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Plant-soil reinforcement response under different soil hydrological regimes
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Abstract

The use of plants against shallow landslides and erosion has received considerable attention over time
as it is believed that vegetation provides mechanical and hydrological reinforcement to the soil.
However, neither the soil-root mechanical reinforcement under different hydrological regimes, nor the
hydrological effects of vegetation on soil reinforcement have been properly studied.

This paper explores how plants are able to provide mechanical and hydrological reinforcement to soil
under different soil hydrological regimes. To do this, we first defined a novel, simple and reproducible
laboratory protocol to investigate how changes in soil moisture affect the mechanical effects of
vegetation on soil reinforcement. We then explored how plants modify the relevant soil properties and
what implications this may have on soil reinforcement. We finally attempted to evaluate the suction
stress functions for both fallow and vegetated soil, as a proxy to quantify the hydrological plant-derived
soil reinforcement.

The results showed that plants significantly increased the soil organic matter and the angle of internal
friction, both with relevant hydro-mechanical implications. Vegetation presented a significant
mechanical soil reinforcement that was higher at the soil’s hydrological transition regime, suggesting
the existence of optimum soil moisture content for an effective soil-root reinforcement response. The
hydrological regimes also imposed differences in terms of the hydrological reinforcement, which
differed between fallow and vegetated soil. However, the derived suction stress function for the fallow
soil in the experiments showed differences when compared to the theoretical predictions.

Our findings provide a good basis for future research to enhance our understanding of the nature of
plant-soil composites and shed light on the sustainable use of vegetation against shallow landslides.

Keywords: plant-soil, reinforcement, hydrological regimes, suction stress.
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1. INTRODUCTION

The use of plants against landslides and erosion has received considerable attention during the past
decades (e.g. Wu et al., 1979; Stokes et al., 2014). Plants effectively provide reinforcement to the soil
matrix (Waldron, 1977). In engineering, the soil-root reinforcement is normally attributed to the
transfer of mechanical energy from the roots to the soil (Ekanayake and Phillips, 1999) given the
differences between both root and soil materials (Greenway, 1987) converging into plant-soil
composites (e.g. Thorne, 1990).

The provision of plant-soil hydrological reinforcement, however, has received less consideration
(Stokes et al., 2014). In part, this is due to the difficulties of integrating the hydrological effects of
vegetation into the evaluation of soil strength. Moreover, the performance of the plant-soil
reinforcement response may also be influenced by the soil’s hydrological conditions (e.g. moisture
content). A few studies have tried to address this gap (e.g. Pollen, 2007; Fan and Su, 2008; Mickovski
et al., 2009), but overall it has largely been neglected.

Soil moisture content is subject to seasonal variations (Rodriguez-Iturbe and Porporato, 2004). Given
the increased likelihood of landslide occurrence associated to certain seasons and hydrological
conditions (Lu and Godt, 2013), it is of the utmost importance to enhance our understanding on how
the plant-soil reinforcement response may change under these soil moisture variations.

Within a mass instability context, the soil strength (t) is measured as the soil resistance to shear. This is
commonly quantified with the Coulomb’s law, which represents the maximum possible state of soil
stress by means of a graphical line known as the ‘failure envelope’ (Head and Epps, 2011). A failure
envelope is defined through the cohesion and angle of internal friction of the soil (¢’ and ¢,
respectively). It is believed that ¢* does not change when roots are present in the soil (Waldron and
Dakesian, 1981; Gray and Ohashi, 1983; Ghestem et al., 2013) and, consequently, failure envelopes are
not normally portrayed for vegetated soils. The same methodology used to find a soil’s failure
envelope, known as shear testing (Head and Epps, 2011), is also used to evaluate the additional shear
strength roots provide to soil (Waldron, 1977; Ekanayake and Phillips, 1999; Mickovski et al., 2009;
Ghestem et al., 2013).

Shear tests carried on vegetated soil are normally performed under saturated (e.g. Waldron and
Dakesian, 1981) or constant moisture levels (e.g. Mickovski et al., 2005; Mickovski et al., 2008;
Ghestem et al., 2013). As it has been observed that the moisture content may determine the mode by
which plant roots confer energy to the soil (i.e. influence the mode of root failure within the soil-root
continuum; Ennos, 1990), the moisture content should be taken into consideration. The few studies
attempting to explore the effects of the moisture content on soil-root reinforcement have taken care to
mimic natural conditions of root reinforcement (e.g. Pollen, 2007; Fan and Su, 2008), but have not
considered the range of different soil hydrological regimes possible (Vanapalli et al., 1996).

The soil hydrological regimes must be defined on the basis of the soil water characteristic curve
(SWCC; van Genuchten, 1980). They can be divided into Saturated Regime (i.e. all soil pores are full
of water), Transition Regime (i.e. air begins to enter in the soil-pore space) and Residual Regime (i.e.

just films of water are retained around the soil particles) (e.g. Lu and Likos, 2004). The hydrological
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regimes are relevant because it is known that soil shear strength changes with the amount of water kept
within the soil-pore space (Vanapalli et al., 1996).

To include the soil shear strength effects from the mechanisms that take place within the soil-pore
space under variable hydrological regimes, Coulomb’s law has been updated over the years (i.e.
effective stress principle: Therzaghi, 1943; Bishop, 1954; Fredlund and Morgensten, 1977). The effects
conferred by the soil-root mechanical reinforcement have also been included (e.g. Wu et al., 1979). In
an attempt to unify the different stresses that act within the soil-pore space (i.e. pore-water pressure,
pore-air pressure, physical-chemical forces at the particle contacts), Lu and Likos (2004) developed the
unified effective stress principle, which considers a unique stress variable, the suction stress (c°),
featured in the Coulomb’s law (failure envelope) for variably saturated conditions as:

1=C’+ (0-Uy-c )tand’

where u, is the pore-air pressure, normally assumed to be at the atmospheric pressure and assigned a
value of 0 kPa; o is the normal stress; ¢’ and ¢’ are the soil effective cohesion and the angle of internal
friction, respectively, and t is the shear stress (strength) of the soil.

The suction stress (c°) is meant to have the form of a characteristic function of the soil (i.e. SSCC; Lu
and Likos, 2006) based on the SWCC fitting parameters — i.e. a: inverse of the air entry pressure and n:
pore-size distribution parameter (Lu et al., 2010; Song et al., 2012). In addition, ¢° is directly related to
the soil apparent cohesion (c’), which actually mobilises the suction stress to shear resistance under the
shear failure of soils (Lu and Godt, 2013). Thus, SSCC could be appraised by means of shear testing
under different moisture contents or matric suction levels (Lu and Likos, 2004, 2006) by extrapolating
the failure envelopes to intercept with the negative side of the abscissa axis (i.e. 05 = — ¢'/tang"),
provided that changes in the degree of saturation, or matric suction (u,-u,,), will lead to the upward shift
of the failure envelope (Vanapalli et al., 1996; Lu and Likos, 2006; Kim et al., 2013).

