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Abstract it is well recognized that roots reinforce soils and that the distribution of roots within vegetated
hillslopes strongly influences the spatial distribution of soil strength. Previous studies have focussed on

the contribution of root reinforcement under conditions of tension or shear. However, no systematic
investigation into the contribution of root reinforcement to soils experiencing compression, such as the
passive Earth forces at the toe of a landslide, is found in the literature. An empirical-analytical model (CoRoS)
for the quantification of root reinforcement in soils under compression is presented and tested against
experimental data. The CoRoS model describes the force-displacement behavior of compressed, rooted
soils and can be used to provide a framework for improving slope stability calculations. Laboratory results
showed that the presence of 10 roots with diameters ranging from 6 to 28 mm in a rectangular soil profile
0.72 m by 0.25 m increased the compressive strength of the soil by about 40% (2.5 kN) at a displacement
of 0.05 m, while the apparent stiffness of the rooted soil was 38% higher than for root-free soil. The CoRoS
model yields good agreement with experimentally determined values of maximum reinforcement force
and compression force as a function of displacement. These results indicate that root reinforcement under
compression has a major influence on the mechanical behavior of soil and that the force-displacement
behavior of roots should be included in analysis of the compressive regimes that commonly are present in
the toe of landslides.

1. Introduction

Root reinforcement is a key factor contributing to the stability of vegetated steep slopes and plays an impor-
tant role in determining the management of protection forests and bioengineering measures [Stokes et al.,
2014]. Most studies quantify root reinforcement from the point of view of the shear resistance of a rooted soil
often implemented within an infinite slope stability analysis [e.g., Wu et al., 1979; Waldron and Dakessian, 1981;
Bathurstet al., 2010]. Root reinforcement is included in the Mohr-Coulomb failure criteria as an additional root
cohesion term usually homogeneously distributed across a vegetated slope with few studies considering the
heterogeneous distribution of root reinforcement at the stand scale [e.g., Kuriakose et al., 2008; Schwarz et al.,
2012b; Hwang et al., 2015]. Even less work has been devoted to the role of root reinforcement in soils that
are in compression as occurs at the toe of a shallow landslide. A unique study on root compression [Wu et al.,
1988] showed that the bending force of some roots in compression can be of the same order (~100 N) as that
of a root in tension. Yet this aspect is entirely neglected in slope stability analysis of shallow landslides.

Three-dimensional limit equilibrium analyses [Schwarz et al., 2010a; Milledge et al., 2015] make a fundamen-
tal assumption that the sliding mass behaves as a rigid block neglecting the effects of local failures and the
nonuniform stress fields and boundary conditions near the scarp and in the toe prior to landsliding [e.g.,
Urciuoli et al., 2007]. During landslide initiation, a soil element may be in different stress configurations
depending on its location: shear, tension, or compression. Figure 1 illustrates schematically the loading con-
ditions of four soil volume elements during the triggering of a shallow landslide. Usually, for rainfall-triggered
landslides, the initiation is caused by a local loss of shear strength (Figure 1, case 1) due to the combined effect
of increased soil bulk density and either an increase in pore water pressure or a decrease in soil suction along
the potential failure plane (indicated by a red curve in Figure 1). Once local failure occurs, the first evident
sign of movement is observed by the formation of a tension crack in the upper part of the landslide (Figure 1,
case 2). Simultaneously, the destabilized soil mass causes an increase in the lateral compressive stress in the
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Case 1: Shearing
Case 2: Lateral tensioning
Case 3: Lateral compression before failure
Case 4: Lateral compression after failure

Figure 1. Activation of root reinforcement in tension crack (top inset) and in compression zone (bottom inset) during
shallow landslide initiation. Left side image shows the representative soil volume elements under different stress
configurations at different locations in the landslide.

downslope zone (Figure 1, case 3). Where the cumulative downslope lateral stress reaches a critical value the
soil may fail, creating a failure surface (or band). Failing of the soil mass above the toe corresponds to com-
pressive stress conditions as illustrated in Figure 1, case 4. The behavior of soils under these different stress
conditions is usually tested in the laboratory with different stress tests.

The compressive stress condition illustrated in case 4, Figure 1, is similar to passive Earth pressure condi-
tions discussed in geotechnical engineering in the context of the design of retaining walls. Passive Earth
pressure state occurs if a wall moves downslope toward the adjacent backfill (Figure 2a), increasing pressure
and inducing compressive lateral strains [Kramer, 19961]. If the wall moves sufficiently toward the backfill, the
soil will fail in shear along the failure plane, a wedge will slide up that plane, and maximum passive pressure
then acts on the wall. The pressure in the soil above the moving wall (Figure 2a) is called the active Earth
pressure. Figure 2b shows the analogy between the retention wall and the toe of a failing slope. In the failing
slope, the soil mass above the toe represents the wall that moves downslope creating passive Earth pressure
condition and the failing wedge.

The first study that included compression within a three-dimensional limit equilibrium approach for the
analysis of shallow landslides was that of Terwilliger and Waldron [1991]. They considered the lateral effects of
active and passive Earth pressures on the top and the toe of a sliding block. Later on, Puzrin and Schmid [2007]
implemented this concept in a numerical analysis for shallow and creeping landslides. Recently, Milledge
etal. [2015] developed a multidimensional stability model for shallow landslide building up on the concepts
proposed by Terwilliger and Waldron [1991] and applying the calculation of passive/active Earth pressures
to include the effects of the upslope and the downslope soil block boundaries in the force balance calcula-
tions. Yet a systematic quantification and discussion of the passive Earth pressure on the triggering of shallow
landslides is still missing.

Numerous approaches for estimating the value of the passive Earth pressure can be found in the literature
going back to the eighteenth century. The most commonly used limit equilibrium approaches are those
of Rankine [1857] and Coulomb [1776] (see Bowles [1996]). These approaches, however, overestimate the
passive Earth pressure for wall frictions greater than zero [Bowles, 1996]. For this reason, Caquot and Kerisel
[1948] produced tables of Earth pressure coefficient based on experiments with nonplanar failure surfaces.
Later, Janbu [1957] and then Shields and Tolunay [1973] proposed an approach to the Earth pressure
problem similar to the method of slices used in slope stability analysis. Recently, finite element methods were
applied to test the validity of such approaches for different initial and boundary conditions [e.g., Benmeddour
et al., 2012]. All these new methods yield values for the passive Earth pressure coefficient smaller than that
of Rankine or Coulomb. All methods mentioned above estimate a passive Earth pressure coefficient corre-
sponding to the maximum possible mobilized force. The effect of displacement on passive Earth pressure was
introduced more recently using empirical hyperbolic models calibrated with experimental data [Duncan and
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Figure 2. (a) Retention wall moving downslope creating passive Earth pressure condition in the downslope wedge and
active pressure conditions upslope. (b) Analogy between the retention wall in Figure 2a and the unstable soil mass that
moves downslope toward the toe (wedge). (c) Orientation of the Ep force vector and its inclination g relative to the
analog wall activating the passive Earth pressure force.

