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Possible remediation of impact‑loading  
debris avalanches via fine long rooted grass: 
an experimental and material point method 
(MPM) analysis

Abstract  Debris avalanches often originate along steep unsatu-
rated slopes and have catastrophic consequences. However, their 
forecast and mitigation still pose relevant scientific challenges. 
This is also due to the variety of mechanisms observed near high 
sub-vertical bedrock outcrops, such as the impact loading of soil 
failed upslope the outcrop, the build-up of pore water pressures in 
the inception zone, and the bed entrainment along the landslide 
propagation path. At the University of Salerno, an experimental 
and numerical investigation campaign started some years ago to 
explore the feasibility of using long-root grass to mitigate or even 
inhibit the inception of debris avalanches. Previous laboratory 
results were achieved through two twin 2-m-long columns (one 
bare, one vegetated), where the change in soil retention curve and 
soil mechanical response was assessed. As follow-up, an experi-
mental field setup was installed in 2020 first, and in an improved 
configuration in 2021. Here, three different species of long-root 
grass were grown. In situ soil suction and water content meas-
urements were periodically collected in the vegetated and in the 
original soils. In both cases, soil specimens were also collected, 
and laboratory geotechnical tests were performed to individuate 
the changes in both the water retention and strength response. 
Increased values of soil suction and shear strength were outlined, 
despite some differences, for all the grown species compared to the 
original soil. Using these novel experimental data, advanced large-
deformation stress–strain hydro-mechanically coupled analyses 
were recently performed through a material point method (MPM) 
approach. The original slope conditions were compared to various 
slope configurations engineered via long-root grass. The benefits 
and the open issues related to this novel green technology for land-
slide mitigation are discussed. Some insights are outlined for the 
possible reduction of the soil volumes mobilized inside the incep-
tion zone of debris avalanches.
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Introduction
Modelling the flow-like landslides has been posing challenges 
to scientists for decades, mostly for their strongly different kin-
ematic features during failure, post-failure, and propagation. This 
distinction in landslide stages is even oversimplified when heavy 
or prolonged rainfall causes an unsaturated shallow soil deposit 
to fail along a steep slope. In fact, after the formation of a first 
slip surface along the slope, cascading events may occur such as: 

soil static liquefaction (if soils are loose or metastable), multi-
ple retrogressive or progressive failures, loading of stable slope 
portions during the landslide propagation, the latter being also 
responsible of bed entrainment along the propagation path. Such 
mechanisms strictly interconnect the landslide stages. Soil deposit 
layering and engineering control works makes the landslide evolu-
tion even more complex.

Among the various types of flow-like landslides, debris ava-
lanches (DA) were firstly classified by Hungr et al. (2001) as “very 
rapid to extremely rapid shallow flows of partially or fully satu-
rated debris on a steep slope, without confinement in an estab-
lished channel.” Cascini et al. (2013) observed that typical exam-
ples of DAs occur in colluvial soils of British Columbia (Hungr 
et al. 2008), torrent deposits of USA (Costa and Williams 1984), 
and decomposed granitic soils in Japan (Wang et al. 2003). Italy 
is also hugely affected by DAs, for instance, in debris deposits of 
Valtellina area (Northern Italy) as reported by Chen et al. (2006) 
and in the Vesuvian pyroclastic deposits in Southern Italy (Cascini  
et al. 2008a, b, Guadagno and Revellino 2005). The slopes affected 
are always very steep (even > 40°), and failure occurs in cohe-
sionless soil deposit often 1–2 m thick. In such contexts, creep-
ing phenomena are not relevant. However, for all the abovemen-
tioned mechanisms, a small initial unstable volume (for instance, 
100 to 1,000 m3) is later amplified by a factor of 10 to 50 in some  
cases, completely changing the magnitude of the event.

Two fundamental open issues are as follows: (i) how to reduce 
the amount of soil mobilised during the DA inception, possibly 
using eco-friendly solutions, (ii) how to assess the performance of 
those engineering control works.

