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Abstract

This study evaluated an innovative method to improve soil erosion resistance by fungi. An edible filamentous fungus,
Pleurotus ostreatus, was included in the study. The result showed that Pleurotus ostreatus is able to grow and completely
cover the circular surface of 60.20 mm diameter in 15 days when inoculated on the top surface and in 20 days when
inoculated 5 mm under the soil surface. The erosion resistance of fungi mediated soil samples was evaluated by a
Simplified Scour Resistance Test (SSRT). The results showed that fungi-mediated sand samples demonstrated much higher
erosion resistance compared with control sand sample, both in terms of increasing the critical flow velocity and reducing
the slope of erosion rate versus flow velocity curve. The mechanism of improved erosion resistance was investigated. The
microstructure measured by SEM test showed that the sand particles were entangled by fungal fibers. Chemical precipi-
tations were observed on sand surface and attached to fungal hyphae, which were identified as calcite, calcium oxalate
monohydrate and calcium oxalate dihydrate by FTIR spectra and XRD analysis. The fungi mycelium surface showed
hydrophobic behaviors with an average measured contact angle of 116.42°. The hydrophobicity generated slip along the
interface. Analyses with computational fluid dynamics (CFD) model indicated that the slip due to the hydrophobicity of
fungi reduced the shear stress at the water-soil interface, which also improved the erosion resistance by fungi-mediated
sand.

Keywords Biomediated soil improvements - Biomineral precipitation - Contact angle - Erosion - Filamentous fungus -
Hydrophobicity
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Various approaches are applied to mitigate the risk due
to bridge scour. The traditional methods to mitigate soil
erosion can be grouped broadly under two distinctive cat-
egories, i.e., passive countermeasures and active counter-
measures [33]. The passive countermeasures are fulfilled
by providing additional barriers to improve the resistance
against the horseshoe vortex. The riprap and geobag are
typically used in this practice [1, 6]. Riprap can be further
improved by partially grouting that improves its stability
[18]. Examples of active countermeasures include the use
of a collar to control scouring around piers by diverting the
downflow of water [1]. Other methods to improve the
scouring resistance include the use of sacrificial pile and
slot in the pile. However, the conventional methods require
significant construction labor and considerable monetary
investment. Some of them also have a negative influence
on the environment [3].

Microbial Induced Calcite Precipitation (MICP) was
proposed as an emerging technique to prevent road
shoulder erosion and bridge scour without human inter-
vention [3]. MICP utilizes microorganisms to modify soil
properties by facilitating calcium carbonate precipitation
[7, 32]. Polymer-modified MICP treatment was demon-
strated by Wang [35] to deal with the problem that the
underlying soil was untreated by surficial MICP treatment.
The hydrolysis by-product of MICP contains ammonium
ions, which raised environmental concerns due to
increasing ammonia emissions to the ecosystems
[14, 17, 24]. It is desirable to develop sustainable tech-
niques with less impact on the environment.

Therefore, another common microorganism, filamentous
fungus, was chosen in this study to improve the soil erosion
resistance. The fungal fibers have been reported with high
strength and it can be grown with environmentally friendly
feeding substrate. Filamentous fungi are a large fraction of
total microbial biomass on the surface of earth. Fungi are
known to produce oxalic acid, which reacts with metal
ions. The calcium-oxalate associated with fungal hyphae
are commonly observed in the sample both in the natural
environment and in the experimental laboratory [37-39].
Fungi can also act as a natural fiber network to reinforce
the surrounding soils and provide sites for calcium pre-
cipitation attachments [4, 16]. The common nutrition
medium used for fungal growth, of which most ingredients
are derived from potato, is environmentally friendly. Fungi
also secrete small proteins called hydrophobins, which
have been attributed to a wide spectrum of functions in
fungal growth and interaction with soils [30]. For example,
fungi influence the hydrophobicity of soil, contributing to
the reduction of water infiltration and the increases in the
stability of soil aggregates [27]. Recent studies indicated
that a velocity slip occurs over hydrophobic surfaces,
reducing the drag force at the interface correspondingly.
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When a surface is treated with a hydrophobic coating, a
noticeable drag reduction in the flow is observed [13].

In this study, the fungus, Pleurotus ostreatus, was
inoculated on the top surface and in the middle layer of
sand samples to improve their scouring resistance. The
growth behavior of fungal mycelium is observed at dif-
ferent incubation periods. Then, the scour resistance test is
carried out to evaluate the anti-scouring performance of
fungi mediated soil, of which results were compared to that
of the control soil sample. The microstructure of the fungi-
mediated soil sample is examined to investigate the
mechanism for the improved the soil scouring resistance by
fungal mycelium. The surface property of fungal mycelium
was studied by measuring contact angle. Its impact on
shear force generated by flowing water was investigated by
a computational fluid dynamics (CFD) model.

