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Summary
Riparian ecosystems are crucial for maintaining ecological balance in riverine landscapes, offering diverse
habitats, regulating water quality, and preventing soil erosion. However, these ecosystems are vulnerable
to slope instability, leading to detrimental effects such as land loss, habitat destruction, and increased
sedimentation in water bodies. In the Netherlands, the banks of waterways are typically protected using
various materials, some of which emit significant carbon during production. To meet environmental
goals such as the Paris Agreement (2022) [64], there is a need for alternative bank protection structures
that utilise natural materials.

Root reinforcement, which refers to the ability of plant roots to enhance soil strength and sta-
bility, plays a crucial role in assessing slope stability. The presence of roots influences soil strength
through hydrological and mechanical effects. Existing methods for quantifying root reinforcement in-
volve mechanical models or time-consuming in-situ measurements using large equipment. Therefore,
the corkscrew extraction method has been developed as a quicker, lighter, and simpler approach to
measure shear strength in root-reinforced soil. Previous studies have demonstrated the potential of this
method for quantifying root reinforcement in field conditions, providing rapid data collection on shear
strength at different depths and steep slopes. Throughout the thesis, a corkscrew set-up, inspired from
[36], was used to assess root reinforcement in riparian environments. Also, it was determined whether
this technique is applicable in riparian conditions.

The corkscrew device consists of a garden corkscrew weeder, a tripod with a ratchet winch, a steel
cable, a load cell, and a draw wire sensor. The corkscrew is maunally rotated into the soil, and the
load and displacement are measured during extraction. The force-displacement curves are analysed to
determine rooted soil parameters.

The measurements were conducted at two locations in the Netherlands: the Botanical Garden of
the TU Delft in Delft and a testing site in Middenmeer. The Delft location had fields with reed plants
(Phragmites australis) and willow trees (Salix fragilis and Salix purpurea), while the Middenmeer site
was planted with hawthorn (Crataegus laevigata). Corkscrew extractions produce force-displacement
curves, which exhibit different patterns depending on the root content (root area ratio).

The study finds that the corkscrew method is a promising technique for measuring root reinforce-
ment in challenging terrains like riparian areas. It offers advantages in terms of time efficiency, field
applicability, and non-destructiveness compared to complex and destructive methods. However, chal-
lenges related to root recovery and the limited testing depth need to be addressed through further
research.

The thesis also examined root and strength parameters related to root reinforcement. While root
biomass provides information about the quantity of roots, it may not accurately quantify root reinforce-
ment. The root area ratio was found to affect soil behaviour and showed correlations with strength
parameters for certain selected species. However, other factors such as moisture content, the soil condi-
tions and root diameter could also influence the relationship between root area ratio and shear strength.
The force-displacement graphs obtained from corkscrew measurements highlight the significant influ-
ence of roots crossing the shear surface on soil behaviour by comparing the pattern of the curves. Also,
root breakages are identified as sudden drops in force displacement graphs.

The presence of roots mobilising at higher displacements than the peak strength of bare soil is crucial
for slope stability. The combination of species might provide the best reinforcement effect for stability
owing to difference in root paterns spatially and with depth.

ii



Contents

Preface i

Summary ii

1 INTRODUCTION 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research objectives and questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Thesis organisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 LITERATURE STUDY 4
2.1 Corkscrew method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Vegetation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2.1 Phragmites australis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Salix fragilis and Salix purpurea . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.3 Crataegus laevigata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Force-displacement graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Root failure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Root parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.6 Root reinforcement model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3 METHODS AND MATERIALS 15
3.1 Field sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2 Corkscrew device and setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Corkscrew data interpretation - root-reinforcement . . . . . . . . . . . . . . . . . . . . . 16
3.4 Corkscrew data collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.5 Sampling and processing of extracted corkscrew samples . . . . . . . . . . . . . . . . . . 22

4 RESULTS 25
4.1 Phragmites australis site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2 Salix fragilis site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.3 Salix purpurea site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.4 Crataegus laevigata site . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5 DISCUSSION 42
5.1 Corkscrew set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2 Minimum sample size corkscrew method . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.3 Vegetation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.3.1 Phragmites Australis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.3.2 Salix fragilis and Salix purpurea . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.3.3 Crataegus laevigata . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5.4 Root and strength parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
5.5 Force-displacement graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.6 Comparison of the four sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6 CONCLUSIONS 49
6.1 Corkscrew set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.2 Root and strength parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.3 Force-displacement graphs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

7 RECOMMENDATIONS 51

A LITERATURE REVIEW 56

iii



1
INTRODUCTION

1.1. Background
Canals, rivers and streams are numerously present in the Netherlands. Riparian ecosystems play a
critical role in maintaining the ecological balance of riverine landscapes by providing diverse habitats,
regulating water quality, and preventing soil erosion. However, these delicate ecosystems are often
subjected to slope instability, which can result in devastating consequences, including land loss, habitat
destruction, and increased sedimentation in water bodies. Addressing slope stability in riparian areas
is of utmost importance to ensure the preservation and sustainable management of these valuable
ecosystems. In the Netherlands, the banks of waterways are either unprotected or protected by various
bank protection materials such as rocks, concrete, steel, asphalt, and timber. Among these materials,
the first four are known to emit a significant amount of carbon during their production process, whereas
FSC timber is considered an environmentally friendly material in terms of carbon emissions [17][53].
To meet the Paris agreement, alternatives for traditional bank protection structures are needed using
natural materials.

A previous research [25], has shown the possibility of a combination of local timber sheet pile
and vegetation for stream bank protection structure as an alternative for conventional structures using
timber available in the Netherlands, see Figure 1.1. In the study, the root-soil composite and the timber
sheet pile-vegetation system of the bio engineered earth retaining system (BEERS) were investigated.
When used in stream bank protections, local timber is prone to decay after a certain time. Two
approaches to include the effect of vegetation in timber sheet pile-vegetation system were discussed.
The first one consists of the reduction of horizontal pressure, bending moments and shear stresses
against the sheet pile due to the root-reinforcement. The second one consisting of the full support of
the top parts of the bank due to vegetation after the timber has decayed. In order to determine whether
it is possible to combine rooted vegetation with wooden sheet piles to form a BEERS to protect Dutch
canals and banks, the influence of the roots of vegetation on the stability of the slope needs to be
determined.

Root reinforcement, the ability of plant roots to enhance soil strength and stability, is a significant
factor in assessing slope stability. The presence of roots affects the strength of the rooted soil through
both hydrological (enhancing suctions, rainfall interception) and mechanical (fibre reinforcement, soil
nailing) effects. It has been recognised that vegetation can protect the soil, for example reed along
riverbanks or mangrove trees along coasts and deltas reduce current velocities and waves and keep the
sediment in place. Understanding and quantifying root reinforcement mechanisms provide valuable
insights for designing effective measures to mitigate slope failures in riparian conditions.

Despite the widespread recognition of the importance of root reinforcement in soil, majority of the
studies focus on evaluating the increase in stability of slopes against landslides. Few research studies
the contribution of riparian vegetation to stream bank stability. For quantifying root-reinforcement,
two approaches are commonly used. The first one consists of mechanical models where an additional
soil cohesion term is used. However, models often contain many assumptions and do not accurately
estimate the increase of apparent cohesion due to presence of roots in the soil. The second approach
consists of directly making in-situ measurements of root-reinforced soil, most commonly using a large

1



1.2. Research objectives and questions 2

Figure 1.1: The timber sheet pile-vegetation composite stream bank protection structure from the study [25].

direct shear apparatus (DSA) in the field. However, this is a time-consuming method and it requires
heavy equipment as well as being not practical in difficult terrain.

Therefore, new methods have been developed which are quicker, lighter and simpler to measure the
shear strength of root-reinforced soil [35]. One of these is the corkscrew extraction method. According to
studies [35][36], this method is a useful tool for quantifying root-reinforcement of soil in field conditions.
Bringing a relatively rapid way of obtaining shear strength data of root-reinforced soil at varying depths
as well as on a steep slope [37]. Despite the high potential of the corkscrew method, the method is
still experimental and future research should be done to extend the database of field data. Also, the
precision of quantifying root-reinforcement through the combination of root counts and interpretative
models is greatly influenced by the dependability of the chosen model and the accuracy of sampling.

This research aims to use a corkscrew-like tool, inspired from previous studies on the corkscrew
method [35][36][37], to assessing root reinforcement in riparian environments. It is an useful, light and
fast testing tool. Specifically, this study focuses on soil planted with reed plants (Phragmites australis)
and different willow trees (Salix Fragilis and Salix purpurea), three commonly found vegetation types
in riparian ecosystems known for their root system characteristics and soil stabilisation potential.

1.2. Research objectives and questions
To achieve the goals mentioned above, the following sub-objectives are defined:

• Use or adapt the corkscrew apparatus from [36] for field testing of vegetated stream banks and
determine the benefits and limitations of using the corkscrew method in riparian conditions.

• Identify and correlate vegetation root parameters with strength parameters.
• Can the outcomes of the corkscrew extraction method reveal the presence and occurrence of root

breakages, and how does the force-displacement curves of vegetated soil differ from fallow soil?
• What are relevant root parameters to assess the most suitable vegetation to protect stream banks

and do the selected species have the potential to be used as vegetation to protect stream banks?
• How does the root reinforcement obtained from the corkscrew extraction technique vary among

the different species investigated in the study?

1.3. Thesis organisation
This thesis is organised into seven chapters designed to provide a clear and comprehensive presentation
of the current study.

The current chapter, Chapter 1 - Introduction provides an overview of the research questions,
the significance of the study and the scope of the investigation. It introduces the research problem,
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states the research objectives, and describes the research methodology used to address the research
questions.

Chapter 2 - Literature study provides an in-depth analysis of the existing research in the field,
highlighting the gaps that the current study aims to fill. It reviews relevant literature and theoretical
frameworks to provide a conceptual background for the study.

Chapter 3 - Methods and materials details the research design, data collection, and analysis
methods used to answer the research questions. It describes the data collection process, research sample,
and data analysis techniques to enable other researchers to replicate the study. This chapter is divided
into two parts: the experimental part consisting of the corkscrew extraction method and the modelling
part.

Chapter 4 - Results presents the findings of the study, including tables and graphs. It reports the
empirical results of the study and provides an objective presentation of the data collected and analysed
during the research process.

Chapter 5 - Discussion interprets the results in light of the research questions and the existing
literature. It discusses the implications of the study’s findings, identifies patterns and themes emerging
from the data, and compares the results with the literature.

Chapter 6 - Conclusions summarises the key findings and their implications for the field. It offers
a concise summary of the research project’s main findings, answers the research questions, and outlines
the limitations of the study.

Chapter 7 - Recommendations suggests directions for future research and practical applications.
It provides recommendations based on the research findings, and the gaps identified in the literature
study to guide future research in the field.



2
LITERATURE STUDY

2.1. Corkscrew method
The mechanical stability of soils can be significantly improved by the presence of roots which penetrate
unstable soil zones and reinforce soil. Vegetation affects both mechanical and hydrological mechanisms
[20]. Therefore, vegetation reinforcement is a crucial factor in protecting stream banks and slopes from
soil shear failure [7][22][23][69]. Compared to conventional civil engineering approaches, vegetation
represents a cost-effective and eco-friendly alternative [58]. However, quantifying the reinforcing effect
of vegetation is challenging.

