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There is an increasing need for using nature based solutions in protecting canal and stream embankments in the
Netherlands and delta areas in general. Vegetation provides additional reinforcement and forms an integral part
of many nature-based solutions. However, quantifying this reinforcement in-situ is challenging. This study aims
to quantify the root reinforcement of three species prevalent along canal embankments — Salix fragilis L. (SF),
Salix purpurea L. (SP), and Crataegus laevigata DC. (CL) — using the corkscrew extraction technique. Furthermore,
canal bank stability was analyzed under different bank conditions regarding protection (unprotected, protected
by vegetation), bank geometry, and hydraulic conditions.

Quantity of roots and Root Area Ratio (RAR) generally decreased with depth for all species. While root
breakage was observed in most samples, all species exhibited increased ductility with higher root densities,
except for CL at two depths. SF showed higher root reinforcement at shallower depths (< 250 mm), while SP
demonstrated greater reinforcement at deeper depths. Results demonstrate that the corkscrew extraction tech-
nique is a quick and minimally invasive method for measuring root reinforcement in riparian environments.

Bank stability simulations revealed that vegetation significantly increases the stability of canal banks. Notably,
when considering measured root reinforcement, the factor of safety improved dramatically from 1.08 to 2.46,
even under analyzed worst case conditions. However, the analysis suggests a limiting root reinforcement beyond
which further increases in root reinforcement have minimal impact on stability. Monitoring using the corkscrew
apparatus and future design approaches could aim to achieve this minimum reinforcement.

1. Introduction

Protecting canal and riverbanks is important for economic, cultural,
environmental, and navigational reasons. Bioengineered bank protec-
tion techniques are increasingly favored over methods like riprap
because they can regulate riparian ecosystem functions and services.
Furthermore, using natural materials offers a potential reduction in
carbon emissions (Symmank et al., 2020).

Bioengineered constructions generally consist of an inert component
(in this case, wood) and a living component (vegetation). These systems
are based on the principle that while the inert component, such as
locally sourced wood, may decay, the living compo-
nent—vegetation—will develop roots over time, providing support to
the slope (Tardio and Mickovski, 2023). The inert element's purpose is to

protect the slope until the vegetation's root system is sufficiently
established to bear the load. The effectiveness of bioengineered struc-
tures depends on the progressive transfer of load from the inert to the
living elements over time (Tardio and Mickovski, 2016). Therefore,
quantifying and monitoring the vegetation's capacity to support the
slope is crucial for the successful application of bioengineered bank
protection.

Vegetation contributes to slope stability by mechanically and hy-
drologically reinforcing the soil (Fan and Su, 2008; Giadrossich et al.,
2017; Capobianco et al., 2021). Accurately assessing root reinforcement
is challenging due to variations in root architecture and tensile strength
both between and within species (Fan and Chen, 2010; Boldrin et al.,
2017). Nevertheless, numerous studies have quantified root reinforce-
ment experimentally, including using conventional techniques such as

Abbreviations: SF, Salix fragilis L.; SP, Salix purpurea L.; CL, Crataegus laevigata DC.; RAR, Root Area Ratio; S1, Site 1; S2, Site 2; P1, Plot 1; P2, Plot 2; FS, Factor of
Safety; n;, Number of roots with diameter i; A,;, Cross sectional area of root; F,, Normalized peak force; J,, Normalized peak energy; F pea,, Peak force of the samples
(N); Fis peak, Peak force of least rooted samples (N); Ji;, Peak energy of least rooted soil (Nmm); J;, Peak energy of the sample(Nmm); BSTEM, Bank Stability and Toe

Erosion Model.
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direct shear tests. These tests have been conducted in situ under field
conditions (Docker and Hubble, 2008; Fan and Tsai, 2016) or in large
direct shear boxes where vegetation is cultivated under controlled
conditions (Ghestem et al., 2014; Yildiz et al., 2018). While the latter
approach offers the advantage of repeatable testing under similar con-
ditions, the former allows for direct measurement and real-time moni-
toring of root reinforcement. Although less common, triaxial tests
(Zhang et al., 2010) and vane shear tests (Krzeminska et al., 2019) have
also been used to directly quantify the additional reinforcement pro-
vided by roots.

Remote landscapes, such as riparian areas, present several challenges
for conducting shear tests. Firstly, transporting and setting up shear
equipment, such as a direct shear apparatus, is cumbersome. Secondly,
destructive testing methods are unsuitable for continuous monitoring of
root reinforcement. Lastly, as previously mentioned, the natural vari-
ability in root distribution necessitates a large number of tests over time,
which can be labor-intensive.

Meijer et al. (2016) and Meijer et al. (2018) developed a corkscrew
apparatus for estimating root reinforcement, claiming it to be quick and
easy to use, particularly in mountainous terrains. Liang et al. (2020)
suggested using testing methods such as the corkscrew, where a hand-
held device could be used for rapid testing, rather than relying on a few
expensive and detailed methods like direct shear. To the best of the
authors' knowledge, corkscrew extraction experiments have not yet been
employed to determine reinforcement due to the presence of roots along
streambanks. The apparatus developed by Meijer et al. (2016) and
Meijer et al. (2018) is used in this study to experimentally determine
root reinforcement and to assess the applicability of the method to
streambank protection research.

