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Abstract
Improving shallow slope stability with vegetation requires an understanding of root reinforcement performance, in addition

to consideration of local ecological impacts. Existing root reinforcement models have not accounted for the influence of

soil water content, due to insufficient experimental evidence and theoretical understanding. In this study, the root rein-

forcement behaviour of six Australian native plants (A. costata, B. integrifolia, E. reticulatus, P. incisa, C. citrinus and M.

thymifolia) are examined through vertical pull-out tests under various levels of volumetric water content (VWC) and

suction. Additionally, this study employed two root reinforcement models to illustrate the impact of VWC on comparing

the performance of these models with experimental results. The study also employs an innovative approach by making an

analogy to soil nails or piles and normalising pull-out force against the peripheral surface area of root-soil bundles, defining

this as pull-out stress. The results show that VWC and suction have a strong influence on reinforcement, with a roughly

linear inverse relationship observed between VWC and pull-out force of root bundles recorded for all species. The pull-out

stress followed a nonlinear inverse relationship with VWC and suction as the pull-out force. Furthermore, discrepancies

between established-model predictions and experimental data widen with increasing VWCs. It is also found that inadequate

sampling can also lead to substantial errors in estimating the actual water content of the soil. The study demonstrates that

VWC and suction significantly impact root reinforcement performance, with pull-out strength decreasing as VWC

increases. The study also highlights the importance of accurately recording soil water content in root reinforcement

experiments and modelling.
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1 Introduction

Shallow landslides typically involve slope material with a

depth of less than 2 m and can involve up to 1000 m3 of

soil, travelling through mechanisms of sliding, flowing and

complex movement [1]. It has been long recognised that

vegetation enhances soil mass strength and generally

improves hillslope’s stability through various mechanisms.

These include mechanical strengthening of the soil;

anchoring within the soil failure plane; and reducing the

soil water content to enhance soil strength [2–7].

Investigations of the mechanical interaction between

roots and soil have mostly gathered experimental data

acquired by direct shear tests [8, 9], root tensile tests

[10, 11] and pull-out tests [12, 13]. These three methods

provide information on root reinforcement behaviour from

different perspectives. For instance, the direct shear tests

explore the additional cohesion provided by roots in

comparison to unrooted soil [8], while root tensile tests

provide information on the physical properties of roots

[14]. The pull-out of root (bundles) is also effective as it

simulates and estimates the root-soil bundle response in

tensile-loading situations [13]. Mechanical reinforcement

of soil by roots can be provided in several modes. Firstly,

trees with deep roots anchor a slope mechanically like

constructed soil nails or piles that convert the shear force
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between basal failure surfaces in the soil into tension in the

tree roots. Secondly, lateral roots are found to provide a

resisting tensile stress near the surface hence conferring

additional tension or compression strength around a land-

slide’s scarp or toe [4, 15]. Finally, during a windstorm,

uprooting from the wind can transmit uprooting tensions to

the tree-embedded soil [16]

Prior investigations have tended to focus on horizontal

pull-out experiments on individual roots [e.g. 17, 18, 19],

or on root bundles or analogues in remoulded soil [e.g.

20, 21, 12, 22], in which the pull-out direction has been

parallel to the plane of the slope. These studies have shown

that pull-out resistance is influenced by root tensile

strength, root elastic modulus and geometric factors such as

branching. In contrast, experiments focusing on vertical

pull-out, i.e. perpendicular to the plane of the slope,

especially at the scale of an entire tree root system, are

relatively scarce and preliminary [13, 23–25]. The lack of

vertical pull-out studies can be attributed to the time-con-

suming process of growing appropriated sized plant sam-

ples [26], and the difficulty of deploying equipment

capable of uprooting mature trees or testing in a sufficiently

controlled manner.

Given that the main strong roots of trees penetrate

through the failure plane in a manner akin to soil nails or

piles, it is reasonable to employ an experimental method

commonly used for strength evaluation of these two arti-

ficial geo-reinforcement structures, such as vertical pull-out

test. This is the rationale for using measurements of ver-

tical pull-out force as a quantitative measure of a plant’s

ability to stabilise slopes [24, 27, 28]. These experiments

involve extracting individual plants while minimising dis-

turbance to the surrounding soil [29]. Furthermore, the

results can provide valuable data for root reinforcement

models, such as the load–displacement curve for strain-

based progressive failure in the root bundle model (RBM)

[4]. Ultimately, vertical pull-out tests are recommended for

evaluating resistance, as they measure the lower threshold

of pull-out strength, thus ensuring a safe margin in slope

design [30, 31].

In addition to the mechanical reinforcement, the

reduction of water content in slope also plays an important

role in enhancing the slope stability [6]. This hydrological

effect includes increased transpiration and improved infil-

tration regulation, both of which contribute to improved

slope stability [32, 33]. However, current root reinforce-

ment models often assume that the strength of reinforced

soil is a function of root properties, with the ultimate

breakage failure of individual roots in a bundle as the

primary factor [34]. Previous studies have generally

attributed a constant value to plant-conferred strength.

However, the effects of soil matrix conditions, especially

volumetric water content (VWC) and matric suction, have

not been adequately incorporated into these models or

experiments [4, 22, 31, 35, 36]. The absence of this factor

can introduce discrepancies between model-calculated

results and actual (experimental) results. For instance, Zhu

et al [22] and Wang et al. [37] found that the interfacial

friction between soil and roots weakens with the increase

of soil water content which may have resulted in roots

slipping before they break. Such shifts in root-soil failure

patterns were also observed by Zhang et al. [31] during

pull-out tests on small plants in sandy soils. The change

from root breakage to slippage may invalidate the

assumption of ultimate breakage in the current root rein-

forcement models [e.g. 38, 39, 40].

It is usual for the impact of soil water content on rein-

forcement performance to be considered in pull-out studies

of other forms of constructed reinforcements, such as piles

[41, 42], soil nails [43–46] and geotextiles [47, 48]. It is

therefore reasonable to apply the same data acquisition

protocols for bio-reinforcement materials as this more

nuanced investigation of pull-out behaviour in unsaturated

soils will undoubtedly enhance our understanding of the

behaviour of root-reinforced soils.

