme climate will significantly affect several earth

crops’  species Besides, especially in geotechnical
structures with respect to crack and infiltration rate alteration

[10], [11]. Prolonged drought will trigger notable crack
development considering higher soil moisture deficit and soil
suction, thus increasing water infiltration rate [12], [13]. Moreover,
the increasing of cracks can also rise evaporation considering
higher evaporative surface from one-dimensional to three-
dimensional pattern [14], [15]. Yet, based on [16], evaporation
rate can be double with cracking, compared to initial compacted
soil. Controlling water infiltration is thus becoming a challenging
topic to address for both researcher and engineer to prevent
aforementioned problem, especially under extreme climate.

In the recent past, many studies have investigated the
application of biochar to reduce water infiltration. Regarding
having an extremely porous structure, biochar can increase soil
water retention and decrease soil permeability [17], [18]. As a
result, biochar is becoming an alternative material to enhance
earthwork stability and provide more sustainable landfill
construction that mitigates extreme climate problems. However,
to date, the majority of studies examined the impact of biochar
addition on crop soil water infiltration in arid and semiarid regions
[19]-[21]. Loosely compacted soil was used in their study
considering the requirement of soil respiration for plant growth.
Since having distinctive behaviour between agricultural soil and

earthwork structure, the further study of biochar application in

engineered structured is extremely required.
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The aim of this research is to investigate the water infiltration
and hydrological behaviour of biochar-amended soil (BAS) under
extreme climate scenario. To do this research, three variations of
biochar composition (i.e., 0%, 10% and 20%) were observed in
this study. Regarding [22], by adding 10% or 20% of biochar
implies possible interaction between soil components and
biochar and/or the effect of biochar oxidation. Transient
numerical  simulation  analysis  using one  dimensional
axisymmetric idealization was conducted using Seep/W [23].
Further to this, extreme rainfall and drought based on the worst
climate scenario (RCP 8.5) occurring in the next 40 years were
applied in the simulation. The current climate condition was also
analyzed for comparison purposes. Water infiltration rate and
cumulative infiltration depth was then observed with respect to
biochar variation and climate scenarios. In addition, PWP along
the depth was also investigated throughout the simulation. The
result of this study will be expected to provide a better
understanding of the usage of BAS in earthwork structure,

especially under extreme climate scenarios.
2. Methodology
2.1 Model Geometry

In this analysis, numerical study was conducted based on
experimental model. One dimensional axisymmetric mode was
generated with respect to column with an inner diameter of 280
mm, an outer diameter of 300 mm and a height of 800 mm.
Therefore, the half-section of the column was modelled in the
simulation (i.e., 0.14-m radius and 0.7-m height) as can be shown
in Figure 1. Based on [24], the affected area of rainfall infiltration
is less than depth of 0.75m. Three variation of BAS composition
namely BO, B10 and B20 have been simulated in this research

considering two climate scenarios (i.e., current and future).

Axisymmetric Axis

i

Wetting — infiltration rate
(Figure 4)

Drying — evaporation
(Penman method)

—» No Flow Boundary

0.7m
SWRC of bare and biochar-
amended soil (BAS)
(Figure 2)

—>
0.14m

Fig. 1 Model Geometry

2.2 Material Properties

The soil used in the simulation was completely decomposed
granite (CDG) which was commonly used as a building material in
numerous nations, including Thailand, China, etc. According to
the Unified Soil Classification System, the soil was classified as
SM because it consists of sand (57.4%), silt (27.6%), and clay
(15%). Moreover, the biochar used in this study was ground to
pass through a 0.25 mm sieve to provide biochar with a particle
size finer than 0.25 mm. Since transient seepage analysis was
performed in this simulation, the Soil Water Retention Curve
(SWRQ) and hydraulic conductivity function (HCF) are crucial and
must be incorporated into this model. In the numerical models,
drying and wetting SWRC data from the experiment were fitted
with the van Genuchten model [25]. Then, HCF were predicted
based on SWRC and saturated hydraulic conductivity using
equation (1). SWRC data during wetting and drying process can
plotted in Figure 2.

