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Abstract
Background and Aims Roots of plants have been
shown to be effective in reinforcing soils against slope
failures. Two key mechanical properties in such rein-
forcement are the root’s tensile strength (TS) and elastic
modulus (EM). However, knowledge on the combined
effects of root moisture content (RMC) and root diam-
eter on these properties is scarce. The study aims to
quantify these relationships for root samples of four
native Australian tree (A. costata, B. integrifolia, E.
reticulatus, and E. racemosa).
Methods A series of tensile tests were conducted and
the root diameter at the fracture point and RMC were
measured immediately after each test. Data were anal-
ysed using both univariate and multivariate analyses.
Results Both TS and EM declined with increas-
ing diameter. Power-law expressions were found to
describe the relationship between TS and diameter
moderately well, but less so the one between TS and
RMC. Multivariate analyses yielded a double power-
law for TS versus diameter and RMCwith a stronger fit
than univariate ones. A weaker power-law was found
between EM and these 2 variables. Of the four trees
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tested, A. costata exhibited the highest tensile strength
and elastic modulus at a 1 mm diameter, while B. inte-
grifolia yielded the lowest.
Conclusion Considering both diameter and RMC as
explanatory variables of TS and EM yield better
accounts of experimental data. This work contributes
to a better understanding of reinforcement capacity of
trees generally, as well as the specific performance of
roots of four native Australian trees.

Keywords Root tensile strength ·
Root elastic modulus · Root-soil reinforcement ·
Multivariate regression analysis

Introduction

Shallow landslides on hillslopes, which are often trig-
gered by rapid rainstorms (Rickli and Graf 2009) or
earthquakes (Croissant et al. 2019) and may be associ-
ated with rock falls, debris flows and foundation cav-
ities, pose significant risks to forest ecosystems and
nearby residents (Leiba 2013, Phillips et al. 2021).
These shallow landslides, typically involving hillslope
material less than 2 m deep and up to 1000 m3 of soil,
can manifest through sliding, flowing or more complex
movements (Rickli and Graf 2009). To mitigate this,
there has been a growing trend toward using vegetation
to bio-engineer shallow slopes. The role of vegetation
in stabilising slopes has been well-established through
numerous laboratory experiments and field observa-
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tions (e.g. Preti and Giadrossich 2009; Hubble and
Rutherfurd 2010; Vergani et al. 2017).

Vegetation enhances slope stability and thus sup-
ports sustainable land management. Slope stabilisa-
tion occurs via several mechanisms, includingmechan-
ically anchoring the failure plane, mitigating surface
erosion, and reducing soil water content to increase
soil strength (Ng et al. 2019, Schwarz et al. 2010). The
literature has extensively documented the mechanical
stabilisation offered by roots (e.g. Schwarz et al. 2010;
Giadrossich et al. 2017; Masi et al. 2021). Specifically,
robust roots vertically penetrate the basal failure plane,
while lateral roots near the surface can confer additional
tension or compression strength around a landslide’s
scarp or toe (Schwarz et al. 2010).

Several models have been proposed to predict the
behaviour of root-reinforced soils, including the Wu-
Waldron model (WWM) (Waldron 1977, Wu et al.
1979), the stress-step loading fibre bundle model
(FBM) (Pollen and Simon 2005), the strain-step load-
ing fibre bundle model (also referred to as the root
bundle model, RBM) (Schwarz et al. 2010), and other
derivativemodels. In thesemodels, root tensile strength
(Nilaweera andNutalaya 1999,Operstein and Frydman
2000) and root elasticmodulus (Cohen et al. 2011,Mao
et al. 2018) are critical variables as they significantly
influence the reinforcement behaviour.

Previous research on tensile strength and elastic
modulus of roots has explored the effects of root diam-
eter (e.g. Yang et al. 2016; Nilaweera and Nutalaya
1999; De Baets et al. 2008) and root moisture content
(RMC) (Hales andMiniat 2017, Hales et al. 2013, Yang
et al. 2016) as independent variables. In many stud-
ies, the tensile strength-diameter relationship is gener-
ally accepted as a power-law relationship with a larger
diameter having smaller tensile strength (Bischetti et al.
2005, De Baets et al. 2008, Genet et al. 2005, Mat-
tia et al. 2005, Nilaweera and Nutalaya 1999, Oper-
stein and Frydman 2000, Tosi 2007, Zhang et al. 2019,
2020). A general form of the relationship is shown in
the following Equation:

Tr (d) = k1d
k2
r (1)

where Tr is the tensile strength of the root in MPa,
dr is the diameter in mm, and k1 and k2 are species-
dependent coefficients. However, this model may not
be suitable for roots with diameters smaller than 1 mm

as a result of structural differences between primary
and secondary roots (Ng et al. 2019).