The factor of safety (FS) of a canal bank can be estimated as the ratio
of resisting forces to driving forces. Hydrological loads, such as high-
intensity rainfall and melting snow, or human activities, such as
tractor loads, can act as triggering driving forces toward embankment
failure (Krzeminska et al., 2019). The additional strength provided to
the soil by vegetation, along with the inherent soil strength, resists these
driving forces. The Bank Stability and Toe Erosion Model (BSTEM),
developed by the National Sedimentation Laboratory in Oxford, USA,
can be used to estimate streambank stability (Simon et al., 2000; Pollen-
Bankhead and Simon, 2009; Midgley et al., 2012; Krzeminska et al.,
2019). Several studies have used and validated the BSTEM model to
evaluate bank stability (Klavon et al., 2017; Rasouli et al., 2020; LeRoy
et al., 2024).

This study focuses on three common species found along canal em-
bankments in the Netherlands: Salix fragilis L. (SF), Salix purpurea L.
(SP), and Crataegus laevigata DC. (CL). The selected species are native
and were selected for their prevalence in riparian ecosystems within the
Dutch landscape. Particularly Salix species are well-adapted to riparian
environments. Furthermore, these species are readily available and
commonly used in ecological engineering projects within the
Netherlands.

The aim of this study is to quantify the contribution of the above
three riparian vegetation species to the stability of canal banks using a
combination of field measurements and bank stability modelling. The
research also aims to provide valuable insights into the effectiveness of
these native species in enhancing bank stability and to evaluate the
applicability of the corkscrew extraction method for assessing root
reinforcement in riparian environments.

2. Material and methods
2.1. Location and profile

The experimental tests were conducted at two locations. Site number
1 (S1) was located at Hortus Botanicus of TU Delft (52.008390,

4.369684) along an unprotected stream with a width of about 3 m. Site
number 2 (S2) was located at the bank of a sheet pile protected canal at
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Middenmeer, Province of North Holland (52°48'07.8”N 4°59'50.8"E).

Soil was collected at both sites, oven-dried at 105 °C, and subjected
to dry sieving. The soil type at S1 and at S2 was determined to be poorly
graded sand according to USCS classification. Bulk density at site 1 was
18 kN/m® and at site 2 was 16 kN/m>.

Vegetation.

Two plots with two different species of vegetation commonly known
as ‘Willow” were tested at S1. First plot (S1P1) had one SF plant
(commonly known as Crack willow) and second plot (S1P2) had one SP
plant (commonly known as Purple willow). SF was located around 0.75
m distance from edge of the bank and the SP tree was located 1 m from
the edge of the bank (Fig. 1). SF had a diameter at breast height (DBH) of
0.6 m and SP had a DBH of 1.1 m. There were randomly located grass
patches at both the plots. At S2, testing was conducted at a plot (S2P1)
that had only two plants of CL (commonly known as Midland hawthorn)
in the vicinity.

2.2. Corkscrew equipment

The corkscrew test setup developed by Meijer et al. (2016) and
Meijer et al. (2018) was adopted for determining the strength of root-
reinforced soil. The setup consists of a corkscrew which is a commer-
cially available garden tool used to remove weeds. Corkscrew deweeder
manufactured by DeWit Kornhorn BV was used in this study. The
corkscrew was connected through a loadcell of 5 kN to a cable. The cable
was connected to a mechanical winch which was placed on a tripod. A
draw wire displacement sensor (model WPS250-MK30-P10, Micro-
Epsilon, Ortenburg, Germany) was also placed to measure displacement
of the corkscrew. A datalogger box that records load and displacement at
a frequency of 2 Hz was also fixed on top of the tripod, making the full
setup easy to transport (Fig. 2).

The testing procedure involves manually rotating the corkscrew to
the desired depth. The tripod with the measuring sensors and winch was
placed vertically on top of the corkscrew. The draw-wire sensor is sub-
sequently attached to the load cell, ensuring that both draw wire and
steel wires are parallel in order to avoid any non-linearity-related cor-
rections in displacement. The tests were conducted at a withdrawal
speed of 2 mm/s which corresponds to displacement rates of slow
landslides (Meijer et al., 2016).

2.3. Data collection

Soil moisture content for each depth was determined. A small sample
of the core was placed in the oven at 105 °C for 24 h for moisture content
measurements. Soil water potential was measured at depths of 0.3 m and
0.5 m at site S1, and at depths of 0.25 m and 0.5 m at site S2, throughout
the testing period using plug-in tensiometers (Stelzner®, Pronova.de).
The soil was saturated at both locations during the period of testing.

After each core was extracted, diameters of roots protruding out from
the sample were measured using a vernier caliper. All the cores collected
were wrapped in cling film tightly and stored in air-tight box. The cores
were transported to the laboratory and weighed with a scale of precision
0.01 g. The extracted soil cores were washed over a 2 mm sieve to collect
all root material, as illustrated in Fig. 3. The holes formed by cores in
superficial layers were examined for any broken roots that had been
pulled out. If such roots were found, they were cut and included with the
roots obtained from rest of the core. When biomass had to be measured,
the roots were oven-dried at 40°C until no rate of change of biomass was
measured.

The Root Area Ratio (RAR) was determined as:

ZniAr,i
RAR (%) = ‘T*mo @

where A is the cross-sectional area of the shear plane, n; is the number of
roots with diameter i intersecting the shear plane and A;; is the cross
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Fig. 1. Corkscrew extraction measurement locations: a) Salix fragilis L. b) Salix purpurea L. c¢) Crataegus laevigata DC.
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Fig. 2. Experimental setup a) Schematic corkscrew extraction measurement
setup (Adapted from Meijer et al., 2018) b) Corkscrew device.

sectional area of a single root with diameter i.