[1-(ap™= D+ @™ ™))"
(+apmz

K, = Kgut (1)
Where Ksat is saturated hydraulic conductivity (m/sec), Kw is
unsaturated hydraulic conductivity (m/sec), a, n, m is curve fitting

parameters and  is matric suction (kPa).
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Fig. 2 SWRC (a) Wetting (b) Drying

The SWRC of BAS for bare and biochar-amended soils during
(a) wetting and (b) drying conditions is depicted in Figure 2. The
addition of biochar can increase the soil's porosity, leading to an
increase in its saturated water content. With application rates of
10% and 20%, the saturated water content increased by
approximately 2.5% and 4%, respectively. This increase in water
content was proportional to the rise in porosity. This increase in
water content was proportional to the rise in porosity. Recent
research indicates that biochar's abundant pores and large
surface area can absorb water during water infiltration, thereby
increasing its water-holding capacity [26]. In our study, we did
observe slight variations in air-entry values and absorption curves.
Despite the increase in pore volume, the size and distribution of
pores in BAS were comparable to that of bare soil. This results in
a negligible improvement in air-entry values and absorption

capacity.
2.3 Boundary Condlition

The side boundary was set to no flow, representing an
impermeable wall of the column. The bottom boundary was

simulated as a review boundary (i.e., boundary reviews for

potential seepage faces) during rainfall and no flow (i.e., closed

boundary) during evaporation. To calculate the water flux
boundary in relation to precipitation, the Green-Ampt infiltration
method was used [27]. The infiltration rate and cumulative
infiltration depth can be calculated using equation (2) and (3). In
addition, the Penman method [28] was used to calculate
evaporation based on the experimental climate data as can
depicted in equation (4). Green-Ampt parameter to calculate

water infiltration can be seen in Table 1. Moreover, Penman

parameter to calculate evaporation can be shown in Table 2.

A6 F(t)
F(t) = Kyqe t cosp + —:/;Sﬁ In (1+ —lpZZSﬁ) 2)
_ PAO
f©) = Ksae (%55 + cos B) (3)

Where, B is slope gradient (°), f(t) is infiltration rate (mm/sec),
t is time (sec), W is suction head (mm), and A0 deficit of

volumetric water content.

900
0.408A.(Rn—G)+ymu2 (es—eq)

PET = (4)

A+ 7y (1+ 0.34u,)

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), Ais slope vapor pressure curve

(kPa/°C), v is psychrometric constant (0.061 kPa/°C).

Table 1 Green-Ampt parameter

Current Weather
Sample
Be (%) Ks (mm/h) Se Aq (%) i (mm/h)
BO 0.43 4.464 0.430 1.162 29.400
B10 0.44 2.581 0.450 1.169 29.400
B20 0.47 2.041 0.460 1.167 29.400
Extreme Weather
Sample
Be (%) | Ks(mm/h) Se Aq (%) i (mm/h)
BO 0.43 4.464 0.430 1.162 30.500
B10 0.44 2.581 0.450 1.169 30.500
B20 0.47 2.041 0.460 1.167 30.500
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Table 2 Penman parameter

Current Weather
Sample
TCO | Rh(%) | Rs(MJ/m2day) | g (kPa/°C) A
BO 34.00 55 0.092 0.061 0.230
B10 34.00 55 0.092 0.061 0.230
B20 34.00 55 0.092 0.061 0.230
Extreme Weather
Sample
T(C) | Rh(%) | Rs(MJ)/m2day) | ¢ (kPa/°C) A
BO 36.50 54 0.096 0.061 0.260
B10 36.50 54 0.096 0.061 0.260
B20 36.50 54 0.096 0.061 0.260

2.4 Analysis Procedure

A series of numerical analysis using Seep/W was performed
to compare the PWP response during rainfall and evaporation
events from the experiment. Seep/W is a powerful finite element
software product for modeling groundwater flow in porous
media. SEEP/W can model simple saturated steady-state
problems or sophisticated saturated/unsaturated transient
analyses with atmospheric coupling at the ground surface.
Each simulation consists of three stages: (i) steady state analysis
to set the initial PWP in each model; (ii) transient seepage analysis
wherein the models were experienced by rainfall; and (iii)
transient seepage analysis due to evaporation under drying
process. Initial PWP was set in steady state stages considering the
value of PWP at the beginning of the test. To simulate wetting
condition, the model was subjected by rainfall with an intensity
of 29.4 mm/h for 12 hours. This rainfall intensity was used to
simulate the extreme rainfall event corresponding to the 100-
year return period in the southern China based on 30 years
historical data [29]. Following this, evaporation based on
temperature and relative humidity data in the experimental
room was applied in the drying simulation for 144 hours. Further
to this, extreme rainfall and evaporation induced by extreme
climate was also applied to the model. Considering [30] and [31],
the air temperature will be increased by 2.5° C in 2060. This can
infiltration and also raise surface