2 Experimental materials
2.1 Sand

A standard ASTM sand was used in this study. The soil
samples were oven-dried for 24 h. It has a specific gravity
of 2.68 at 20° C. The laboratory tests categorized the sand
as poorly graded sand with uniformity coefficient of 2.92
and coefficient of gradation of 1.31. The median grain size,
Dsg, was evaluated as 0.55 mm. The grain size distribution
curve of soil particles is shown in Fig. 1. The sand sample
has a density of 1.5 g/cm’. The measured internal friction
angle and cohesion are 30° and 0 kPa, respectively.
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Fig. 1 Grain size distribution curve of sand sample
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2.2 Fungal strain and culture medium

The edible filamentous fungus, Pleurotus ostreatus (P.
ostreatus), was utilized in the study. This fungi strain has
been found to produce fibers that have superior mechanical
properties with a fast growth rate. P. ostreatus was pur-
chased from the Mushroom Spawn Laboratory (Pennsyl-
vania State University). It has been certified as not a
biohazard [37-39]. BD Difco™ Dehydrated Culture Media
Potato Dextrose Broth (PDB) and calcium chloride, pro-
duced by Fisher Scientific, were used to cultivate fungal
strains. The culture medium was obtained by dissolving
PDB and calcium chloride powder into deionized water
with concentrations of 24 and 20 g/L respectively and
stirring until the solution is homogeneous.

The autoclaving technique was applied to sterilize
samples and tools. Both the culture solution and sand
samples as well as the containers (250 mL beakers) were
autoclaved at 120 °C for 15 min prior to use for inoculat-
ing fungi.

3 Experimental design

Comparative tests were conducted to investigate the effects
of contributing factors on fungal behaviors to determine the
best experimental conditions. The sand particle size and
inoculated depth of fungi are considered. The fungal
growth behaviors, including the germination of spores and
the development of fungal mycelium, were utilized to
evaluate the performance of different fungal placement.

3.1 Effects of sand particle size

We investigated the effects of particle size on fungal
growth. Fine sand and coarse sand are used to study the
effects of particle size on the development of fungal
mycelium. The fine sand is 30-100 Nevada sand with a
specific gravity of 2.68, and a relative density of 1.5 g/cm®
at 20 °C. The parameters of coarse sand are the same as the
description in Sect. 2.1.

Fungal mycelium germinated through the spread of
fungal spores from different locations that are far away
from the original fungal inoculum on the surface of fine
sand. Fungal mycelium developed from the edges of the
original fungal inoculum on the surface of coarse sand. The
surface area of fungal mycelium in the coarse sand sample
is much larger than that in the fine sand sample. Twenty
days later, the fungal mycelium covered the surface of
coarse sand with a diameter of 64.20 mm. However, the
mycelium grew and only partially covered the surface of
fine sand. Compared to the mycelium on fine sand surface,

fungal mycelium is much thicker while growing on the
surface of coarse sand after an incubation period of
20 days. These observations indicate fungi grow better in
coarse sand than fine sand.

The mechanism behind this phenomenon is attributed to
the favorable growing environment in coarse sand sample.
The origin of the fungal growth was the germination, of
which three phases are autoactivation, spore swelling and
amoebal emergence. Spores were produced by filamentous
fungi and were characterized by a dormant state initially
[9]. Fungal spores are adapted for nutrition detection over a
distance of a few centimeters [22]. Quick uptake of water,
nutrients, and oxygen resulted in a shorter germination time
[9]. The larger pore size in the coarse sand sample is
favorable for the swelling and germination of spores, which
also facilitates the mobilization of spores on the sand sur-
face. The main component of fine sand is SiO,. Various
chemical components are in the coarse sand sample. For
example, the germination of spores is dependent on the
activity of calcium. Calcium is an essential cation for the
regulation of protein calmodulin during the germination of
fungal spores [20]. Calcium also has a regulatory impact on
the formation of spores as well as hyphal growth [10]. The
substrate enriched with calcium promotes the mycelium
development and bonding performance [2]. Therefore, the
coarse sand provides a beneficial neighboring environment
for the germination of spores and the development of
fungal mycelium.

3.2 The effects of fungi inoculation depth

Inoculated depth is defined as the thickness of sand cover
above the location fungal inoculum was placed. Four
inoculated depths (5, 10, 15, and 20 mm) are used to
investigate its impact on fungal growth. Only the fungal
inoculum at the first layer (inoculated depth 5 mm) ger-
minated, which was evidenced from the front view of each
sample. After 20 days, we removed the fungal mycelium
from each sample and left the sand without fungal myce-
lium. We also measured that the average depth in the fine
sand and coarse sand samples are about 6.3 and 5.5 mm,
respectively. This indicates that the fungal inoculum
develops from the inoculated depth of 5 mm. They pre-
ferred to grow on the upper layer for a greater supply of
oxygen and developed to 0.5-1.3 mm beneath the inocu-
lated depth layer.

Larger embedment depth of fungal inoculation is
desirable since this facilitates the reinforcement of fungal
mycelium on sand samples. However, the increased
embedment depth inhibits the fungal growth due to the
reduced oxygen supply and introducing overlain pressure
that might suppress spore germination. From the four
inoculation depths analyzed in this study, the inoculation
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depth of 5 mm achieved the best performance, which
produced reinforcement effects on the upper layer of sand
sample and as well as 0.5 to 1.3 mm beneath the inoculated
layer.

From these observations, coarse sand and inoculated
depth of 5 mm were utilized in this study to ensure the
fungal growth in the sample. Calcium ions were added in
the nutrition to facilitate the germination of fungal spores
as well as the precipitation rate in sand samples.

