Taylor & Francis
Taylor & Francis Group

International Journal of Construction Management

o= C N ISSN: 1562-3599 (Print) 2331-2327 (Online) Journal homepage: www.tandfonline.com/journals/tjcm20

Feasibility of biochar depth insertion using
permeation method in sandy soil for carbon
sequestration: a multiphase coupled fluid
modelling approach

Absam Moosa Ali & Mavinakere Eshwaraiah Raghunandan

To cite this article: Absam Moosa Ali & Mavinakere Eshwaraiah Raghunandan (28 May 2026):
Feasibility of biochar depth insertion using permeation method in sandy soil for carbon
sequestration: a multiphase coupled fluid modelling approach, International Journal of
Construction Management, DOI: 10.1080/15623599.2026.2676830

To link to this article: https://doi.org/10.1080/15623599.2026.2676830

8 © 2026 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

ﬁ Published online: 28 May 2026.

(&
Submit your article to this journal &

A
& View related articles &'

View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tjcm20


https://www.tandfonline.com/journals/tjcm20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15623599.2026.2676830
https://doi.org/10.1080/15623599.2026.2676830
https://www.tandfonline.com/action/authorSubmission?journalCode=tjcm20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tjcm20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15623599.2026.2676830?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/15623599.2026.2676830?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/15623599.2026.2676830&domain=pdf&date_stamp=28%20May%202026
http://crossmark.crossref.org/dialog/?doi=10.1080/15623599.2026.2676830&domain=pdf&date_stamp=28%20May%202026
https://www.tandfonline.com/action/journalInformation?journalCode=tjcm20

INTERNATIONAL JOURNAL OF CONSTRUCTION MANAGEMENT
https://doi.org/10.1080/15623599.2026.2676830

Taylor & Francis
by informas

8 OPEN ACCESS ‘ ) Checkforupdates‘

Feasibility of biochar depth insertion using permeation method in
sandy soil for carbon sequestration: a multiphase coupled fluid
modelling approach

Absam Moosa Ali* and Mavinakere Eshwaraiah Raghunandan?®®

?Department of Civil Engineering, School of Engineering, Monash University Malaysia, Bandar Sunway, Selangor Darul
Ehsan, Malaysia; PMonash Climate-Resilient Infrastructure Research Hub (M-CRInfra), School of Engineering, Monash
University Malaysia, Bandar Sunway, Selangor Darul Ehsan, Malaysia

ABSTRACT

Biochar, a by-product of biomass pyrolysis, is increasingly recognized for carbon
sequestration; however, its field-scale use remains limited by uncertainties in practical
application methods, placement depth, and delivery efficiency. This study addresses
this gap by evaluating pressure-driven biochar slurry permeation in sandy soil using a
coupled multiphase porous-media CFD framework. The numerical model underwent a
two-stage validation process: first, to verify the porous-media setup and analyze the
pressure and velocity responses of saturated sand, and next to validate the hydraulic
behaviour of biochar-amended sand against the existing literature. Field-scale simula-
tions were then performed to assess factors (injection time, pressure, inlet diameter,
biochar concentration, and application depth) affecting slurry spread and biochar
retention. Results highlight that increasing injection pressure and inlet diameter
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enhance plume spread and retention, while higher BC% reduces slurry mobility under
the same conditions. Application depth significantly influenced target-zone placement,
underscoring the importance of deep biochar insertion in sandy soils. While this study
focused on slurry permeation in homogeneous soil, further research on biochar-soil
interactions and clogging mechanisms is needed for effective field carbon sequestra-
tion. The findings advocate for deep biochar insertion to enhance resource use and
carbon sequestration, aligning with UN Sustainable Development Goals 12 and 13.

Introduction

Biochar is a prominent by-product of biomass pyrolysis and has various applications in both industry
and agriculture. Biochar typically comes from a wide range of biomass types and stores abundant carbon
(up to 60%), featuring fertilizing compounds such as nitrogen and phosphate. Using different concentra-
tions of biochar as a soil amendment is well-known to enhance soil fertility, physicochemical properties,
biological properties, and overall soil quality, making biochar-amended soils a preferred method for car-
bon sequestration (He et al. 2021; Mohamed and Raghunandan 2025) at the shallow depths in plantation
and agricultural fields. For example, Lehmann et al. (2006) estimated 5.5-9.5 pentagrams of annual stor-
age carbon, justifying soil biochar amendment as an effective carbon sequestration approach. Beyond its
agronomic role, biochar can also be situated within the broader circular-economy transition of the con-
struction sector, where recent scholarship emphasizes industrial symbiosis, waste valorization, and eco-
industrial material systems as pathways to reduce raw material consumption and support lower-emission
construction practices (Genc et al. 2020; Genc 2021, 2022; Genc and Kurt 2024). In this context, biochar
is particularly relevant as a waste-derived carbonaceous material with durable carbon storage potential
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and emerging applicability in low-carbon construction materials and sustainable material systems
(Barbhuiya et al. 2024).

Supplementing biochar into the soil changes the properties, ecosystem, biota, and overall feasibility
of the biochar-amended soil from a geotechnical engineer’s perspective. At a fundamental level, the
bulk unit weight of the biochar-amended soil decreases with increasing biochar content (BC%), attribu-
ted to the lower specific gravity of the biochar compared to that of soils (Himanshu et al. 2019). The
optimum moisture content (OMC) of biochar, as determined using the standard compaction test pro-
cedure (ASTM D698-12:2021), increases with BC% across soil types, due to improved water absorption
and holding capacity within the biochar’s porous structure (Shane R. Brockhoff et al. 2010). In similar
lines, biochar amendment of sandy-type soils shows a decrease in saturated hydraulic conductivity
(Ksq) with increasing BC% (Githinji 2014; Jun Zhang et al. 2016). On the contrary, silty to clayey-type
soils show increasing K, with increasing BC% (Jien and Wang 2013; Bohara et al. 2019; Sun et al.
2020). Overall, the variation in K, with soil types is mainly attributed to soil porosity and pore struc-
ture. Sandy soils typically have well-defined initial pore structures and volume. Supplementing fine bio-
char particles will likely lead to blockages in the pore structure, increasing the tortuosity of the
drainage path. However, the initial pore space is typically smaller than biochar particle sizes in silty or
clayey soils. This results in intra-porosity between biochar and soil pores, thus increasing K, Most of
the studies rely on one range of biochar particles. A few literature, such as by Trifunovic et al. (2018),
have extended to a research scenario by varying the biochar particle size. In scenarios involving un-
sieved biochar, a preliminary increase in K, was noted for homogeneous sands. This response is
related to the lack of fine biochar particles at low BC% values, which are insufficient to clog the pores
(Trifunovic et al. 2018). This interpretation is further supported by Chen et al. (2022) whereby it is
reported that reduced infiltration in compacted biochar-amended silty sand despite an increase in total
pore volume, as the addition of fine biochar particles reduced the proportion of larger pores and
altered the pore-size distribution. Recent work by Chen et al. (2023) further suggests that the hydraulic
response of biochar-amended soils is not static, as freeze-thaw-induced microstructural rearrangement
and micro-crack formation can substantially alter saturated permeability over time. Recent studies fur-
ther suggest that this hydraulic response is governed not only by total porosity, but also by effective
pore connectivity and wettability, as biochar can modify connected macropores, contact angle, and flow
stability within the soil matrix (Liu et al. 2022; Jia et al. 2024). These discussions indicate that the size
of biochar particles, soil composition, BC%, pore connectivity, and wettability can collectively affect the
K, values of biochar-amended soil along with environmental conditions the soil is subjected to.

While biochar has been proven to be able to manipulate soil properties, its application in the experi-
mental setup does not represent real-field application conditions. Most laboratory studies involve pre-
paring biochar-amended soil samples using the hand-mixing approach. Biochar application, often
achieved by hand mixing with fertilizers and manure, is a common practice in the field and is not lim-
ited to laboratory studies. However, this approach is costly and labour-intensive (El-Naggar et al. 2019).
In addition, existing field application methods are primarily designed for surface broadcasting, shallow
incorporation, spot placement, banding, or deep banding, rather than controlled subsurface placement
at depth, making them inherently more suitable for shallow amendment than targeted deep insertion
(Major 2010; Brown et al. 2023). Verheijen et al. (2010) further noted that the top-soil application
methods may result in biochar particle erosion due to disparities in densities between sand and biochar
particles, suggesting depth application to improve soil quality. This concern is consistent with more
recent assessments showing that fine biochar particles are more susceptible to detachment and trans-
port near the soil surface (Sharma et al. 2025). Moreover, the practical deployment of biochar at field
scale is constrained not only by labour demand, but also by transport, handling, and application logis-
tics, as the low bulk density of biochar complicates field delivery and broader economic reviews show
that deployment costs remain highly case-specific and can hinder adoption (Campion et al. 2023;
Ibitoye et al. 2024). Therefore, while conventional mixing approaches may be appropriate for shallow
sequestration, they remain impractical for controlled deep placement evidenced with a multitude of
issues with retention capabilities and erosion. Current methods do not provide an efficient means of
inserting biochar into deeper permeable soil layers in a targeted manner. This study therefore proposes
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the permeation method to address this gap by transporting biochar as a slurry through the soil pore
network under a pressure gradient, thereby avoiding bulk soil mixing and offering a more practical
pathway for deeper subsurface insertion. The ability of permeation grouting to replace void fluids with
cement grout without altering the soil structure makes it a highly viable method for soil stabilization
(Celik 2019). Additionally, in comparison to existing biochar amendment methods, permeation grout-
ing can be less labour intensive and cost friendly. The grout used in the cement grouting method usu-
ally consists of a cement slurry. Having said that, can cement be replaced with biochar as the
permeate? Though the purpose of cement and biochar permeation defers, the objective is to fill the soil
void space with the permeate. In the case of biochar, this would be an effective depth insertion method
for CO, sequestration, which is the fundamental motivation and focus of this study.