The energy required to extract a volume of rooted soil from the
ground, denoted as J (Eq. (2)) was determined by calculating the total
area beneath the force (F)-displacement curve.

J= / F(u)du 2
u0

uo = 0 mm and u denotes the displacement at the end of test.

In order to account for the additional force provided by the roots
alone, the peak force and energy of the rooted-soil composite is
normalized (Eq. (3), Eq. (4)) with the peak force and energy of least
rooted soil at that depth as:

Fy = 2 ®
Is.peak

Jr

Jp=—
n JL;

@

F, is the normalized peak force, J, is the normalized energy, J; is the
energy of the sample (Nmm), F,p.q, represents the peak force of the
samples (N) and Fi; peax, represents the peak force of least rooted samples
(N), J;; represents the energy of least rooted soil (Nmm).

The tests at S1 were conducted during October 2022 and March 2023
for P1 and P2 respectively, see Table 1. Tests at S2 were conducted in
March 2023. To take the spatial variation of the root reinforcement into
account, tests at P1 were conducted at distances between 200 mm and
600 mm from SF. At P2, tests were conducted at a distance varying
between 200 mm and 1000 mm from the SP (Fig. 4).

2.4. Modelling

The BSTEM model, developed by the USDA-ARS National Sedimen-
tation Laboratory in Oxford, USA, is a physically based model used for
analyzing multi-layered streambanks (Simon et al., 2000; Simon et al.,
2009; Pollen-Bankhead and Simon, 2009; Simon et al., 2011). BSTEM
accepts input parameters such as bank geometry (bank height, slope
angle, layer thickness), soil properties (cohesion, internal friction angle,
unit weight, and hydraulic conductivity for each layer), hydraulic con-
ditions (groundwater table depth and stream stage). BSTEM uses limit
equilibrium principles to assess bank stability by comparing driving
forces against resisting forces. The shear strength of saturated soil is
determined using the Mohr-Coulomb failure criterion. BSTEM allows for
the consideration of five distinct layers and incorporates the influence of
pore water pressures on both the saturated and unsaturated portions of
the failure surface, as well as the confining pressure from streamflow.
BSTEM assumes a horizontal water table within the bank and calculates
pore pressures for each layer under hydrostatic conditions based on the
provided groundwater table depth. BSTEM can model shear-type fail-
ures that occur when the driving force (stress) exceeds the resisting
forces.

BSTEM uses an inherent algorithm, iterating through various failure
scenarios (including shear emergence elevations and shear surface an-
gles) to identify the configuration yielding the minimum FS. Bank sta-
bility is confirmed when the calculated FS exceeds 1.3, while banks with
an FS between 1.0 and 1.3 are considered “conditionally stable,” indi-
cating stability but with a limited buffer for uncertain or fluctuating
data. Slopes with an FS below 1.0 are classified as “unstable” (Simon
et al., 2000).
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Fig. 3. Collection and processing of corkscrew extraction samples. a) Root diameter measurement using calipers. b) Root collection from the extracted soil sample. c)
Water content measurements and drying of roots in an oven. d) Holes formed in the embankment after corkscrew extraction.

Table 1
Details of corkscrew testing locations and time of testing.

BSTEM considers the mechanical role of vegetation in bank stability
by modifying soil strength parameters using the RipRoot model (Pollen
and Simon, 2005; Pollen, 2007) to incorporate root reinforcement.

Testing Month-year ~ Location Spatial distance of RipRoot is a fiber bundle-based model that simulates root reinforcement
location testing by representing the root system as a network of interconnected fibers
S1P1 October Hortus Botanicus, Delft ~ 200-600 mm with global load-sharing characteristics. It can simulate both root
2022 breakage and pullout. It allows for the consideration of key root char-
S1P2 March 2023 Hortus Botanicus, Delft 200-1000 mm teristi h as root diameter and tensile streneth. that influence th
S2P1 March 2023  Kolhornerweg, 500 mm ac.e Stcs, such as .00 ameter a e. stle streng > a ue. ce the
Middenmeer reinforcement provided by the vegetation. Thus, RipRoot can simulate
various root failure mechanisms under increasing shear stress. This
a)s
® b)«
25
() 20
0
P 0 @ [ J [ ]
-25
o ® 20 s ° o
— =50
§ T 40 L O @
> -75 . . 2 .
> -60 .
-100 o
-80 O
-125
-100
=150 1 @ salix fragilis . .
@ Corkscrew extractions —120{ @ salix purpurea
-175 @ Corkscrew extractions
-150 -100 -50 0 50 100 340
x [em] -150 -100 -50 0 50 100
x [cm]
C) %
25
0 O
-25 °
E 0
>
=75 . .
-100
-125 Crataegus laevigata
@ Corkscrew extractions
-150
-100 -50 0 50 100 150 200
x [cm]

Fig. 4. Plan view of spatial distribution of corkscrew extraction experiments with respect to the vegetation a) Salix fragilis L. b) Salix purpurea L. c¢) Crataegus lae-

vigata DC.
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mechanistic approach provides a more realistic representation of root
behavior under loading compared to simpler empirical models. The
background and detailed mathematical formulations for BSTEM and the
RipRoot model can be found in Simon et al. (2000), Pollen (2007), and
Ursic and Langendoen (2021).