Another variable that may influence root rein-
forcement outcomes is RMC (Boldrin et al. 2018,
Giadrossich et al. 2017, Hales and Miniat 2017, Hales
et al. 2013, Yang et al. 2016, Zhang et al. 2019).
However, unlike the tensile strength-diameter relation-
ship, there is no agreed relationship between RMC and
root strength. Nevertheless, it is widely recognised that
roots with higher moisture content exhibit lower ten-
sile strength. Hales and Miniat (2017) reported a 40%
reduction in root tensile strength when RMC increased
from a range of 20-40% to 80%-100%. Furthermore,
Zhang et al. (2019) observed a linear decline in the
tensile strength of herbaceous plant roots with increas-
ing RMC. Variations in tensile strength at different
RMC levels can be attributed to changes in the organic
polymer strength of cell walls in response to moisture
changes (Hales andMiniat 2017).However,manyother
studies (e.g. Fan and Chen 2010; Yusoff et al. 2016;
Giadrossich et al. 2016) do not report any attempt to
measure or control RMC. As Giadrossich et al. (2017)
note, the absence of experimental standards might
influence the applicability of results, potentially affect-
ing the quality of root reinforcement model predictions
calibrated based on the experiments. Since significant
reductions in tensile strength have been observed, it
is important to consider RMC when documenting ten-
sile strength to reflect the most accurate properties for
bio-engineering designs. Relying on the dry strength
of roots can lead to significant overestimation of their
reinforcement capabilities.

Root storage and handlingmay influence the biome-
chanical properties of roots, particularly their ten-
sile strength, which is closely associated with RMC,
lignin and cellulose degradation (Boldrin et al. 2018,
Giadrossich et al. 2017). Several storage methods have
been reported in previous studies, including: refriger-
ation (Bischetti et al. 2005, Loades et al. 2010, Mattia
et al. 2005); drying roots followed by rehydration prior
to testing (Genet et al. 2008, Ji et al. 2012); and stor-
ing roots in their original soil to preserve their natural
moisture conditions (Cofie and Koolen 2001).

In addition to tensile strength, the elastic modulus
of roots (indicative of root stiffness) is a often over-
looked in tensile tests due to the primary emphasis on
tensile strength as well as challenges associated with
its measurement, such as the control of initial length of
tortuous roots. Few studies have measured the elastic
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modulus of roots (e.g. Lee et al. 2020; Liang et al. 2017;
Boldrin et al. 2018; Sanchez-Castillo et al. 2017; Phan
et al. 2021) and the data on elastic modulus remain
scarce (Schwarz et al. 2013). Additionally, calculat-
ing the elastic modulus from published results of other
studies is usually not possible because the strain is not
reported.

Nonetheless, the elasticmodulus significantly affects
the stress-strain behaviour of roots during failure, as
demonstrated by Mickovski et al. (2007), and is an
important parameter in displacement-driven reinforce-
ment models, such as RBM and its derivative models
(Meijer 2021). More data on elastic modulus is pivotal
for root bundle models and numerical simulations that
analyse strain and displacement of root-soil systems
(Fan and Su 2008, Operstein and Frydman 2000). The
root elastic modulus can also be influenced by various
factors previously discussed. For instance, some stud-
ies (e.g.Boldrin et al. 2018;Hales et al. 2013; Phan et al.
2021), have pointed out that RMC and/or root diame-
ter might significantly impact results. In contrast, other
studies (e.g. Liang et al. 2017), suggest that such influ-
ences may not be universally applicable across all plant
species.

Moreover, applying root reinforcement in specific
geographical locales requires understanding of the
properties of tree species indigenous to those areas.
Studies have rarely reported species from Australia
(Masi et al. 2021) and, at present, only limited data on
the tensile strength and elastic modulus of roots from
native Australian species exists (e.g. Abernethy and

Rutherfurd 2001; Docker and Hubble 2008), despite
the importance of these properties in root reinforce-
ment predictive models (Mao et al. 2018).

To address these research gaps, this study reports a
set of laboratory tests measuring the tensile strengths
and elastic modulus of roots from four native Aus-
tralian tree species, with varying root diameters and
RMCs. Univariate and multivariate statistical analyses
have been carried out to investigate the relationships
between tensile strength, elasticmodulus, diameter and
RMC. In addition, the study assesses the effect of root
storage on tensile strength and provides some insight
into the practicality of root testing. Findings from this
research adds to existing knowledge base on plant and
root tensile strength, and enhance comprehension of
root tensile strength to contribute to the formulation of
improved constitutive root reinforcement models.

Methodology

Material used and experiment setup

Four native Australian species were selected for the
research Angophora costata (A. costata), Banksia inte-
grifolia (B. integrifolia),Eucalyptus racemosa(E. race-
mosa) andElaeocarpus reticulatus(E. reticulatus). The
natural distribution of these plants is shown in Fig. 1.
The selected species are representative of native Aus-
tralian trees found in diverse ecosystems along the east
coast of Australia (Australian National Botanic Gar-

Fig. 1 Distribution map of
A. costata, E. racemosa, E.
reticulatus and B.
integrifolia. Data collected
from The Australasian
Virtual Herbarium (2022)
and Australian National
Botanic Gardens (2016)
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dens 2016, Elliot and Jones 1980, Jacobs 1955). These
species were chosen for their ecological importance
and potential contributions to bioengineering applica-
tions. Discussions with practitioners and horticulturists
also highlighted their increasing use in urban forestry
projects. For instance, B. integrifolia is widely recog-
nised for its adaptability to sandy, nutrient-poor, and
even saline soils, which are often unsuitable for other
species (Northern Beaches Council 2019). It serves as a
vital floral nectar source in heath ecosystems (Clemson
1985,Woinarski et al. 2000) and supports the preserva-
tion of threatened nomadic pollinators, playing a crit-
ical role in maintaining local ecosystem health (Eby
2016). Similarly, E. reticulatus produces distinctive
blue berries that provide sustenance for native fauna,
including the brushtail possum, the Regent Bowerbird,
and various bird species, thereby enriching local biodi-
versity (Sharma et al. 2023). E. racemosa serves as an
effective carbon sink, offering opportunities for envi-
ronmental service payments through initiatives such
as the Clean Development Mechanism of the United
Nations (NoihaNoumi et al. 2018). In practical applica-
tions, A. costata and E. reticulatus have been utilised in
urban disposal systems and surrounding areas to absorb
effluent, reducing septic safety issues and improving
environmental health (Griffith City Council 2022).

