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Large roots dominate the contribution
of trees to slope stability

Filippo Giadrossich, Denis Cohen, Massimiliano Schwarz, Antonio Ganga, Roberto Marrosu, Mario
Pirastru, GF Capra

Abstract

Tree roots provide surface erosion protection and improve slope stability through highly complex
interactions with the soil due to the nature of root systems. Root reinforcement estimation is usually
performed by pullout tests, in which roots are pulled out of the soil to reliably estimate the root
strength of compact soils. However, this test is not suitable for the scenario where a soil progressively
fails in a series of slump blocks, for example, in unsupported soils near streambanks and road cuts
where the soil has no compressive resistance at the base of the hillslope. The scenario where a soil is
unsupported on its downslope extent and progressively deforms at a slow strain rate has received little
attention, and we are unaware of any study on root reinforcement that estimates the strength of roots
in this scenario. Thus, we designed two complementary laboratory experiments to compare the
pullout force of roots with and without support of colluvium at the lower extent of a hillslope. The
results indicate that the root reinforcement force is reduced by up to 50% when the soil fails as slump
blocks compared to pullout tests. We also found that, for slump block failure, roots had a higher
tendency to slip than to break, showing the importance of active earth pressure on root reinforcement
behaviour, which contributes to reduced friction between soil and roots. These results were then
scaled up to a full tree and tree stand using the root bundle and field-measured spatial distributions
of root density. Although effects on the force mobilized in small roots can be relevant, small roots
have virtually no effect on root reinforcement at the tree or stand scale on hillslopes. When root
distribution has a wide range of diameters, the root reinforcement results are controlled by large roots
that hold much more force than small roots.

Introduction

Forests are part of risk reduction strategies and are an important aspect in ecosystem services
(Montgomery et al., 2000; Miura et al., 2015; Moos et al., 2016; Horton et al., 2017). Among others,
the effect of vegetation on slope stability is now well established (Wu et al., 1979; Gray and Lieser,
1982, Stokes et al. 2009, 2014). In addition to hydrological effects (e.g., rainfall interception and pore
water pressure reduction), the main effect of vegetation on slope stability is the mechanical
reinforcement of soils by roots (Sidle et al., 2006; Stokes et al., 2014; Sidle et al., 2016; Vergani et
al., 2016; Sidle et al., 2017; Cohen and Schwarz, 2017; Giadrossich et al., 2017).

Three types of root reinforcement exist: basal root reinforcement, stiffening and buttressing of sliding
mass under compression, and lateral root reinforcement (Vergani et al., 2017). Basal root
reinforcement occurs when roots cross the shear plane and is highly efficient in stabilizing vegetated
slopes. However, this type of root reinforcement occurs only in shallow soil with fractured rocks,
while the shear plane of a shallow landslide occurs at depths where roots have virtually no effect
(Schwarz et al., 2010a; Milledge et al., 2014). On the other hand, lateral root reinforcement has an
important role but is limited depending on the area of the landslide because its contribution to slope



stability is proportionally reduced by increasing landslide size (e.g., up to 1000 m?, Schmidt et al.,
2001; Schwarz et al., 2010a; Milledge et al., 2014). Nonetheless, lateral root reinforcement commonly
plays a major role because shallow landslides occur more frequently (Milledge et al., 2014).

In this context, Zhou et al. (1997) were the first (and only researchers to our knowledge) to recognize
the difference between two different lateral root reinforcement scenarios, i.e., roots originating from
the sliding soil mass (Figure 1a) and roots originating from the stable part of a soil mass (Figure 1b,
c).

Based on our direct experience, we expect a difference in root reinforcement that could differ
significantly depending on the soil failure mode (Figure 1). In fact, we have observed in several
landslide scarps (Figure 2) a clear indication that small roots slip while larger roots break (O'Loughlin,
1974; Gray and Barker, 2004; Pollen, 2007; Schwarz et al., 2010a). Therefore, our hypothesis is that
root strength varies as a function of landslide head scarp relative to root orientation from nearby trees.
Schwarz et al. (2015) showed how the unstable soil mass moving downward, acting as a wall, creates
passive Earth pressure in the downslope wedge, but at the same time, it creates active pressure
conditions upslope.

