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Abstract Forests can prevent and/or mitigate hydro-
geomorphic hazards in mountainous landscapes.
Their effect is particularly relevant in the case of
shallow landslides phenomena, where plants decrease
the water content of the soil and increase its
mechanical strength. Although such an effect is well
known, its quantification is a relatively new chal-
lenge. The present work estimates the effect of some
forest species on hillslope stability in terms of
additional root cohesion by means of a model based
on the classical Wu and Waldron approach (Wu in
Alaska Geotech Rpt No 5 Dpt Civ Eng Ohio State
Univ Columbus, USA, 1976; Waldron in Soil Sci Soc
Am J 41:843–849, 1977). The model is able to
account for root distribution with depth and non-
simultaneous root breaking. Samples of European
beech (Fagus sylvatica L.), Norway spruce (Picea
abies (L.) Karst.), European larch (Larix decidua
Mill.), sweet chestnut (Castanea sativa Mill.) and
European hop-hornbeam (Ostrya carpinifolia Scop.),
were taken from different locations of Lombardy
(Northern Italy) to estimate root tensile strength, the
Root Area Ratio and the root cohesion distribution in
the soil. The results show that, in spite of its dramatic

variability within the same species at the same
location and among different locations, root cohesion
can be coherently interpreted using the proposed
method. The values herein obtained are significant
for slope stabilisation, are consistent with the results
of direct shear tests and back-analysis data, and can
be used for the estimation of the stability of forested
hillslopes in the Alps.
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Introduction

Forests can play a significant role in preventing and/or
mitigating hydrogeomorphic hazards, such as floods,
shallow landslides, debris flows, debris avalanches,
rockfalls, and snow avalanches (see Sidle and Ochiai
2006). The beneficial effects of forests in mountainous
landscape are well-known. Rules demonstrating recog-
nition of the protective function of forests by limiting
forest-clearing activities can be found in documents
and regulations of the Republic of Venice from as early
as the 13th and 14th centuries. Since the end of the
19th century, preserving the protective effect of forests
has been key strategy of the governments of European
Alpine countries to defend mountain territory from
disasters. Such policies represent a systematic combi-
nation of an engineering approach with a biological
approach, originating a new discipline referred to as
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torrent control and hillslope stability (called sistema-
zioni idraulico-forestali, in Italy, Wildbach und Law-
inenverbauung, in Austria and Germany, and
Restauration de Terrains en Montagne, in France).
The same principle underlies those techniques now
referred to soil bioengineering.

The protective effect of forests was not studied
from a scientific perspective until the second half of
the last century, based on the consequences of forest-
clearing operations (see Sidle and Ochiai 2006). Some
decades later, such studies were confirmed by more
specific experiments concerning the shear resistance
of rooted soils, in the field (Endo and Tsuruta 1969;
Wu et al. 1979; Wu et al. 1988) and the laboratory
(e.g. Waldron 1977; Waldron and Dakessian 1981).

Vegetation affects the stability of slopes, influencing
both hydrological processes (which affect the water
content in the soil and then the pore pressure) and the
mechanical structure of the soil (which affects its
strength). The magnitude of such effects depends on root
system development, which, in turn, is a function of
genetic properties of the plant species and of environ-
mental characteristics (soil texture and structure, aeration,
moisture, temperature, competition with other plants,
etc.). The environmental characteristics, in particular,
induce a great spatial variability of root patterns,
introducing a dramatic heterogeneity in soil reinforce-
ment across different depths, planes and locations.

Limiting our attention to themechanical effects of the
root system, two main actions are recognised. The first
of these involves small flexible roots that mobilise their
tensile strength by soil-root friction, increasing the
compound matrix (soil-fibre) strength. The second
involves large roots intersecting the shear surface,
which, acting as individual anchors that eventually slip
through the soil matrix without breaking, mobilise a
soil-root friction force instead of the entire tensile
strength (Waldron 1977). Both effects can be quantified
via modelling (see Gray and Laiser 1982; Morgan and
Rickson 1995; Greenwood 2006) if appropriate param-
eters are provided. Only the fibre reinforcement
mechanism, however, is generally considered. The
latter is expressed in terms of additional root cohesion,
which can be easily incorporated into slope stability
models (Schmidt et al. 2001; Roering et al. 2003;
Greenwood 2006; Sidle and Ochiai 2006).

After the pioneering works of Schiechtl (1958) and
Endo and Tsuruta (1969), researchers have begun to
systematically investigate this area, and the number of

studies on soil reinforcement by roots has increased
ever since (Schmidt et al. 2001; Roering et al. 2003;
Sakalas and Sidle 2004; Bischetti et al. 2005; Norris
2005; van Beek et al. 2005; Tosi 2007; De Baets et al.
2008; Normaniza et al. 2008; Norris et al. 2008a; Sun
et al. 2008; limiting to works dealing with hillslope
stability and the last few years). Most of the work in
this field has been performed in North America, Asia
and Oceania (Nilaweera and Nutalaya 1999; Schmidt
et al. 2001; Roering et al. 2003; Normaniza et al.
2008) and, although several researches have been
recently carried out in Europe (Bischetti et al. 2005;
Norris 2005; van Beek et al. 2005; Tosi 2007; De
Baets et al. 2008), there is still a lack of knowledge
for the European Alpine and Prealpine species.

In order to fill this gap and provide quantitative
information regarding natural hazard prevention and
mitigation, we investigated the role of five Alpine and
Prealpine forest species in stabilizing hillslopes, in terms
of additional root cohesion. A method based on a
general interpretation of the scheme ofWu andWaldron
(Wu 1976; Waldron 1977) was developed to specifi-
cally account for the distribution of root cohesion
within the soil and non-simultaneous root breaking.
Tensile strength and root density data, which are the
necessary inputs for this method, were collected for
more than one profile at some locations of the Alps and
Prealps of the Lombardy Region and the results are
analysed to estimate root cohesion with depth.