The basic idea of this paper is to investigate the possibility to 
use long-root grass to reduce the volume of debris avalanches in 
the inception zone. Different types of grass and roots have been 
tested in the literature, with different scopes (Wu et al. 1979; Wu 
2013; Ng et al. 2013a,b, 2016a, b). More recently, long-root grasses 
have been also tested in coarse-grained soils affected by shallow 
landslides (Capobianco 2018) and in fine-grained soils involved in 
slow-moving landslides (Tagarelli 2019).

The other indispensable ingredient is the possibility to assess the 
performance of this novel mitigation technique. Given the complex 
processes at hand, there is the need to use of a large-deformation 
stress–strain hydro-mechanical coupled approach. The latter must 
be capable to properly simulate either the cascading effects or the 
interaction of the landslide body with the engineered zones. A novel 
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mathematical approach named material point method (MPM) may 
contribute to solve some open questions. First introduced by Sulsky 
et al. (1994), MPM is particularly suitable for large deformations prob-
lems, firstly applied to slope stability by Cuomo et al. (2013), and to a 
number of different applications by Soga et al. (2016).

In this paper, the scientific literature about debris avalanches 
and soil-root interaction is briefly reviewed. Then, a theoretical 
framework is proposed for a new eco-friendly technique aimed 
to debris avalanche inception mitigation. The results of a labora-
tory and in-situ experimental campaign on artificially seeded soils 
are presented. Finally, a selected series of numerical simulations of 
debris avalanche inception in natural and engineered slopes are 
presented and discussed.

Literature review
Debris avalanches have been studied from different viewpoints. 
The combined mechanisms of (i) impact loading and (ii) propa-
gation plus bed entrainment, with large increase in the unstable 
soil volume, have been evidenced in several geo-environmental 
contexts. Examples of torrent deposits mobilized due to und-
rained loading and build-up of excess pore water pressure have 
been described in Japan (Sassa et al., 1997; Wang et al. 2003). Simi-
lar mechanisms are reported by Cascini et al. (2008a) for shal-
low deposits of Vesuvian pyroclastic soils and formerly noted by 
Hutchinson and Bhandari (1971).

The “impact loading” mechanism was analyzed by Wang et al. 
(2002) and Sassa et al. (2003) through ring shear tests. The experi-
ments demonstrated that the generation of excess pore pressure 
and soil contraction both contribute to large drop in soil shear 
resistance. However, a limitation of that time was to infer the slope-
scale response from the laboratory-scale observations of soil behav-
ior. On the other hand, first simplified limit equilibrium method 
analyses (at slope scale) of different loading scenarios, combined 
to differentiated stratigraphical settings and various soil pore 
water pressures at the impact, were also proposed (Cascini et al. 
2008b). The numerical results highlighted that undrained load-
ing and consequent build-up of pore water pressure can mobilize 
a landslide volume, whose amount depends on soil stratigraphy. 
The same authors also presented numerical finite element method 
(FEM) analyses of the undrained increase of pore water pressure 
due to dynamic loading. In these cases, an asymptotic trend of soil 
displacement over time was reproduced until the limit to lose the 
convergence of the numerical algorithm, which was casted only 
for small-strain problems at that time. Cascini et al. (2013) later 
performed hydro-mechanical coupled stress–strain analyses to 
demonstrate that this impact loading mechanism is self-propellent. 
Such indication was consistent with the laboratory results of ring 
shear tests developed by Japanese scholars (Sassa and co-workers).

The mechanism of “bed entrainment” occurs during the propa-
gation stage, and it is the mobilization due to overload and shearing 
induced by the passage of the flow over a stable ground. Cuomo 
et al. (2014) explored the role of rheological features of the prop-
agating mass combined to the geometry of the slope and to the 
features of the triggered volume. It was concluded that the lateral 
enlargement of a flowing mass along a slope is mostly regulated by 
bed shear resistance and slope steepness but soil thickness in the 
landslide source area also plays a role. Cuomo et al. (2016) extended 
the previous work to a series of past landslides, and they noticed 

that the spatio-temporal pattern of the soil thickness eroded along 
a mountain catchment is complex and interconnected to the spatial 
distribution of slope morphology (e.g., channelized or not, etc.) and 
landslide dynamics features.