Active earth pressure occurs when the slide mass moves away from the roots in extension (Figure 1b,
¢); thus, soil disaggregates or slump blocks develop. The hypothesis is based on the fact that when
the ground yields and slides downward, the downslope motion results in an increase in overall volume
with a commensurate increase in void space or a decrease in bulk density. This decrease in bulk
density is accompanied by a lower confining stress, hence allowing a higher amount of root slippage
within the expanded mass. Therefore, the rheology of the mass of ground in the landslide leads to a
low frictional resistance between the soil and root because the contact between the root and soil has
a low confining stress.

In contrast, in practice, root reinforcement is measured by extracting the roots (pullout tests) from a
completely stable and aggregated soil (Giadrossich et al., 2017). This method by Zhou is as follows:
1) classic root extraction tests measure the root reinforcement and ii) soil disaggregation tests measure
conditions that would lead to a reduction in root reinforcement (with respect to the pullout tests).
These two cases are represented by Figures 1a and 1b, c, respectively.

Pullout tests are one of the most used and important direct tests to assess root reinforcement
(Giadrossich et al., 2017); nonetheless, this type of test represents root extraction from a stable soil,
analogous to the scenario where a shallow landslide initiates uphill with respect to the trees. This
scenario is rarely encountered in reality: most often, trees are upslope of the tension crack. By
analogy, this latter scenario is similar to the cases of forest clear-cuts, riverbanks, and road cuts
(Figure 1b, c).

To elucidate the active earth pressure role on root reinforcement mechanisms, we performed original
and systematic measurements of root reinforcement in the laboratory using a device on a tiltable plane
where the soil containing the roots was placed to simulate a landslide. Then, we performed classic
pullout tests (Giadrossich et al., 2017). Our objective is to quantify the difference in root
reinforcements between the two hillslope configurations with respect to tree position described in
Zhou et al. (1997). Finally, for a case study, we calculated the root reinforcement using the root
bundle model (RBMw) (Schwarz et al., 2013), considering the findings of this research.
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Figure 1: Schematic illustration of the different hillslope configurations with respect to tree position:
(a) roots anchored in the sliding mass across a tension crack. Passive soil strength can develop at the
toe, while stiffening and buttressing by roots in the soil mass may occur; (b) roots coming from the
stable mass; and (c) roots coming from the stable mass with multiple slump block failures. Cases (b)
and (c) consider the topographic context of an abrupt slope decrease at the hillslope base with an
accommodation space for slide material to move into, analogous with road margins and riverbanks.
The black dotted line indicates the shear plane.

Figure 2: Most broken roots are large, while small roots remain intact, indicating slippage. (a)
Landslide scarp with protruding roots (yellow circles) in a chestnut forest (Italy, photo by Andrea
Dani). (b) Landslide scarp with protruding roots in a mixed broadleaf and conifer forest stand
(Switzerland, photo by Filippo Giadrossich). (c) Landslide scarp with protruding roots (yellow
circles) in an Aceri-Fraxinetum forest stand (Switzerland, photo by Massimiliano Schwarz). The red
circle indicates the position of a tree stump.



Root-soil friction model

The force activated along a root depends on root-soil friction, which is given by the root frictional
shear stress times the root-soil area of contact, approximated as the root length times the root average
perimeter. The maximum frictional shear stress reached by the root can be calculated assuming
Coulomb failure (Schwarz et al. 2010c¢), i.¢.,

T = ¢, + po’

where c; is apparent cohesion, x is the friction coefficient between the soil and the root and is assumed
to be uniform along the root length and perimeter, and o’ is the normal stress. The normal stress is
obtained by multiplying the vertical stress by the cosine of the inclination angle. The friction
coefficient & includes the effects of root shape, tortuosity, and branching.

