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HIGHLIGHTS

- Very few studies have been carried out on the effects of roots on the tensile strength of saturated and
partially saturated soils.

- New equipment has been commissioned to test bare and vegetated soils under uniaxial extension.

- Different roots’ pull-out mechanisms have been observed depending on whether the soil was saturated or
partially saturated.

- Soil tensile strength increase can be interpreted through well-established reinforcement models that
consider root’s pull-out mechanisms, morpho-mechanical features and soil hydraulic states.

- Tensile strength can be successfully interpreted by an extended shear strength failure criterion for partially
saturated soils with roots.
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ABSTRACT

So far, root reinforcement on soil has been primarily evaluated through direct shear and roots pull-out tests,
while the effect of other stress paths and the behaviour at the soil-root interface are still poorly investigated.
In this regard, an apparatus with the facility to test soil and roots jointly under uniaxial extension is presented

in the paper, together with its first results.

Vegetated samples with Cynodon dactilon were tested after one and three months of growth. Soil exhibited
a ductile response when close to saturation and a brittle one at drier states within the field capacity domain.
The presence of roots increased the material’s tensile strength and enhanced its post-peak ductility.
Measurements of matric suction and degree of saturation allowed interpreting the results in terms of
constitutive stresses within a shear strength failure criterion for partially saturated soils. Even if plant roots

critically impacted soil hydraulics, a positive strengthening effect was noticed on its mechanical behaviour.
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Roots mechanical and morphological features were characterised after tests. Two well-established root
reinforcement models in the literature were used to interpret the results at the phenomenological scale
while considering the hydro-mechanical behaviour at the soil-root interface, different root’s reinforcement

mechanisms and the effect of soil’s hydro-mechanical states.

KEYWORDS

Soil tensile strength; root reinforcement; tensile test apparatus; soil-root interface; vegetation effect on soil

cracking; partially saturated soils

1. INTRODUCTION

Nowadays, the use of vegetation to mitigate the risk of landslides and erosion phenomena is having a
significant interest from researchers and professionals'?. So far, root reinforcement has been evaluated by
large direct shear tests, both in situ and in the laboratory®7, and by standard or large triaxial equipment®?2,
New in situ techniques have been proposed to evaluate the stress-strain behaviour in root reinforced-soils,
such as pin vane tests and corkscrew method 3%, The shear stresses developed in the soil due to the use of
these techniques can be directly comparable to those generated in direct shear tests. However, root
reinforcement on soil has not been extensively tested along other stress paths — including suction paths —
that may lead to soil failure’™>°, Recently, the effects of climate change on landslides and soil cracking in arid
climate conditions have led geotechnical research to focus on the behaviour of soils subject to tensile stress?®
25, The characterisation of this response may have multiple implications on the current ability to understand
and predict the complex interaction between soil and atmosphere. In the case of soil slopes, it leads to a
better understanding of the soil response in the upper portions, which may be subjected to horizontal stress
reduction and tensile stress paths due to downward mass movements?®>. Moreover, it also allows studying
the occurrence of the detrimental effects caused on the soil by tensile cracks linked to shrinkage and swelling

273031 or fibre-

cycles?®2, So far, there have been some attempts to characterise this behaviour in bare
reinforced samples®*3%, More recently, some investigations have been done quantifying cracks volumes and

surfaces in bare and vegetated soils after drying and wetting cycles, finding a good capacity of roots to

prevent soil desiccation cracking®3’. However, even if these effects suggest an increase of soil tensile
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strength due to the presence of plants, to the authors’ best knowledge, there are few investigations on
quantifying the tensile strength of vegetated soils®®. To this end, an apparatus has been designed and
commissioned to characterise the soil's resistance under uniaxial extension and with the possibility of

compacting the soil and growing plants inside it.

The reinforcement of roots in soils is complex and depends on their morphological and mechanical
characteristics and the stresses that develop at the soil-root interface. In this regard, many models have been
produced in literature to infer the increase in soil shear/tensile strength due to roots. The first was proposed
by Wu et al. (1979)*. Within this model, an increase in soil cohesion is correlated with root tensile strength
and area ratio (RAR = Asots/Asoil), While neither soil-root interface friction nor soil hydro-mechanical state was
considered. More recent studies confirmed that this model is overpredicting root reinforcement*®4, as it
assumes all the roots to be perpendicular to the zone of shear surface and break at the same time. Coppin
and Richards (1990)* observed two possible failure mechanisms causing root failure: breakage and slip-out.
In the former case, roots’ contribution to soil strength increase depends on their tensile resistance, and in
the latter, particularly on friction developing at the soil-root interface. Pollen (2007)* observed that root
breakage was more likely to occur in roots when they were embedded in slightly saturated soil, whereas pull-
out mainly was occurring in nearly saturated soil, suggesting the existence of a water content threshold value
that distinguishes the probability of occurrence of the two cases. Pollen and Simon (2005)* developed a fibre
bundle model including the concept of progressive failure in roots but neglecting friction at the soil-root
interface. Schwarz et al. (2010)* enhanced this model, including roots’ geometrical and mechanical features
and a soil-root friction’s law, even if the effect of soil moisture was not considered. Their model involves
knowing roots statistical distributions and performing iterative calculations to determine stresses and
displacements (and/or deformations) in roots. Hence, it might be complicated to use when few roots

parameters are known.

In summary, some models have the theoretical framework for including the soil-root interface behaviour and
the effect of soil hydro-mechanical states on root reinforcement, but these effects have not been

guantitatively assessed through experiments, in a coupled way and in-depth. Hence, the objectives of this
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paper are threefold: a) presenting novel results concerning the effect of vegetation on the tensile strength
of silty sand, b) interpreting the vegetated soil’s tensile tests at different hydraulic states incorporating a
failure criterion for partially saturated soils, and c) exploring and characterising root features, as well as soil
hydraulic states, linked to the soil reinforcement mechanisms (breakage and slippage). The results are finally
interpreted through well-established literature models for root reinforcement: one considering root tensile
strength full exploitation and breakage® and the other bearing in mind friction forces at the soil-root
interface during root slippage**. These two models were combined into one equation, which was calibrated

based on this experimental campaign.