Mokwa, 2001; Shamsabadi et al., 2007]. These models, however, are not well suited for precompressed soils
and cyclic stress conditions [Cole and Rollins, 2006] because in these situations, the passive Earth pressure
curve has an inflection point that cannot be represented with hyperbolic models.

The effect of roots on the passive Earth pressure has always been neglected based on the assumption that
the compressive strength of roots is low in comparison to that of soil [Gray and Sotir, 1996]. The first com-
pression test of roots in the field was performed by Wu et al. [1988] who used a steel sleeve applied at the
end of an exposed root on a soil profile to measure the compressive force in the direction perpendicular to
the soil profile. In Wu et al. [1988]'s experiments, all roots failed by buckling. This pioneering work gave the
first quantitative mechanical contribution of roots under compression: for root diameter of hemlock trees
(Tsuga sp.) ranging between 2 and 9 mm, the maximum compression load reached values between 10 and
180 N. Roots crossing a shear plane induced by passive Earth pressure may behave differently than a single
root pushed into the soil owing to different boundary conditions (the soil mass is also under compression and
shearing). Furthermore, Wu et al.’s [1988] study made no link of this root reinforcement mechanism to slope
stability.

To date, root reinforcement of soil is calculated for roots subjected to tension or pull out at the scarp or head
of a slide, or in shear along a slide’s basal failure surface. The most advanced models for estimating this root
reinforcement use fiber bundle models [Pollen and Simon, 2005; Schwarz et al., 2010b; Cohen et al.,2011]. These
models have shown that reinforcement may be quantified in terms of a maximum tensile force and a root
bundle stiffness (the amount of root reinforcement mobilized per unit displacement) [Schwarz et al., 2013al.
Furthermore, strain-controlled fiber bundle models [Schwarz et al., 2013a] made clear that the so-called root
apparent cohesion added to the soil cohesion in the Mohr-Coulomb formulation for soil strength is incorrect
because root reinforcement depends on displacement and peak root reinforcement does not generally occur
at the same displacement as the soil peak strength. These models supported the experimental results of early
studies [Pollen et al., 2004; Docker and Hubble, 2008; Fan and Su, 2008]. Fiber bundle models, however, have
neither been adapted nor applied to roots in compression at the toe of a failing landslide.
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Figure 3. Grain size distribution of soil sample (solid black line) and typical grain size range of clayey gravels with sand
(GC; gray dashed lines) according to USCS (SN 670004-2b).

The objective of this work is to measure, using laboratory experiments, the contribution of roots to the
maximum passive Earth force and its evolution with displacement. Another objective is to formulate an
empirical-analytical model for quantifying root reinforcement in soils under compression for conditions
similar to those found at the bottom passive wedge at the toe of a shallow landslide. Sensitivity analyses of the
model are also performed using field-measured root distributions in order to discuss the results in the context
of slope stability assessment and protection forest management. The present work represents an important
link, complementary to the formulation of root reinforcement in tension and shear [Schwarz et al., 2013a], in
the upscaling of root reinforcement from a root bundle to the hillslope scale [Schwarz et al., 2010b] and the
quantification of its effect on hillslope stability [Schwarz et al., 2012a].

2, Laboratory Experiments

2.1. Materials and Sampling Site

Soil and root samples used in the experiments were excavated on a steep, 30°, north-facing slope on the
Honegg ridge in the Emmental, Swiss Prealps. The site (UTM coordinates 629,370/185,050 zone 32; lati-
tude 46.8160°N, longitude 7.8235°E) is located at an altitude of about 1000 m above sea level (asl). The
climate is maritime, typical of central alpine north-facing slopes. Annual precipitation is about 1600 mm,
and the mean annual air temperature is about 6 to 7°C (Metro Swiss, 2012, http://www.meteoschweiz.
admin.ch/home/klima/vergangenheit/klimanormwerte/normwert-karten.html). The site is located in the
Plateau Molasse at its southernmost limit to the folded-inclined Subalpine Molasse (clastic sedimentary rocks).
The site is composed of Pleistocene moraine material originating from the last glacial maximum Emme glacier,
now covered by Holocene weathered hillside regolith (geological map of Switzerland 1:25'000, Federal Office
of Topography swisstopo, 2012). The soil layer is thus rich in rock fragments and only 30 to 50 cm deep.
The low hydraulic conductivity of the moraine material favors wet conditions resulting in a slope gleysol and
in local slope failures and scarps visible during the field campaign.

The site belongs to the montane altitudinal belt sustaining a conifer forest dominated by European
spruce (botanical Picea abies). The phytosociological classification is a Festuco-Abieti-Fagetum mixed with
Aceri-Fraxinetum and Carici remotae-Fraxinetum. The actual forest cover is composed of 70% European spruce
and 30% silver fir (Abies alba). Forest canopy cover is about 80% and nearly homogeneous, interrupted only
by small gaps (maximum 5 m in diameter). The mean tree height is about 25 m. Tree regeneration is domi-
nated by silver fir (Abies alba) and sycamore maple (Acer pseudoplatanus) seedlings whose coverage ranges
between 20 and 60%. The forest at the site is managed as a protection forest for slope stabilization and for
soil protection from erosion in accord with the Swiss national directives [Frehner et al., 2005].
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Table 1. Mechanical Properties of the Soil Used for the Compression
Experiments?