Root Bundle Model

To estimate the effects of lateral earth pressure on root reinforcement, we estimate root reinforcement
using the RBMw (Schwarz et al. 2013) using data from our two laboratory experiments. The general
equation to calculate root reinforcement (F) of a bundle of roots as a function of displacement is

N

Fiot(zr) = Z F(¢i,x) S(&),

=1

where N is the total number of roots, x is the displacement (i.e., how much the roots stretch across
the tension gap), S(&) is the survival function assumed to have a Weibull distribution, &; is normalized
displacement, and ¢; is the size of root diameter class i. The RBMw assumes no interaction between
neighbouring roots or crossing roots (Giadrossich et al., 2013). Details of the model and methodology
can be found in Schwarz et al. (2013) and Giadrossich et al. (2016).

Materials and methods
Soil and roots

The soil sample used for the experiments was a sandy loam soil collected in Nuoro Province (Sardinia,
Italy). Soil physical analyses were carried out on air-dried soil samples (fraction <2 mm) in
accordance with official Italian procedures (MiPAF, 2000) and in compliance with international
standards. Sand (2.0-0.02 mm), silt (0.02-0.002 mm), and clay (<0.002 mm) fractions were separated
by pipette and wet sieving following pretreatment with H>O» and sodium hexametaphosphate.
Textural classes were identified according to the USDA (Soil Survey Laboratory Staff, 2014). Soil



cohesion and friction angle were obtained by extrapolation from failure points obtained by direct
shear tests with normal stress values of 2.7, 6.0, and 12 kPa and fitted by a linear regression
(Giadrossich et al., 2017). The normal stress used was lower than that in the classic geotechnical
direct shear test because the magnitude of the normal stress at the failure surface of shallow landslides
is only a few kPa. The physical properties of the soils used in the experiments are reported in Table
1.

Table 1: Particle size and geotechnical parameters of soils.

Soil type VWC Sand Silt Clay Effective cohesion ¢’ Friction angle ¢
] 1%l %] %] [KPal degree]
Sandy loam 27 80 9 11 23.47 39.21

Roots of Pseudotsuga menziesii (Mirb.) Franco (Douglas fir) were collected from the centre of
Sardinia, Italy. The roots were dug by hand, and then the length and diameter at both extremities were
measured. The root diameters ranged from 2 to 10 mm, with lengths between 0.52 and 1.65 metres.

Slump blocks and pullout: experimental setup

To perform our tests, we needed to build a tiltable plane to place the soil containing the roots. In one
case, we measured the force needed to extract the roots, and we named these experiments "pullout”.
This case relates to the study of the dynamics described in Figure 1a. In the other case, we measured
the force applied to the roots from the soil that is slipping, simulating a landslide. The latter tests are
called "slump blocks", referring to the type of soil behaviour under active earth pressure (Figure 1b,

c).

We designed a tilting box to perform both slump block and pullout experiments in the laboratory.
The tilting box (Figure 3), 0.8 m wide, 1.5 m long, and 0.5 m high, is delimited by 3 fixed pieces of
plywood, two on the sides and one upslope, which contain the soil sample and the roots. The upslope
side has holes through which roots are anchored to load cells attached to a movable plywood panel
sliding along rails with ball bearings (red and orange lines in Figure 3). The plywood panel holds up
to fifteen load cells (Omega Inc. LCL-040, maximum load 180 N). The box is mounted on a platform
that can be tilted 45 degrees from horizontal using a hydraulic jack.

For the pullout experiments, the movable side panel pulls the roots (Figure 3) by loading weights
onto a frame attached to the side panel through a steel cable. For the slump block experiments, the
roots are connected to the load cells that measure the tensional force in the roots when soil slips past
them when the box is tilted (Figure 3). In this case, the movable side remains fixed and acts as an
anchor point for the roots.

Preparation of the rooted soil followed a strict procedure. Successive strata of soil were laid out in
the box, and roots were inserted between strata until the soil was 0.45 m deep. The roots were inserted
at three different levels, 0.10, 0.25, and 0.40 m from the bottom of the box. The roots extended a few
centimetres into holes in the wooden movable side and were each connected to a load cell. The load
cells were connected to a data logger for continuous recording of data. The sampling rate was 1 Hz.
The roots were reused in both slump block and pullout experiments unless they broke. In this case,
they were replaced with roots of similar diameter and length.



For all experiments, the soil moisture ranged between 27 and 29%. A total of 92 single roots were
tested in 8 experiments.

