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Abstract: Wildfires pose a significant threat to the entire ecosystem. The impacts of these
wildfires can potentially disrupt biodiversity and ecological stability on a large scale.
Wildfires may alter the physical and chemical properties of burned soil, such as particle
size, loss of organic matter and infiltration capacity. These alterations can lead to increased
vulnerability to geohazards such as landslides, mudflows and debris flows, where soil
erosion and sediment transport play a crucial role. The present study investigates the impact
of wildfire on soil erosion by conducting a series of laboratory experiments. The soil samples
were burned using two different methods: using firewood for different burning durations
and using a muffle furnace at an accurately controlled temperature within 400 ◦C∼1000 ◦C.
The burned soils were subsequently subjected to surface erosion by utilizing the constant
head method to create a steady water flow to induce the erosion. In addition, empirically
based theoretical models are explored to further assess the experimental results. The
experimental results reveal a loss of organic matter in the burned soils that ranged from
approximately 2% to 10% as the burning temperature rose from 400 ◦C to 1000 ◦C. The
pattern of the grain size distribution shifted to a finer texture in the burned soil. There
was also a considerable increase in soil erosion in burned soils, especially at a higher burn
severity, where the erosion rate increased by more than five times. The empirical predictions
are overall consistent with the experimental results and offer reasonable calibration of
relevant soil erosion parameters. These findings demonstrate the importance of post-
fire erosion in understanding and mitigating the long-term effects of wildfires on geo-
environmental systems.

Keywords: wildfire; soil; debris flow; entrainment; erodibility

1. Introduction
Wildfires have become a recurring natural threat in the United States, often exacerbated

by climate change, land use patterns and anthropological activities. The western part of
the country is especially prone to wildfires due to its arid climate and abundant forests
and grasslands. Every year, it often experiences a large number of wildfires that have been
increasing in both size and frequency in recent decades. Wildfires can have long-term
impacts on soil behavior, including the physical, chemical and biological properties, as well
as far-reaching effects on the microbial communities and geological processes [1–3]. Post-
wildfire impacts on the environment are multifaceted and can have significant ecological
and economical implications, such as water quality deterioration [4–6], land loss [7,8]
and livestock health and production [9]. For geotechnical engineering communities, of
particular interest is the prospect of post-wildfire soils becoming more vulnerable to various
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geological hazards, such as landslides, mudslides, debris flows and flash floods. Indeed,
such incidents of landslides and debris flows, which are often triggered by intensive
rainfall, have been widely reported following the fire seasons in the western US [10–12].
Post-wildfire soils are affected by two key phenomena that are possibly responsible for
their compromised stability. First, the soils appear more resistant to water infiltration, thus
leading to increased overland flow or surface runoff [13,14]. Secondly, they may become
more susceptible to erosion and thus they have much greater potential to generate massive
flows of debris material [15–17]. Hence, post-wildfire runoff and erosion are major concerns
in fire-prone landscapes globally [18].

Research studies by Rengers et al. [19] and Orem and Pelletier [20] have shown that
wildfires can cause a significant increase in erosion due to changes in soil erodibility and
water infiltration, persisting for several years following the wildfire event. Elliot and Flana-
gan [21] demonstrate that the erosion following a wildfire can be many times the erosion
from an undisturbed forest, based on the investigation of 36 soil sites from nearly 20 states
of the United States. Post-fire soil erosion is of considerable concern due to its potential
adverse effects on downstream resources and site productivity [22]. Turnbull et al. [23]
explored the impact of fire severity on soil erosion in shrublands, highlighting the role
of vegetation loss and hydrophobic soil surfaces in increased erosion rates. Raindrop-
driven erosion processes have been identified as particularly important in the incipient
stages of rill formation in post wildfire settings [24]. The hydrologic response to wildfires
in mountainous regions can increase higher runoff and erosion, posing risks to life and
infrastructure [25].