The direct dependency of c° on U,-u,, allows the former to be considered as a proxy to quantify the
plant-soil hydrological reinforcement. The matric suction increase derived from plant water uptake or
evapotranspiration processes is one of the most recognisable hydrological effects provided by the
vegetation on the soil (Rodriguez-Iturbe and Porporato, 2005). However, it cannot be employed alone
to quantify the plant-soil hydrological reinforcement as the mechanisms occurring within the
unsaturated soil-pore space are complex (Lu and Likos, 2004). Hence, the soil hydro-mechanical
properties (e.g. a and n) must be regarded in combination with u,-u,, for the quantification of ¢° (e.g.
Lu et al., 2010) and, thus, approaching the plant-soil hydrological reinforcement.

In addition, plants, as living organisms, modify the environment they live in and, in particular, plant
roots alter the surrounding soil (i.e. rhizosphere; e.g. Hinsinger et al., 2009) in many ways. These
changes are demonstrated not only as enhancements of the soil matrix structure and strength but also as
alterations of the mechanisms governing soil physicochemical processes, such as the retention and flow
of water in the soil (Carminati et al., 2010; Scholl et al., 2014). Hence, when plants are present in the
soil one should consider a new material (i.e. plant-soil composite) with specific hydro-mechanical
properties (Scanlan, 2009). However, testing the properties and behaviour of plant-soil composites, in
general, and soils under unsaturated conditions, in particular, is difficult — there is a need to develop

simpler and quicker protocols.
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The aim of this paper is to explore how plants are able to provide mechanical and hydrological
reinforcement to the soil under different soil hydrological regimes. To do this, we first define a novel,
simple and reproducible laboratory protocol to investigate how changes in soil moisture modify the
mechanical response of vegetation upon soil reinforcement. We then look at how plants modify the soil
properties and what implications this may have for soil reinforcement. Finally we attempt to evaluate
the suction stress functions for both fallow and vegetated soil, as a proxy to quantify the plant-derived

soil hydrological reinforcement.

2. MATERIALS & METHODS

2.1. Soil type and testing program

A silty sand soil (Sand: 79.82%; Silt: 5.85%; Clay: 3.08%; BS 1377 Part 1:1990) was collected from
three sampling points at the crest of a landslide-prone slope in Catterline Bay, Northeast Scotland, UK,
from a depth of between 300 and 600 mm below ground level (b.g.l). The soil had intermediate to low
plasticity, (liquid limit, w,, of 36.07 %; plastic limit, wp, of 10.45 %; BS 1377 Part 2:1990) and a low
organic matter (OM) content (1.16£0.01 %; OM baseline; Schulte and Hopkins, 1996).

The soil was oven-dried at 100°C for 48 hours after which it was pulverized with pestle and mortar and
sieved through a 2 mm sieve. Then, the sample was split into two replicate treatments — i.e. fallow and
vegetated, respectively.

The fallow replicates (4 in total) were progressively taken to saturation level by adding deionized water
while mixing the soil-water mixture thoroughly with a spatula. Water was added until no soil
aggregates were present and a shiny film was observed atop. Once saturated, the replicates were
covered with aluminium foil and refrigerated for 48 h at 4° C, after which they were removed from the
fridge and let to dry at 20°C up to the desired moisture regime prior to shear testing (Fig. 1a).

The vegetated replicates (4 in total) were placed in 650 ml plastic trays (46.2 mm deep) and sown with
7 g of alfalfa (Medicago sativa L.) seeds spread evenly over the soil surface. Each sample was gently
watered, covered with a plastic lid and left in darkness until the seeds germinated. Once they
germinated, the trays were placed under an incandescent bulb of 60 W and the alfalfa was left to grow
for 3 weeks without any fertiliser (Figs. 1b and 1c). Each sample was watered daily with 100 ml of tap
water. Once the vegetated replicates were ready for shear testing, they were taken to water-saturation

level and left to dry until they reached the desired moisture regime, as with the fallow samples.

Each replicate from both the fallow and vegetated treatments was tested in shear under three different
hydrological regimes (I: saturated regime, II: transition regime and Ill: residual regime; Vanapalli et
al., 1996). The hydrological regimes were identified on the basis of the soil water characteristic curve
(SWCC; Fig. 2) to mimic the natural environmental conditions. SWCC was evaluated onsite at the
three different sampling locations in Catterline Bay by collecting coupled measurements of the matric
suction (u,-uy; kPa) and the moisture content (w; %) over time (Fredlund and Rahardjo, 1993). Then,

van Genuchten’s SWCC function (van Genuchten, 1980) was iteratively fitted using R 3.2.1 (R Core
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Team, 2015). Hence, each replicate was tested at u,-u,, = 0 kPa (regime 1), u,-u,, = 17 kPa (regime II)
and u,-u, = 78.5 kPa (regime Ill). Two extra ua-u,, levels were considered — i.e. 3 kPa and 13 kPa for
fallow and vegetated replicates, respectively, to enhance the number of repeats at the transition points
between the saturated and transition moisture regimes. The matric suction was monitored in all
samples by measuring the pore-water pressure with two UMS® T5 tensiometers (Figs. 1a-c) inserted at
ca. 20 mm b.g.l. and connected to a Campbell CR1000 data-logger until they achieved the desired
value for shear testing.

Four drained direct shear test trials (i.e. shear stages) were carried out per replicate and hydrological
regime (total of 16 fallow and 16 vegetated). The shear tests were performed in a Matest Shearlab
shear-box (Fig. 1d; BS 1377-4, 1990) machine using a 23.27 mm depth by 48.95 mm diameter sample
and shearing at a rate of 0.5 mm min™ under four normal stresses (i.e. shear stages: 26.04 kPa, 78.11
kPa, 104.15 kPa and 156.22 kPa; Head and Epps, 2011). The specimens to be sheared were carefully
sampled from their containers with a cylindrical knife of the same dimensions as the shear box (Fig.
1d), inserted into the shear box with no additional compaction and sheared at the middle plane (i.e. ca.
11.6 mm depth). For the case of the vegetated replicates, the vegetation was clipped to the ground level
with a precision knife before sampling and inserting into the shear-box. In between the shear stages,
the replicates of both fallow and vegetated soil were kept covered with aluminium foil in the fridge at
4°C from which a small sub-sample was collected to determine the gravimetric moisture content (Head,
1980).

After shear testing, each soil sample was oven-dried at 100°C for 24 hours to obtain the soil dry mass,
and then placed in a muffle at 500°C during 2 hours to determine the OM content by mass difference
respect to the dry sample mass (the LOI method; Schulte and Hopkins, 1996). The OM gain was then
calculated for the vegetated replicates as the OM mass percentage gain with respect to the OM baseline
(i.e. 1.16£0.01 %). For comparison purposes, the root dry mass was determined in one of the vegetated
replicates (i.e. regime Ill: 78 kPa). To do so, the roots for each sub-replicate were separated by hand
from the soil with steel tweezers. Then, the root dry mass was determined by oven-drying the separated
material at 70°C for 24 hours. In addition, the dry bulk density was estimated as the ratio between the

sheared dry soil mass and the volume of the shear box.