3.3 Contrast groups of final experimental
samples

Three groups of samples were prepared, including one
group with fungi inoculated on the top surface of soil
sample (FS-T), one group with fungi inoculated inside the
soil sample (FS-M), and one group of pure sand sample as
the control group (S). Samples were prepared with glass
beaker with an inner diameter of 64.20 mm and a height of
90 mm. Energy control was used to produce consistent
initial soil density condition in different samples, the dry
sand fell through a funnel with a constant height of
150 mm above surface. Sand was deposited layer by layer
until reaching the height of 30 mm. All the procedures in
the control group (S) are the same as in the test group (FS-
T and FS-M) except the inoculation of the fungal disc. Disc
with a diameter of 5.75 mm was cut from the leading edge
of the original fungal colony using a glass cork borer after
being flame sterilized. The fungal disc of P. ostreatus was

inoculated at the center of the soil surface at heights of
30 mm (FS-T) and 25 mm (FS-M) for germination of the
mycelia. An additional layer of sand with 5 mm thickness
is deposited to cover the inoculum of P. ostreatus in FS-M.
30 mL culture solution was added to the surface of soil
sample when inoculum is placed. The containers were
covered with plastic wrap with air ventilation holes to
allow oxygen supply to the fungi, while limiting the
evaporation of culture medium to the extent possible. The
temperature was controlled to be 20 £ 2° C and the rela-
tive humidity was 35 4 3% during the incubation period of
fungi mycelium.

The samples were saturated by supplying water into the
sample container using a small tube carefully. The sample
was saturated for 24 h prior to conducting the scour
resistance test.

4 Experimental characterizations

4.1 SEM and EDS analyses on the microstructure
of fungi

The SEM and EDS tests were conducted to observe the
microstructure and morphological features of fungi-medi-
ated soil samples with the Helios NanoLab 650. The
samples were pre-dried in the oven at 50 °C for 24 h.
Samples were coated by Pd with 4 nm for 30 s. It applied a
voltage of 5 kV in a high vacuum mode when conducting

Table 1 The observed effects of sand particle size on fungal growth behaviors

0d 7d

20 d Front view (20 d)

Fine sand

Coarse sand
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Fig. 2 (a) Anti-scouring experimental setup; (b) shear velocity distribution; (¢) erosion and deposit area on soil surface

SEM tests on samples. The images were collected with a
working distance of 4 mm. A current of 16 nA and a
voltage of 15 kV were applied for the EDS analyses.

4.2 The Fourier-transform infrared (FTIR) spectra
for the interaction between fungi and sand

The fungal mycelium grown in soil sample (FS-M) and
control soil sample (S) was obtained to measure the Fourier
Transform Infrared (FTIR) spectra with an Agilent Tech-
nologies Cary 630 FTIR spectrometer. The infrared spectra
were set for the range from 400 to 4000 cm ™. It provides
information on chemical constituents of the fungal hyphae
grown in sand.

4.3 X-ray diffraction for the precipitation
identification

The Bruker D8 r-ray diffractometer with 1D with Cu
sources and 2D detector with Co sources was used for
characterizing the crystalline structure of precipitation
produced by the interaction between fungi and sand parti-
cles. X-ray diffraction (XRD) is a nondestructive technique
that allows investigating structures, phases, and crystal
orientations of precipitation produced by fungal hyphae
around sand particles. The samples were dried in the oven
at 50 °C for 24 h and ground to fine powders by a pestle
prior to the analysis. The filtered powder samples are

scanned from 10-90 degrees with a resolution of 0.04
degrees per second.

4.4 Contact Angle for the surface property
of fungal mycelium

The surface property of fungal mycelium was evaluated by
the measured contact angle with a goniometer (KSV
CAM200 Instruments Ltd). The contact angle is influenced
by the surface free energy and is associated with surface
tension of mycelium surface. Mycelium film was obtained
from the sample (FS-T) and the specified volume of dis-
tilled water was dispersed from the syringe pump onto the
fungal mycelium film. This process was controlled by the
system with a constant dispersing speed and the contact
angle of water on fungal mycelium was captured by a high-
resolution camera. Five different locations on fungal
mycelium were chosen randomly for the contact angle
measurements. The left and right contact angles at the
water-mycelium interface were analyzed by the image
analysis software and subsequently averaged. The above
procedures were repeated for five times on each of five
mycelium samples. All readings were then averaged to give
an averaged contact angle. The temperature was controlled
to be 23° C and the relative humidity was 30 £ 2%.
(Table 1).
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Table 3 Summary of taken images in each group

Specimen No  Top view Front view
0d 5d 20d 20d

S

FS-T

FS-M

4.5 Anti-scouring experiment

The Simplified Scour Resistance Test (SSRT) setup shown
in Fig. 2 as designed by [34] was used to measure the scour
resistance. It includes a blade with a width of 64 mm and a
height of 15 mm. The rotation of the blade was controlled
at a preset speed to simulate the moving fluid flow. Under
steady state conditions, the flow speed will linearly
increase along the radius direction. The rotating speed of
the blade could be set to range from O to 300 rounds per
minute to simulate various local flow speeds in the range of
0-1.0 m/s. The testing samples were placed under the
SSRT. The water level is controlled to be 15 mm above the
soil-water interface. Two cameras were placed on the sides
and on the top of the sample to record the dynamic
behaviors at the soil-water interface and mycelium-water
interface. (Table 2).

5 Results and discussions
5.1 Visual observation of fungal growth
Images were taken to record the development of fungal

mycelium in soil samples and on the soil surface. Fungal
growth, including fungal germination and their mycelial

development, were observed in the two groups with the
inoculum of P. ostreatus on the top and middle of the sand
(FS-T and FS-M). A representative set of images are
summarized in Table 3.