2. MATERIALS AND METHODS

2.1. Equipment for tensile tests
The equipment for testing soil under direct tension is made up of two cylindrical moulds of inner diameter
100 mm and height 60 mm (Figure 1). These moulds are held together by two L-shaped pieces, which are
needed to contain the soil during its compaction. These removable pieces will allow generating a soil “bridge”
linking the soil compacted in the moulds. Given the shape and the narrow size of the bridge (width: 50 mm
and length: 32 mm, Figure 1), the tensile crack is expected to be generated right inside it. Therefore, a
rounded shape was given to the ends of the two cylindrical moulds to facilitate 3D printing and to smooth
possible stress concentrations during the tensile tests (i.e., arching effects, stress concentration due to
angular shapes, confining stress increase due to soil-moulds interaction). Particle Image Velocimetry will be
presented in the discussion to confirm the effectiveness of this design choice. Finally, grooves have been

printed on the inner base of the equipment to enhance adherence with soil.

All the pieces were 3D printed with ABS thermoplastic polymer that has a tensile strength of 28 MPa and an
elastic modulus close to 1 GPa® still with a very low density (1.05 Mg/m?3) and water absorption in the order
of 0.2-0.4% after 24 h of exposition to water®. These hydro-mechanical features make the printed polymeric
material suitable for this study. One of the moulds is connected to a low-capacity load cell (RSC-1 type,
Remberg, Spain, with a range of 500 N and resolution 0.2 N) and the other container to a motor controlling

its displacement rate (Starvert-i, Omadisa, Spain). An LVDT (D5-200AG, RDP Electronics, UK, with a range of
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10 mm and precision 50 um) has been connected to this mould to record its horizontal displacement. The

moulds are placed on ball-bearing rails with reduced friction (calibrated dynamic friction coefficient 0.002).

2.2. Soil compaction and roots growth
The tested soil has been classified as silty sand by the USCS (Figure 2). Its physical properties are detailed in
Table 1. It has been retrieved from the Llobregat Delta in Barcelona (Spain) with a high gravel fraction and
sieved at 4.76 mm (Figure 2) to ensure a reasonable ratio between the maximum grain size and the width of
the mould’s bridge (i.e., 1:10) and allowing its compaction within the equipment. The same ratio
recommended for direct shear tests was adopted?’, assuming that tensile failure is ruled by shear strength
and developing on a shear surface®’. Moreover, this ratio is in good agreement with those used by Nahlawi
et al. (2004)*® and Stirling et al. (2015)%. The original soil has been used to build an instrumented full-scale

embankment to monitor soil-vegetation-atmosphere interactions**>°,

The sieved soil was statically compacted within the moulds in two layers, each one of final height 20 mm. A
spatula created scarifications on the upper surface of the first compacted layer to ensure a good interlocking
and continuity with the upper layer. The initial water content w = 15% and dry density ps = 1.6 Mg/m? are
indicated by point A in in Figure 3 (degree of saturation S, = 0.61, matric suction s = 40 kPa, void ratio e =
0.67). The total vertical stress imposed on compaction to the material was (100 + 13) kPa. Due to dry side
compaction close to the optimum of the standard Proctor test (Figure 3), the soil structure resulted in a
double-porosity type: this ensured enough macro-pores for root growth'?1, Subsequently, the samples have
been wetted under unconfined conditions to induce plant development (point B in Figure 3, w = 21%, S, =
0.84, matric suction s = 1 kPa). Soil matric suction was monitored, throughout the process, with a ceramic tip
tensiometer (T5x, UMS, Germany) positioned at 70 mm from the central section of the equipment. The
wetting-induced volumetric deformations were checked by a Vernier Calliper (Mitutoyo, resolution 0.02 mm)
in correspondence to six points well referenced on the samples’ surface, and found negligible (i.e., lower
than 0.3%). Then, seeds of Cynodon dactilon were introduced in 18 soil samples through 2 mm deep and 5
mm in diameter holes, which have been dug with a soil mini-corer, spaced 40 mm apart’. The soil’s hydraulic

state was kept at point B (Figure 3) using an automatic irrigation system during plant growth. The water
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content for root growing (i.e. w = 21%) was initially evaluated by oven checking®? two soil sub-samples from
each mould and then by weighing (resolution 0.1 mg) the moulds daily. Moreover, a tensiometer monitored
matric suction during root growth (i.e. s = 1 kPa) twice a day. Plants were left to grow between 1 and 3
months, exposed to sunlight. For the sake of comparison, 14 soil samples were left fallow and subject to the

same hydraulic path.

2.3. Tensile tests
After roots growth, the samples were left to dry in an atmosphere-controlled room (T = 20°C and RH = 50%)
until reaching the desired suction/water content within the field capacity domain (points between B and Cin
Figure 3). Samples were then wrapped in plastic film for three hours in the darkness to equalise soil suction
and stop the plant’s transpiration process. After fixing the moulds on the rails, the L-shaped pieces were
removed, letting the soil bridge itself connect the two containers (Figure 1). The container linked to the motor
was finally pulled at a constant displacement rate (0.080 mm/min) until reaching a displacement of around
5 mm. All the previous procedures and the tensile tests were carried out at the same controlled-atmosphere

conditions.

2.4. Stress and state variables assessment
Water content, void ratio and matric suction were evaluated and monitored during each tensile test. Four
soil samples were retrieved for water content evaluation by oven-drying®2: two before and two after each
test (a mean water content was considered). A visual inspection was done on the samples to avoid roots

being placed in the oven for soil water content measurement.