2.2. Soil-root mechanical reinforcement

The soil-root mechanical reinforcement was assessed by comparing the stress-strain curves between the
fallow and vegetated replicates derived from the shear testing trials (e.g. Mickovski et al, 2008). The
stress-strain curves were evaluated at the three considered moisture regimes (see 2.1) and under three
different normal stresses (26 kPa, 78.11 kPa and 104.15/156.22 kPa). The fallow soil repeat at 0 kPa
could not be tested at 156.22 kPa of normal stress due to the effects of the normal confining pressure
on this specimen, as its plasticity exceeded the liquid limit (i.e. soil specimen behaved as a liquid;
Craig, 2004). Thus, the maximum normal stress compared between fallow and vegetated treatments for

the saturated regime was 104.15 kPa.
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From each stress-strain curve a series of ‘mechanical properties’ were retrieved (Ghestem et al., 2013).
Firstly, where a clear stress-strain curve peak was not obtained, a yield point (tyieig; KPa) was chosen for
each curve as the first encountered inflexion point of the curve, which is meant to represent the
transition between elastic and plastic behaviour. The tangential strain at which the yield point was fixed
was considered to be the strain at the yield point (&yieig; %). The area below the stress-strain curve up to
the yield point was assumed to be the deformation energy (J; J m®). The difference between the
vegetated and fallow deformation energies — i.e. Jgain=Jvegetated — Jralow (EKanayake and Phillips, 1999),
shear strength — i.e. ASy = Tyield-vegetated-Tyiela-allow (VWaldron et al., 1983) as well as the root reinforcement
efficiency at the yield point —i.e. REy= ASy/tiow (Fan and Su, 2008), were regarded as indicators of
soil-root mechanical reinforcement. Additionally, the shear modulus (G; kPa) was calculated as the

initial slope of each stress-strain curve.
2.3. Failure envelopes and suction stress function

A Coulomb’s failure envelope was obtained for each moisture regime and for the fallow and vegetated
replicates, respectively (i.e. 4 envelopes per treatment). Each failure envelope was obtained by fitting a
regression line in R 3.2.1 (R Core Team, 2015) to the point clouds formed between the maximum shear
resistance and the normal stress (Head and Epps, 2011). From each failure envelope the soil cohesion
(¢’ intercept with shear stress axis) and angle of internal friction (¢’: inverse tangent of the failure
envelope’s slope) were retrieved. Then, each failure envelope was extrapolated to intercept the normal
stress axis. Each intercept point was considered to stand for the suction stress (¢° kPa; Lu and Likos,
2006; Kim et al., 2013; Lu and Godt, 2013), which was then plotted against the u.-u,, level obtained
from the relevant tests. A new curve (the suction stress function; SSCC) was iteratively fitted in R 3.2.1
for the fallow and vegetated sample points respectively, until the maximum goodness of fit (R%) was
achieved. To do so, values were given to a (inverse of the air entry pressure; kPa™) and n (pore-size
distribution parameter) in the function for the determination of the suction stress (Lu et al., 2010; Eq.
1):

Ua—Uw
o5 = —— W) Eqg.1

n
(1+(a(Ua—uw)) n

2.4. Statistical analysis

The distribution density was plotted for all studied independent variables (i.e. ¢’, ¢, OM, py, 6°, Tyield, J,
G, &yielg) to check for normality. Kruskal-Wallis tests were carried out to infer statistical differences
between the non-normally distributed variables and the two treatments (i.e. fallow and vegetated) while
ANOVA tests were implemented for the normally distributed variables at 95% and 99% confidence
levels. The same tests were used to find statistical differences between each independent variable and
the tested hydrological regimes and normal stress levels, respectively. Where statistically significant

differences were encountered, the differences within the groups were evaluated by means of Wilcoxon
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tests and t-tests for the non-normal and normally distributed variables, respectively. The same
procedures were followed for the soil-root reinforcement indicators (i.e. Jgin, AS, and RE,). In
addition, the correlation between these indicators and the OM was assessed by means of Pearson’s
correlation tests. The latter tests were also implemented to evaluate the potential relationships between
all of the considered variables.

The statistical differences between the obtained failure envelopes were assessed by comparing the

envelopes’ slope (S) and their respective standard errors (SE) through the estimation of a t-statistic

(t = s1 — s2/+/SE12 + SE2Z; Paternoster, 1998) evaluated at the 95% and 99% confidence levels.
Effects derived from the treatment (i.e. fallow or vegetated), hydrological regime, organic matter and
dry bulk density (py,) on the failure envelopes’ parameters (c’: effective cohesion and ¢’: angle of
internal friction) and the suction stress were evaluated by means of Pearson’s correlation tests.

All statistical analyses were carried using the statistical software R 3.2.1 (R Core Team, 2015).

3. RESULTS

Table 1. Soil-root mechanical reinforcement properties for the three tested hydrological regimes (i.e. I:
Us-uy,= 0 kPa IlI: u-u,= 17 kPa IllI: u,-u,=78 kPa) and the different normal stresses (o, kPa); Tyieid:
shear strength at yield point (kPa), eyieq: Strain at yield point (%), Jyieig: deformation energy at yield
point (J m?), Jgain: deformation energy gain for vegetated respect to fallow soil (J m?), G: shear
modulus (kPa), AS,: shear strength increase for vegetated respect to fallow soil (kPa), RE,: root
efficiency at yield point.

Treatment  ug-uy, ON Tyield Eyield Jyield Jaain G ASy RE,
(kPa)  (kPa) (kPa) (%) (m3) (@I m'3) (kPa) (kPa)
Vegetated 0 26.03 1487 3.00 33.11 13.96 20.21 6.90 0.87

Vegetated 78.11 3401 6.00 11995 76.88 20.37 5.32 0.18
Vegetated 104.15 50.48 8.00 255.69 207.28 14.86 17.54 0.53
Fallow 26.03 797 8.00 19.14 - 10.89 - -
Fallow 78.11 28.69 3.00 43.07 - 54.59 - -
Fallow 104.15 3294 250 4841 - 67.20 - -
Vegetated 17 26.03 39.85 250 6062 3932 8384 19.23 0.93
Vegetated 78.11 53.67 250 112.89 8255 10541 34.01 1.73
Vegetated 156.22 66.42 6.00 293.79 136.28 60.11 35.60 1.15
Fallow 26.03 20.72 7.00 21.30 - 21.30 - -
Fallow 78.11 19.66 6.00 30.35 - 31.81 - -
Fallow 156.22 30.82 3.00 157.52 - 27.97 - -
Vegetated 785 26.03 4144 6.00 147.36 46.34 58.15 5.84 0.16
Vegetated 78.11 4357 250 9093 -43.06 6841 -14.15 -0.24
Vegetated 156.22 60.58 3.00 124.07 -88.25 92.30 -16.47 -0.21
Fallow 26.03 3560 4.00 101.02 - 66.42 - -
Fallow 78.11 5792 3.00 133.99 - 101.02 - -
Fallow 156.22 77.05 4.00 212.32 - 91.21 - -

3.1. Soil-root reinforcement
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A clear increase of the soil shear strength was observed in most of the trials (Fig. 3) when the soil was
vegetated. The yield strength (tyieiq; Table 1) was generally higher for the vegetated treatments and
increased with the normal stress. There were statistical differences in tyq With regard to the applied
normal stress (F=4.49 df=3 p<0.05), where the maximum applied normal stress (i.e. c =156.22 kPa) led
to significantly higher tyeq (t=-3.40 df=8 p<0.01). However, no statistically significant differences
were detected in terms of tyieiq between the treatments as 114 tended to be relatively similar between
vegetated and fallow soil under the residual regime (Fig. 3g-i). Additionally, tycq did not show
significant differences between the different hydrological regimes, although the trend differed between
vegetated and fallow treatments (Fig. 4).