increase cumulative

evaporation.
3. Result and Discussion

3.1 Effects of biochar on infiltration rate

Considering Green-Ampt method, the value of infiltration rate

and cumulative infiltration depth along the time can be

calculated and plotted in Figure 3. Figure 3 (a), (b) and ()
correspond to numerical simulation result of biochar content 0%,
10% and 20%, respectively. Moreover, two climate scenarios (i.e.,
current and extreme climate) can also be seen in the graph.
Infiltration rate represent the velocity at which water enter the
soil. Meanwhile, cumulative infiltration depth equals the water
amount that infiltrated to the soil at specific time. It can be seen
from figure 3 that at the beginning of rainfall, the value of water
infiltration rate was relatively high correspond to the large
difference of hydraulic gradient between upper and lower soil
layers. Following this, water infiltration rate was significantly
decreased with respect to the decreasing of hydraulic gradient,
prior to stable condition. At the commencement of rainfall, the
water infiltration rate of BAS column was smaller than bare soil.
It can be attributed to the higher value of porosity of BAS column,
compared to bare soil. Likewise, water infiltration in BAS was
higher than bare soil at the end of rainfall.

Considering current climate scenario, water infiltration rate
for the bare column BO (i.e., 7.5x10-7 m/s) is higher by 39.5% and
53.5% as compared with the B10 (5.2x10-7 m/s) and B20 (4.0x10-
7 m/s), respectively. Further to this, compared to the BAS
column, infiltration rate in the bare soil column reached stable
faster considering Figure 3. Infiltration rate in BO was almost stable
after 8 h of the simulation, whereas infiltration rate in B10 and
B20 was still decreasing. Based on [20], biochar can reduce water
infiltration in sandy soil. It can be correlated to pore blockage
phenomenon with respect to finer particles of biochar that clog
large soil pore, reducing water infiltration rate. Moreover, the
value of infiltration rate decreased as the increasing of biochar
application. Several studies have also reported that biochar can
enhance the soil aggregation [32]. In addition, biochar can be
considered as biding agent, leading to flocculate soil particles to
form stable aggregates and thus limiting the downward
movement of soil water.

Besides, Figure 3 also shows infiltration rate under extreme
climate scenario. It can be seen in Figure 3 that infiltration rate
under extreme climate tend to have similar pattern with current
climate. However, extreme climate resulted higher infiltration
rate significantly compared to current climate for all of three BAS
variations. Infiltration rate for extreme climate (9.5 x10-7 m/s) is
higher by 25% as compared with current climate at the end of
rainfall in bare soil. Moreover, as the increasing of biochar

application, extreme climate produced higher infiltration rate by
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about 22.5% and 23.4% for B10 and B20 respectively compared
to current climate. Moreover, in term of extreme climate, water
infiltration rate for the bare column BO is higher by 50.8% and
67.9% as compared with the B10 (6.29x10-7 m/s) and B20
(5.65x10-7 m/s), respectively.
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Fig. 3 Infiltration rate and cumulative infiltration (a) BO (b) B10 (c) B20

3.2 Responses of pore water pressure (PWP) during rainfall at

BAS with different biochar application rates.

Regarding the simulation, the response of PWP of three

biochar variation at different depth under current and extreme

climate scenario are depicted in Figure 4. In detail, Figure 4 (a),
(b) and (c) represent the simulation result of BO, B10 and B20
respectively. PWP data obtained under 4, 8 and 12 h of rainfall
represent 2, 10 and 100 years return period respectively regarding
[29]. At the beginning of the simulation, initial PWP was set by
about -60 kPa following experimental data. As water infiltrate into
the soil, the PWP along the depth gradually decreased. As can
be seen in Figure 4, the PWP at 0.05 m was close to saturation in
all variation of biochar content during 4 h of rainfall, under
current climate scenario. The distinctive behaviour occurred at
depth of 0.25 m considering the three variations of biochar. PWP
at depth of 0.25 was around -43 kPa in bare soil column.
Considering Figure 4, extreme climate scenario triggering
remarkable PWP fluctuation, compared to current climate. Due
to the higher value of cumulative infiltration depth, PWP at depth
of 0.65 dropped by about -14.7 kPa in BO column, indicating
wetting front can reach that depth. Moreover, soil layers above
0.25 became saturation for all biochar variation after 12 h of
rainfall. It can also be seen from Figure 4 that PWP increase by
about 23 kPa after 12 h of rainfall in B10 column. It indicated that
the application of B10 can only prevent water percolation to
depth of 0.65. As the application of B20, the soil was more