Matric suction was monitored throughout each tensile test by a ceramic tip tensiometer, installed at a depth
of 20 mm and positioned 70 mm far from the central section of the equipment, in the mould linked to the
load cell (i.e. not pulled by the motor) to avoid suction oscillations due to sensor’s susceptibility to vibrations
(Figure 1). Matric suction observed at the peak tensile stress was chosen for further analyses, given that the

average difference between initial and final matric suction was, in the tests, in the order of (5 + 2) kPa.
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The void ratio was calculated using paraffin wax tests®® and water content measurements carried out at the
end of each test. One cube of soil was extracted out of the bridge of each tested specimen with a spatula. A
visual inspection has ensured the integrity of the extracted cubes. Once the mass and volume of the cubes
and the water content were determined, the void ratio was evaluated for fallow soils. However, these
variables were insufficient to calculate the void ratio of vegetated soil’s cubes. Thus, the vegetated cubes
were destroyed after paraffin tests to weigh the roots and measure their volume. The first measurement was
carried out with a 0.1 mg resolution balance, and the latter was done by pycnometry (resolution 10 mm?3).
Once these additional variables were determined, it was possible to calculate the volume of voids and solid
particles separately, and thus the void ratio and the degree of saturation. According to Muir Wood et al.
(2016)>* and Fraccica (2019)?, the volume of roots V.t was considered herein as an external phase (i.e.
neither as a solid phase nor belonging to the volume of the voids). This phase separation allowed observing
the effect of roots on soil structure (roots-generated pores) and better assessing the water retention
properties of the soil (i.e., differentiating the water that affects the hydro-mechanical response of the soil

from that stored in the roots).

2.5. Roots morpho-mechanical characterisation

Three main partitions have been identified within each sample (Figure 4a), and root morpho-mechanical
traits were assessed separately for the three. Finally, the traits presented here and considered in the
reinforcement model were those observed in the bridge zone, as tensile cracks always occurred in that
partition. Fraccica (2019)*2 proposed a correlation between Cynodon dactilon’s roots tensile strength and
diameter, which was used in this study. The identification of broken roots was made by visual inspection only
through the tensile crack. When tests finished (i.e. at a displacement of 5 mm), the roots still crossing the
crack were cut by scissors to separate the moulds and measure the root diameters within the crack, using
the calliper (Figure 4b). In this way, the RAR = Aroots/Asoil and RARb = Ab,roots,/Asoil (Ab,roots area of broken roots)
were inferred. The roots that were observed to break after a displacement of 1 mm (minimum displacement

to see through the crack) or were cut by scissors at the end of the test were not considered “broken” in the

computation of the RAR,. In this manner, only the broken roots that contributed to the soil peak strength
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(i.e. between 0 and 1 mm of displacement) were considered within this parameter. Apart from RAR and
RARp, measurements of the root traits were performed after breaking the samples’ partitions (Figure 4a) and
washing soil to recover the roots at the end of each tensile test (Figure 4c). Root lengths, diameters and
branching point distances were measured by a calliper (resolution 0.02 mm, Figure 4d), while root volumes
were measured by pycnometry (Figure 4e). Root length was defined as the distance between the plant stem
and the tip for vertical roots, and the distance between the tip and the junction with the higher-order root
for branches. Broken roots were treated/measured as different roots. A detailed summary of the

morphological and mechanical traits considered in this study is presented in Table 2.

3. RESULTS

3.1. Void ratio and retention behaviour
The evolution of the void ratio with increasing matric suction is shown in Figure 5. At the end of each tensile
test, paraffin wax tests allowed evaluating roots' contribution in increasing the volume of macro-pores within
the soil. The root volume ratio R, was defined as the volume of roots V;..:s normalised by the volume of solid
particles V; from which it was retrieved (R, = Vioots/ Vs, Table 2). This volumetric variable could be easily linked
to changes in soil porosity generated by roots growth. Indeed, at the same matric suction, the more
R, observed within the paraffined soil, the higher the void ratio was to the fallow soil condition. This
observation is in line with Fraccica et al. (2019)°! and Carminati et al. (2013)°>, who detected fissures in dry
soils around the primary (vertical) roots, but yet a good contact between soil and lateral (sub-horizontal)
roots, thanks to the sticky mucilage produced in those parts of the root system. The alteration of this state
variable due to roots growth/natural fibres induced a reduction in the retention capacity of the soil, as
observed in Figure 6, and as already reported by Fraccica (2019)*2 (relative compaction to Standard Proctor,
RC = 84%, Clay Fraction, CF = 8%, dry density pp = 1.60 Mg/m? as this study), Ni et al. (2019)°¢ (RC = 90%, CF
=24%, pp = 1.52 Mg/m?3) and Ng et al. (2014)*’ (RC = 70%, CF = 12%, pp = 1.31 Mg/m?3). Results correlate well
with those observed in situ by Oorthuis et al. (2018; 2021)*>*°, for the same soil and similar compaction
levels. The results observed in this study for bare soil were fitted according to the mono-modal water

retention curve proposed by Romero and Vaunat (2000)°8 (calibrated parameters: ary= 2.5 - 10> MPa’, ngy
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=0.32, mpy = 14.02, a,rv = 200 MPa). Fitting vegetated soil retention measurements requires more advanced

bi-modal constitutive laws, in which the retention capacity also depends on root morphological traits (out of

|59 )12

the scopes of this study). For this reason, the bi-modal*® water retention curve proposed by Fraccica (2019
was used for vegetated soil measurements (Figure 6). This model represents the change in water retention
behaviour due to the presence of a given amount of roots volume (R, = 0.007), considering void ratio changes

due to coupled effects of roots growth and suction. The curve represents well the measurements for samples

in which a high root volumetric content was observed (i.e. R, close to 0.007).

