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ARTICLE INFO ABSTRACT

Keywords: Conventional techniques for soil erosion control often rely on the use of cementing additives and coating agents
Fungal mycelium to improve shear strength, minimize particle movement, and increase soil water repellency. These chemical
Erosion

agents, however, involve energy intensive production and treatment processes and can cause significant en-
vironmental impacts. Recent studies have demonstrated that fungal mycelium (a root-like three-dimensional
structure of fungi) can extend through soil pores and secrete strong hydrophobic compounds, binding soil
particles together and increasing soil water repellency at the soil surface. This study investigated the effect of
fungal mycelium on the erosion resistance of a low plasticity silt for potential soil erosion mitigation. Water
dripping tests were conducted on untreated and fungal-treated specimens under various conditions, including
different fungal growth durations, void ratios, water dripping rates, and desiccation condition. Untreated spe-
cimen exhibited a 45% soil mass loss and 10.5 mm of erosion depth after one hour of water dripping. In contrast,
fungal-treated specimens showed no loss of soil mass and 4-5 mm of erosion depths after four hours of water
dripping. Furthermore, fungal mycelium remained effective in erosion resistance even after 30 days of de-

Water dripping test
Soil water repellency

siccation at 60 °C.

1. Introduction

Soil erosion leads to significant environmental and economic con-
sequences (Sartori et al., 2019). According to the National Resources
Inventory (USDA, 2020), approximately 1.7 billion tons of cropland soil
were lost due to erosion of wind and water between 2007 and 2017.
Water-induced erosion can also trigger geotechnical failures, such as
embankment collapse (Seed et al., 2008), bridge scour (Lagasse et al.,
1995; Shirole & Holt, 1991), and slope stability failure (Abramson et al.,
2001; Lawler, 1993).

Conventional techniques for soil erosion control often use ce-
menting additives, such as cement and lime, to improve shear strength
and minimize particle movements (Han, 2015). Recent research has
also explored the treatment of chemical-based coating agents to in-
crease soil water repellency and mitigate soil erosion, including wax
(Bardet et al., 2015; Bardet et al., 2011), silane compounds (Byun et al.,
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2011; Chan & Lourenco, 2016; Daniels & Hourani, 2009; Keatts et al.,
2018a; Ng & Lourenco, 2016), polytetrafluorethylene (PTFE) (Lee et al.,
2015), and organic acids (Gonzalez-Penaloza et al., 2013; Subedi et al.,
2012; Wijewardana et al., 2015). The use of cementing additives,
however, involves high energy consumption and expensive and in-
vasive earthworks (Andrew, 2019; Dejong et al., 2013; Fay et al., 2012;
Karol, 2003). The application of chemical-based coating agents is also
constrained by various limitations, including the hazardous nature of
some coating materials (e.g., producing hydrogen chloride fumes when
dimethyldichlorosilane reacts with water, Chan & Lourenco, 2016), the
requirement for large quantities of coating chemicals (e.g., requiring
high silane content for treating moist soil, Chan & Lourenco, 2016; Ng &
Lourenco, 2016), and energy-intensive treatment process (e.g., re-
quiring high temperature heating for wax coating, Bardet et al., 2015).

To develop environmentally friendly alternatives to those erosion
control techniques, extensive research has explored several
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microbiological processes, such as microbially induced carbonate pre-
cipitation (MICP) and enzyme induced carbonate precipitation (EICP)
(Ghasemi & Montoya, 2022; Hamdan & Kavazanjian, 2016). This research
explores the use of filamentous fungi to improve erosion resistance of soils.
Recent research has demonstrated the ability of filamentous fungi to bind
soil particles and increase soil water repellency (Park et al., 2023, 2025,
Park, 2024; Salifu & El Mountassir, 2020; Salifu et al., 2021, Park, 2024;
Zhang et al., 2023). Filamentous fungi can form a root-like three-dimen-
sional fiber network in soils, known as fungal mycelium. Fungal mycelium
can enmesh soil particles, produce extracellular polymeric substances
(EPS), and induce mineral precipitation, which can bind and cement soil
particles (Caesar-Tonthat, 2002; Chenu, 1989; Clough & Sutton, 1978;
Daynes et al., 2012; Degens et al., 1996; Dorioz et al., 1993; Gadd, 2001;
Lehmann & Rillig, 2015; Ritz & Young, 2004; Tisdall et al., 2012; Zhang
et al., 2023). Furthermore, aerial mycelium (i.e., interfacial fungal myce-
lium between air and soil surface) can increase soil water repellency by
secreting hydrophobic compounds (i.e., hydrophobins), resulting in re-
ductions of water infiltration and hydraulic conductivity (Park et al., 2023;
Salifu, 2019).