Both the mechanisms are relevant (Cuomo 2014), but each 
requires a specific approach in terms of governing equations to 
be incorporated in a model. For the impact loading, great accu-
racy is needed to describe the small-strain behavior of soils under 
dynamic conditions and the hydro-mechanical coupling between 
solid particles of soil and pore water. This is typically done via FEM 
(or similar tools) and using sophisticated soil constitutive models. 
Conversely, bed entrainment is typically accounted through propa-
gation modelling approaches such as smooth particle hydrodynam-
ics (SPH), or finite difference method (FDM), or discrete element 
method (DEM). These tools allow the simulation of large displace-
ments of the soil from the triggering zone (and with runout dis-
tances even reaching some kilometers), but tremendously simplify 
the mechanical behavior of soil. This gap has been only recently 
bridged (Cuomo 2020). For instance, MPM and similar “particle” 
approaches allow tackling both the small-strain behavior under 
the dynamic impact and the later large displacements of the soil 
within a unique mathematical and numerical framework. A first 
contribution based on MPM was provided by Cuomo et al. (2021a), 
who quantified the extents of the zones where debris avalanches 
are initiated and then evolve.

Among the options to mitigate the dramatic effects of debris 
avalanches, the so-called active interventions aim at reducing the 
landslide volume inside the source areas. However, in steep areas, 
the feasible techniques are few due to the practical difficulties to 
reach the designated areas with standard construction machin-
eries such as bulldozers, etc. Hence, one possible novel type of 
intervention could be based on the soil reinforcement by growing 
artificially seeded roots. The hydrological and mechanical effects 
of roots at different scales have been extensively reported in the 
literature (Boldrin et al. 2017; Leung et al. 2015, 2017; Ng et al. 2014, 
2016a, b, c). Some roots mainly induce a change in soil suction and 
water content (Leung et al. 2015), while other types of roots are 
more capable to provide an additional shear strength (Stokes et al. 
2009). More in general, the soil-root interaction comprises both 
hydrological and mechanical effects as evidenced by Capobianco 
et al. (2020) and Foresta et al. (2020). However, the use of artificially 
seeded roots to mitigate the magnitude of flow-like landslides has 
not yet explored up to now.

A new possible technique for the mitigation of debris 
avalanche inception

Theoretical framework
A new mitigation technique is proposed for the geo-environmental 
contexts characterized by steep slopes with shallow unsaturated soil 
deposits. These features are common, for instance, to the colluvium 
weathered covers in Brasil (Lacerda 2004) and Hong Kong (Fuchu 
et al. 1999), pyroclastic deposits in Central America (Capra et al. 2003) 
and New Zealand (Ekanayake and Philipps 2002), in situ weathered 
soils in Hong Kong (Take et al. 2004) and Japan (Wang et al. 2002).

In such contexts, unsaturated soil condition is important, 
and evapotranspiration can be highly emphasized by soil-root 
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interaction. In general, for the unsaturated soils we can refer to 
effective stress as formulated by Bishop (1954):

where �′ is the effective stress tensor,� is total stress tensor, pa is 
the air pore pressure, pw is the pore water pressure, s = pa − pw is 
the suction, Sr is the saturation degree, and I is the identity tensor 
of second order.

As vegetated soils are multiphase materials, it is worth noting 
that the roots induce changes in soil void ratio. Ng et al. (2016a, b, c) 
assume that part of the soil pore space is occupied by roots (Fig. 1) 
and express the void ratio as:

where e
0
 is the void ratio of a bare soil (i.e., before root permeation), 

Rv =
Vr ∕Vtot

 is the root volume ratio (mm3/mm3), which defined as 
the total volume of roots ( Vr ) per unit volume of soil ( Vtot).