Laboratory experiments have been conducted to obtain quantitative information on root reinforce-
ment of soil [19][39][46], with some researchers controlling the location and quantity of roots to minimise
soil physical heterogeneity [2]. Other studies have examined reinforcement by fibres [21][69], allowing
for greater control over sample properties. Nonetheless, such laboratory tests may not fully represent
field conditions because of the size of the sample or due to various factors which could not be considered
and reproduced, such as natural processes and natural growth patterns [51]. Therefore, caution must
be taken when extrapolating laboratory results to field conditions [19]. For example, laboratory tests
of [19] have indicated that R. communis and species with a similar type of root system are efficient at
stabilising steep slopes, but the root system of R. communis is not wide-spreading, see Figure 2.1, and
in the field, it would not occupy as much underground space as other root systems, which may lead to
soil failure.

Several in-situ studies have evaluated the reinforcing effect of roots of various tree and grass
species through direct shear tests, offering valuable insights into mechanical stabilisation [5][6][10][15][16]
[24][41][45][71][73], an example is shown in Figure 2.2. Also, recent research has emphasised the hydro-
logic effects on soil mechanical properties, as local hydrological conditions around individuals in field
conditions can vary [19] and, the impact of soil moisture conditions on the root failure mode affects the
magnitude of the root reinforcement [51][57]. Therefore, testing and gathering data on root-reinforced
sloped stream banks is crucial.

Figure 2.1: Root system of R. communis, it has a large stem-root base which tapered rapidly and from which several
highly branched long sinkers emerged [19].

4



2.1. Corkscrew method 5

Figure 2.2: In-situ shear test methodology [10].

(a) (b) (c)

Figure 2.3: (a) Technical drawing of the corkscrew from [35]. All dimensions are in mm, (b) typical extracted rooted
soil in corkscrew tests from [35] and (c) picture of the corkscrew set-up from [36].
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However, conventional shear testing methods are destructive, time-consuming and require heavy
equipment (Figure 2.2), making them less suitable to characterise large sloped areas and to assess
variability of rooted soil shear characteristics.

Therefore, new techniques have been developed, namely the corkscrew method. This technique is
capable of accurately assess root reinforcement and involves using a hollow corkscrew-shaped device
to extract a soil block containing roots, see Figure 2.3, while simultaneously measuring the required
pull out force and the displacement. By rotating the corkscrew into the soil, the method minimises
soil and root disturbance, in contrast to direct in-situ shear testing (Figure 2.2). Studies show that
the corkscrew method is rapid, easy to use and provides reliable and accurate measurements of root
reinforcement. It has been proven to be applicable on different soil types and root systems in both
laboratory experiments [35] and field testing [36][37], including difficult-to-access areas such as steep
natural slopes and forested regions. However, it has not yet been evaluated on stream banks, where the
soil properties are significantly different.

2.2. Vegetation
2.2.1. Phragmites australis
Phragmites australis, commonly known as common reed, is a widespread wetland plant that can form
dense stands in a variety of aquatic and wetland habitats. A drawing of the typical morphology of
common reed is displayed in Figure 2.4. The root system of common reed is extensive and can have
a significant impact on wetland soil stability. The roots are generally shallow, with a majority of the
roots found in the top 20 centimeters of the soil [8]. However, studies [30][40][47][59] have also found
that common reed roots forms a dense network of roots and rhizomes that can grow for several meters
deep to reach deep ground water, see Figure 2.5. Studies have shown that the mechanical properties
of common reed roots can vary depending on environmental conditions and other factors [28]. Also,
the roots of P. australis spread horizontally which have been shown to play a crucial role in stabilising
wetland soils, preventing erosion, and providing habitat for aquatic organisms. In addition to their role
in stabilising wetland soils, P. australis roots can also have a significant impact on nutrient cycling and
carbon sequestration. P. australis roots can store significant amounts of carbon in wetland soils, which
can help mitigate the effects of climate change. Additionally, the extensive root system of common reed
can help remove excess nutrients from wetland soils, improving water quality.

2.2.2. Salix fragilis and Salix purpurea
Salix fragilis and Salix purpurea (Figure 2.6), also known as crack willow and purple willow respectively,
are shrubs belonging to the Salicaceae family, and are widely distributed throughout the Northern
Hemisphere. Both Salix fragilis and Salix purpurea possess a highly branching and extensive root
system which is characterised by numerous fine roots that extensively branch out from the main root
structure and proliferate in all directions to absorb water and nutrients. The lateral roots can spread
up to several meters away from the main trunk. Overall, root number of willow decreases with the
depth and the root density is generally higher near the soil surface [24][39][71]. Few examples of the
rooting system of different willows are shown in Figure 2.7. Furthermore, studies [43] have shown that
the roots of Salix purpurea can extend up to 3 meters deep in well-drained soils, while in soils with
higher water tables, they tend to stay shallower, typically between 1-2 meters deep. The rooting depth
of Salix fragilis and Salix purpurea can vary depending on environmental conditions and other factors,
such as soil type, distance from the water source, and the age and size of the tree. Willows adjacent to
a water stream, given the riparian ecosystem, are expected that their roots will also be situated near
the water table [48][50][63].

Their root systems play a vital role in slope stability, soil erosion control, and water quality improve-
ment [7] and is well adapted to riparian environments, including riverbanks. Studies have shown that
the roots of Salix are characterised by a high tensile strength, which can be attributed to their fibrous
structure and high lignin content [39].
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Figure 2.4: Typical morphology of Phragmites australis showing (a) panicle, (b) leaf sheath, (c) leaf blade, (d) spikelet,
(e) stoma and (f) horizontal and vertical rhizomes with roots [47].

(a) (b)

Figure 2.5: Rhizomes of Phragmites australis: (a) rhizomes exposed by wave action and (b) close-up view of rhizomes
[59]
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(a) (b)

Figure 2.6: Typical morphology of (a) Salix fragilis and (b) Salix purpurea [32].

(a) (b) (c)

(d)

Figure 2.7: Examples of the root system of different willow trees: (a) Salix spp [49], (b) Salix polaris [11], (c) Salix
myrtillifolia [11] and (d) Salix caprea [12].
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(a) (b)

Figure 2.8: (a) Typical morphology of Crataegus laevigata [62] and (b) picture of the root system of Crataegus
laevigata [9].

2.2.3. Crataegus laevigata
Crataegus laevigata, commonly referred to as the Midland hawthorn, is a shrub or small tree belonging
to the Rosaceae family, see Figure 2.8. The plant has garnered considerable attention in scientific
research owing to its noteworthy medicinal properties and ecological significance. While research on
various parts of C. laevigata, such as its leaves, flowers, and fruits, is relatively abundant, information
specifically dedicated to its roots is limited.

The roots of Crataegus laevigata exhibit variability in terms of size, shape, and branching patterns,
influenced by environmental conditions. Additionally, the roots can extend to different depths in the
soil, allowing for efficient water uptake and stability in various soil conditions [61]. Studies [9][42]
characterised the root system of C. laevigata as shallow and plate-like, see Figure 2.8b. The research
findings revealed rooting depths of up to 0.5 meters below ground level. Furthermore, the base of the
trunk exhibited a significant presence of lateral roots that radiated in diverse directions. Based on these
observations,[42] suggested a potential suitability of C. laevigata, along with other plant species, as a
viable bioengineering approach for the stabilisation of slopes.

2.3. Force-displacement graphs
The corkscrew extraction method yields a force-displacement graph which can provide valuable informa-
tion, particularly from the shape of the curve. Several studies [10][19][39] have observed distinct types of
graphs and significant differences in shear behaviour between planted and non-planted samples, as well
as differences between species. The force-displacement curve shape is characterised by a rapid increase
in shear resistance at the beginning of the test until failure of the soil-root matrix, followed by a gradual
increase in resistance for the reinforced soil, while the non-reinforced soil graph shows a decrease in re-
sistance at larger displacements [10][19][39]. Some examples of force-displacement graphs are displayed
in Figure 2.9. Previous studies have also reported these findings [1][14][44][66][70], where sharp and
well-defined peaks occurred in force-displacement graphs of non-planted soils, while broader and flatter
peaks occurred in experiments on planted soils. Curves with no peak, which continued to increase in
shear resistance during the test were also observed [10][19][39]. However, the shear tests of these studies
were unable to produce sufficient shear displacements in order to let all roots fail in tension and to
mobilise their full tensile strength. The increase in shear stress after the failure of the soil-root matrix
can be attributed to the action of roots, which continue to confer resistance to shear, either because
they are not all broken or because they still provide friction even if they are broken [10]. Some authors
have concluded that soil with roots is mobilised at a larger shear displacement than fallow soil but the
position of the peak on non-peaked curves is not always clearly explained [1][10][14][33][44][46][66][70].
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2.4. Root failure
The failure mode of roots is influenced by their depth in the soil, with deeper roots slipping out of the
soil while surface roots are more prone to breaking under tension [39]. Roots that experience tension are
more likely to break instead of slip, resisting failure until they reached their ultimate tensile strength.
In contrast, roots experiencing bending tend to slip rather than break, resulting in a high residual
stress and their ultimate strength not being fully mobilised [19]. In addition, the force-displacement
graphs obtained from the corkscrew extraction method show sudden drops in shear stress at various
displacements after reaching the peak resistance [10][36][39]. These drops were often accompanied by
audible root breakage and were therefore associated with root tension failure [10]. After such drops, a
more gradual reduction in shear stress was observed as the root pulled free from the soil [10]. Examples
of force-displacement graphs experiencing sudden drops are shown in Figure 2.10. [10] showed that
species with high branching roots exhibited force-displacement graphs with multiple peaks as different
branches failed at different displacements, whereas species with low branching roots exhibited plots
with fewer peaks, see Figure 2.10b. Similar observations have been reported in previous studies on
Acer saccharum (Sugar Maple) and Fraxinus americana (White ash) roots by [54], and on Eucalyptus
camaldulensis (River Red Gum) and Melaleuca ericifolia (Swamp Paperbark) roots by [3].

[36] suggested that information on the diameter of the roots crossing the shear plane could be
extracted from the magnitude of the sudden drops in the force-displacement graphs of the corkscrew
extractions. However, the results obtained by the interpretative models were inconclusive since the
natural variation of the root material behaviour and root cross-section were not considered.

2.5. Root parameters
In regards to slope stability, the various below-ground characteristics of plants are the most signif-
icant traits. Multiple studies have shown that the presence of roots, whether in the number of
roots (root biomass) [1][19][26][27][33][72][73] or in the cross-sectional area of roots (root area ratio)
[10][16][39][67][69][71][73] crossing the shear plane, significantly increases the shear resistance of the soil.
The cross-sectional area of roots crossing the shear plane is also called the root area ratio (RAR) and
is expressed as:

RAR =
ΣiniAr,i

A
(2.1)

where A is the shear area, ni the number of roots with diameter i crossing this plane and Ar,i the
cross sectional area of a single root.