A few studies investigated the effect of fungal mycelium on sand
erodibility for application in soil erosion mitigation (Salifu, 2019;
Zhang et al., 2023). Salifu (2019) conducted impinging jet tests on
untreated and Pleurotus ostreatus fungal-treated sand-lignocellulose
mixture under incremental hydraulic head pressures applied every
60 minutes. During the initial 60 minutes under a hydraulic head of
50 mm, untreated specimens showed scour depth of 16-31 mm, while
no scour was observed in fungal-treated specimens. The scour depth of
untreated specimens increased by 11-21mm for the following
60 minutes under 100 mm of hydraulic pressure, while the scour depth
of fungal-treated specimens increased by only 6 mm. Additionally,
Zhang et al. (2023) conducted scour resistance tests by using a rotating
blade submerged in water above the sand specimens treated by Pleur-
otus ostreatus. At a rotation speed of 120 r/min, scour depth of 5.2 mm
was observed at the edge of the specimen surface, while no scour was
observed in the tests of fungal-treated specimens under rotation speeds
at 120, 170, and 300 r/min. In both studies, the reduced erodibility in
fungal-treated sand specimens was attributed to the particle binding by
fungal mycelium attaching to and enmeshing sand particles and the
increased soil water repellency due to the strong hydrophobicity of
aerial mycelium. The influence of fungal mycelium on the erodibility of
soil types other than sand, however, remains unexplored.

This study investigated the effect of fungal mycelium on the erod-
ibility of a low plasticity silt. The low plasticity silt was treated with a
nonpathogenic, nonparasitic, saprotrophic, and filamentous fungus,
Trichoderma virens (ATCC 9645). Contact angle and water drop pene-
tration time of fungal-treated silt were measured to assess the degree of
water repellency. Water dripping tests were conducted on untreated
and fungal-treated silt specimens under different conditions, including
fungal growth durations, void ratios, water dripping rates, and de-
siccation conditions. The erosion profile of the specimens after water
dripping tests were visualized using the Structure from Motion (SfM)
technique. Furthermore, scanning electron microscopy (SEM) imaging
was conducted to investigate the microscale morphology of fungal-
treated silt specimens.

2. Materials and methods
2.1. Baton rouge silt

A silt was collected at the Accelerated Loading Facility of the
Louisiana Transportation Research Center (LTRC), Baton Rouge, LA.
This silt will be referred to as BR silt hereafter. The soil composition of
BR silt was determined by performing sieve analysis and hydrometer
test using an automated particle size analyzer (PARIO, Meter Group,
Pullman, WA). BR silt is composed of 22% sand, 50% silt, and 28% clay
and has the mean grain size (Dso) of 19 um. Liquid limit and plasticity
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index of BR silt were measured as 33% and 17, respectively. Based on
the results of grain size analysis and Atterberg limit test, BR silt was
classified as low plasticity silt with some sand and clay (ML), according
to the unified soil classification system (USCS). Before use, BR silt was
oven-dried, pulverized, and autoclaved (15 min at 121 °C and 100 kPa).
Autoclaving was intended to minimize the growth of other non-target
microorganisms (e.g., bacteria, fungi, and mold), that may affect
growth of Trichoderma virens fungal mycelium and its influence on
erosion resistance of BR silt samples.

2.2. Fungal strain and nutrient solution

This study selected Trichoderma virens for BR silt treatment.
Trichoderma virens is an aerobic, non-pathogenic, non-parasitic, sapro-
trophic (i.e., feeds on organic matter and releases nutrients to the en-
vironments), and filamentous fungus. The selection of Trichoderma vi-
rens is because it is a soil fungus with rapid growth rate (8.0-9.5 cm in
diameter after 4 days) according to the American Type Culture
Collection (ATCC). Trichoderma virens (ATCC 9645), obtained from the
ATCC (Manassas, VA), was used to produce a stock culture of fungal
spores as described by Park et al. (2023). The stock culture was dis-
tributed into sterile 2mL cryogenic tubes (i.e., fungal spore suspen-
sion), which were stored in a freezer at —80 °C until use.