3.2. Mechanical behaviour of the soil in tension
For the first stage of this study, tensile tests carried out at similar hydraulic states were compared. The stress-
displacement behaviour of the samples at low suction values is shown in Figure 7. As observed, vegetation
reinforces soil in tension, also at high saturation. Vegetated and non-vegetated soils follow the same
behaviour at very small displacements, indicating that the roots need to be stretched and aligned before
generating some reinforcement in the soil. Similar trends were observed in fibre-reinforced sands by Diambra
et al. (2010)%, Tang et al. (2007)%* and Heineck et al. (2005)%, among others. Looking at the 27V and 28V
curves in the figure, the root area ratio RAR and the root length density Ris measured in the bridge zone
complement soil reinforcement, resulting in a similar peak tensile strength of the composite material despite
the minor matric suction differences. A higher root length density makes the soil more ductile in the post-
peak phase, decreasing the rate of soil strength loss. The lower RAR (0.0010) observed in sample 21V
corresponds to 1-month growth vegetation (see Table 3) and already avoided an abrupt loss of strength,
compared to the fallow soil, even with no remarkable increase in the maximum stress. At the end of the tests
carried out within the abovementioned ranges of low matric suction, it was observed that the roots were
basically slipped and pulled out of the soil (i.e., without breaking at the point of the crack). This observation
will be mathematically formalised later in section 4.2. Hence, one can infer that the increase in soil strength
was mainly due to the tangential (friction) stresses developed throughout each soil-root interface in the

proximity of the cracking zone.
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The combination of slightly drier hydraulic states (within the field capacity) and roots presence enhanced the
soil reinforcement effectiveness. Indeed, at matric suctions around 30-45 kPa, the vegetated soil exhibited
equal or higher tensile strengths than the corresponding fallow soil at s = 65 kPa (Figure 8-a). These
observations at the phenomenological scale may be correlated to the complex chemo-mechanical
interactions that occur at the microscale and the soil-root interface. As soil is drying, it shrinks around the
lateral roots kept attached to the mucilage matrix, embedding the roots firmly and generating a more robust
contact, which avoids roots slippage and pull-out. Indeed, during tests carried out at higher matric suction,
the roots mainly broke down, reaching their tensile strength. This effect is even more evident at suctions
higher than 100 kPa (Figure 8-b). In this case, the vegetated soil exhibited a stiffer response than the bare
soil at the beginning of the tests, jointly with a brittle behaviour, when the extended roots reached their
tensile strength. The unbroken roots ensured a residual soil strength in the post-peak behaviour (Figure 8-b).
In some cases, a further strength increase in the post-peak was clearly observed (sample 29V, Figure 8-b).
For example, the difference in tensile force between test 25V (vegetated) and test 5B (bare) is shown in
Figure 8-c. These two tests were chosen because they were conducted at similar matric suctions. Some drops
of around 3-4 N can be clearly observed, and these may be due to root breakage or natural vibrations
affecting the load cell. Such drops are equivalent to soil tensile stress decrease of 1.5-2 kPa (considering the
area of the soil bridge equal to 50-40 mm?). After tensile strength peak, the residual resistance observed in
some vegetated soil samples (i.e. 25 kPa in 25V, Figure 8) is due to roots still stretching/slipping within the
soil matrix. In the case of sample 25V, it should be remarked that at displacements lower than 0.5 mm, 25
kPa of strength were already lost after the peak, indicating that at least 50% of roots broke down. Having
50% of broken roots with 80% of broken RAR, indicated that the roots that remained unbroken were the
ones with smaller diameters (and higher tensile strength, see Figure 11a). Those roots were more flexible
and penetrated small voids more easily, so they needed more displacement to stretch thoroughly, slip and
finally break. During slipping, friction forces are developed. Even if the soil-root interface friction angle
remains the same (intrinsic property of the material), the confinement is considerably and isotropically
increasing with matric suction. This confinement, in turn, leads to increased frictional stresses at the soil root

interface, taking up a considerable part of the reinforcement.
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4. MODELLING FRAMEWORK

4.1. Partially saturated soils

The tests have been furtherly interpreted within a shear failure criterion for partially saturated soils®®° with

constitutive stress:
o'=(0—uy)+SEs (1)

where s is the soil matric suction, o is the total stress, u, = 0 is the relative atmospheric pressure and S¥ is
the effective degree of saturation representing the volume of water present in soil’s macro-pores. The

principal total stresses are:
0-3 = O-t {2)
0-1 = 0-2 = 0 (3)

where o; is the tensile stress (negative, according to conventional geotechnical sign). The stress variables
calculated at the peak tensile stress are represented in the g-p’ invariants plane (g is the deviator stress and

p’ the mean skeleton stress):
q =0, — 03 = —0¢ (4)

!

01+ 0, + 03
p =—F

3

o
+ Sfs = é + S¢s ()

The Mohr-Coulomb extension-type failure criterion links the two stress variables:

_ 6C'cosg’ Moy (6)
1=3% sing' eP
where ¢’ is the friction angle and ¢’ the cohesion at saturation, M. = 6sing’/(3+sing’)is the slope of the failure

envelope.

Three failure envelopes have been calibrated (Figure 9): one for fallow and two for vegetated soils. These
last represent the plant’s growth stages of 1 and 3 months and with average RAR = Arots/Asoir = 0.0012 and
0.0063, respectively. Ao is the area of all the roots found within the soil crack, with area As.i;, generated by

the test. In the case of multiple cracks, average values of A.os and Agi were considered. The model
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parameters calibrated are listed in Table 4 for the three soils. At one month of plant growth, the vegetated
soil already presented an enhanced mechanical behaviour in terms of cohesion, which further increased at
three months (from 0 to 2.7 kPa at one month and 9.9 kPa at three months). In addition, some effects on the

friction angle were observed, with an increase of ¢’ from 2.9° (one month) to 4.9° (three months).