Post-wildfire floods with severe erosion have been observed in various regions, demon-
strating the importance of accurate predictions of the magnitude of post-wildfire flow and
erosion potential [12,26]. The effects of wildfires on soil properties vary with fire inten-
sity, severity, frequency and size, leading to changes in soil erodibility and hydraulic
properties [14,27,28]. In addition to many case studies in the United States, field inves-
tigations around the world have also reported considerable evidence in the change in
sediment erosion after wildfires. In a case study of fire-induced erodibility at La Costera,
Valencia, southeast Spain, the sediment yield, sediment concentration and erosion rates
were found to be 35.26, 12.45 and 37.845 times higher, respectively, two years after the fire
than ten years after the fire by Cerda et al. [29]. Follmi et al. [30] investigated the large
wildfires in the Mediterranean ecosystems that impacted sediment redistribution over
multiple decades, leading to increased erosion and deposition rates. Yang et al. [31] studied
the 2019–2020 wildfires and storm events in the Sydney Drinking Water Catchment and
identified a significant increase in erosion rates.

The rise in widespread and intense wildfires presents significant environmental chal-
lenges, as the wildfires leave the landscape vulnerable to erosion and pose potential
far-reaching threats to ecosystems, water quality and human communities. Understanding
post-wildfire erosion dynamics is crucial for developing effective mitigation strategies and
sustainable land management practices. The severity of erosion is influenced by a range of
factors, such as rainfall intensity, soil properties and burn severity [32,33]. Soil texture and
organic matter content are critical factors in erosion susceptibility [34]. Hence, it is of benefit
to carry out a laboratory-scale experimental investigation to focus on the fundamental
characteristics of burned soils and assess their change in erodibility. The primary objective
of the present study is to explore the evolution of basic geotechnical characteristics before
and after the burning, with a specific focus on the soil erosion. In the present study, a
series of experiments are explored using two methods of soil burning for specific durations
or at controlled temperatures to simulate the effects of different burn severities. The pre-
and post-fire properties of a typical surficial soil are examined, including the change in
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organic matter, particle size distribution and plasticity. The surface erosion of tested soil
samples is also investigated, and relevant theoretical erosion models are explored to assess
the experimental results and evaluate the key erosion parameters.

2. Experimental Investigation
2.1. Materials and Burning Methods

In the present study, soil samples were collected from the streambank of the Ottawa
River located in the campus of the University of Toledo, Toledo, Ohio, USA. Two burning
methods were explored to simulate the effects of the wildfires on soil behavior. The first
burning method was conducted outdoors using firewood (hereafter referred to as fire
burning) (Figure 1). Wood was placed and ignited on the soil in a 60 cm × 60 cm tray
of 13 cm depth, with additional wood added continuously to maintain the fire for the
specified duration. To simulate varied fire severities, after a number of trials, soil samples
were subjected to burning for three durations: one hour, two and a half hours and four
hours, aiming to represent a low, moderate and high severity of burning. The temperature
on the soil surface was measured using an infrared thermometer laser temperature gun,
which found that the highest temperature reached was approximately 720 ◦C.

Figure 1. Fire burning of soil samples with wood.

Figure 2 shows the burned soil samples of varied severity: the low severity burning
shows the presence of black ash on the soil, while the visual indicator of moderate severity
is gray ash and the visual indicator of high severity is white or orange ash. This is consistent
with the description of burning severity suggested by Wells et al. [35] and DeBano et al. [7].

Figure 2. Photos of soil samples after (a) low-severity burn; (b) moderate-severity burn; (c) high-
severity burn.

The second method was explored using a muffle furnace with the principal aim
to precisely control the temperature. This muffle furnace (Model MF-2A, Gilson Inc.,
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Lewis Center, OH, USA) can reach the highest temperature of 1287 ◦C. Another primary
motivation of exploring this method is that outdoor fire burning is often restricted by local
fire regulations, while oven heating is free of such restrictions and weather constraints.
Soil samples were heated in the muffle furnace for one hour at a controlled temperature
of 400 ◦C, 600 ◦C, 800 ◦C or 1000 ◦C. A muffle furnace typically requires sophisticated
procedures for temperature control due to the exceptionally high temperature involved.
During this heating, in the present study, the targeted temperature was raised in half
an hour, then maintained at that temperature for one hour and finally dropped to room
temperature in half an hour. The selection of the temperature range in the present study is
consistent with the typical temperatures at the soil surface during the wildfires reported
in the past research findings [36–38]. It represents the wide temperature range during
wildfires, allowing one to assess soil responses to different thermal conditions and simulate
the varied burning severity. For the sake of convenience, this method is hereafter referred
to as oven burning (in contrast to fire burning). Figure 3 shows the visual observations of
color changes in the soil samples, where more soil particles turned to orangish at higher
temperature. In this oven burning test, it becomes also possible to assess the loss of
organic matter during the burning. Soil organic matter helps to bind soil particles, forming
aggregates that improve drainage and aeration, thus preventing erosion and compaction.