A vegetated soil can be also described using the root area ratio 
(RAR​), which is defined as the ratio of the sum of total root cross-
section area (Ar) to the soil cross-section area (Atot). The RAR​ can 
be converted in Rv if a root is assumed with cylindrical shape (Ni 
et al. 2017) in a depth range Δh:

The soil water retention curve, namely the change in saturation 
degree due to a change of soil suction can be highly modified by 
roots. In fact, while roots are growing it is typical to observe some 
reduction in soil void ratio (e), hence the soil become denser. We 
may label this effect as a “density effect” (D). On the other hand, 
the inclusion of very fine roots (as we will see later on) implies a 
change in grain size distribution (GSD) because a finer material is 
added to the original soil. This could be called as “fine effect” (F), 
and it is independent on the state of the root, dry or wet, active 
or inactive depending on seasonal period and root growth stage. 
A representation of both the D and F effects is depicted in Fig. 2. 
The combination of the D and F effects is also interesting. Once 
the same amount of external water is provided to both natural and 
rooted soil, the volume of voids free for seepage is generally slightly 
lower than before. However, the saturation degree is almost the 
same. Hence, for the combined D and F effect, suction is increased 
in the vegetated soil (VEG) compared to the original non-vegetated 
soil (NV).

(1)�
� = � − paI + Sr(pa − pw)I

(2)e =
e
0
− Rv

(

1 + e
0

)

1 + Rv

(

1 + e
0

)
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=

∑
�
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Atot ⋅ Δh
=

∑

Ar

Atot

= RAR

The first key point of artificially seeded roots in a soil is the 
possible increase in soil suction, discussed so far. We may label it 
as “hydrological effect” (H) of artificial roots. Such increment has 
been widely documented in the literature, as previously discussed. 
In a context prone to landslide triggering, the increase in soil suc-
tion causes the increase in effective Bishop stress, and subsequently 
the increase in soil shear strength (Fig. 3).

Additional to those beneficial effects, there is the direct increase 
in soil shear strength due to the presence of long fine vertical roots, 
which provide additional tensile strength to the rooted soil. This 
is the “mechanical effect” (M) of artificial roots. A global meas-
ure of that is provided by the experimental determination of the 
shear strength envelope of the rooted soil, which always result in 
larger strength for a rooted (VEG) compared to a non-vegetated 
soil (NV). A representation of both the effects of the artificial roots 
on soil is given in Fig. 3. It is evident that the “hydrological effect” 
(H) improves somehow the initial soil condition before any failure 
occurs, while the “mechanical effect” (M) guarantees the increased 
strength of the rooted soil.

Practical implications

The landslide conceptual model proposed by Cascini et al. (2013) is 
adopted as guidance to discuss the debris avalanche mechanisms, 
later considered in the MPM hydro-mechanical simulations.

Two principal stages are considered for debris avalanche 
inception: (1) failure, when a soil mass becomes unstable even 
due to multiple triggering mechanisms; (2) avalanche formation, 

Fig. 1   Volumetric phase diagram of a bare (non-vegetated, NV) soil 
(on the left) and a vegetated (VEG) soil (on the right)

Fig. 2   Density (D) and fine (F) effects on saturation degree (Sr) and 
soil suction (s) due to vegetation roots (VEG) artificially grown in an 
unsaturated soil initially non-vegetated (NV)

Fig. 3   Hydrological (H) and mechanical (M) effect of roots artificially 
grown in unsaturated soil
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which is associated to the tremendous increase of the initial 
unstable volume.

The slope scheme includes an open slope interrupted by a sub-
vertical bedrock outcrop which introduces both a cut slope and a 
free fall height for any soil eventually unstable at the edge (Fig. 4). 
Four distinct zones of the slope are individuated where one or 
more mechanisms take place. Inside zone 1, rainfall-induced slope 
failures occur at bedrock outcrops due to discontinuity of soil 
deposits. The zone 2 is the dynamic impact zone where the failed 
mass can mobilize the in-place soils. Inside zone 3, the failed mass 
thrusts the downslope soil and/or entrain further material from 
the ground surface. Zone 4 is controlled by interplay of propaga-
tion and bed entrainment. Hence, the landslide stages and the 
different zones (whose extent is unknown a priori) are intimately 
connected. Cascini et al. (2013) already observed that the zone 
1 and zone 2 are relatively short (generally few tens of meters), 
while zone 3 and zone 4 may be much longer.