U.S. Geological Survey Soil Classification GC

[ 6.2 (% by mass)
wm 34.6 (% by mass)
Cs 28.6 (% by mass)
< 30.7 (% by mass)
deo 0.384 (mm)
dso 0.143 (mm)
dsg 0.038 (mm)
dio 0.004 (mm)
Cud 87.3 (=)

Ccd 0.9 (=)

w, 332 (% by mass)
Wp 225 (% by mass)
Ip 10.7 (% by mass)
Wp, 15.3 (% by mass)
Ppr 1.81 (g/cm?3)
Dp, 86.7 (%)

aUSCS = Unified Soil Classification System; GC = clayey gravel; ¢ = content,
indices C, M, S, and G mean clay, silt, sand, and gravel, respectively; d = grain
diameter at the indexed fraction of total mass shown in the grain size distri-
bution diagram; C4 = coefficient of uniformity; C; = coefficient of curvature;
W = water content; indices L, P, and Pr mean at the liquid limit, at the plastic
limit, and at pp,; Ip = plasticity index; Dp, = (pg/pp,) 100 = degree of com-
pression. The parameters Wp, , pp,, and Dp, are derived from a Proctor test
according to SN 670330-2 on the material’s fraction with d < 4.0 mm; W,, Wp,
and Ip are derived from testing the material fraction < 0.5 mm according to SN
670345-b. All other parameters are derived from testing the fraction < 0.5 mm
according to SN 670004-2b.

2.2, Soil

One cubic meter of soil was excavated from the field site for analyses and experiments. The material was exca-
vated from the A horizon within the top 0.4 m. The sampling site was representative of a landslide prone
area. Soil samples were stored in a closed box during transport to the laboratory and remained sealed until
analyses and experiments were performed. Grain size distribution, Atterberg’s consistency limits, and Proctor
compaction test to determine density and water content of soil subsamples were determined in the labo-
ratory. In addition, shear parameters, i.e., the angle of internal friction and the cohesion, were measured as
a function of water content by means of direct shear tests. The grain size analysis was performed according
to the Swiss Norm SN 670004-2b and the determination of the consistency limits according to SN 670345-b,
both of which are based on the Unified Soil Classification System (USCS). The soil was classified as a clayey
gravel (GC) with sand. Grain size distribution is shown in Figure 3 and various parameter values are given in
Table 1. Figure 3 shows that the grain size distribution slightly exceeds the upper limit of the typical GC band
in the range between medium sand and medium gravel. Thus, naming convention adds the label “with sand”
following the main soil group of clayey gravel. The derived parameter C, (coefficient of uniformity) in Table 1
indicates that the soil is well graded and thus compressible. The low value of the plasticity index (IP, Table 1)
reveals that the soil’s consistency is sensitive to changes in water content. The Proctor test was performed
according to SN 670330-2. The grain size fraction >4.0 mm was removed from the original material prior
to the test in order to perform standardized analysis. That fraction was 25% of the material’s total mass. The
optimum water content, W,,, at the material’s maximum density, pp,, proved to be 7% by mass lower than the
plastic limit, W,. The material’s degree of compression, Dy, used for the lateral compression experiments with
and without roots, is relatively low compared to materials used in geotechnical applications. However, this
value is representative of a near-surface forest soil with small bulk density which is the focus of this paper.
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Table 2. Soil Shear Parameters of the Fraction < 0.5 mm for Three Samples With Different Water Contents®

v 0B n 0y 0, Sk @' c
Sample  (mm/s) (g/cm3) (% by volume) (% by mass) (% by volume) (% by volume)  (deg) (kN/m?2)
1 0.04 1.57 41.96 19.43 30.45 72.52 23.7 21.6
2 0.04 1.56 42.07 22.84 35.72 84.9 241 18.1
3 0.04 1.56 42.41 27.22 42.33 99.81 271 13.5

av is shearing rate; pg is bulk density measured prior to the experiment when the soil was formed in the device; n is
porosity; 6 is water content with indices g and v indicating gravimetric and volumetric values, respectively; Sg is degree
of saturation; ¢’ is effective angle of internal friction; c’ is effective cohesion. The direct shear tests were performed in
accordance with the standard DIN 18137.

The shear parameters were determined according to the standard DIN 18137 by means of the grain size frac-
tion < 0.5 mm using a box shear apparatus (Wille Geotechnik, model SP 10) (see Table 2). After consolidating
each sample for a minimum of 150 min, normal stresses ¢’ of 10, 20, 40, and 80 kPa were incrementally applied
to obtain the shear strength, the effective angle of internal friction ¢, and the effective cohesion ¢’. Low val-
ues of normal stress used in these tests are typical of low superimposed loads at small depth where shallow
slope failures occur at this site. The maximum shearing rate to maintain drained conditions (v = 0.04 mms~")
was determined using the plasticity index (IP, Table 1) according to DIN 18137. Tests were performed at three
water contents (Table 2): (1) the liquid limit W, (2) the plastic limit W, and (3) the mean field water content,
W = 19.2% by mass, measured during sampling and experiments between June and August 2012.

2.3. Roots

Roots of European spruce (botanical Picea Abies) were cut from a depth between 0.1 and 0.4 m below the
ground surface. Root diameters ranged between 1 mm and 30 mm, and root length was 1 m. Roots were
wrapped in plastic foils in order to prevent them from drying during transport. In the laboratory, roots were
stored in water at about 20°C and tested within a few weeks.

2.4. Experimental Setup and Procedures

The compression experiments using rooted and nonrooted soil samples were performed using an experimen-
tal setup specifically developed for this study (Figure 4). The device consists of two units: (1) a steel frame with
a stiff plate 2 cm thick, 72 cm wide, and 38 cm high connected to in-feed slide to provide the compressive
load; (2) a wooden frame containing the soil and roots to be compressed. Both units were held together by
longitudinal tensioning thread bars during the compression experiments. The feed of the slide was controlled
by four electrical jacks, two in series each on the left and right sides of the steel frame. Each jack can sustain a
load of 2000 kg. One side wall of the frame is made of acrylic glass to allow direct observations of processes
in the soil under compression. This wall and the one opposite were held together during the experiments by
means of transverse tensioning bars (Figure 4).

Initsinitial state prior to an experiment, the compression plate was positioned at a distance of 100 cm from the
rear wall on the opposite side. The soil was formed and compacted in three layers of about the same thickness
up to a total height of 25 cm above the lower edge of the compression plate. The compaction was performed
by a 10 kg, 24 cm long square plate placed horizontally on the soil surface and guided vertically by a cylindrical
ram (dropped from a height of 0.4 m) to induce controlled energy impacts. For all experiments, the same soil
material with the same dry weight but with varying water content was used. For each experiment, the soil
was compacted to the same initial height on the same initial horizontal area, 72 cm wide and 100 cm long,
and thus to the same total initial volume of 0.18 m? resulting in a constant dry bulk density p, of 1.57 g/cm3.
To calculate pg, the wet soil mass was weighed bucket by bucket when incorporated in the compression box
prior to each experiment.