In exploring an innovative in-field permeation approach, it is therefore essential that the permeate
used is a biochar slurry. Biochar in slurry form would be ideal as it eases the permeation method, and
the biochar would remain suspended in the slurry due to its hydrophobic behaviour (Edeh and Masek
2022). Assessing the flow behaviour of biochar slurry, in addition to the properties of biochar-amended
soil, is crucial for ensuring the efficiency of biochar permeation through the soil. However, clogging
pore spaces is a critical process affecting the efficiency of slurry (prepared using suspended hydrophobic
material like biochar) permeation through porous media (Githinji 2014). Though studies using biochar
slurry mixes show a more profound effect on soil properties (Abdo 2021), no existing experimental
research has considered using biochar and water mixtures (or biochar slurry). Viewing biochar slurry
as a liquid with suspended particles enables better control over biochar sequestration by establishing a
relationship between solid content (rheological behaviour), viscosity, biochar particle size, and flow
properties (Liu et al. 2017). The main aim of this study is to evaluate the suitability of biochar slurry
permeation through compacted sandy soil layers as an effective in-field depth injection of biochar using
a combination of laboratory-scale experimental modelling and computational fluid dynamics-enabled
finite element modelling.

Literature has explored the effects of biochar on reducing water infiltration and increasing soil stabil-
ity through finite element modelling (Ng et al. 2022). Additionally, biogeochemical modelling has been
used to demonstrate the effectiveness of biochar sequestration over time (Yin et al. 2022). Thus, no spe-
cific studies have considered the transport of biochar in soil or its use as a soil amendment for carbon
sequestration. However, a preliminary attempt by Yin et al. (2022) demonstrates a decrease in K, over
time in sandy clay loam soil. This suggests that numerical modelling can effectively study the feasibility
of field-scale implementation of biochar amendment in soil. Due to the limited literature on biochar
permeation, numerical simulations related to cement (permeation) grouting in soils serve as valuable
references. Multiphase modelling using computational fluid dynamics (CFD) effectively simulates
cement grouting in saturated soil while accounting for heat transfer within the soil medium (Zhelnin
et al. 2020). Zhou et al. (2021) illustrated replacing water-filled porous zones with grout and forming a
grout-water mixture, referred to as transition zones before complete water displacement occurs.
However, these analyses did not consider clogging effects, which may lead to an inaccurate representa-
tion of how suspensions such as grout affect soil porosity and permeability through the soil layer. Li
et al. (2022) introduced a numerical solution for grouting in saturated soils, integrating the volume-of-
fluid (VoF) method with the discrete element method (DEM). In the study by Li et al. (2022), particle
interactions are governed by Newton’s laws of motion, utilizing a no-slip model for these interactions.
Moreover, using VoF allowed the modelling of two immiscible liquids, with separate volume fractions
used for water and grout phases. Using multiphase models like VoF combined with CFD that incorpor-
ate porous media flow may provide an effective method for simulating the field-scale infiltration of bio-
char into the soil.

Most previous studies on biochar-amended soils have focused on uniformly mixed biochar and the
resulting changes in hydraulic and geotechnical properties. Although such studies are useful for under-
standing amendment effects, they do not represent the practical challenge of targeted deep biochar inser-
tion in the field. Existing work on biochar slurry is also limited in explaining its transport and deposition
behaviour within porous soils, while numerical studies of porous media generally do not address biochar-
specific permeation using a validated coupled framework. Therefore, the present study advances the
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literature by investigating pressure-driven biochar slurry permeation in sandy soil as a potential deep-
insertion strategy. Due to the lack of literature available for such a numerical modelling scenario, the study
first incorporates a validation stage where water is allowed to infiltrate freely into soil to investigate
whether CFD models can properly represent the pressure and velocity behaviours expected in soil porous
mediums. The second stage involves the base porous-medium representation of the sandy soil which is
validated against hydraulic behaviour, particularly permeability response, to establish the governing soil
resistance parameters. The numerical framework coupled slurry flow behaviour with porous-media trans-
port, allowing the interaction between biochar suspension properties and soil hydraulic resistance to be
resolved more explicitly before extending the analysis to field-scale implementation.

Materials and methods
Assumptions for numerical simulation

Understanding various considerations and assumptions when developing a numerical model is an
essential step in ensuring the repeatability and suitability of the numerical model. The following
assumptions serve as the basis for the modelling scenario considered in this study. The assumptions
justify the approach and framework used to define porous media and how biochar acts in the medium.

1. The soil layer is represented as a rigid porous medium composed of compacted coarse sand with
homogeneous and isotropic properties. The soil skeleton is assumed immobile during injection,
and local heterogeneity, preferential flow paths, and particle-scale variability are neglected.

2. The porous medium is assumed to be fully saturated throughout the permeation stage. Entrapped
air, partial saturation, and capillary effects are not considered as the analysis focuses on slurry
transport through water-filled pore spaces.

3. Hydraulic response of the sand to the permeation of slurry is defined by its initial effective pore struc-
ture. Any progressive reduction in flow capacity caused by retained biochar is represented at the con-
tinuum scale through effective permeability changes rather than resolving pore-scale bridging.

4. Biochar is introduced as a particulate suspension in water rather than as a separate immiscible
liquid phase. While the sand is treated as a stationary porous matrix, the slurry is represented
through the bulk properties of the injected slurry.

5. The injected biochar slurry is modelled using effective bulk properties corresponding to the selected
slurry condition. The solid content present in biochar is quantified by weight percentage with an
effective density and viscosity values.

6. The rheological behaviour of the biochar slurry is represented using literature-derived apparent vis-
cosity values rather than pure-water properties. Liu et al. (2017) showed that biochar-water slurries
exhibit concentration-dependent, particle-size-dependent, and shear-thinning behaviour, with vis-
cosity and yield stress also influenced by water uptake into the internal pores of biochar particles.
In the present model, this behaviour is simplified by assigning an effective apparent viscosity for
the selected slurry condition.

7. The internal pore structure of individual biochar particles is not resolved explicitly. Open and
closed intra-particle pores are therefore not modelled separately. Their net influence is assumed to
be embedded within the effective bulk slurry properties adopted from the literature, including
density and viscosity. This simplification avoids particle-scale modelling but may affect the absolute
prediction of flow behaviour.

8. The injected slurry is assumed to remain uniformly mixed during the modelled injection period.
Particle settling, segregation, aggregation, breakage, dissolution, and chemical interaction with pore
water are neglected unless otherwise stated.

9. Flow is assumed incompressible and isothermal. Thermal effects, compressibility, and physicochem-
ical reactions between biochar and the soil matrix are not considered.
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Computational fluid dynamics (CFD) multiphase model

The general-purpose CFD software ANSYS Fluent 2021 R1 is utilized in this study to simulate the
movement of biochar permeate through the model soil bed. The porous media flow equations were
coupled with multiphase models to represent the behaviour of biochar slurry insertion into the model
soil bed. The possible influence of non-Darcy flow was also assessed in this study. Unlike leakage-
induced erosion problems, where local defect outflow and particle loss may cause elevated seepage
velocities and inertial effects, the present study considers pressure-driven permeation through an intact
saturated compacted sand layer. Based on the representative sand grain size, porosity, and effective
slurry viscosity used in the model, the estimated pore-scale Reynolds number remained well below
unity under the applied pressure range. This indicates that the flow remained within the Darcy regime,
and viscous resistance was dominant. Therefore, inertial losses were neglected, and Darcy-based porous
media resistance was considered sufficient for the present simulations.

The Euler-Euler approach was considered appropriate because it allows each phase to be represented
in a continuum sense through a set of governing equations allowing for effective simulation of geotech-
nical problems involving multiple physics while avoiding the numerical instabilities which come along
with the scale of the simulation (Evans et al. 2016). In the present study, the soil sample is assumed to
be fully saturated and the influence of air is neglected, such that the model focuses on the interaction
of biochar slurry with water-filled soil pores. At the continuum scale adopted in this study, the injected
permeate is treated as a water-based suspension of fine biochar particles moving through a saturated
porous medium, rather than as a system containing a sharp fluid-fluid interface. In addition, the
homogeneous treatment was considered acceptable because the objective of the present model is to cap-
ture the average pressure-driven permeation response of a fine biochar-water suspension through the
saturated porous medium at the continuum scale, whereas particle-scale segregation, collision, and
deposition effects were treated as secondary processes beyond the scope of the adopted formulation.
Liu et al. (2017) showed that biochar-water slurry behaves as a flocculated suspension with concentra-
tion-dependent viscosity and shear-thinning behaviour, while water uptake into the internal pores of
biochar particles further affects its apparent bulk behaviour. Since the main objective of this study is to
evaluate the overall permeation behaviour of the slurry through the porous soil layer rather than the
motion of individual particles, the slurry was approximated using effective bulk mixture properties, and
a homogeneous mixture treatment was considered appropriate.

ANSYS Fluent includes several homogeneous models, such as the VoF model, Mixture model, and
Eulerian model. As the present study incorporates permeate interaction with soil pores at a continuum
scale rather than sharp fluid to fluid interfaces, the mixture model is the most suitable choice from the
available multiphase models. According to ANSYS (2009), the mixture model is suitable for two or
more phases treated as interpenetrating continua, and it may be used either for phases moving at dif-
ferent velocities under local equilibrium over short spatial scales or for homogeneous multiphase flow
when the phases are strongly coupled and move at the same velocity. The model solves a single mixture
momentum equation and uses volume fraction equations for the secondary phases, which makes it suit-
able for particulate suspensions represented through average bulk transport behaviour. In contrast, the
VoF model is intended for immiscible fluids where the location of a distinct interface must be tracked,
while the full Eulerian model solves separate momentum and continuity equations for each phase and
therefore requires additional interphase closures and significantly greater computational effort. For the
present problem, where the objective is to capture the overall permeation behaviour of biochar slurry
through porous soil rather than particle-scale segregation or collision mechanics, the mixture model
was considered the most appropriate balance between physical representation and computational tract-
ability. This choice should be interpreted as a continuum-scale approximation of average slurry perme-
ation, since the adopted mixture formulation does not directly resolve particle-size-specific transport,
transient concentration redistribution, or pore-scale deposition and clogging development. These effects
were not resolved explicitly because the present study aims to capture the average continuum-scale per-
meation response of biochar slurry through the saturated porous medium, rather than particle-scale
transport and deposition mechanisms. A more detailed treatment of particle-size-specific transport,
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concentration evolution, and transient clogging would require additional closure relationships or CFD-
DEM type coupling beyond the scope of the present model and the objectives of this study.