Several factors play a significant role in the determination of the soil shear strength: the root
tensile strength and the modulus of elasticity, which describes the root’s ability to resist deformation
under an applied load. Also, the energy absorbed by the soil permeated by roots and the strain
corresponding to the peak shear stress play an important role in the assessment of the soil shear
strength [14][18][19][38][39].

Furthermore, it was shown that the magnitude of increase in shear strength is species-dependent since
the species tested in [10] provided greater increase in shear strength at comparative RAR values than
the species tested in previous direct in-situ shear tests [16][69][71][73], see Figure 2.11. The difference is
attributed to inter-species differences in root strength and morphology, as well as site conditions. The
species of plants and the moisture content both have a significant impact on mechanical properties,
with species having a more significant influence [19].

Samples with a greater root area ratio may result in a wider shear zone [56], allowing for greater root
deformation before their full tensile strength is mobilised. Moreover, the presence of roots influences
the displacement at which peak shear resistance is reached. Planted samples failed at much higher
displacements than bare soil samples with a smaller number of roots crossing the shear plane [10][14][39],
see Table 2.1. Additionally, it was reported that the peak shear stress for planted samples was higher
than the shear stress of bare soil samples at the corresponding displacement [39].

[19] reported that root number is a more effective indicator for soil resistance than root cross-sectional
area at the shear plane [19]. However, determining the root area ratio at the shear surface provides a
useful method of estimating the increased soil shear strength [39].
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(a)

(b)

(c)

Figure 2.9: Examples of shear stress versus displacement plots for fallow soil and different species: (a) Acacia
floribunda, Eucalyptus amplifolia, Eucalyptus elata and Casuarina glauca [10], (b) Kunzea ericoides and Pinus radiata

[13] and (c) Pistacia and rosemary [46].
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(a)

(b)

(c)

Figure 2.10: Examples of typical load-displacement plots of root tensile strength tests of different species under field
conditions: (a) river red gum [3], (b) Acacia Floribunda, Eucalyptus Amplifolia, Casuarina Glauca, Eucalytpus Elata

[10] and (c) sugar maple and white ash [54]. The multiple sudden drops shown in the load-displacement plot correspond
to the multiple root failures required to pull out the different roots from the soil.
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Figure 2.11: Increased shear strengths for direct shear tests conducted on soil containing roots. Direct in-situ tests
were conducted by all researchers except for [66] who conducted laboratory shear tests on barley roots. [71] examined

Pinus radiata, [16] Betula japonica and Alnus japonica, [72] Pinus contorta, [69] Western hemlock and [10] Acacia
floribunda, Eucalyptus elata, Casuarina glauca and Eucalyptus amplifolia [10]

.

2.6. Root reinforcement model
In riverbank stability modeling where the effects of vegetation are considered, accurate estimation of
the root reinforcement effect is crucial. For slopes without vegetation, the shear strength of fallow soil
is typically estimated using the linear Mohr-Coulomb failure criterion. However, applying this criterion
to vegetated slopes has found to be challenging in stability analysis [1][45][60][70]. Consequently, the
strength of soil with roots is often estimated by adding the contribution of the roots to the strength of
bare soil. This can be achieved by either measuring the strength increase from roots using in-situ shear
tests or by predicting the shear strength contribution of individual roots through theoretical root-soil
interaction models.

The Wu/Waldron model (WWM), independently developed by [66][68][70], is a widely recognised
approach for quantifying the effect of plant roots on slope stability through root reinforcement. The
model simulates the idealised situation of a tree’s vertical roots extending across a potential sliding
surface in a slope. It consists of a flexible, elastic root that extends vertically across a horizontal shear
zone. As the soil is sheared, a tensile force Tr develops in the roots. To develop the model, field surveys
were conducted in various natural and engineered slopes with different vegetation types to observe
and measure root system characteristics, such as root density, root diameter, root area ratio and root
mechanical properties. Laboratory experiments were performed to determine the mechanical properties
of roots, including root tensile strength and modulus of elasticity. Root samples from different plant
species were subjected to pull-out tests and tensile tests to measure the strength and properties of the
roots. Based on the collected field and laboratory data, Wu and Waldron developed a theoretical model
that related root properties to the soil reinforcement effect. The WWM is easy to use, requires simple
input parameters and expresses the increase in soil shear strength due to plant roots as an additional
soil cohesion term cr:

cr = k′σtRAR (2.2)
where k′ is a root orientation factor, (often assumed as k′ = 1.2 [70]), σt is the tensile strength of the
root and RAR denotes the root area ratio.

The Wu/Waldron model has been applied in numerous studies to evaluate the root reinforcement
effect in various slope stability scenarios, yielding results that correspond to field observations [7][23].
These applications encompass a wide range of vegetation types, slope angles, soil conditions, and climatic
zones. The model offers several advantages, including its ability to estimate root reinforcement and its
simplicity.

However, the WWM has been shown to significantly overestimate root reinforcement due to the
assumption that all roots fail simultaneously [10][23][39][52][71]. In reality, root pull-out resistance is
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Authors (Year) Vegetation Root area ratio [%] Peak displacement [mm] Peak shear stress [kPa]

Docker and Hubble (2008)

Fallow soil - 16 21.01
Casuarina Glauca 0.143 70 25.20

Eucalyptus Amplifolia 0.211 73 25.85
Eucalyptus Elata 0.221 63 26.04

Acacia Floribunda 0.082 57 31.97

Ekanayake et al. (1997)
Fallow soil - 13 15.43

Pinus radiata 0.220 30 31.22
Kunzea ericoides 0.211 27 30.12

Mickovski et al. (2009) Fallow soil - 35 4.22
Salix viminalis 0.247 78 34.57

Table 2.1: Mean experimental results for direct shear tests conducted on fallow soil and on soil containing roots. Direct
in-situ tests were conducted by Docker and Hubble (2008) [10] on Casuarina Glauca, Eucalyptus Amplifolia, Eucalyptus
Elata and Acacia Floribunda, and Ekanayake et al. (1997) [13] on Pinus radiata and Kunzea ericoides. Mickovski et al.

(2009) [39] conducted controlled laboratory direct shear tests on Salix viminalis.

mobilised gradually and roots fail gradually in tension at different displacements, depending on their
individual morphology [10][52]. Therefore, adding the contribution of the roots to the soil strength
using the WWM may not accurately reflect the actual strength of the soil-root system at failure, see
Figure 2.12.

Additionally, the variability in root tensile strength can impact the accuracy of the Wu/Waldron
model. Tensile strength tests on individual roots have shown that tensile strength often depends on
root diameter and follows power laws. Using fitted root tensile strength relations instead of individual
root properties has been found to result in significant overestimation of root reinforcement [10][39][46].

As an alternative, [52] employed the Fibre Bundle Model (FBM), which assumes that the maximum
load sustained by a collection of fibres is less than the sum of their individual strengths. This is because,
as load is applied, the fibres will progressively break, redistributing the load among the remaining intact
fibres, enabling the assumption of progressive failure of roots. Previous investigations have reported
evidence of progressive failure [23][54][71]. [54] concluded that root pull-out resistance is mobilised
gradually, with roots failing at different displacements based on their individual morphology.

Although the Wu/Waldron model is simple and requires few input parameters, it is not suitable to
estimate the total reinforcement provided by roots by summing the reinforcement calculated for each
individual root during this current study. This is because different roots contribute to reinforcement
at different displacements across the shear plane, based on factors such as their location, size and
orientation relative to the shear plane. A more suitable alternative, might be the Fibre Bundle Model.
However, the input parameters are complex and beyond the scope of this research.

Figure 2.12: Schematic rooted and non-rooted soil stress-strain curves [36].



3
METHODS AND MATERIALS

3.1. Field sites
Measurements were conducted at two locations in the Netherlands, namely the Botanical Garden of the
TU Delft in Delft and a testing site in Middenmeer, as depicted in Figure 3.1. The Delft location had
three fields situated next to a small stream, out of which the first field was planted with reed plants
(Phragmites australis) without any other vegetation nearby, as shown in Figure 3.2a. Testing was
conducted over two days in September 2022. Prior to the first testing day, the plants were cut without
removing the roots to facilitate the corkscrew extractions. The other two fields each had a different
type of willow tree (Salix fragilis and Salix purpurea) and grass was present nearby, as illustrated in
Figure 3.2b and 3.2c. The testing field with the S. fragilis was evaluated over two days in October 2022,
while the testing field with the S. purpurea was assessed over three days in March 2023. Prior to the
testing in October 2022, the branches of the trees were cut to facilitate the corkscrew experiments. The
site in Middenmeer was planted with hawthorns (Crataegus laevigata) and no other vegetation nearby
was found, as depicted in Figure 3.2d. Testing was carried out on two hawthorns on a single day in
March 2023. In addition, on each sites, the soil dry bulk density and water content were measured
adjacent to the testing areas. The rainfall and temperature were reported during each day of testing,
as shown in Figure 3.3.

3.2. Corkscrew device and setup
The corkscrew method has been previously experimented in the laboratory as well as in the field [35][36].
In field conditions, the corkscrew demonstrated to be a useful tool for measuring root-reinforcement.
Its self-drilling helical structure facilitates simple installation in rooted soils without causing significant
disturbance, and the test itself is rapid and requires lightweight equipment. Additionally, the outcomes
are easily interpretable. In order to conduct corkscrew experiments across the different sites, a tool
similar to the one employed in prior research was reproduced [35][36]. It consists of a garden corkscrew
weeder (De Wit, Kornhorn, The Netherlands), whose dimensions are presented in Figure 3.4. Since the
corkscrew is not rigid, the compressive axial stiffness of the corkscrew helix (kcs) needs to be evaluated.
A previous study [36] reported that kcs = 54.3 Nmm−1, by using a universal testing machine within
a force range of 0-600 N. Also, the tensile stiffness was reported to be equivalent to the compression
stiffness. Since a similar corkscrew is used during this study, kcs = 54.3 Nmm−1 is assumed.

During field testing, the corkscrew is manually rotated into the soil, followed by the placement of a
tripod with a ratchet winch and a steel cable which is aligned vertically to the corkscrew. The cable and
corkscrew are then attached. The load in the cable is determined by a 5 kN load cell (model KM1503
Force sensor serie, Megatron) and the displacement of the corkscrew is measured by a draw wire sensor
(model WPS-250-MK30-P10, Micro-Epislon). A measurement and control unit records the load and the
displacement at a frequency of 2 Hz and is mounted between the winch and the tripod. The draw wire
sensor is subsequently attached to the load cell, ensuring that both draw and steel wires are parallel in
order to avoid any angle-related corrections. Finally, to extract the corkscrew from the soil, the winch
is manually rotated at an extraction rate of 2 mm/sec which corresponds to the displacement rate of
slow landslides [36]. The measurement and control unit also reports the rate of the displacement, which

15
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Figure 3.1: Location of the study areas in Middenmeer and in the Botanical garden in Delft where experimental work
was undertaken.

enabled us to keep a constant extraction rate during testing. A schematic view of the corkscrew set up
is illustrated in Figure 3.5.