The initial value of in situ stress and its time evolution for sig-
nificant points in the slope are here described referring to the stress 
invariants q and p’, and deviatoric strain �q which read as:

(4)

q =
1
√

2

�

(��
xx − �
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2 + (��
yy − �

�
zz )
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�
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where p′ is the mean effective stress, q is the deviatoric stress, �q is 
the deviatoric strain.

The initial in situ stresses are known for an infinite slope (Cascini 
et al. 2010), being related to earth pressure at rest (k0), but they also 
depend much on slope steepness and soil suction. The steeper the 
slope the higher the stress ratio q/p’, given that p’ is much related 
to soil thickness. However, soil suction makes p’ to increase and 
the shear strength envelope to translate upwards in the q-p’ plane 
(suction-related cohesion intercept, also named apparent cohesion).

The p’-q stress evolution is the outcome of the landslide 
mechanisms in the different zones. Inside zone 2 of the slope, the 
dynamic loading causes a large increase of q. The possible stress 
paths (Fig. 4) can be drained (case of region A of Fig. 4), undrained 
(region B), or intermediate depending on loading velocity and soil 
conductivity. On the hand, the rainfall-related processes such as 
infiltration from the slope ground surface, karst springs, runoff 
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Fig. 4   Conceptual model for avalanche inception. a Slope scheme. Zones 1–2: triggering. Zone 3: thrust of failed material and/or soil entrain-
ment. Zone 4: soil entrainment. Zone 5: propagation. (a) Bedrock, (b) stable soil deposit, (c) failed soil, (d) propagating failed mass, (e) 
entrained material, (f) boundary of debris avalanche, (g) propagation pattern. Triggering factors: (I) spring from bedrock, (II) impact loading. b 
Mechanical scheme: soil stress along an infinite slope. c Possible stress paths. drained impact (region A); undrained impact (region B), effect of 
a spring from bedrock (region C), static liquefaction (B and/or C), thrust of failed mass on stable soils (B or to be determined)
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from bedrock outcrops cause p’ to decrease (region C). More in 
general, the hydro-mechanical coupling between the solid skeleton 
and pore water plays a fundamental role. Soil static liquefaction 
can occur in loose metastable soils, and it is strongly related to the 
initial stress state in the q-p’ plane (Fig. 4) and to the mechanical 
features of soils. In this case, the stress path moves in the region B 
and/or C of the q-p’ plot of Fig. 4. The eventual generation of excess 
pore water pressure much depends on soil relative density and stiff-
ness, the lower they are the higher is the excess pore water pressure 
generated upon impact loading. Generation of excess pore water 
pressure upon shearing (for increasing values of deviatoric strain 
�q is also an important mechanism. Inside zone 3 of the slope, the 
thrust of an unstable mass upon stable soils cause an increase of 
deviatoric stresses and a stress path in the region B of q-p’ plot of 
Fig. 4. Inside zone 3 and zone 4 of the slope, propagation-related 
entrainment from the ground surface causes more increase in q 
than in p’, and everything depends on the features of the flow, 
namely velocity, thickness, and rheology, not to mention the slope 
steepness, which is a fundamental factor as well.

An experimental campaign for artificially seeded rooted soils

Methods
The experimental campaign included in situ and laboratory inves-
tigations. The test site was selected inside the territory of Nocera 
Inferiore (Campania region, Southern Italy), which was affected 
by a dramatic debris avalanche in 2005, and it is similar to Sarno 
and other nearby cities hit by the 1998 catastrophic events (Cascini 
et al. 2008a, b). The test site was organized in 9 square plots, each 
1 m × 1 m large (Fig. 5a).