In terms of the energy of deformation (J; Table 1), it showed significant differences between fallow and
vegetated treatments (x°=4.32 df=1 p<0.05), where the vegetated soil generally presented higher J.
Also, J differed significantly among the tested normal stresses (3°=10.086 df=3 p<0.05; highly
significant for o = 156.22 kPa; p<0.001) but did not between the degree of saturation.

The hydrological regimes led to significant differences in terms of the root reinforcement efficiency
(ERy; F=12.41 df=2 p<0.01, Table 1), which was significantly higher (ER,: t=-5.04 df=3 p<0.05) for
the transition moisture regime (l1: 17 kPa). Moreover, the shear strength increase (AS,; Table 1) also
presented statistically significant differences with the moisture regimes (x°=6.49 df=2 p<0.05).
Although no statistical differences were detected, a similar pattern was seen for the energy gain (Jgain;
Table 1) between the considered treatments, normal stresses or moisture regimes.

The strain at the yield point (gyeg; Table 1) did not show significant differences for the investigated
cases and it was found to occur within 2.5% and 8% strain in all cases. On the other hand, the moisture
regimes did lead to significant differences in terms of the shear modulus (G; x*=14.71 df=4 p<0.01),
which was significantly higher for the residual regime (Z=2 p<0.01). In addition, statistically
significant differences in G were detected between the fallow and vegetated treatments for the
transition regime (t=4.17 df=2.22 p<0.05; Table 1).

It is worth noting that Jgin, ASyand ER, became negative under the residual moisture regime (I11: 78.5
kPa) for the intermediate and highest normal stress tested (Fig. 3; Table 1), implying a low root
reinforcement under this hydrological regime. Furthermore, these three variables (Jgin, AS, and ERy)
did not correlate well with the OM (Ry4ain=0.34; Rasy=0.36; Rery=0.46).

3.2 Organic matter gain
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All vegetated replicates presented a significant OM gain (0.84% to 1.44%; Table 2) with respect to the
baseline (i.e. 1.16+0.01 %). The vegetated treatments exhibited a significantly (F=34.15 p<0.01) higher
OM content when compared to fallow samples. However, no statistical differences were encountered

between the two determination methods for the vegetated treatments.

3.3 Failure envelopes

Failure envelopes were fitted with a high goodness of fit (R%; Table 2) for all shear testing trials (Fig.
5). The fitted envelopes did not statistically differ among each other for neither type of treatment
(traiow< 2.015 df=5; tyegeraed < 1.89 df=7), nor between the treatments (t < 1.943 df=6).

However, the angle of internal friction (¢’; Table 2; Fig. 5) was shown to be significantly higher
(¥°=5.33 df=1 p<0.05) in the vegetated replicates (¢’=20.09°- 25.31°) when compared to the fallow
samples (¢’=17.86°- 19.84°) in all cases. These differences led, on average, to the following linear
relationship: ¢’ vegetates=1.2¢ raniow. Additionally, ¢> was highly positively correlated with the organic
matter (R=0.69) and with the bulk density (R=0.86).

On the other hand, the soil cohesion (c’: failure envelope’s intercept; Table 2; Fig. 5) ranged from 2.20
kPa (regime 1) to 55.47 kPa (regime I11) for the fallow soil and from 10.40 kPa (regime 1) to 51.46 kPa
(regime 111) for the vegetated soil. It was highly positively correlated with the moisture regime
(R=0.97) and the bulk density (R=0.53).

Table 2. Shear strength parameters (¢’: apparent cohesion, ¢’: angle of internal friction), suction stress
(c°), organic matter content (OM) and gain (OMgyn) for the different tested replicates, for which matric
suction (u,-uy,), gravimetric moisture content (w) and bulk density (py) at testing is indicated. Values
indicate mean * standard deviation.

Treatment  up-U, W (%) p(gem™) ¢ o (%) R’ o°(kPa) OM (%) OM
(kPa) (kPa) gain
(%)
Fallow 0.00 3858 1.61 220 19.21 0.90 -6.32 1.16 -
+0.11 +1.15 +0.16 +0.23
Fallow 3.08  29.56 1.60 540 19.84 0.99 21497 144 -
+0.74 +257 +0.18 +0.17
Fallow 16.91 25.46 1.59 141 17.86 0.97 -43.94  1.39 -
+0.41 +2.01 +0.13 6 +0.02
Fallow 78.60 12.43 1.53 55.4  19.61 0.96 -155.65 1.04 -
+9.71 +0.29 +0.15 7 +0.05
Vegetated 0.67  39.78 1.39 10.4 23.88 0.98 2349  2.00 0.84
+0.09 +3.75 +0.13 0 +0.19 +0.19
Vegetated 12.96  24.89 1.44 12.4  25.08 0.98 -26.65  2.59 1.44
+0.67 +4.00 +0.13 7 +0.29 +0.29
Vegetated 16.94 23.87 1.53 25.9  20.09 0.96 7084 244 1.280.
+0.80 +3.09 +0.13 1 +0.24 24
Vegetated 78.46 11.32 1.17 51.4 2531 0.74 -108.81  2.05 0.89
+0.76 +1.98 +0.07 6 +0.44 +0.44
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3.4 Suction stress

The suction stress (¢”; Table 2; Fig. 5) showed an increasing trend with the matric suction for the
fallow and vegetated treatments. Both treatments presented a different ¢° curve fit using Eq. 1. The
fitting parameters, o and n, were a=0.05 kPa™ and n=0.6, for the fallow, and a=0.001 kPa™ and n=2,
for the vegetated soil. The goodness of fit (R?) was 0.99 and 0.73 for the fallow and vegetated soil,
respectively. Nonetheless, no statistical differences were observed between the two treatments and
none of the considered soil variables (OM and py) had a significant effect on ¢° besides the matric
suction (R=-0.94) and the soil cohesion (R=-0.98).

3.5. Correlation tests

The correlation tests (Fig. 6) showed a highly significant correlation between the yield stress (tyieig) and
the suction stress (R=-0.81), the matric suction (R=0.71) and the soil cohesion (R=0.82). However,
Tyield appeared to correlate, to a greater or lesser extent with most of the studied variables (Fig. 6). It is
also worth mentioning the high positive correlation between the organic matter content and the energy
of deformation (R=0.53), and, the wide influence of the bulk density (i.e. compaction) over most of the

assessed variables.