Potato dextrose broth (PDB) was employed as the liquid nutrient
source for fungal growth. PDB was prepared by adding 24 g of granu-
lated PDB (HiMedia, Kennett Square, PA) per liter of deionized water
prior to autoclaving (15 min at 121 °C and 100 kPa). The PDB contains
(per L) solubilized potato infusion (4 g) and dextrose (20 g). The pH of
PDB is (5.1 = 0.2) at 25 °C.

2.3. Specimen preparation

Test specimens were prepared in a sterile specimen cell, resulting in
specimen dimensions of 80 mm in diameter and 50 mm in height (total
volume = 250cm?®). Fungal-treated specimens were prepared with
targeted void ratios of 0.65, 0.7, and 0.75, corresponding to the dry
densities of 1606, 1559, and 1514 kg/m3, respectively. The void ratio of
0.65 was selected based on the experience of the previous study (Park
et al., 2025), in which fungal-treated BR silt specimens with void ratio
of 0.65 were found to exhibit improved mechanical properties com-
pared to untreated specimens. Void ratios of 0.7 and 0.75 were selected
to investigate the effect of additional void ratios on the erosion re-
sistance of fungal-treated BR silt samples. Preliminary samples prepared
with higher void ratios (e.g., 0.8) were found to be easily disturbed
during extrusion from the specimen cell following sample preparation
and were therefore not included in testing. BR silt (about 378 g to 397 g
depending on the targeted void ratios) was mixed with PDB (about
68-75mL) and fungal spore suspension (4 mL) to achieve a targeted
degree of saturation of 0.7. This degree of saturation was selected to
maintain an unsaturated state and ensure sufficient oxygen availability
for the growth of fungal mycelium (Salifu, 2019). The specimens were
then compacted in the specimen cell in five equal thickness layers. Each
layer received forty blows from a metal tamper weighing 1 kg for spe-
cimens with a void ratio of 0.65 and forty and thirty blows from a metal
tamper weighing 0.3 kg for specimens with void ratios of 0.7 and 0.75,
respectively. The specimens were then carefully extruded, with the
inner wall of the specimen cell spread with a thin layer of petroleum
jelly for smooth extrusion. The specimens were then transferred into
sterile food containers, which were then covered with Parafilm to
minimize contamination. The specimens were then incubated in an
incubator at 25 °C for fungal growth durations of 3, 5, and 10 days,
respectively. Hereafter, the fungal-treated specimens with 3, 5, and 10
days of fungal growth durations will be referred to as FG3, FG5, and
FG10 specimens. Fig. 1A-D show images of untreated, FG3, FG5, and
FG10 specimens, respectively. As shown in Fig. 1B-D, thicker aerial
mycelia covered a greater surface area of the fungal-treated specimens
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Fig. 1. Images of (A) untreated, (B) FG3, (C) FG5, and (D) FG10 specimens, and (E) test setup of Geelong drip test; (F) Image of water droplets on fungal-treated BR
silt specimen surface; (G) Microscope image of a water droplet on fungal-treated BR silt with a contact angle higher than 110°; (H) Average contact angles and WDPTs

of FG5 and FG10 specimens.

with longer fungal-growth durations. This indicates that the specimens
with longer fungal growth durations exhibit higher fungal content. The
fungal mycelial mass in the specimen could plausibly be estimated by
loss on ignition method (i.e., heating the oven-dried specimen in a
muffle furnace at 550 °C for 2 h to facilitate calculation of the difference
in measured weights after oven-drying and heating in the muffle fur-
nace. The fungal mass and contents within the fungal-treated specimens
were not determined using this approach in the current study, however,
as the variation of organic contents in the BR silt and differences in
unconsumed organics from the PDA could significantly affect the fungal
content measurements. An untreated specimen was prepared with a
targeted void ratio of 0.65 following the same procedure as the fungal-
treated specimens, except that PDB and fungal spore suspension were
replaced with the same amount of deionized water.