Then, to upscale the root reinforcement calculation, we first surveyed the root distribution in the field
for 5 different trees, digging two trenches of 0.6 m2 for each tree at two different distances from the
trunk (for details, see Schwarz et al., 2012). Then, the root distribution was estimated at other
distances using the model by Schwarz et al. (2012), as described in Giadrossich et al. (2016). The
model estimates the number of roots for each 1 mm diameter class in a vertical section of 1 m? as a
function of the distance from the tree trunk.

A)

downslope
upslope

B)

upslope

Figure 3: Schematic of the tilting box: A) plan view and B) lateral view. The red bold line represents
the plywood panel that moves along the rails and pulls the roots to reproduce roots being pulled out
by the downslope tree (reproducing the scenario in Figure 1a). This panel carries the load cells. The
dotted line represents the fixed plywood panel that protects the load cells and data loggers. The roots
pass through this panel to be anchored to the load cells on the movable side (bold red line). The tilting
box can be inclined up to 45 degrees, allowing the soil to slip and reproducing the active earth pressure
on roots (the scenario in Figure 1b, c).



Statistical analysis

To analyse the data, we performed an analysis of covariance (ANCOVA) using a two-level factor
(force recorded on the roots) and a continuous covariate parameter (normal stress) and Student's t-
test. Normal stress was scaled as a function of tilting angle to obtain a comparable setup between
the experiments. All statistical analyses were carried out using the statistical software R 3.2.1 (R
Development Core Team, 2015).

Results

Figure 4 shows the effect of normal stress (o) on the maximum friction stress (T, see Eq. 1) for the
two types of experiments, pullout and slump blocks. For a given normal stress, the data are highly
scattered, and no apparent trend appears with normal stress.

Statistical analysis showed that in our case, normal stress has no effect on the maximum friction stress
(see Table 2 in the appendix). This result also confirms the hypothesis, which is commonly not taken
into consideration, that the inclination angle of the slope does not influence the frictional shear stress
between the root and soil, and thus, normal stress correction is entirely neglected.

Student's t-test indicated, however, that the friction shear stress was significantly higher in the pullout
experiments (mean=4.46+1.04 kPa) than in the slump block experiments (mean=2.11+0.57 kPa),
p<0.001, at the 95% confidence level. Figure 5 graphically shows the relationship of the two
experiments. The results are significantly different (p<0.001).
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Figure 4: Effect of variation in normal stress (o) on the maximum friction stress. The normal
stresses between pullout experiments and tilting experiments differ because of the slope angle
correction.
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Figure 5: Boxplot showing the median, first and third quartiles, and maximum and minimum values
of root friction shear stress for the pullout and tilting experiments.

Discussion

The range of normal stress values in the experiment does not justify the different values of frictional
stress (T) recorded. Thus, the changes in T are due to the apparent cohesion term (c), which
summarizes the results for the two experiments, suggesting that soil-root cohesion forces are lower
for the slump block experiments due to the active earth pressure. We observe that in the slump block
experiments (tilting box), soil slip induces tensile strain inside the soil, which is also due to the
presence of roots, breaking up the soil aggregates and structure and reducing the soil-root contact
area and soil-root cohesion. Again, the active earth pressure represents the extensional case where
slump blocks develop, resulting in a general decrease in volume and compressive stress and
increasing the likelihood that roots will slip and not break. As a result, more roots slipped in the
experiments, resulting in overall less mobilized force, up to 50% less with respect to the pullout
experiments.

Confining pressure and root size (the latter is proportional to the root length and number of branches)
are the driving factors. Small roots, at such small confining pressure, cannot exceed the length
criterion (Waldron, 1977), i.e., roots do not exceed the critical length imbedded into the soil that is
required to break them. The results are similar to those of Schwarz et al. (2011), where for normal
stress ranging from 2 to 4.5 kPa, these authors found little variation in the maximum pullout force.

Soil type could have an important impact. A more cohesive soil could increase root-soil bond forces
(e.g., Schwarz et al. 2011) and mobilize more force during the experiments. This result would lead to
a smaller difference between the forces activated during pullout or slump block setups. Soil
saturation, however, could have a reversal effect. Higher saturation along streambanks would reduce
cohesive forces due to suction, increasing the difference between root reinforcement on river banks
and road cuts or vegetated slopes.