The tested soil is a pyroclastic non-plastic silty sand with median 
diameter equals to 0.425 mm, high value of porosity (0.55–0.58) and 
lightweight (11.04–12.82 kN/m3). The granulometry and mechanical 
features of similar pyroclastic soils from nearby the study area is 
thoroughly reported in previous papers (Bilotta et al. 2005, 2008; 
Cuomo et al. 2015; Moscariello et al. 2021). Here, either hydraulic and 
shear strength features were investigated as described below.

For 6 months before the seeding (November 2020–May 2021), 
soil water content and suction were monitored. During this period, 
the soil was bare because the existing vegetation had been removed 
and neither native nor long-root grass were in place. The remotion 
of the original vegetation was necessary because the high density of 
the original vegetation did not allow adding other plants. The native 
grasses can be classified as Graminacee and Asteraceae (Fratianni 
et al. 2014; Strumia et al. 2020), with a plate root system and a tap 
root system (Switala 2016), with a maximum depth of 0.5 m.

The seeding was designed considering that hydroseeding with 
high germination rates is often used in the practice. The number of 
seeds per m2 was calculated assuming a germination rate ranging 
from 85 to 95%, and a density investment of 1 seed each 1 cm2, being 
the specific weight of the seeds known for each of the species con-
sidered (VEG1, VEG2, VEG3). The used species can be referred as fine 
long-rooted perennial graminae grass species, belonging to C3-C4 
category with a high water consumptive demand and adaptive to 
xeric eonditions (Ehleringer and Cerling 2002; Szarek and Ting 1975).

After seeding, soil matric suction was weekly measured at 0.2 m 
and 0.6 m while gravimetric water content (i.e., the wet soil mass 
minus the dry soil mass divided by the dry soil mass) was meas-
ured at the depth of 0.2 m. The suction was measured through a 
Quickdraw portable tensiometer, which provides the measure-
ment within 15–30 s. The gravimetric water content was measured 
through a low-cost sensor which includes also sensors devoted to 
the measurement of soil temperature, light, Ph and nutrient. From 
the experimental results, the volumetric water content (i.e., the ratio 
of the volume of water to the unit volume of soil, the latter being 
dependent on soil porosity) was estimated considering three val-
ues of porosity, which correspond to the minimum, average and 
maximum values measured for the samples collected in the 9 plots 
over the time.

The field data of suction and water content were interpolated 
through the Van Genuchten equation (1980):

where α, n, and m = 1 − 1∕nvG are equation parameters, while � is 
the volumetric water content, the subscripts r and s indicate the 
residual and the saturated values of �.

Cumulated daily rainfall and the daily minimum and maximum 
atmospheric temperature data were acquired from a weather sta-
tion of Campania Region located close to the experimental field 
setup. These data were used to define the boundary conditions in 
the test site. The temperature data were adopted to estimate the 
potential evapotranspiration (ET0) through the Hargreaves (1975) 
equation modified by Mendicino and Senatore (2013), as follows:

(7)� = �r +
(

�s − �r

)

⋅

[

1

1 + (�s)nvG

]m

(8)ET
0
= C ⋅ Re(T + 17.8) ⋅

√

ΔT
Fig. 5   Test site: a before seeding (Nocera Inferiore mounts are vis-
ible), b 3 months after seeding, c same as b with the Pizzo d’Alvano 
massif (affected by huge flow-landslides in 1998) as background
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where C is the empirical Hargreaves coefficient, equal to 0.0023; Re 
is the water equivalent of extraterrestrial radiation (mm/d), which 
depends on the inverse relative distance Earth-Sun, the sunset hour 
angle, and the solar declination; T is the mean daily temperature 
(°C); ΔT daily temperature range (°C).