2.4. Contact angle and water drop penetration time measurements

This study measured contact angle (interface angle between aerial
mycelium and water droplet) and water drop penetration time (WDPT)
of water droplets on fungal-treated BR silt to assess its degree of water
repellency. FG5 and FG10 specimens with void ratio of 0.75 were
prepared following the specimen preparation procedure as described in
Section 2.3. After fungal growth durations, 20 water droplets of 10 uL
were released from a height of 5 mm above the top and side surfaces of
FG5 and FG10 specimens (Bachmann et al., 2000). Contact angles of the
20 water droplets were then measured following the procedure de-
scribed in a previous study by the research team (Park et al., 2023).

Images of water droplets were taken within 5s after water droplet re-
lease using a 1000X-USB-Microscope Camera. The contact angles were
estimated using the Low Bond Axisymmetric Drop Shape Analysis
(LBADSA) in ImageJ software (Stalder et al., 2010; Salifu & El
Mountassir, 2020). Furthermore, WDPT was also measured during the
contact angle measurements. The time was recorded from the moment
of water droplet release to the moment of full infiltration into the
specimen. The average contact angle and WDPT of 20 water droplets
were then used to classify the degrees of water repellency of fungal-
treated sands according to the water repellency criterion provided by
Doerr et al. (2006) as shown in Table 1.

2.5. Geelong drip test

The effect of fungal mycelium on the erodibility of BR silt was in-
vestigated using the Geelong drip test method. The Geelong method is a

Table 1
Water repellency criterion between the degree of water repellency, contact
angle, and WDPT (after Doerr et al., 2006).

Degree of water repellency Contact angle (°) WDPT (s)
Hydrophilic 0 <5
Slight 0-80 6-60
Moderate 80-110 61-600
Severe N/A 601-3600
Extreme > 110 > 3600
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Table 2
Specimens and test conditions of Geelong drip tests.
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After fungal growth

After desiccation

Specimen type Fungal growth Void ratio Water dripping Dripping “Desiccation duration Water dripping Dripping
duration (days) rate (mL/h) duration (h) (days) rate (mL/h) duration (h)
Untreated - 0.65 300 1
FG3 3 0.65 300 4 - - -
FG5 5 0.65 300 30 300 4
5 0.65 600 -
5 0.7 300
5 0.75 300 - - -
FG10 10 0.65 300 30 300 4
10 0.65 600 -
10 0.7 300
10 0.75 300

" Desiccation duration indicates the period of desiccation in an oven at 60 °C, following the initial Geelong drip test.

New Zealand Standard method (NZS 4298) developed to assess the
durability of earthen building materials against water-induced erosion
(NZS, 2020). Geelong drip tests were conducted under various condi-
tions, including fungal growth duration, void ratio, water dripping rate,
dripping duration, and desiccation condition, as shown in Table 2.

In the Geelong drip test, water is dispensed at a regulated rate
through a peristaltic pump from a height of 400 mm onto the specimen
surface positioned at an inclination of 2 H:1 V (NZS, 2020), as shown in
Fig. 1E. The outlet of the water tube with a diameter of 1.9 mm was
fixed to the benchtop corner to minimize the dispersion of water drops.
Water dripping rates of 300 mL/h and 600 mL/h were used in this
study, corresponding to rainfall rates of 9.3 mm/h and 18.6 mm/h, re-
spectively, as measured by an 8-inch standard rain gauge. Fungal-
treated specimens were subjected to the Geelong drip test for 4 hours,
while an untreated specimen was subjected to the Geelong drip test for
1 hour due to the soil mass loss by erosion during the test.

The Geelong drip test was also conducted on FG5 and FG10 speci-
mens under desiccation condition. The goal of the drip tests under
desiccation condition was to assess the durability of fungal mycelium
against extreme heat and dry condition. The FG5 and FG10 specimens
with void ratio of 0.65, initially tested with a water dripping rate of
300 mL/h, were subjected to desiccation for 30 days in an oven at 60 C.
After the desiccation, the degrees of saturation (S) of the FG5 and FG10
specimens were approximately 0.02. The FG5 and FG10 specimens
were then subjected to the Geelong drip test at a water dripping rate of
300 mL/h for 4 hours.