3.3. Corkscrew data interpretation - root-reinforcement
Corkscrew extractions result in force-displacement curves, similar to those reported in previous studies
[35][36], and exhibiting similarities to the outcomes of direct shear tests. During testing, after having
manually rotated the corkscrew into the rooted soil, the force is set to zero, see Figure 3.6 and 3.7a.
Afterwards, the corkscrew extraction begins. At first over a short displacement, only the soil is mobilised
until its maximum resistance is reached, as indicated by point b in Figure 3.6 and 3.7b. After this point,
whenever no roots are present in the soil, the soil has failed and the force decreases. However, if roots
are present, they are activated and resist the pull out force, see Figure 3.7c. When the root resistance
is reached, the roots fail, which is denoted by d in Figure 3.6 and 3.7d. These two distinct patterns of
force-displacement curves of fallow and rooted soil are shown in Figure 3.6 and 3.8, respectively.

Additionally, the force-displacement curves are analysed to determine multiple parameters, including
the peak force, the peak displacement, the total deformation energy and two moduli denoted as the
S-Modulus and R-Modulus. The peak displacement corresponds to the displacement at peak force.
The S-Modulus represents the elasticity of the soil when only the soil is activated. The R-Modulus
corresponds to the elasticity of the roots when the roots are activated and the soil has failed. The
corkscrew is slightly flexible, causing the measured draw wire displacements to exceed actual vertical
soil displacement. To account for this, an estimation by [36] of the ’average’ soil displacement is defined
as:

u = u∗ − 1

2

F (u∗)

kcs
(3.1)

with u∗ the measured displacement, F (u∗) the measured extraction force at displacement u∗ and
kcs the screw axial stiffness.

In order to account for the additional force provided by the roots only, the peak force of rooted-soil
tests is normalised over the peak force of fallow soil tests:

Fn =
Fr,peak

F0,peak
(3.2)

where Fr,peak corresponds to the peak force of samples considered as rooted and F0,peak is the peak
force of the samples considered as non-rooted. The non-rooted samples, also designated as soil-only
samples, are the samples with the least and relatively low root presence.
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(a) (b)

(c) (d)

Figure 3.2: Pictures of the location sites planted with (a) P. australis at the Botanical garden in Delft, (b) S. fragilis
at the Botanical garden in Delft, (c) S. purpurea at the Botanical garden in Delft and (d) C. laevigata in Middenmeer.
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(a) (b)

(c) (d)

Figure 3.3: Temperature and rainfall during testing in (a) September 2022 in Delft, (b) October 2022 in Delft, (c) in
March 2023 in Delft and (d) in March 2023 in Middenmeer.

The amount of energy required to extract a volume of rooted soil from the ground, denoted as J , has
to be considered in the investigation of the contribution of root-reinforcement to soil shear resistance
[19][36]. This parameter is quantified by calculating the total area beneath the force-displacement curve,
accounting for root breakages that may occur after the peak force has occurred or after the testing depth
has been reached.

J =

∫ u0

u

F (u)du (3.3)

with u0=0mm and u denotes the displacement at the end of the test.
The elasticity of the soil denoted as the S-Modulus, is determined by the slope between points a

and b of the force-displacement graphs in Figure 3.6 and 3.8 [19]. Notably, force-displacement graphs
of rooted soil exhibit a different slope after the soil has failed and when the roots are activated. To
explore the elasticity of the roots a new parameter is introduced, the R-Modulus, determined by the
slope between points b and c in Figure 3.8.

3.4. Corkscrew data collection
The tests on soil rooted with P. australis were conducted on two distinct days at different depths: 0-125
mm, 125-250 mm and 250-375 mm. The tests were performed sequentially, with each subsequent test
at a greater depth within the same hole left open by the previous test at shallower depth. A total of 27
measurements were taken from depths within the range of 0-375 mm. In Figure 3.9a, the locations of
the corkscrew tests and reed plants are given. The tests on S. fragilis were carried out on two separate
days, and at varying depths of 0-125 mm, 125-250 mm and 250-375 mm.
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Figure 3.4: Picture of the corkscrew weeder (De Wit, Kornhorn, The Netherlands); height hcs = 125 mm, diameter
dcs = 40 mm

Figure 3.5: Schematic view of the corkscrew setup.
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Figure 3.6: Schematic representation of a typical force–displacement behaviour of a fallow soil. The letters correspond
to (a) after the corkscrew has been manually rotated into the fallow soil, (b) the peak force is reached and the soil has

failed, and (c) is after extraction.

(a) (b) (c) (d)

Figure 3.7: (a) the corkscrew is manually rotated into a rooted soil, (b) beginning of pull-out the extraction and the
soil has already failed and the roots start to mobilise, (c) before failure of the roots and (d) after extraction.
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Figure 3.8: Schematic representation of a typical force–displacement behaviour of a rooted soil. The letters correspond
to the state of Figure 3.7.

(a) (b)

(c) (d)

Figure 3.9: Locations of the corkscrew tests and vegetation. (a) At the P. australis site, the green stars correspond to
the locations of the reed plants, with the size of the stars varying with the number of reed plants. (b)At the S. fragilis

site, (c) at the S. purpurea site and (d) at the C. laevigata site.
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Tested vegetation Number of Range of Number of Distances from Period of testingtests depth [mm] plants the plants [mm]
P. australis 27 0 - 375 238 Randomly scattered September
S. fragilis 31 0 - 375 1 200 - 600 October

S. purpurea 68 0 - 500 1 200 - 1000 March
C. laevigata 13 0 - 500 2 200 March

Table 3.1: Overview of the testing.

In total, 31 measurements were obtained from the depth range of 0-375 mm. However, some samples
were not taken into account since worms were found in the samples and contributed to the peak force.
The tests on S. purpurea were executed on three consecutive days. The distance between test points and
the willow trees varied between 0.2 and 1.0 m to account for spatial variability. Tests were performed
at depth levels ranging from 0-125, 125-250, 250-375 and 375-500 mm. The schematic testing plot of S.
purpurea and the corkscrew tests is displayed in Figure 3.9c. A total of 68 measurements were taken
from a depth range of 0-500 mm. In Middenmeer, the tests on C. laevigata were performed on one day.
The distance between the test points and the trees was 0.2 m and ranged from 0 to 500 mm deep. A
total of 13 measurements were obtained. An overview of the testing conditions is given in Table 3.1.

3.5. Sampling and processing of extracted corkscrew samples
After each extracted corkscrew test, broken roots which stuck out of the samples were observed and
their diameters were measured using a Vernier caliper, as shown in Figure 3.10. Examples of extracted
samples with different types of roots are displayed in Figure 3.11. Then, the extracted soil cores were
carefully wrapped in cling film and placed in sealed bags before being stored in a box, as shown in
Figure 3.12a. The cores were then weighed using a balance with a precision 0.01 g.

Afterwards, the extracted soil cores were washed over a 2 mm sieve to collect all root material, as
illustrated in Figure 3.12c. The roots were then weighed and their diameters measured using a 3D
scanner, as shown in Figure 3.12d. Next, the roots were oven-dried at 40 degrees Celsius for 24 hours
to determine their dry biomass.

Any holes observed in the soil after corkscrew testing were examined for roots, which were then cut,
measured and included with the corresponding sample core. The root area ratios were calculated based
on the measured diameters.

In order to determine the moisture content of each sample, a small soil sample was taken from each
extracted soil core and weighed, directly after corkscrew extraction. These samples were subsequently
oven-dried at 105 degrees Celsius for 24 hours and weighed again, as illustrated in Figure 3.12b.

Figure 3.10: Determination of the diameter of the broken roots with a Vernier caliper.
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(a) (b)

(c) (d)

Figure 3.11: Example of the different types of samples (a) with no roots, (b) with thin roots, (c) with a thick root and
(d) with a slipped root.
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(a) (b)

(c) (d)

Figure 3.12: Sampling process (a) samples wrapped in clinged film and in sealed bags, (b) determination of the
moisture content, (c) sieving on a 2 mm sieve and (d) example scanned roots.



4
RESULTS

4.1. Phragmites australis site
During testing on P. australis, a marked decline in root biomass was observed as depth increased, with
48% of the total root biomass concentrated at the shallowest depth (0-125 mm), as shown in Figure 4.1.
The distribution of thin and thick roots varied among the samples, and roots grew vertically within
the soil samples, leading to fewer intersections with the vertical shear plane. Anomalies in three tests
were noticed in the force-displacement graph and these anomalies were attributed to inadvertently
movements of the set-up. This situation was corrected during the rest of these tests and then they were
deemed successful.

An overview of the soil tests with P. australis is presented in Table 4.1, while the force-displacement
graphs of the corkscrew extraction with the highest and lowest biomass at each depth are displayed
in Figure 4.2. Sudden drops, denoted as arrows, were observed in the graphs concomitant with sound
consistent with soil cracking, potentially indicating the occurrence of individual root breakages.

Distinct behaviour patterns in the force-displacement response were observed across the three levels
of soil depths (Figure 4.2): the force-displacement curve of the samples with the lowest biomass show
expected behaviour of a non-rooted soil, meaning the force increases rapidly over a short displacement
(u = 0 mm to u ≈15 mm) until the bare soil fails and gradually decreases over a longer displacement
as no roots are present. As for the force of the samples with the highest biomass, it also shows a rapid
increase over a short displacement until the soil fails and the roots start to mobilise. After this point,
the force gradually increases as the roots provide resistance until their maximum tensile strength is
reached and fail. Possibly indicated as sudden drops. However, it is notable that in Figure 4.2c, the
difference in biomass of the samples is significantly smaller than the difference in biomass of the samples
of Figure 4.2a and 4.2b.

Figure 4.1: Average root biomass over the depth for P. australis.

25
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Test number Typical soil Root Moisture Root Peak Peak Displacement at
behaviour breakages content [%] biomass [g] force [N] displacement [mm] root breakage [mm]

Test depth: 0 - 125 mm
1 Non-rooted 0 45 0.01 119 7 -
2 Non-rooted 0 - 2.18 203 21 -
3 Non-rooted 0 26 0.41 246 14 -
4 Non-rooted 0 47 0.51 280 39 -
5 Rooted 1 36 0.28 212 47 52
6 Non-rooted 0 53 4.00 286 41 -
7 Rooted 3 127 5.99 359 62 42 and 80 and 107
8 Rooted 0 55 0.87 306 41 -
9 Non-rooted 0 40 0.82 250 21 -

Test depth: 125 - 250 mm
1 Non-rooted 0 29 0.06 262 11 -
2 Rooted 1 25 0.07 232 8 37
3 Rooted 1 27 0.32 382 36 74
4 Rooted 0 53 0.14 354 25 -
5 Rooted 1 38 0.10 325 45 47
6 Rooted 0 55 3.57 337 29 -
7 Rooted 0 62 4.54 430 57 -
8 Rooted 0 50 0.96 469 44 -
9 Non-rooted 0 35 0.17 274 22 -

Test depth: 250 - 375 mm
1 Non-rooted 0 19 0.12 384 22 -
2 Rooted 1 25 0.10 374 33 52
3 Non-rooted 0 36 0.09 344 32 -
4 Rooted 0 40 0.10 389 19 -
5 Rooted 2 38 0.13 542 38 38 and 73
6 Rooted 1 89 2.02 233 13 46
7 Rooted 1 46 3.74 548 57 57
8 Rooted 1 73 0.15 317 44 44
9 Non-rooted 0 39 0.05 267 16 -

Table 4.1: Summary of experimental results for corkscrew extraction tests on soil samples containing roots of P.
australis.