In root-soil experiments, soil water content and suction

are often not considered critical variables for control or

measurement. However, results obtained under otherwise

identical conditions can vary significantly due to differ-

ences in soil water content caused by precipitation or

variation in drainage conditions. Existing models do not

account for the effects of soil water content on root rein-

forcement performance, partly because these effects have

not been adequately researched and hence are not well

understood. This gap may be attributed to the limited

effects of soil water content observed in pull-out tests on

individual root analogues [12]. Furthermore, controlling

and accurately measuring soil water content is challenging,

particularly in larger-scale in situ experiments, as noted by

Docker and Hubble [8]. It is also possible that the emphasis

on tensile failure in current models contributes to this

oversight, where the interaction between soil and roots is

not considered. Although some studies have presented soil

water content or suction as factors that influence root

reinforcement [e.g. 12, 31], many others have only

approximated the water content [e.g. 13, 24, 23], uniformly

hydrated soil before testing [8], or ignored the water con-

tent altogether [e.g. 25, 27]. Addressing this oversight is

critical to improving the applicability and accuracy of root

reinforcement models in real-world scenarios.

Lastly, there are very few studies of the root reinforce-

ment behaviour of native Australian species [e.g. 8, 19, 49].

Determination of root reinforcement and modelling this

behaviour in specific geographical regions requires an

understanding of the properties of specific species of trees

relevant to these regions [24]. It also requires that the
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species possess evolutionary adaptability to their environ-

ments. As yet, there has been no attempt at studying the

pull-out behaviour of native Australian plants and hence

assess their potential in soil reinforcement.

The aim of this paper is to address the three above-

discussed gaps, namely scarcity of vertical pull-out tests,

lack of consideration of water content and suction in root-

soil experiments and models and absence of data on rein-

forcement potential of native Australian species. First, a

series of vertical pull-out experiments on six Australian

tree species, under varying soil water contents, are con-

ducted. The relationships between peak pull-out stress,

VWC and soil suction are quantified and discussed. Finally,

the effect of VWC on the accuracy of two commonly used

root-soil reinforcement models is investigated using the

results from the three tree species. The paper hence gen-

erate new theoretical and practical knowledge on the

reinforcement potential of native Australian tree species

and the effects of partial soil saturation on root

reinforcement.

2 Methodology

2.1 Material used and experiment set-up

The species selections were based on botanical guidelines

for native Australian vegetations [50–55]. The selection

criteria for the selection of species account for ecological

impacts and practitioner suggestions. The final selections

were Angophora costata (A. costata), Banksia integrifolia

(B. integrifolia) and Elaeocarpus reticulatus (E. reticula-

tus) for native tree species, and Callistemon citrinus (C.

citrinus), Prostanthera incisa (P. incisa) and Melaleuca

thymifolia (M. thymifolia) for native shrubs and ground

cover. The total number of plant samples used in this study

was 30, comprising 5 samples for 6 species to test at dif-

ferent water content levels.

The geographical distribution of these plants is shown in

Fig. 1. The plants were initially collected from Randwick

City Council Nursery. Randwick is an eastern suburb of

Sydney (33�55’ 9.16’’ S, 151�13’ 28.17’’ E). The plants

were about 12-month old at the time of collection (April

2021) and were cultivated for approximately another 18

months before the tests.

The trees and shrubs were set in 450 mm and 230 mm

diameter pots, respectively, both with sandy soil containing

organic matter (humus and wood chips). The organic

content helped maintain soil moisture, inhibited insect

infestation and kept a low level of nutrients to prevent

excessive root growth, which can lead to root decay

[57, 58]. Soil properties are shown in Table 1. From

observation, the gravel-size materials were either wood

pieces or agricultural perlite (SiO2).

To find the diameter distribution of roots, four mea-

surements of root were made at a vertical surface 100 mm

away from the stem for each species using the reserved

specimens. A 3D-printed 100 mm � 100 mm frame and a

vernier calliper (0.01 mm accuracy) were used for the

counting.

2.2 Pull-out apparatus

The laboratory pull-out apparatus used in this project

accommodates both aforementioned pot sizes, by

employing different of the steel legs on the bottom tier.

Different sizes of confinement rings were used to stop the

Fig. 1 Distribution map of A. costata, E. reticulatus, B. integrifolia,
C. citrinus, P. incisa and M. thymifolia. Data collected from The

Australasian Virtual Herbarium [56] and Australian National Botanic

Gardens [50]

Table 1 Soil properties used in the pots

Soil property Values Units

Fines (\0.075 mm) 1.65 %

Sand (0.075–4.75 mm) 91.05 %

Gravel ([4.75 mm) 7.30 %

Specific gravity 2.12

Friction angle 34.7 �

Dry density (undisturbed in the pots) 660 kg/m3

Permeability 2.3*10-3 mm/s

Organic matter 31.5 %
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relative movement between soil and the container wall. An

example of the set-up is shown in Fig. 2 with the main

components labelled. The ambient temperature and relative

humidity were recorded.

Measuring and controlling water content in real-time

were two key challenges in this root reinforcement study. A

soil moisture sensor (MP406, ICT International) was

employed to monitor the instantaneous VWC, which

helped determine whether the specimen was ready for

experiment with targeted VWC reached. Additionally,

remote positioning tensiometers (2100F, ICT International)

were used to measure the matric potential. The specimen

was allowed to undergo evapotranspiration to decrease

VWC and irrigated with water to increase it. Water content

levels were chosen to represent field conditions from dry to

near saturation. Five representative VWC levels were tes-

ted, with actual values measured and reported for analysis.

Room temperature and humidity were measured before

each test.

The water content in the soil can vary spatially and

temporally due to seepage [59], evaporation [60] and plant

transpiration [6, 61, 62]. Consequently, the water content is

expected to be influenced by the spatial distribution of

roots and their ability to absorb water, as well as the water

retention properties of the soil. Many previous experiments

[e.g. 24, 31, 30] presented the water content as a uniform

value across the specimen. However, Garg et al. [61] found

the suctions induced by the roots vary with depth, which

consequently affects the soil water content.