Governing equations

The mixture model typically functions by solving the continuity and momentum equations for the mix-
ture, together with volume fraction equations for the secondary phases and algebraic expressions for
relative velocity when slip between phases is considered. The numerical assessment involves a coupled
approach integrating multiphase flow with porous media flow. The porous media model in ANSYS
Fluent uses a superficial velocity formulation in which the effect of the porous medium is introduced
as a momentum sink, thereby accounting for pressure loss through the porous region under either
transient or steady-state conditions (ANSYS 2009). In ANSYS Fluent, porous-media flow is represented
through a source term added to the momentum equations, where the source term accounts for viscous
resistance and, when required, inertial resistance within the porous zone. Equation 1 defines a combin-
ation of a source term (S;) and a fluid flow equation to calculate the pressure drop caused by fluid
flow. This equation describes terms C and D as prescribed matrices, while v represents the fluid vel-
ocity. The variable p denotes the viscosity of the penetrating fluid, and p defines the density of the pen-
etrating fluid which is the biochar slurry in this case. The equation can be separated into individual
directions, such as x, y, or z, represented in the equation as 7.

3 3
1
S,‘ = — E Dl]//”’] + E C,]Ep|V|VJ (1)
1 =1

Equation 1, in terms of a homogeneous media by introducing permeability, results in Equation 2, C,
and £ is introduced as a result of specifying C and D as diagonal matrices.

1
S,‘ = - <%V,’ —+ C2§ ,O|V|V,‘) (2)

For the present study, Equation (2) was applied in each coordinate direction under the pressure-
based laminar solver. Since the estimated pore-scale Reynolds number remained well below non-Darcy
flow considerations for all simulated conditions, the inertial resistance term was neglected by setting
C, =0, such that the pressure drop in the porous medium remained proportional to velocity and
Darcy based resistance was considered sufficient. The multiphase model includes the continuity equa-
tion, as shown in Equation 3, representing the conservation of mass for the mixture.

0

where p,, is defined as the density of the mixture and 9,, is the mass-averaged velocity of the porous
medium over time. In the present formulation, these governing equations are used to represent the
average continuum-scale permeation behavior of biochar slurry through the saturated porous medium,
while particle-size-specific transport, transient concentration redistribution, and pore-scale deposition
are not resolved explicitly.

Model setup

Figure 1 illustrates the procedure used in the two-stage validation process employed in this study. The
first stage involves modelling the soil layers using similar simulation methods described in the literature
(Alam et al. 2020; Diana et al. 2021). The main focus of this stage was to confirm that the numerical
simulation could accurately model the response and behaviour simulating flow through soil (a typical
porous media). To achieve this, the simulation procedure employed a porous soil medium that was
subjected solely to water flow. This step was essential to ensure that the soil medium exhibited behav-
iour typical to a flow through porous media as reported in the literature (Alam et al. 2020; Diana et al.
2021). At this stage, the formation of pressure contours due to an increase or decrease in static pressure
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VALIDATION STAGE 1 VALIDATION STAGE 2
Porous Media Behavior analysis Variation in Kg, of soil with BC%
Geometry modeling 7129¢/29 255, Geometry modeling 79¢/6d.as
meshing | boundary meshing | boundary Cylinder
stage | definitions stage | definitions
Definition of Definition of
boundary conditions boundary conditions
Simulation of flow through porous media-----------; Simulation of biochar amended soil properties
for validation soil + water <-* for validation iSisei Ewater hioohar
Validate pressure ------> data from the literature Validation by comparing
and velocity contours was used in to validate with Trifunovic et al. (2018)

doN

Figure 1. Schematic diagram showing the two-stage validation process adopted in this study.

in the porous medium due to water flow and the input boundary conditions were simulated for differ-
ent conditions. This approach of developing pressure contours is also useful and essential in simulating
multiphase flow in porous media (Alam et al. 2020; Diana et al. 2021).

The second stage of validation was conducted to evaluate the hydraulic response of biochar-amended
sand, since this material constitutes the actual porous medium considered in the present study. The
experimental data of Trifunovic et al. (2018) were selected as the primary validation dataset because
they are directly relevant to the present work in terms of sandy soil conditions and the influence of
biochar particle size. Their experiments used a homogeneous Ottawa sand medium (ASTM 20-30
sand) with dyg, dso, and dyg values of 0.67, 0.90, and 1.24 mm, respectively, which is particularly suitable
for defining the porous-medium properties in the present model. K, was measured using a bench-top
UMS KSAT device based on the falling-head method and Darcy’s equation; however, no formal ASTM
or ISO hydraulic testing standard was explicitly reported. Accordingly, the second-stage validation
reproduced the falling-head permeability response of the biochar-amended sand and compared the
simulated K, trends with the experimental results reported by Trifunovic et al. (2018), particularly for
the unsieved and fine biochar cases. The flowrate at the outlet of the soil sample was extracted and
plugged into the following Equation 4 to obtain the simulated K, value.

_ QL
Atsimulated m
where Q is the flowrate at the outlet of the soil sample simulation, L is the length of the sample, A
being the surface area of the soil, and Ah is the pressure change induced by the permeability test. This
stage was used to confirm that the selected model parameters and numerical procedure could
adequately represent the hydraulic behavior of biochar-amended sand prior to the subsequent perme-
ation analysis.

Agreement with literature data was evaluated using pointwise relative error and overall trend consist-
ency. The relative error for each data point was calculated and the overall discrepancy for each dataset
was assessed from the average of these pointwise errors. In addition to the numerical error, the model
was required to reproduce the characteristic response shape reported in the experimental study, such as
monotonic reduction in K, or non-monotonic threshold behavior with increasing biochar content. In
the present study, validation was considered acceptable when the overall error remained below 10%
and the experimental trend was reproduced correctly.

Upon completion of the validation stage, simulations of biochar permeation were performed on
the test soil samples by systematically varying the model parameters. Figure 2 presents a flow diagram
highlighting the essential numerical processes and analyses used in this study. This stage primarily
concentrated on evaluating and monitoring the distribution of biochar in the soil. The assessments
were conducted considering the volume fraction of water and/or biochar present within the medium,
at a spatial scale. The parametric study involved several variables, including injection time, injection
pressure, biochar concentrations, the diameter of the permeation inlet, and the depth of biochar

K, (4)



8 e A. MOOSA ALI AND M. E. RAGHUNANDAN

Geometry modeling

meshing | boundary
stage | definitions

Definition of
boundary conditions

Numerical simulation  -----... > Soil + water
including biochar permeation + biochar
—> Injection time analysis
—> Injection pressure analysis
—> Varying diameter analysis
—> Varying BC% analysis
—> Application depth analysis
—> Target permeation conditions analysis

Figure 2. Flow diagram highlighting the key numerical processes and analyses adopted.

application. Injection time sensitivity was assessed from 300 to 2100s at 300s intervals. This range
was chosen to cover short, intermediate, and extended injection durations under pressure-driven per-
meation, while the fixed interval allowed systematic identification of time-dependent changes in
plume spread and retained mass. To further evaluate post-injection behaviour, a second analysis was
performed in which injection was stopped at 1500s by changing the inlet boundary to a wall. The
subsequent settling response was first examined over additional durations of 0 to 900s after shutoff,
and because only minor changes were observed, a longer settling period of 3600s was included to
assess the 1h stabilization behaviour of the permeated slurry. Injection pressure was varied from 10
to 200kPa for 600s to examine the effect of progressively increasing pressure gradients on biochar
slurry permeation. This range was chosen to cover low to moderately elevated pressures while
remaining focused on permeation in sandy soil, since grouting pressure is known to govern whether
slurry diffusion occurs mainly by permeation or shifts toward compaction or fracture at higher pres-
sures (Hu et al. 2024). Therefore, the selected pressures were considered sufficiently high to produce
measurable permeation response, but low enough to avoid moving the analysis away from the
intended permeation regime (Zhong et al. 2023). Injection diameter was varied from 0.1 to 0.5m to
represent realistic field-scale inlet or augured opening sizes. Commercial hydraulic auger systems
commonly provide drilling diameters within this range, including standard sizes from 100 to 500 mm,
which supports the practical relevance of the selected values (Auger Torque, 2023n.d.). The range
also allowed the effect of increasingly larger injection footprints on slurry permeation behaviour to be
assessed systematically. Biochar content was varied from 25 to 40 wt% based on the rheological data
reported by Liu et al. (2017), since these were the values that could be extracted directly and consist-
ently for use in the present model. This range was selected because it represents relatively high-solid
slurry conditions, which are more relevant for evaluating biochar delivery and retention in soil than
highly dilute mixtures. Using this range also avoids overly dilute slurry cases, which would introduce
more water relative to biochar and would be less representative of a practical sequestration-oriented
permeation approach. At the same time, it allows the influence of progressively increasing solids con-
centration on slurry viscosity and permeation behaviour to be assessed in a systematic manner. The
application depth was varied based on the constant injection diameter used in this part of the study
(d = 0.3m), using depths of 3d, 6d, 9d, 12d, and 15d. This was done so that the depth could be
defined relative to the size of the injection region, rather than selecting arbitrary absolute values.
Using normalized depths in terms of diameter also makes the comparison more consistent, since each
case represents a progressively deeper placement condition under the same inlet geometry. The extent
of slurry permeation was quantified from the slurry volume fraction (VF) distribution. The core
plume was defined as the region where VF > 0.5; thus, core vertical spread and core horizontal
spread represent the depth and lateral width of this main concentrated zone. The overall permeation
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Figure 3. Geometry and dimensions of all soil models used throughout the analysis in this study (note: the figures are
illustrative only and not to scale).

extent was evaluated using a cutoff criterion of VF < 0.05, where total vertical spread represents the
maximum downward penetration depth and max lateral spread represents the furthest horizontal
reach of the slurry. Retained slurry mass denotes the total slurry remaining in the soil domain,
whereas retained biochar mass denotes the retained solid biochar fraction. Following the sensitivity
analyses, a target-depth screening procedure was used to identify feasible design cases. The predicted
downward spread (Lpq), maximum lateral spread (Wpeq), and retained biochar mass (Mp, yreq) were
estimated from the corresponding reference values (Lyef, Wrer, My, prea) using multiplicative factors
(Fp, Fr, Fp, Fpc, Fa) derived from the pressure, diameter, biochar-content, and application-depth analy-
ses as seen in Equations 5, 6 and 7.