The expected evapotranspiration ( ET) was estimated multiplying 
ET

0
 times the crop coefficient ( kc ), which incorporates the features 

and the growth of the grass species. The crop coefficient also con-
siders the dependence of ET on the leaf area index, LAI (Monteith 
1965). The LAI is a dimensionless quantity that characterizes the 
plant canopies and it is estimated as the ratio between the leaf area 
and the ground area. In this paper, kc was assumed equals 0.4 at 
initial stage, when the LAI exhibited values lower than 10%. The 
maximum kc value is 1.3, here assumed for those months with the 
maximum annual growth of grasses and with the LAI approaching 
100%. During the growth or during the dormancy period, the crop 
coefficient varies linearly between 0.4 and 1.3. Hereafter, the evapo-
transpiration is only considered as a component of the hydrological 
rainfall-evapotranspiration balance to check the reliability of the 
water content measurements.

The growth of the grasses was monitored monthly also collect-
ing samples of the leaves of the three species and measuring their 
length, as done by Capobianco et al. (2020). In that study, the root 
length and leaf length were well correlated to the age of the grasses.

More than 40 specimens of the vegetated (VEG) and non-
vegetated (NV) soil were collected manually up the depth of 0.30 m. 
The laboratory testing program was designed to investigate the 
changes in soil shear strength induced by the long fine roots of the 
three species (VEG1, VEG2, and VEG3) here investigated.

Direct shear tests on saturated and unsaturated soils were per-
formed at constant water content or at constant suction. The shear 
strength of the vegetated and non-vegetated soils was described 
using the failure criterion proposed by Fredlund and Rahardjo (1993):

where c′ is the effective cohesion, 
(

�v − ua
)

 is the net vertical stress, 
�
′ is the effective friction angle, with the saturation degree also 

equal related to soil porosity as follows Sr =
�∕n =

� ⋅ (1+ e)∕e.
This equation was already used to interpret the shear strength 

of the bare pyroclastic soils by Cuomo et al. (2017) and Moscariello 
et al. (2020), and it was also used here for the cases with vegetation, 

(9)�f = c� +
(

�v − ua
)

tan�
� + Sr ⋅ s ⋅ tan�

�

being both the saturation degree and the void ratio dependent on 
the presence of roots. Moreover, the root reinforcement was con-
veniently expressed through an increased intercept cohesion ( cr ) 
as proposed by Wu et al. (1979) in a semi-empirical expression later 
modified by Preti and Schwarz (2006), as follows:

where � is the angle of shear distortion in the shear zone at root break-
age; Tr is the average root tensile strength, sin � + cos � tan�� = 1.2 , 
and it is assumed that all the roots break simultaneously.

Experimental results
The long-root grasses were planted in the late spring (21 May 2021), 
and after 15 days, the first leaves appeared. The height of foliage 
acquired during a year of observation is reported in Fig. 6a and 
compared to those of Capobianco et al. (2020). In field test site, 
the growth rate was higher than that observed in the twin columns 
(0.084 m/month), and after some months at a constant growth rate, 
the height of foliage remained constant. Later, the grasses passed to 
a dormancy stage. The highest growth rate was for the species VEG2 
(0.73 m/month in the first 50 days), while the lowest growth for the 
species VEG1 (0.11 m/month in the first 50 days). The maximum 
height of foliage was exhibited by species VEG2, while even the spe-
cies VEG1 reached a larger height than in Capobianco et al (2020).

The root diameters were also measured and plotted in Fig. 6b. 
The data are summarized through box plots, where the central 
mark indicates the median value, and the bottom and the top edges 
of the box indicate the 25th and 75th percentiles, respectively. Inde-
pendent on the species, the median diameter was about 0.5 mm, 
consistent with Foresta et al. (2020). The species VEG2 exhibited 
the maximum median diameter of 0.50 mm, and the largest range 
of variation between the 25th and 75th percentiles (Fig. 7).