Fungi germinated rapidly and grew vigorously in the
group of FS-T, where fungi were inoculated at the top and
provides a favorable environment for fungal growth. It took
15 days for the growing mycelium to completely cover the
sand surface in the FS-T group. The images in the FS-M
group showed that fungal mycelium grew only slightly into
the soil through the pore space. Compared to the FS-T
group, the growth in the FS-M group was delayed, possibly
due to the addition of soil layer that reduces the oxygen
supply and introduces overlaying pressure. It took 20 days
of growth for the fungal mycelium to completely cover the
sand surface in the FS-M group (shown in Table 3). From
the front view of sample FS-M, fungal hyphae developed
through the void spacing between sand particles and
exposed to the surface of sand. The fungal fiber interacts
with sand and produced a physical reinforcing effect on the
top layer of soil sample.

5.2 Erosion behaviors
The scour resistance tests were conducted on the three

groups of soil samples and their dynamic behaviors were
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Fig. 3 Illustration of three movements of soil particles under water flow (Modified from [25])

)

-
&

!
"n

<&

1. Suspension

2. Saltation

'

Water flow /

>,

- aCaC CaCacm A - ]
F.f.ﬂ.a.—.ae}fv.%ﬂhv M (R Ao e %
% O R RN o) {30909 (GT%: 2leelf

(CaC o
:.a 2o 9 AT O W 2 AN |

PR g ) e

8
~_ _(a) m R=0
E 0 R=20mm N —
-~ 6 ® R=32mm L
- gpEmEHE
.g% L
2 4r .
= [ ]
@ [ ]
3 [ ]
gt
a .'

) 50 100 150 200 250 300
~ 0goooobg— ——"+—— L —— L —
E °°°Oooo Time (s)
= b ©0060000000000000
= 2F °
=
o [ ]

Q [ ]

= o,

= -4+ LX X Py

5 °

= LX 29 oo

e ®go00000000
= -6

Original soil
surface

Fig. 4 Scouring behavior of control soil sample (S) at 120 rpm. (a) development of erosion depth and deposit height at different radius locations;
(b) illustration of the deposit area and erosion area

_ B R=0
84_(a)oR=20mm giuEEmSE
| |
53 ® R=32mm ..-l.
= - [ ]
E" wunt”
WD
= 2L .
= | |
Zz "
-
D | |
B 50 100 150 200 2
~ 0g-0-©o 1 1 1 1
g °o°°° Time (s)
%o
1} )
= ° ®000000000000
A
5y .
= -2F
°
S *e
331 L)
b 0000000000000
=
4

Original soil
surface

Fig. 5 Scouring behavior of fungi mediated soil sample (FS-T) at 300 rpm. a the development of erosion depth and deposit height at different

radius locations; b illustrate of the deposit area and erosion area

@ Springer



Acta Geotechnica (2023) 18:2827-2845

2835

Fig. 6 Scouring behavior of fungi mediated soil sample (FS-M) at
300 rpm
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recorded by the cameras. In each group, the initial rotation
speed was controlled at 120 rounds per min. The soil
erosion behaviors are depended on the flow rate that varies
at with the radius from center. The movement of soil
particles were initiated when the flow velocity exceeded
the critical value (u.). With the increasing liner flow
velocity away from the center, the erosion was observed at
the edge of the soil sample firstly. Three types of move-
ment occurred in along the surface of the soil sample as
illustrated in Fig. 3, which were dependent on the particle
size, flow velocity, as well as surface characteristics. The
small particles suspended in water flow increased the tur-
bidity of water; medium particles bounced or jumped after
gaining energy from water flow; larger particles were too

massive to be lifted and rolled along the surface until
stopped by other particles. With the increasing blade
rotation speed, the zone of soil erosion developed from the
edge to the center until achieving an equilibrium state at a
certain radius.

The scouring behavior at a few locations (R = 0, 20, and
32 mm) of the control soil sample (S) at 120 rpm is shown
in Fig. 4a, based on analyzing the recorded video. It took
280 s to reach a stable status under rotating flow at
120 rpm. Soil erosion zone and deposition zone were
observed. Soil particle erosion occurs at larger diameter,
while deposition occurred at smaller diameter. At the
equilibrium state, the erosion depths at R = 20 mm and
32 mm were 1.84 and 5.22 mm and the deposit height at
the center was 6.54 mm. The radius of deposit area of
sample S was 16.30 mm.

No obvious soil erosion was observed in sample with
fungi inoculated at top surface (FS-T) at 120 rpm. The
mycelium was separated from the edges of the soil surface
and quickly floated on the water surface after increase the
rotating speed to 170 rpm within 3 s. After removing the
floating mycelium, no erosion was observed on the soil
sample at 170 rpm. When further increasing the rotational
speed to 300 rpm, the observed scouring behavior at dif-
ferent radius (R = 0, 20, and 32 mm) of sample FS-T is
shown in Fig. 5. The equilibrium state reached after 190 s
and the erosion depths at R = 20 mm and 32 mm were 1.23
and 3.34 mm; the deposit height at the center was
3.92 mm. After the scour resistance test, the morphology of
the water-soil interface was observed. The radius of the
deposit area in FS-T sample at 300 rpm was 13.22 mm.
The water has less turbidity in the FS-T sample event at
300 rpm compared to that of control soil sample at
120 rpm.

Various rotating flow speeds (120, 170, and 300 rpm)
were also applied on the sample with fungi inoculated at
5 mm under surface (FS-M). The soil surface in FS-M was
not eroded by the rotating flow at 120 and 170 rpm. Even
when the rotation speed of the blade was increased to
300 rpm, soil sample with fungal mycelium remained
intact (Fig. 6). Fungal mycelium improved soil erosion
resistance and works as a shield against water erosion.
Water does not develop turbidity when the sample FS-M
was subjected to the scouring test.