4. DISCUSSION

4.1. Soil mechanical strength under fallow and vegetated conditions

A significant mechanical soil reinforcement response was observed when the soil was vegetated (Figs.
3 and 5; Tables 1 and 2). The same response was noted in previous studies (e.g. Waldron et al., 1983;
Ekanayake and Phillips, 1999; Mickovski et al., 2008; Ghestem et al., 2013). The transfer of energy
from the root to the soil (Ekanayake and Phillips, 1999) as roots fail under shear conditions (i.e. break
or pull-out; Waldron, 1977) may explain the observed soil-root reinforcement effect.

However, the soil-root reinforced shear strength could also be explained by emergent soil structural and
mechanical properties induced by the vegetation. For instance, the presence of roots affected the angle
of internal friction when compared to the fallow soil (i.e. ¢’vegetated=1.2¢ raniow; Table 2; Fig. 5a). This
response contradicts the traditional belief that the presence of roots in the soil does not change ¢’
(Waldron and Dakesian, 1981; Gray and Ohashi, 1983; Ghestem et al., 2013). Roots do cause soil
structural changes (Whalley et al., 2005) and, thus, changes in strength. In addition, roots, as a foreign
material to the mineral soil, are likely to act as an additional friction agent to the intrinsic soil inter-
particle friction, ultimately conferring more soil shear resistance (i.e. steeper envelopes; Fig. 5a). This
claim is also supported by the fact that ¢> was highly correlated with OM (see 3.2; Fig. 6), which

experienced a consistent increase after only three weeks of vegetation growth (Table 2). The effect of
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the OM gain was also seen in the relatively strong observed correlation between OM and the
deformation energy (J; Fig. 6), which tended to be consistently higher for the vegetated repeats (i.e.
roots give ductility to the soil; Table 1). Counter intuitively to our other results, the OM seemed to
present a high negative correlation with the strain at the yield point (g,; Fig. 6). This outcome is
concurrent with previous studies (e.g. Mickovski et al. 2009; Mickovski et al. 2011) and supports the
idea that the rooted soil strength is not fully mobilized until larger shear displacements. However, this
effect should be treated with caution as the location of the yield point was not obvious in most cases; a
known issue (Ghestem et al. 2013).

The observed soil-root mechanical reinforcement, in terms of tyeq and J, was higher compared to
published values (e.g. Ekanayake and Phillips, 1999; Ghestem et al., 2013), and there are several
reasons that could be contributing to this difference. Firstly, higher normal loads were applied than in
previous work. This could have led to consolidation effects on the tested specimens (Head and Epps,
2011) and, consequently, to an increase of the specimen’s bulk density upon testing. Low or null
normal loads are commonly used in soil-root reinforcement studies (e.g. Waldron et al., 1983;
Ekanayake and Phillips, 1999; Pollen, 2007; Fan and Su, 2008; Mickovski et al., 2009; Ghestem et al.,
2013) to mimic the effects derived from the plant surcharge, as these loads are normally assumed to be
negligible (Norris et al., 2008). However, as the normal applied loads increase together with the
specimen’s bulk density, the soil shear strength also increases (Head and Epps, 2011), as it can be seen
in the failure envelopes (Fig. 5a). Secondly, a high planting density (Loades et al., 2010), more than ten
times higher than the one recommended for agricultural plantations (e.g. Mateo, 2005), and a smaller-
scale shear box (see 2.1) were used, which could have prevented the roots from sliding from the soil,
increasing resistance to shear even if the roots were broken (Ghestem et al., 2013). This issue may
explain why the shear strength continued to rise in the tested samples (Fig. 3). This has been found in
other systems (Waldron et al. 1983) and numerically predicted (Mickovski et al. 2011). Alternatively,
the necessary shear displacement for complete failure to occur may not be reached due to root
stretching effects (De Baets et al., 2008) or due to apparatus limitations (i.e. maximum shear
displacement limited to 20 mm; Mickovski et al. 2009). Nonetheless, the presence of many roots that
have not broken and are yet to mobilise their full tensile strength (Docker and Hubble, 2008) seems to
be a more plausible reason for the former issue. As a result, most of the vegetated treatments’ stress-
strain curves (Fig. 3) presented smooth profiles without a clear peak (e.g. Waldron et al., 1983;
Ekanayake and Phillips, 1999; Su and Fan, 2010; Ghestem et al., 2013; Bordoloi et al., 2015).
However, further compaction was not applied to the soil specimens before shear testing, a step directly
related to the specimen’s bulk density (Table 2), and could be why shear peaks were absent in the
fallow treatments (Head and Epps, 2011). In this regard, the lower observed bulk density for the
vegetated repeat tested under the residual hydrological regime (Table 2) might explain the lower soil-

root reinforcement effect for this trial (Figs. 3f-h; Table 1).

4.2. Soil-root reinforcement under different hydrological regimes
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Most of our results are consistent with the idea that there is an optimum soil moisture level for most
effective soil-root reinforcement (Figs. 3d, 3e and 4a). This implies that the vegetation’s mechanical
performance is strongly affected by the soil hydrological conditions. These conditions are expected to
vary seasonally (e.g. higher soil moisture saturation levels in winter). Hence, the vegetation’s
mechanical response is expected to experience seasonal variations too.

The root systems seemed to have been able to mobilize their whole strength only at 17 kPa of matric
suction (i.e. transition regime; Fig. 3-11), for which a clear failure peak was observed in two cases
(Figs. 3d and 3e). Consequently, the vegetated soil presented maximum shear strength at the transition
moisture regime (Fig. 4a) after which it decreased or remained relatively constant. A similar pattern
was observed in the root reinforcement efficiency (RE,; Table 1). RE, achieved values beyond unity
(i.e. shear strength increased by more than 100 % respect to the fallow soil) at 17 kPa of matric suction.
There are two main reasons that, independently or in combination, could be contributing to the
observed results.

Firstly, the soil-root bonds may change with the soil moisture (Ennos, 1990). As a result, the
mechanisms of root failure (e.g. breakage or pull-out; Waldron, 1977) can vary (Pollen, 2007) along
with the amount of energy conferred to the soil by the root system (Waldron, 1977). The maximum
energy is thought to be provided when the roots break (Waldron, 1977; Stokes et al., 2008). Yet, when
the soil is extremely saturated, roots will be more likely to pull-out (Ennos, 1990) as a consequence of
the soil’s physical consistency loss (i.e. soil behaves as a liquid once the liquid limit is exceeded; Craig,
2004) and derived soil-root bonds loss (Ennos, 1990). However, as the soil dries out, there is an
increase of the soil shear strength (Vanapalli et al., 1996) derived from the pore water pressure
dissipation (Lu and Godt, 2013), along with a soil stiffness increase (Cosentini and Foti, 2014). These
effects were observed under both fallow and vegetated treatments on the upward shift of the failure
envelopes (Fig. 5a) and on the increasing trend of G with the matric suction (Table 1), respectively.
The high soil strength under the residual regime may therefore obscure soil-root reinforcement effects
(Figs. 3g-h, 4a; Table 1) and explain the lower root efficiency (Table 1) under high ua-uw. Nonetheless,
as it has been mentioned above, vegetated soil tended to maintain the soil shear strength constant
beyond the optimum (Fig. 4a). This issue may be produced by a buffering effect of the soil stiffness
when roots are embedded in the soil (i.e. soil becomes more elastic and ductile); also supported by the
trend seen in the fallow soil (Fig. 4b), where a non-linear strength increase with the matric suction was
observed. The latter is consistent with the observations gathered in Vanapalli et al. (1996).