Figure 3. Photos of soil samples after burning in the furnace at the temperature of (a) 400 ◦C;
(b) 600 ◦C; (c) 800 ◦C; (d) 1000 ◦C.

2.2. Fundamental Characteristics

The grain size distribution of soil samples generally plays an important role in their
behavior. Especially during the wildfires, the burning may lead to considerable changes in
the particle sizes [39–41] that impact the post-wildfire soil behavior. In the present study,
sieve analysis and a hydrometer test were carried out to identify the grain size distribution
of the original samples as well as the burned samples.

Figure 4 shows the grain or particle size distribution (PSD) of all four soil samples
examined in the fire burning, including the original and three burned samples. There
is some modest alteration in the soil texture. Overall, the distribution curve tends to
shift toward the left, i.e., certain fractions of grains became smaller. However, a close
examination is necessary to identify the subtle details of such evolution.
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Figure 4. Grain size distribution of four soil samples examined in the fire burning.

The original soil sample consisted of 0.6% gravel (particles larger than 4.75 mm), 78.4%
sand (particles between 4.75 mm and 0.075 mm), 19.1% silt (particles between 0.075 mm and
0.002 mm) and 1.9% clay (particles smaller than 0.002 mm). In geotechnical engineering,
the combination of the silt and the clay together is typically referred to as the fines. The
low-severity burning resulted in a shift toward finer soil textures, with a considerable
increase in silt to 22.3%, while the sand fraction decreased to 75.3% and the clay fraction
almost remained the same. This pattern is consistent as the burning severity changed
from low to moderate and then to high, culminating in a final composition of 67.6% sand,
28.5% silt and 2.4% clay for the high-severity burned samples. Notably, the clay content
experienced a subtle decrease in the high-severity sample compared with the moderately
burned sample, in contrast to the general trend of increasing fines. These results reveal
an interesting trend: as the severity of the fire increased, there was a slight increase in the
fine fractions of the soil, i.e., silt and clay. Meanwhile, this increase was accompanied by a
corresponding decrease in the sand fraction. It is worth noting that, with increasing fire
severity, there was a marked decrease in sand particle percentage. This may be indicative of
thermal decomposition and subsequent fragmentation or disintegration of coarse particles
into smaller material.

Similarly, the particle size distribution of soil samples burned at different oven tem-
peratures was also experimentally determined, as shown in Figure 5. It is observed that a
similar general trend to the fire burning emerged. When comparing the original unburned
sample with the burned samples, the finer soil fractions, i.e., specifically the silt and the
clay, experienced a slight increase, while the sand fraction exhibited a slight decrease.

In the sample subjected to a low-temperature burn at 400 ◦C, there is an overall
shift toward a finer texture. The silt and clay percentages rose from 19.1% and 1.9% to
21.1% and 4.3%, respectively, while the sand content decreased from 78.4% to 73.1%. This
trend continued and was more pronounced at 600 ◦C, with the sand further decreasing to
74.3% and the silt increasing to 22.5%, in despite of the clay dropping to 1.1%. However,
the samples burned at higher temperatures of 800 ◦C and 1000 ◦C seemed to experience
a certain rebound toward the original PSD: the fines content decreased while the sand
fraction increased from those at lower temperatures. For example, in the sample after
1000 ◦C burning, the fine particles and sand particles were 22.3% and 77.9%, respectively,
which are not very different from those of the original soil sample.



Fire 2025, 8, 46 6 of 16

Figure 5. Grain size distribution of all soil samples examined in the oven burning.

A plausible explanation could be attributed to the possibility of grain agglomeration
at higher temperatures, where the fine particles that are disintegrated begin to accumulate
or clump together. This process compensates for the initial increase in fine particles due
to the breakdown of larger particles. The observation aligns with the hypothesis that soil
undergoes both breakdown and agglomeration processes under the influence of heat, with
the dominance of either process dependent on the severity of the burning.