Root cohesion evaluation

It is widely recognised that fibre reinforcement of
rooted soil depends on the strengths of roots and their
density and distribution in the soil (Wu 1976;
Waldron 1977 and Ziemer 1981 among the first).
The evaluation of such reinforcement, in terms of root
cohesion, can be obtained by means of direct shear
tests (in situ or in laboratory) and by means of back
analysis of collapsed forested hillslopes (see Wu
1995). Such methods, however, can only provide data
for the upper soil layer, in the first case, and averaged
values for the entire soil profile, in the second case.
Moreover, due to site-specific development of root
systems, which leads to a dramatic space variability of
root density and size, the results are valid only for the
specific (or highly similar) conditions that occur in
the location where the investigations are carried out.
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A more general way of estimating root reinforce-
ment is to model root behaviour along the soil profile
during shearing. The most common scheme adopted
to estimate root cohesion in this way is the Wu (1976)
and Waldron (1977) model (W&W Model), despite its
simplicity (Sidle and Ochiai 2006). New and more
complex models have recently been proposed (e.g.
Ekanayake and Phillips 1999; Frydman and Operstein
2001; Pollen and Simon 2005), but the W&W model
still represents the benchmark.

The W&W model assumes that roots are cylindrical
and elastic, and that they are extending perpendicular to
the shear surface. When the rooted soil is sheared, the
embedded roots bend and mobilise their tensile strength
by means of root-soil friction. The mobilised tensile
force is then resolved into a tangential component and a
normal component. The tangential component opposes
the shear force and the normal component increases the
confining pressure on the shear surface and the soil
resistance, assuming the Mohr–Coulomb equation as
shear criterion. The fibre reinforcement in terms of root
cohesion (cr) can then be written as:

cr ¼ tr cos q tan fþ sin qð Þ ð1Þ
where φ is the soil friction angle, θ is the angle of root
deformation from the vertical, tr is the mean root
tensile strength mobilised per unit area of soil.

tr can be estimated as Tr Ar=Að Þ, where Tr is the
mean tensile strength of the roots and (Ar/A) is the
ratio between the cross sectional area of the roots
crossing a plane within the soil and the plane area (the
so called Root Area Ratio, RAR).

It can be shown that for 40°<θ<90° and 25°<φ<
40°, which are generally considered reliable values
for most real cases (Wu et al. 1979), the term in the
brackets of Eq. 1 has a limited range between 1.0 and
1.3, and, thus, an average value can be set. Few
studies have explored this point, though a recent
paper by Docker and Hubble (2008) reports, for
riparian vegetation of New Zealand, values less than 1
(around 0.75). Based on this finding, and due to the
multiplicative form of the W&W model, the common
use of the standard average value of 1.15 (Waldron
1977) or 1.2 (Wu et al. 1979), might lead to a
significant overestimation of root cohesion.

In any case, Eq.1 can be written in a general form
as follows:

cr ¼ k 0 tr ð2Þ

where k′ is the factor accounting for the decomposi-
tion of root tensile strength according to the bending
angle of roots with respect to the shear plane.

Tr is affected by species and differences in
diameter. The tensile strength-diameter relationship
is generally accepted to follow a power law form
(Burroughs and Thomas 1977; Abe and Iwamoto
1986; Gray and Sotir 1996; Nilaweera and Nutalaya
1999; Bischetti et al. 2005; Genet et al. 2005):

Tr dð Þ ¼ a d�b ð3Þ

where a and b are species-dependent parameters
(Bischetti et al. 2005), although some researchers
have observed intra-species differences (Hathaway
and Penny 1975; Genet et al. 2005 and 2006). Genet
et al. (2005, 2006), in particular, showed that tensile
resistance is dependent on cellulose content, which
can vary with the local growth conditions.

To account for the variability of root diameter, Eq. 2
must be rewritten as follows:

cr ¼ k 0
XN
i¼1

Trarð Þi ð4Þ

where Tr is the tensile strength and ar is the RAR, both
specified per diameter class i, and N is the number of
classes considered.

The original W&W model assumes that all the
roots crossing the shear surface break at the same
time. In real cases, it is expected that roots will break
at different times, based on their size, growth
direction and tortuosity. Such behaviour, typical of
composite materials constituted by fibres embedded
in a matrix, can be easily observed on qualitative
basis. For example, when pulling out a plant, several
consecutive snaps can be heard, which are related to
the progressive breaking of roots. This phenomenon
has been demonstrated by means of pullout experi-
ments on branched roots (Riestenberg 1994; Norris
2005; Docker and Hubble 2008) and direct shear tests
(Docker and Hubble 2008).

As a consequence, the application of the original
W&W model tends to overestimate root reinforce-
ment, as observed by several authors (Waldron and
Dakessian 1981; Operstein and Frydman 2000; Pollen
and Simon 2005; Docker and Hubble 2008) and the
values obtained should be viewed as the maximum
potential reinforcement.
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To account for non-simultaneous root breaking, an
adjustment factor can be introduced and Eq. 1 can be
rewritten as follows:

cr ¼ k ¶k ¶¶
XN
i¼1

Trarð Þi ð5Þ

where k″ is a factor accounting for the non-
simultaneous breaking of roots.