Secondly, root tensile strength may change under distinct root moisture contents, which, in turn, will
vary depending on the surrounding soil’s moisture. The root tissues” mechanical behaviour will likely
change depending on the tissue’s cells hydration (e.g. Béhm, 1979; Stokes et al., 2008). As we have
observed during root tensile strength tests (Tardio and Mickovski, 2016), roots tend to be stiffer and
present a lower tensile strength when dry. Conversely, when roots are very wet, they tend to slip out
from the tensile testing machine. Thus, optimum root moisture contents for the mobilisation of the
maximum root tensile strength could exist and explain the observed results (Table 1; Figure 3). The
former may also explain the observed bias at 13 kPa of u,-u,, for the vegetated replicates tested (Fig.

5a), where the root moisture may have not been at its optimum despite the soil’s transition regime
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conditions. The hypothesis of optimum root moistures is also supported by the G differences between
the two treatments (Table 1). Roots should present a maximum elasticity (i.e. tensile strain) under
optimum root moisture content (e.g. Ekevand and Axelsson, 2012). As a result, the soil-root composite
should be more elastic too and, consequently, the vegetated repeats showed significantly higher G than
the fallow repeats within the transition regime in all cases (Table 1).

The idea of an optimum soil moisture level for most effective soil-root reinforcement is to some extent
also supported when comparing our findings with results from previous studies. For example, root
mechanical reinforcement observations were higher than those reported for saturated moisture
conditions by Waldron et al. (1983) with respect to the saturation and transition moisture regimes but
lower, in terms of RE,, for the residual regime (Table 1). However, root efficiency outcomes (RE,;
Table 1) were in disagreement with the findings from Fan and Su (2008), who claimed that RE,
increased with the soil moisture content, with values between 0.9 and 1.3 under saturated conditions.
RE, findings also differed from the observations provided in Pollen (2007), where it is indicated that
the reinforcement is likely to be at a minimum when the soil is saturated. Based on the consistent
reduction in soil strength under the saturated regime (Figs. 3 and 5a), there is some consistency with
Fan and Su (2008) in that the reinforcement effect provided by vegetation roots is more significant
under saturated conditions. Nonetheless, the former studies (Pollen, 2007; Fan and Su, 2008) did not
consider soil hydrological regimes in light of the SWCC, only testing two discrete soil moisture
contents (i.e. ca.10 % and 20 %) without providing further soil physical information or adjusting the
selected moisture contents to real-life hydrological regimes.

The observed bias between the two vegetated repeats tested within the transition regime (i.e. 13 kPa vs.
17 kPa) warrants further research along the same lines presented herein in order to shed light on which
factors (e.g. soil moisture, root moisture, emerging soil-root composite properties, root features, etc.)
led to the optimum soil-root reinforcement and to the observed bias. Additionally, it would be ideal to
consider other soil hydrological processes. For example, SWCCs are subject to soil hysteresis, which
cause soil hydro-mechanical differences between the drying and wetting paths (e.g. Lu and Likos,
2004). The hydrological regimes will therefore change under wetting conditions - when landslides are
more likely to occur - and, accordingly, the soil-root reinforcement performance.

The root tissue composition of the young Alfalfa seedlings (i.e. cellulose to lignin ratio; Zhang et al.,
2014), which has been proved to affect the root tensile strength (Genet et al., 2005), was not considered
and neither was the root length or the age of the plants — all of which may lead to soil-root
reinforcement differences (Loades et al., 2010). For instance, it is normally accepted that roots transfer
different energy into the soil depending on the root length (e.g. Ennos, 1990). Additionally, young and
adult plants tend to present root tissue compositional variations (i.e. cellulose to lignin ratio; Genet et

al., 2006), leading to different root reinforcement effects (Zhang et al., 2014).

4.3. Suction stress functions: hydrological reinforcement
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Fallow and vegetated soil showed distinct suction stress characteristic curves (SSCC; Fig. 5¢). These
derived from changes in the soil hydro-mechanical parameters required to fit Eq. 1 (Lu et al., 2010) to
the obtained data points (Fig. 5¢). Changes in the physical properties of vegetated soil when compared
to fallow soil were observed as expected (Table 2). As a result, differences were found in terms of the
hydro-mechanical parameters (Scanlan, 2009; Carminati et al., 2010). The obtained values for o and n
after fitting Eq. 1 (Fig. 5¢) would imply that the hydro-mechanical behaviour of the vegetated soil in
this study shifted towards the expected behaviour of a ‘clay material’ (Lu et al., 2010). This shift can be
seen in the observed higher moisture retention capacity of the vegetated soil within the saturated
regime and in the potential to buffer the suction levels within the residual regime (Table 2; also see
Whalley et al., 2005).

Regarding the SSCC for vegetated soil (Fig. 5¢), a suction stress baseline (i.e. -23.49 kPa; Table 2; Fig.
5¢) within the saturated regime was detected. This baseline indicates a possible relationship between
the apparent root cohesion (cg; Wu et al., 1979) and the suction stress, which was also seen in the
correlation between ¢° and tyieis (Fig. 6). Furthermore, it is likely that suction stress regimes exist (Fig.
5¢; dark green triangles) reflecting differences between the soil hydrological regimes (Fig. 2). ¢°
increased with the matric suction within the saturated regime and was relatively constant within the
transition regime before slowly increasing within the residual regime. In this respect and, considering
the role of ¢® within the unified effective stress principle (Lu and Likos, 2004), the soil strength would
experience a consistent increase derived from the soil matric suction rise. Consequently, and given the
acknowledged increase of the matric suction induced by plant-water uptake or evapotranspiration (e.g.
Rodriguez-lturbe and Porporato, 2004), o° has good features to be used as a proxy to quantify the
hydrological effect of vegetation on the soil shear strength (i.e. plant hydrological reinforcement) and,
hence, the vegetated soil resistance against shallow landslides (e.g. Gonzalez-Ollauri and Mickovski,
2014, 2015).

However, the fallow soil SSCC (Fig. 5c; bold curve) differed from the theoretical prediction (Fig. 5c;
dashed light grey curve; Lu et al., 2010; Song et al., 2012); the hydro-mechanical parameter, n, differed
from that of the SWCC (Figs. 2 and 5c; see 3.4). For the soil being studied, considering both the
SWCC parameters and theory, the SSCC should have reached a maximum at AEV (i.e. air entry
pressure) preceded by a 1:1 relationship between c° and u,-U,, (Fig. 5¢; dashed light grey curve). It did
not here, but the processes that take place in the soil-pore space under unsaturated conditions (Lu and
Likos, 2004) are highly complex and extremely difficult to fully replicate in a laboratory. Thus,
development of simplified methods to evaluate the SSCC in fallow soil should be continued.