To capture the spatial variation of VWC and suction in

the 450 mm pots, measurements were obtained from four

distinct locations. These locations were chosen to vary in

terms of depth and lateral closeness to the plants, as

depicted in Fig. 3. The containers for the tree samples were

upside-down conical frustum pots with a top diameter of

450 mm, a bottom diameter of 400 mm and a height of

400 mm. The four monitoring points were located at

50 mm from the stem and 50 nm deep, 50 mm from the

stem and 200 mm deep, 150 mm from the stem and 50 mm

deep and 150 mm from the stem and 200 mm deep. These

points were selected to capture spatial variations in VWC

and suction. The representative value of VWC and suction

for each pot was determined using the arithmetic mean of

these four measurements. For the shrub specimens, given

the container’s dimensions, only two readings were taken:

one at a depth of 5 cm and on at a depth of 20 cm, both at a

distance of 5 cm from the stem. The representative VWC

and suction values were then computed as the arithmetic

mean of these two measurements.

Tree specimens were sawed 200 mm above the ground,

while shrub specimens were cut down to maximum length

possible for a secure connection with the pull-out appara-

tus. In previous experiments, it has been reported that the

connection between the root and the pulling device was

Fig. 2 Picture of the pull-out apparatus in experiment with main components labelled
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sometimes too weak for an individual tree or induced

excessive local transverse stress, leading to bark penetra-

tion and relative slip [26]. To address this, a hollow single-

braid Dyneema rope was used to connect the remaining

tree stem above the soil surface, employing a ‘‘Chinese

finger-trap’’ mechanism. This rope applied evenly dis-

tributed pressure along the stem surface, offering high

strength and low deformation to minimise displacement

measurement errors. Before wrapping, the rope was com-

pressed axially to create a hollow space, then wrapped

around the stem and pulled tight for maximum contact. Zip

ties were used along the length of the connection to prevent

relative movement, as the rope would need to expand

before sliding, which the zip ties constrained. A hook was

attached to the exterior of the Dyneema rope to secure the

ring from the string potentiometer, allowing accurate

measurement of the displacement of the root bundle.

For the larger containers, a steel ring (inner diameter:

350 mm, outer diameter: 390 mm) was placed just above

the ground to prevent movement between the soil and the

pots. For the smaller containers, the ring had a dimension

of 240 mm (outer) and 200 mm (inner). The pull-out speed

was set to 0.1 mm/s. The pull-out speed of 0.1 mm/s was

selected based on prior studies that tested a range of higher

speeds, such as 2 mm/s in Norris [63] and 2.5 mm/s in

Burrall et al. [13]. Finally, observations based on Cofie and

Koolen [64] indicated that a speed of 0.1 mm/s would have

minimal impact on results while allowing the experiment to

be conducted within a practical time frame. The pull-out

force, measured by the load cell, and displacement, mea-

sured using the string potentiometer, were recorded in real-

time through a data acquisition system. The experiment

was concluded once the travel distance (250 mm) was

exhausted. The top section connected to the roots was then

cautiously removed, and the bundle size with the soil

matrix attached was recorded. The soil waste and vegeta-

tion remains were later used as fertiliser for the ground in

the community compost bin.

2.3 Normalisation of the pull-out force

The pull-out capacity can vary between individual plants

due to stochastic biological factors such as root dry mass,

root diameter, cross-sectional area of rooted soil and the

number of roots [65]. To enable better intra-species and

inter-species comparison of performance, the pull-out force

needs to be normalised to account for the difference in

above-mentioned factors. Liu et al. [25] found that the

broken soil area correlated well with the pull-out force of

the root bundle. Building on this, Burrall et al. [13] sug-

gested that a root system’s resistance capacity can be

related to how effectively the neighbouring soil is engaged

with the root-soil bundle at the initial stage of loading. In

this study, the roots all had relatively well-defined root-soil

bundles, as displayed in Fig. 5. Therefore, the surface area

of the root-soil bundle failure plane was used to normalise

each peak pull-out force to account for the variation in

bundle size.

When considering the root-soil matrix as a cylindrical

bundle, the mechanical anchorage effect of tree roots in

vertical pull-out tests parallels that of soil nails and rock

bolts. The binding strength derived from lateral roots

facilitates shaft friction between the root-soil bundle and

the surrounding soil. Results from vertical pull-out tests,

akin to axial pull-outs of micro-piles, can be used to

evaluate the effectiveness of bioengineered slopes [27].

Each bundle was approximated as an elliptic cylinder,

and the measured length of the shortest and longest axes

were used, in conjunction with the depth (height), to cal-

culate the surface area of the interface between root-soil

bundle and the neighbouring soil. An idealised root-soil

bundle is shown in Fig. 4.

Fig. 3 Probe locations

Fig. 4 An idealised cylindrical root-soil bundle formed by the main

and finer roots. Illustration inspired by Ng et al [66]
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2.4 Two root reinforcement models’ application

In this study, the effect of root reinforcement by three tree

species was estimated using two established models: the

Wu-Waldron model (WWM) and the root bundle model

Weibull (RBMw). Discrepancies between model predic-

tions and experimental results under different soil moisture

conditions were noted. The root reinforcement models

were not applied to the three shrub species due to the lack

of data on their root tensile properties. The WWM

describes the maximum available reinforcement from the

tensile strength of the roots by assuming simultaneous root

breakage. In contrast, the RBMw emphasises the impor-

tance of force-displacement behaviour and incorporates a

Weibull survival function to consider failure probability in

complex systems Schwarz et al. [40]. For the use of

RBMw, this study followed the refined methodology out-

lined in a case study research by Giadrossich et al. [14]. In

both models, the root diameter distributions estimated from

the experimental measurements were used. The roots were

assumed to have a uniform cylindrical spatial distribution.

Before introducing the models, the tensile properties are

first measured, as these are necessary inputs for the models.