Rooted soil was simulated by incorporating roots between the first and second, and second and third soil
layers, i.e., at about 8 cm and 16 cm above the lower edge of the compression plate. Table 3 shows the diam-
eters of the five 1 m long roots used at each layer. Finding roots with similar diameters and lengths for both
interfaces and for all experiments turned out to be not feasible. The total root mass of each layer varied with
a relative standard deviation of about 11% within a single experiments (difference between upper and lower
root layer), but less than 3% between the total root mass of the root bundles in the three experiments.
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Figure 4. Side view of the experimental setup to compress rooted and nonrooted soils. Dimensions in centimeters.
In the experiments, roots are not touching both sides of the wood box.

A displacement sensor (Burster GmbH, potentiometric displacement sensor model 8719, accuracy +0.05%,
Figure 4) was used to measure the relative horizontal displacement (Ax) of the compression plate. The sensor
was calibrated prior to the experiments using five fixed points. The time dependent passive Earth pressure P,
was obtained by measuring the forces F1, F2, F3, and F4 on the four edges of the compression plate (Figure 5)
using four load cells (Burster GmbH, miniature ring load cell model 8438, 50 kN, accuracy <1%). Each load
cell was calibrated using known loads. Forces and displacements were recorded at time intervals of 1 s using
a data logger (Campbell Scientific CR1000). The volumetric water content was monitored before and during
compression at 1 min intervals at five positions near the soil surface (0-0.1 m) using Decagon 10HS soil

moisture sensors (+£3% accuracy by volume) (see Figures 4 and 5). Volumetric water content data were
recorded using a Decagon Em50 data logger.

After forming the rooted (or nonrooted) soil in the box and placing the water content sensors in the soil, the
compression experiment was started by activating the electrical jacks moving the compression plate toward
the soil (mean velocities of 1.75 mm s~', within a range going from 1 to 3 mm s~'). The total compression dis-
placement achieved was at least 25 cm for each experiment. At displacements of 8 cm and 16 cm, experiments

were paused to analyze both the dynamic and quasi-static forces. Motion was restarted after a minimum
1 min pause.

The measured forces were used to calculate the passive Earth pressure as a normal force per unit area. As all

parameters were recorded as a function of time, the compression rate or velocity and acceleration could be
derived as well as forces and stresses as a function of these variables.

To directly derive the roots’s effect on the passive Earth pressure, experiments were executed pairwise,
with and without roots incorporated in the soil, while the water content remained approximately constant
for each pair: six experiments (LV3, LV4, LV5, LV6, LV7, and LV8) were performed at a mean initial volumetric
water content representing typical field conditions (~ 6, = 0.29).

Table 3. Root Diameters Used in the Soil Compression Experiments

3. Compressed Rooted Soil

Model (CoRoS)
Layer Height Root Diameters
Experiment i G To quantify the force-displacement behavior
va 0.08 21.18,12,10.6 of arooted soil ?Jndercompressmn, Yve devel-
016 23,16,12,10,6 oped an.analytlcal model thaF con.5|d.ers r.oot
mechanical properties, root-size distribution,
Lv6 0.08 28,13,13,8,5 ) i : )
and soil mechanical properties and condi-
0.16 25,15,12,10,5 . . .
tions. The contribution of roots to the total
LV8 0.08 21,15,12,10,9 . . . -
compressive force is considered additive to
0.16 21,16,12,10,8

the compression force of the root-free soil.
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Fi/3
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Figure 5. Positions of the four forces (F;) and the water content (6,/) sensors on the (left) base and (right) front of the
device in its initial state prior to horizontal compression. Dimensions in centimeters.

3.1. Soil Compression

We estimated the maximum compressive resistance of the root-free soil from the maximum passive Earth
pressure force. This force per unit length in the direction perpendicular to the wall (see Figure 2), E;}lax, is given
by [Lang et al., 2003]

Er;laxz <%)/H2KP+ZCIH'/KP) COS,B, M

where H is the soil depth perpendicular to soil surface, y is the soil specific weight, ¢’ is the effective soil
cohesion, K is the passive Earth pressure coefficient, and g is the inclination of the passive Earth pressure
force with respect to the surface perpendicular to the failure direction.

In the literature, f is assumed to have values between 0.7 and 0.9 of the value of the effective friction angle,
¢’ [Lang et al., 2003]. The coefficient Kj, the ratio of horizontal to vertical effective stress, can be calculated
following standard approaches for sloping walls and backfills [Bowles, 1996] or back calculated from field and
laboratory experiments, as shown later in this work. For laboratory conditions, values of K, can be estimated
from the tables of Caquot and Kerisel [1948] or from the Coulomb approximation.

Classical geotechnical approaches usually assume quasi-static conditions when estimating the passive Earth
pressure. During the triggering of a shallow landslide, the characterization of the passive Earth pressure mobi-
lized may require the consideration of the rheological properties of the soil due to the acceleration of the soil
mass. A rheological analysis of rooted soil goes beyond the aim of this paper, but we assume that the model
presented here applies to different values of the passive Earth pressure force (E;) whether under dynami-
cal or quasi-static conditions. In what follows, we use the notation Ep, for the passive Earth pressure force
perpendicular to the compression plate for both dynamic and quasi-static conditions.