suitable to preventing water percolation up to depth of 0.45.
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Fig. 3 Development of pore water pressure (PWP) with depth during
rainfall (a) BO (b) B10 (c) B20

3.3 Responses of pore water pressure (PWP) during drying at
BAS with different biochar application rates.

The variation of PWP along the depth of three biochar
application variation throughout drying process can be depicted
in Figure 5. PWP in near surface of bare soil decreased pertaining
to evaporation under both current and extreme climate scenario.
Considering current climate scenario, soil in the upper half of the
column was saturated, based on previous simulation. Following
this, PWP decreased after 48 h of evaporation. However, PWP in
the lower layer of column was still increase due to the downward
infiltration through the column. The downward infiltration

process stopped after 48 h of evaporation. Yet, PWP reduced in

entire soil after 48 h of the observation process. At the end of
evaporation process, current climate scenario resulted minimum
PWP of around -233 kPa at depth of 0.25 m.

According to Figure 5 (b) and (c), it can be reported that the
addition biochar tends to have similar trend of PWP behaviour,
compared to bare soil. However, the increasing of biochar can
reduce the decreasing of PWP during evaporation process. Under
current climate scenario, the minimum PWP, located at depth of
0.65 m was only about -175 kPa and -115 kPa for biochar
application of 10% and 20%, respectively. It can be attributed to
the biochar particles that reduce the large pores and hence
minimize soil water evaporation. Moreover, the lower half of
column was not significantly influenced of evaporation process
in both B10 and B20 column. Based on Figure 5 (b) and (c), the
PWP value was remained unchanged at depth of 0.45 m and 0.65
m after 144 h of evaporation process.

Considering extreme climate scenario, the noticeable
decreasing of PWP occurred in three biochar variations at near
surface depth. The minimum PWP value of bare soil (BO) was
about -369 kPa at depth of 0.25 m. It increased by around 58%,
compared to current climate scenario. Moreover, the addition of
biochar can also reduce the decreasing of PWP significantly under
extreme scenario. The minimum PWP at depth of 0.25 m was
around 216 kPa and 168 kPa with variation of biochar application
of 10% and 20% respectively. It can decrease by around 40% and
54%, compared to BO variation. In fact, the effect of evaporation
to PWP at lower half of column was limited. It can be indicated
that biochar can mitigate a very low magnitude of PWP under
extreme drought. The biochar can also prevent any significant
[33]

desiccation  cracks and thus avoid deteriorating the

performance of soil cover.
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Fig. 3 Development of pore water pressure (PWP) with depth during

drying (a) BO (b) B10 (c) B20

4, Conclusions

In this research, water infiltration and hydrological behaviour
due to biochar amended soil (BAS) under extreme climate has
been investigated using numerical simulation. Three variation of
Biochar composition (i.e., 0%, 10%, dan 20%) has been calculated
in this simulation under extreme rainfall, followed by extreme
drought. The alteration of water infiltration and pore water
pressure were observed and analyzed in this study. The
conclusion of the result can be written as follows:

° The increasing of biochar will reduce water infiltration rate
significantly. It can be attributed to pore clogging
phenomenon with respect to finer particles of biochar that
block large soil pore, reducing water infiltration rate.
Biochar amended soil can significantly reduce the
increasing of PWP during infiltration under extreme climate.
This is contributed by several factors: (i) the pores of
biochar were primarily between 1 — 10 um, (i) the clogging
of fine biochar particles and (iii) the soil aggregation induced
by biochar.

The usage of biochar can mitigate very low PWP under
extreme drought, preventing extensive cracks and
deterioration of soil cover. The biochar application can
thus be an eco-friendly and more sustainable approach

for soil covers against climate change.
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