Soil erosion curve is commonly plotted by the erosion
rate versus flow velocity. In this study, the average erosion
rate was defined as the 99% equilibrium erosion depth
divided by the corresponding time; the flow velocity along
the radius was calculated by Eq. (1).

u = nnR/30 (1)
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Fungal hyphae & :

Fig. 8 Scheme of scouring resistance improvement by fungal mycelium

where u is the shear velocity, n is the rotating speed in rpm,
and R is the located radius. The critical shear velocity is the
velocity (u.) at the critical point (C) of deposit range.

The critical shear velocity, u., which is the flow velocity
above which erosion initializes (or the x-intercept of the
soil erosion curve), is evaluated as the velocity at the
boundary of erosion and deposit zone. When the water
velocity exceeds the critical velocity, soil will experience
erosion. From the experimental data, the critical shear
velocity occurred at the critical point at radiuses of 16.30
and 13.22 mm respectively in the sample S and FS-T.
These corresponded to critical flow velocity of 0.2 and
0.4 m/s, respectively. The critical velocity of FS-M was
estimated to be larger than 1.0 m/s. The corresponding
average erosion rate were calculated and plotted versus
flow velocity of sample S and FS-M in Fig. 7. The erosion
curve of control soil sample S was plotted as a baseline.

Compared with the control soil sample, fungi mediated
soil samples show much larger critical flow velocity and
much smaller slope of the erosion curve, both indicating
improved soil erosion resistance. That is, under the same
flow speed, fungi mediated soils featured much smaller
erosion rate. The improved soil erosion resistance by fungi
was attributed to the reinforcement of soil particles inter-
actions by the fungal hyphae fiber.
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5.3 The mechanism of improvement of scouring
resistance by fungal mycelium

The observed scouring behaviors indicate fungi mycelium
enhanced the erosion resistance of soil samples. Fungal
mycelium was able to grow through the soil pores and on
the soil surface. These improved the anti-scouring prop-
erties of soil samples. The mechanisms include (1) The
reinforcement of soil particles by fungi hyphae fiber and
(2) The hydrophobic behaviors of fungal mycelium that
changes the soil-water surface interactions, which are
illustrated in Fig. 8. The fungi fiber reinforcement
enhanced the soil erosion resistance by increasing the
critical velocity as well as the slope of soil erosion curve.
The hydrophobicity of fungi fiber reduced the shear stress
applied on the soil-water interface, which lead to higher
critical shear velocity.

5.3.1 Reinforcement by fungal hyphae

5.3.1.1 Microstructure of fungi reinforced soil To observe
the interactions between sand particles and fungal myce-
lium in the microscale, scanning electron microscopy
(SEM) images were collected. Figure 9a presents the sur-
face texture of plain sand. Figure 9b shows that amorphous
residue of nutrients was found in the control sand (sample
S). Figure 9c and d shows the SEM images of FS-M
samples. As can be seen from this sample, the sand surface
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Fig. 9 Microstructure of fungi-mediated soil sample. a Untreated sand particles. b Sand particles from sample S. ¢ Sand particles covered by
fungal mycelium. d Sand particles entangled by fungal hyphae. e Fungal hyphae and precipitation on sand surface. f Sand particles bonded by

precipitation and fungal fibers

was covered by fungal mycelium and the sand particles
were reinforced by numerous fungal hyphae. Moreover,
abundant fungal fibers were observed to grow on the sur-
face of sand particles. Along with fungal hyphae, a large
amount of crystalline precipitation was attached to the
surface of fungal hyphae as well as the sand particles. Two
types of crystals, one of which is cube and the other is
needle, were found on the surface of fibers and sand.
Figure 9f reveals two sand particles bridged by several
fungal fibers, with many mineral precipitations attached
along the fibers. The mineral precipitations mediated by
fungi contributed to the bonding and reinforcement among
sand particles. These facilitate the improvement of the
erosion resistance of the soil samples.

Elements mapping by energy-dispersive Xx-ray spec-
troscopy (EDS) in the scanning electron microscopy (SEM)
was applied for the analysis of chemical composition in the

selected areas containing the two types of mineral precip-
itations. Figure 10a shows the cube precipitation attached
on fungi hyphae. The weight percentage (Wt.%) and
atomic percentage (At.%) of each element were shown in
Table 4 (Carbon was not included since carbon tape was
used for stabilizing samples on the holder). The precipi-
tation crystals mainly composed of Oxygen (with Wt.% of
42.17 and At.% of 63.49), Calcium (with Wt.% of 36.66
and A.% of 22.03), and Chlorine (with Wt.% of 19.83 and
At.% of 13.48). The existence of Carbon, Calcium, and
Oxygen are evidenced in Fig. 10a (cube attached to fibers),
arising from the precipitation produced by fungi. Secondly,
Chlorine can be excluded from the composition of crystal
(dark region shown in Fig. 10e). Another area was selected
to represent the crystal with needle shape (Fig. 11a). The
analysis of weight ratio and atomic ratio show the similar
conclusion to that of cube crystals. The elemental
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Fig. 10 EDS analysis of fungal hyphae attached by precipitation a Selected area 1 of hyphae along with produced precipitation. Selected area 1

EDS elemental mapping images of b C, ¢ Ca, d O, and e Cl

mappings also indicated the existence of Carbon, Calcium,
and Oxygen and excluded the existence of Chlorine in the
precipitation. Additionally, the size of cube crystal is much
larger than that of needle crystal. The averaged edges of
cube crystal are about 7-10 pum, and the length of needle
crystal is about 4-5 pm and width is 2 pm. The identifi-
cation of the mineral precipitation is further analyzed with
XRD and will be discussed in Sect. 3.3.1.3.