Few references are available that discuss the reduction
factor k″; Hammond et al. (1992) proposed, for forest
vegetation, a reduction factor of 0.56, whereas Waldron
and Dakessian (1981), Operstein and Frydman (2000),
Pollen and Simon (2005) and Docker and Hubble
(2008) observed lower values for herbaceous plants and
very young trees. Pollen and Simon (2005) carried out
experiments using the Fiber Bundle Model (FBM)
approach on riparian tree vegetation and obtained
reduction factors between 0.60 and 0.82. The FBM
approach is a well-known scheme introduced several
decades ago to evaluate the strength of fibrous materials
(Daniels 1945). In the last few years, this approach has
been widely adopted to study the statics and dynamics
of failures in materials under stress (Hemmer et al.
2007; Kun et al. 2007 and Raischel et al. 2008). As
such, the FBM approach represents a promising
perspective for evaluating the reduction factor k″;
however, it needs to be tested further because some of
the underlying hypotheses have not been fully verified
for rooted soil (e.g., all roots have the same elasticity).

Several studies have been conducted regarding the
distribution of roots in forested soil, although most of
these focus on forest ecology and are not necessarily
applicable to evaluation of root cohesion. In those

studies where root density and RAR were determined,
it is shown that such quantities decrease with depth
and distance from the stem. (e.g. Abernethy and
Rutherfurd 2001; Danjon et al. 2008).

Material and methods

Study sites and species

The data presented here were collected in six
locations of the Lombardy Alps and Prealps (Fig. 1
and Table 1). Morterone (M) is located in the
Taleggio valley (a right-hand flank tributary of Val
Brembana - Bergamo); we excavated four trenches in
a European beech (Fagus sylvatica L.) forest at
1,100 m a.s.l. In this location, the soil consists of silt
and clayey sand and fine gravel and the average
annual precipitation is about 1,800 mm. Alpe Gigiai
(AG) is located on the north-western side of Como
Lake (Sirco Valley); we excavated three trenches in a
coppiced beech forest at about 1,400 m a.s.l., three
trenches in a Norway spruce (Picea abies (L.) Karst.)
forest at about 1,500–1,600 m a.s.l., and four trenches
in a European larch (Larix decidua Mill.) forest at
about 1,600 m a.s.l.. In this location, the soil is a
gravel-sand mixture with silty matrix and the average
annual precipitation is about 1,750 mm. Monte Pora
(MP) is located in Northern Val Seriana (Bergamo);
we excavated ten trenches in a Norway spruce forest
at 1,400–1,500 m a.s.l., two trenches in a European
larch forest at 1,500 m a.s.l. and one trench in a beech
forest at 1,400 m a.s.l.. In this location, the soil is
clayey and the average annual precipitation is about
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Fig. 1 Location of experi-
mental sites
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1,500 mm. Alpe Bess (AB) and Alpe Giumello
(AGm) are located on the north-eastern side of Como
Lake (Higher Valsassina); we excavated five trenches
in sweet chestnut (Castanea sativa Mill.) forests both
at 1,000 m a.s.l.. In this location, the soil is a gravel-
sand mixture and the average annual precipitation is
about 1,550 mm. Pasturo (P) is located on the south-
eastern side of Como Lake (Valsassina); we excavated
four trenches in a European hop-hornbeam (Ostrya
carpinifolia Scop.) forest at 750 m a.s.l. In this
location, the soil is gravel-sand mixture and the
average annual precipitation is about 1,600 mm.

Site and forest characteristics are summarised in
Table 1.

Tensile strength tests

Live roots used for tensile strength tests were
collected by digging pits or trenches, taking care to
avoid any root damage or stress. Samples were then
put in separate bags, sealed and transported to the
laboratory for tensile strength testing. In most of
cases, tensile tests were carried out on fresh roots
within 1 week after sampling; in other cases, we
preserved the roots for a few weeks using a 15%

alcohol solution (Meyer and Gottsche 1971), which
has no influence on the measured parameters
(Bischetti et al. 2003). Tests were carried out on roots
with typical tortuousness, ranging in size from threads
to diameters between 0.12 mm to about 7 mm.

Testing was performed with a device designed and
built by the Institute of Agricultural Hydraulics,
consisting of a strain apparatus controlled by an
electrical motor. Roots were attached to the specifically
developed clamping devices that avoid root damage at
the clamping points, and tensile force was exerted by a
system of gears at a rate of 10 mm/min. Tensile strength
was recorded by a load cell (F.S.=500 N, accuracy=
0.1% F.S.) connected to an acquisition system. Only
specimens that broke near the middle were evaluated
(since ruptures near the clamps may have been induced
by root structure damage instead of tension). Tensile
strength at rupture (Pa) was calculated by dividing the
peak load (N) by the cross-sectional area of the root
(m2), estimated as the average of root diameters
measured with bark before traction. A more detailed
discussion can be found in Bischetti et al. (2003).

Statistical analysis of the data was performed after
log transformation of the strength and diameter values.
A Kolmogorov–Smirnov test (ks-test) was used to test

Table 1 Site descriptive data

Species Pa Ld Fs Cs Oc

Location AG MP AG MP M AG MP AGM AB P

Number of trenches 3 10 4 2 4 3 1 5 5 4

Exposure S NW SW S E SW W SW SW E

Altitude (m a.s.l.) 1,553 1,478 1,575 1,468 1,100 1,383 1,454 951 997 764

Mean slope (°) 34 27 32 27 32 31 28 38 38 44

Silvicultural system HF HF HF HF CP CP HF CP CP CP

Other woody. Species – – – – – – – Sa, Bp, Qp Qp, Sar Fe, Fo, Sar

Age (year) 40 90 40 90 – 40 90 20 30 15

Basal area (%) 0.53 0.71 0.71 0.56 0.84 0.46 0.60 2.12 1.22 0.89

Mean diameter (cm) 21 38 23 41 20 14 56 18 17 10

Distance trees-trench (m):

Min 0.4 0.5 0.4 0.9 – 1.7 1.4 0.5 0.6 0.4

Mean 3.5 4.9 3.2 2.3 – 4.2 5.7 2.0 1.8 1.4

Max 8.0 10.0 12.5 4.3 – 6.7 8.9 4.5 5.5 2.7

Pa Picea abies (L.) Karst, Ld Larix decidua Mill., Fs Fagus sylvatica L., Cs Castanea sativa Mill., Oc Ostrya carpinifolia Scop., Sa
Sorbus aucuparia L., Bp Betula pendula Roth., Qp Quercus petraea (Matt.) Liebl., Sar Sorbus aria (L.) Crantz, Fe Fraxinus excelsior
L., Fo Fraxinus ornus L.