Lyred = LyegFp,LFp, 1 Fpc,1Fa,L (5)
Wopreda = LregFp, wFp, wFpc, wFa, w (6)
My, prea = M, ref Fp, mFD, mFBC, MFa, M (7)

The predicted achieved depth was then calculated as:
Zach = Zapp + Lpred

A case was considered feasible when z,4 > Zyer. The feasible cases were then ranked using a
screening score defined as:

S — Mh, pred
Wpred

where higher values indicate greater retained biochar mass per unit lateral spread. This procedure was
used so that the selected best design case reflects practical injection efficiency rather than simply max-
imum plume extent.

Model geometry and meshing

Figures 3a-c show the three primary model geometries and scenarios used during both the validation
and simulation phases of this study. In the initial validation stage, cuboidal-shaped small-scale models,
as shown in Figure 3a, were used to represent a typical porous medium and evaluate its response to
steady-state flow through this medium. In the second stage of validation, a small-scale cylindrical block
was modelled to replicate the experimental specimen used by Trifunovic et al. (2018) during their
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testing, as shown in Figure 3b. The numerical simulations were conducted on larger-scale soil blocks,
as shown in Figure 3c, to evaluate the effect of biochar permeation at a field scale. A
10m X 10m X 10m cubic domain was adopted as an idealized field-scale subdomain for evaluating
pressure-driven biochar slurry permeation. This size was selected to provide sufficient space for plume
development and pressure dissipation during the simulated injection period, thereby limiting artificial
boundary effects. Preliminary simulations confirmed that the permeation front remained well within
the model boundaries for the tested cases, supporting the adequacy of the selected domain dimensions.
At the same time, the adopted size remains computationally manageable for the planned parametric
analyses. Accordingly, the domain should be interpreted as a representative control volume for field-
scale assessment rather than the full extent of an actual site.

Mesh sensitivity checks were conducted for the second validation stage and the field-scale simula-
tions. No mesh sensitivity assessment was performed for the first validation stage, as it was used only
to verify that the porous-media inputs in ANSYS Fluent generated the expected pressure and velocity
contours. For the second validation stage, mesh sizes from 10 mm to 1 mm were examined. Mesh inde-
pendence was assumed when the change in results was below 0.5%. Refinement from 5mm to 2.5 mm
changed the results by 0.1%, while further refinement to 1mm changed the results by 0.3%.
Accordingly, a mesh size of 2.5 mm was adopted for the validation stage to balance accuracy and com-
putational efficiency.

A mesh sensitivity analysis was carried out for the field-scale model using mesh sizes of 0.20, 0.15,
and 0.10 m for the representative case of 25kPa injection pressure, 25% biochar content, 0.3 m injection
diameter, and 600s injection time. The predicted core vertical spread, core horizontal spread, and
retained biochar mass were used to assess mesh independence. Refinement from 0.20 to 0.15m changed
these quantities by 0.85%, 0.73%, and 0.35%, respectively, whereas further refinement from 0.15 to
0.10m changed them by 1.07%, 0.82%, and 0.35%, respectively. As the variations remained small, a
mesh size of 0.15m was selected for the field-scale analyses to balance accuracy and computational
efficiency.

This study is controlled by two key geometric parameters: the diameter and depth of biochar inser-
tion. The inlet point, where biochar flows into the soil medium, is, therefore, a crucial aspect of the
model’s geometry as it essentially controls the flowrate of slurry into soil. The inlet point is modelled
by defining a diameter at the midpoint of the soil surface, as shown in Figure 3d. The flow into the
soil depends on volumetric flow, which considers both velocity and the area of permeation. A diameter
analysis was also conducted as part of a parametric study, which included of gradually increasing the
diameter while maintaining a fixing all other parameters. Another essential aspect of the numerical
simulation in this study is the depth of biochar application. This parametric simulation aims to investi-
gate how increasing the depth of biochar application into the soil affects its overall distribution within
a typical soil medium. To enable this simulation, the original inlet point shown in Figure 3d was estab-
lished at various depths beneath the surface through extrusion. The non-geometric variables assessed in
this study include the injection time of slurry, the injection pressure of the permeate and, the BC% of
the slurry. These parameters mostly affect the flow properties of slurry in the soil.

Model initialization

The model initialization section focuses on defining the modelling approach in relation to the expected
response. In this study, a pressure-based solver is preferred because the permeability of porous media
can be characterized by changes in pressure within the soil layer of interest. A steady-state approach
was used for the Trifunovic validation because this stage was intended to reproduce the saturated
hydraulic conductivity of the biochar-amended sand, not the transient falling-head process itself.
Although Trifunovic et al. (2018) obtained K, using a falling-head method, the reported validation tar-
get is the final conductivity derived from Darcy’s equation rather than the full time-dependent head
response. Therefore, steady-state flow through the saturated amended sample was considered adequate
for validating the hydraulic property of the porous medium, whereas transient analysis was reserved for
the finite-duration biochar slurry permeation simulations. As such, transient analysis was selected for
the field scale scenario as the objective of the study was not to determine a final equilibrium flow state,
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Table 1. Biochar slurry properties adopted for the study.

Biochar loading (BC %) Viscosity (kg/ms) Density (kg/m?)
25 0.15 530.1
30 0.28 484.6
35 0.58 446.2
40 0.98 4135

but to simulate the progressive permeation of biochar slurry during finite-duration injection. Since
plume development, pressure dissipation, and slurry retention all evolve with time, a steady-state
approach would not be able to capture the temporal response needed for validation and field-scale
comparison. Gravity was also included as part of the model with a defined acceleration downwards of
9.81 m/s”.

Material properties

Among the studies reviewed, Liu et al. (2017) was the only paper identified that systematically
reported the rheological behaviour and stability of biochar-water slurry over a range of biochar load-
ings and particle sizes, making it the most suitable source for defining slurry properties in the present
model. The viscosity values used in this study were taken from Figure 6, specifically from the uni-
modal fine-biochar case with Dsy = 2.2 um, evaluated at a shear rate of 100s™'. This graph was
selected because the present work focuses on permeation through a porous sand medium, where the
injected slurry is intended to behave as a fine suspended phase capable of entering pore spaces rather
than as a coarse slurry dominated by settling and segregation. This choice is also supported by Liu
et al’s observation that finer biochar produced more stable slurry systems and showed lower sedi-
mentation tendency, which is more consistent with the intended injection and permeation conditions
considered in this study. The corresponding apparent viscosities at 25, 30, 35, and 40 wt.% biochar
loading were therefore extracted from that curve and used as the effective slurry viscosities in the
model.

For density, the same biochar type reported by Liu et al. (2017) was adopted as the reference mater-
ial. Their slurry was prepared using pine sawdust biochar produced by pyrolysis at 750°C in the
absence of air. Because Liu et al. focused on rheological behaviour and did not explicitly report a bulk
density value for the dry biochar, the slurry density in the present study was estimated on the basis of
the reported biochar loading by weight, using the Liu et al. biochar type as the reference material and
treating the resulting slurry as an effective bulk mixture. Thus, the density values used in the model
should be interpreted as effective slurry densities consistent with the Liu et al. biochar-water system,
rather than as particle-resolved densities that explicitly account for the open and closed internal pores
of individual biochar particles. Table 1 highlights the properties of biochar slurry adopted for the study.
Biochar material properties were not considered for both validation stages, as each stage considered the
flow of water into base soil and biochar amended soil respectively and therefore, the soil-biochar char-
acteristics in the second validation stage were solely based on the absolute permeability and porosity of
the soil subjected to amendment.

ANSYS Fluent defines viscous resistance as the inverse of absolute permeability, measured in units
of m~2. Further analysis indicates that calculating the inverse intrinsic permeability of a soil medium
provides this value. Consequently, the permeability (k) can be expressed as a function of geometry and
pore structure, as shown in Equation 8 (James et al. 1999)

K= Kearlt (8)

pg
This will enable the comparison between the experimental setup and the numerical scenario being
modelled. In this case, i and p represent the viscosity and bulk density of the relevant permeate, which
is water. Throughout the validation stage, Trifunovic et al. (2018) ‘s K, values were consequently con-
verted into the absolute permeability before the inverse value is input as the viscous resistance. As the
field-scale study expands the same soil into a slurry permeation scenario, the control 0% BC value was
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(a) Validation stage: permeability test (b) Field-scale numerical simulation stage
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Figure 4. Boundary conditions of all soil models used throughout the analysis in this study (note: the figures are illustra-
tive only and not to scale).

input as the absolute permeability value. The corresponding porosity values for each stage were also
input based on the available literature values.

Boundary conditions

For the validation-stage simulations as seen in Figure 4a, the top boundary was specified as a pressure inlet
and the bottom boundary as a pressure outlet, while the lateral boundaries were modelled as walls. The
pressure inlet condition was selected because the imposed hydraulic loading in the validation configur-
ation is pressure-controlled, whereas the corresponding inflow rate is not known a priori; in ANSYS
Fluent, pressure inlet boundaries are used precisely for cases in which the inlet pressure is prescribed but
the resulting velocity or flow rate is part of the solution (ANSYS 2009). The bottom surface was assigned
as a pressure outlet to prescribe the downstream static pressure and allow the fluid to leave the domain
under the applied pressure gradient, which is consistent with the falling-head/permeability-type hydraulic
response reproduced in this stage. The side boundaries were modelled as walls to represent the rigid and
laterally impermeable confinement of the laboratory soil bed, thereby preventing artificial side leakage and
restricting flow to the intended vertical permeation direction. In ANSYS Fluent, wall boundaries impose a
solid no-slip boundary and are commonly used to represent impermeable confining surfaces. The use of
pressure inlet and pressure outlet boundaries for pressure-driven slurry transport in saturated sand is also
consistent with previous ANSYS-based grouting simulations (Li et al. 2022).