Tensile properties, including both tensile strength and

stiffness, of roots from the three tree species were assessed

using a Tinius Olsen H5KS ultimate tensile testing appa-

ratus. The relationship between tensile strength and root

diameter is widely accepted as a power-law relationship,

where larger diameters correspond to lower tensile

strengths. This has been demonstrated in numerous studies

[e.g. 67, 68, 69, 70, 10, 71]. However, recent studies sug-

gest that additional factors, such as root moisture content

[72, 73] or cellulose degradation [74], may also influence

tensile strength. Despite these findings, root diameter

remains the most significant factor in characterising tensile

strength, as shown by its consistent use in numerical

models [34]. The relationship between tensile strength and

diameter in this study was characterised using a power-law

equation, aligned with methodologies employed in prior

research that used the models introduced in this sec-

tion. This approach ensures consistency with established

practices. The power-law relationship is presented below.

Fmaxð/iÞ ¼ k1/
k2
i ð1Þ

Root stiffness is characterised by the secant elastic modu-

lus, which is defined as the ratio of root strength to strain at

failure [40]. In this study, the methodology proposed by

Giadrossich et al. [14] was used, in which the secant elastic

modulus is substituted with a spring constant to more

directly represent the force-displacement relationship. The

spring constant is defined as the relationship between the

force and the change in displacement. The spring constant

is dependent on root diameter through a power-law rela-

tionship, as indicated in Eq. 2.

kð/iÞ ¼ k3/
k4
i ð2Þ

where k3 is the spring constant as suggested in Schwarz

et al. [40], and k4 is the power-law exponent in the spring

constant-diameter relationship.

Returning to the broader context of the model’s appli-

cation, the conventional WWM calculates the reinforce-

ment effect as an additional stress term Sr

Sr ¼ k0 �
X

ðTi � RARiÞ ð3Þ

where Ti is the tensile strength in stress term (Pa) of

individual root i, RARi is the root cross-sectional area ratio,

which is the area of individual root i over an entire shear

plane, and k0 is a factor that accounts for the insertion angle

effect on root reinforcement. The insertion angle effect k0 is
taken as 1 in this study [75, 76].

However, the RBMw reinforcement requires the result

to be calculated as the sum of forces (N) activated by

individual roots [14]. In this model, the nominal shear

plane is considered to be a unit vertical cross-sectional cut,

and stress (in Pa) is calculated by dividing the force by the

area of this nominal surface plane. For better comparison,

the conventional WWM expression is converted to calcu-

late the maximum tensile force available per unit area

using the tensile strength in force term (N), and the RAR is

replaced by the number of roots (i.e. root density) of dif-

ferent root classes. The expression of WWM application in

this study is shown below

FWWM ¼
XN

i¼1

Fmaxð/iÞ ð4Þ

where Fmaxð/Þ is described with Eq. 1, and N is the total

number of roots of different classes per unit area. As /i

follows a discrete distribution, the median /i value of each

class was taken for calculation same to Schwarz et al.’s

(2013) [40] approach.

The core equation for RBMw estimate the total resis-

tance force (FRBMw) provided by the roots, in relation to

displacement, through the following equation

FRBMwðxÞ ¼
XN

i¼1

Fð/i; xÞSðx�Þ ð5Þ

where x is the displacement in mm, N is the total number of

roots of different classes per unit area, Fð/i; xÞ is the force
of a single root with diameter /i at displacement x, and

Sðx�Þ is the Weibull survival function at normalised failure

displacement x�. The reinforcement from RBMw is sub-

sequently expressed as total force FRBMw per unit area.
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The force of a single root with diameter /i at dis-

placement x is estimated with the following equation

Fð/i; xÞ ¼ kð/iÞx ð6Þ

The survival function follows a Weibull distribution

Sðx�Þ ¼ e
�ðx�k5Þ

k6 ð7Þ

where x� is the normalised failure displacement. k5 is the

shape factor, and k6 is the scale factor that describes the

probability function irrespective of the diameter, calibrated

with experimental data. x� is defined by

x� ¼ x

xfitmaxð/iÞ
ð8Þ

where xfitmaxð/iÞ is defined by the power-law relationships in

Eq. 1 and Eq. 2 as follows

xfitmaxð/iÞ ¼
k1
k3

/k2�k4
i ð9Þ

The values of k5 and k6 in Eq. 7 were calibrated as

described next. First, the experimental normalised failure

displacements, x�data, were calculated with the following

equation

x�data ¼
xdatamax

xfitmaxð/iÞ
ð10Þ

where xdatamax is the experimentally measured displacement at

failure, and xfitmaxð/iÞ is fitted displacement at failure

defined in Eq. 9. Then, the survival distribution value, Si
for each data point is calculated with

Si ¼
ni
N

ð11Þ

where ni is the ranking of the roots in ascending order of

x�data, and N is the total number of roots. The data from

tensile tests were used to calibrate the parameters k5 and k6
by minimising the residual standard error between the

distribution function Si against x
�
data as shown in Sect. 3.5

Fig. 10. The calibration used a total of 31, 40 and 58 roots,

respectively.

To calculate total maximum force Fmax, root counts

were conducted and categorised by diameter class as

shown in Table 2. Using median diameters for each class,

this discrete distribution was applied in Eq. 1. The same

approach was adopted in Schwarz et al. [40].

In summary, the performance of WWM (sWWM) is

evaluated using estimates of the density of roots of various

diameter classes according to Eq. 1, which is further sup-

plemented by Eq. 4 for a complete calculation. Meanwhile,

the performance of the RBMw (sRBMw) uses the root den-

sity estimates along with Eq. 5, while integrating Eqs. 6

and 11 for evaluation. The peak reinforcement forces

derived from each model were predicted from the number

of roots per unit area and were subsequently articulated in

terms of stress (kPa).

An adjustment factor, k00, is often employed in current

root reinforcement model studies [34, 76, 77] to compare

the later root reinforcement models with the original

WWM. This factor is also used in this study. k00 is influ-

enced by variables such as species and root spatial distri-

bution [78], and is defined as the ratio of values obtained

under alternate root reinforcement assumptions (in this

study, sRBMw) to sWWM .