The shear strength parameters calibrated in this study are similar, in terms of ¢’ and ¢/, to those obtained
with triaxial tests in the field capacity domain reported by Fraccica (2019)? on the same fallow and vegetated
soil with similar normalised roots quantities (¢’faiow = 35.1°, € fatlow = 0 kPa, ¢’ veg = 36.6°, C'veg= 10 kPa). Thus,
despite the detrimental effect of roots on soil hydraulic behaviour (an increase of void ratio/generation of
fissures due to roots’ growth®, and a decrease of S, for a given matric suction s, see Figure 6), soil mechanical

properties were enhanced, within the range of matric suction investigated.

Although some change of the friction angle was detected, the higher impact of the vegetation was reflected
in an increase of cohesion and a decrease of the a parameter controlling the effective degree of saturation.
This last is linked to the changes in the hydraulic behaviour previously observed: roots generate macro-pores
and clog micro-pores as they grow in soil'>*>%_ This change in soil structure is affecting the water retention

properties.

4.2. Roots reinforcement model

Root reinforcement Aq,.,ots Was evaluated as:

AGroots = Qveg — Qfallow (7)
where g4 is given by the peak results on the vegetated soil and gyaiow is the deviator stress evaluated on the
failure envelope for the same p’. As the onset of soil cracks was consistently observed in correspondence
with peak tensile stresses, these last values were chosen to interpret the root reinforcement. Thus, the
residual stresses were generated only by friction at the soil-root interfaces of unbroken roots when the soil

was already cracked.

The effect of the two main roots’ failure mechanisms - root pull-out (mainly in nearly saturated samples) and

root breakage (in slightly saturated samples and within the field capacity) — on soil reinforcement at peak
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conditions (just after the activation of roots stretching) was assessed. The fraction of the area of the broken
roots to their total area found within the soil crack, RAR,/RAR (also refer to Table 2), was defined to
investigate the coupling between roots breakage and hydraulic state. In Figure 10, it is possible to detect a
logarithmic increase of the ratio as a function of the hydraulic state, indicated by the product SZs. In nearly
saturated soils (low S¥s), most of the roots slipped out of the soil crack and a small fraction of them broke
after a fixed tensile displacement (d = 1 mm). At the same displacement and higher S%s, the fraction of
broken roots increased. This result suggests that root reinforcement is strongly affected by soil moisture and
is in line with reported plant pull-out experiments**®’. However, due to the complexity and the number of
variables linked to root’s architecture, it is unsound to define a matric suction threshold that limits the
occurrence of the two phenomena, whereas it is more likely that there is a transition range of matric suctions
in which some roots are slipping and some other breaking at the same time. From Figure 7 and Figure 8, it is
possible to infer that the maximum mobilisation of both soil-root friction and root tensile strength (breakage)
occurs close to the peak, which is also close to the one detected in bare soil. Moreover, the short average
length of the roots in the soil bridge (72.62 £ 20.32 mm, see Table 3) did not allow too much stretching before
reaching pull-out or breakage in the plants. For these reasons, it was decided to sum the two equations
governing roots reinforcement due to breakage and friction at the soil-root interface and to correlate them

to the modelled deviator stress increase Aq)gots aS:

AqLoots = Aqbreakage + Aeriction (8)

where:

Aqbreaka‘ge = _ﬁat,roots RAR), = _Bat,roots[0-14 RAR ln(l + 519,5) + 0-39] (9)

)¥, in which the original correlation parameter

The expression was adapted from the model of Wu et al. (1979
[ was calibrated through direct observations in landslides’ scarps and through direct shear tests in saturated
soils, and evaluated to be 1.2. g ;-4o¢s (negative according to geotechnical sign) is the roots tensile strength
and RAR, (the broken roots’ area ratio) substituted the originally proposed RAR. The evolution of RAR, with

the hydraulic state is presented in Figure 10 (see also Table 2). Root tensile strength evolution as a function

of the root diameters is shown in Figure 11a. It is interesting to remark that root’s strength diminishes as its
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diameter increases. This behaviour is due to a higher fraction of lignin (a low resistant material) in thicker
roots and a higher fraction of cellulose (high resistant material) in low-diameter roots®. Moreover, as the
growing period increases (from one to three months in this study), the average diameter of the roots
increases (Figure 11b and Table 3). Hence, the mean root diameter was calculated for each test and the mean

root tensile strength accordingly to interpret the results.

The friction (pull-out) contribution to soil reinforcement is:

l —d (10)
nrootsfd {[Tsoil—roots”droots (lroots - d)] + [nb %}}

A P . —
Afriction Ao

The numerator has been proposed by Schwarz et al. (2010)* and represents the friction force that n.ots roots
are opposing to slip-out after a tensile displacement d (considered herein as the displacement at which the
peak tensile stress was observed). This value depends on the friction developed at the soil-root interface
(Tsoil—roots) @and on the roots’ branching distance (b;). The parameters f; and 1, are, respectively, a dynamic
friction coefficient and a friction coefficient due to branching points. Indeed, Schwarz et al. (2010)**
formalised that the closer is the branching distance on a given root, the higher is the pull-out force required
to extract that root, as additional effort is required to break the branching contacts. Finally, /,o0ts is the average

root length, drots is the average root diameter, and Asi is the area of the soil crack. The values of the

parameters of the roots used in Equations (9) and (10) are summarised in Table 3.