S South, N North, SW Southwest, E East

HF = high forest; CP = coppice.
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the normality of the data at a 1% level of significance
before proceeding with analyses of variance (Yazici and
Yolacan 2007; Genet et al. 2005).

To evaluate the differences between tensile strength
properties of each species, analysis of covariance
(ANCOVA) was used, taking into account the diameter
as covariate factor. ANCOVA was also applied to
evaluate differences between sites of origin of each
sample for each species and also between species.

RAR evaluation

RAR data were obtained through the root-wall
technique (Burke and Raynal 1994; Schmid and
Kazda 2001 & 2002; Vinceti et al. 1998; Xu et al.
1997) by applying image analysis (Vogt and Persson
1991). The more common core-break sampling
method (Babu et al. 2001; Burke and Raynal 1994;
Büttner and Leuschner 1994; Hendriks and Bianchi
1995; Schmid and Kazda 2002; Xu et al. 1997) was
discarded because RAR estimation from root bio-
mass, root number or root length, implies hypotheses
about the 3D distribution of roots inside the sample
(Lopez-Zamora et al. 2002).

At sampling sites, cut-slopes of forest roads under
construction in undisturbed stands were chosen to
facilitate the excavation of trenches and expose
undisturbed profiles of rooted soil down to the
bedrock, as in some cases, trenches in undisturbed
slopes proved difficult to excavate (Fig. 2). For each

profile, a frame of known size was applied and
several images were taken; images were then rectified
to correct geometrical deformation and roots were
manually digitised.

RAR values were obtained at depth increments of
10 cm, counting all roots with a diameter between 1 mm
and 10 mm. Roots smaller that 1 mm involve great
uncertainty in identification and mapping, both in the
field and by visual analysis, so they were excluded.
Large roots, in contrast, may strongly affect RAR values
without acting in accordance of the W&W reinforce-
ment model, due to their stiffness. Schmidt et al. (2001),
observed a greater average diameter in unbroken roots
compared to the average diameter of broken roots,
although their data do not show a clear size threshold.

Each trench at the same site was assumed to be part
of a normally distributed sample. Thus, all the trenches
were grouped according to the station, and mean values
for each 10 cm layer were evaluated. RAR distributions
were tested for normality by the ks-test and the
correlation between RAR and depth was considered.

Also in this case, ANCOVA was used with RAR
data considered as outcome variable respect to depth
classes (covariate),

Root cohesion evaluation

In order to evaluate the stability of a hillslope, the root
cohesion at the potential shear surface depth, cZr , must
be known (depth-averaged values are not sufficient).

Fig. 2 Example of site and
rooted profile (sweet chest-
nut at AB)
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In the case of small volume landslides in shallow
forested soils, the sliding mass must exceed both the
resistance due to those roots crossing the basal shear
surface and the resistance due to those roots intersect-
ing the vertical plane at the detachment scarp
(Riestenberg and Sovonick-Dunford 1983; Terwillin-
ger and Waldron 1991; Schmidt et al. 2001; Keim and
Skaugset 2003; Roering et al. 2003). In these cases,
the total root cohesion, cZr , can be defined by the sum
of the basal cohesion at depth Z, cZbas, and the lateral
cohesion, cZlat, respectively. These are expressed as
follows:

cZbas ¼ k′k′′
XN
i¼1

trarð Þi
 !

Z

ð6aÞ

cZlat ¼
XM
j¼1

k′k′′
XN
i¼1

trarð Þi
 !

j

Δzj
Z

2
4

3
5 ð6bÞ

where N is the number of roots at the given depth, M
is the number of depth classes of thickness Δzj.

The use of basal, lateral or the sum of the two root
cohesions depends on the specific situation and on the
sliding model adopted (infinite slope, slices, etc.).
Eqs. 6a and b allow for estimation of the appropriate
root cohesion value to be used in the different cases.

In the preset work, the additional cohesion at depth
Z due to presence of roots was taken as the sum of
basal and lateral root cohesions estimated by means of
Eqs. 6a and 6b with some further consideration.

First, due to the uncertainty in the value of the root
distortion angle, a cautionary value of 1.00 was
assumed in Eq. 2, according to Waldron and
Dakessian (1981).

Second, the behaviour of roots that break progres-
sively, mobilising only a portion of the total tensile
resistance with each break, can be described well
using the FBM approach, although some of the
hypotheses involved may not hold in all cases.

The original FBM approach considers a bundle of
parallel fibres loaded parallel to the fibres direction,
characterised by a statistically distributed strength.
Fibres fail when the applied load exceeds a threshold
value, and as consequence of failure, the load carried
by the broken fibres is redistributed among the
remaining intact fibres. This load redistribution con-
sists of transferring stress from the broken to the

unbroken fibres, inducing secondary failures that, in
turn, induce tertiary ruptures, and so on. The failure
avalanche is terminated when the unbroken fibres are
able to withstand the entire load or when the material
collapses.

One of the critical issues of the FBM approach is the
criterion adopted for load redistribution, which can
follow two different ways: the “democratic” distribution
principle for all intact fibres (Equal Load-Sharing—ELS
or Global Load Sharing—GLS) which implies an
infinite range of interaction and then neglects stress
enhancement in the vicinity of failed regions, and the
Local Load-Sharing (LLS), where the load of the failed
fibres is shared equally by all intact neighbours.