3 Results and discussion

3.1 Observation of the specimens

In all tests, the pulled-out bundle of root-soil matrix was

found to be an approximate elliptic cylinder. Examples of

elliptic-cylindrical bundles can be seen in Fig. 5. These

observations are consistent with the findings of Burrall

et al. [13], who found that root-soil matrices formed a

central root-soil bulb or plate at failure. A test was con-

sidered successful if the root bundle fully detached from

the surrounding soil by the end of this travel distance,

which was the case for all samples. The two observed

shapes of the root-soil bundles were determined by the fine

roots’ ability to grip surrounding soil particles but did not

influence detachment.

The root diameter distribution helps describe the root

architecture for use in calculations by reinforcement

model. The diameters measured were separated into 1 mm

interval, and the results are shown in Table 2. The

table shows that the vast majority of roots in all three trees

are less than 2 mm in diameter, with roots in B. integrifolia

and E. reticulatus mostly less than 1 mm in diameter.

3.2 Spatial variation of water content

Before each test, four locations (Fig. 3) in each tree spec-

imen were measured to determine the water content

Table 2 Average root counts (integer) for the tree species in different

diameter intervals at 100 mm from the stem. Diameters are cate-

gorised in mm

Species 0\d\1 1\d\2 2\d\3 3\d\4 4\d\5

A. costata 4 5 1 1 1

B.
integrifolia

10 1 1 1 0

E. reticulatus 35 2 0 0 0
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distribution. The average values of suction and VWC for

each tree species at these four measured locations are

shown in Fig. 6.

The data presented in Fig. 6 exclude specimens that

were inundated with water to simulate saturated conditions.

The plants in these tests were submerged, so all VWCs in

Fig. 5 Example of root bundles with a approximately cylindrical shape (E. reticulatus) and b less well-defined shape (B. integrifolia)

Fig. 6 Average VWCs measured at different locations around the root in the tree species with laboratory-based pull-out tests
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the pot were close to the saturation value and hence did not

reflect the water distribution due to transpiration and

evaporation.

Figure 6 shows that the water content for A. costata and

E. reticulatus were lowest near the surface and near the

stem. The average VWCs of these two plants at the four

locations exhibited similar patterns. Firstly, at the same

distance from the stem, the water content at the base of the

container exceeded that measured at the surface. In com-

parison, a difference is observed in the VWC of ‘far’

‘surface’ for B. integrifolia, which exceeds its ‘far’ ‘deep’

equivalent. Possible reasons for this exception are dis-

cussed. The soil water content at the ‘surface’ generally

decreases due to evaporation, seepage and transpiration

from the surface roots, whereas the soil water content at

‘deep’ is primarily influenced by seepage through the

bottom drainage holes and transpiration from the bottom

roots. Hence, the lower water content at the surface of the

container can be attributed to a strong evaporation [60, 61]

in combination with fine surface lateral roots and seepage.

In contrast, the water contents at the bottom were only

affected by drainage and main roots.

Secondly, at the same depth, the water content increased

as the distance from the stem increased. This may be

attributed to the greater presence of roots near the stem,

which promote greater transpiration and water absorption

[32, 79]. In comparison, another difference is observed in

the ‘near’ ‘deep’ VWC of B. integrifolia exceeding its ‘far’

‘deep’ counterpart. Given the similar anomaly in the ‘deep’

versus ‘surface’ data associated with B. integrifolia, this

may be due to a measurement error in the far deep VWC

for this plant or a local heterogeneity in the soil or plant.

The differences exhibited by B. integrifolia specimens

may also be a result of different root architecture and

spatial distributions. To start with, B. integrifolia has

advanced proteoid root systems, which significantly

increase the surface area in contact with the soil by more

than 140 times [80]. This extensive development of the

micro-root system enhances the absorption of nutrients and

water [81, 82], leading to a decrease in VWC. This results

in the VWC measurements of B. integrifolia being gener-

ally lower than those of other species.

Moreover, observations of the extracted root-soil bundle

showed that, in contrast to other species where the root

density was generally higher close to the stem, B. integri-

folia specimens exhibited fine proteoid roots away from the

main stem, even at the bottom of the container. The fine

roots at the bottom of the container may be attributed to

root overgrowth in the container [57], which leads to an

increase of the root surface area and thus enhanced water

absorption [61].

These results highlight the importance of understanding

the spatial variation of water content (and hence suction) in

the surrounding soil matrix in root reinforcement studies,

particularly where a strong root system is present or drai-

nage is limited. Poor sampling could lead to a significant

discrepancy between the measured water content and the

actual representative value. It is recommended to measure

VWC at several locations of interest to better characterise

the variation in water content and identify the representa-

tive water content. If the experimental investigation pri-

marily focuses on identifying the root-reinforced slope

strength, rather than the effects of suction, then a different

approach may be beneficial. Using saturated specimens can

help reduce the spatial variation of water content. This

method may have the added advantage of being conser-

vative, since it helps in identifying the minimum strength

of the system, corresponding possibly to conditions of

heavy precipitation.

3.3 Peak pull-out force versus water content
and suction

The highest and lowest ambient temperatures during the

experiments were 23:9�C and 17�C, respectively. The peak
pull-out force of individual trees (Fpk individual) versus VWC

and Fpk individual versus smatric are plotted in Fig. 7 (a) and

(b). As mentioned earlier, the weight of the root biomass

and attached soil (root-soil bundle) was subtracted from the

peak pull-out force value presented in Fig. 7.

The graph clearly shows a continuous decrease in peak

pull-out force as volumetric water content increases. Ini-

tially, this decrease is more pronounced at lower VWC

levels, where the slopes of the trend lines are steep. As the

VWC increases further, the slopes become progressively

less steep, indicating a gradual reduction in the rate at

which the force decreases. This trend suggests a dimin-

ishing impact of additional water content on the pull-out

force as the soil approaches higher water saturation levels.

smatric is an indicator of the binding pressure exercised on

the soil by surface tension of water and the resulting cap-

illary bridges between particles. A positive linear rela-

tionship seems to exist between the pull-out force and

smatric across all three tree species. Based on observation of

data in Fig. 7(a) and (b), a logarithmic regression

(Fpk individual ¼ K1 þ K2 � ln ðVWCÞ, R2
log) and a linear

regression (Fpk individual ¼ K3 þ K4 � smatric, R2
linear) were

applied to the two pairs of experimental results. The results

and the goodness-of-fit (R2) can be seen in Table 3.