The BSTEM model allows the user to select species, corresponding
diameter-tensile strength relationships, and growth curves measured by
a USDA-ARS-NSL scientist. Alternatively, the user can input their own
data for all of the above and also the percentage of the study reach
composed of the selected species.

2.5. Modelling strategy

Three different groups of input parameters were created for the
BSTEM model. The difference between each group depended on how
vegetation reinforcement was determined.

(i) The first group (G1) of input parameters was based on the Rip-
Root fiber bundle model Pollen and Simon (2005), which is in-
tegrated within BSTEM. To represent Phragmites australis L. (PA),
a grass species, “Canarygrass, Reed+” was chosen with a plant
age of 5 years and 100 % assemblage. For SF., “Willow, Geyer's”
was chosen with an age of 10 years and 100 % contribution to the
assemblage. SP was represented using the “Willow, Black” option
in BSTEM, with an age of 10 years and 100 % contribution to the
assemblage.

(ii) The second group (G2) was based on a representative increase in
shear strength obtained from the corkscrew experimental results.
For each species and depth, the minimum peak strength (repre-
senting the least rooted/bare soil) measured from the corkscrew
experiments was subtracted from the average peak strength
(average strength of rooted soil). Furthermore, the average of the
resulting strength increases was used as input for the BSTEM
model, as it would represent an average increase in strength due
to the presence of roots.

(iii) The third group (G3) was based on a conservative expert estimate
that considered the corkscrew experimental results for each
species, strength variations from the RipRoot fiber bundle model,
and relevant literature. Similar expert estimates were used by
Krzeminska et al. (2019) in their BSTEM model.

2.6. Modelling scenarios

The aim of this modelling exercise was to estimate the FS of the bank
at S1 under different scenarios. In the first step, the current stability state
of the S1 bank is investigated with SF, SP, PA.

The experimental results for PA reed reported in Kamath et al.
(2023), for the same site but on the other bank of the stream, are
adopted here. The bank geometry modelled was based on S1 (Fig. 5). A
bank with a height of 1.5 m, a bank angle of 40°, a bank toe length of 0.5

ELEVATION (M)

0 1 2 3 4
STATION (M)

Fig. 5. Input geometry of the bank used in BSTEM model.
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m, and a bank toe angle of 90° is modelled. A flow water elevation in the
stream of 0.25 m is input.
In addition, the following scenarios are also modelled:

(i) Water table rises to surface
(i) Bank angle increases from 400 to 55°
(iii) Flow water elevation in the stream changes to 0.75 m and 0 m.

In total 8 cases were analyzed (Table 2).

3. Results

A total of 28, 32, and 19 successful corkscrew extraction experiments
were conducted at Site 1, plot 1 (SF); Site 1, plot 2 (SP); and Site 2, plot 1
(CL), respectively. The corkscrew experiments extended from 0 to 375
mm for the plot with SF and up to 500 mm for the other two plots.
Minimum RAR values of 0.003 %, 0.001 %, and 0.01 % were obtained
for SF, SP, and CL, respectively. Similarly, maximum RAR values of
0.772 %, 0.873 %, and 0.238 % were obtained for SF, SP, and CL,
respectively. The maximum RAR for SF and CL was obtained in the su-
perficial layer (0-125 mm), while the maximum RAR for SP was ob-
tained in a deeper layer (0-375 mm). A moisture content greater than
34 % was recorded for all plots at all depths.

3.1. Site 1, plot 1-Salix fragilis L

Maximum root biomass and RAR were found in cores taken from a
0-125 mm depth. Sixty-two percent of the root biomass and approxi-
mately 65 % of the RAR were concentrated at this shallowest depth
(0-125 mm) (Fig. 6). Comparison of the least rooted and most rooted
soil shows that the peak force of the soil with the highest quantity of
roots was greater than that of the least rooted soil at all depths. Simi-
larly, the displacement at peak force was also less for the least rooted soil
at depths of 0-125 mm and 125-250 mm. However, the displacement at
peak force at a depth of 250-375 mm was in a similar range (10-28 mm)
for all tests.

In general, two distinct force-displacement responses were observed
in the tests. Type 1 shows a rapid increase in force over a short distance
followed by a gradual decrease over a longer displacement. Type 2
shows a rapid increase in force over a short distance followed by a
gradual increase in force instead of a decrease, possibly due to root
engagement (Fig. 7).

Another feature observed in the force-displacement graphs is the
sudden drop in force (Fig. 8). This sudden drop is attributed to root
breakage. Post-test analysis identified broken roots in those tests where
sudden drops were observed. The characteristics mentioned above

Table 2
List of cases analyzed in BSTEM model.

Cases Water table (WT) Flow water elevation (WE) Bank angle (BA)
(m) (m) ©

Case- 0 0.25 40
1

Case- 0.25 0.25 40
2

Case- 0 0 40
3

Case- 0.25 0 40
4

Case- 0 0.75 40
5

Case- 0.25 0.75 40
6

Case- 0.25 0.25 55
7

Case- 0 0.25 55
8
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Fig. 6. Root area ratio variation with depth a) Salix fragilis L. b) Salix purpurea L. ¢) Crataegus laevigata DC.
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Fig. 7. Example force-displacement curves observed for Type 1 (red line) and
Type 2 (green line) in corkscrew experiments from Salix fragilis L. Type 1 has a
lower biomass (0.15 g) and a lower root area ratio (RAR, 0.032 %), while Type
2 has a similar biomass (0.14 g) and a higher RAR (0.244 %). The arrow in-
dicates a potential root breakage. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

indicate that rooted samples exhibit robust ductile behavior when
compared with non-rooted samples.