For the field-scale simulations as seen in Figure 4b, the injection patch at the top surface was specified
as a pressure inlet, whereas the remaining top surface and all lateral surfaces were modelled as walls; the
bottom boundary was assigned as a pressure outlet. The pressure inlet was used because the field-scale
analysis examines pressure-driven injection, for which the applied injection pressure is prescribed and the
resulting inflow rate is solved as part of the permeation response. The non-inlet portion of the top surface
was treated as a wall so that flow could enter only through the intended injection region, thereby avoiding
artificial surface inflow or outflow outside the injector footprint. The side boundaries were also set as walls
to represent an idealized confined field-scale subdomain and to prevent lateral leakage through the model
limits during the simulated injection period. This treatment is justified because the domain was selected
sufficiently large that the permeation front remained within the interior region of the model, so the outer
boundaries acted as far-field limits rather than controlling the predicted slurry spread. The bottom surface
was defined as a pressure outlet to provide a hydraulic release boundary for displaced pore fluid and to
represent continued hydraulic communication below the modelled subdomain under the imposed pres-
sure gradient. As in the validation configuration, the wall boundaries represent impermeable solid limits
in Fluent and were used to maintain the intended flow confinement in the modelled field-scale block.
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Figure 5. Simulation output from the first stage of validation.

Results
Validation stage 1: Porous media behaviour assessment

The first stage of validation was conducted to verify that the porous-medium model reproduced the
expected steady-state hydraulic behaviour. As shown in Figure 5a, the converged solution produced a
stable absolute pressure contour, with an overall pressure variation of approximately 1100 Pa across the
soil domain. The pressure decreased progressively through the porous medium, and this trend was
accompanied by the velocity distribution shown in Figure 4b. The observed response confirms that the
assigned porous-medium properties and boundary conditions generated the expected pressure-loss
behaviour for laminar flow through the saturated soil layer. It is important to note that the isotropic
nature of the medium was confirmed by creating plane sections and observing the behaviour at both
planes (planes along the x- and z-axis). Figures 5c and d demonstrate constant pressure and velocity
contours regardless of the model scales, which validates the assumption of isotropic soil. Therefore, the
following sections will focus on the xy-plane.

The simulations conducted in this study aimed to determine the optimal diameter for the permeation
of biochar slurry into the soil. The validation stage was also used to verify and establish if an inlet diameter
of 30 mm was appropriate for this application. Different inlet diameters were used during this phase. Inlet
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Figure 6. Simulation outcomes for the scenario using a 30 mm permeation inlet diameter.
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Figure 7. Saturated hydraulic conductivity (K,) of biochar-amended soil simulated in this study, compared to experi-
mental measurements from the literature where (a) simulated unsieved biochar addition into Ottawa sand and (b) simu-
lated fine biochar addition into Ottawa sand.

diameters smaller than 30 mm generally failed to generate expected pressure and velocity distributions in
the soil medium, as the flow rate was contingent upon both the area of the inlet and the initial velocity. In
such scenarios, the pressure change within the system was minimal, resulting in insufficient water flow
into the soil. Given that water exhibits a relatively low viscosity compared to biochar slurry, it was con-
cluded that these smaller diameters would not facilitate an adequate flow rate necessary to effectively
simulate biochar permeation in soil. Figures 6a and b illustrate the pressure and velocity contours resulting
from the simulation utilizing a 30 mm diameter inlet. A recorded pressure change of 150 Pa was observed
from the pressure contours, which remains low relative to the total area functioning as an inlet.
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Figure 8. (a) The vertical and horizontal spreads of biochar slurry with increasing injection time and (b) the retained
mass of slurry and biochar inside the soil medium at varying injection rates.

Stage of model validation

The second-stage validation was carried out by comparing the simulated saturated hydraulic conductiv-
ity (Ksq) of biochar-amended sand with the experimental results reported by Trifunovic et al. (2018)
for the unsieved and fine biochar cases. Overall, the numerical model reproduced both datasets closely,
with reported overall discrepancies of approximately 2% for the unsieved biochar case and 1% for the
fine biochar case as seen in Figure 7.

For the unsieved biochar case, the simulations reproduced the non-monotonic trend observed in the
experimental data. At 0% biochar content, both the experimental and numerical results gave a K of
approximately 3.0 X 103 m/s. As the biochar content increased to 5%, Ky, increased to about 3.6-3.7 x
1072 m/s, after which it decreased at 10% and 20% biochar content to approximately 2.8-2.9 x 107 m/s
and 1.5-1.6 x 107> m/s, respectively. The numerical results followed the same response pattern and
remained very close to the experimental values across all biochar contents. Defining porous media proper-
ties based on the Darcy conversion of Ky, into absolute permeability shows that the initial increase in por-
osity at lower clogging rates can also be simulated through the assumptions used for this model.

For the fine biochar case, both the experimental and numerical results showed a consistent monotonic
decrease in Ky, with increasing biochar content. Starting from approximately 3.0 x 10~ m/s at 0% biochar,
the hydraulic conductivity decreased to about 2.4-2.5 x 10~ m/s at 5%, 1.7-1.8 x 10~ m/s at 10%, and
0.5-0.6 x 107 m/s at 20% biochar content. The numerical simulations reproduced this decreasing trend
closely, with only minor overprediction relative to the experimental measurements at the amended cases.
Overall, the second-stage validation shows that the adopted porous media model was able to capture both the
threshold-type response of the unsieved biochar case and the progressive reduction in hydraulic conductivity
observed for the fine biochar case. This close agreement supports the suitability of the selected model parame-
ters and numerical procedure for representing the hydraulic response of biochar-amended sand.

Numerical simulation

Injection and settling time analysis

The effect of injection time on slurry permeation was evaluated by varying the injection duration from
300 to 2100s under the baseline case of 25kPa injection pressure, 25 BC % biochar content, and 0.3 m
inlet diameter. As shown in Figure 8a, increasing the injection time increased all measured spread
parameters. Core vertical spread increased from 0.314 m at 300s to 0.505m at 2100s, while total vertical
spread increased from 0.431 to 0.676 m over the same range. Similarly, core lateral spread increased
from 0.745 to 1.148 m, and maximum lateral spread increased from 0.985 to 1.519m. The retained
slurry mass also increased continuously with injection time, rising from 17.6kg at 300s to 67.6kg at
2100s as seen in Figure 8b. Since the slurry loading was fixed at 25 BC %, the estimated retained
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Figure 9. Post injection vertical and horizontal spread of the slurry plume with 0kPa pressure varying with time.

biochar mass increased proportionally from 4.4 to 16.9kg. These results indicate that longer injection
duration promoted continued slurry migration and retention within the soil domain. The spread curves
further show that the increase in plume extent was more pronounced during the earlier injection stages,
whereas the rate of increase became smaller at later times. In particular, the interval-to-interval gains in
total vertical spread and maximum lateral spread were reduced by about 1200 to 1500s, although add-
itional growth was still observed at 1800s and 2100s. In addition, the gap between the core spread and
total spread measures became larger with increasing injection time, indicating that the affected zone
continued to expand beyond the main concentrated plume at later stages.

A post-injection settling analysis was also carried out by closing the inlet after 1500s of injection and
monitoring the subsequent spread evolution for up to 3600s. The results as seen in Figure 9 show that the
vertical spread changed only slightly during the settling period. Core vertical spread decreased from
0.463 m at inlet shutoff to 0.428 m after 1 h, while total vertical spread decreased from 0.608 to 0.592 m. In
contrast, the lateral spread continued to increase after injection stopped. Core lateral spread increased
from 1.051 to 1.140 m, and maximum lateral spread increased from 1.320 to 1.541 m during the same set-
tling period. These results show that post-injection behaviour was associated mainly with lateral redistri-
bution of the slurry plume, while further downward penetration was limited after inlet closure.

Effect of operating parameters on slurry spread and retained mass

The effects of injection pressure, inlet diameter, and biochar loading were evaluated to determine how
the main operating parameters influenced slurry spread and retained mass under the field-scale condi-
tions. As shown in Figures 10a and b, increasing injection pressure from 10 to 200 kPa increased both
the plume’s spread and retained mass. Core vertical spread increased from 0.352 to 0.570 m, while total
vertical spread increased from 0.472 to 0.724 m. Similarly, core lateral spread increased from 0.811 to
1.222m, and maximum lateral spread increased from 1.043 to 1.583m. The retained slurry mass
increased from 23.3 to 89.0 kg, while the retained biochar mass increased from 5.825 to 22.25kg. This
shows that higher pressure promoted both greater permeation extent and higher slurry retention within
the soil domain.

A similar increasing trend was observed for inlet diameter. As shown in Figures 10c and d, increas-
ing the inlet diameter from 0.1 to 0.5m increased all spread and mass parameters. Core vertical spread
increased from 0.254 to 0.433 m, while total vertical spread increased from 0.340 to 0.626 m. Core hori-
zontal spread increased from 0.549 to 1.089m, and maximum lateral spread increased from 0.710 to
1.444 m. Retained slurry mass also increased from 8.0 to 55.2 kg, while retained biochar mass increased
from 2.0 to 13.8kg. These results indicate that larger inlet diameters increased both the treatment-zone
size and the amount of biochar retained during injection.

In contrast, increasing biochar loading reduced slurry spread and retained mass. As shown in Figure
s 10(e) and 10(f), increasing biochar content from 25 to 40 BC % decreased core vertical spread from
0.377 to 0.205m and total vertical spread from 0.513 to 0.304m. Core lateral spread decreased from
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Figure 10. (a) (c) (e) Shows the vertical and horizontal spreads of slurry inside the soil medium based on pressure,
diameter and BC% and (b) (d) (f) shows the retained slurry and biochar masses in the soil medium based on the same
operating conditions.