As mentioned, empirically calibrated hyperbolic models have been used to characterize the behavior of the
passive Earth pressure force with displacement [Duncan and Mokwa, 2001; Shamsabadi et al., 2007]. Here we
used the more flexible Weibull cumulative density function to characterize this behavior, i.e.,

Ep, (AX) = P, (AX) EJ™, )
where Ax is the displacement and P, (Ax) is the Weibull cumulative density function given by

P, (AX) = 1 — e &X/w" 3)

with k being a constant exponent (the shape factor) and y a scaling factor.
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3.2. Root Reinforcement in Compression

We assumed that root reinforcement in a soil under compression is mobilized across the shear plane that
develops during compression and leads to a complex bending-buckling-tensioning of the roots. The max-
imum compressive force of a buried root was obtained at the critical buckling condition. Assuming a
beam-mode buckling, this condition could be derived from the theory of elastic stability [Timoshenko and
Gere, 1961]. Mitsuya et al. [2013] used the formulation of Timoshenko and Gere [1961] for the computation of
the critical axial load for buried pipelines. Here we applied it to a root of diameter ®:
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where F_, denotes the critical axial load, / is the second moment of area (x ®* /64 for a circular root), E is the
Young's modulus of the root [see Schwarzet al., 2013al, / is the length of the root, m is the number of half-waves
of buckling, and b is the soil elastic spring constant (b = k,; @, where k is the unit spring constant of the
soil in the lateral direction divided by the projected area of the root). The first term on the right-hand side of
equation (4) can be interpreted as the buckling force due only to roots, whereas the second term represents
the part of buckling force due to the radial soil constraint expressed by the spring constant k. Setting k.
to 0 implies that only root buckling contribute to reinforcement.

soi

This equation is difficult to use for roots owing to its high number of unknowns (note that both E and /
depend on root diameter usually through two-parameter power law functions) [e.g., Schwarz et al., 2010a]
and also because estimating the value of m requires iterating over the root diameter. To reduce the number
of parameters for model calibration we assumed, like for the maximum force for roots in tension, that the
maximum root-buckling force can be estimated as a function of root diameter using a two-parameter power
law function

Frax(®@) = Fo @F, (5)

where F,, is the maximum buckling-tensile force, £ is an empirical exponent, and F, is a constant. We show
later, in section 5.2, that this model gives good agreement with estimates using equation (4).

Root reinforcement in the compressed soil as a function of displacement can then be estimated using the
fiber bundle model approach of Schwarz et al. [2013a] originally used for roots in tension but here adapted to
roots in compression. The model, called RBMw (for Root Bundle Model Weibull), considers root diameter dis-
tribution and cumulative Weibull probability distribution of root strength within a single root diameter class.
The total force (root reinforcement, F,.,) of a bundle of roots is obtained by summing the force contributions
of each root diameter class i (F(®;, Ax)) times a survival function, S, i.e.,

Froot(AX) = Z N; F(®;, Ax) S(AX), (6)

i=1

where n, is the number of root diameter classes, N; is the number of root in class diameter i, ®; is the
diameter of root class i, and the star indicates that the displacement is normalized with respect to the displace-
ment reached when the compression force is a maximum. The survival function, S, describes the increased
probability that roots break with increasing displacement and has a Weibull distribution

A * (2]
S(AX") = exp [—( ;(' > ] , 7)

where 4 and w are the scale and shape parameters, respectively, and A is set to 1 (see Schwarz et al. [2013a]
for further details).

In the rooted soil, individual root force as a function of displacement in compression, (F(®, Ax)), is estimated
using Hooke's law for elasticity, relating force to displacement through a spring constant that encapsulates the
mechanical properties of the root-soil system under specific conditions (root diameter, tree species, stand, soil
type, soil confining pressure, soil density, and moisture conditions). As implemented in the RBMw of Schwarz
etal. [2013a],

F(®@, Ax) = k(¢) AX, F(®, AX) < Fppp (D), 8)
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Figure 6. Modeled force-displacement curve for a rooted soil in compression (red curve) obtained by adding
root-free soil compression model (black line) and the root reinforcement model (blue line). (H = 0.25 (m), ¢’ = 27 (°),
¢’ =13.5 (kPa), p = 1.5 (t/m3), K, = 12 (=), g = 0.12 (m), k = 0.45 (=), F, = 2.510% (N), £ = 1.9 (=), k; = 10* (N m™~"),
ky =106 (Nm=2), A=1(-), 0 = 1.8 (-)).

where k is the spring constant. The relationship between spring constant and root diameter @ is linear as
shown from field pullout experiments [Schwarz et al., 2011], i.e.,

k(®) = k; + k, @, 9
where k; and k, are the parameters of the linear regression. With this formulation,

Ax; k(D
X = # (10)
Fmax(q))
The total compressive force for a rooted soil is then the sum of the soil and root compressive components.
Combining equations (2) and (6), and considering a soil profile of width L onto which the passive Earth
pressure is acting, yields
Feoros(AX) = LP,(AX)Ep  + Frooy(AX). (11)

A sample calculation of the total compressive force is shown in Figure 6.

CoRoS model parameters were calibrated using the maximume-likelihood estimation method [Beven, 2009].
The parameters of the equation related to soil compression (K, i, and k) were calibrated based on the data
from the laboratory experiments without roots (LV3, LV5, and LV7), whereas the parameters of the equation
related to the root reinforcement (F,, &, k;, kp, 4, and w) were calibrated using the back-calculated root rein-
forcement obtained from the difference between the paired experiments with and without roots (LV4—LV3,
LV6—LV5, and LV8—LV7). For the likelihood estimation method, we assumed a normal distribution of the

residuals with a minimum of 10,000 combinations of parameter sets.

4, Results

4.1. Compression Experiments

Six-paired soil compression experiments (with and without roots) were performed. Root sizes used for the
three-rooted soil experiments are shown in Table 3. The comparison between rooted and nonrooted condi-
tions yields a quantitative characterization of the effects of root reinforcement under the specific combination
of boundary and initial conditions. Figure 7 shows the force-displacement curves for all the experiments. In
all experiments, the passive force increased nonlinearly with increasing displacement and tends to converge
to a value ranging between 8 and 9 kN at a displacement of 0.15 m. The drop in the value of the lateral force
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Figure 7. Force-displacement curves of all laboratory experiment pairs. Legend indicates test number (3 to 8) and type
of test (with or without roots). The gap in the data at 0.08 m displacement is due to a pause during loading to obtain
quasi-static conditions (triangles).

at regular displacement intervals corresponds to a 1 min pause in the load (zero strain rate). The triangles in
Figure 7 indicate the values of the force measured at the end of the pause. The resulting quasi-static compres-
sion forces were about 20% lower than dynamic forces at 1.75 mm s~' displacement rate, and the difference
between quasi-static and dynamic forces was independent of the presence of roots.

Measurements of volumetric water content indicated that it increased during the compression experiments
but no discernible difference was observed between the root-free and root-permeated soils.