The Atterberg’s limits test for soil consistency is a crucial geotechnical test for determining
the critical water content at which fine-grained soils transition between different states: rigid,
plastic and liquid. The behavior of soils is significantly influenced by their water content. This
is particularly relevant for soils containing a notable amount of fines, which exhibit varied
engineering behavior based on the in situ moisture levels. The primary focus of this test in the
present study is to identify the changes in the physical properties of soil, especially plasticity
and consistency, following the exposure to different burning conditions. These properties are
fundamental in defining soil behavior and are relevant to various aspects, such as post-fire
stability, compressibility and the soil’s interaction with drying/wetting cycles.

In the present study, the liquid limit (LL) and the plastic limit (PL) tests were carried
out on both original and burned samples. Table 1 summarizes the results for the original
soil sample. The plastic index (PI) represents the range of water content over which the
soil behaves plastically. Combining these results with the particle size distribution (PSD)
analysis, the soil is classified as clayey sand. This classification is based on the soil’s
granular composition and its behavior within the plasticity chart, which aligns with the
criteria for clayey sand in accordance with the Unified Soil Classification System (USCS).

Table 1. Summary of Atterberg’s limits of the original soil.

Parameter Value

Liquid Limit 38
Plastic Limit 24
Plastic Index 14

Interestingly the Atterberg’s limits test on each of the burned samples, either from fire
or oven burning, turned out not to be possible due to the altered texture after the burning.
The burned soil resembled crushed stone dust with minimal cohesion and exhibited no
plasticity at all. This distinctive lack of plasticity may be attributed to the transforma-
tion of clay minerals upon exposure to high temperatures. Typically, soil plasticity is
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primarily influenced by its clay content. When subjected to heat during the burning, the
hydroxyl groups within the clay’s crystalline structure might tend to expel each other. This
alteration changes the properties of the soil, resulting in the observed loss of plasticity.
Consequently, it became impractical to determine the liquid limit and plastic limit values
for the burned soil, since it was not able to form a cohesive paste when mixed with water
to sustain the blowing or rolling specified in the procedure. It was evident that the burned
soil no longer demonstrated the cohesive properties required due to the alteration in its
mineral composition.

In addition, in the oven burning, it is possible to assess the loss of the organic matter
in the soil sample by measuring the total mass of the sample before and after burning. It
is noted that, initially, the original soil sample was subjected to conventional oven drying
at the temperature of 105 ◦C for 24 h to remove all its moisture content, before being
transferred to the muffle furnace at the controlled temperature ranging from 400 ◦C to
1000 ◦C.

It is assumed that the difference between the initial and final masses of the sample
provided the measure of organic matter loss because such high temperatures are generally
believed to be able to break down the organic matter [42,43]. Figure 6 shows the percentages
of mass loss at different burning temperatures. As the temperature rose, the loss of organic
matter also increased and appeared almost in a proportional relation with the temperature
in the tested temperature range. This seems to suggest that a higher temperature induces
greater decomposition of organic matter. However, it is worth noting that there might be
other factors or processes in play, especially at a very high temperature. Potential other
chemical reactions in the presence of oxygen in a confined space of the furnace may result
in a variety of reactants and products, affecting the overall mass. More comprehensive
fundamental research may be needed in further studies to identify the key processes.
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Figure 6. Percentage of mass loss in oven-burned samples.

2.3. Surface Erosion

Each soil sample was gradually transferred to a 22 cm (length) × 11 cm (width) × 6.3 cm
(depth) tray inclined at a 25◦ angle (Figure 7). It was transferred to the tray in three layers,
each of which was compacted before the next layer was placed. After the excess soil was
removed from the smoothened surface, the soil was subsequently subjected to a steady water
flow driven by a constant head difference setup for two minutes. The eroded mass was then
collected and oven-dried, and the measured eroded mass was used to quantify surface runoff
under different simulated wildfire scenarios.
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Figure 7. Original (unburned) and burned soil samples subjected to surface erosion. Note that the
sample corresponding to a (room) temperature of 20 ◦C indicates the original unburned soil, the
temperature of 400 ◦C indicates low-severity burn, 600 ◦C indicates moderate-severity burn and
800 ◦C and 1000 ◦C indicate high-severity burn.