The increase in peak force with suction observed

between Fpk individual and suction may be attributed to the

increase of interfacial strength as a result of increase in soil

effective stress [22].

It should be noted that, VWC and smatric are interde-

pendent [83]. This interdependence is typically represented
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by the soil water characteristic curve (SWCC). Figure 8

presents the relationship between VWC and smatric for the

various specimens at four distinct probe locations in semi-

log scale. As shown in Fig. 8, the SWCC of the root-soil

bundle displayed a linear relationship in semi-log space

with the lower-suction-end flattened. Such linear relation-

ship in the semi-log space is consistent with data shown in

7. The fitting of the SWCC data uses the Van Genuchten

[83] model yielded a ¼ 2:6625 1/kPa, n ¼ 1:0002 and

R2 ¼ 0:7514 for E. reticulatus, a ¼ 0:3274 1/kPa, n ¼
1:8252 and R2 ¼ 0:9316 for B. integrifolia, and

a ¼ 10:8554 1/kPa, n ¼ 1:0027 and R2 ¼ 0:8852 for A.

costata. As shown in Fig. 8, the variation in SWCC fitting

parameters among the species is limited, and no significant

differences were observed. This indicates a broadly con-

sistent moisture retention behaviour in all three root-soil

systems.

A similar process was employed to analyse the results

from the shrub pull-out experiments, as displayed in

Fig. 7(c) and (d). The regression equations for the rela-

tionship between peak pull-out force versus VWC and peak

pull-out force versus smatric are presented in Table 4. The

Fig. 7 Peak pull-out force against a average VWC for trees and b average suction for trees c average VWC for shrubs and d average suction for

shrubs

Table 3 Linear regression expressions in peak pull-out force versus

suction for the three tree species

K1 K2 R2
log

K3 K4 R2
linear

A. costata 1363 �265.8 0.51 315.38 20.02 0.78

B. integrifolia 2816.3 �598.3 0.97 570.29 30.69 0.97

E. reticulatus 4872.9 -1078 0.73 698.37 60.70 0.82

Fig. 8 VWC versuss matric suction from individual probes in

experiments of the three tree species in semi-log scale

Table 4 Linear regression expressions in peak pull-out force versus

water content and suction for the three shrub species

K1 K2 R2
log

K3 K4 R2
linear

C. citrinus 295.7 �59.9 0.93 73.13 3.66 0.88

P. incisa 369.0 �89.1 0.72 73.31 3.86 0.67

M. thymifolia 538.1 �109.6 0.92 133.26 7.27 0.85
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shrubs demonstrate a similar peak pull-out force against

water content patterns as the trees. However, the values of

Fpk individual are significantly lower due to the smaller size of

the shrub specimens.

The findings indicate that in situ experiments without

control of the water content could yield inconsistent results.

In practical engineering applications, this underscores the

importance of implementing effective drainage strategies

within bioengineered slope reinforcement initiatives. This

approach is essential not only for preserving optimal soil

moisture levels to maintain soil strength, but also for

ensuring the efficacy of root reinforcement. For example,

installing subsurface drainage systems, such as guided

perforated pipes or gravel trenches near trees, can help

control water accumulation and reduce the water content in

the soil. Without such measures, tree reinforcement per-

formance could fall below expectations, increasing the risk

of slope failure.

3.4 Peak pull-out stress versus water content
and suction

A summary of the bundle sizes for the plants is presented in

Table 5. Similar to defining a root diameter for non-circular

roots [26], the effective diameter is the average of the

bundle’s major and minor axes. The constraint ring con-

fined the bundle size by restricting the failure surface to a

cylindrical shape of a specific diameter; however,

notable size differences among some root bundles were

still observed.

Using this approach, the root-soil bundle can be likened

to a micro-pile. In this analogy, the shaft capacity repre-

sents the frictional capacity at the interface between the

root-soil bundle and the surrounding soil. The peripheral

roots serve as binding agents between the bundle and

neighbouring soil. With this normalisation, the peak pull-

out stress (spk individual) versus VWC and spk individual versus
s f matricg are displayed in Fig. 9. As illustrated in

Fig. 9 (a) and (c), a negative correlation between

spk individual and VWC, which can be represented with a

logarithmic regression. Notably, the relationship seems

somewhat more linear, with a less distinct plateau in

spk individual as VWC rises compared with the relationship

between Fpk individual and VWC.

Figure 9 (b) and (d) shows that the spk individual versus
smatric demonstrates a similar linear trend to the Fpk individual

versus smatric. However, by accounting for bundle size, A.

costata stands out as the most efficient species in providing

pull-out resistance in trees. The regression expression

between spk individual and smatric are shown in Table 6.

The normalisation of bundle size also appears to

improve the regression model prediction for all the plants,

except for B. integrifolia and M. thymifolia. It is also worth

noting that after adjusting for bundle size, the regression

models for P. incisa and M. thymifolia appear to converge,

indicating a similar reinforcement performance.

By focusing on stresses instead of forces, the disparity in

reinforcement performance between shrubs and trees nar-

rows. The pull-out force varied from around 300-1600 N

for trees and 50-300 N for shrubs. In comparison, the peak

pull-out stress varied from around 3-12 kPa for trees and

around 1-7 kPa for shrubs. This provides information on

smaller scale applications, such as for soil erosion rein-

forcement on slopes. In such cases, shrubs can still be

effective in providing additional soil strength for the

shallow layer and their inter-species comparison is also

enabled.

While this study has shown a good linear correlation

between smatric variation and peak pull-out stress, findings

are still subject to certain limitations. Firstly, the bundle

size measurement assumes a perfect elliptical cylinder

shape. However, soil detachment during the pull-out pro-

cess might diverge from this shape and might impact the

measurement’s accuracy. Currently, there is no definitive

method to estimate the volume of detached soil accurately.