After Geelong drip tests, Structure from Motion (SfM) technique was
employed to visualize the resulting erosion profiles and estimate the
erosion depths in specimens. SfM constructs a 3D point cloud, which is
a discrete set of points representing the 3D shape of the specimen, by
establishing correspondences between multiple and overlapping 2D
images. For the SfM technique, 20-30 images of the specimens were
randomly taken at different locations using a digital camera (Nikon
D7100). To enhance the visibility of erosion in the images for SfM
analysis, an LED spotlight (LED-6W dual Gooseneck illuminator,
Amscope, Irvine, California) was directed toward the scour while taking
the images. Visual SfM (Wu, 2013; Wu et al., 2011) software was em-
ployed to generate a 3D point cloud. A detailed procedure for operating
VisualSfM can be found on the software’s website. Subsequently,
CloudCompare 2.13 (Dublin, Ireland) was utilized to process the 3D
point cloud of specimens and measure the erosion depth, using the
point picking tool in the software.

2.6. SEM imaging

SEM imaging was conducted to investigate the morphology of
fungal-treated BR silt. After Geelong drip test, samples for SEM imaging
were collected from FG5 and FG10 specimens. While the FG 5 specimen

with void ratio of 0.65 was used for SEM imaging, FG 10 specimens
with void ratios of 0.65, 0.7, and 0.75 were used. Samples were col-
lected from three specific locations within the cylindrical specimens,
the top surface, midsection (approximate 15 mm from the top and side
surfaces), and center (25 mm from the top surface and 40 mm from the
side surface). These samples will be referred to as top surface sample
(TSS), midsection sample (MS), and center sample (CS). Samples were
dried at 105 °C for at least 24 hours prior to SEM imaging. Samples were
then subjected to sputter coating using platinum to prevent charging of
the sample for high-quality imaging. SEM imaging was performed using
a Quanta 3D Dual Beam SEM (FEI, Hillsboro, Oregon). Everhart-
Thornley detector at an acceleration voltage of 10 kV and magnification
ranging from 2500 to 5000 x was used in the SEM imaging.

3. Results and discussions
3.1. Contact angle and water drop penetration time of fungal-treated BR silt

Contact angles could not be measured for untreated BR silt as water
droplets infiltrated into the specimen within 1s. This indicates un-
treated BR silt exhibited hydrophilic condition according to the water
repellency criterion (i.e., WDPT < 5s, Table 1). However, the multiple
water droplets stably remained on the side surface of FG10 specimen, as
shown in Fig. 1F. Fig. 1G shows a microscope image of a water droplet
on FG10 specimen with contact angle higher than 110 degrees. Fig. 1H
shows the average contact angles and WDPTs of FG5 and FG10 speci-
mens. Both FG5 and FG10 specimens exhibited average contact angles
higher than 110°, indicating extreme water repellency. While FG5
specimen had an average WDPT slightly lower than 60 min, FG10
specimen had an average WDPT higher than 60 min. This classifies FG5
and FG10 specimens as severe and extreme water repellency, respec-
tively, according to Table 1. FG10 specimen showed higher average
values than FG5 specimen in both contact angle and WDPT measure-
ments. This is attributed to the higher fungal content on the surfaces of
FG10 specimen as confirmed by Fig. 1D, which increased the water
repellency compared to FG5 specimen.

Previous studies (Park et al., 2023; Salifu & El Mountassir, 2020)
also observed increases of water repellency in fungal-treated sands.
Park et al. (2023) reported that the aerial mycelia of Trichoderma virens
increased the degree of soil water repellency of Ottawa sands from
hydrophilic to extreme and severe water repellency. Similarly, Salifu
and El Mountassir (2020) treated a mixture of fine sand and lig-
nocellulose with Pleurotus ostreatus, resulting in moderate to extreme
water repellency. Both studies attributed these increases of water re-
pellency to aerial mycelia secreting strong hydrophobic compounds in
the air. However, Park et al. (2023) observed that the degree of water
repellency inside Ottawa sand specimens remained as hydrophilic. This
was attributed to the amphipathic characteristics of aerial mycelium,
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Fig. 2. Images and point clouds of untreated and fungal-treated specimens: (A-C) Untreated specimen; (D-F) FG3; (G-I) FG5; (J-L) FG10 specimens.

where hydrophobins in water are soluble and disperse (Wessels, 1996;
Wosten & De Vocht, 2000; Wosten et al., 1994; Wosten et al., 1993,
1993).