The plants were collected from Randwick City
Council Nursery, a native plants nursery located in
Randwick, Sydney, Australia (33°55’9.16” S, 151°13’
28.17” E). The trees were about 12-month-old at the

time of collection (April 2021) and were then trans-
planted into larger containers (450 mm-diameter) to
reduce root decay. They were subsequently grown
for an additional 18 months under consistent condi-
tions before testing. During root sample collection, the
root segments, approximately 110 mm in length, were
removed from the container with some neighbouring
soils placed in resealable bags to preserve the RMC.
The roots were immediately placed into the bags and
sealed for testing. To ensure that the root samples rep-
resented the full range of root characteristics, random
samplingwas employed during sample selection.Roots
were randomly selected from various sections of four
tree root systems per species to account for natural vari-
ability in diameter, morphology, and moisture content.
Additionally, care was taken to sample from four trees
of each species to further enhance the representative-
ness of the dataset. To achieve the low RMC that were
unlikely to occur in natural plants, some root samples
were air dried for up to 48 hours. Root lengths were at
least 30 times the corresponding diameters following
Giadrossich et al. (2017).

A material testing machine (Tinius Olsen H5KS)
equipped with a specially designed clamp to increase
the interface roughness was used for the tensile test.
The distance between the ends of the clamps was set
to 54.72±0.01 mm in the machine for the calculation
of the elastic modulus. The setup for this method is
depicted in Fig. 2.

Fig. 2 The setup for the
tensile test
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During the experiment, the samples were loaded
onto the testingmachine and pulled apart at a rate of 0.5
mm/min. The tensile tests directly yielded data on ulti-
mate load and displacement with an accuracy of 0.01 N
and 0.01mm, respectively. The root diameter andRMC
were measured immediately after the tensile tests.

The root diameter was measured with a Vernier cal-
liper with an accuracy of 0.01 mm at the fracture point.
For roots with non-circular cross-sections, both the
longest and shortest axes were determined, and their
cross-sectional areas were approximated as ellipses.
The bark’s diameter was incorporated as recommended
byGiadrossich et al. (2017). The RMCwas determined
similarly to the soil gravimetric water content, con-
ducted by the oven-drying method for soil according
to AS1289.2.1.1 (Standards Australia 2005). RMC in
this study is defined by the following equation:

RMC = mweight o f water

mweight o f dry root
(2)

In Eq. 2, the weight of water was determined by the
difference between the fresh specimen and the speci-
men that had been oven-dried at 105°C for 24 hours. A
high-precision scale (Thermoline XA 82/220/X) with
a resolution of 0.00001 g was used to determine the
weight of the root samples. To prevent any water loss
during transportation, the samples were sealed in tin
containers, and the dry weights were measured after
the containers were allowed to cool to room temper-
ature in a drying jar containing dry silica gel. Roots,
especially the fine roots, lose moisture content rapidly
when exposed in air. For instance, Boldrin et al. (2018)
found that approximately of 13% and 6.5% water loss
in fine roots of 1mmand 2mmclass, starting from fully
saturated roots and air-dried for 30 minutes. Therefore,
the tensile experiments were completed in under 5min-
utes to minimise the effects of evaporation.

To explore the impact of air-drying on root storage,
twenty roots of varying diameters were subjected to
room temperature air-drying conditions for four weeks.
Preliminary observations indicated that roots lostmois-
ture rapidly within the first 48 hours. Based on these
observations, it was assumed that the RMC stabilised
after this period. The tensile strengths of roots air-dried
for approximately 48 hours and four weeks were com-
pared, and their RMCwasmeasured to verify the RMC
values were comparable.

Identification of defects and irregular morphologies

Giadrossich et al. (2017) highlighted the significance
of visual analysis of specimens prior and after tensile
strength testing to decide the acceptance of specimen.
For instance, Mattia et al. (2005) chose only root speci-
menswithout any visible defects; whilst Ji et al. (2012),
specifically selected straight root segmentswith no sign
of damage. Rigorous visual inspection was also con-
ducted in this study to ensure no pre-existing faults have
affected the results. However, root strength can also be
influenced by irregular morphologies that occur during
growth, and not just damage or defects (Amoroso et al.
2010, Lindström and Rune 1999). These irregular mor-
phologies may manifest as roots with attached soil and
can be difficult to identify until the end of the exper-
iment. Additionally, these irregular morphologies are
inherent to the natural root system. As Loades et al.
(2010) have found, root systems have high individual
strength variability due to these natural weak points
and their structures. Excluding them carries the risk of
introducing bias and increasing the measured tensile
strength in the root system. Therefore, the measured
strength from samples with natural irregularmorpholo-
gies were included in the regression analyses.