Secondly, while the adopted method facilitates the mea-

surement of a global average stress, it does not provide any

insight into the actual stress distribution within the bundle.

3.5 Pull-out experiment result and example root
reinforcement model prediction

This study employed two root reinforcement models to

illustrate the influence of VWC on the comparison between

root reinforcement model performances and experimental

results. The root counts within different diameter classes,

located 100 mm from the stem as detailed in Table 2,

served to estimate the root numbers at the bundle-soil

interface. Given the counting frame’s dimensions of

100 mm by 100 mm, the root density (total root number

per m2) for each diameter class was determined by multi-

plying the counted root number by 100. As the root

diameter distribution was discrete, the median diameters

Table 5 Bundle effective diameter for six species (measured in mm)

Species Maximum Minimum Mean Standard deviation

A. costata 155 110 126 17.5

B. integrifolia 245 200 219 17.8

E. reticulatus 260 235 248 9.8

C. citrinus 130 110 120 7.9

P. incisa 140 70 100 27.6

M. thymifolia 135 105 116 9.8
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for each class were used in the calculation of the total

maximum force Fmax in Eq. 1, same as the approach in

Schwarz et al. [40]. The tensile properties employed in this

investigation are summarised in Table 7, and the calibra-

tion functions for k5 and k6 are depicted in Fig. 10. The

units for force and length in Eq. 1 and Eq. 2 involving k1,

k2, k3 and k4 are Newtons (N) and millimetres (mm),

respectively. k5 and k6 are dimensionless parameters.

The reinforcement performances of WWM and RBMw

were calculated using Eq. 4 and Eq. 5 as force available

per unit area, effectively stress. The two values were then

compared to determine the k00 values, and all results are

presented in Table 8.

This is similar to previous studies [34], where sWWM was

notably higher than sRBMw (approximately 1.5�1.8 times,

0.556 to 0.667 in k00 values). Since neither model accounts

for the effect of VWC, the reinforcement estimation

remains unchanged irrespective of VWC variations. This

can lead to significant discrepancies in model performance

evaluation when compared with experimental results. For

instance, Fig. 11 illustrates the spk individual across various

VWC conditions (as presented in Fig. 9), in comparison

with sWWM and sRBMw for B. integrifolia.

Fig. 9 Peak pull-out stress versus a VWC b suction for the trees and c VWC d suction for the shrubs

Table 6 Linear regression expressions in peak pull-out stress versus

suction for the six species

K1 K2 R2
log

K3 K4 R2
linear

A. costata 26.0 �5.0 0.80 6.92 0.31 0.86

B. integrifolia 13.5 �2.2 0.92 5.18 0.11 0.86

E. reticulatus 15.9 �3.2 0.82 3.42 0.18 0.88

C. citrinus 8.8 �2.0 0.91 1.15 0.13 0.94

P. incisa 11.0 �2.4 0.74 2.9 0.11 0.80

M. thymifolia 8.7 �1.5 0.70 3.15 0.09 0.58

Table 7 Tensile property parameters k1, k2, k3, k4 and the Weibull

survival function parameters for RBMw k5, k6

Species k1 k2 k3 k4 k5 k6

A. costata 19.05 1.17 5.76 0.89 1.18 2.82

B. integrifolia 10.41 1.15 1.78 1.16 1.20 4.18

E. reticulatus 24.5 1.04 3.28 1.05 1.13 3.36
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Discrepancies between root reinforcement model pre-

dictions and experimental results are common, as high-

lighted in a review study encompassing five species [34], a

finding echoed in other studies [e.g. 4, 77]. Figure 11

demonstrates that sWWM consistently and significantly

overestimates the peak pull-out stress. By contrast, RBMw

estimated a peak pull-out stress of 9.3 kPa, which aligns

with spk individual at a VWC of 6.7% for B. integrifolia.

However, as VWC increases, spk individual decreases, thereby
creating and widening the discrepancy. At a VWC of

51.6%, the RBMw prediction is twice the measured

spk individual. For species A. costata and E. reticulatus, both

sWWM and sRBMw surpass the experimental values, with

sWWM having much higher overestimation. The consistent

overestimation by both root reinforcement models com-

pared with experimental results is common, as highlighted

in a review study encompassing five species [34].

To more accurately quantify these differences and

compare with existing literature, adjustment factors k00WWM

and k00RBMw are employed, similar to k00. For this study, the

adjustment factors were used to analyse the differences

between root reinforcement models predicted values and

experimentally acquired values. k00WWM is defined as the

ratio of spk individual to sWWM , while k00RBMw is the ratio of

spk individual to sRBMw. The values of k00WWM and k00RBMw for all

three tree species under different VWC conditions are

depicted in Fig. 12.

Figure 12 demonstrates that model prediction discrep-

ancies can vary significantly with changes in soil water

content. A lower k00WWM and k00RBMw indicate a greater

overestimation. According to Fig. 12, k00WWM ranges from

0.07 to 0.68, while k00RBMw varies from 0.12 to 1.00. The

model comparison study by Meijer [34] showed that k00WWM

typically fluctuates between 0.07�0.6 and k00RBMw between

0.06�1.2, depending on the load sharing assumptions. The

disparities between the applied models and experimentally

Fig. 10 Weibull survival function parameters calibration for RBMw of a A. costata, b B. integrifolia and c E. reticulatus

Table 8 WWM and RBMw reinforcement performance

Species WWM (kPa) RBMw (kPa) k00 value

A. costata 43.6 23.8 0.55

B. integrifolia 13.7 9.3 0.68

E. reticulatus 49.2 28.8 0.59

Fig. 11 Experimental peak pull-out stress versus VWC in comparison

with WWM and RBMw predicted values for B. integrifolia

Fig. 12 k00WWM and k00RBMw values of the three selected tree species at

different VWCs
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measured values are consistent with and similar to these

reported literature values.