(a) (b) (c)

Figure 4.2: Example corkscrew extraction force-displacement graphs of soil samples containing roots of P. australis at
depth (a) 0-125 mm, (b) 125-250 mm and (c) 250-375 mm. For each depth, the corkscrew test with the highest root

biomass (green line) and the lowest root biomass (red line) is plotted. Arrows indicate sudden drops in resistance
associated with potential root breakages.

Three types of anomalies in the force-displacement graphs were observed over the three levels of
soil depths: (1) tests showing similar typical soil behaviour but significantly different root biomass, for
example tests 2 and 3 at depth level 0-125 mm or tests 4 and 6 at depth level 125-250 mm displayed
in Figure 4.3, (2) tests demonstrating different typical soil behaviour but similar root biomass such as
tests 1 and 2 at depth level 0-125 mm and tests 1 and 5 at depth level 250-375, shown in Figure 4.4, and
(3) inconsistencies where tests with a certain root biomass does not have the expected corresponding
typical soil behaviour for instance tests 3 and 5 at depth level 0-125 mm and tests 5 and 9 at depth
level 125-250 mm. In those tests, the tests showing typical rooted behaviour have a lower biomass than
the tests demonstrating typical non-rooted behaviour, see Figure 4.5. (These inconsistencies could be
due to the presence of roots inside the sample without intersecting the shear area or because the root
biomass is not an accurate indicator for root reinforcement of the soil.)
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Additionally, it was observed in Figure 4.6 that the peak force of the rooted soil tests was higher than
the peak force of the bare soil tests (considered as root biomass ≤ 0.09 g). Similarly, the displacement
where these peak forces occurred, are higher for the rooted soil than for the bare soil, as shown in
Figure 4.7. Moreover, potential root breakages were found at u ⪆35 mm, see Figure 4.8. However,
no correlation was found between the normalised corkscrew peak force and root biomass (Figure 4.9a),
as well as between the root biomass and the displacement where these peaks occurred (Figure 4.10).
Similarly, no correlation was found between the root biomass and the normalised energy needed to
pull out the sample, as shown in Figure 4.9b. Furthermore, no correlation was observed with the root
biomass and both moduli at all depths (Figure 4.11a and 4.11b).

(a) (b)

Figure 4.3: Force-displacement graphs of soil samples containing roots of P. australis which have similar typical soil
behaviour but significantly different root biomass.

(a) (b)

Figure 4.4: Force-displacement graphs of soil samples containing roots of P. australis which have similar root biomass
but different typical soil behaviour.

(a) (b)

Figure 4.5: Force-displacement graphs of soil samples containing roots of P. australis which have different typical soil
behaviour but not the expected corresponding root biomass.
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Figure 4.6: Comparison of the peak force of the soil-only samples and the soil samples containing roots of P. australis.
In this case, soil-only samples are the samples with the lowest root biomass.

Figure 4.7: Comparison of the peak force of the soil-only samples and the soil samples containing roots of P. australis.
In this case, soil-only samples are the samples with the lowest root biomass.

Figure 4.8: Displacement at root breakage for P. australis. All roots break at displacements higher than 35 mm.
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(a) (b)

Figure 4.9: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of P.
australis. (a) The corkscrew normalised peak force versus the root biomass and (b) the peak displacement versus the

root biomass.

Figure 4.10: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of P.
australis. The corkscrew normalised energy versus the root biomass.

(a) (b)

Figure 4.11: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of P.
australis. (a) The S-Modulus and (b) R-Modulus versus the root biomass.

4.2. Salix fragilis site
Root quantities decreased rapidly with depth, with 62% of the root biomass and 65% of the RAR
concentrated in the shallowest depth (0-125 mm), see Figure 4.12 and 4.13. Table 4.2 gives an overview
of characteristics of the tests on S. fragilis. In Figure 4.14, examples of corkscrew extraction force-
displacement graphs for each depth are shown. Root breakages, defined as sudden drops and denoted
as arrows, were observed in the force-displacement graphs. Additionally, in plots Figure 4.14d and
4.14e, after one significant root breakage occurring at u > 125 mm, no force is measured anymore. This
suggests that after the soil fails, roots start to mobilise and take over the load.

Marked differences in the force-displacement graphs of the samples were observed. In plots Fig-
ure 4.14d, 4.14e and 4.14b, the tests with lowest biomass or RAR show typical non-rooted soil behaviour,
and the tests with the highest biomass or RAR show typical rooted soil behaviour with potential root
failures. However, during analysis of the force-displacement graphs on S. fragilis rooted soil, similar



4.2. Salix fragilis site 30

anomalies as the ones found in the graphs of P. australis rooted soil were observed over the three depth
levels: (1) tests 5 and 7 at depth level 0-125 mm show similar typical soil behaviour but they have sig-
nificantly different root biomass (Figure 4.15), (2) tests 8 and 9 at depth level 125-250 mm have similar
root biomass but different soil behaviour (Figure 4.16), and (3) tests 1 and 11 at depth level 0-125 mm
where test 1 has a typical non-rooted soil behaviour and test 11 has a rooted soil behaviour but the root
biomass of tests 1 is higher than the root biomass of test 11 (Figure 4.17). Now considering the root
area ratio instead of the root biomass, no such anomalies are observed. Even more, tests 5 and 7 at
depth level 0-125 mm show similar typical soil behaviour and have similar root area ratios, tests 8 and 9
at depth level 125-250 have different soil behaviour and their root area ratios are significantly different,
and test 1 at depth level 0-125 mm, has a root area ratio which is approximately ten times lower than
test 11 at the same depth level, which is in line with their soil behaviour. These inconsistencies in the
comparison of the soil behaviour and the root biomass suggest that the root biomass is not an accurate
indicator for root-reinforcement. Even more, the root area ratio shows to be a more accurate indicator.

Moreover, it was observed that the peak force of the soil rooted with S. fragilis was higher than
the peak force of the bare soil at all depth levels, as shown in Figure 4.18. Similarly, the displacement
where these peak forces occurred, was higher for the rooted soil than for the bare soil at depth levels
0-125 mm and 125-250 mm. However, at depth level 250-375 mm the peak displacement is similar, as
displayed in Figure 4.19. Furthermore, the potential root breakages all occurred at u ⪆30 mm, see
Figure 4.20. No correlations were found between the dry biomass and the root parameters, confirming
that root biomass is not a good indicator for root-reinforcement. As illustrated in Figure 4.21b and
4.22b, positive correlations between the RAR and the normalised peak force, as well as the normalised
energy, are observed. Implying that the increase in ductility of the soil increases the peak force of
the soil. Moreover, no correlations were found between the RAR and both moduli, as displayed in
Figure 4.23b and 4.24b.

Figure 4.12: Average root biomass over the depth for S. fragilis.

Figure 4.13: Average root area ratio over the depth for S. fragilis.



4.2. Salix fragilis site 31

Test number Typical soil Total number Root Root RAR [%] Peak Peak Displacement at
behaviour of roots breakages biomass [g] force [N] displacement [mm] root breakage [mm]

Test depth: 0 - 125 mm
Moisture content = 37 %

1 Non-rooted 4 0 0.20 0.014 262 24 -
2 Rooted 13 1 0.21 0.109 379 94 107
3 Rooted 6 1 1.29 0.772 588 146 146
5 Rooted 3 1 1.77 0.199 712 61 61
6 Rooted 4 2 0.71 0.074 310 74 84 and 100
7 Rooted 5 2 0.41 0.213 758 75 90 and 119
8 Rooted 3 1 1.17 0.082 301 75 140
9 Rooted 1 1 0.28 0.033 313 76 76
10 Rooted 2 2 0.36 0.162 388 38 38 and 70
11 Rooted 4 1 0.12 0.113 432 106 106

Test depth: 125 - 250 mm
Moisture content = 37 %

2 Rooted 3 0 0.18 0.048 303 13 -
4 Rooted 4 1 0.09 0.013 433 75 75
5 Rooted 1 1 0.06 0.054 722 73 73
6 Non-rooted 1 0 0.07 0.006 337 12 -
7 Rooted 3 2 2.27 0.181 900 78 78 and 120
8 Rooted 2 1 0.14 0.244 1129 228 228
9 Non-rooted 2 0 0.15 0.032 379 18 -
10 Non-rooted 2 0 0.06 0.009 447 23 -
11 Rooted 2 2 0.09 0.070 515 116 32 and 116

Test depth: 250 - 375 mm
Moisture content = 34 %

1 Rooted 3 1 0.06 0.030 273 13 134
2 Rooted 3 1 0.07 0.053 219 25 47
4 Rooted 6 0 0.09 0.045 332 10 -
5 Rooted 4 0 0.15 0.057 454 16 -
6 Rooted 5 1 0.13 0.022 487 15 68
8 Non-rooted 1 0 0.01 0.003 190 15 -
9 Rooted 0 0 0.01 0.006 328 28 -
10 Rooted 2 0 0.01 0.005 314 19 -
11 Rooted 3 1 0.33 0.040 327 18 51

Table 4.2: Summary of experimental results for corkscrew extraction tests on soil samples containing roots of S. fragilis.

(a) (b) (c)

(d) (e) (f)

Figure 4.14: Example corkscrew extraction force-displacement graphs of soil samples containing roots of S. fragilis at
depth (a-d) 0-125 mm, (b-e) 125-250 mm and (c-f) 250-375 mm. For each depth, the corkscrew test with the highest
(green line) and lowest (red line) (a,c,e) root biomass and (b,d,f) root area ratio is plotted. Arrows indicate sudden

drops in resistance associated with potential root breakages.
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Figure 4.15: Force-displacement graphs of soil samples containing roots of S. fragilis which have similar typical soil
behaviour but significantly different root biomass.

Figure 4.16: Force-displacement graphs of soil samples containing roots of S. fragilis which have similar root biomass
but different typical soil behaviour.

Figure 4.17: Force-displacement graphs of soil samples containing roots of S. fragilis which have different typical soil
behaviour but not the expected corresponding root biomass.
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Figure 4.18: Comparison of the peak force of the soil-only samples and the soil samples containing roots of S. fragilis.
Soil-only samples are the samples with the least and relatively low root area ratio.

Figure 4.19: Comparison of the peak displacement of the soil-only samples and the soil samples containing roots of S.
fragilis. Soil-only samples are the samples with the least and relatively low root area ratio.

Figure 4.20: Displacement at root breakage for S. fragilis. All roots break at displacements higher than 30 mm.
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(a) (b)

Figure 4.21: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
fragilis. The corkscrew normalised peak force versus (a) the root biomass and (b) the root area ratio, a fitted line was

drawn for all depth levels combined.

(a) (b)

Figure 4.22: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
fragilis. The corkscrew normalised peak energy versus (a) the root biomass and (b) the root area ratio, a fitted line was

drawn for all depth levels combined.

(a) (b)

Figure 4.23: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
fragilis. The S-modulus versus (a) the root biomass and (b) the root area ratio.

(a) (b)

Figure 4.24: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
fragilis. The R-modulus versus (a) the root biomass and (b) the root area ratio.
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(a) (b)

Figure 4.25: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
fragilis. The peak displacement versus (a) the root biomass and (b) the root area ratio.