The first type of irregular morphologies in roots is
a tortuous point, as shown in Fig. 3(a). This refers to
a root’s deviation from a straight line, which enhances
the root’s anchorage in the soil and facilitates nutri-
ent absorption from neighbouring soil. Schwarz et al.
(2011), emphasised the significance of these tortuous
points in estimating the single root peak pull-out stress,
as they contribute to additional anchorage. However,
the non-axial stress imposing a bending moment at
these branching points could lead to tearing failure at
the tortuous point, resulting lower tensile strength.

Another type of irregular morphologies is a ball-
shaped nodal joint. The joints may form due to natu-
ral damage in growth or nutrition storage in roots. The
joints were difficult to identify by visual inspection, but
they could be clearly identified after a tensile test when
one end was pulled out from the nodal joint, leaving
the skin still attached on the nodal socket. These joints
resembled the fish-bead analogue used by Schwarz
et al. (2011) to experimentally simulate a branching
point. Figure 3(b) shows an example of a root with a
ball-shaped node. The diameter around the joint was
slightly larger, which resulted in lower measured stress
in calculation.
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Fig. 3 Two types of
observed irregular
morphologies that could
affect the measured tensile
strength (a) tearing of a
tortuous knot (b) fracture at
a ball-shaped joint

Result analysis

Giadrossich et al. (2017) highlighted concerns regard-
ing the validity of tensile test results, given the lack of
standardisation. Due to their fragility, roots can be eas-
ily damaged under the compressive forces exerted by
clamps, which are considerably stronger. Furthermore,
since roots often taper, if a breakage happens close to
the clamp, it becomes challenging to discern whether
the breakage resulted from the reduced diameter or
clamp-induced damage. Consequently, several studies
(Abernethy and Rutherfurd 2001, Bischetti et al. 2005,
Genet et al. 2008) have solely accepted outcomes from
roots that fractured in their mid-section. Nonetheless,
Hales et al. (2013) demonstrated that data from clamp-
adjacent failures were not statistically different from
mid-section failures. Additionally, Giadrossich et al.
(2017) posited that discarding results from roots that
broke near the clamp might lead to an overestimation
of their strength. Thus, in this study, results from both
the mid-section and near the clamp were considered
valid, as long as no evident compression damage was
observed. Using the breaking force recorded, the ten-
sile strength was calculated by dividing this force by
the cross-sectional area at the fracture point.

The elastic modulus was calculated using the fol-
lowing equation:

E = �F/A

�L/L0
(3)

where�F is the change of load between the two points,
�L is the change in displacement between the two
points, A is the cross-sectional area and L0 is the ini-
tial sample length. Note that, in the earliest phase of the
experiment, the roots could not be straightened which
led to under-loading. Hence, the part of the slope cor-
responding to this early phase was ignored in the cal-
culation of the elastic modulus.

Analysis of results was conducted in a number of
stages to quantify the relationship between, on the
one hand, tensile strength, on the other hand, diame-
ter and RMC. The procedure described below was then
repeated for elastic modulus.

1. To assess the effect of root handling on results, addi-
tional linear regressions were conducted to com-
pare differences in tensile strength of two groups
of roots: i) air-dried for two days and ii) air-dried
four weeks.
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2. Data were initially plotted for visual assessment (ten-
sile strength versus diameter and tensile strength
versus RMC).

3. Univariate linear regressions were conducted in
normal and log-log spaces and goodness-of-fit R2

calculated. In addition, the Shapiro-Wilk (SW) test
of normality was conducted on the residuals in the
log-log space (with a null hypothesis that the data
are normally distributed and errors of regression
model are therefore stochastic, thereby lending fur-
ther support to the proposed relationship).

4. Finally, based on the inspection of the univari-
ate regressions, a multivariate regression analysis
(MRA) was conducted on tensile strength, diame-
ter, and RMC as follows.

(a) an assessment of collinearity between diame-
ter and RMC was performed using variance
inflation factors (VIF) and Pearson’s correla-
tion coefficients (r )

(b) 3D scatter plots were then generated to visu-
alise the relationships between tensile strength,
diameter and RMC and a suitable mathemati-
cal MRA model was determined and assessed
based on goodness-of-fit R2 values (Raju et al.
1997, Yin and Fan 2001).

Results

Effect of root storage in air-dried condition

Giadrossich et al. (2017) suggested that root storage
method and storage time may affect the tensile prop-
erties. Bischetti et al. (2005) found little difference

in measured root tensile strength for woody plants
between various storage methods and storage times up
to a fewweeks. In this study, twenty rootswith different
diameters were stored at room temperature in sealed
air-dried conditions for 4 weeks. Figure 4 presents a
comparison of the testing results of roots that were air-
dried for 4 weeks and for 2 days. The RMCs of the two
groups were close, with an average RMC of 9.1% with
SD = 2.6% for the 2-day samples, and 7.8% with SD =
2.6% for the 4-week samples.