5.3.1.2 Chemical interactions between fungi and soil In
order to clarify the chemical interaction between fungi and
soil, Fourier Transform Infrared (FTIR) spectra of samples
were obtained from control soil (S) and fungi mediated soil
(FS-M). The main peaks and bands in sample S were
characterized by a broad band between 827 and 1244 cm ™'
and sharp bands at 511, 694, 777, and 796 cm_l, which
were corresponding to quartz (Institute of Chemistry
University of Tartu) shown in the upper pattern in Fig. 12.
FTIR spectra of sample FS-M shows the same peaks with
sample S, including sharp bands at 694, and 1163 cm ™.
The peaks at 775, and 788 cm ™ in spectra of sample FS-M
were attributed to the combined peaks of 777 and
796 cm™" (from quartz) with peak of 725 cm™' (symmet-
ric CO3 band) [28]. The peak at 997 cm™! reveals a
combined area contained several bands appearance,
including that, appears at 1057 cm™" (from quartz), at 874
and at 1090 cm™! (vibration of the carbonate ions) [28].
The broad band between 1401 and 1459 cm™' were cor-
responding to the main asymmetric CO3 band and vibration
of the carbonate ions [28]. The peak at 1316 cm™! was
attributed to the vibration of the oxalate group), and the
broad band between 1619 and 1643 cm™' as well as the
peak at 955 cm™' were corresponding to the existence of
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calcium oxalate [37-39]. The peak at 517 cm ™! is due to
the chemical bond Ca-O in calcium oxalate [28]. The broad
band between 3000 and 3500 cm ™' was corresponding to
the fungal indigents [37-39]. It indicates that there exist
calcium carbonate and calcium oxalate in the sample FS-
M.

5.3.1.3 Identification of Mineral Precipitation To identify
the phase of precipitation produced by fungi, 1D XRD was
utilized to investigate the powder materials gained from
sample S and sample FS-M. There are three polymorphs,
i.e., calcite (C), aragonite (A) and vaterite (V), included in
Calcium carbonate (CaCQOj3) [8]. Calcium oxalate (CaC,.
0O,4) contains in nature two polymorphs, i.e., whewellite
(calcium oxalate monohydrate, COM) and weddellite
(calcium oxalate dihydrate, COD) [40]. The 1D XRD
patterns of sample S shows a mixture of various mineral
crystals are contained in sand (S). The results of sample S
also confirmed the existence of quartz and the absence of
calcite, whewellite, and weddellite. The residue of nutri-
ents on the surface of Sample S are amorphous and will
therefore have limited influence on the bonding strength
between sand particles. Therefore, the impact of residues
on the improvement of erosion resistance in sample S is
negligible.

Results of XRD in Fig. 13 indicates the existence of
calcite and quartz as well as multiple crystals in fungi
mediated soil sample (FS-M). 2D XRD with Co sources
was applied on the powder materials of fungal mycelium
separated from sample FS-T. (Fig. 14). The crystals of
fungal mycelium in FS-T sample are identified as a mixture
of calcite, whewellite, and weddellite [15]. The main peaks
at 20 = 23.03, 35.94, 43.12, and 69.11 ° belonged to the
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Fig. 12 FTIR spectra of sample S (Red) and FS-M (Black)

crystal plane of calcite. The peaks at 20 = 16.97, 43.98,
and 45.77° contributed to the crystal plane of whewellite.
The crystal plane of weddellite contributed to the peaks at
20 = 15.98, 21.81, 33.19 and 41.99°. The XRD peaks are
sharp and intense, indicating a high crystallinity of the
mineral precipitation by fungal mycelium in the FS-T
sample.

5.3.2 The effects of hydrophobicity of fungi mycelium
on shear force reduction

5.3.2.1 Hydrophobicity measurement with contact angle
test The standard experimental measurement of

Sample S

200 - Sample FS-M |
Quartz

Calcite

150

Counts
Counts

100 -

1
20 40 60 80
20 (°)

Fig. 13 1D XRD patterns of sample S (Gray) and sample FS-M
(Black)

hydrophobicity is the angle that a water droplet rests on the
solid surface. The contact angle ranges from 180° down to
0°, with small contact angle indicating hydrophilic
behavior and large contact angle indicating hydrophobic
behavior. The contact angle of the ultrahydrophobic sur-
face inspired by the lotus leaf can be as high as 177°; clean
glass is highly hydrophilic, with contact angle close to 0°
[23]. Five different mycelium film with dimensions of
1 x 1 cm were collected from sample FS-T, and the results
of contact angle are summarized in Table 4. The equilib-
rium contact angle of each of the mycelium surfaces was
found to be greater than 110° and the average contact angle
is 116.42°. The contact angles at various locations show
slight differences because the fungal mycelium surface is
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Fig. 14 2D XRD patterns of sample FS-T

Table 4 Contact angle (CA) measurement of fungal mycelium film

No CA left (°) CA right (°) Averaged (°)
1 115.7 116.9 116.3

2 110.7 110.1 110.4

3 120.3 120.2 120.2

4 118.4 118.3 118.3

5 117.3 116.3 116.8

Mean 116.48 116.36 116.42

not smooth. Additionally, the micro-sized hyphae are not
heterogenous. Both the hydrophobicity of fungal hyphae
and the microscale surface features prevent the infiltration
of water. The measurement results indicate the P. ostreatus
mycelium feature hydrophobic properties.