4.3. Salix purpurea site
The root distribution of S. purpurea does not significantly vary over the depth as shown in Figure 4.26.
28 measurements were rejected due to experimental errors, namely unwanted collapse of soil into the
hole formed by the corkscrew. Table 4.3 gives an overview of characteristics of each tests during testing
on S. purpurea.

In Figure 4.27, examples of corkscrew extraction force-displacement graphs for each depth are dis-
played. Sudden drops, denoted as arrows and corresponding to root breakages, were observed at all
depth levels except at level 375-500 mm. In plots Figure 4.27a, 4.27b and 4.27c, after one root breakage,
no force is measured, indicating after the soil fails, roots are activated and take over the load. Signifi-
cant difference in patterns in the force-displacement graphs were observed. Tests with the highest root
area ratio showed typical rooted soil behaviour and tests with the lowest root area ratio showed typical
non-rooted soil behaviour. In the force-displacement graphs of the tests on S. purpurea rooted soil, no
anomalies were found.

Additionally, the peak force of the rooted soil is higher than the peak force of the bare soil at all
depth levels, as shown in Figure 4.28 . However, the difference is significantly higher at the deeper
depth levels (125-250 mm) than the shallowest depth level (0-125 mm). Moreover, the displacement
where those peak forces occurred, is higher for the rooted soil than the fallow soil and especially at
depth level 0-125 mm, as displayed in Figure 4.29. Also, the potential root breakages all occurred at
u ⪆ 40 mm, see Figure 4.30 . In Figure 4.32b, a strong positive correlation is found between the peak
displacement and the root area ratio of S. purpurea. However, no correlation was found between the
normalised peak force and the RAR, see Figure 4.31a. Similarly, no correlation was found between the
normalised energy needed to pull out the sample out of the soil and the root area ratio as well as the
S-modulus and the root area ratio, as shown in Figure 4.31b and 4.32a respectively.

Figure 4.26: Average root area ratio over the depth for S. purpurea.
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Test number Typical soil Root breakages RAR [%] Distance from Peak Peak Displacement at
behaviour breakages willow [mm] force [N] displacement [mm] root breakage [mm]

Test depth: 0 - 125 mm
Moisture content = 42%

1 Non-rooted 0 0.001 1000 125 6 -
2 Non-rooted 0 0.032 600 246 13 -
3 Rooted 1 0.157 200 464 70 70
4 Rooted 1 0.051 1000 218 95 95
6 Non-rooted 0 0.036 200 284 8 -
7 Rooted 1 0.322 1000 284 135 135
8 Non-rooted 0 0.009 600 236 13 -
9 Non-rooted 0 0.003 200 214 12 -
10 Non-rooted 0 0.001 1000 238 13 -
11 Non-rooted 0 0.001 600 220 10 -
12 Non-rooted 0 0.001 200 220 13 -
13 Non-rooted 0 0.015 200 239 13 -
14 Rooted 1 0.003 200 258 21 69
15 Non-rooted 0 0.001 200 233 13 -

Test depth: 125 - 250 mm
Moisture content = 38%

10 Rooted 1 0.169 200 419 41 86
11 Non-rooted 0 0.008 200 259 17 -
12 Rooted 1 0.048 200 319 26 57
13 Rooted 2 0.127 200 583 43 43 and 78
14 Rooted 2 0.108 200 693 62 70 and 103
15 Rooted 1 0.079 200 460 32 91

Test depth: 250 - 375 mm
Moisture content = 39%

10 Rooted 1 0.918 200 1049 178 205
11 Non-rooted 0 0.004 200 177 7 -
12 Rooted 2 0.873 200 996 54 54 and 137
13 Rooted 2 0.012 200 715 39 52 and 129
14 Rooted 1 0.056 200 379 14 178
15 Rooted 0 0.062 200 541 25 -

Test depth: 375 - 500 mm
Moisture content = 43%

10 Non-rooted 0 0.001 200 167 12 -
11 Non-rooted 0 0.051 200 366 14 -
12 Rooted 0 0.055 200 311 7 -
13 Rooted 0 0.058 200 590 23 -
14 Rooted 0 0.045 200 540 21 -
15 Rooted 0 0.061 200 650 19 -

Table 4.3: Summary of experimental results for corkscrew extraction tests on soil samples containing roots of S.
purpurea.

(a) (b) (c)

(d)

Figure 4.27: Example corkscrew extraction force-displacement graphs of soil samples containing roots of S. purpurea
at depth (a) 0-125 mm, (b) 125-250 mm, (c) 250-375 mm and (d) 375-500 mm. For each depth, the corkscrew test with
the highest root area ratio (green line) and the lowest root area ratio (red line) is plotted. Arrows indicate sudden drops

in resistance associated with potential root breakages.
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Figure 4.28: Comparison of the peak force of the soil-only samples and the soil samples containing roots of S.
purpurea. Soil-only samples are the samples with the least and relatively low root area ratio.

Figure 4.29: Comparison of the peak displacement of the soil-only samples and the soil samples containing roots of S.
purpurea. Soil-only samples are the samples with the least and relatively low root area ratio.

Figure 4.30: Displacement at root breakage for S. purpurea. All roots break at displacements higher than 40 mm.
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(a) (b)

Figure 4.31: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
purpurea. (a) The normalised peak force versus the root area ratio and (b) the normalised energy versus the root area

ratio.

(a) (b)

Figure 4.32: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of S.
purpurea. (a) The S-modulus versus the root area ratio and (b) the peak displacement versus the root area ratio, a

fitted line was drawn for all depth levels combined.

4.4. Crataegus laevigata site
A marked decline in root area ratio of the C. laevigata was observed as depth increased, with 53% of
the total RAR concentrated at the shallowest depth (0-125 mm), see Figure 4.33.

Figure 4.33: Average root area ratio over the depth for C. laevigata.

In Figure 4.34, examples of corkscrew extraction force-displacement graphs for each depth are shown.
Sudden drops, which correspond to potential root breakages, were observed at all depth levels. It was
observed that all plots show typical rooted soil behaviour, even the test with the lowest RAR, namely
test 1 at level 375-500 mm with a root area ratio of 0.002%. Furthermore, in Figure 4.34b, the graph
with lowest RAR (test 6) has a higher peak force than the plot with highest RAR (test 1). This might
be due to the fact that a thick root slipped during test 1, whereas the roots in test 6 broke. Additionally,
in Figure 4.34d, the peak forces of the two graphs do not significantly differ from each other. Again, it
was observed one root slipped in test 4, whereas all roots in test 1 broke. This suggests that samples
with roots which fail in tension reach higher peak forces than samples with roots that slip.
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Test number Total number Root RAR [%] Peak Peak Displacement at
of roots breakages force [N] displacement [mm] root breakage [mm]

Test depth: 0 - 125 mm
Moisture content = 46%

1 8 1 0.013 144 56 62
2 5 1 0.087 212 111 130
3 5 2 0.182 312 125 125 and 179
4 4 3 0.159 759 70 70 and 90 and 98
5 7 2 0.075 298 40 75 and 114
6 3 2 0.238 656 62 62 and 110

Test depth: 125 - 250 mm
Moisture content = 45%

1 7 2 0.147 217 26 29 and 109
2 2 0 0.068 180 30 -
4 8 1 0.040 350 21 53
5 6 2 0.050 401 39 39 and 46
6 6 3 0.010 395 51 51 and 134 and 159

Test depth: 250 - 375 mm
Moisture content = 42%

1 8 2 0.018 454 114 154 and 184
2 3 1 0.010 416 81 81
4 4 1 0.052 625 52 61
5 3 1 0.055 577 50 50

Test depth: 375 - 500 mm
Moisture content = 43%

1 2 1 0.002 371 11 50
2 3 0 0.009 296 35 -
4 6 1 0.110 389 56 151
5 3 0 0.016 350 30 -

Table 4.4: Summary of experimental results for corkscrew extraction tests on soil samples containing roots of C.
laevigata.

(a) (b) (c)

(d)

Figure 4.34: Example corkscrew extraction force-displacement graphs of soil samples containing roots of C. laevigata
at depth (a) 0-125 mm, (b) 125-250 mm, (c) 250-375 mm and (d) 375-500 mm. For each depth, the corkscrew test with
the highest root area ratio (green line) and the lowest root area ratio (red line) is plotted. Arrows indicate sudden drops

in resistance associated with potential root breakages.
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Figure 4.35: Comparison of the peak force of the soil-only samples and the soil samples containing roots of C.
laevigata. Soil-only samples are the samples with the least and relatively low root area ratio.

Figure 4.36: Comparison of the peak displacement of the soil-only samples and the soil samples containing roots of C.
laevigata. Soil-only samples are the samples with the least and relatively low root area ratio.

Figure 4.37: Displacement at root breakage for C. laevigata All roots break at displacements higher than 30 mm.
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Additionally, the peak force of the rooted soil is higher than the peak force of the fallow soil at
all depth levels, except at depth level 125-250 mm, see Figure 4.35. Similarly, the displacement where
these peak forces occurred are higher for rooted soil than fallow soil at depth levels 0-125 mm and
375-500 mm but not for depth levels 125-250 mm and 250-375 mm, as shown in Figure 4.36. Also,
the root breakages all occurred at displacements u ⪆30 mm, as displayed in Figure 4.37. However,
no correlation was found between the root area ratio and the peak displacement, see Figure 4.40.
Furthermore, a positive correlation between the root area ratio and the normalised peak force was
found, see Figure 4.38a, whereas no correlation was observed between the root area ratio and the
normalised energy, see Figure 4.38b. It was observed that the RAR was not correlated to both moduli,
as illustrated in Figure 4.39.

(a) (b)

Figure 4.38: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of C.
laevigata. (a) The normalised peak force versus the root area ratio and (b) the normalised energy versus the root area

ratio. A fitted line on the normalised peak force versus the root area ratio was drawn for all depth levels combined.

(a) (b)

Figure 4.39: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of C.
laevigata. (a) The S-modulus versus the root area ratio and (b) the R-modulus versus the root area ratio.

Figure 4.40: Corkscrew extraction test results at each depth levels for individual soil samples containing roots of C.
laevigata. The peak displacement versus the root area ratio.
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DISCUSSION

5.1. Corkscrew set-up
This study tested an corkscrew experimental set-up in riparian conditions using the set-up developed
by [36] as a reference. The corkscrew method is a technique used to evaluate the reinforcement of
soil provided by vegetation roots. This study shows the main benefits of this method associated with
field measurement of root-reinforcement in riparian conditions: the relatively short amount of time
needed to conduct a single test, leading to the possibility of conducting in-situ large-scale testing of soil.
This is particularly valuable in riparian areas as they are characterised by a large spatial variation in
vegetation. Furthermore, the set-up is easy to use, light and easy to install which enables field-based
studies in difficult terrain such as on steep canal banks. Moreover, the technique is non-destructive
which also enables monitoring for stream bank stability.

However, challenges were encountered during this study. The impact of ground disturbance during
corkscrew testing on the accuracy of root reinforcement measurements is an important consideration
when using the corkscrew method. In our study we observed fall back of surrounding soil into the testing
hole, resulting in the incomplete testing of the soil and up to inconsistent depths beyond the corkscrew’s
reach. It also extracts soil fallen back into the hole, leading to inaccurate measurements. This has
significant implications for the interpretation of results and the reliability of the root-reinforcement
measurements. Therefore, it is important to restrict the maximum depth of each corkscrew measurement
to 125 mm, leading to a total maximum extraction depth of 500 mm since the corkscrew itself measures
approximately 550 mm, to ensure consistent and accurate results.