3.2. Erosion depth of BR silt specimens with different fungal growth
durations

Untreated and FG3, FG5, and FG10 specimens with void ratio of 0.65
underwent the Geelong drip test at water dripping rate of 300 mL/h.
After the tests, point clouds of the specimens were produced using the
SfM technique to visualize the erosion profile and estimate the erosion
depths. The images and point clouds of the untreated and fungal-treated
specimens are shown in Fig. 2. As shown in Fig. 2A-C, the untreated
specimen exhibited 45% soil loss and an erosion depth of 10.5 mm at the
center of the specimen. Also, soil heaving was observed near the eroded
orifice. This indicates BR silt is unable to withstand 1 hour of rainfall
with a rate of 9.3 mm/h (300 mL/h of water dripping rate simulates a

rainfall rate of 9.3 mm/h). However, FG3, FG5, and FG10 specimens
showed no soil loss (Fig. 2D-L), even after longer duration of water
dripping (4 h) than untreated specimen (1 h).

Fig. 3A shows that the FG3, FG5, and FG10 specimens showed
erosion depths of 4.5, 3.9, and 4 mm, respectively, which were lower
than the erosion depth of 10.5 mm in the untreated specimen. The re-
duced erosion depth and improved erosion resistance of fungal-treated
specimens can be attributed to the increased soil water repellency at the
specimen surface (Fig. 1F-H), reduced hydraulic conductivity, and
higher shear strength compared to untreated specimens. This is sup-
ported by the findings in Park et al. (2023) and Salifu et al. (2021) that
fungal mycelia reduced water infiltration and hydraulic conductivity of
soils by increasing soil water repellency on the soil surface and occu-
pying the pore space in the soil matrix. Also, Park et al. (2025) reported
that T. virens increased the shear strength of low-plasticity silt due to
the increased capillary and physicochemical forces by fungal mycelia.
Furthermore, Zhang et al. (2023) reported that the strong
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Fig. 3. Erosion depths of untreated, FG3, FG5, and FG10 specimens under various conditions: (A) Fungal growth durations; (B) Water dripping rates; (C) Void ratios;

(D) Desiccated conditions.

hydrophobicity of aerial mycelium caused water to slip on the fungal
mycelia surface, enhancing flow mobility. This means that the dropped
water experienced increased ease of flow across the fungal-treated
specimen surfaces, consequently mitigating water-induced shear stress
acting on the specimen surface.

3.3. Erosion depths of FG5 and FG10 specimens under different water
dripping rates

After tests conducted at a water dripping rate of 600 mL/h, both FG5
and FG10 specimens exhibited no soil loss (results not shown for con-
ciseness) as compared to the soil loss of untreated specimen (Fig. 2A),
indicating fungal-treated BR silt can withstand 4 hours of rainfall with a
rate of 18.6 mm/h (600 mL/h of water dripping rate simulates a rainfall
rate of 18.6 mm/h). The erosion depths of untreated, FG5, and FG10
specimens were compared at water dripping rates of 300 mL/h and
600 mL/h in Fig. 3B. The erosion depth of FG10 specimen slightly in-
creased from 4 to 5 mm when the dripping rate increased from 300 to
600 mL/h. However, FG5 specimens showed a significant increase of
erosion depth from 3.9 to 12.2 mm, which is higher than the erosion
depth of untreated specimen (10.5 mm). The increase of erosion depth
of FG5 specimens from 300 mL/h to 600 mL/h could be attributed to
the lower amount of fungal mycelia in FG5 specimen as compared to FG
10 specimens, which made FG5 specimen unable to stabilize soil
against higher rainfall rate.

3.4. Erosion depth of FG5 and FG10 specimens with different void ratios

Fig. 3C shows the erosion depths of untreated specimen with void
ratio of 0.65 and FG5 and FG 10 specimens with void ratios of 0.65, 0.7,
and 0.75. Since the untreated specimen with void ratio of 0.65 ex-
perienced significant soil loss, it was expected that untreated specimens
with void ratios of 0.7 and 0.75 would experience more significant soil
loss. Both FG5 and FG10 specimens showed increased erosion depth
with increasing void ratio, indicating that the erosion resistance of
fungal-treated BR silt reduced with the increasing void ratio. However,
FG5 specimens showed a higher rate of increase in erosion depth with
void ratio compared to FG10 specimens. The erosion depth of FG5
specimen increased from 3.9 to 20 mm with void ratio incrementing
from 0.65 to 0.75, while those of FG10 specimens increased from 4 to
13 mm with the same increment of void ratio.