Regardless of depth, the samples with the highest and lowest dry
biomass do not correspond to those with the highest and lowest RAR,
respectively. For example, at a depth of 0-125 mm, test number 1 has
the lowest RAR (Supplementary Material S1) but not the lowest root
biomass. It is also interesting to note that this test exhibits Type 1
behavior. Tests 5 (1.77 g) and 7 (0.4 g) at a depth of 0-125 mm exhibit
similar Type 2 behavior but have significantly different root biomass
(see Supplementary Material S1). Tests 8 and 9 at a depth of 125-250
mm have similar root biomass but different force-displacement
behavior. Comparing tests 1 and 11 at a depth of 0-125 mm, test 1 ex-
hibits Type 1 behavior, while test 11 exhibits Type 2 behavior. However,
the root biomass of test 1 was higher (0.20 g) than that of test 11 (0.12
g). This anomaly in force-displacement behavior, when compared with
root biomass, disappears when RAR is considered.

Tests 5 and 7 at a depth of 0-125 mm show Type 1 curves and have
similar RAR values. Tests 8 and 9 at a depth of 125-250 mm have
different force-displacement curves, and their RAR values are signifi-
cantly different. Test 1, at a depth of 0-125 mm, has an RAR value
approximately ten times lower than that of test 11 at the same depth,
which is consistent with their soil behavior. The disparities observed in
the comparison between soil behavior and root biomass indicate that
root biomass may not be a precise indicator of root reinforcement.
Conversely, when comparing the RAR of the samples, the mentioned
variations and anomalies do not persist. This suggests that root biomass
may not effectively predict the behavior of rooted soil in corkscrew
experiments, while RAR appears to offer a more insightful explanation
for the ductile behavior of rooted soils. Considering all samples together
and excluding potential outliers, a moderate positive correlation was
observed between normalized peak force and RAR (R2 = 0.65) and

between normalized energy and RAR (R? = 0.62) (see Fig. 11).
3.2. Site 1, plot 2-Salix purpurea L

A significant decrease in RAR with depth, as observed in S1P1, was
not found in this case. A human-induced experimental error occurred
when extracted soil fell back into the hole during testing. Therefore, only
15 cores from the first layer (0-125 mm) and six cores from deeper
layers (up to 500 mm) were deemed successful; the remaining tests were
rejected. Similar to S1P1, Type 1 and Type 2 curves were observed for
tests on SP-rooted soils. In tests on samples with higher RAR (Fig. 9), the
force dropped to nearly zero with a very sudden drop. This drop could be
attributed to root breakage, as broken roots were recovered in all such
tests. Another interesting observation was the distinct clicking/
rupturing sound heard with each sudden drop. This suggests that,
following soil failure, resistance was predominantly provided by the
roots. No correlation was found between normalized peak force and
RAR, or between the normalized energy required to extract the sample
from the soil and RAR.

3.3. Site 2, plot 1-Crataegus laevigata DC

A marked decline in the RAR of CL was observed with increasing
depth, with 53 % of the total RAR concentrated in the shallowest layer
(0-125 mm). In general, medium-sized roots (0.2 mm < dr < 1.0 mm)
were distributed relatively evenly with depth, while medium-thick roots
(dr > 1 mm) rapidly decreased with depth, with over 57 % concentrated
in the top layer. Very few thin roots (dr < 0.2 mm) were found in the
samples.

The sample with an RAR as low as 0.002 % (the lowest of all tests at
Site 2, test number 1 at the 375-500 mm level) also exhibited ductile
behavior (see Supplementary Material). At a depth of 125-250 mm, test
number 6, with a lower RAR (0.01 %), had a higher peak strength than
test number 1, with a higher RAR (0.147 %) (Fig. 10). All roots in test
number 6 were in the medium size range (0.2 mm < dr < 1.0 mm),
whereas the roots in test number 1 consisted of both medium and thick
roots. One thick root in test number 1 slipped, and the other roots broke,
while all roots in test number 6 broke. A similar observation was made at
a depth of 375-500 mm: the sample with the lowest RAR (test 1) had a
similar peak resistance to the sample with the highest RAR (test 4). Post-
test analysis showed that the roots in test 4 slipped, with breakage
observed only at a displacement of 151 mm, while root breakage in test 1
was observed at a displacement of 50 mm. A positive correlation was
observed between RAR and normalized peak force, and between RAR
and normalized energy after excluding potential outliers (see Fig. 11).
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Fig. 8. Example corkscrew extraction force-displacement graphs of soil samples containing roots of Salix fragilis L. at depths: a) 0-125 mm, b) 125-250 mm, and c)
250-375 mm. For each depth, graphs are shown for samples with the highest (green line) and lowest (red line) root biomass. In panels d), e), and f), graphs are shown
for samples with the highest (green line) and lowest (red line) root area ratio at the same depths. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
3.4. Modelling results

For the modelling, a uniform saturated density of 18 kN/m> (ob-
tained at S1) was assigned to all five layers. Bare soil strength parame-
ters, consisting of a friction angle of 42° and cohesion of 1 kPa, were
used based on soil strength data from S1 (Supplementary Material S4).
The additional cohesion due to vegetation for each group (G1, G2, and
G3) was added to the soil cohesion (Table 3). The maximum rooting
depth for all plants was limited to 0.75 m due to the high water table and
saturated soil conditions observed at the site.