The trend in RMC between the two groups agrees
with the results reported by Boldrin et al. (2018)
whereby the loss of water content reduced with time.
In this study, the RMC almost reached a minimum
value after 2 days of air-drying condition. The regres-
sion equation between Ts and d for the roots that were
air-dried for 2 days is Ts = 34.69d−0.295 (R2 = 0.40),
while the regression equation for the roots thatwere air-
dried for 4 weeks is Ts = 13.96d−0.351 (R2 = 0.43).
As illustrated in Fig. 4, although the RMCs were sim-
ilar, the samples that were air-dried for 4 weeks had a
much lower expected tensile strength.

The results presented in Fig. 4 agree with findings
reported byMahannopkul and Jotisankasa (2019), who
studied root tensile strength inVetiver grass under vary-
ing suction conditions. Their study demonstrated that
increasing root suction (or decreasing root moisture
content) typically resulted in reduced tensile strength,
particularly in finer roots. This observation is consis-
tent with the trends seen in the current study. However,
the loss in tensile strength could also be due to cellu-
lose degradation, as the samples after 4weeks exhibited
evident signs of withering and were significantly more
brittle. Based on these findings, it is recommended that

Fig. 4 Tensile strength of
root samples collected from
one A. costata and air dried
for different period of times
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samples should be tested promptly and should not be
allowed to air-dry for extended periods to avoid the loss
of cellular activity and the subsequent loss of tensile
strength.

Tensile strength, diameter and RMC

A total of 308 sampleswere tested, resulting in 244 data
points being accepted after visual inspection. 64 data

points were rejected owing to non-tensile fractures,
including the tearing of root cortexes. In Fig. 5, the
data and power-law regression curve for each species
are plotted in (a),(b),(c) and (d), showing ageneral trend
of declining strength with increasing diameter for all
species.

The regression analyses presented in Fig. 5(a), (b),
(c) and (d) demonstrate the fit for the measured data
points in a power-law relationship. All four R2 val-
ues obtained show a statistically moderate relationship

Fig. 5 Tensile strength vs
diameter for (a) A. costata,
(b) B. integrifolia, (c) E.
reticulatus (d) E. racemosa
and Linear regression of the
tensile strength vs diameter
in log-log space with the
residual distribution for the
four species in (e), (f), (g)
and (h). Residuals in all 4
cases have passed the
Shapiro-Wilk test for
normality
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between diameter and tensile strength. High R2 values
are not expected due to the inherent biological variabil-
ity and stochasticity associated with living trees. Com-
mon R2 values from literature ranges from 0.2-0.8 (e.g.
Bischetti et al. 2005; Genet et al. 2005; De Baets et al.
2008; Lee et al. 2020), with most of the values falling
around 0.4. Hence, the R2 values from this study are
relatively high and indicate that the power law is a rea-
sonable approximation of the data.

The linear regression results in log-log space are
shown in Fig. 5(e), (f), (g) and (h). For each of the
four data sets, the relationship between the variables
can be described by a linear equation in a log-log space
with moderately strong relationships, adding weight
to evidence provided by R2 from the previous power-
law regression. Importantly, the residuals passed the
Shapiro-Wilk tests with test statistics (W ) and p-values
(p), suggesting that the assumption of normality was
not violated (see test statistics inTable 1).Overall, these
findings provide substantial evidence for a power-law
relationship in the original scale for each data set.

The relationship between tensile strength and RMC
was also explored. Overall, the results showed a trend
whereby roots with higher RMC have lower tensile
strength, consistent with the observations from Hales
and Miniat (2017) and Zhang et al. (2019).

To date, to the best of the authors’ knowledge, only
Zhang et al. (2019) and Ekeoma et al. (2021) have
quantified the relationship between RMC and tensile
strength. Zhang et al. (2019) introduced the concept of
relative RMC, defined as the ratio of RMC to RMC at
full saturation. Their study reported a linear relation-
ship between tensile force and relative RMC, achiev-
ing exceptionally high R2 values of 0.999 and 0.966,
although these findings were based on only four data
points, representing the mean tensile forces of four
test groups at varying levels of relative RMC. In con-
trast, Ekeoma et al. (2021) explored this relationship
using negative power-law curve fitting, which revealed
a weak correlation (R2 = 0.38). Yang et al. (2016)
approached the problem by categorising moisture con-
tent into classes and performing regression analysis,

providing additional insights but without a fully quan-
tified relationship. Boldrin et al. (2017) also discussed
the potential effects of root water content on tensile
strength calculations, but their work did not estab-
lish quantified relationships between RMC and tensile
strength. Furthermore, the role of root water poten-
tial in influencing root tensile properties is another
important aspect to consider. Studies by Jotisankasa
and Taworn (2016) and Mahannopkul and Jotisankasa
(2019) have shown that root suction may impacts ten-
sile strength, with higher suction (drier roots) condi-
tions generally leading to reduced tensile strength, par-
ticularly in finer roots. Although these findings differ
from those observed in this study, they underscore the
importance of root water potential as a different impor-
tant parameter for understanding the biomechanical
behaviour of roots and may be considered in future
studies.