The test results of fungal-treated specimens with different water
dripping rates and void ratios (Fig. 3B and C) show a trend that longer
fungal growth duration resulted in a reduced rate of erosion depth in-
crease with increasing water dripping rate and void ratio. This suggests
that longer fungal growth durations may decrease the dependence of
erosion resistance on soil void ratio and water dripping rate. The lower
dependence of FG10 specimens on water dripping rate and soil void
ratio may be due to the increased fungal content compared to the FG5
specimens as shown in Fig. 1C and D. The increased fungal content
could increase water repellency on the surface and reduce hydraulic
conductivity within the specimen. As discussed before, the fungal
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contents of fungal-treated specimens were not measured. However, the
observed higher fungal content of FG10 compared to FG5 can be sup-
ported by the findings in Park et al. (2023) that fungal-treated sands
with longer fungal growth durations showed higher fungal contents,
leading to more significant reductions of hydraulic conductivities due
to increased soil water repellency and occupancy of pore space com-
pared to those samples with shorter fungal growth durations.

3.5. Erosion depth of desiccated FG5 and FG10 specimens

Geelong drip tests were performed again on FG5 and FG10 speci-
mens with void ratio of 0.65 after desiccation (desiccated fungal-treated
specimens at 60 °C for 30 days following the initial Geelong drip test as
shown in Table 2) to evaluate the durability of fungal mycelium
treatment against extreme heat and dry condition. The erosion depths
of FG5 and FG10 specimens are compared between the tests after fungal
growth and desiccation in Fig. 3D. In the desiccation tests, the erosion
depth of FG5 specimen increased from 3.9 to 4.5 mm, while that of
FG10 specimen increased from 4 to 5 mm. This indicates that desicca-
tion did not significantly increase the erosion depths of FG5 and FG10
specimens, although it might reduce the viability of fungal mycelium in
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the specimens. As discussed in the results of previous studies (Park
et al., 2023; Salifu & El Mountassir, 2020), the degree of water re-
pellency of fungal-treated sands increased from moderate to severe and
extreme water repellency when the degree of saturation reduced from 1
to less than 0.1. Also, Park et al. (2025) reported that the magnitude of
suction stress (attractive stress between soil particles) in fungal-treated
BR silt increased by as much as 116 kPa with a reduction of degree of
saturation from 0.7 to 0.13. This resulted in the increase of shear
strength, which could improve erosion resistance of BR silt. Therefore,
as the degree of saturation reduced from 0.7 to approximately 0.02
during the desiccation, the magnitude of suction stress and soil water
repellency of FG5 and FG10 specimens increased, contributing to
maintaining the erosion resistance after desiccation. The slight in-
creases of erosion depths in the desiccation tests further suggest that
fungal mycelia remain effective in improving erosion resistance even
under extreme environments of high temperature and dry conditions.

3.6. Micro-scale morphology of fungal-treated BR silt

SEM images of FG5 and FG10 specimens are shown in Fig. 4.
Fig. 4A-C show SEM images of the top surface sample (TSS), midsection

Fig. 4. SEM images of (A) TSS, (B) MS, and (C) CS of FG5 specimen with void ratio of 0.65; (D) TSS, (E) MS, and (F) CS of FG10 specimen with void ratio of 0.65; (G)
CS of FG10 specimen with void ratio of 0.7; (H) CS of FG 10 specimen with void ratio of 0.75; and (I) untreated BR silt specimen.
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sample (MS), and center sample (CS) in FG5 specimen with void ratio of
0.65, respectively. Also, Fig. 4D-F show SEM images of TSS, MS, and CS
in FG10 specimen with void ratio of 0.65, respectively. While the SEM
imaging was also performed for TSS, MS, and CS in FG 10 specimens
with void ratios of 0.7 and 0.75, the SEM images of only CS in FG10
specimen with void ratio of 0.7 and 0.75 are shown in Fig. 4G and H for
the sake of conciseness. Fig. 41 shows the untreated BR silt specimen.

Fungal mycelia attached to (Fig. 4A, C, D, F, and H) and cross-linked
soil particles (Fig. 4A, B, E, and G) as compared to the untreated spe-
cimen (Fig. 4I), which could modify the pore structures and bind the
soil particles in the BR silt specimens. The binding of fungal mycelium
in BR silt may result from capillary and physicochemical interactions
(e.g., van der Waals attraction, electrostatic interactions, and fungal
osmosis) between soil particles, pore water, and fungal hyphae, as
discussed in previous studies (Park et al., 2023, 2025). Therefore, the
SEM images support the results in the Geelong drip tests that fungal
mycelia improved erosion resistance of BR silt by modifying pore
structures and binding soil particles.