The soil-roots tangential stresses have been defined, in this study, as:

Tsoil—roots = To + Up’ (11)
in which 1 is the tangential stress that develops, due to soil grains-root interlocking and tortuosity effects,
on the interface at saturated states. The term up’ represents the tangential stress linked to the confinement
exerted around the roots by the soil mean skeleton stress p’, through the friction coefficient of the soil-root
interface u. According to Schwarz et al. (2010)*, this last parameter depends mainly on soil physical
properties (clay content, grain size distribution, soil plasticity). The choice to adopt the mean skeleton stress

originates from the fact that roots present different orientations within the matrix and lie on multiple planes,
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for which it is impossible to define a principal stress acting univocally on the soil-root interface. Moreover,

this kind of stress variable allows including soil matric suction and degree of saturation at the same interface.

Once the parameters of the reinforcement equations were defined, the root properties found in the bridge
of each sample (Table 3), jointly with Sr and s, were used as variables of the model. The predicted deviator
stress in the vegetated samples Gmodel = Gratiow + AG™r00ts Was defined to verify the performance of the models.
The value of ggiow is the one obtained with the Mohr-Coulomb failure envelope for bare soil, in
correspondence with the mean skeleton stress of each vegetated test. Ag™ots is based on Equations (8) to
(10). The model parameters were calibrated by minimising the squared error between gmoder and gveg and are
listed in Table 5. Good model performance can be observed in Figure 12, in which gmoqer is presented versus
gveg (Measured values in vegetated soil). P-values and standard errors of calibrated parameters were
calculated, despite their high number compared to the limited number of tests. As a non-linear equation was
used and some variables were multiplied and divided by each other, it was difficult to infer which are the

best model parameters to use. The statistical analyses will be furtherly discussed.

5. DISCUSSION

Different processes contributed to the change in soil behaviour under tensile stresses. On the one hand, the
drying process to which all specimens were subjected contributed to increase soil strength and brittleness.
The void ratio decreased along drying compared to the values observed at saturation (Figure 5), remaining
consistently higher in samples with vegetation for a given hydraulic state. The increase in mean effective
stress produced by matric suction enhanced the bonding capacity***° at the soil-root interface, reducing root
slippage and resulting in a higher fraction of broken roots in the cracks. On the other hand, roots affected
soil structure (i.e. void ratio increase), with consequences on the hydraulic behaviour and the correlated
mechanical response®-%5, Roots increased soil tensile strength thanks to two different mechanisms: root
slippage and breakage. In the first mechanism, friction and relative displacements generated shear stresses
at the soil-root interface, allowing a redistribution of deformations and stresses over a larger volume of soil,
as detected by PIV analysis (see Figure 13). In the second mechanism, root tensile strength was mainly

exploited, as the soil firmly bonded roots. The effect of soil moisture on root tensile strength was not
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investigated here, as the majority of roots of this study were tested under field capacity conditions (maximum

matric suction s = 200 kPa and far below the permanent wilting point’®72),

As observed in the experimental results and as formalised in the models used, the effectiveness and
mechanisms of root reinforcement depend on the soil stress variables. To analyse the tensile tests in a unique
framework, two principal total stresses in the samples were assumed to be null, while the third one
corresponded to the tensile stress. PIV validated this assumption (see Figure 13), through which the
deformation fields were inferred on the soil surface. Arching effects, strain localisation around sub-angular
shapes or additional confinement due to the grip forces at the soil-moulds interface were not detected within
the two ends of each sample. Indeed, strain localisation was always observed within the soil bridge: a single
crack in the bare and slightly saturated vegetated soils, while multiple cracks were detected in nearly
saturated vegetated samples (Figure 13). Although some confining stresses developed in the partitions of soil

close to the equipment ends, these were not measured.

Considering the contribution to strength increase due to root slippage, the formulation proposed by Schwarz
et al. (2010)** was used in this study, assuming that the soil-root interface resistance was mobilised along
the entire length of the roots. Although stresses may develop along the so-called “loaded” portion of the
root, it is not straightforward to derive the length of this portion from macro-scale observations. This would
imply a complex correlation between the total displacement of the apparatus and the stiffness of the root,
similarly to what proposed by Waldron (1977)73. Indeed, different unknowns, such as root orientations and
tortuosity, would add further uncertainties and model parameters to calibrate. Only the root lengths
observed in the bridge partition were considered in the model to attenuate this potential modelling

weakness.

Given the necessity of “easy to use” analytical models, it was decided to adapt the Wu et al. (1979)%
formulation to consider root reinforcement due to root tensile strength/breakage. One limitation of this
model is that roots are assumed to break all at the same time, while this is actually not true. However, the
model may give good predictions if an adequate weighing parameter is used and if only the soil peak strength

is predicted. In this sense, the contribution of the RAR has to be read as an estimation of the maximum
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available root strength: the higher is the RAR, the higher will be the number of roots that are resisting
shearing. Then, the parameter § will indicate the actual weight of this contribution among the overall soil
reinforcement. Not surprisingly, the mentioned parameter resulted much lower than 1.2 (i.e. 0.60), proposed
by the original model. This is because only the breakage contribution was considered in the latter, neglecting

the soil hydraulic state and friction at the soil-root interface.

Although the good prediction of the results, in terms of coefficient of determination R%, some calibrated
parameters had high p-values (Table 5) and high standard errors, thus appearing to have low significance. It
is important to note that the number of vegetated tests (18) is still low to have a good statistical sampling,
but they are novel in literature. The parameters themselves were calibrated from laboratory tests for the
first time in this study, so comparisons with other values from the literature were not possible. Concerning
Equation (9), the parameter [ calibrated (with good significance) was half of the one proposed by Wu et al.
(1979)%, confirming the over-predictive performance of that model, as also observed by other authors*®41,
Concerning Equation (11), the tangential stress at the soil-root interaction 7, resulted higher than zero,
meaning that roots’ tortuosity and root-grains interlocking had an active role in generating stresses at the
interface and reinforcing the soil, even at saturated states. A good significance and a low standard error were
calculated for this parameter. The soil-root friction angle tan™(i) may appear low, but one has to consider
that it controls shear stresses developing on each of a large number of soil-root interfaces (see the number
of roots nrots in Table 3). Statistical analyses indicated a low significance of this parameter. Besides, a small
soil-root friction angle is in line with the slight increase of strength observed in nearly saturated vegetated
soil (i.e. 4-6 kPa), despite a large number of roots within the samples (see i.e. 21V, 27V or 28V, with
respectively 27, 48 and 55 roots in the bridge, Table 3). The observations made by PIV suggested that a large
number of roots was mobilised in nearly saturated samples. Indeed, more redistributed deformation fields
were observed with respect to what was detected in the bare soil (localised crack), as shown in Figure 13.