In this study, a linear regressionmodel does not seem
to be suitable for the data obtained in this study,with R2

values of 0.33, 0.27, 0.03 and 0.31 for the four plants.
A power-law regression model Fig. 6 yields better R2

values of 0.59, 0.38, 0.14 and 0.44. A transformation to
log-log space shown in Fig. 6 (e), (f), (g) and (h) con-
firms this finding, with low to moderate R2 values. The
seemingly weak relationship between tensile strength
and RMC suggests that a multivariate regression analy-
sis (MRA)may be beneficial in capturing a relationship
between tensile strength, diameter and RMC.

The residuals passed the Shapiro-Wilk tests with
W and p of (e) W=0.98 p=0.33, (f)W=0.98 p=0.65,
(g)W=0.97 p=0.20 and (h)W=0.97 p=0.53

Amodel that considers both diameter and RMCwas
considered, and anMRAwas conducted. The root sam-
ples in this study had diameters between 0.19-4.48 mm
andRMCbetween 3.1%-300%. Prior to performing the
MRA, an assessment was conducted to examine the
presence of correlation between diameter and RMC.
The results are presented in Table 2.

Typically, an r over 0.8 or below -0.8 indicates mul-
ticollinearity (Senaviratna and Cooray 2019) while a
VIF value of 1 indicates no multicollinearity and a VIF

Table 1 Shapiro-Wilk test
statistics (W ) and p-values
(p) for tensile strength and
diameter

A. costata B. integrifolia E. reticulatus E. racemosa

W 0.99 0.96 0.96 0.97

p 0.77 0.16 0.06 0.45
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Fig. 6 Tensile strength vs
root moisture content for (a)
A. costata, (b) B.
integrifolia, (c) E.
reticulatus (d) E. racemosa
and Linear regression of the
tensile strength vs root
moisture content in log-log
space with the residual
distribution for for the four
species in (e), (f), (g) and
(h). Residuals in all 4 cases
have passed the
Shapiro-Wilk test for
normality

value above 5 is considered a sign of multicollinearity
(Kim 2019).

The r results indicate a weak to moderate relation-
ship between the two variables for A. costata, B. inte-

Table 2 Variance inflation
factors and Pearson’s
correlation coefficients
between root moisture
content and diameter

A. costata B. integrifolia E. reticulatus E. racemosa

VIF 1.2 1.6 1.0 1

Covariance 0.31 0.17 -0.01 0.14

r 0.42 0.6 -0.06 0.49
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Fig. 7 3D scatter-plot of
tensile strength vs root
moisture content and
diameter for (a) A. costata,
(b) B. integrifolia, (c) E.
reticulatus and (d) E.
racemosa

grifolia and E. racemosa, and a very weak relationship
for E. reticulatus. However, the VIF, for all species was
very small. This suggests that the correlation between
diameter and RMC is unlikely to be an issue for the
MRA. Note however that Zhang et al. (2019) examined
the correlation between the changes in RMC and diam-
eter over time and found potential correlation between
them. In this study, on the other hand, the analysis was
based on instantaneous measurements of root diameter
and RMC (taken immediately after the tensile tests).

As shown in Fig. 7, the relationships between the de-
pendent variable (tensile strength) and the independent
variables (diameter andRMC) are evidently non-linear.

The following power-law MRA model as shown in
Equation 4 is used to fit the data:

Tr = k0 × Mk1
c × dk2r (4)

where k0, k1 and k2 are species-dependent coefficients.
The MRA results are shown in Table 3, alongside the
adjusted R2 values.

Comparing the adjusted R2 values from the MRA
(Table 3) to the R2 values shown in Figs. 5 and 6, it is
clear that the MRAmodel provides a better description
of the relationship between tensile strength, RMC and
diameter, compared to the univariate models presented
earlier. As shown in Table 3, for A. costata, B. integri-
folia andE. reticulatus, the goodness-of-fit of theMRA
model is markedly better than its equivalent univariate
regressions and, for E. racemosa, similar (diameter) or
better (RMC).

Elastic modulus, diameter and RMC

The variation in elasticmoduluswith diameter is shown
in Fig. 8(a), (b), (c), (d). The R2 reflects weak power-

Table 3 Result of
power-law multivariate
regression analysis on root
tensile strength against root
moisture content and
diameter of the four species

k0 k1 k2 Adj. R2 R2
diameter R2

RMC

A. costata 19.58 -0.24 -0.28 0.62 0.44 0.59

B. integrifolia 13.24 -0.38 -0.91 0.66 0.61 0.38

E. reticulatus 32.84 -0.12 -0.75 0.71 0.64 0.14

E. racemosa 13.63 -0.05 -0.53 0.66 0.67 0.44
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Table 4 Shapiro-Wilk test
statistics and p-values for
elastic modulus and
diameter

A. costata B. integrifolia E. reticulatus E. racemosa

W 0.93 0.97 0.98 0.97

p 0.06 0.27 0.29 0.47

law relationships between elastic modulus and diame-
ter for A. costata, E. racemosa, and moderate relation-
ships for B. integrifolia, E. reticulatus.