BSTEM automatically calculates the tension crack depth as half the
maximum tension crack depth, according to Lohnes and Handy (1968).
The BSTEM model was then used for calculation, utilizing its inherent
parameter settings. A total of 80 model runs were conducted: 8 for bare
soil and 24 each for PA, SF, and SP.

The cohesion estimated in G2, based on the corkscrew test results,
was higher for all three vegetation types compared to G1 and G3
(Figs. 12-14). Consequently, the corresponding FS for all three vegeta-
tion types in G2 was higher than or equal to that in G1 and G3. In Case 8,
the most critical of all cases analyzed (highest bank angle, lowest flow
water level, and high water table), the bare soil bank was found to be
only conditionally stable, with an FS of 1.08. The FS increased to 2.46
(stable condition) in the presence of PA, SF, and SP, due to the additional
cohesion estimated from the experimental results. Comparing Case 7

with Case 8, and Case 1 with Case 2, it can be seen that while the bare
soil FS decreased with an increasing water table, the FS was not affected
when vegetation reinforcement (G2) was present.

When Cases 1 and 2 are compared under G1 conditions, the FS of PA,
bare soil, and SF decreases as the water table rises toward the surface.
However, the FS of SP remains constant. Applying the same comparison
to the G3 input parameters, the FS of bare soil and PA-rooted soil is
influenced by the water table change between Cases 1 and 2, while the
FS of SF and SP remains unchanged. This suggests the existence of a
critical root-cohesion value above which additional vegetation rein-
forcement does not influence the FS of a bank under certain conditions.
This is further supported by comparing Cases 7 and 8 under G1 and G3
input parameters. A rise in the water table does not influence the FS of
the SF and SP-rooted banks under G1 parameters, and it does not in-
fluence the SP-rooted bank under G3 parameters.

4. Discussion
4.1. Biomass, root area ratio and peak strength

The observed RAR of 0.003 % to 0.77 % for SF and 0.001 % to 0.91 %
for SP is consistent with previously reported RAR values in similar en-

vironments, such as lower riverbanks with other species (Abernethy and
Rutherfurd, 2001). However, scatter in RAR was observed for all three
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species at every sampling depth of the corkscrew core. Bischetti et al.
(2005) also observed high RAR variability related to species, location,
and depth in their study of five species at three different locations in
Lombardy, Italy. Site 1's close proximity to water suggests that any
observed scatter may have been influenced by other stress factors.
Researchers have successfully used root biomass to compare

different root reinforcement treatments in direct shear tests (Yildiz et al.,
2018) and to analyze strength variation in relation to root biomass in
triaxial tests (Alam et al., 2022). However, in the current study, tests on
SF-rooted soil and a previous study on PA-rooted soil (Kamath et al.,
2023) showed a lack of correlation between peak strength, energy, and
root biomass. A root contributes to the strength of the root-soil
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Table 3

Additional root reinforcement input into BSTEM model. PA-Phragmites Australis L., SF-Salix fragilis L., SP-Salix purpurea L.. G1, G2, G3 represents three different groups

of root reinforcement.

Layer Depth Cohesion (cr)
PA SF SP
G1 G2 G3 G1 G2 G3 G1 G2 G3
[m] [kPa]
1 0.25 1.9 8.1 1 7.5 12.4 6 4.4 16.8 8
2 0.25 1.9 8.1 1 7.5 12.4 6 4.4 16.8 8
3 0.25 1.9 8.1 0 7.5 12.4 0 4.4 16.8 0
4 0.25 0 0 0 0 0 0 0 0 0
5 0.5 0 0 0 0 0 0 0 0 0
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Fig. 13. Variation of FS for different bank configuration cases with additional
root reinforcement in presence of PA (Phragmites australis L.), SF (Salix fragilis
L.), SP(Salix purpurea L.) and BS (Bare soil) corresponding to input values of G2.
Each group of four bars represents a case with varying Water Table (WT), Water
flow Elevation (WE), and Bank Angle (BA) conditions.

composite only when it intersects the shear surface. However, even
when a root is embedded within the corkscrew sample, it is included in
the biomass measurements. Therefore, any comparison of root contri-
bution to strength based on root biomass requires careful consideration
of which roots to include in the biomass measurements. A similar
challenge exists in direct shear tests: the biomass of roots that intersect
the shear surface should be used for analysis, rather than the total root
biomass in the sample. Consequently, only RAR was measured in tests on
SP and CL.

Widely used root reinforcement prediction models, such as the Wu
model Wu (1976) and the Fiber Bundle Model Pollen and Simon (2005),
are based on root biomechanical properties (tensile strength, Young's
modulus, etc.) and root quantity (RAR). The current study did not
examine the tensile strength or root pullout characteristics of the three
species, as the primary aim was direct measurement of root reinforce-
ment. Additionally, it is important to note that the mechanical proper-
ties of roots from the same species can vary based on their location and
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root reinforcement in presence of PA (Phragmites australis L.), SF (Salix fragilis
L.), SP(Salix purpurea L.) and BS (Bare soil) corresponding to input values of G3.
Each group of four bars represents a case with varying Water Table (WT), Water
flow Elevation (WE), and Bank Angle (BA) conditions.

the various growth stresses and moisture conditions they have experi-
enced. Consequently, only a direct comparison between RAR and
normalized peak strength and normalized energy was performed. The
positive correlation between RAR and peak strength observed for SF and
CL implies an increase in the mechanical properties of root-reinforced
soils with increasing root quantity. Docker and Hubble (2008)
observed a linear relationship between RAR and the increase in shear
failure stress. A strong positive correlation between RAR and shear
strength increase in planted soils was reported by Mickovski et al.
(2009).