A second critical point is the time dependence of
fibre strength. Fibres modelled by the FBM can be
divided into two classes: “static” bundles, containing
fibres whose strengths are independent of time, and
“dynamic” bundles, where fibres are assumed to have
time-dependent elements that capture creep rupture
and fatigue behaviours.

In our case, the reduction factor k′′ that accounts
for the behaviour of roots, was estimated by applica-
tion of the static fibre bundle approach under equal
load sharing as the ratio between root cohesion
estimated by FBM approach and the original W&W
model. The adopted approach has the same level of
simplicity as the W&W model and can be easily
integrated.

Results

Root tensile strength

As shown in Table 2, the root tensile strength for C.
sativa and O. carpinifolia strongly decreases with root
diameter according to a power law (Fig. 3) as in the
case of the other species considered (Bischetti et al.
2005).

Figure 4, showing the power law curves of Eq. 3
for the considered species, suggests that there is a
certain degree of similarity of root tensile strength
between European hop-hornbeam and sweet chestnut
and between Norway spruce and European larch. The
two pairs of species are different between each other
as well as in respect to European beech. The
corresponding regression parameters are summarised
in Table 2.
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The results of ANCOVA confirm such an idea.
When all the species were considered, the curves
resulted significantly different with regards to root
diameter (F4, 493=43.246, p<0.001, ANCOVA).
Considering European hop-hornbeam and sweet
chestnut on one hand and Norway spruce and
European larch on the other, the associated strength-
diameter relationships were not statistically different
at a 1% level of significance (respectively F1,126=
5.21, p=0.024, ANCOVA and F1,132=1.98, p=0.16,
ANCOVA).

For the species sampled at different sites (P. abies,
C. sativa and F. sylvatica), differences in root tensile
strength between stations were analysed, and in each
of the cases they did not show statistically significant
difference (p>0.01).

Root Area Ratio (RAR)

The RAR data show that the variability for the same
species at the same location and depth is very high,
although the general trend is a decrease in RAR with
depth, with the exception of the first two or three
layers, where it generally increases (Fig. 5, 6, 7, 8, 9).

The maximum rooting depths varied as follows:
for Norway spruce, between 40 and 120 cm at MP

(average 74 cm) and between 60 and 90 cm at AG
(average 70 cm); for European larch, between 80 and
110 cm at MP (average 95 cm) and between 60 and
110 cm at AG (average 85 cm); for European beech,
90 cm at MP, between 60 and 70 cm at AG (average
63 cm) and between 100 and 110 cm at M (average
105 cm); for sweet chestnut, between 100 and 120 cm
at AGM (average 104 cm) and between 60 and 90 cm
at AB (average 90 cm); for European hop-hornbeam,
between 70 and 120 cm at P (average 93 cm).

An analysis of the site-averaged RAR distribution
with depth (Fig. 10) showed that for European larch
the difference between the two locations is clear,
whereas for sweet chestnut it is clear that there is no
difference. In the case of Norway spruce and
European beech, on the contrary, it is not apparent if
the RAR distributions are different or not. ANCOVA
has then be applied to verify the visual analysis.

The preliminary analyses of parallelism requested for
the application of ANCOVA showed that such condition
is verified only in the cases of European larch and sweet
chestnut and ANCOVA results confirm that for European
larch RAR distributions between locations are statistical-
ly different at 1% level of significance (F1,21=7.60, p=
0.01, ANCOVA), while for sweet chestnut they are not
statistically different (F1,20=2.30, p=0.17, ANCOVA).
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ships for Castanea sativa Mill. and O. carpinifolia Scop

Species A b R2 No. of valid trials p

Fagus sylvatica L. 41.57 0.98 0.65 235 <0.001

Castanea sativa Mill. 17.86 0.53 0.49 47 <0.001

Ostrya carpinifolia Scop. 21.89 0.43 0.55 42 <0.001

Picea abies (L.) Karst. 28.10 0.72 0.52 92 <0.001

Larix decidua Mill. 33.45 0.75 0.46 43 <0.001

Table 2 Parameters of the
root strength-diameter pow-
er law relationship
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According to Conover and Iman (1982, p. 716)
“However is not uncommon in an ANCOVA to
assume that the slope are equal and to test only for
equal intercepts”; therefore we performed ANCOVA
also for the cases of Norway spruce and of European
beech in order to have some additional information in
respect to the visual comparison.

Results showed that both for Norway spruce and for
European beech RAR the distributions can be considered
statistically different between locations only imposing a
significance level of 5% (F1,20=4.14, p=0.05, ANCOVA
and F2,29=3.43, p=0.05, ANCOVA respectively).

The maximum RAR values are generally located in
the shallower layers, between 20 and 30 cm, according
to species and location (Fig. 10) and ranges between 0.4
and 0.6%. At 1 m depth, RAR is generally on the order
of 0.01%, depending on the species.

The average RARs with respect to the entire profile
are 0.24% (AG) and 0.07% (MP) for Norway spruce,

0.36% (AG), 0.18% (MP), and 0.09% (M) for European
beech, 0.15% (AG) and 0.07% (MP) for European larch,
0.15, 0.15% (AGM) and 0.14% (AB) for sweet chestnut
and 0.09% for European hop-hornbeam.

Estimated root cohesion

The values of root cohesion with depth cZr
� �

reflected
root tensile strength relationships, RAR distributions
with depth and the values of k′ and k″. As previous
illustrated, k′ was assumed to be 1.0, whereas k″ was
estimated as the ratio between root cohesion obtained
using the FBM approach and the original W&W
model.