These observations hence are consistent with a low soil-root interface friction angle.

The calibrated dynamic friction coefficient fy controls the displacement rate effect on soil-root friction®”. To

the authors’ best knowledge, no fsparameter values are reported in the literature. Finally, a low value of the
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np parameter indicates a negligible and poor significant effect of the fine root’s branches for this type of
(quite young) plant. Indeed, even if branching points were quite frequent, the roots departing from them

were still fine, very short and flexible.

The use of the mentioned plants’ indicators seems to work well in predicting soil behaviour along the
extension paths tested in this study, while they had been usually assessed under triaxial compression stress
paths or direct shear tests!*3%4%6° Therefore, more tests are needed to test the significance of the

parameters and validate the model.

6. CONCLUSIONS

This study presented laboratory results and root reinforcement interpretations on a vegetated and partially

saturated silty sand tested under direct uniaxial extension.

The observed soil mechanical behaviour in tension depended on the hydraulic state of the material: ductile
in nearly saturated conditions and brittle in slightly saturated conditions within the field capacity. Moreover,
vegetation enhanced soil tensile strength and made it more ductile in the post-peak response after roots

stretching. These results confirm the positive effect of vegetation in preventing soil cracking upon tension.

Different roots’ failure mechanisms (slippage and breakage of roots) were observed by comparing vegetated
soil responses at low and high matric suctions and measuring several morpho-mechanical root traits within

the samples.

Tensile strength results were then interpreted with a shear strength failure criterion for partially saturated
soils. Shear strength parameters were consistent with those obtained by triaxial compression tests on the
same soil with similar root contents. This evidence indicated that a soil shear strength criterion could
successfully interpret tensile tests on soils and that the use of normalised root contents is helpful to compare

different geotechnical tests with different sample sizes.

Roots morphological and mechanical features were correlated to the soil tensile/shear strength increase by
adopting and combining two reinforcement models related to different root reinforcement mechanisms in a

unique equation and considering the soil’s hydro-mechanical states. The models, so far used for vegetated
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soils under different stress paths, were thus proven to work even under uniaxial extension successfully.
Laboratory observations and interpretations also suggest that models that consider root breakage should not
be decoupled from those considering root slippage/interface friction, as the two mechanisms co-occur during
soil shearing/tensioning and are both affected by soil saturation and confinement, among other variables.
Furthermore, this study allowed back-calculating soil-root interface mechanical properties, a piece of

valuable information for numerical modelling analyses involving soil-roots interactions.

Further studies are needed to provide more results on this topic in such a way as to perform more accurate
statistical analyses. Also, the effects of roots in the range of soil matric suction not investigated here (i.e.
above 200 kPa), as well as the effect of root moisture on its tensile strength, need to be explored to

corroborate the reinforcement model with other root contents, growth stages and/or vegetation species.
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705 Table 1 Soil physical properties

Soil property Value
Gravel fraction (%) > 2 mm 41.2°

75 um < Sand fraction (%) < 2mm 28.0°

2 um < Silt fraction (%) < 75 um 25.4°

Clay fraction (%) <2 um 5.42

Liquid limit (%) 29.5%-34.42
Plasticity index (%) 9.6°-13.52
Density of solids, ps (Mg/m?3) 2.65-2.70°

706 2 Oorthuis et al. (2018)
707  °Fraccica et al. (2019)
708



Table 2 Roots” morpho-mechanical traits assessed in this study and their definitions

Name and formula

Description

Measurement method in this study

Average root diameter, droots

Average root length, lrots

Branching point distance, by

Number of roots, Nroots

Root area ratio, RAR = 5; Arootsi/ Asoil

Broken root area ratio, RAR, = 3 Ap,roots,i/ Asoil

Root volume ratio, Ry, = Vioots/Vs

Root length density, Rig = Zi lroots,i/ Vs

Roots tensile strength, o, roots = 12.5€(%4dwots) ™

Average of the diameters of the roots observed in the soil
partition

Average of the lengths of the roots observed in the soil
partition

Average distance between two branches on a given root
Number of roots found in each soil partition

Area of all the roots in the crack divided by the crack soil
surface

Area of the broken roots in the crack (between 0 and 1 mm
of tensile displacement) divided by the crack soil surface
Volume of roots normalised by the volume of solid
particles in which it was found

Sum of all the roots’ lengths normalized by the volume of
the solid particles in which it was found

Tensile strength of roots, evaluated in correspondence of
the average root diameter

Calliper (resolution 0.02 mm)
Calliper (resolution 0.02 mm)
Calliper (resolution 0.02 mm)
Visual inspection

Calliper (resolution 0.02 mm)
Calliper (resolution 0.02 mm)
Pycnometry (resolution 10 mm?3)

Calliper (resolution 0.02 mm)

Tensile test on roots (resolution 0.003 N)

**Fraccica (2019)



Table 3 Soil tensile strength and hydraulic state and roots features in the bridge of the tested samples.