Another main challenge was the recovery of roots after corkscrew testing. In our study, it has been
observed that not all roots can be recovered after corkscrew extraction (Figure 5.1), which could lead
to an underestimation of the RAR. [36] suggested the use of extending foam as a possible solution to
overcome this issue, but due to the high moisture of the soil during our tests, this method was not
feasible. Also, the use of extending foam negates the intended purpose of corkscrew equipment as a
quick and convenient way to conduct field testing.

Also, we observed that the same root could be passing through multiple cores extracted by the
corkscrew, leading the testing of an already broken root. This could lead to inaccurate peak force and
root reinforcement measurements. Even tough such situations rarely occur and will not significantly
influence the results when conducting a large amount of tests, care was taken to examine the cores after
each test to identify and avoid as much as possible such situations.

5.2. Minimum sample size corkscrew method
This study highlights the challenges encountered when conducting field measurements of root reinforce-
ment in riparian environments. The significant variability in site characteristics makes it difficult to
accurately capture the influence of individual soil and root parameters. Therefore, it is essential to
conduct a substantial number of tests to adequately account for the variation in measured strengths in
slope stability analyses.

To estimate the required number of corkscrew tests, the experimentally measured data was utilised,
shown in Table 5.1. For each species and depth level, the peak forces were fitted with a normal
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Figure 5.1: Example of an unextracted root by the corkscrew.

distribution, which was subsequently employed to estimate the sample size needed to have an 80%
confidence level that the mean force of a new set of experiments would fall within 10%, 20%, or 30% of
the true mean. The results indicate that more measurements are required in the surface layer (0-125
mm) for all vegetation types, with a particular emphasis on C. laevigata, followed by S. fragilis, S.
purpurea, and P. australis. In the case of C. laevigata, fewer measurements are needed as the depth
increases, while this trend does not hold true for the other sites. Based on this analysis, if we aim to
determine the mean force of the slope within 20% of the true mean force with 80% certainty across all
sites, a sample size of 20 should be adopted.

Monitoring slopes is essential for slope stability. Traditional methods can be expensive and time-
consuming. Also, in many studies, the assessment of the root system and its contrition to slope stability
involved destructive measurements. Hence, monitoring over time can only be carried out by repeated
measurements of root systems at the same location [29]. Therefore, the corkscrew method may provide
a non-destructive and rapid alternative for monitoring the evolution of root reinforcement over time for
slope stability by conducting a large amount of tests.

5.3. Vegetation
5.3.1. Phragmites Australis
Reed plants (Phragmites Australis) were situated in close proximity to a canal with a high water table.
Phragmites Australis is a grass species, often found along the streams and canal banks of the Netherlands.
Phragmites Australis is known for its shallow roots system which generally grow horizontally and produce
new rhizomes and plants.

The current study found that the roots were concentrated within the top 0.12 m of soil. Previous
research by [8] on Phragmites autralis in constructed wetlands in Lankheet, the Netherlands, reported
that belowground root biomass significantly decreased at depths exceeding 0.20 m. However, other
studies [30][40][47][59] have reported that reed roots can grow horizontally to depths of several meters.
Since the rooting depth of Phragmites Australis is subject to variability influenced by factors such as
soil type, nutrient availability, water availability, and environmental conditions, direct comparisons of
rooting depth between studies are impractical due to the differing conditions under which each study
was conducted.

5.3.2. Salix fragilis and Salix purpurea
The willow trees (Salix fragilis and Salix purpurea) were both located near a canal with a high water
table. Willows are shrub species, which are recognised for their rapid growth and easy vegetative
propagation. Roots were found at distance up to 1 meter lateral from the willow tree.
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Vegetation Depth [mm] Experiments Additional sample size estimation Nn

µ [N] σ [N] N [-] x = 10% [-] x = 20% [-] x = 30% [-]

P. australis
0-125 251 65 9 11 3 2

125-250 341 74 9 8 2 1
250-375 378 102 9 12 3 2

S. fragilis
0-125 444 170 10 25 7 3

125-250 574 267 9 36 9 4
250-375 325 91 9 13 4 2

S. purpurea

0-125 249 70 14 13 4 2
125-250 456 148 6 18 5 2
250-375 643 314 6 40 10 5
375-500 437 170 6 25 7 3

C. laevigata

0-125 397 229 6 55 14 7
125-250 309 92 5 15 4 2
250-375 518 86 4 5 2 1
375-500 352 35 4 2 1 1

Table 5.1: Estimation of additional corkscrew sample size. µ, σ and N correspond to the mean, standard deviation
and sample size in the field measurements, respectively. Nn is the additional samples needed in order that the mean of a

new set of experiments is within x% of µ with 80% confidence.

The rooting depth of willows adjacent to a water stream is subject to variation depending on several
factors such as soil type, distance from the water source, water table level, nutrient availability, the age
and the size of the tree. In the current study, a concentration of 74% of the root biomass of the S.
fragilis and 41% of the RAR was observed within the uppermost 0.12 m of soil. Similarly, [31] indicated
that the root dry biomass decreased significantly with an increase in soil depth, with 60% concentrated
in the top soil (0-150 mm). In contrast, [24] observed a rooting depth of Salix purpurea extending up
to 1.2 m. Findings from studies conducted by [43] reported greater rooting depths of Salix purpurea,
reaching up to 3 meters in well-drained soils and up to 1-2 meters in soils with higher water tables.
Consequently, it is expected that the roots of Salix purpurea roots will be situated near the water table,
aligning with research conducted by [48][50][63]. This is consistent with the findings of our study, where
the water table was observed at an approximate depth of 0.12 m.

5.3.3. Crataegus laevigata
Many studies were found concerning Crataegus laevigata as herbal medicine, but few research were
found concerning their root system and distribution. During our testing on C. laevigata, we found that
Crataegus laevigata has a shallow root system, with the majority of roots (53%) concentrated in the top
0.12 m of the soil. Similarly, [9][42] indicated that the rooting depth of Crataegus laevigata can reach
0.5 meters below ground level.

5.4. Root and strength parameters
Root reinforcement can play an important role in slope stabilisation. Accurately measuring root rein-
forcement is challenging and in the current study, the root biomass and the RAR were used. While root
biomass provides useful information about the quantity of roots present in the soil, it has limitations
and may not accurately quantify root reinforcement of the soil. In our study, during comparison of the
force-displacement graphs of soil rooted with Phragmites australis and Salix fragilis, many anomalies
were found between the typical soil behaviour and the corresponding root biomass. Furthermore, a
comparison of the correlations between the root parameters and the strength parameters indicates that
the root biomass was not correlated to the strength parameters for all species, see Table 5.2. Similar
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findings were observed by [58]. This could be explained by the presence of vertically growing and embed-
ded roots within soil samples which are measured within the root biomass. However, these roots do not
intersect the shear surface and therefore do not contribute to the shear strength. Another suggestion
is that root biomass is not a good indicator for root-reinforcement.

The root area ratio is widely used as an indicator for quantifying root reinforcement. In the current
study during testing on soil rooted with Salix fragilis, Salix purpurea and Crataegus laevigata, it was
observed that the RAR affects the typical soil behaviour. Also, tests on Salix fragilis, Salix purpurea
and Crataegus laevigata showed that the root area ratio is positively correlated to the normalised peak
force, normalised energy and the peak displacement depending on the species. Similar findings were
found by [10][16][69][71][73], who tested different species with direct in-situ shear tests and reported that
the amount of increase in shear strength of soil might be dependent on the root area ratio. However,
other factors that can influence the relationship between root area ratio and shear strength, as stated
by [34][65].

Two moduli were examined, the soil elasticity and the root elasticity. However, the soil elasticity was
defined as the initial slope of the force-displacement graph where only the soil is mobilised. Therefore,
there will be no logical correlation between the elasticity of the soil and the amount of roots, which
was confirmed during this study. Also, no correlations were found between the R-modulus and the root
area ratio.

Vegetation RAR/Biomass Typical soil Normalised peak force Normalised energy S-Modulus R-Modulus Peak displacementbehaviour
P. australis Biomass No No No No No No

S. fragilis
Biomass No No No No No No

RAR Yes Positively correlated Positively correlated No No NoR2 = 0.65 R2 = 0.62

S. purpurea RAR Yes No No No - Positively correlated
R2 = 0.66

C. laevigata RAR Yes Positively correlated No No No NoR2 = 0.40

Table 5.2: Overview of the correlations between strength and root parameters at the four test sites.

5.5. Force-displacement graphs
Significant patterns were observed in the force-displacement graphs. In all samples there was an im-
mediate and rapid increase in the shear force with minimal displacement upon commencement of the
test, also observed by [10][19][39]. Failure of the soil-root matrix was indicated by a clear point after
which, tests progressed in two different ways: typical non-rooted soil behaviour having reached their
maximum shear strength and exhibited a decrease in strength as displacement increased and typical
rooted soil behaviour where the shear force gradually increases until a maximum shear force was reached
and sudden drops occurred. [10] also observed two types of test behaviour and suggested that these
were affected by the amount of broken roots.

During testing on Salix fragilis, Salix purpurea and Crataegus laevigata, we observed that tests with
the lowest RAR demonstrated typical non-rooted soil behaviour and tests with the highest RAR showed
typical rooted soil behaviour. Similar findings were observed by [14] during in situ direct shear testing
on kanuka trees and radiata pines. Also, [1][44][66][70] reported that sharp and well-defined peaks
occurred in the stress-strain curves in fallow soils, and broader and flatter peaked curves occurred in
tests on rooted soils.

Differences in typical soil behaviour during testing Salix fragilis, Salix purpurea and Crataegus lae-
vigata were influenced by the presence of roots crossing the shear surface, whereas in the literature
[10][19][39], differences in force-displacement graphs were observed to be also species-dependent. In
those studies, insufficient shear strain displacement was produced in order to let all roots fail, whereas
in our study extraction of the corkscrew went on until all roots have failed.

Sudden drops in force-displacement graphs were noticed during corkscrew extraction tests, especially
in tests with higher root area ratio. This sudden decrease in force are attributed to root breakage. In
the current study, such sudden drops were observed during testing of Phragmites australis, Salix fragilis,
Salix purpurea and Crataegus laevigata. For instance, during test 8 at depth 125-250 mm at the Salix
purpurea, a drop of 1129 Newtons accompanied by a audible root breakage was observed and the post-
analysis revealed one broken root. These findings are consistent with [36], who observed sudden drops
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Vegetation Moisture content [%] Root presence [%] Diameter range [mm]
0-125 mm 125-250 mm 250-375 mm 375-500 mm Max Min Mean

P. australis 45 48 32 20 - - - -
S. fragilis 36 65 25 10 - 11.58 0.2 1.28

S. purpurea 41 19 16 57 8 15.68 0.15 2.29
C. laevigata 44 49 27 12 12 13.2 0.15 0.95

Table 5.3: Overview of characteristics of the four test sites such as root presence, in root biomass or root area ratio,
and the diameter range of all roots collected during this study.

in strength on their study on Blackcurrant (Ribes nigrum) shrubs and Sitka spruce (Picea sitchensis)
as well as [10] on their experiments on four common Australian riparian trees. Such sudden drops were
also reported by [3][55].