Normalized peak force and energy are not solely determined by root
area ratio but are influenced by additional factors such as root biome-
chanical properties and soil-root interactions. The focus on linear
regression with root area ratio as the primary variable, while simplifying
the analysis, contributes to the observed variability and low R? values in
some cases. The plots in Fig. 11 illustrate the general variation of root-
soil composite strength in relation to root area ratio. The outliers (R?
=0.01 and 0.02) likely result from cases where root area ratio alone fails
to capture the complexity of root-soil strength. For example, in scenarios
with significant variations in root tensile strength, the relationship be-
tween root area ratio and strength becomes less linear. Conversely, the
moderate R? values (0.62-0.65) may correspond to systems where root
area ratio is a more dominant factor in determining peak strength,
though these values still suggest room for improvement. This also in-
dicates that the relationships may be species-dependent.

In the case of CL, despite the low recorded RAR values, the peak
strength remained high. This discrepancy is most likely attributed to the
comparatively higher tensile strengths of these roots, as observed by
Docker and Hubble (2008).

4.2. Properties of root reinforced soils

Corkscrew extraction samples with higher RAR showed increased
root-soil composite ductility for SF and SP (Fig. 15). This is similar to
observations from in situ direct shear tests, where vegetated samples
withstand greater shear displacements (Ekanayake and Phillips, 1999).
Docker and Hubble (2008) also reported that tree roots provided their
greatest contribution to soil strength at displacements where the soil
alone would only provide residual strength. The abrupt declines in force-
displacement graphs, often accompanied by an audible clicking sound
observed in the current study, were similarly documented in direct shear
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tests conducted by Docker and Hubble (2008) on four distinct riparian
vegetation types. Meijer et al. (2018) also reported these phenomena in
their study involving blackcurrant (Ribes nigrum) shrubs and Sitka
spruce (Picea sitchensis) trees.

However, this ductility of rooted soil was not clearly observable in
CL-rooted soil at all depths. In the majority of tests, the predominant
failure mode observed was root breakage. Nevertheless, in CL sample
extractions at depths of 125-250 mm and 375-500 mm, instances of
root slippage were noted. In these particular tests, the root area ratio was
notably greater compared to the other tests, even though the peak force
was not. This finding aligns with previous studies (Schwarz et al., 2010;
Ghestem et al., 2014), which proposed that roots exhibiting breakage
rather than slippage tend to exhibit higher resistance, as they fully uti-
lize their tensile strength. Whether root breakage or pullout occurs de-
pends on a number of factors related to both soil (soil moisture, type,
etc.) and vegetation (branching, size, etc.).

Species-dependent variation in force-displacement behavior was
reported by Ghestem et al. (2014). However, no clear difference in force-
displacement behavior among the three species was identified in this
study. It should also be noted that insufficient shear strain displacement
may have been achieved in direct shear tests to cause all roots to fail,
whereas in this study, corkscrew extraction continued until all roots had
been pulled out or ruptured. In general, SF and CL showed higher peak
force in the top layers. In deeper layers (250-375 mm), SP-rooted soil
showed higher resistance to shear (see Fig. 16).

Another aspect to consider, in addition to the additional strength
provided to the slope, is the vegetation's self-weight, which negatively
influences slope stability. For instance, CL can provide similar strength
to SP in superficial layers with significantly less additional self-weight.
However, this aspect is often excluded from root reinforcement studies
and warrants further investigation. From a practical standpoint, the
findings of Capobianco et al. (2021) suggest that implementing a mixed
vegetation strategy, including trees, shrubs, and grasses, is the most
effective way to achieve strong hydro-mechanical reinforcement of
streambanks, alongside improved erosion protection and enhanced
ecosystem biodiversity.

4.3. BSTEM modelling

Including the obtained corkscrew experimental results in the BSTEM
model presents several challenges. Firstly, only peak shear strength is
obtained from these experiments; soil parameters such as cohesion and
internal friction angle are not directly available. Meijer et al. (2016)
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found that corkscrew experiments and direct shear tests show similar
peak strengths in bare soil. Nevertheless, it should be noted that cork-
screw tests are conducted under very low normal stress (<10 kPa).
Secondly, corkscrew experiments have a vertical shear plane, whereas
the bank failure plane is expected to be horizontal (Meijer et al., 2016).
Lastly, BSTEM accounts for root reinforcement by adding the additional
cohesion due to the presence of vegetation to the top 1 m of the bank.
Furthermore, the model does not account for cases where vegetation
cover extends over the entire bank slope (Krzeminska et al., 2019).
Nevertheless, the current study attempted to address the above draw-
backs by using three different groups of input values for each species to
represent the increase in strength due to the presence of roots.

The FS for all vegetated cases was higher than for corresponding bare
soil cases, as observed in other field investigations (e.g., Zong et al.,
2023). It can also be observed that the presence of vegetation rein-
forcement compensates for the increase in bank angle to 55°. When the
bank angle increases to 55°, a 1.9 kPa and 1 kPa increase in cohesion due
to the roots of PA would result in a FS of 1.78 (stable) and 1.29
(conditionally stable), respectively. However, in the absence of vegeta-
tion, the same bank would be unstable, with a FS of 1.08.

