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Abstract 
Conventional ground improvement techniques are energy intensive, highly invasive and 
require the introduction of environmentally damaging chemicals or carbon intensive materials. 
There is a clear need for the development of sustainable, low-carbon technologies for ground 
improvement. Recently, geotechnical engineers have started to consider biological-based 
solutions including engineered vegetation, biopolymers, and bio-mineralisation (e.g. 
microbially induced carbonate precipitation) for ground improvement. At the University of 
Strathclyde, we are investigating the use of fungal networks for ground engineering 
applications. Fungi produce hyphae, long filamentous structures which collectively are called a 
mycelium. Mycelia can grow to vast sizes, with individual mycelium (in forest floors) covering 
areas up to 9km2 in North America. As such there is great potential ‘to grow’ fungal mycelia for 
earth infrastructure applications over vast areas. 
This study investigates the influence of fungal hyphae growth on erosion behaviour. Jet erosion 
tests were performed on sands inoculated with different fungal species: Pleurotus ostreatus, 
Trichoderma harzianum, Mucor racemosus with periods of incubation up to 9 weeks. Laser 
scans were carried out to determine the total eroded soil volume and final geometry. Results 
show that fungal treatment significantly reduces soil erodibility compared to untreated control 
specimens. Growth behaviour varies for different fungal and as such so too does the protection 
offered against erosion: some species form dense mycelium mats at the soil-air interface 
whereas other species prefer to penetrate deeper into the soil providing reinforcement with 
depth. Our results demonstrate the great potential of fungal-based technologies as low cost, 
minimally-invasive techniques for ground improvement. 
 
Introduction 
Conventional ground improvement techniques contribute to global CO2 emissions, directly and 
indirectly. It is estimated that there are approximately 40,000 soil and ground improvement 
projects, carried out annually worldwide, at a total value over US$6 billion [1]. Conventional 
ground improvement includes: (i) mechanical techniques, i.e. compaction, external loading, 
construction of drains or the introduction of reinforcement; (ii) chemical techniques that 
involve  the introduction of chemical reagents to produce soil binding products and or fill pore 
space, (iii) thermal techniques (heating/freezing) and (v) electrical techniques (e.g. electro-
osmosis). These processes are often expensive, energy intensive, highly invasive and require 
the introduction of environmentally damaging chemicals or carbon intensive materials.  
Chemicals (including cements) often used for soil improvement are toxic/hazardous to soil 
organisms and groundwater (e.g. resulting from high pH plumes induced by cements). 
Furthermore, the production of cement, which is widely used in ground engineering, is the 
third largest source (estimated to contribute ~5%) of global anthropogenic CO2 emissions [2]. 
There is a clear need for the urgent development of sustainable low-carbon technologies for 
ground improvement.  
In a bid to find alternatives to traditional ground engineering techniques, geotechnical 
engineers have in the last 15 years begun to actively collaborate with geochemists and 
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microbiologists to investigate bio-geo-chemical approaches to modifying the hydraulic and 
mechanical behaviour of soil [3, 4, 5], with the creation of the new subdiscipline 
biogeotechnics. Much of the research in this area to date has been focused on bacterial 
biomineralization and in particular on the process of microbially inducing calcite precipitation 
via ureolysis using the bacterium S. pasteurii. This process has wide ranging applications for 
soil stabilisation, erosion control, rock fracture grouting, concrete and building repair [6,7,8,9]. 
On the basis of this success, we should continue to explore the potential for the deployment 
of other microorganisms in ground engineering. 
Over the last four years at the University of Strathclyde we have been investigating the 
influence of multi-cellular fungi on soil behaviour. Multi-cellular fungi grow via the 
development of hyphae. Hyphae are elongated, tubular structures, consisting of an outer cell 
wall made up of polysaccharides (chitin). Hyphae possess high mechanical resistance due to 
their structural configuration such that some species are capable of boring through rocks and 
hard mineral substrates [10, 11].  Hyphal diameters range between 1 – 30 µm and lengths can 
span from several microns to several metres [12]. Hyphae of filamentous fungi can branch into 
multiple hyphae and can anastomose, creating a massive three-dimensional vegetative 
structure called the mycelium. 
Studies by soil and agricultural scientists have observed increased size of aggregates formed in 
soils inoculated with fungi and enhanced resistance to breakdown upon wetting, for a range 
of different fungal species, e.g. [13, 14]. There are three main categories of mechanisms by 
which fungi can contribute to soil aggregate stability: (i) Biophysical, (ii) Biochemical and (iii) 
Biological mechanisms [15]. We propose that fungal growth could thus be engineered to 
promote binding of soil particles and enhance soil resistance to erosion. 
In this study the influence of fungal inoculation on the erosion behaviour of sandy soil is 
investigated via Jet erosion tests. These results show that fungal treatment can reduce soil 
erosion and hence could be a promising new low-cost technology for erosion protection. 
 
Materials and methods 
Fungal treatment 

 
Fig 1. Radial hyphal development of T. harzianum. 