For the surveyed trenches, the obtained values of
k″ varied between 0.32 and 1.00, predominantly as
function of the number of roots (Fig. 11) and
secondarily as a function of the heterogeneity of root
diameter. It can be observed that k″ is greater than 0.5

Fig. 5 RAR values of Nor-
way spruce (Picea abies
(L.) Karst.) as function of
depth for the surveyed
trenches at the considered
sites (Alpe Gigiai AG and
M.te Pora MP)
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for a root density less than 400 roots/m2 and it is
between 0.5 and 0.32 for a root density between 400
and 1200 roots/m2. Because also in the case of
shallow landslides phenomena the sliding layers are
generally deeper than 0.5 m and then they are

permeated by a small number of roots, we adopted a
cautionary average value of 0.5. Due to the multipli-
cative form of the equation used for root cohesion
estimation, the use of a fixed value for k″ will make
future comparison to these results easier.

Fig. 6 RAR values of Eu-
ropean larch (Larix decidua
Mill.) as function of depth
for the surveyed trenches at
the considered sites (Alpe
Gigiai AG and M.te Pora
MP)

Fig. 7 RAR values of Eu-
ropean beech (Fagus sylva-
tica L.) as function of depth
for the surveyed trenches at
the considered sites (Alpe
Gigiai AG, Morterone M
and M.te Pora MP)

80 Plant Soil (2009) 324:71–89



The estimated values of root cohesion along soil
profiles substantially reflected the RAR distributions,
although some discrepancies could occur due to
dependencies on root tensile strength and root
diameter distribution.

As expected and according to RAR patterns, root
cohesion values showed significant variability within the
same species at a given location, but generally decreased
with depth. Based on the site-averaged values, there were
differences between locations in the cases of the Norway
spruce, European larch and European beech, whereas
similarity was observed for the sweet chestnut (Fig. 12).

Site-averaged root cohesion values varied for
Norway spruce between 58.6 kPa in the first layers
and 14.3 kPa at the maximum depth of 90 cm at AG,
and between 41.2 and 4.7 kPa at 130 cm at MP

(Fig. 12). Profile-averaged values were thus 35.4 kPa
at AG and 13.8 kPa at MP.

Similarly, European beech root cohesion was
greater, but less deep, at AG compared to at MP. In
the first case, root cohesion was greater than 100 kPa
up to 40 cm and then suddenly decreases to about
40 kPa at the maximum depth of 70 cm; in the second
case, root cohesion was around 40 kPa up to 50 cm
and then decreased gradually to 11 kPa at the
maximum depth at 1 m. At M, the maximum value
of root cohesion was about 30 kPa at 20–30 cm and
the minimum was about 5 kPa at 110 cm. Profile-
averaged values were 86 kPa at AG, about 14.4 kPa at
M and about 26.6 kPa at MP.

The European larch showed similar behaviour at the
two locations, but had different values. The maximum

Fig. 8 RAR values of
sweet chestnut (Castanea
sativa Mill.) as function of
depth for the surveyed
trenches at the considered
sites (Alpe Bess AB and
Malpe Giumelo AGM)

Fig. 9 RAR values of Eu-
ropean hop-hornbeam
(Ostrya carpinifolia Scop.)
as function of depth for the
surveyed trenches at the
considered site (Pasturo P)
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values were reached in the first 20–30 cm, whereas the
minimum values were reached at the maximum depth of
110 cm at both locations; these values are, respectively,
in the order of 60 kPa and 15 kPa for AG and 30 kPa and
7 kPa for MP. The profile-averaged values are thus
38.3 kPa at AG and 17.4 kPa at MP.

For sweet chestnut, the values of root cohesion
were similar for the two locations, but the root depths
were different. At AB, the maximum value was
19.0 kPa at 30 cm and 6.4 kPa at 130 cm, whereas
at AGM, the maximum value was about 19.6 kPa in
the first layer and 8.1 kPa at 90 cm. The profile-
averaged values were about 15 kPa for both locations
(15.4 and 15.2 kPa respectively).
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In the case of European hop-hornbeam, the maxi-
mum value of root cohesion was in the order of 30 kPa
in the 20 cm and decreased gradually to 5.4 kPa at
120 cm. The profile-averaged value was 14.6 kPa.

Discussion

Root tensile strength

The results obtained for the considered species confirm
the validity of the general power law equation for the
relationship between root tensile strength and root
diameter, in agreement with many other authors

(Burroughs and Thomas 1977; Abe and Iwamoto
1986; Gray and Sotir 1996; Nilaweera and Nutalaya
1999; Bischetti et al. 2005; Genet et al. 2005).

Statistical analyses showed that, for the considered
species and locations, tensile strength of sampled
roots was not affected by location and can be
considered a species-dependent parameter. Genet et
al. (2006), on the contrary, found a significant
difference for the same species sampled at different
locations; in their case, however, the difference in
elevation between the locations (in south-east Tibet)
was very high with respect to the sites considered in
the present study, and the Alpine environment in
general. The difference in tensile strength, in fact, can
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be partially associated with a difference in cellulose
content (Genet et al. 2005; 2006) and such an effect
can possibly only be appreciated for very different
environmental conditions, which Alpine species pos-
sibly do not encounter. The influence of local factors,
like wind, exposure, slope or position of roots in
respect of the main stem (upslope or downslope),
could of course play a role in determining roots tissue
composition. Our data, however, cannot support such
hypotheses and they show that the tensile strength
values of roots from different sites are not different
from a statistical point of view.

The analysis of the tensile strength showed that
there is a significant statistical difference between the
considered species, in agreement with Genet et al.
(2005). It can be observed (Fig. 4) that European
beech seems to be the strongest species for small and
medium-sized roots, followed by European larch,
Norway spruce, sweet chestnut and European hop-
hornbeam, which seem to be similar.