Although an increase in root reinforcement results in an increase in
the FS, there appears to be a critical cohesion value beyond which
further increases have only a limited effect on the FS. This can be
observed by comparing the FS for model results using corkscrew
experiment results (G2). The increase in root reinforcement values from
8.1 kPa to 12.4 kPa to 16.8 kPa had no influence on the FS for any of the
eight cases analyzed. Similar observations have also been made
regarding the effect of root reinforcement on slope settlement during
earthquake loading (Liang et al., 2020). This implies that vegetation
management for nature-based solutions for bank protection (Gray and
Sotir, 1996) should aim to achieve this critical cohesion value to
maximize the benefits of root reinforcement.

4.4. Advantages and limitations of the corkscrew method for assessing
root reinforcement

The corkscrew setup proved to have several advantages for moni-
toring root reinforcement along canal and stream banks. The relatively
short time required to conduct the tests allows for larger-scale testing
and application. Its ease of use and light weight enable testing even in
challenging riparian conditions. Another clear advantage compared to
field direct shear tests is the ability to conduct semi-destructive testing
without significantly affecting the overall stability of the embankment.
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This offers the possibility of using the method periodically to monitor
root reinforcement along canal embankments.

The corkscrew extraction technique, while offering certain advan-
tages, presents several limitations. The small sample volume of the
corkscrew technique can lead to biased results if encountered roots are
unusually large or dense Meijer et al. (2019). Furthermore, the vari-
ability in site characteristics can complicate the isolation and quantifi-
cation of the specific contribution of root reinforcement to bank
stability. Conducting tests very close to canals or water bodies can
present logistical challenges, as a stable tripod setup may not always be
feasible. Challenges can arise in achieving the desired testing depth.
Manual insertion of the corkscrew can be physically demanding and may
limit the maximum achievable depth (in this study, 500 mm). Moreover,
accurately reinserting the corkscrew into the same hole after a previous
test at a shallower depth can be challenging and may introduce vari-
ability into the measurements. The technique can also be less effective in
soils with high gravel content or where roots exhibit primarily hori-
zontal growth Meijer et al. (2019). In this study recovery of roots after
the tests from the corkscrew hole was difficult, thus making the com-
parison with root mechanical properties challenging.

To mitigate these limitations, several strategies can be implemented.
Following Meijer et al. (2019), increasing the number of samples per
location can improve the statistical reliability of the measurements,
allowing for a more accurate estimation of the mean root reinforcement
strength. Modifying the corkscrew apparatus, such as by using longer
handles and larger helixes, can potentially increase the achievable
testing depth and reduce variability. Alternative setups, such as those
utilizing specialized drilling equipment, may be necessary to overcome
limitations in accessing deeper root systems. Adapting the setup to
conduct the corkscrew extractions at an angle to the vertical can also be
useful. To improve recovery of roots foam could be used after the tests as
done by Meijer et al. (2018). However, the primary objective of this
study was not to determine mechanical properties of roots, and hence,
root recovery was done only manually. Furthermore, conducting cali-
bration tests in a variety of soil types and with different vegetation
species is crucial to develop correction factors and improve the gener-
alizability of the method.

5. Conclusions

Corkscrew extraction experiments proved to be a quick and useful
tool for determining the strength of root-reinforced soil along canal
banks. With further development, the setup could serve as an effective
monitoring tool for root reinforcement along canal and river embank-
ments. Of the three species investigated in this study, soil rooted with
Salix fragilis L. and Crataegus laevigata DC. showed higher resistance to
shear in the top layer (0-250 mm), while Salix purpurea L. showed higher
resistance in deeper layers (250-500 mm). Root breakages were iden-
tified by sudden drops in the force-displacement curve, often accom-
panied by an audible clicking sound. Overall, samples with higher root
area ratios exhibited greater peak strength and higher displacement at
peak force compared to those with the lowest root area ratios across all
three species and depths, with the exception of Crataegus laevigata DC. at
depths of 125-250 mm and 375-500 mm. The large number of in situ
tests that can be conducted using corkscrew experiments proves useful
where high variability is observed. Modelling using BSTEM indicates a
minimum “critical” root reinforcement level beyond which the influence
of root reinforcement on the factor of safety is minimal. Even moderate
amounts of root reinforcement were seen to increase the FS of the bank.
The presence of vegetation was able to counteract the effect of an in-
crease in bank angle.

This study acknowledges several limitations. While providing initial
insights, the analysis was based on a limited sample size. Seasonal var-
iations in root reinforcement, a factor likely influencing long-term bank
stability, were not measured or incorporated into the modelling. The
confinement of the study to a limited soil type and plant per species also
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presents challenges for broad generalization and scalability of the
findings. Future research should address these limitations by investi-
gating these species across diverse locations and site conditions,
considering variations in soil type, hydrology, and competition with
other vegetation. Increasing the number of tests will be crucial to
enhance the statistical power of the analysis and better account for
inherent variability. Finally, incorporating the effect of vegetation self-
weight into bank stability models like BSTEM will provide a more
comprehensive understanding of the forces at play, particularly for
larger vegetation. Addressing these aspects in future investigations will
further refine our understanding of root reinforcement mechanics and
contribute to the development of more robust and effective bioengi-
neering strategies for slope stabilization.
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