Finally, it is worth noting that the closed-form equation of SSCC (Lu and Likos, 2004) was derived for
soil only and not for plant-soil composite material, which is probably the largest source of variation in
the observed data from the theoretical prediction. Only considering the data we observed for the three
hydrological regimes (i.e. 0 kPa, 17 kPa and 78 kPa), a different function was analytically fitted for the
vegetated soil taking into account the curve’s graphical shape (Fig. 5¢: full red line). The alternative
function was implemented with the same hydro-mechanical parameters derived from the SWCC:
0 Svegetation = —n/a(1l — exp(a(ua —uw)) + cx. We recommend the use of this function for

estimating the plant-derived soil hydrological reinforcement as opposed to the function derived from
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the experimental protocol (Fig. 5c; dashed green line) because it considers the hydro-mechanical
parameters derived from the SWCC, it is consistent with the different soil hydrological regimes — it
tends to become constant within the residual regime — and, it predicts a solid plant hydrological
reinforcement compared to the fallow soil, as it is believed to occur in nature (Wilkinson et al., 2002).
Nonetheless, further work is needed to establish reliable experimental protocols able to find
expressions for predicting the soil hydrological reinforcement provided by vegetation, to shed light on
the myriad changes that vegetation produce upon the soil’s hydro-mechanical properties and to enhance

our understanding on the behaviour of plant-soil composites.

5. CONCLUSIONS

In light of our observations and findings it can be concluded that:

e The presence of vegetation in the soil can change the soil composition with relevant hydro-
mechanical implications.

e Vegetation is able to mechanically reinforce the soil but the magnitude of this reinforcement
will depend on the soil’s hydrological regimes — most effective reinforcement will be expected
within the transition regime.

e The presence of roots in the soil can induce an increase in the angle of internal friction of up
to 20% when compared to fallow soil.

e Vegetated soil has a suction stress function that is distinctly different from the one of fallow
soil. This function is governed by the soil’s hydrological regime, it can be used as a proxy to
quantify the plant-derived hydrological reinforcement of the soil, and it stresses the intimate

relationship between plant-derived mechanical and hydrological soil reinforcement.

Our results provide a good basis for future research along the same lines to enhance our understanding
upon the nature of plant-soil composites and shed light on the sustainable use of vegetation against

shallow landslides.

ACKNOWLEDGEMENT
The authors thank Elizabeth Mittell for her valuable English language edits and suggestions. This
research project was funded by a PhD scholarship awarded by the School of Engineering and Built

Environment of the Glasgow Caledonian University.

REFERENCES

Bishop, A. W., 1954. The use of pore water coefficients in practice, Geotechnique, 4: 148-152,
doi:10.1680/geot.1954.4.4.148.

Bordoloi, S., Yamsani, S. K., Garg, A., Sreedeep, S., Borah, S., 2015. Study on the efficacy of harmful
weed species Eicchornia crassipes for soil reinforcement. Ecological Engineering, 85: 218-222.

BS 1377 Part 2, 1990. Methods of test for soils for civil engineering purposes. Classification tests.

15



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

British Standards Institution. London, UK.

Carminati, A., Moradi, A.B., Vetterlein, D., Vontobel, P., Lehmann, E., Weller, U., Vogel, H. and
Oswald, S.E., 2010. Dynamics of soil water content in the rhizosphere. Plant Soil. 332: 163-176.

Craig, R., 2004. Craig’s Soil Mechanics 7th Edition. E & FN Spon. London, UK

Consentini, R.M. and Foti, S., 2014. Evaluation of porosity and degree of saturation from seismic and
electrical data. Geotechnique, 64 (4): 278-286.

De Baets, S., Poesen, J., Reubens, B., Wemans, K., De Baerdemaeker, J., Muys, B., 2008. Root tensile
strength and root distribution of typical Mediterranean plant species and their contribution to soil
shear strength. Plant Soil, 305: 207-226.

Docker, B.B. and Hubble, T.C.T., 2008. Quantifying root-reinforcement of river bank soils by four
Australian tree species. Geomorphology, 100: 401-418.

Ekanayake, J.C. and Phillips, C.J., 1999. A method for stability analysis of vegetated hillslopes: an
energy approach. Can. Geotech. J. 36 (6), 1172-1184.

Ekevad, M. and Axelsson, A., 2012. Variation of modulus of elasticity in the tangential direction with
moisture content and temperature for Norway spruce (Picea abies). BioResources 7(4), 4730-
4743.

Ennos, A., 1990. The Anchorage of Leek Seedlings: The Effect of Root Length and Soil Strength.
Annals of Botany, 409-416.

Fan, C-G. and Su, C-F., 2008. Role of roots in the shear strength of root-reinforced soils with high
moisture content. Ecological Engineering, 33: 157-166.

Fredlund, D. G., and Morgenstern, N. R., 1977. Stress state variables for unsaturated soils, J. Geotech.
Eng. Div. Am. Soc. Civ. Eng., 103: 447-466.

Fredlund, D.G. and Rahardjo, H., 1993. Soil Mechanics for Unsaturated Soils. John Wiley and Sons,
New York, US.

Genet, M., Stokes, A., Salin, F., Mickovski, S.B., Fourcaud, T., Dumail, J., van Beek, L.P.H., 2005.
The influence of cellulose content on tensile strength in tree roots. Plant Soil 278,1-9.

Genet, M., Stokes, A., Fourcaud, T., Hu, X., Lu, Y., 2006. Soil fixation by tree roots: Changes in root
reinforcement parameters with age in Cryptomeria japonica D. Don. plantations. In: Marui, H.,
Marutani, T., Watanabe, N., Kawabe, H., Gonda, Y., Kimura, M., Ochiai, H., Ogawa, K.,
Fiebiger, G., Heumader, J., Rudolf-Miklau, G., Kienholz, H., Mikos, M. (eds). Interpraevent
2006: Disaster mitigation of debris flows, slope failures and landslides. Septemeber 25-27, 2006,
Niigata, Japan. Universal Academy Press, Inc. Tokyo, Japan, ISBN 4-946443-98-3, pp 535-542.

Ghestem, M., Veylon, G., Bernard, A., Vanel, Q., Stokes, A., 2013. Influence of plant root system
morphology and architectural traits on soil shear resistance. Plant Soil DOI 10.1007/s11104-012-
1572-1

Gonzalez-Ollauri, A. and Mickovski, S.B., 2014. Integrated model for the hydro-mechanical effects of
vegetation against shallow landslides. EQA , 13, 35-59.

Gonzalez-Ollauri, A. and Mickovski, S.B., 2015. Hydrological effect of vegetation against shallow
landslides: A technical approach. Proceedings of the XVVI ECSMGE Geotechnical Engineering for
Infrastructure and Development, 1753-1758.

16



617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656

Gray, D.H. and Ohashi, H., 1983. Mechanics of fiber reinforcement in sand. J Geotech Eng 109: 335-
353.

Greenway, R.R., 1987. Vegetation and Slope Stability. In: Anderson, M.G., Richards, K.S. (Eds.),
Slope Stability. John Wiley and Sons Ltd, New York, pp. 187-230.