The laboratory tests we have performed certainly represent a simplified system. However, soil
environment tests in the field can sometimes be difficult to set up due to the particularity of these
tests and the many variables considered. For these reasons, simplified systems are preferable to study.
Examples are studies of the effect of root tortuosity, the weight of the soil, the type of soil, and so on,
e.g., Mickovski et al. (2009), Schwarz et al. (2010), and Giadrossich et al. (2013). The results we
obtained from these tests, however, confirm our field observations made on the detachment niche of
numerous landslides, where the large roots are broken, extending out for a certain length, while the
numerous fine roots (up to three millimetres) mainly slip out without breaking. However, other
authors have made similar observations.

Pollen et al. (2005) observed that the roots of river birch (Betula nigra L.) smaller than 3.5 mm would
slip out, while larger roots would break. Schwarz et al. (2010b), using a discrete element model for
single roots that included root-soil and branching friction, also showed that small roots of spruce
(Picea abies L.) would tend to slip, while large roots would break. Zhou et al. (1997) carried out in
situ experiments of pulling soil cuboids containing roots of Pinus yunnanensis (Franch.), indicating
that roots greater than 3 mm tend to break. Additionally, Schmidt et al. (2001), in a detailed survey
of landslide scarps in Oregon, USA, found a large majority of broken roots, although no indication
was given as to their sizes.

The difference between active earth pressure and pullout from stable soil is not one of merely a change
in the frame of reference but a completely distinct failure mode that will activate different forces
along roots. Different force activations due to frictional root-soil contact will dictate whether roots
slip or break during soil motion. The substantial significance of these results lies in the fact that root
reinforcement in the distal areas of trees decreases more rapidly than we might expect. Thus, when
there is a tree at the top of a slope, as in the case of road embankments, riverbanks, or even hill slopes,
the downward root reinforcement is reduced as a function of root distribution in the soil. If large roots
are present, this reduction can be ignored because the large roots support the overwhelming majority
of the forces at stake. If only fine roots are present, a reduction of up to 50% of the root reinforcement
can occur. The reason lies in the fact that in the latter case, most of the roots slip out rather than break.
Thus, we infer that during landslide initiation, large-diameter roots may share the load with the small-
diameter roots until the small-diameter roots slip out, at which time soil may slip along the large-
diameter roots until they break.

The root reinforcement reduction described in this article should not be confused with the well-known
overestimation of root reinforcement when calculated with the so-called Wu model (Wu, 1979;
Waldron et al. 1981) or the RipRoot Model by Pollen et al. (2004) due to incorrect assumptions on
root breaking dynamics (Abernethy and Rutherfurd, 2000, 2001; Simon and Collison, 2002; Pollen
and Simon, 2005; Docker2008, Pollen2009, Hubble2010, Schwarz2013).

Despite the limits of experimentation in the laboratory, a new method was applied, and a rigorous
experimental protocol was followed. The only way to perform such tests in the field would be to
artificially trigger a landslide, where the roots were previously connected to load cells. This approach
is undoubtedly very stimulating but also very expensive and complicated. For instance, a large-scale
artificial rainfall-induced landslide triggering experiment was performed in Spring 2009 in
Switzerland (Schwarz et al., 2012), but unfortunately, no direct measurement of the force applied on
the roots was taken.

The slippage of small roots is never considered in the literature of root reinforcement models. Root
reinforcement calculations are still based on the assumption that all roots break. Model calibration is
performed using data obtained usually by laboratory tensile strength or field root pullout (e.g.,
Giadrossich et al., 2017; Tosi, 2007; Docker and Hubble, 2008; Genet et al., 2008; Hales et al., 2009;
Cohen et al., 2011; Mao et al., 2012). In the following section, we carried out simulations to assess
the impact of small roots on root reinforcement on the basis of our findings applied to original data
of root distributions and root pullout tests of Douglas fir.