(@)

H=90mm

#I

D=64.20 mm

5.3.2.2 Analyses of the effects of fungi hydrophobicity on
interfacial shear force reduction The dynamics of water-
soil interactions is influenced by the condition of the interface.
The contact angles of various soil materials ranged from 14.8
to 20.8° [5]. For hydrophilic surfaces such as sand, the slip of
Newtonian fluid flow is negligible at the interface, since the
viscosity of fluid brings the water flow to rest at the boundary
[42]. However, at hydrophobic surface such as fungi mediated
soil, the water moves along a water-repellent wall and par-
tially wetted surface, which causes a slip effect at the
boundary. The hydrophobic surface due to low surface energy
and topological micro-features improves the mobility of fluid
and reduces shear stress at the interface [12, 29]. The dif-
ference between a common surface and a hydrophobic sur-
face lies not only in the surface chemistry, but also in the
microstructure of the surface. For instance, lotus leaves with
micrometer-sized protrusions in hydrophobic wax, have well-
known water-repellent properties [29]. The chemical hydro-
phobins on the surface of hyphae repel water; the
microstructure of the hyphae network on the surface also
increases the surface roughness. If the fluid slip occurs at the
boundary, reduced shear force will be observed. The rough-
ness on the hydrophobic surfaces contributing to hydropho-
bicity will result in larger shear force reduction [13].

To investigate the influence of hydrophobicity of fungi
mediated soils on the soil-water boundary shear conditions
on the interactions of flow and soil, Computational Fluid
Dynamics (CFD) was utilized to simulate the flow field and
interfacial shear stress in the SSTR experiment. The effects
of hydrophobicity are simulated by applying proper
boundary conditions, i.e., no-slip boundary and slip
boundary. The simulation model was developed using the
Rotating Machinery, Fluid Flow branch in CFD Module
with the frozen-rotor study type to investigate the flow
velocity distribution and shear stress at soil-water interface

(b) (c)

J

Water

Boundary layer

Db =64 mm
Hb =15 mm

Fig. 15 SSRT numerical simulation model a Vessel b Bladed impeller ¢ Schematic diagram of the Rotating Machine Model
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Fig. 16 Schematic diagram of streamline slip velocity at a water—solid interface a no-slip boundary of sand sample (S); b slip boundary of fungi

mediated sand sample with slip length of Ls (FS-M)
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Fig. 17 The slip length increases with flow rate (bottom axis) and
corresponding radius at 120 rpm (top axis) on the surface with a
contact angle of 110 and 44°. u is flow velocity and D is boundary
thickness. (Modified from [41])

under different boundary conditions. The numerical model
was built with the geometry and boundary conditions of the
SSRT experimental setup as shown in Fig. 15. The model
consists of two physical components, i.e., a vessel and an
impeller structure. The vessel used for SSRT consists of a
vertical cylinder with a dish-shaped bottom. The rotation of
the impeller drives the mixing of the fluid in the vessel to
simulate the process of SSRT. The clearance is defined as
the vertical distance between the lowest point on the
cylindrical wall of the vessel and the mean vertical position
of the impeller blades. No-slip boundary is applied on the
bottom wall to simulate the water—solid interface in the
control sample (S); slip boundary is applied on the fungi
modified sand sample (FS-M). A no-slip boundary condi-
tion is set on the sidewall. Schematic of the streamline
velocity at the water—solid interface under different
boundary conditions is illustrated in Fig. 16.

Once the rotating speed is set, the pitched blade impeller
expels the surrounding water axially as well as radially.
The mixing process occurs in the fluid filed, forming a
large zonal vortex. The vortex extends from the plane of
the impeller to the bottom boundary and causes shear force
on the boundary.

The torque on the impeller (M) is given by

M = |z [,R x TdA| (2)
The power draw (P) is calculated by
P=|o- [,Rx TdA| = |o|M (3)

where 7 is the average value of z position, A is the surface
area of the impeller, T is the total stress. w is the angular-
velocity vector.

The fluid equations for three-dimensional viscous water
flow around the foundation can be solved by the Navier—
Stokes equations (Eq. (4)). It assumes that the fluid is
incompressible with the Mach number Ma > 0.3.

pu-Viu+ p% =V [-pl+u(Vu+ (Vu)' ] +F (4)

plu-Vu=0 (5)

where p is the fluid density, u is the flow velocity, u is the
dynamic viscosity, p is pressure, F is the applied force.