This low regression performance may arise from the
sensitivity of R2 to outliers, which could lead to a lower
value if extreme data points are present. These out-

Fig. 8 Elastic modulus vs
diameter for (a) A. costata,
(b) B. integrifolia, (c) E.
reticulatus (d) E. racemosa
and Linear regression of
elastic modulus vs diameter
in log-log space with the
residual distribution for the
four species in (e), (f), (g)
and (h). Residuals in all 4
cases have passed the
Shapiro-Wilk test for
normality
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Fig. 9 Elastic modulus vs
root moisture content for (a)
A. costata R2=0.30, (b) B.
integrifolia R2=0.36, (c) E.
reticulatus R2=0.12 and (d)
E. racemosa R2=0.11

liers can be identified in Fig. 8. An attempt to remove
four outliers in each group of data shows an significant
increase of R2 values in A. costata (0.24 to 0.47), B.
integrifolia (0.49 to 0.64) and E. reticulatus (0.56 to
0.60).

The elastic modulus-diameter data was also trans-
formed into log-log space, as depicted in Fig. 8 (e), (f),
(g) and (h). The regression in the transformed space
is consistent with the findings from the previous R2

values. The residuals passed the Shapiro-Wilk tests
with test statistics shown in Table 4. Overall, a gen-
eral power-law pattern was identifiable between elas-
tic modulus and diameter, despite the low regression
performance. Employing a larger dataset may increase
confidence in these findings.

Elastic modulus versus RMC are presented in Fig. 9.
The R2 values indicate aweak relationship, particularly
in the cases of E. reticulatus and E. racemosa.

Using a similar expression as Eq. 4 and conducting
anMRA analysis, the elastic modulus can be expressed
with the following equation

E = k3 × Mk4
c × dk5r (5)

The coefficients of the bivariate expression as well
as the adjusted R2 are shown in Table 5.

Table 5 demonstrates that the adjusted R2 values
obtained fromMRA exhibited improvement over those
from univariate analyses for A. costata, B. integrifolia,
E. reticulatus, and of elastic modulus-RMC relation-

Table 5 Result of
power-law multivariate
regression analysis on
elastic modulus against root
moisture content and
diameter of the four species

k3 k4 k5 Adj. R2 R2
diameter R2

RMC

A. costata 727.5 -0.36 -0.58 0.38 0.24 0.30

B. integrifolia 239.9 -0.49 -0.83 0.53 0.49 0.36

E. reticulatus 535.8 -0.12 -0.81 0.63 0.56 0.12

E. racemosa 427.0 -0.03 -0.44 0.20 0.24 0.11
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ships forE. racemosa. However, the explanatory power
of multivariate model remains low, especially for A.
costata and E. racemosa.

Discussion

The results of this study provide valuable insights into
the relationships between tensile strength, diameter,
andRMC in the tested species.Notably, the inclusion of
35% of roots smaller than 1 mm in diameter is particu-
larly interesting. While Ng et al. (2019) suggested that
power-law regression might not be suitable for roots
finer than 1 mm, findings from this study seem to sug-
gest that any deviations frompower-law caused by finer
roots are not large enough to affect overall validity of
power-law under the conditions of the tests conducted
here.

The coefficients of the power-law regression equa-
tion between tensile strength and diameter for the four
species are shown in Fig. 5(a), (b), (c) and (d) along-
side the regression curves. Previous studies have found
that the values of k1 vary between 18.4 and 100.69
and the values of k2 between -0.46 and 1.11 (Bischetti
et al. 2005, Genet et al. 2005, Nilaweera and Nutalaya

1999, Zhang et al. 2019). The values obtained for k1
and k2 in this study are on the lower end of the values
reported in prior literature. This difference may be due
to the relatively young age of the samples tested dur-
ing the experiments. In previous studies (e.g. Bischetti
et al. 2005; Nilaweera andNutalaya 1999) root samples
were sometimes collected from old forest.

The regression analysis between elastic modulus
and diameter revealed significant variation in the R2

values, i.e. weak to moderate power-law relationship
strength. Such findings are consistent with values
reported from previous studies. For instance, Liang
et al. (2017) observed values ranging from 0.0027 to
0.3296; Sanchez-Castillo et al. (2017) identified val-
ues between 0.2201 and 0.4456; Boldrin et al. (2018)
noted a value of 0.441; and Phan et al. (2021) reported
values of 0.51 and 0.6. Additionally, the low R2 values
of elastic modulus versus RMC regression indicates a
weak relationship. The weak correlation suggests that
additional factors, such as chemical composition, may
play a more important role in influencing the elastic
modulus of tree roots. Alternative relationships or data
from other tree species can be investigated in future
research to provide a better understanding of the fac-
tors affecting the elastic modulus of tree roots.

Fig. 10 Tensile strength vs elastic modulus for (a) A. costata, (b) B. integrifolia, (c) E. reticulatus and (d) E. racemosa
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Tensile strength and elasticmodulus of roots are crit-
ical parameters required for predicting root reinforce-
ment solutions. The former describes the maximum
stress that a root can withstand before it fractures. The
latter characterises the rigidity and deformation of roots
during landslides and helps in determining the sequen-
tial breakage of roots during the progressive failure
described in FBMs and RBMs. In practical applica-
tions of root reinforcement, it is desirable for a species
to possess fine roots with both high tensile strength
and high elastic modulus. This combination allows the
roots to resist deformation under stress while provid-
ing effective resistance against tensile stress (Mao et al.
2018). Figure 10 shows tensile strength versus elastic
modulus for roots of the four tree species.