It worth mentioning that the void ratio of BR silt samples could
change after fungal growth as the pore space was occupied by fungal
mycelia as shown in Fig. 4. The final void ratio is worth measuring as it
could provide insights on the morphology and content of fungal mycelia
in soil. However, the authors’ lab does not have the equipment (e.g.,
pore size analyzer based on mercury intrusion, capillary flow, or gas
adsorption, and X-Ray Computed Tomography) to measure the final
void ratio, which requires further investigation in the future.

Fungal mycelia were present in all samples of the FG5 and FG10
specimens, regardless of their locations and void ratios (Fig. 4). This
indicates that fungal mycelium can grow and extend throughout the
pore space of BR silt samples. This finding could be supported by the
study of Rebata-Landa and Santamarina (2006), which characterized
the bacterial activity in soil based on soil particle size and depth, which
could be applied to assess the behavior of fungal mycelia in BR silt
samples. The diameter of the fungal hyphae observed in SEM images
ranged from 1 to 6.7 um. Considering the size of the fungal mycelia and
the mean size of 19 um for BR silt particles, it can be inferred that the
activity of fungal mycelia in the BR silt specimens is likely "active and
motile" as described by Rebata-Landa and Santamarina (2006).

Park et al. (2025) reported that fungal mycelia were able to grow in
BR silt and silica silt, which have mean grain sizes of 19 pm and 11 pm,
respectively. This growth resulted in increased unconfined compressive
strength, tensile strength, and suction stress. However, the fungal my-
celium could not grow in kaolinite due to the small pore size (mean
grain size of 4 um) of kaolinite and therefore did not increase the un-
confined compressive strength of kaolinite.

4. Conclusion

This study conducted water repellency and water dripping tests to
investigate the effect of fungal mycelium on the erosion resistance of
low plasticity silt. Contact angle and water drop penetration time of
fungal-treated silt were measured to assess the degree of water re-
pellency. To investigate the erodibility of silt after fungal treatment,
water dripping tests were conducted on untreated and fungal-treated
silt specimens under different test and specimen conditions, including
fungal growth durations, void ratios, water dripping rates, and de-
siccation condition. The following conclusions are drawn from the re-
sults presented in this paper.

1. Fungal mycelia significantly increased contact angles and WDPTs of
fungal-treated BR silt, which indicated the specimen surface was
modified from hydrophilic to severe and extreme water repellency
after fungal treatment.

2. Fungal mycelium can improve soil erosion resistance. As compared
to untreated BR silt that exhibited 45% soil mass loss during one
hour of Geelong drip test, the fungal-treated specimens did not show
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any significant soil loss during the four hours of the drip test. Also,
for specimens prepared at void ratio of 0.65 and tested at water
dripping rate of 300 mL/h, the erosion depths of the fungal-treated
specimens were significantly lower (4-5mm) than that of the un-
treated specimen (10.5mm). The improved erosion resistance was
attributed to fungal mycelia increasing soil water repellency, redu-
cing water infiltration and hydraulic conductivity of soil, and im-
proving soil strength.

3. The water dripping rate and void ratio can affect erosion resistance
of fungal-treated BR silt. Erosion depth increased from 3.9 to
12.2mm for FG5 specimens with void ratio of 0.65 when water
dripping rate increased from 300 to 600 mL/h. Also, erosion depth
increased from 3.9 to 20 mm with void ratio increased from 0.65 to
0.75 for FG5 specimens subjected to 300 mL/h water dripping rate.

4. Increasing fungal growth duration led to higher fungal content, re-
sulting in higher erosion resistance of fungal-treated specimens. This is
because higher fungal content led to higher soil water repellency, lower
hydraulic conductivity, and higher soil shear strength. The results also
imply that a higher fungal content can reduce the dependence of ero-
sion resistance on soil void ratio and water dripping rate.

5. After 30 days of desiccation at 60 °C, the erosion depth of the silt
specimens increased by only 1 mm. Although desiccation may re-
duce the viability of fungal mycelium in the specimens, the test
results suggest that fungal mycelia remain effective in improving
erosion resistance of silt after desiccation.
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