Different boundary conditions are applied at the water—
solid interface. The no-slip boundary is applied to the
boundary of sand sample (S).

u=~0 (6)

The slip boundary is applied to the boundary of fungi-
mediated sample (FS-M):

u-n=0 (7)
T - M

[—pI + u(Vu+ (Vu)'] -7i = It (8)

where Ls is the slip length.
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Fig. 18 The velocity profile a slip velocity at boundary surface along radius direction; velocity profile near boundary along vertical direction b at

120 rpm; ¢ at 170 rpm; d at 300 rpm

5.4 The slip length Ls on the boundary surface
of fungi-mediated soil sample

The slip length was applied on the hydrophobic surface of
fungi-mediated samples at the microscale. Figure 17 shows
the variation of slip length on the surfaces with contact
angles of 110 and 44°, in which u is flow velocity and D is
boundary layer thickness. The boundary thickness of the
fungi-mediated soil sample is assumed the same as that of
soil sample, or Dso/2, where Ds is the mean particle size
(Wang, Yuan et al. 2021). The slip length is assumed to
increase exponentially with the local flow rate and the
maximum slip length is assumed to be the boundary
thickness. Flow rate increases linearly along the radius in
the SSRT. The maximum slip length (Ds0/2) occurs at the
radius of 0.16 mm at the blade rotation speed of 120 rpm.
This range is much smaller than the diameter of the central
shaft (2.92 mm) of the rotating blade and the diameter of
soil samples (64.20 mm). In addition, Fig. 17 also shows
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that at same flow rate, the surface with a larger contact
angle has a greater slip length (and therefore more shear
stress reduction at the surface boundary). The CFD simu-
lation was proceeded with slip length corresponding to
110°, which is the only data available from prior experi-
ments that is closest to the contact angle of 116.42°. It is
noted that the estimation of the effects of hydrophobicity
on the shear stress reduction at the surface of fungi mod-
ified soils is to the conservative side. This further illustrates
the potential benefits of fungi in mitigating soil erosion by
reducing the erosive shear stress at the interface.

5.5 The impacts of boundary conditions
on the interfacial shear stress

To investigate the impact of boundary conditions, the shear
velocity on the surface with no-slip and slip boundary
conditions under different rotating speeds (120, 170 and
300 rpm) is analyzed. The results are shown in Fig. 18a.
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7 is the bottom shear stress in dyn/cm?® (1 dyn/cm*
=0.1 N'm?>=0.1 Pa), u* is the shear velocity near the
boundary.

The results of shear stresses at different blade rotation
speeds under both no-slip boundary and slip boundary
conditions are compared in Fig. 19. The slip condition
reduces the shear stress at the water-soil boundary. The
shear stress decreases more at a higher fluid speed. For
example, the slip (due to hydrophobicity of fungi) reduces
the boundary shear stress by 41.39% at the radius of
0.002 m under blade rotation speed of 170 rpm. The shear
stresses are reduced by 33.40, 12.39 and 7.24% at a radius
of 0.002, 0.02 and 0.03 m under rotating speed of 300 rpm.
The reduced shear stress also helped to improve the erosion
resistance of fungi-mediated soil samples.

6 Conclusions

This study investigated a novel strategy to improve soil
erosion resistance with fibrous fungi. The experiment and
analyses have identified two major mechanisms that led to
higher erosion resistance by fungi mediated soils, i.e., (1)
Improvement of soil by fungi fiber reinforcement and
mineral precipitations and (2) Reduction of boundary shear
stress on soil by flowing water due to hydrophobicity of
fungi fibers. The specific conclusions from this study
include:

Fig. 19 a Effects of slip on boundary shear stress; b Shear stress
reduction by slip boundary (absolute value and relative changes using
non-slip as baseline)

Water flow on the surface with no-slip boundary condition,
the velocity decreases to 0. However, the slip velocity
exists on the surface under slip boundary condition; it
increases first along the radius direction and decreases due
to the influence of no-slip sidewalls. Larger slip velocity on
the boundary is observed with the increase in rotating
speed.

The velocity of water flow near the boundary decreases
closer to the boundary. The velocity profiles at different
locations under various rotating speeds are summarized in
Fig. 18b—d. Compared with the control soil sample (Sam-
ple S) with no-slip boundary condition, the slope is smaller
under slip boundary compared with non-slip boundary,
which indicates smaller shear stress.

The shear stress near boundary is estimated by
(Westenbroek 2006):

T = pu’ 9)

ey

(@)

3

“

The particle size and embedment depth affect the
behaviors of fungi germination and growth. From the
observations, an optimal embedment depth was
identified in this study.

After inoculation, fungal mycelium germinated and
covered the soil surface with a diameter of 64.20 mm
in 15 days when inoculated on the top surface of soil
and in 20 days when inoculated 5 mm under the soil
surface.

The fungi-mediated soil samples showed signifi-
cantly improved erosion resistance compared with
the control soil sample, both in terms of increasing
the critical flow velocity and reducing the slope of
erosion rate versus flow velocity curve. For example,
inoculation of fungi at the surface of the sample
improved the critical shear velocity from 0.2 to
0.4 m/s; inoculation of fungi in the middle of soil
increased the shear velocity to be larger than 1.0 m/s.
Measurement of the microstructure of fungi-medi-
ated soil sample showed that the sand particles are
reinforced by the entanglement of fungal hyphae and
glued by the mineral precipitation produced by fungi.
The precipitations were recognized calcite, calcium
oxalate monohydrate and calcium oxalate dihydrate.
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(5) The fungal mycelium demonstrated hydrophobic
behaviors with a large contact angle of 116.42.

Analyses with CFD simulation indicated that compared
with natural soil, the slip produced by hydrophobicity of
fungi reduced the shear stress at the water-soil interface by
flowing water.

Overall, biochemical interactions between fungal and
sand particles as well as the hydrophobicity of fungal
mycelium improved the soil erosion resistance and there-
fore it implies a potential bio-based method for soil
improvements. Fungal spores are highly tolerant and may
live for several decades as spores. The inorganic bio-
chemical precipitations generated by fungi remain
stable after an extended period. These conditions all con-
tribute to the long-term sustainability of fungi-mediated
technique in soil.
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