0.864 to 0.549 m, while maximum lateral spread decreased from 1.112 to 0.735 m. Retained slurry mass
also decreased from 28.7 to 5.25kg, and retained biochar mass decreased from 7.175 to 2.1kg.
Therefore, unlike pressure and inlet diameter, higher biochar loading limited plume development under
the same injection conditions. Overall, the combined operating-parameter results show that injection
pressure and inlet diameter acted as plume-amplifying parameters, increasing both spread and retained
mass. In contrast, biochar loading acted as a mobility-limiting parameter, reducing the extent of slurry
migration and the amount of retained biochar as the solid content increased.
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Figure 11. Variation of achieved treatment depth and maximum lateral spread with application depth for the field-scale
permeation model.
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Figure 12. (a) The vertical and horizontal spreads of biochar slurry with varying application depth and (b) the retained
mass of slurry and biochar inside the soil medium at varying application depths.

Depth application analysis

The effect of application depth on slurry permeation was evaluated by comparing surface injection with
buried injection at depths of 0.9, 1.8, 2.7, 3.6, and 4.5m under a constant injection pressure of 25kPa,
biochar loading of 25 BC%, inlet diameter of 0.3m, and injection duration of 600s. As shown in
Figure 11, increasing the application depth substantially increased the achieved treatment depth below
ground. For the surface case, the total vertical spread below the ground surface was 0.513m. In con-
trast, the buried cases produced achieved total depths of 1.384, 2.286, 3.171, 4.080, and 4.963m for
application depths of 0.9, 1.8, 2.7, 3.6, and 4.5 m, respectively. However, the maximum lateral spread
did not increase with application depth, decreasing from 1.112m for surface injection to 0.935m at
0.9m depth and remaining within a narrow range of 0.890-0.917 m for the deeper buried cases. This
indicates that deeper application mainly shifted the treatment zone downward rather than enlarging the
local plume footprint around the injection point.

The local plume-size results as seen in Figure 12a confirm this trend. Total downward spread
below the tip remained nearly constant across the buried cases, varying only from 0.484m at 0.9 m
depth to 0.463m at 4.5m depth. Similarly, total upward spread decreased slightly from 0.276 to
0.241 m over the same range. As a result, total vertical extent around the tip decreased only slightly
from 0.760 m at 0.9 m insertion to 0.704 m at 4.5 m insertion. The same pattern was observed for the
core plume, where core total vertical extent decreased from 0.567 to 0.497 m. Horizontal plume size
also showed only modest variation, with core horizontal spread decreasing from 0.733 to 0.682m and
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Figure 13. Normalized sensitivity factors used in the target-depth screening framework: (a) pressure factors, (b) inlet-
diameter factors, (c) BC-loading factors, and (d) application-depth factors.

maximum lateral spread decreasing from 0.935 to 0.890 m as the application depth increased from 0.9
to 4.5m. These results show that deeper insertion did not substantially enlarge the local plume
around the tip.

The retained mass results observed from Figure 12b indicate that shallow buried injection provided
the greatest retention. Retained slurry mass increased from 28.7kg for the surface case to 31.6kg at
0.9 m depth, but then decreased progressively to 29.8, 28.1, 26.4, and 24.5kg for depths of 1.8, 2.7, 3.6,
and 4.5 m, respectively. The same trend was observed for retained biochar mass, which increased from
7.175kg for the surface case to 7.9kg at 0.9 m depth, before decreasing to 6.125kg at 4.5m depth.
Overall, the results show that application depth mainly influenced the final position of the treatment
zone rather than the plume size itself. The shallow buried case of 0.9 m produced the highest retained
slurry and biochar masses, whereas deeper application was more effective when the objective was to
reach a deeper subsurface target zone.

Target depth and effective permeation

A final target-depth assessment was carried out to identify practical operating conditions capable of
reaching selected subsurface treatment depths. This analysis was conducted at a fixed injection duration
of 600 s using the completed sensitivity analyses for injection pressure, inlet diameter, BC%, and appli-
cation depth. The reference case used for the screening framework was 25kPa injection pressure, 0.3 m
inlet diameter, 25 BC%, surface application, and 600s injection duration. The corresponding reference
values were 0.513m for downward spread, 1.112m for maximum lateral spread, and 7.175kg for
retained biochar mass. These values were then adjusted using normalized sensitivity factors obtained
from the individual parametric studies. As shown in Figure 13a, increasing injection pressure increased
the downward-spread, lateral-spread, and retained-mass factors, with the strongest increase observed
for retained biochar mass. At 200kPa, the pressure factor increased to 1.411 for downward spread,
1.424 for maximum lateral spread, and 3.101 for retained biochar mass. A similar response was
observed for inlet diameter, as shown in Figure 13b. Increasing the diameter from 0.1 to 0.5m
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Table 2. Balanced and high-power candidate cases for the 3.0 and 4.0 m target-depth conditions. The operating con-
dition column lists injection pressure, inlet diameter, BC%, and application depth, respectively.

Target Achieved Max lateral Retained biochar
depth (m) Case type Operating condition depth (m) spread (m) mass (kg)
3.0 Balanced Design 25kPa, 0.3 m, 25 BC%, 2.7 m Depth 3.171 0.893 7.025

3.0 High power design 200 kPa, 0.5m, 25 BC%, 2.7 m Depth 3.511 1.652 41.896

4.0 Balanced Design 25kPa, 0.3 m, 25 BC%, 3.6 m Depth 4.080 0.909 6.600

4.0 High power design 200 kPa, 0.5m, 25 BC%, 3.6 m Depth 4.427 1.681 39.371

increased the downward-spread factor from 0.663 to 1.220, the lateral-spread factor from 0.639 to
1.299, and the retained-mass factor from 0.279 to 1.923. Therefore, both injection pressure and inlet
diameter acted as plume-amplifying parameters in the screening framework. In contrast, the BC-loading
factors showed a decreasing trend with increasing BC%, as shown in Figure 13c. Increasing BC% from
25 to 40 reduced the downward-spread factor from 1.000 to 0.593, the lateral-spread factor from 1.000
to 0.661, and the retained-mass factor from 1.000 to 0.293. This indicates that increasing BC% reduced
slurry mobility and retained biochar mass under the tested pressure-driven conditions. Accordingly, 25
BC% was retained as the preferred loading for the final target-depth assessment. The application-depth
factors shown in Figure 13d further indicate that local downward spread remained relatively stable with
increasing insertion depth, while lateral spread and retained biochar mass generally decreased. This
confirms that application depth primarily acted as a positioning parameter, whereas pressure and inlet
diameter mainly controlled plume amplification and mass delivery.

Based on the buried-injection results, the downward spread below the injection tip remained rela-
tively stable across the tested insertion depths, ranging from 0.463 to 0.486 m. The mean downward
spread was approximately 0.477 m and was rounded to 0.48 m for preliminary target-depth estimation.
Therefore, the required insertion depth was first estimated using dg, .q ~ z; — 0.48, where z; is the tar-
get treatment depth. This relation was used only as an initial estimate, while the final cases were
assessed using the full factor-based screening procedure. Two target depths were selected for final com-
parison: 3.0 m as the primary target depth and 4.0m as the higher-demand target depth. For the 3.0m
target, the balanced design case corresponded to 25kPa injection pressure, 0.3 m inlet diameter, 25
BC%, and 2.7 m application depth. As shown in Table 2, this case achieved a final treatment depth of
3.171m, with a maximum lateral spread of 0.893 m and retained biochar mass of 7.025kg. The corre-
sponding high-power envelope case, using 200 kPa and 0.5m diameter at the same application depth,
was predicted to reach 3.511m and retain 41.896kg of biochar, but with a substantially larger lateral
spread of 1.652 m. Therefore, the balanced case was sufficient to meet the 3.0m target while maintain-
ing a more controlled treatment footprint. For the 4.0 m target, the balanced design case was obtained
using 25kPa injection pressure, 0.3 m inlet diameter, 25 BC%, and 3.6 m application depth. This case
achieved a final treatment depth of 4.080 m, with a maximum lateral spread of 0.909 m and retained
biochar mass of 6.600kg. The corresponding high-power envelope case reached 4.427 m and retained
39.371kg of biochar, but the maximum lateral spread increased to 1.681m. This again shows that
increasing pressure and inlet diameter can increase plume size and retained mass, but at the cost of a
wider treatment footprint. Therefore, the high-power cases are more suitable as upper-bound envelope
scenarios, whereas the moderate-pressure and moderate-diameter cases represent the preferred practical
design conditions. Overall, the target-depth assessment shows that the required treatment depth can be
achieved most effectively by adjusting the application depth. Pressure and inlet diameter should instead
be treated as parameters for tuning the local plume size and retained mass. Therefore, the final design
logic is to use insertion depth to place the biochar plume at the required subsurface target, maintain 25
BC% to preserve slurry mobility, and increase pressure or inlet diameter only when a larger treatment
footprint or higher retained mass is required.
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Discussion
Reliability of the numerical framework

The two-stage validation strategy was important for establishing the reliability of the numerical frame-
work before extending the analysis to field-scale biochar slurry permeation. The first stage served pri-
marily as a hydraulic verification step, confirming that the assigned porous-medium properties and
pressure-based boundary conditions produced a physically consistent steady-state pressure-loss response
through the saturated soil domain similar to such numerical simulations in various literature (Alam
et al. 2020; Diana et al. 2021). This step was necessary because the subsequent slurry simulations rely
on the correct implementation of the porous-media resistance formulation in ANSYS Fluent, where
pressure loss through a porous region is represented using momentum source terms associated with
viscous and, when required, inertial resistance (ANSYS 2009). However, this stage should not be inter-
preted as a direct experimental validation, since its purpose was to confirm the hydraulic behaviour of
the base porous medium rather than reproduce an external dataset.