4.2. CoRoS Model Calibration

Fitting of equations (1) and (3) for the root-free soil compression force yielded K, =22.35, u = 0.07 m, and
x = 0.58 with a standard deviation of 172 N. Figure 8 shows the data of the root-free soil compression for
experiments LV3, LV5, and LV7 (gray dots) and the fitted model (solid red curve) with the corresponding 95%
confidence interval (dashed red curves). The model yielded remarkable good agreement with the data. The
narrow band of the confidence interval indicates that variability of the experimental results is low under
similar conditions (initial compaction, displacement rate, and soil water content) and that replicated results
are consistent.

Figure 9 shows the differences between paired root and root-free experiments. The results of the model fit
are shown with solid curves and the 95% interval of confidence with dashed curves. The measured maximum
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Figure 8. Comparison between force-displacement measured in the laboratory for root-free soil (LV3, LV5, and LV7, gray
dots) and the fitted CoRoS model (red solid curve with confidence interval in red dotted curve).
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Figure 9. Force-displacement curves for root reinforcement obtained by subtracting rooted from nonrooted soil force
compression between paired experiments (symbols) and comparison with CoRoS model (solid line) with 95%

confidence interval (dotted lines).

SCHWARZ ET AL.

ROOTED SOILS IN COMPRESSION

2114



@AG U Journal of Geophysical Research: Earth Surface 10.1002/2015JF003632

Table 4. Parameters of the RBMw Model Calibrated Using Either Paired Laboratory Experiments or the Combination of
All Experiments

Fo 3 k; ky ) sp2
Exp. Pair (N) (=) (Nm=1) (Nm=2) (=) (N)
LV4-LV3 26.5 x 10° 1.94 9.6 x 103 1.4x10° 33 223
LV6—LV5 17.3x10° 1.92 2.6x 103 8.7 x10° 14 85
Lv8—LV7 24.5x 10° 1.98 15.9 x 103 5.7 X 102 1.8 125
Combined 6.5% 10° 1.67 4.8x102 10.2 % 10° 1 470

aSD = standard deviation.

root reinforcement in all three experiments ranged between 1.7 and 2.6 kN and was mobilized at displace-
ments between 0.03 and 0.05 m. Table 4 gives the fitted values of the parameters of the model (equations (6),
(8), and (10)) for each paired experiment and for all experimental data combined together (one set of
parameters fitted for all the experimental data sets). Figure 10 shows the results of equation (5) using the
back-calculated values of the parameters from the experiments compared with the results of equation (4)
assuming published values of E [Schwarz et al., 2010b] and k., [Mitsuya et al., 2013].

5. Discussion

5.1. Passive Forces

Our results show minimal differences in the values of the passive Earth pressure measured in the three com-
pression experiments without roots indicating good reproducibility of the mechanical behavior of the soil
despite small (less than 3%) variations in initial soil volumetric water content. For root-permeated soils, repro-
ducibility is a greater challenge: obtaining roots of similar diameter from the same study area was a time
consuming task necessitating numerous excavations. Even for roots of similar sizes (see Table 3), the variation
of root strength found in field specimens yielded measurements of the passive Earth pressure force that have
great variability (>50%, see Figure 9).

The shape of the passive Earth pressure curve measured in our experiments for root-free soil is comparable
to that of loose soil described in the literature. For example, Gutberlet et al. [2013] presented results of lateral
compression tests for homogeneous quartz sand and crushed gabbro showing different behaviors for loose
(density of about 1.5 gcm™3) and dense (density of about 1.7 g cm~3) soils. The authors concluded that for
loose sands no distinct peak in the mobilization curve occurs and critical state is approached asymptoti-
cally after a large displacement. For dense sands, Gutberlet et al. [2013] observed a peak in the compression
force. Our results with loose soil show that, even for displacements larger than commonly found in the

® Theory of elastic stability, Eq. 4
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Figure 10. Maximum buckling force as a function of root diameter for theoretical calculated values (black dots,
equation (4)) and the experimentally calibrated function (equation (5), red, blue, and orange curves). The Young's
modulus, in Pa, was calculated as E = 0.248 x 108®~03, whereas ksoii Was estimated using equation (13) in Mitsuya et al.

e (0.36x10%) ) . _3 }
[2013]: kygy) = O1750.8300026/0 107" where k;; and @ have units of N m™ and m, respectively.
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literature (up to 0.15 m, compared with only a few millimeters in other studies), the passive Earth pressure force
continued to increase (Figure 7). We attribute this behavior to the boundary conditions imposed by the test
configuration: by constraining the motion of the compression plate in the horizontal direction, we observed
(through the transparent side plate) the formation of new failure surfaces created sequentially with increas-
ing displacement. With new failure surfaces, more soil was pushed by the plate and this caused an increase of
the compression force due to the accumulation of soil in front of the plate.

The results of Gutberlet et al. [2013] and that of others [e.g., Wilson and Elgamal, 2010] indicate that the peak
in the compression force occurs at a ratio of displacement to wall height of about 1 to 3%. The analysis of
Gutberlet et al. [2013] showed that the formation of a distinct shear band is well defined at small displacements
(22 mm corresponding to about 1% of the wall height). Assuming a value of 1% corresponds to a displacement
of 0.025 m in our experiment which corresponds to the displacement at which maximum root reinforcement
is activated (see Figure 9).

At the toe of a shallow landslide, the passive Earth pressure condition exerted by the wall represented by the
soil above the failing wedge (see Figure 2) is not constrained in the vertical direction as it was in our experi-
ments. To allow for the vertical displacement of the compression plate, Wilson and Elgamal [2010] fitted each
jack with a Teflon pad acting on a greased smooth steel plate attached to the wall. The results of Wilson’s tests
on dense sand showed a peak of strength at about 3.5% of the normalized displacement (displacement over
wall height) and a wall uplift of the order of 3-5 mm (for a wall height of 1.68 m). These results showed that
the residual passive forces at larger displacements decrease slightly (data available only up to 0.2 m horizontal
displacement). Thus, at the toe of a shallow landslide, we should expect failure to occur along a single shear
band and the passive Earth pressure to decrease at large displacements even for loose soils.