Application

We consider three scenarios: (i) the root strength is given by field pullout measurements (all roots
fail under tension, Figure 1a); (i) the strength of roots less than or equal to 6 mm is reduced by 50%
based on our laboratory results (Figure 1b) (similar to Pollen et al., 2005); and (iii) the strength of all
roots is reduced by 50% (Figure 1c). The root reinforcement for these scenarios is calculated using
the RBMw.

Figure 5 shows root reinforcement as a function of displacement (soil slippage) for these three
scenarios. For distances of 0.75 and 1.5 metres from the trunk, the effect of a reduced breaking force
for roots less than 6 mm (scenario (i1)) is limited in magnitude and affects only the first few decimetres
of displacement (see the difference between the solid and dashed curves in Figure 5). This effect does
not affect the value of maximum root reinforcement because maximum root reinforcement occurs at
a displacement where these small roots no longer hold any force. In contrast, at 2.25 metres from the
stem, peak root reinforcement occurs at a smaller displacement, and the maximum force is reduced
by 50%. Root reinforcement near the tree trunk is controlled by many large roots. The contribution
to root reinforcement for roots less than 6 mm is minimal. In contrast, far from the tree trunk, coarse
roots are minimal, and roots smaller than 6 mm contribute significantly to the total root reinforcement.
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Figure 5: Root reinforcement as a function of displacement calculated at (a) 0.75 metres, (b) 1.5
metres, and (c) 2.25 metres from the stem for the three scenarios ((i) to (iii)) described in the main
text. The RBMw parameters are Fo=0.620x10°, ko=0.210x106, alpha=1.60, beta=0.96, omega=2.4,
and lambda=1 obtained from field pullout tests (for more details, see Schwarz2013, Giadrossich2016.

A last consideration must be made based on the fact that the largest decreases in root reinforcement
occur where only small roots are present, and therefore, the reduction in root reinforcement takes
place on already relatively low resistance values. Therefore, these findings have an effect depending
on the root distribution and size of shallow landslides.

Conclusions



Most research on the effect of vegetation on slope stability does not consider the two end-member
anchoring scenarios described in Zhou et al. (1997). These different anchoring scenarios and their
effects on root reinforcement were estimated in laboratory experiments and filled a gap in the
literature.

In the dynamics of root reinforcement during landslide initiation, large-diameter roots may share the
imposed load with small-diameter roots until the small-diameter roots break, at which time soil may
slip along the large-diameter roots.

The results confirm the experimental hypothesis, showing an average difference of approximately
50% between the pullout force and the force exerted on the roots when the soil fails in progressive
blocks. For stiff, large soil movement, this difference is drastically reduced and is entirely neglected
when large roots are present in the soil because large roots mobilize most of the force. Thus, root size
distribution is fundamental to make accurate predictions of root reinforcement. The effect of root
slippage is important whenever root distribution is limited to minimal and small-diameter classes.
Considering the implication for bioengineering work, root reinforcement calculations on short and
steep slopes, such as riverbanks and roadcuts, can be lower than expected. In comparison to the model
by Wu et al. (1979), which is still commonly used for estimating root reinforcement, our results
indicate that the reduction in root reinforcement is on the order of 75% when all roots crossing a soil
profile are small. For this reason, we advise against the use of the model by Wu et al. (1979), and we
suggest the use of models based on more realistic interactions between roots and soil, such as the root
bundle model (Schwarz et al., 2013).

Appendix

Table 2 shows the analysis of variance output of the fitted model. Normal stress does not show any
effect (p=0.347) on the response variable (7). Explanatory variables do not show any interaction or
any difference between the two slopes of this relationship (p>0.05). This result can be better observed
in Figure 4, where all the data have been plotted as a function of the type of experiment and normal
stress. The active earth pressure has a highly significant effect on friction shear stress (p<0.001).
Consequently, we considered only the minimal model “pullout” versus “slump block™ experiments
to be valid.

Table 2: Analysis of variance with friction shear stress as a response. Df, degree of freedom; Sum
Sq, sum of squares.

Df Sum Sq Mean Sq F value Pr(>F)

Pull:Slump 1 33.05 33.05 45.60  0.0000
Normal stress 1 0.93 0.93 1.28  0.2709
Pull-Slump:Normal stress 1 0.07 0.07 0.10  0.7581
Residuals 20 14.50 0.72
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