Statistical analysis showed that European hop-
hornbeam and sweet chestnut on one hand and the two
conifers on the other can be described by the same
regression function. The differences or the similarities
among tensile strength-diameter relationships for differ-
ent species, should reflect differences and analogies in
root anatomy and composition, which in turn should be
related to the interaction between the genetic properties
of species and the response to ecological conditions; also
management could possibly exert a significant role. The
interpretation of similar/different tensile strength-
diameter relationships of different species, however, is
a great challenge and requires further investigations and
more thoughts based on an interdisciplinary approach.

Without clear evidences on such a point, in the
present work root cohesion was estimated using the
relationships specifically developed for each species.

Regression parameters obtained by Genet et al.
(2005) for Norway spruce, sweet chestnut and
European beech, in fact, were quite different from
those obtained in the present study. According to the
same authors, however, we deem that such differences
can be ascribed to the presence of small roots (less
than 0.9–1.0 mm). These small roots generally show
very high strength values, a great variability, and,
thus, a dramatic influence on the regression curves;
very small roots, for example, generally involve a
greater degree of uncertainty in measuring their
diameter and then in calculating strength values.

The influence of fine roots on tensile strength-
diameter relationships must be further investigated,
with specific reference to the possible consequences
on root cohesion estimation. The contribution of very
fine roots (<1 mm) to soil resistance is questionable
due to the length needed to avoid root slipping
(Waldron 1977). Currently, only roots greater than
1 mm are generally considered in studies dealing with
rooted soil reinforcement (Reubens et al. 2007),
although there is no evidence of a well-defined
critical threshold size.

RAR distribution

The RAR results showed that profile-averaged values
vary between 0.07% and 0.36% and they are in the range
of the values reported by other authors for different
species and locations (Wu 1995; Stokes et al. 2008).

As expected, a great variability was observed within
species with regard to depth, trench at the same location
and location (Fig. 5–9). Such variability is due to the
spatial heterogeneity of root system development,
which is dependent upon the interactions of genetic
and environmental factors (Stokes et al. 2008).

In spite of such variability, however, general
patterns of RAR with depth (represented by the site-
averaged RAR values) can be identified.

The general (and obvious) pattern is that the RAR
tends to decrease with depth, showing maximum
values on the order of 0.5% at a depths of 20–40 cm
and minimum values of an order of magnitude less at
the maximum depth (Fig. 10). When RAR, and root
density in general, are used to estimate the root
contribution to stability, then the use of average
values should be avoided because they can lead to a
dramatic overestimation of the additional cohesion at
the sliding surface.

The maximum depth reached by roots in most
cases was between 0.8 and 0.9 m and each of the
considered species had at least one excavated trench
over 1 m (average rooted depth of 84 cm±21, and
maximum rooted depth of 1.3 m). The species-
averaged rooted depths were around 90 cm, except
for Norway spruce (73 cm). In general, according to
Schiechtl (1980), in the Alpine environment 1 m can
be considered a good reference depth for rooted soils.

The relationship between RAR and depth show
different patterns between locations for the European
larch and partially for the European beech and
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Norway spruce. For sweet chestnut, on the contrary, it
is clear that RAR distributions of the two locations are
statistically not different.

It must be noted that such differences always
involve Alpe Gigiai trench points (AG). In general, at
AG, the RAR values are greater with respect to the
other locations but are concentrated in the upper
portion of soil, with particular reference to European
beech. Such behaviour is not easily explained with the
available information. On one hand, at AG, soils are
shallower and coarser than those at the other
locations, which could keep roots in the first layers
and hinder deeper penetration. On the other hand, at
AG, the trees are about half the age of those at the
other locations, and the effect of age on RAR and
diameters should be investigated.

In the case of sweet chestnut trees, which were 20
and 30 years old, RAR distributions with depth were
very similar for the two locations, although a small
difference was observed in rooted depth.

Root cohesion distribution

Due to the multiplicative form of Eq. 6a and 6b, the
values of the coefficients k′ and k″ assume a crucial
role in estimating root cohesion. The value of k′
depends on the friction angle of the soil, �, and the
distortion angle of sheared roots, θ (see Eq. 1). It can
be noted that for � greater than 25° (which describes
most soils; Day 2001) k′ is less than unity when θ is
less than 40°; such conditions, however, occur only
for roots characterised by high values of stiffness and
diameter (Abe and Ziemer 1991; Wu 1995). Danjon
et al. (2008), by means of 3-D measures of two trees
of white oak (Quercus alba L.) and assuming the
actual angle of intersection between roots and the
potential shear surface as θ, found that the average
value of k′ at different depths was always greater than
1.0 (1.03–1.13) for �=30°, whereas k′ values range
between 0.88 and 1.02 for �=20°; the value of 1.2 is
given only for �=40° (1.18<k′<1.28). In any case,
the value of unity for k′ assumed herein allows for
adaptation of results when � and/or θ are known.

Many authors have demonstrated that k″ can have
values much lower than 1.0, dramatically affecting the
value of root reinforcement (Waldron and Dakessian
1981; Operstein and Frydman 2000; Pollen and
Simon 2005; Docker and Hubble 2008). The FBM
approach, as already illustrated can account for the

processes affecting k″ and be used to estimate its
values. According to Pollen and Simon (2005), the
magnitude of k″ estimated by the FBM approach is
strongly associated with the number of roots consid-
ered. In the case of the surveyed trenches, k″ is always
greater than 0.5 for a density smaller than 400 roots/
m2 (Fig. 11), similar to the value suggested by
Hammond et al. (1992) for forest species.

The site and profile-averaged values of root
cohesion varied between about 15 and 80 kPa,
according to the values reported in the literature (for
a recent overview see Norris et al. 2008b).

Estimated values of root cohesion along soil
profiles substantially reflected the RAR distribution
patterns, although some discrepancies could occur
due to the dependency on root tensile strength and
root diameter distribution.