Figure 8 presents the results of the eroded soil mass over the sample surface in the
original and fire-burned soil samples. For the soil at each burn severity, three samples were
tested, with the averaged values being reported. As discussed in Section 2.1, the durations
of 1, 2.5 and 4 h correspond to low-, moderate- and high-severity burning, respectively.
It shows that soil erosion was significantly higher in burned soil samples compared to
unburned soil samples. The erosion in the severely burned sample increased by more than
five times compared with the original soil sample. The rise in burning severity seems to
considerably enhance the susceptibility of erosion, as the high severity led to more than
double the erosion under low severity.
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Figure 8. Eroded soil in the original and fire-burned soil samples. Note that the sample after a
burning time of 0 indicates the original unburned soil, the duration of 1 h indicates low-severity burn,
2 h indicates moderate-severity burn and 4 h indicates high-severity burn.

Similar tests were also conducted in the oven-burned samples. It is worth noting that,
due to the limited oven capacity, which only allowed roughly 250 mL of soil burning inside,
it took six or seven burnings to accumulate needed soil for each erosion test. Only one such
accumulated soil assembly was tested for the surface erosion. Figure 9 shows the eroded
soil mass in the original and oven-burned soil samples. Evidently, there was a significant
increase in the erosion at higher temperatures, although the further change beyond 600 ◦C
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was not very substantial. Overall, the eroded masses were reasonably comparable with
those in the fire-burned samples, which were somewhat higher under the high severity.
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Figure 9. Eroded soil in the original and oven-burned soil samples. Note that the sample correspond-
ing to a (room) temperature of 20 ◦C indicates the original unburned soil, the temperature of 400 ◦C
indicates low-severity burn, 600 ◦C indicates moderate-severity burn and 800 ◦C and 1000 ◦C indicate
high-severity burn.

3. Assessments of Key Parameters for Erosion Models
It is of great interest to explore the surface erosion from a theoretical perspective based

on commonly used numerical models in practice. There are a wealth of empirical models
developed, such as the Universal Soil Loss Equation (USLE), Revised Universal Soil Loss
Equation (RUSLE) and other associated models (e.g., RUSLE2), for the estimation of erosion
rates. The USLE model estimates the average rate of soil erosion based on the crop system,
soil types, rainfall pattern, topography and land cover [44]. The RUSLE is a revised form
of the USLE and offers several improvements to estimate the factors in the USLE [45–47].
Another derivative of these types of models, RUSLE2, offers a computer interface that
can handle complex field conditions [48]. These models were initially developed focusing
on applications in the United States; however, they are now applied globally for long-
term land management to assess the sediment yield or soil loss [49–53]. Other empirical
and numerical models include the Kinematic Runoff and Erosion Model (KINEROS) [54],
the Watershed Erosion Prediction Project (WEPP) [55], the Kinematic Runoff and Erosion
Model-2 (KINEROS-2) [56], the Soil and Water Assessment Tool (SWAT) [57], etc. Some of
the models are implemented in GIS-based simulation tools that are capable of simulating
overland flow and erosion over an actual topography, such as the Automated Geospatial
Watershed Assessment (AGWA) tool, which is one of the most popular modeling software
of its type [58–60].

In various families of erosion models, one of the most crucial parameters used for
the estimation of eroded sediment is the erodibility factor. This factor is defined as the
soil loss per unit of rainfall erodibility index, and it is determined by the amount of
soil loss caused by various erosive forces, such as rainfall, runoff or seepage, within a
standardized unit [61,62]. It is influenced by factors including soil physical properties,
vegetation cover and land use types [63]. Several empirical equations have been developed
for estimating this parameter based on the physical properties of soil, particularly the
grain size distribution [44,45,49,64–66]. The model proposed by Wischeimer and Smith [44]
is widely used in the USA; it has been adopted by the Natural Resources Conservation
Service (NRCS) to develop the Soil Survey Geographic (SSURGO) database. Based on the
experimental results of particle size distribution reported in Section 2, it is therefore possible
to further explore the empirical estimation of the erodibility and the relevant erosion rate.
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In the present study, the erosion model based on the work of Engelund and
Hansen [67] for sediment transport, which was later implemented in the AGWA sim-
ulation tool, is adopted to assess the post-fire erosion rate and the erodibility, as calibrated
from the experimental results. It is considered as suitable for the overland flow erosion
estimation in upland areas in terms of accuracy [68]. Of relevance to the present study is
the hydraulic erosion rate, eh, proposed as linearly dependent on the difference between
sediment transport capacity (Cm) and sediment concentration (Cs) [69]:

eh = cg(Cm − Cs)A (1)

where A is the flow area, and the key parameter, cg, is the transfer rate coefficient, which
is calculated based on land cover and soil type. Smith et al. [54] proposed the following
empirical relationship for clay content of no more than 22%:

cg =
5.6Kϕr

188 − 468αcl + 907α2
cl

(2)

where ϕr is the erosion resistance factor due to mulches or the duff layer and K is the
aforementioned soil erodibility factor and is detailed further subsequently. αcl is the
fraction of clay. For clay content of more than 22%, a different empirical estimation was
suggested:

cg =
5.6Kϕr

130
(3)

The sediment capacity, Cm, represents the concentration at equilibrium transport
capacity, while Cs is the concentration at any considered time, which is typically zero
initially and increases as the concentration in the flow increases. Based on Engelund and
Hansen [67], the sediment capacity can be estimated via the following:

Cm =
0.005uu3

∗
g2dh(Gs − 1)2 (4)

where u is the velocity of flow, u∗ is the shear velocity, d is the particle diameter, h is the
flow depth and Gs is the specific gravity of soil particles.

To estimate the key parameter of the soil erodibility factor, K, various empirical formu-
las and methods have been developed based on soil survey data and field measurements.
There were a number of models proposed for soil erodibility [64–66] that solely focus on
soil particle size, specifically sand, silt and clay. The present study adopts the approach
employed by the AGWA model, which uses the R/USLE equation for soil erodibility as in
the following:

K =
2.1M1.14(10−4)(12 − a) + 3.25(b − 2) + 2.5(c − 3)

100
(5)

where M is an intermediate parameter involving the fractions of silt, fine sand and clay.

M = (αs + α f s)(100 − αcl) (6)

αs is the percentage of silt, α f s is the percentage of fine sand (0.075 mm ∼ 0.425 mm) and
αcl is the percentage of clay. a is the percentage of organic matter, while b is an index value
(1∼4) used for soil classification: 1 for fine granular soil, 2 for fine granular, 3 for medium or
coarse granular and 4 for platy or blocky soil. The parameter c is an index (1∼6) accounting
for soil permeability, ranging from rapid (1) to very slow (6).
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Based on these empirical estimations, which can utilize the particle size distribution
data discussed in Section 2, Equations (5) and (6) are used to calculate the erodibility
factor for the original and burned soil samples. Figures 10 and 11 present the value of
the erodibility factor for fire-burned and oven-burned soil samples, respectively. The
evolution of the erodibility factor in fire-burned samples seems to consistently increase
with the duration and severity of the burning, since the pattern of grain size distribution
in these samples is very consistent as the fine sand fraction as well as the silt fraction
increases, while, in the oven-burned samples, as discussed in Section 2.2, such a trend is
reversed in the samples under the high temperature (e.g., 800 ◦C and 1000 ◦C) when the
fine sand fraction as well as the silt fraction begins to decrease slightly; hence, the estimated
erodibility factor somewhat decreases at the high temperature.
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Figure 10. Empirically estimated erodibility factor of the original and fire-burned soil samples.
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Figure 11. Empirically estimated erodibility factor of the original and oven-burned soil samples.

After the erodibility factor is estimated, the erosion rate as described in Equations (1)–(4)
can be used to estimate the soil erosion rate for both fire-burned soil samples and oven-burned
samples. The predicted values of the erosion rate of the fire-burned soils are plotted in
Figure 12, along with the erosion rates measured in the experiments. Similarly, Figure 13
shows the results of the oven-burned samples. It is noted that the theoretical predication in
Equation (1) is based on the eroded volume instead of the eroded mass; therefore, certain
conversion utilizing the dry density of soil is employed to re-calibrate the experimental results
of the erosion rate.
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Figure 12. Experimental and empirically predicted erosion rates of the original and fire-burned
soil samples.
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Figure 13. Experimental and empirically predicted erosion rates of the original and oven-burned
soil samples.