The second validation stage provided the main experimental comparison by evaluating the model
response against the biochar-amended sand data reported by Trifunovic et al. (2018). This dataset was
suitable for validation because it used a well-defined homogeneous Ottawa sand medium and examined
the effects of biochar concentration and particle-size distribution on saturated hydraulic conductivity.
The model reproduced both the non-monotonic Ky, response observed for the unsieved biochar case
and the monotonic reduction in K observed for the fine biochar case. This is important because
Trifunovic et al. (2018) showed that the hydraulic behaviour of biochar-amended sand depends not
only on biochar concentration, but also on the relative proportion of fine biochar particles capable of
occupying pore spaces and modifying the pore structure. Therefore, agreement with both particle-size
cases indicates that the adopted numerical framework was able to represent the bulk hydraulic effect of
biochar amendment on sandy soil. At the same time, the validation should be interpreted at the con-
tinuum hydraulic-response level. The agreement with literature K, data demonstrates that the bulk
permeability behavior of biochar-amended sand can be represented with satisfactory accuracy, but it
does not imply that pore-scale particle interactions, transient clogging development, or particle-size-spe-
cific deposition were directly resolved. These mechanisms were treated implicitly through the effective
hydraulic properties and model assumptions. Accordingly, the validated framework provides a suitable
basis for assessing average slurry permeation behavior, while more detailed particle-scale mechanisms
remain a subject for future model development.

Time sensitivity of permeation and post-injection redistribution

The injection-time analysis shows that biochar slurry permeation is strongly time-dependent under
continued pressure-driven injection. Increasing injection duration increased the vertical and lateral
spread of the plume, as well as the retained slurry and retained biochar mass. This response is expected
because longer injection allows the pressure gradient to act over a longer period, increasing the cumula-
tive volume of slurry entering the porous domain. Similar behaviour has been reported in permeation
grouting studies, where injection time, flow rate, and pressure are directly related to the development
of grout diffusion radius and treated-zone size (Celik 2019; Zhou et al. 2021; Hu et al. 2024). However,
the results also showed that the increase in plume extent became less pronounced after approximately
1200-1500s. This suggests that the practical benefit of continued injection decreases with time, even
though the plume did not reach a complete plateau within the tested range. In the present model, this
trend should be interpreted as a reduction in incremental spread gain under continued constant-pres-
sure injection rather than as direct evidence of clogging. Since the porous resistance and porosity were
kept fixed during the time-sensitivity analysis, the model does not explicitly simulate time-dependent
pore blocking, filtration, or permeability reduction. Therefore, the observed diminishing gain is more
appropriately described as progressive plume expansion with reduced marginal increase at later injec-
tion times.

The post-injection settling results further show that once the inlet was closed, additional downward
movement was limited. Vertical spread decreased slightly after shutoff, while lateral spread continued
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to increase. This indicates that the post-injection stage was dominated by redistribution of the slurry
plume within the already affected region rather than continued penetration to greater depth. Similar
time-dependent redistribution behaviour is relevant in slurry and grouting problems, where the final
treatment geometry is controlled not only by the active injection stage but also by the subsequent relax-
ation and redistribution of the injected material after pressure release (Li et al. 2022; Hu et al. 2024).

Although extending injection time increased slurry delivery and retained biochar mass, this response
should be interpreted as an upper-bound estimate because transient clogging and permeability evolu-
tion were not included. In real particulate slurry permeation, retained particles can progressively block
pore throats, form filtration zones or filter cakes, and reduce permeability, thereby limiting later-stage
penetration. Similar behaviour has been reported in cement-grouting studies, where filtration reduces
permeability and causes penetration rate or diffusion radius to decrease or stabilize with time (Sun
et al. 2019; Yang et al. 2025). Therefore, incorporating transient clogging would likely reduce the pre-
dicted spread at longer injection durations.

Governing controls on biochar slurry permeation

The field-scale sensitivity results indicate that biochar slurry permeation is governed by a combination
of hydraulic driving conditions, inlet geometry, slurry composition, and application depth. However,
these parameters did not influence the permeation response in the same manner. Injection pressure
and inlet diameter generally acted as plume-amplifying parameters, as both increased the vertical
spread, lateral spread, retained slurry mass, and retained biochar mass. This behaviour is consistent
with permeation grouting and slurry-injection studies, where higher grouting pressure and injection
geometry have been shown to increase the diffusion radius, penetration extent, and treated-zone size in
porous or saturated sandy media (Celik 2019; Zhou et al. 2021; Li et al. 2022; Hu et al. 2024). Higher
injection pressure increases the pressure gradient available to drive slurry through the saturated pore
network, while a larger inlet diameter increases the effective injection footprint and allows a greater
volume of slurry to enter the soil over the same injection period. Similar relationships between injec-
tion pressure, penetration distance, and grout diffusion have been reported in numerical and experi-
mental grouting studies, where increased pressure generally promotes larger propagation zones but may
also increase the lateral extent of the treated region (Zhou et al. 2021; Li et al. 2022). While pressure
and diameter improved slurry delivery in the present model, they also enlarged the treatment footprint.

In comparison, increasing BC% reduced slurry mobility. This trend is consistent with the rheological
behaviour of biochar-water slurry reported by Liu et al. (2017) which showed that slurry viscosity and
stability are strongly affected by biochar solid content, particle size, and particle-size distribution. As
BC% increases, the effective viscosity of the slurry also increases, which restricts its ability to permeate
the porous soil within the same injection duration. Therefore, while a higher BC% may appear benefi-
cial from a carbon-loading perspective, the present results suggest that excessive solid loading can
reduce the actual amount of biochar delivered and retained in the soil under pressure-controlled injec-
tion. However, increasing the injection pressure and diameter could allow for higher spread and
retained slurry mass in soil although it may result in exceeding the threshold for permeation grouting
pressure resulting in fractures (Liu et al. 2023). The observed reduction in mobility at higher BC% also
agrees with broader biochar-soil hydraulic studies showing that biochar particle size, concentration,
pore occupation, and pore-size redistribution can strongly affect water movement in amended soils
(Githinji 2014; Jun Zhang et al. 2016; Trifunovic et al. 2018; Chen et al. 2022; Jia et al. 2024). In par-
ticular, Trifunovic et al. (2018) showed that fine biochar particles can reduce saturated hydraulic con-
ductivity by occupying pore spaces and increasing tortuosity in sand. However, in the present CFD
model, this effect should be interpreted carefully as the reduction in spread with increasing BC% is
mainly represented through the effective viscosity and bulk slurry properties, rather than through expli-
citly resolved particle bridging or time-dependent pore clogging.



INTERNATIONAL JOURNAL OF CONSTRUCTION MANAGEMENT e 23

Application depth and target zone delivery

The application-depth analysis showed that insertion depth played a different role from pressure, inlet
diameter, and BC%. While pressure and inlet diameter mainly changed the size of the plume, applica-
tion depth primarily controlled the final position of the treatment zone below ground. This is impor-
tant because the main purpose of the proposed permeation approach is not only to increase local slurry
spread, but to place biochar at a required subsurface depth. In this regard, the results suggest that
deeper application is most useful as a positioning mechanism, rather than as a direct method for
increasing plume size around the injection point. The local plume-size results support this interpret-
ation. Although the achieved treatment depth increased substantially with increasing application depth,
the downward spread below the injection tip remained nearly constant with a slight decrease. The slight
reduction in local plume size at greater application depths may be explained by the more confined
buried-injection condition and increased resistance to redistribution around the outlet (Ding et al.
2024). Grouting studies have reported that, under the same grouting pressure, injectable grout volume
can decrease with increasing burial depth as confining pressure becomes more influential, and that per-
meation is controlled by the interaction between slurry properties and the pore structure of the sur-
rounding medium (Xu et al. 2023). As this study was a pressure-driven simulation, the local slight
decrease aligns with these findings. It should also be noted that the plume spread may decrease at
deeper depths due to overburden pressure on the soil restricting pores and thereby reducing permeabil-
ity (Wang et al. 2023). Therefore, deeper application mainly repositioned the plume rather than
increasing local expansion around the injection point. This indicates that the deeper cases reached
greater total depths mainly because the injection point itself was placed deeper, not because the slurry
travelled much farther below the tip. Therefore, the application depth can be interpreted as a geometric
control on target-zone placement. This behaviour is also consistent with permeation-based injection
principles, where the final treated region is governed by both the location of the injection source and
the local diffusion of the injected material around that source (Celik 2019; Zhou et al. 2021; Li et al.
2022).

The retained-mass trend further shows that deeper insertion is not always better from a delivery-effi-
ciency perspective. The shallow buried case produced the highest retained slurry and retained biochar
mass, while further increases in application depth gradually reduced retention. This suggests that shal-
low subsurface placement may provide improved confinement compared with surface injection, but
deeper insertion can introduce a trade-off where the target depth is reached at the expense of lower
retained mass and slightly smaller local plume size which is consistent with the findings of Ding et al.
(2024). Therefore, the preferred application depth depends on the design objective. If the objective is
maximum retained mass, a shallower buried depth is more favourable. If the objective is to reach a
deeper target zone, deeper insertion becomes necessary even if retention decreases slightly.

This finding is particularly relevant to the practice deficiency identified in the introduction.
Conventional biochar application is commonly associated with surface or shallow incorporation, which
may be suitable for agricultural amendment but is less effective when the objective is controlled deep
placement. Previous biochar application guidance and reviews have also highlighted practical challenges
associated with field application, including handling, mixing, erosion risk, and the need for appropriate
placement methods (Major 2010; Verheijen et al. 2010; El-Naggar et al. 2019; Campion et al. 2023).
The present results address this gap by showing that application depth can be used to position the bio-
char treatment zone more deliberately within the subsurface, without relying only on increasing pres-
sure or inlet diameter.

The target-depth analysis strengthens this interpretation. For both the 3.0 and 4.0 m target depths,
the balanced cases achieved the required treatment depth using moderate pressure, moderate inlet
diameter, and 25 BC%, provided that the injection point was placed at the appropriate application
depth. In contrast, the high-power cases increased retained biochar mass and plume size, but also pro-
duced a much wider lateral footprint. This means that pressure and diameter are useful for enlarging
the treated zone, but they are not the most efficient way to control depth achievement. The more prac-
tical design logic is to first select the application depth based on the target zone, and then adjust pres-
sure and inlet diameter only to tune the local plume size and retained mass.
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Practical design implications

The results of this study provide a practical basis for selecting field-scale biochar slurry permeation
conditions according to the intended treatment objective. The target-depth analysis showed that the
required subsurface depth can be achieved most effectively by selecting an appropriate application
depth, while injection pressure and inlet diameter should be used mainly to adjust the local plume size
and retained biochar mass. This distinction is important because increasing pressure or diameter from
the surface may enlarge the treated zone, but it does not provide the same level of control over where
the biochar is placed vertically. Therefore, for deep biochar insertion, application depth should be
treated as the primary design variable, while pressure and diameter should be treated as secondary tun-
ing parameters.