In general, the root cohesion values herein estimated
are several tens of kPa in the first layers (10–40 cm) and
still are significant at depths of more than 1 m (Fig. 12).
Studies of root cohesion distribution with depth are
scarce. Such values, however, can be considered
consistent with the values reported in the literature for
direct in situ shear tests and back-analysis, which
generally are around a few kPa and seldom just less
than 20 kPa (Wu 1995; Norris et al. 2008a), but lower
with respect to those sometimes obtained by the W&W
model (Schmidt et al. 2001). Most shear tests, in fact,
excavating all around the soil block to test, measured
root cohesion at a depth of 20–40 cm, but only for the
basal component; Wu et al. (1988), who carried out
direct shear test on lateral root cohesion, measured
values of additional cohesion on the order of tens of
kPa. Back-analysis, on the other hand, considers the
cohesion of the entire profile at the shear surface, but
likely at those points of the hillslopes where the root
reinforcement is weaker. The values obtained with the
W&W model can overestimate the root cohesion when
the coefficients k′ and k″ are incorrectly evaluated. The
values obtained in the present study, on the contrary,
consider both basal and lateral cohesion (see Eqs. 6a
and 6b) and are obtained in healthy forests, but reflect
a cautionary estimation of k′ and k″.

In the case of European beech, the influence of
root size in determining the root cohesion is particu-
larly evident; the difference between site-average root
cohesion values with depth are much greater than the
difference between the associated RAR distributions.
The very high values at AG can be attributed both to
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higher root density and, perhaps mainly, to the large
amount of small roots (less than 3 mm), compared to
the other two locations. The cause of such a structure
is not clear and the point should be further investi-
gated, considering different locations, tree ages and
management practices.

European larch shows a greater reinforcement at all
depths, with respect to other species (except European
beech at AG in the first layers), due to a combination
of a dense root system and high root strength.
Considering the deeper layers, which are more
relevant to hillslope stabilization, all the considered
species contribute significantly. Considering a depth
of 1 m as a reference for the use of vegetation for
terrain stabilization in the Alps, the strongest species
is the European larch (12.75 kPa), followed by the
European beech (9.34 kPa not considering AG
values), the European hop-hornbeam (6.30 kPa), the
sweet chestnut (5.75 kPa) and the Norway spruce
(2.56 kPa). Single trenches, however, can show
greater values (e.g. 7.47 kPa at a depth of 120 cm
for one trench of Norway spruce).

Conclusions

Measures of root tensile strength and Root Area Ratio
and an estimation of root cohesion at different depth
are provided for the Norway spruce (Picea abies (L.)
Karst.), European larch (Larix decidua Mill.), Euro-
pean beech (Fagus sylvatica L.), sweet chestnut
(Castanea sativa Mill.) and European hop-hornbeam
(Ostrya carpinifolia Scop.) for some locations in the
Lombardy Alps and Prealps.

Two conifers, Norway spruce and European larch,
and two broadleaves, European hop-hornbeam and
sweet chestnut, species showed statistically similar
strength-diameter relationships. For the two couples
and another broadleaf, European beech, on the
contrary the strength-diameter relationships resulted
statistically different. The comprehension of the
causes of such differences and similarities were out
of the goals of the work and they should be
investigated in the future. The results obtained herein
put the basis for such a work.

RAR distributions with depth, showed a great in-
site variability. If site-averaged values were consid-
ered, however, RAR distributions resulted statistically
different among the considered locations at 1% level

of significance in the case of European larch and not
different in the case of sweet chestnut. For Norway
spruce and European larch the results did not show a
clear response and future investigations should ex-
plore the possibility to include in the analyses local
factors (soil depth, fertility, steepness, aspect, etc.).

Root cohesion values were estimated by means of
a method based on the Wu (1976) and Waldron
(1977) approach, implemented to account for roots of
different size, root density distribution with depth and
non-simultaneous breaking of roots. Since the method
has been applied to forest species, where the soil is
permeated by roots of different trees, and the most
common sliding phenomena are shallow with a small
volume, the total root cohesion was considered to be
the sum of basal cohesion (due to roots present at
shearing surface) and lateral cohesion (due to roots
present along the whole rooted profile). The proposed
method allows for estimation of the additional root
cohesion for the considered species at different
depths, whereas direct shear tests only give the basal
and the lateral root cohesion at a defined depth
(generally only few tens of cm) and back-analysis
provides averaged values at sites that are probably
weak. The FBM approach leads to a modified method
that overcomes the simultaneous root breaking hy-
pothesis of the original W&W model. The results
obtained encourage further development of a model
that implicitly incorporates FBM principles in order to
estimate the actual root cohesion with respect to
depth.

Estimated root cohesion values, according to RAR,
show a great variance around the mean, even for the
same species, depth, and location. When the site
averaged values are considered, however, a clear
trend can be observed. For most of the considered
species, a great influence is also exerted by the
location and perhaps by the local management
practices. Currently, there is not enough data to
completely explain this variance and this must be
considered when root cohesion is added to soil
cohesion in modelling hillslope stability.

Results show that, although most of the roots are
concentrated in the first layers, forest vegetation can
significantly increase soil cohesion at rather deep
layers (over 1 m), accordingly to species. This effect
is controlled by the root density and, above all, the
root strength, which in turn, depends on species and
root size.
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In conclusion, the results obtained in the present
work demonstrate that the revised W&W model
proposed herein can be considered as an adequate
tool for estimating root cohesion at the sliding
surface, overcoming some limitation of the original
scheme and maintaining its simplicity. The method is
suitable for inclusion in stability models to quantita-
tively estimate how forests can be used to protect the
mountainous landscape from hydrogeomorphic haz-
ards, with particular reference to shallow landslides.

Moreover, the results provide input data for
stability models including some of the most common
forest species in the Alps and, in general, contribute
to increase the knowledge about the reinforcement
action of European Alpine vegetation. This further
reveals the relationship between protection forests and
mountain landscape stability.
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