 
In this study the fungal species: Trichoderma harzianum was selected for treatment of the soil 
specimens. T. harzianum is a non-pathogenic saprotrophic fungus, i.e. it degrades organic 
matter, and is known to be capable of altering surface wettability [16]. It is also used as a 
biocontrol agent to suppress disease causing fungal pathogens in agriculture [17]. Figure 1 
shows the typical radial hyphal growth of T. harzianum, extending from a central inoculation 
point in a mixture of sand and leaf litter. It has a fast growth rate (~1 cm/day) and forms a 
dense mass of hyphae at the surface and throughout the soil.  
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To inoculate the soil specimens, a fugal treatment suspension (FTS) was prepared. T. 
harzianum was cultivated in 50 mL malt extract broth at 25 ˚C for four days prior to sample 
preparation. The mass of fungal hyphae was then extracted from the broth solution using 
sterilised tweezers, rinsed in sterile distilled water, and placed in a blender with 100mL sterile 
distilled water and homogenised (i.e. blended). This produced the FTS containing fungal 
hyphae and spores.  
Specimen preparation 
All specimens were prepared under sterile conditions, using autoclaved soil, solutions, and 
glassware. Soil specimens were composed of sand with a particle size < 600 µm mixed with 5% 
leaf litter by mass. For the control specimens, 800 g of the soil mixture (sand + leaf litter) were 
then mixed with water and compacted into the 100 mm diameter x 100 mm high mould, 
achieving an initial degree of saturation of 50%.  
In the fungal treated specimens, 5ml of FTS was mixed with the uppermost 200 g of soil before 
compacting into the mould, i.e. the top 25% of soil was fungal treated. In these samples, water 
was replaced with malt extract broth, to give the same initial degree of saturation of 50%, to 
test the performance of fungi in conditions that gave adequate access to nutrients for growth. 
Specimens were left to incubate at 25 ˚C for 3 weeks.  
Jet Erosion Test 

Figure 1 shows the JET apparatus constructed at the University of Strathclyde based on the 
mini-JET apparatus designs of [18]. It consists of an acrylic jet tube (50 mm dia, 920 mm length), 
a nozzle plate with an orifice of diameter 6.4 mm, a deflector plate with handle control and a 
300 mm high x 300 mm in diameter submergence tank made of transparent acrylic plastic. The 
apparatus is supported by screw rods and acrylic sheets and can be easily dismantled and re-
assembled. A mould holder is provided at the bottom of the submergence tank for fitting the 
soil specimen mould. The soil specimen mould is 100 mm high x 100 mm diameter, and made 
of acrylic. Inlet valves at the bottom of the submergence tank are used for draining and filling 
the tank; and at the top of the jet tube for filling the tube and maintaining a constant hydraulic 
head. A graduated thin rod (63 mm dia) which can pass through the jet nozzle, was used as the 
point gauge. The Jet erosion test (JET) imposes a submerged impinging jet on to the specimen 
surface which induces erosion/scour; the shear stress imposed on the soil surface is controlled 
by the head of water in the Jet tube (measured relative to the water level in the submergence 
tank). Erosion continues until equilibrium is reached at a given head. Measurements of scour 
depth were recorded over a period of 60 mins at each head or until all soil was washed from 
the specimen mould. The head in the jet tube was then increased. The surface of the soil 
specimens after erosion at each head was then scanned using a 2D/3D scanCONTROL 2700-
100/BL laser from Micro-Epsilon. Data were exported as ASCII files for further processing using 
CloudCompare, a 3D point cloud open source processing software.  In this software, the initial 
specimen surface was used as the reference against which the subsequent eroded volumes 
were determined. 
Figure 3 presents the cumulative percentage soil volume eroded against head determined 
from the laser scanning data, for both the control and fungal treated specimens. It is evident 
that the % soil volume eroded is greatly reduced by fungal treatment. For the control specimen 
(sand + 5% leaf litter) 100% of the soil volume is eroded when the head of water in the jet tube 
is increased to 50 cm, whereas for the fungal treated specimens subjected to a jet at the same 
head, only 14% of the soil volume was eroded.  
 
Results and discussion 
Figure 4 presents the surfaces of the soil specimens at the beginning of the test and after 
erosion at heads equal to 10 cm and 25 cm. In the control specimens as erosion progresses, 
almost all soil volume down to a given depth is removed, due to the cohesionless nature of the 
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soil. Whereas in the fungal treated specimens, due to binding of the soil particles, as a result 
of enmeshment by fungal hyphae, soil removal occurs only in a central hole directly under the 
impinging jet; this is more representative of the behaviour exhibited by cohesive materials. 
Indeed, the fungal treatment has transformed the soil from being a very erodible material to 
being moderately resistant to erosion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Jet erosion test apparatus at University of Strathclyde 

 

 
Figure 3. Cumulative soil volume eroded (%) against head for control and fungal treated 

specimens. 
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Figure 4. Specimen surfaces for control and fungal treated specimens: (i) at start of tests, (ii) 

after erosion at h = 10cm, and (iii) after erosion at h =25cm. 
 
Conclusions 
This study has demonstrated that inoculation of a sandy soil with T. harzianum can greatly 
increase its resistance to erosion. Fungal treatment of soils shows potential as a low-cost 
technique to reduce soil erosion in fragile environments, e.g. after wildfires, to mitigate against 
aeolian desertification and to prevent shallow landslides.  
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