The passive Earth pressure depends not only on soil type and soil density but also on soil moisture. Compres-
sion experiments by Poterasu [2013] showed that pore volume saturation ranging from 5% to 100% associated
with varying fractions of Kaolin clay content (6 to 10%) had major effects on the passive force behavior of
the soil. The author argued that collapsing mechanisms of the clay-water bridges between the grains of the
granular material were responsible for a significant reduction in soil stiffness and strength. Results from our
experiments show that during compression water content increased probably due to the reduction of pore
volume (contraction). Observed contraction following dilation associated with aggregate crushing has been
shown to cause excess pore pressure [Iverson et al., 2010] and may be responsible for soil weakening and land-
slide acceleration [Iverson et al., 2000]. Iverson et al. [2000] field-scale landslide experiments demonstrated the
sensitivity of landslide rates and styles to initial soil porosity and pore volume dilation/contraction. Roots may
also affect soil contraction. By analogy with the effect of aggregates on soil water pressure and porosity, we
hypothesize that the presence of roots in the soil influences postdilative contraction, soil hydraulic diffusivity,
and also shear zone thickness. Thus, roots can affect the contraction rate and soil strength during the initial
phases of shallow landslide triggering.

Our results also indicate that for displacement rates of 1 to 2 mm s~', the dynamic forces were about 30%
higher than quasi-static ones, reached when pausing the strain loading for 1 min, and that the reinforce-
ment due to roots was independent of the rate of displacement (see Figure 7). A comparison of these results
with other literature studies is difficult because strain rate is usually not discussed in similar compression
experiments [e.g., Poterasu, 2013; Wilson and Elgamal, 2010].

A comparison between our estimated value of the passive Earth pressure coefficient, K, and values obtained
with other methods is difficult. In our experiments, we estimated K, as an empirical parameter which con-
tains the effects of plate movement (horizontal versus parallel to shear surface), displacement rate, and soil
cohesion. Classical methods such as Rankine or Coulomb, however, assume only horizontal displacement,
quasi-static conditions, no soil cohesion (implemented in the calculation of Earth pressure), and a constant
residual value of passive Earth pressure that considers only the mobilization of shear forces along a single
surface. Calculations of K, using Rankine’s and Coulomb’s methods for the conditions of our compression
tests lead to values of 2.7 and 3.9, respectively, and yield passive compression force values of 6.1 and 7.6 kN,
respectively, when using equation (1). These values are similar to values measured for quasi-static conditions
at 0.16 m displacement (see Figure 7). For cohesive materials, the passive Earth pressure estimated according
to the model of Mazindrani and Ganjali [1997] yields K, = 121.4 (with H=0.25 m, ¢’ =27.1°, and ¢’ =13.5 kPa)
with an estimated force of 7.6 kN.
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Our model fit of our data yields a standard deviation of about 2% of the maximum measured compression
force (Figure 8). Fitting of the parameters tends to converge to a single solution (single maximum peak of
the maximum-likelihood estimation model) indicating that the Weibull form of the model is well suited to
reproduce the compression behavior of loose root-free soils. Analog three-parameter hyperbolic models such
as the ones proposed by Shamsabadi et al. [2007] or Duncan and Mokwa [2001] could also have been used.
However, the use of a Weibull cumulative density function in the CoRoS model adds more flexibility in the
fitting of the model to the data.

5.2. Effects of Roots on Passive Earth Pressure

Results of paired experiments show, for the first time, how roots affect the strength of a rooted soil in com-
pression. The most important effect is the increase of the passive Earth pressure force, up to displacements of
0.18 m (see Figure 7). The consequence of the addition of the buckling load of roots to the soil passive Earth
pressure force is the increase of the apparent stiffness of the rooted soil.

The increase in the passive Earth pressure force could be due to several factors: bending during the initial
development of the shear band, buckling under compression with increased shear displacement along the
failure plane, and tension at even larger displacements. Wu et al. [1988] argued that, despite their high com-
pressive strength, roots in soils in compression fail by buckling because of the low-confining pressure in
the soil. Our measurements also support the assumption that buckling dominates over other mechanisms.
Comparison of our empirical model for the maximum force held by roots in compression (equation (5)) with
the theoretical buckling model of Mitsuya et al. [2013] (equation (4)) yields remarkably good agreement
(Figure 10). This result upholds that buckling is the dominant root reinforcement in compression and validates
our simple empirical two-parameter model as an alternative to the more complex theoretical buckling model.

Comparing the values of the fitted parameters in this study (parameters in equation (5)) with the values of
previous studies [e.g., Schwarz et al., 2013a] shows that the combined buckling-tension strength is 1 order of
magnitude lower than the tension strength found for single roots. The back-calculated values of the Weibull
exponent (that characterized the variability of root strength with lower values indicating more variability)
range from 1.2 to 1.8, slightly less than the values found for tensile and pullout tests [Schwarz et al., 2013a;
Vergani et al., 2014].

Root reinforcement in compression as a function of displacement shows a similar behavior to root reinforce-
ment in tension and shearing, confirming our model assumption. This also applies to the progressive failure
of roots with increasing displacement. Indeed, one can expect that for roots that grow in situ the amount of
reinforcement they provide to the soil will be higher due to better anchoring of the roots in the soil. Moreover,
root orientation in relation to the compression direction will also have an impact on the root reinforcement,
but this effect is de facto included in our model that describes the maximum compressive root reinforcement
as a function of root diameter (equation (5)).

The depth of roots in the soil profile will considerably influence the effects of root reinforcement on passive
Earth pressure forces and the overall behavior of soils in compression. By analogy with the results of Gutberlet
et al. [2013] that show how the global behavior of passive Earth pressure is dominated by the characteristics
of the bottom layer of the soil (soil type, soil compaction, water content, root distribution), one should expect
the contribution of root reinforcement to depend on how roots are distributed vertically along the soil profile.
More studies are needed to test this hypothesis.

5.3. Sensitivity Analysis of Root Reinforcement Calculations

The RBMw gives an explicit formulation of the force-displacement behavior of a root bundle and considers
the effect of root mechanical variability using a Weibull survival function. This Weibull formulation becomes
increasingly realistic with a large number of roots. The maximum-likelihood approach for the estimation of
the parameters yields a goodness of fit expressed as a standard deviation of the residuals of the model (see
Table 4). Model calibration yielded a standard deviation of the order of 7 to 9% of the calculated maximum
root reinforcement for all three data sets (see Figure 9).