Sudden drops in force-displacement graphs potentially corresponding to root breakages occurred at
higher displacements than the displacements where fallow soil reaches its peak strength. In the current
study, after the fallow soil has failed the force keeps increasing, implying that roots are activated at
higher displacements than the displacement of the peak strength of soil. Similar observations were made
by [3][10].

During testing at all sites, it was observed that roots continued to provide resistance at very high
displacements where bare soil has already failed. In these cases, failure only occurred when the roots
broke at the end of the testing displacement. Previous studies [14] reported during direct shear tests both
in situ and in the laboratory, that soil with roots has the ability to withstand larger shear displacements
than fallow soil. [10] reported that the tree roots provided their greatest contribution to soil strength
at a displacement when the soil on its own would only provide residual strength.

Two distinct modes of root failure were observed, namely slipping and breaking of the root [7].
Studies [19][55] suggested that roots that break rather than slip have a higher resistance since their
tensile strength is fully mobilised. However, the influence of these different processes strongly depends
on both soil and root properties [4]. In the current study, the failure mode of the majority of the tests
was root breaking, however, during the extractions of test 1 at depth 125-250 mm and test 4 at depth
375-500 mm both at the C. laevigata site, slipping roots were observed. In these tests, the root area
ratio was significantly higher than the other tests, whereas the peak force was not. This is consistent
with studies [19][55], which suggested that roots that break rather than slip have a higher resistance
since their tensile strength is fully mobilised. However, the influence of these different processes strongly
depends on both soil and root properties [4].

5.6. Comparison of the four sites
The most root quantities were found in the shallowest depth level (0-125 mm), for P. australis, S. fragilis
and C. laevigata. The roots of S. purpurea were concentrated at depth level 250-375 mm (Table 5.3).
Similarly, in literature, it was observed that the rooting depths and root distribution patterns differ
between the tested vegetation. For example, willow roots have been observed to penetrate to depths
up to 2.50 meters, while reed roots are primarily shallow and horizontal [30][43]. For all species, the
diameter of the roots varied highly, with S. purpurea having the thickest roots, followed by S. fragilis and
C. laevigata. The distribution of below ground biomass can be an important factor in root reinforcement
and slope stability.

A comparison of the corkscrew extractions between species indicates that S. fragilis and S. purpurea
require the greatest force to induce failure at depth levels 0-250 mm and 250-500 mm, respectively. For
all species and depth levels, a higher peak force is reached during rooted soil testing than during bare
soil testing, as shown in Figure 5.2. For the samples with P. australis roots, the peak force increases
as the depth increases, whereas the corresponding mean biomass decreases as the depth increases, see
Table 5.4. The peak force of the samples with S. fragilis roots increases from depth level 0-125 mm to
depth level 125-250 mm and then decreases again at depth level 250-375 mm (Table 5.5). Similarly, the
peak force of S. purpurea increases until depth level 250-375 mm and then decreases at deeper levels,
similar trend is observed for the corresponding root area ratio. Finally, the maximum peak force of the
samples with C. laevigata roots, was observed at depth level 250-375 mm.
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(a) (b)

Figure 5.2: Comparison of the peak force over the depth for the four types of vegetation for (a) soil-only samples and
(b) samples containing roots. The ’◦’ symbol indicates outliers.

(a) (b)

Figure 5.3: Comparison of the displacement where the peak force occurred over the depth for the four types of
vegetation for (a) soil-only samples and (b) samples containing roots. The ’◦’ symbol indicates outliers and the ’+’

symbol indicates the displacement where the soil fails and the roots start to mobilise.

Figure 5.4: Displacement at root breakages for all four sites.

Vegetation Depth [mm] Peak force [N] Corresponding biomass [g]
Max Min Mean Max Min Mean

P. australis
0-125 359 119 251 5.99 0.01 1.67

125-250 469 232 341 0.96 0.07 1.10
250-375 548 233 378 3.74 2.02 0.72

Table 5.4: Overview of the peak force and the corresponding biomass of the samples at the testing sites of P. australis.
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Vegetation Depth [mm] Peak force [N] Corresponding RAR [%]
Max Min Mean Max Min Mean

S. fragilis
0-125 758 262 444 0.213 0.014 0.178

125-250 1129 303 574 0.244 0.048 0.073
250-375 487 190 325 0.022 0.003 0.029

S. purpurea

0-125 464 125 249 0.157 0.001 0.045
125-250 693 259 456 0.108 0.008 0.090
250-375 1049 177 643 0.918 0.004 0.321
375-500 650 167 437 0.061 0.001 0.045

C. laevigata

0-125 759 144 397 0.159 0.013 0.126
125-250 401 180 309 0.050 0.068 0.063
250-375 625 416 518 0.052 0.010 0.034
375-500 389 296 352 0.110 0.009 0.034

Table 5.5: Comparison of the peak force and the corresponding RAR of the samples at the testing sites of S. fragilis, S.
purpurea and C. laevigata.

Furthermore, the peak displacements were greater for samples containing roots than samples with
no roots. The highest peak displacements were found in samples with S. fragilis roots at depth level
0-250 mm, followed by C. laevigata, S. purpurea and P. australis (Figure 5.3). On average the peak
force was reached at a displacement of 35 mm for P. australis at all depth levels, at a displacement of 85
mm and 16 mm for S. fragilis at depth level 0-250 mm and 250-375 mm, respectively. When a rooted
soil reaches its peak peak, root breakages occur as roots fail in tension when their ultimate tensile
strength is reached. Roots are activated at high displacements after the bare soil has failed, meaning
they reach their maximal resistance at high displacements as well. This means that in our current study,
the roots of Salix fragilis reach their maximal resistance at the highest displacements at depth level
0-250 mm. As for the deeper level (250-500 mm), the roots of Crataegus laevigata are the ones which
reach their maximum resistance at the highest displacements. Moreover, the roots of the vegetation
that reaches the fastest its peak force is the roots of P. australis. For S. purpurea, the average peak force
at depth levels 0-375 mm and 375-500 mm occurred at displacements 53 mm and 17 mm, respectively.
The peak displacement varied over the depth for C. laevigata, with the largest displacements at depth
levels 0-125 mm and 250-375 mm. This compared with an average of 18 mm to develop the peak force
during soil-only tests. Soils containing roots of these different types of vegetation have a greater peak
displacement to reach their maximum resistance than bare soils where the peak force was reached at
much smaller displacements. Similar findings were observed in [10][66][67]. Figure 5.4 show that similar
displacements at root breakage were provided by S. fragilis, S. purpurea and C. laevigata, followed by
P. australis.



6
CONCLUSIONS

6.1. Corkscrew set-up
The corkscrew method shows to be a promising technique for measuring root reinforcement in difficult
terrains such as riparian areas. It presents notable benefits such as time efficiency, field applicability and
non-destructiveness, compared to more complex, time-consuming and destructive methods. Also, the
corkscrew method disturbs minimally the soil, which enables the monitoring of slopes for slope stability.
Corkscrew measurements can be conducted repeatedly on the same field and monitor the evolution of
root reinforcement over time for slope stability. Nonetheless, challenges associated with root recovery
and the restricted testing depth must be addressed and further research is needed to fully comprehend
the applicability of the corkscrew method for assessing root reinforcement in riparian conditions.

6.2. Root and strength parameters
Root biomass shows not to be a good indicator for root-reinforcement as all roots embedded in the
samples are taken into consideration, even the roots which are not crossing the shear surface and
therefore not contributing to the shear strength. On the contrary, the root area ratio seems to be a
better indicator for peak force and the energy needed to extract a rooted soil sample with a corkscrew.

6.3. Force-displacement graphs
The presence of roots crossing the shear surface has a significant impact on the force-displacement
behaviour of the soil measured through the corkscrew measurements. During testing on Salix fragilis,
Salix purpurea and Crataegus laevigata, the samples with the lowest root area ratio showed typical
non-rooted behaviour and samples with the highest root area ratio showed typical rooted behaviour.
However, during testing on soils rooted with Phragmites ausralis, this was not the case as root biomass
was considered, taken into account roots embedded in the sample which were not crossing the shear
surface.

Furthermore, roots continue to provide resistance at very high displacements where bare soil has
already failed. Also, presence of roots increases the peak force and the energy needed to pull out the
sample out of the ground depending on the type of vegetation. Finally, root breakages were identified
in the force displacement graphs as sudden drops.

The thesis concludes that the corkscrew method shows promise as a technique for measuring root
reinforcement in challenging terrains like riparian areas. Compared to complex and destructive meth-
ods, the corkscrew method offers advantages in terms of time efficiency, field applicability, and non-
destructiveness. It allows for repeated measurements over time to monitor the evolution of root rein-
forcement and slope stability. However, the study identifies challenges related to root recovery and the
limited testing depth, indicating the need for further research to fully understand the applicability of
the corkscrew method in riparian conditions.
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Regarding root and strength parameters, the thesis finds that root biomass alone is not a reliable
indicator of root reinforcement, as it includes all roots in the sample, including those not contributing
to shear strength. On the other hand, the root area ratio demonstrates potential as a better indicator
for peak force and the energy required to extract a rooted soil sample using a corkscrew.

The force-displacement graphs obtained from corkscrew measurements reveal that the presence of
roots crossing the shear surface significantly affects the soil’s force-displacement behavior. Samples
with higher root area ratios exhibit typical rooted behavior, while those with lower ratios show non-
rooted behavior. However, when testing soil rooted with Phragmites australis, the consideration of root
biomass led to the inclusion of roots that were not crossing the shear surface, impacting the results.
The graphs also identify root breakages as sudden drops in force displacement.



7
RECOMMENDATIONS

• Further research should focus on exploring alternative approaches for root recovery and the limited
testing depth while maintaining the practicality of the testing procedure. Future research could
investigate the use of alternative materials or techniques that are effective for recovering roots
in moist soil conditions, or explore other means of quantifying root reinforcement that do not
rely on root recovery. Other suggestions include extending the database of field data in order to
understand the usability of the corkscrew method in riparian conditions.

• Future research on the relationship between root and strength parameters should be conducted
in order to determine the ideal assessment for quantifying root reinforcement.

• Future studies should consider ways to account for the effects of vertically growing roots on
corkscrew test results. Additionally, further investigation is needed to determine the extent to
which vertically growing roots are present in natural soil environments and how they contribute
to overall soil stability.

• Further studies should focus on appropriate models which can assess root reinforcement in riparian
conditions.

• Further studies should focus on the influence of the shear strain on the stability of stream banks.
Other suggestions include the research on a combination of different vegetation for sheet pile-
vegetation system, by determining which roots provide most resistance, mobilise at most rapidly
and are active over significantly long displacement range in order to determine which combination
is the most ideal one for stabilising stream banks.

• Future studies should focus on the combination of a numerical model with measured shear strength
using the corkscrew method in order to investigate the effects of vegetation on slope stability
determine the required root reinforcement in the soil in order to most effectively stabilise stream
banks.
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