Head, K. H., 1980. Manual of Soil Laboratory Testing. CRC Press, Boca Raton, US

Head, K. H., and Epps, R. J., 2011. Manual of Soil Laboratory Testing: Permeability. Shear Strenght

Hinsinger, P., Bengough, A. G., Vetterlein, D., Young, .M., 2009. Rhizosphere: biophysics,
biogeochemistry and ecological relevance. Plant Soil, 321: 117-152.

Kim, B.S., Shibuya, S., Park, S.W., Kato, S., 2013. Suction stress and its application on unsaturated
direct shear test under constant volume condition. Engineering Geology, 155: 10-18.

Loades, K.W., Bengough, A.G., Bransby, M.F., Hallet, P.D., 2010. Plant density influence on fibrous
root reinforcement of soils. Ecological Engineering, 36: 276-284.

Lu, N., and Godt, J., 2013. Hillslope Hydrology and Stability. Cambridge University Press, New York,
us.

Lu, N., Godt, J. & Wu, D., 2010. A closed-form equation for effective stress in unsaturated soil. Water
Resources Research. 46 (5), 1-14.

Lu, N. and Likos, W. J., 2004. Unsaturated Soil Mechanics. John Wiley & Sons, Hoboken, US.

Lu, N. and Likos, W. J., 2006. Suction Stress Characteristic Curve for Unsaturated Soil. Journal of
Geotechnical and Geoenvironmental Engineering, 132 (2): 131-142

Mateo Box, J.M., 2005. Prontuario de agricultura. Cultivos agricolas. Mundi-Prensa, Madrid.

Mickovski, S. B., can Beek, L. P. H. and Salin, F., 2005. Uprooting resistance of vetiver grass. Plant
Soil, 278: 33-41.

Mickovski, S.B., Hallett,P.D., Bengough, A.G., Bransby, M. F., Davies, M.C.R., & Sonnenberg, R.
The effect of willow roots on the shear strength of soil. 2008. Advances in GeoEcology, 39
pp247-262.

Mickovski, S., Hallet, P., Bransby, M., Davis, M., Sonnenberg, R., and Bengough, A., 2009.
Mechanical Reinforcement of Soil by Willow Roots: Impacts of Roots Properties and Root
Failure Mechanisms. Soil Sci. Soc. Am. , 73 (4), 1276-1285.

Mickovski, S. B., Stokes, A., van Beek, L. P. H., Ghestem, M. and Fourcaud, T. 2011. Simulation of
direct shear tests on rooted and non-rooted soil using Finite Element analysis. Ecological
Engineering, 37 (10): 1523-1532.

Norris, J., Stokes, A., Mickovski, S., Cameraat, E., Van Beek, R., Nicoll, B., Achim, A., 2008. Slope
Stability and Erosion Control: Ecotechnological Solutions. Springer, Doerdrecht, The
Netherlands.

Paternoster, R., Brame, R., Mazerolle, P., & Piquero, A. R. (1998). Using the Correct Statistical Test
for the Equality of Regression Coefficients. Criminology, 36(4), 859-866.

Pollen, N., 2007. Temporal and spatial variability in root reinforcement of streambanks: Accounting for
soil shear strength and moisture. Catena, 69: 197-205.

R Development Core Team, 2015. R: A language and environment for statistical computing. Viena,

Austria: R Foundation for Statistical Computing URL: http://www.R-project.org

17



657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696

Rodriguez-Iturbe, I. & Porporato, A. 2004. Ecohydrology of Water-Controlled Ecosystems. Cambridge
University Press, New York, US.

Scanlan, C.A., 2009. Porcesses and effects of root-induced changes to soil hydraulic properties. PhD
Thesis, University of Western Australia.

Scholl, P., Leitner, D., Kammerer, G., Loiskandl, W., Kaul, H. and Bodner, G., 2014. Root induced
changes of effective 1D hydraulic properties in a soil column. Plant Soil. 381:193-213.

Schulte, E. and Hopkins, B.G., 1996. Estimation of soil organic matter by weight loss-on-ignition. In
Magdoff, F. et al. Soil Organic Matter: Analysis and Interpretation. Soil Sci. Soc. Am., Madison,
us, pp. 21-31.

Song, Y-S., Hwang, W-K., Jung, S-J., Kim, T-H., 2012. A comparative study of suction stress between
sand and silt under unsaturated conditions. Engineering Geology, 124: 90-97.

Stokes, A., Norris, J., van Beek, L., Bogaard, T., Cammeraat, E., Mickovski, S. et al. 2008. How
vegetation reinforces soil on slopes. In: J. Norris, A. Stokes, S. Mickovski, E. Cammeraat, R. van
Beek, B. Nicoll et al., Slope Stability and Erosion Control: Ecotechnological Solutions (pp. 65-
116). Springer, Dordrecht, The Netherlands.

Stokes, A., Douglas, G., Fourcaud, T., Giadrossich, F., Gillies, C., Hubble, T., et al., 2014. Ecological
mitigation of hillslope instability: ten key issues facing researchers and practitioners. Plant Soil,
377, 1-23.

Tardio, G. and Mickovski, S.B., 2016. Implementation of eco-engineering design into existing slope
stability design practices. Ecological Engineering, 92: 138-147.

Terzaghi, K., 1943. Theoretical Soil Mechanics. Wiley, New York.

Thorne, C.R., 1990. Effects of vegetation on riverbank erosion and stability. In: Thornes, J.B. (Ed.),
Vegetation and Erosion. John Wiley and Sons Inc, Chichester, pp. 125-143.

Vanapalli, S.K., Fredlund, D.G., Pufahl, D.E., Clifton, AW., 1996. Model for the prediction of shear
strength with respect to soil suction. Can. Geotech. J. 33: 379-392.

van Genuchten, M., 1980. A closed-form equation predicting hydraulic conductivity of unsaturated
soils. Soil Sci. Soc. Am. J. 44, 892-898.

Waldron, L. J., 1977. The Shear Resistance of Root-Permeated Homogeneous and Stratified Soil. Soil
Sci. Soc. Am. J. 41 (5), 843-849.

Waldron, L.J. and Dakessian, S., 1981. Soil reinforcement by roots: calculation of increased soil shear
resistance from root properties. Soil Science, 132 (6), 427-435.

Waldron, L.J., Dakessian, S. and Nemson, J.A., 1983. Shear resistance enhancement of 1.22-meter
diameter soil cross sections by pine and alfalfa roots. Soil Sci. Soc. Am. J. 47:9-14.

Whalley, W.R., Riseley, B., Leeds-Harrison, P.B., Bird, N.R.A., Leech, P.K., Adderley, W.P., 2005.
Structural differences between bulk and rhizosphere soil. European Journal of Soil Science,
56:353-360.

Wilkinson, P. A., 2002. An integrated hydrological model for rain-induced landslide prediction. Earth
Surface Processes and Landforms. 27, 1285-1297.

Wu, H. M., 1979. Strength of tree roots and landslides on Prince of Wales Island, Alaska. Canadian
Geotechnical Journal. 16 (1), 19-33.

18



697
698

699
700

701

Zhang, C., Chen, L., & Jiang, J., 2014. Why fine tree roots are stronger than thicker roots: The role of

cellulose and lignin in relation to slope stability. Geomorphology , 206, 196-202.

19