Because root reinforcement strongly depends on root distribution, we assessed the sensitivity of the model
using four different root distribution data sets obtained from 12 soil pits in the same study area (see
Schwarz et al. [2012a, Figure 4] for details). We use the calibrated model parameters estimated from the
combined laboratory experiments (combined data in Table 4). This calculation allows us to scale our labora-
tory measurements to the level of the root system of a single tree for root distributions measured at three
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Figure 11. Force-displacement curves for rooted soil in compression for the type of failure that assume horizontal
displacement of the compression plate. Curves are computed using model parameters calibrated for the combined
laboratory data and field-measured root distributions for four different tree trunks at three distances: 0.5 m (red), 1.5 m
(blue), and 2.5 m (orange). The black line shows the computed root-free soil force. A qualitative illustration of three
arbitrary shapes of slip and top surfaces is shown in inset based on laboratory observations.

distances from the tree stem (0.5, 1.5, and 2.5 m). Figure 11 shows the results for boundary conditions iden-
tical to our laboratory experiments where the compression plate can only move horizontally (see inset of
Figure 11). Under these conditions, once passive force is mobilized along the initial failure surface, the pas-
sive Earth pressure force continues to increase with displacement owing to the creation of additional failure
surfaces and the accumulation of soil material in front of the moving plate.

For these simulated compression conditions, maximum root reinforcement varies between 0.5 and 7 kN at
displacements ranging from 0.02 to 0.07 m. Root reinforcement increases with decreasing distance from the
tree stem. The high variability of root reinforcement is due to the root distribution that differs for each tree.
This variability exceeds 6 kN between the lowest and the highest values at 0.5 m distance from the tree
stem (Figure 11, red curves) when root density is highest and decreases away from the tree stem when roots
are fewer.

In our study we focused the analysis on a limited range of root diameters with a maximum diameter of 28 mm
for the laboratory experiments. The largest root diameter considered for the sensitivity analysis shown in
Figure 11 is 38 mm (measured at 1.5 m distance from a spruce stem with a diameter at breast height, DBH,
of 0.2 m). At such short distances from the tree stem, these structural roots are supposed to, as primary func-
tion, stabilize the tree and have tended to be neglected in slope stability calculations as discussed in Schwarz
etal. [2010b]. However, for certain tree species managed as coppice wood, the importance of such structural
roots (sometimes larger than 50 mm) should be discussed in view of rooted soil stiffness and strength under
compression. By analogy with the stabilization effects of slope grids [Zeh, 20071], a regular network composed
of coppiced tree stumps has a major contribution on the stability of a slope due to the stiffness of the rooted
soil material. It is also possible that these structural roots perform a function similar to soil nails as these
central roots may penetrate to some depth and protrude beneath the base of the slip surface. More discussion
on the role of structural roots on slope stability and additional research is needed to quantify their
spatiotemporal effects.

5.4. From the Laboratory to a Rooted Slope: Upscaling Issues and Modeling Framework

The characterization of the triggering mechanisms of shallow landslides is found in a wide range of studies
that goes from laboratory [Iverson et al., 2010] and field experiments [Askarinejad et al., 2012] to quantifi-
cation methods such as limit equilibrium approaches and numerical analyses (finite elements and discrete
element method). However, the coupled nature of the processes involved makes it difficult to fully describe
this complexity, and simplifications are needed to make progress in the analysis. Some of the major issues
related to this topic are the upscaling of spatiotemporal heterogeneities (e.g., root reinforcement, hydrological
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processes, and soil evolution). While hydrogeological and other subsurface features are difficult to character-
ize for large areas, the analysis of vegetation cover, via light detection and ranging or stereo analysis, offers the
possibility to infer the subsurface heterogeneity of related factors (i.e., root reinforcement). The present work
is part of a multiscale framework to implement root reinforcement in slope stability calculations. The general
structure of an upscaling framework was described by Schwarz et al. [2010b] and later extended with the use
of the fiber bundle model for the quantification of root reinforcement under tension and shearing [Schwarz
et al., 2013a]. Field campaigns for the characterization of root distribution of different tree species in Alpine
regions were carried out by Schwarz et al. [2012a, 2013b] and Vergani et al. [2014]. Finally, an implementation
of root reinforcement in a discrete element model is expected to improve the quantification of the protective
effect of vegetation against shallow landslide hazards. In particular, the consideration of displacement in
the force balance calculation of slope stability analysis is expected to improve modeling results. Including
displacement in calculations prevents making the common erroneous assumption that maximum active and
passive Earth pressure forces take place at the same moment (and are then usually added). This assumption
induces considerable error in the force balance, as shown experimentally by Askarinejad et al. [2012]. Results
presented here contribute to quantify this error and introduce a realistic displacement-dependent model for
forces (with or without roots) to use in numerical models. Further studies are needed to assess the variability
of behaviors under real conditions and define the range of parameters values that may be applied.

6. Conclusions

The present study shows that root reinforcement for realistic root distributions has a major effect on the
stiffness and strength of rooted soils under compression. The magnitude of root reinforcement strongly
depends on root distribution and thus can have a high spatial variability at the hillslope scale. We presented
a new empirical-analytical model (CoRoS) to quantify the force-displacement behavior of rooted soils under
compression. The model can easily be included in an upscaling framework for slope stability calculations.
Laboratory results show that adding 10 roots with diameters ranging from 6 to 28 mm in a rectangular soil
profile 0.72 m by 0.25 m increased the compression resistance of the soil by 2.5 kN (40%) at a displacement of
0.05 m. Moreover, the apparent stiffness of the rooted soil was proved to be 38% higher than for the root-free
soil (237 kN m~" instead of 171 kN m~', respectively, for a soil 1 m in width). Calculated values of root reinforce-
ment under compression using the CoRoS model calibrated with laboratory data and using field-measured
root distribution indicate a maximum increase in the compression force of about 10 kN for a soil T m wide at
a distance of 1.5 m from the trunk of spruce trees with a diameter at breast height of 0.2 and 0.4 m. The mag-
nitude of root reinforcement decreases nonlinearly with increasing distance from the tree stem. At distances
larger than 2.5 m (tree DBH: 0.2, 0.22, 0.37, and 0.37 m), no considerable root reinforcement under compres-
sion was observed. The quantitative analysis presented in the paper indicates that for realistic conditions, the
magnitude of root reinforcement under compression has a major influence on the mechanical behavior of
soils (up to 100%, see values shown in Figure 11). In view of these new results, we argue that the magnitude
and spatial distribution of root reinforcement under compression has a major influence on the redistribu-
tion of forces in an unstable slope and thus should be considered in slope stability analyses. The results and
modeling approach represent an important step toward a more realistic implementation of root reinforce-
ment in slope stability calculations.
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