Average

Average

Sample # Soil tensile matric Average root Average branchin Number of Root area ratio Root Root length
(months of strength, o suction. s S:*s (kPa) diameter, root length, oint distar?ce roots, RAR and volume density, Ria
growth) (kPa) (kPa)' droots (mm) Iroots (mm) P ba (mm) ! Nroots (-) (RARs/RAR) (-) ratio, Rv (-) (m/m?3)
VA(1) -3.1 9 1.8 0.52+0.13 89.52+16.2 2.60+0.6 46 0.0020 (0.50) 0.002 7.0103
VB(1) -9.0 94 10.9 0.46+0.10 71.54+13.5 1.90+0.8 110 0.0022 (0.95) 0.007 1.110%
VC(1) -3.6 17 2.6 0.45+0.12 52.64+11.5 1.88+0.7 72 0.0009 (0.64) 0.006 7.6 103
VD(1) -7.3 40 3.0 0.570.16 56.12+17.2 3.24+1.3 66 0.0010 (0.90) 0.007 1.110*
VF(1) -34 11 2.2 0.51+0.20 67.56120.1 1.77£1.5 91 0.0016 (0.56) 0.008 8.4103
VG(1) -19.3 180 21.7 0.6910.11 69.32122.5 4.31+1.1 62 0.0057 (0.84) 0.002 3.8103
VH(3) -18.3 200 114 0.84+0.14 56.92+15.2 5.94+0.8 152 0.0049 (0.77) 0.013 2.210°

VI(3) -24.5 150 18.6 0.67+0.09 65.06125.2 4.10+0.9 81 0.0040 (0.63) 0.007 1.2 10*
V19(1) -14 1 0.3 0.40+0.11 57.2+17.2 1.18+0.6 45 0.0007 (0.40) 0.002 8.2103
V20(1) -12.3 17 7.8 0.38+0.15 83.74+23.1 1.20+0.9 42 0.0009 (0.62) 0.002 1.110*
V21(1) -6.0 3 0.9 0.42+0.22 78.8128.1 1.14+0.7 27 0.0007 (0.44) 0.001 6.8 103
V22(1) -18.1 65 19.5 0.40+0.25 85.61£16.5 1.22+1.3 36 0.0009 (0.84) 0.002 9.8 103
V24(3) -274 45 25.0 0.50+0.26 56.94118.1 2.55+£1.0 60 0.0054 (0.88) 0.009 1.0 10*
V25(3) -50.0 99 46.6 0.53+0.16 77.75%28.2 2.61+1.3 65 0.0081 (0.93) 0.014 1.4 10*
V26(3) -22.0 29 17.5 0.54+0.14 93.431£32.5 2.58+0.9 30 0.0085 (0.81) 0.015 7.4103
V27(3) -9.8 4 2.2 0.56+0.32 83.1+27.1 2.57+0.7 48 0.0093 (0.38) 0.018 7.5103
V28(3) -10.0 1 0.6 0.50+0.27 79.46%18.7 2.63+0.9 55 0.0052 (0.36) 0.009 1.2 10*
V29(3) -449 190 51.2 0.53+0.21 82.46%14.9 2.52+1.4 60 0.0054 (0.85) 0.010 1.2 103




Table 4 Failure envelope parameters calibrated in this study

Soil

a(-) Me(-) ¢’ (kPa) 9’ (°)
Silty sand 5.00 0.90 0.0 32.0
Silty sand + Cynodon dactilon (1 month of growth) 3.92 0.96 2.7 34.9
Silty sand + Cynodon dactilon (3 months of growth) 2.15 1.00 9.9 36.9




Table 5 Root-reinforcement model’s parameters calibrated in this study, p-values and standard error of the regression’s parameters

(SE)
Parameter and symbol Value p-values  SE
Correlation parameter, 3 (-) 0.60 2.19-10% 0.16
Dynamic friction coefficient, fq(-) 0.37 0.40-10° 0.43
Branching friction coefficient, 1, (kN) 1.52-10%® 0.80-10°  5.93-10°
Soil-root tangential stress at saturation, 7, 0.90 0.18-10° 0.18
(kPa)
Soil-root interface friction coefficient, u (-) 0.02 0.86-10° 0.11
Soil-root interface friction angle, tan™(u) (°) 1.23 - -




SCALE 0.500

125

a b

Figure 1 a) Plan view and dimensions of the equipment. B) In the large picture it is shown the setup prior to perform the
tensile test, with the moulds connected to the load cell (right), to the motor and the horizontal LVDT (left). In the small
picture the tensiometer installed in the specimen and the L-shaped orange pieces removed are shown.
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Figure 2 Grain size distribution of the original and sieved soil used in this investigation
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Figure 4 a) Identification of the three soil partitions within which root traits have been assessed separately. B) Root diameters
measurements with calliper within the tensile crack. C) plant roots after retrieval (soil washing), d) measurement of root length and
branching distance with the calliper, e) measurement of root volume with the pycnometer.
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Figure 5 Void ratio evolution along the drying path imposed prior to perform soil tensile tests. Root volume ratio indicated as labels
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Figure 6 Retention behaviour of bare and vegetated soil. Comparison with bare (Oorthuis et al., 2018) and vegetated soil
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Figure 9 Failure envelopes for the bare and the vegetated soil at two plants’ growth stages. RAR as labels
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Figure 10 Ratio of broken vs total roots’ area as a function of S,%s
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Figure 11 a) Evolution of the root tensile strength as a function of their diameter and b) root average lengths for the different

diameter classes (Fraccica, 2019)
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Figure 12 Performance of the model to predict deviator stress in vegetated soil as function of bare soil behaviour and roots morpho-

mechanical features.



Figure 13 original images and PIV analyses on a) bare soil (s = 15 kPa) and vegetated soil at: b) s = 19.3 kPa and c) s = 100 kPa. Plant
shoots removed before testing, to allow better pixels correlation.
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