From a practical design perspective, the balanced cases were more favourable than the high-power
cases. For both the 3.0 and 4.0m target depths, moderate conditions using 25kPa injection pressure,
0.3m inlet diameter, and 25 BC% were sufficient to reach the required treatment depth when the appli-
cation depth was selected appropriately. In contrast, the high-power cases using 200kPa and 0.5m
diameter increased the retained biochar mass, but also produced a much wider lateral spread. This indi-
cates that maximum pressure and maximum inlet diameter are not necessarily the most efficient
options if the objective is controlled deep placement. Instead, these higher-intensity cases are better
interpreted as upper-bound scenarios for cases where a larger treatment footprint or greater mass deliv-
ery is acceptable. The higher-intensity cases also present a higher chance for fracture occurrence, which
disturbs the soil stratum (Liu et al. 2023) and could result in soil strength losses (Wang et al. 2026).
Such losses could lead to preferential leaching resulting in biochar particles moving into groundwater
rather than being sequestered in the soil matrix itself (Zuolin Liu et al. 2016).

The results also show that higher BC% should not automatically be selected for carbon sequestration
purposes. Although increasing BC% increases the amount of biochar per unit mass of slurry, the simu-
lations showed that higher BC% reduced slurry mobility, plume spread, and retained biochar mass
under the same pressure-driven conditions. Therefore, the most suitable slurry loading is not simply
the highest available BC%, but the concentration that maintains sufficient mobility for soil permeation
while still delivering a meaningful amount of biochar. In the present framework, 25 BC% provided the
best balance between mobility and retained biochar mass. While potential for higher BC% sequestration
exists, effective permeation can only be achieved through higher inlet diameter and pressures and injec-
tion times which risks the occurrence of fractures in soil.

These findings are relevant to the practical deficiency of conventional biochar application methods.
Surface spreading and mechanical mixing can be appropriate for shallow soil amendment, but they are
less suitable when the objective is controlled deep insertion. Previous reviews and practical guidelines
have noted that biochar field application can be limited by handling, labour, cost, erosion risk, and the
difficulty of achieving uniform placement, particularly when large-scale application is considered
(Major 2010; Verheijen et al. 2010; El-Naggar et al. 2019; Campion et al. 2023). The present results sug-
gest that pressure-driven slurry permeation could provide a more targeted route for subsurface delivery,
as the application depth can be selected to place the treatment zone at the desired depth without rely-
ing solely on extensive surface mixing.

Model limitations and future improvements

The present study provides a continuum-scale assessment of biochar slurry permeation through satu-
rated sandy soil; however, several model limitations should be acknowledged. First, the soil domain was
assumed to be homogeneous, isotropic, rigid, and fully saturated. This assumption allowed the effect of
pressure-driven slurry permeation to be isolated, but it does not account for natural field variability
such as stratification, preferential flow paths, partial saturation, or spatial changes in permeability. Since
field soils are rarely uniform, the predicted plume geometry should be interpreted as an idealized
response under controlled porous-medium conditions rather than a direct representation of all possible
field conditions.
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Second, the biochar slurry was represented using effective bulk properties, including literature-
derived apparent viscosity values. This approach was necessary because limited experimental data are
available on biochar-water slurry rheology, and Liu et al. (2017) remains one of the few studies report-
ing viscosity behaviour for biochar slurry over different solid contents and particle-size conditions.
However, biochar slurry is a particulate suspension and cannot be treated as equivalent to water. Its
behaviour depends on solid content, particle size, particle-size distribution, water uptake, and shear-
dependent rheology (Liu et al. 2017). Therefore, the present model captures the average flow behaviour
of the slurry, but does not fully resolve non-Newtonian effects, particle segregation, aggregation, or
local changes in concentration during permeation.

Another important limitation is that transient clogging and permeability evolution were not expli-
citly included. The porous resistance and porosity were kept fixed during the field-scale simulations,
meaning that particle deposition, pore-throat blocking, filtration effects, and time-dependent reductions
in hydraulic conductivity were not directly simulated. This is particularly relevant because biochar-
amended sand studies have shown that fine biochar particles can occupy pore spaces, alter pore-size
distribution, increase tortuosity, and reduce saturated hydraulic conductivity (Trifunovic et al. 2018;
Chen et al. 2022). As a result, the predicted spread at longer injection times may represent an upper-
bound estimate under constant-pressure conditions. If progressive clogging and permeability reduction
were included, the later-stage plume growth would likely be more restricted. The model also did not
explicitly resolve the internal pore structure of individual biochar particles. Biochar contains open and
closed intra-particle pores (Yong Wan et al. 2022), which may influence water uptake, apparent particle
density, slurry viscosity, and interaction with soil pores. In the present formulation, these structural
effects were embedded indirectly through effective slurry properties rather than being modelled at the
particle scale. This simplification is acceptable for continuum-scale permeation analysis, but it limits
the ability of the model to describe detailed biochar-water-soil interactions at the pore or particle level.

Future work should therefore focus on improving the physical representation of biochar transport
and retention in soil. A more advanced model could include transient clogging relationships, perme-
ability reduction functions, or evolving porosity linked to local biochar retention. Particle-resolved
approaches, such as CFD-DEM coupling, would also be useful for studying interparticle interactions
between biochar and sand, particle bridging, pore blocking, and deposition mechanisms. Similar
coupled approaches have been used in grouting studies to represent particle-scale slurry movement in
saturated granular media (Li et al. 2022). In addition, future simulations should consider heterogeneous
soils, partial saturation, different biochar particle-size distributions, and experimentally measured slurry
rheology for the specific biochar source used. Finally, further experimental validation is necessary
before the proposed permeation approach can be considered field-ready. Laboratory column tests and
pilot-scale injection studies would allow the predicted spread, retained biochar mass, and target-depth
delivery to be compared directly with measured data. Such validation would also help determine
whether the simulated treatment zones remain stable over time, especially under realistic drainage, wet-
ting-drying, freeze-thaw, and soil-structure conditions. Therefore, while the present model provides a
useful first step in evaluating pressure-driven biochar slurry permeation, future studies should extend
the framework toward transient clogging, particle-scale transport, and experimental field-scale
verification.

Conclusions

This study evaluated the feasibility of pressure-driven biochar slurry permeation as a potential method
for targeted subsurface biochar insertion in sandy soil. A coupled multiphase porous-media CFD
framework was developed and validated in two stages. The first stage confirmed that the porous-media
setup produced a physically consistent pressure-loss response, while the second stage showed close
agreement with the experimental K, trends reported for biochar-amended sand. The model was able
to reproduce both the non-monotonic response of unsieved biochar and the monotonic reduction in
hydraulic conductivity observed for fine biochar, supporting its suitability for representing the bulk
hydraulic response of biochar-modified sandy soil.
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The field-scale simulations showed that injection time, pressure, inlet diameter, BC%, and applica-
tion depth influenced slurry permeation in different ways. Increasing injection time promoted plume
growth and retained biochar mass, although the later-stage gains became less pronounced. Injection
pressure and inlet diameter acted as plume-amplifying parameters, increasing both spread and retained
mass. In contrast, increasing BC% reduced slurry mobility, resulting in smaller plume spread and lower
retained biochar mass under the same pressure-driven conditions. Application depth behaved differ-
ently from the other parameters, as it primarily controlled the final position of the treatment zone
rather than substantially increasing the local plume size around the injection point.

The target-depth assessment showed that the required subsurface treatment depth could be achieved
more effectively by selecting an appropriate application depth rather than relying only on higher pres-
sure or larger inlet diameter. For the 3.0m target depth, the balanced case of 25kPa pressure, 0.3 m
inlet diameter, 25 BC%, and 2.7 m application depth achieved a final depth of 3.171 m with a controlled
maximum lateral spread of 0.893m. For the 4.0m target depth, the corresponding balanced case at
3.6 m application depth achieved 4.080 m with a maximum lateral spread of 0.909 m. Although higher-
pressure and larger-diameter cases increased retained biochar mass, they also produced wider treatment
footprints, making them more suitable as upper-bound scenarios rather than preferred practical design
cases.

The main contribution to knowledge is that this study advances biochar-based carbon sequestration
research beyond conventional surface mixing and pre-mixed biochar-amended soil assessment by intro-
ducing a numerical framework for evaluating pressure-driven biochar slurry delivery into sandy porous
media. It also contributes to permeation-method research by demonstrating how slurry rheology,
injection pressure, inlet geometry, and application depth collectively influence subsurface biochar place-
ment. In addition, the study contributes to coupled multiphase porous-media modelling by adapting a
CFD-based mixture and porous-media formulation to assess the average continuum-scale behaviour of
biochar slurry permeation, while clearly identifying the limits of this approach in relation to transient
clogging and particle-scale deposition. The main contribution to practice is the development of a
design-oriented interpretation for field-scale biochar insertion. The results suggest that application
depth should be used as the primary control for reaching the target treatment zone, while injection
pressure and inlet diameter should be adjusted to tune the local plume size and retained mass. BC%
should be selected carefully because higher solid content does not necessarily improve delivery if slurry
mobility is reduced. Therefore, for sandy soils, a balanced design approach based on insertion depth,
moderate pressure, practical inlet diameter, and suitable slurry dosage may provide a more controlled
pathway for deep biochar placement than conventional shallow mixing or high-power injection alone.

Overall, the study supports the potential of biochar slurry permeation as a practical route for deeper
subsurface biochar delivery and carbon sequestration in sandy soils. However, future work should
incorporate transient clogging, evolving permeability, particle-size-specific transport, soil heterogeneity,
and experimental field or column-scale validation to further improve predictive reliability and practical
applicability.
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