There is a positive correlation between tensile
strength and elastic modulus for all four groups of root
data, with R2 values ranging from 0.53 to 0.82. This
suggests that rootswith higher tensile strength also tend
to have higher elastic modulus, and hence have greater
rigidity and resistance to deformation under stress. This
is consistent with the findings of previous studies con-
ducted by Lee et al. (2020), Liang et al. (2017), Phan
et al. (2021), which examined a range of experimental
samples including both herbaceous and woody roots.

Among the four native Australian species, E. reticu-
latus has the highest tensile strength and second highest
elastic modulus at the reference diameter (taken as 1
mm). This suggests that, amongst the four species stud-
ied here, E. reticulatus roots may be the most suitable
for shallow slope reinforcementmaterial.However, this
hypothesis requires further study, to assess the effects
of root distribution and root architecture.

The findings of this study highlight two factors that
could affect root tensile strength and elastic modu-
lus, namely root diameter and root moisture content.
Root tensile strength and elastic modulus are criti-
cal direct inputs in several commonly used root rein-
forcement models, such as the original FBM (Pollen
and Simon 2005), the energy-based fibre bundle (Ji
et al. 2020), and RBM with Weibull survival func-
tion (RBMw) (Schwarz et al. 2013). Accurate descrip-
tions of these parameters significantly influence the
outcomes of thesemodels. In highly sophisticatedmod-
els likeRBMw,where parameters are included in power
terms, inaccuracies can lead to significant deviations
in predictions. Future experiments could benefit from

employing fresh, saturated root samples to ensure con-
sistency and comparability, as saturated roots yield the
lowest tensile strength values, resulting in more con-
servative and reliable design outcomes. To improve the
applicability of root reinforcement studies, standard-
ised protocols for experiments should be developed
to reduce variability across datasets (e.g. Giadrossich
et al. (2017)). Additionally, standardising elastic mod-
ulusmeasurements is essential, as thisparameter is clearly
a vital input for accurate slope stabilisation models.

Conclusion

Tensile tests were conducted on roots from four native
Australian tree species (A. costata, B. integrifolia, E.
reticulatus, and E. racemosa). These tests suggest that
a negative power-law relationships can be used to
describe the behaviour between tensile strength and
diameter, and aweaker negative power-law relationship
was found between tensile strength and root moisture
content. Hence, through a multivariate analysis, a dou-
ble power-law expression was found to better predict
tensile strength. A weak-moderate power-law relation-
ship was observed between the elastic modulus and
root diameter. However, little correlation was found
between the elastic modulus and root moisture content.
Although amMRA improved the prediction for three of
the species, more data are needed to establish the rela-
tionship. Meanwhile, the effect of root storage in air-
dried conditions for extensive period was explored and
the results showed a significant loss of tensile strength.
Accurately measuring experimental root moisture con-
tent remains challenging.

Several avenues can be pursued in future investiga-
tion of root mechanical characteristics for an improved
performance estimation of bio-engineering solutions.
Firstly, the dataset of plant root properties can be
expanded by conductingmore extensive testing includ-
ing elastic modulus at different root moisture contents
for the four species studied here as well as other poten-
tially useful species. Secondly, testing on roots thicker
than 4mm can be conducted. This would require a dif-
ferent clamping method to the one used here which
could not provide enough friction for thick root with-
out crushing them. Thirdly, different preparation meth-
ods can be explored. For example, roots can be initially
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dried at elevated temperatures, then re-hydrated prior to
testing, or roots can be frozen at -20°C to preserve them.
These drastic temperature changes might induce hys-
teresis in the measured tensile strength that would be
reflective of behaviour on site. Fifth, root cellular activ-
ity can be measured and its effect on tensile strength
quantified.

Appendix: Breaking force vs diameter

Many studies have investigated the correlation between
root tensile strength and diameter. However, recent
models based on fibre bundles (Pollen and Simon
2005, Schwarz et al. 2013) use a force versus diam-
eter function as an input. In cases where force data is

Fig. 11 Breaking force vs
diameter for (a) A. costata,
(b) B. integrifolia, (c) E.
reticulatus (d) E. racemosa
and Linear regression of the
breaking force vs diameter
in log-log space with the
residual distribution for (e)
A. costata, (f) B.
integrifolia, (g) E.
reticulatus, (h) E. racemosa.
Residuals in all 4 cases have
passed the Shapiro-Wilk test
for normality
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not available, tensile strength data must be converted
back to force to use in these models (Giadrossich et al.
2017). Furthermore, directly transforming the power-
law (or polynomial) equation from stress to force using
F = σ A will not yield the most appropriate power-
law (or polynomial) coefficients (Hales et al. 2013).
Therefore, presenting the results in breaking force ver-
sus diameter is also necessary. Using a similar defini-
tion of power-law relationship as demonstrated in Eq.
1, the plots as well as the values of k1 and k2 for break-
ing force vs diameter are shown in Fig. 11(a), (b), (c) and
(d).

The plots showed amoderate to strong positive power-
law relationship between breaking force and the diame-
ter of the roots. For B. integrifolia and E. racemosa, the
R2 values are higher in the regression between breaking
force and diameter, indicating a better fit. A regression
in log-log space was also performed and the results can
be seen in Fig. 11(e), (f), (g) and (h). The regression of
each data set in log-log space showed a strong linear
relationship and the residuals passed the normality test.
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