The performance of root reinforcement model predic-

tions, represented by k00WWM and k00RBMw, in this study, is

constrained by various factors that also affect k00. These
include assumptions regarding root orientation, root

diameter distribution approximations [34], root spatial

distribution [76] and root density approximations [77]. One

important possible source of discrepancies is the inherent

inability of FBMs to account for slippage [34]. Root-ana-

logue pull-out experiments [22] showed that the interfacial

strength decreases with increasing soil saturation. This

suggests that root-soil interaction weakens as VWC

increases, potentially leading to a shift from breakage to

slippage failure as observed in Zhang et al. [31]. Such shift

may invalidate the assumptions of tensile breakage failure

in these models. Thus, the change in failure pattern might

contribute to the variation in k00WWM and k00RBMw across dif-

ferent VWC levels.

It is worth noting that evaluating root reinforcement per

unit area of roots, such as in Fan and Su [84], offers an

alternative perspective on the performance evaluation. In

this study, this approach involves dividing the total maxi-

mum force by the estimated total root cross-sectional area,

and provides alternative insights into the effectiveness of

root reinforcement.

In summary, the study outcomes reveal that discrepan-

cies between root reinforcement model predictions and

experimental results may be partly attributed to varying

VWC. Measuring and controlling soil water content

remains challenging in practical scenarios, as noted by

Docker and Hubble [8]. Accurately recording VWC or soil

suction is needed to refine model parameter calibration and

enhance predictions in unsaturated soil conditions.

3.6 Australian native specie’s soil reinforcement
consideration

Specific studies in diverse ecological environments, such as

the role of vegetation in mitigating landslides in Colorado,

USA [85], and its effects on erosion control on the Loess

Plateau, China [86], have demonstrated practical applica-

tions of root reinforcement in reducing slope instability. In

the Australian context, previous studies have explored the

stabilising effects of riparian genera like Eucalyptus on

riverbanks [3, 87], focusing on mechanisms such as

increased soil shear strength and progressive root failure.

These studies underscore the importance of selecting veg-

etation that is tailored to local ecological and geological

conditions.

By incorporating species native to Australian regions,

this study aims to build on these understandings, offering

area-specific insights into the bioengineering reinforcement

of soils and contributing to the development of practical,

regionally adapted insights. The selected species in this

study are representative of native Australian trees found in

diverse ecosystems along the east coast of Australia

[50, 51, 55]. These species were selected because of their

crucial ecological roles and their potential benefits for

bioengineering. Discussions with horticulturists also

underscored their growing incorporation into the applica-

tion of urban forestry projects.

For example, B. integrifolia adapts well to poor soils,

serves as a nectar source in heath ecosystems [53][88, 89],

and helps preserve pollinators [90]. E. reticulatus offers

blue berries that support local wildlife such as possums and

birds, enhancing biodiversity [91]. A. costata and E.

reticulatus are applied in urban areas to absorb effluent,

improving safety and environmental health [52].

Based on the experimental observations from this study,

B. integrifolia have a plate root structure as per Köstler

[1968, as cited in 92], which is less effective against

shallow landslides but increases overturn resistance

[92–94] by increasing the distance of the lever arm during

the uprooting [95]. Hence, planting B. integrifolia on the

toe of a slope may better resist erosion or overturning

events such as storms or debris flows. A. costata demon-

strated the highest peak pull-out stress in various water

contents (Fig. 9). This is in part due to the smallest

diameter of the root-soil bundle (Table 5), a characteristic

associated with a lack of fine root (Table 2). It has the

potential to reinforce slope stability through anchorage,

provided that roots are allowed to achieve substantial

depth. E. reticulatus exhibits a root architecture that

resembles a heart system, characterised by relatively thick

vertical primary roots. It demonstrated the highest peak

pull-out force among the three tree species (Fig. 7)

examined. Consequently, E. reticulatus may be deemed

suitable for the reinforcement of shallow slopes, attributed

to its superior pull-out performance, robust root tensile

properties (Table 7) and considerable ecosystem benefits.

4 Conclusion

This study conducted a series of pull-out experiments on

six native Australian flora species (A. costata, B. integri-

folia, E. reticulatus, P. incisa, C. citrinus and M. thymi-

folia) under varying water content conditions, thereby

expanding the database on the root reinforcement perfor-

mance of native Australian trees. The findings reveal a

significant impact of VWC on root reinforcement perfor-

mance across all species, with pull-out force diminishing as

VWC increases. The relationship between VWC, soil
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suction and pull-out force was observed, noting a roughly

linear increase in pull-out force with increasing suction.

Furthermore, the study employed an innovative

approach by making an analogy to soil nails or piles and

normalising pull-out force against the peripheral surface

area of observed root-soil bundles, defining this as pull-out

stress. This normalised measure followed the same rela-

tionship with VWC and suction as the pull-out force.

Interestingly, the ranking of species performance shifted,

with A. costata exhibiting the highest pull-out stress due to

its smaller root-soil bundle.

To complement these results and assess the influence of

soil water content, two prevalent root reinforcement mod-

els, WWM and RBMw, were applied using the measured

root tensile properties for three of the tree species. A close

alignment was found between the RBMw model’s esti-

mated peak pull-out stress and the experimental results at a

VWC of 6.7% for B. integrifolia. However, discrepancies

between the model predictions and experimental mea-

surements widened with increasing VWC, a trend also

noted in A. costata and E. reticulatus. This underscores the

importance of controlling and recording soil water content

in such experiments.

Additionally, the study highlighted the impact of spatial

variation in sampling, demonstrating that inadequate sam-

pling can lead to substantial discrepancies between mea-

sured and actual representative water content values. This

finding emphasises the necessity for rigorous sampling

methods in root reinforcement research.

Future research involving in situ experiments, in com-

parison with laboratory tests, could significantly enhance

the evidence base and improve the credibility of laboratory

testing protocols. Moreover, conducting studies on mature

specimens of native Australian trees, including those not

previously examined, would broaden our understanding of

species’ suitability for bioengineering applications. A

deeper insight into root spatial distribution is also essential

for enhancing root reinforcement model predictions. More

broadly, future investigations should dedicate attention to

the development of a public database that catalogues crit-

ical plant properties, like root tensile strength, essential for

predicting the performance of plant-reinforced soils.

Establishing uniform guidelines for data collection, par-

ticularly regarding the measurement of soil water content,

is also crucial.
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