Evidently, it is notable that the predicted erosion rate increases significantly in burned
samples compared to unburned ones. In the fire-burned samples, the trend is consistent
with the burning severity and, overall, the predictions grow closer to the experimental
results with the burning time and severity. The results of the oven-burned samples are
in the same range of order of magnitude as those of the fire-burned samples. As the
burning temperature rises, overall, the erosion rate also increases, but the predicted erosion
rate begins to decrease slightly at the high temperature due to the fact that the pattern of
the grain size distribution is changed and the erodibility factor deceases. In this range,
incidentally, the experimental erosion rates also increase very slightly, which seems to
support the validity of the grain-size-based empirical predictions explored in the present
study. Of course, it is worth noting that such comparisons between the experimental results
and empirical predictions should be treated with caution. The empirical estimations are
largely field-scale models while the laboratory specimens are generally of much smaller
scale. While such inferences between the laboratory tests and numerical models are
still beneficial for assessing the experimental data, further studies are much needed to
examine the comprehensive characteristics of laboratory specimens and establish relevant
models in their proper scale. In addition, the present study is mainly focused on the
typical riverbank soil cover of clayey sand, and a comprehensive investigation of different
soil types needs to be explored in future research to discover the mineral change and
its effects on soil erosion. Advanced microscopic technologies such as X-ray diffraction
and scanning electron microscopy may be beneficial for revealing the evolution of the



Fire 2025, 8, 46 13 of 16

mineral composition and structure after the fire. The role of organic matter in erosion
resistance needs to also be investigated for improved erosion estimation. A statistically
more robust selection of sample sizes and data analysis could improve the accuracy of
parameter calibration in future studies.

4. Conclusions
The present study examines some fundamental geotechnical characteristics of burned

soil samples. Two burning methods are explored to simulate the effects of a wildfire on
laboratory-scale soil samples. A considerable loss of organic matter was found and it
increased with the rise in temperature in the oven-burned soils. The burning at 400 ◦C
led to approximately 2% mass loss while the burning at 1000 ◦C led to over 10% loss. The
burned soil samples lost much of their plasticity and rendered consistency limit testing
impractical. Overall, the grain size distribution of burned soil samples tended to shift to a
finer texture, although the results of the oven burning show that the samples burned at very
high temperatures (800 ◦C and 1000 ◦C) exhibited certain nuances as they experienced a
certain rebound toward the original distribution. Such subtle changes resulted in different
trends in the erodibility factor and erosion rate estimated theoretically, which is based on
the grain size distribution. The surface erosion was experimentally investigated and also
assessed theoretically. Evidently, significantly higher erosion was found in burned soil
samples than original unburned soil samples. In the fire-burned samples, the erosion rates
increased consistently with higher burn severity, as the erosion rate of the lightly burned
soil increased roughly 70% while it increased approximately five times more in the severely
burned soil. The oven-burned samples followed a similar trend with rising temperatures,
although, at the high temperatures, the increases became somewhat modest and only
about three times that of the original soil. Theoretical assessment of the erosion rate and
erodibility factor is explored by employing widely used empirically based prediction
models. Overall, the predicted results are reasonably consistent with the experimental
results. The present study demonstrates that wildfires can considerably alter soil properties
that affect erosion resistance, particularly under high burning severity. Assessment of the
experimental results benefits from the examination of various theoretical models where
the key modeling parameters are carefully evaluated. Reliable predictions of sediment
erodibility can be beneficial for geohazard risk management in identifying vulnerable
areas. Improved understanding of post-fire erosion rates may assist land management
agencies in the development of proper watershed rehabilitation plans. The alteration in
particle size and organic matter may lead to a much broader impact that may involve plant
regrowth and soil fertility during the post-fire ecosystem restoration process and should
be explored in further studies. Future investigations could also consider the extension of
the explored approach in the present study to field studies. How to relate the observations
of the laboratory specimens to sediment responses at the field scale remains the key to
better understanding the erosion processes. The roles of complex ecological factors such as
vegetation covers and rainfall could also be explored in future studies of post-fire erosion.
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