The three perennial graminae grass species developed with 
a different root morphology (Fig. 8). The species VEG1 (Fig. 8a) 
has vertical, oblique, and deep tap roots; the roots are thin and 
originate from the stem of the grass; the main and the second-
ary roots have comparable diameters. The species VEG2 (Fig. 8b) 
has a root morphology similar to VEG1, but the roots are coated 
with jelly-like substance; moreover, the main and the secondary 
roots have slightly different diameters. The species VEG3 (Fig. 8c) 
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Fig. 6   a Growth rate for the three species. b Summary statistics on root measured diameter. The total number of measurements is 905, i.e., 
VEG1 (n = 244), VEG2 (n = 249), VEG3 (n = 412)
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exhibits a tap system with one large central fibrous root and finer 
lateral roots. For all the species, the rooting depth reached about 
1 m in 1 year.

The experimental results of the in situ investigation are shown in 
Fig. 9a–d in terms of volumetric water content and matric suction, 
and in relation to evapotranspiration ( ET) . The latter increased in 
the summer season in which the LAI approaches to its highest value  
and the leaf reached their annual maximum length. The ET induces 
changes in suction measurements at low dept. (0.20 m). During the 
winter season, the ET is low, even if the LAI is high, and this is due 
to the dormancy period of the grasses.

The water content and the suction were always affected by rainfall 
and evapotranspiration seasonal trends (Fig. 9b). The water content 
in the vegetated soils was always lower than in the non-vegetated 
soils. Among the vegetation species, VEG1 exhibited the highest value 
of water content. Higher suction was also found in the vegetated ones 
compared to the non-vegetated soils. In terms of suction at 0.2 m, 
large differences between the vegetated and the non-vegetated soil 
started few days after the seeding (Fig. 9c). At 0.6 m, the difference 
in suction for the non-vegetated and vegetated soils appeared after 
9 months (Fig. 9d). This is consistent with the growth of long-root 
grass species, which reached 1 m of depth in about 1 year.

The SWRC obtained interpolating the field data at 0.2 m are 
plotted in Fig. 10, and three values of void ratio adopted and the 
van Genuchten parameters for each kind of soil are summarized 
in Table 1. The presence of roots implied (i) a reduction of porosity 
and saturated water content, (ii) an increase of air entry value, and 
(iii) a slight reduction in residual water content. These observations 
are consistent with Leung et al. (2015), who asserted that the most 
preponderant effect of roots is on the SWRCs.

The shear strength parameters were estimated through labo-
ratory tests (direct shear tests). It was assumed for the interpre-
tation of the experimental results that the roots can be consider 
normal to the shear band and the assumption was supported by 
some formerly investigation (Fan and Su 2008; Mickovski et al. 
2009; Yildiz et al. 2018. Moreover, it was as negligible the effect of 
root configuration on the interpretation of the results of laboratory 
tests. Under these assumptions, the shear strength was found as 
increased by root-soil interaction, but each type of grass affected 
the failure criterion in a different way (Fig. 11). While the inter-
cept cohesion of the non-vegetated soil was very low (6.44 kPa), 
the maximum cohesion was exhibited by the grass species VEG2 
(with c’ = 42.43 kPa), but also the species VEG1 and VEG3 exhibited 
a significant increase of cohesion up to reach 20 kPa and 29 kPa, 

Fig. 7   Leaves of a species VEG1, b species VEG2, and c species VEG3 collected in October–November 2021

Fig. 8   Root morphologies of the three perennial graminae grass species: a VEG1, b VEG2, c VEG3
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respectively (Table 2). Due to the intrusion of these very fine roots, 
the soil friction angle of vegetated soils is slightly lower than in the 
original non-vegetated soil (Table 2). The latter is surely a draw-
back, but in the practical applications were the in situ stresses are 
low (e.g., lower than 100 kPa), the shear resistance of the vegetated 
soils is always larger than that of non-vegetated soil, for all the 
three species here investigated (Fig. 11). In the figure, R2 indicates 
the coefficient of determination (that is a well-known statistical 
measure) to emphasize that the data of VEG1 and VEG2 are less 
scattered than VEG3.

Large‑deformation modelling of debris avalanche inception

MPM analyses: computational schemes and input data
The problem of the rapid propagation of a saturated mass flowing 
above a still unsaturated soil is very complex. To the knowledge 
of the authors, the first attempt has been proposed very recently 
(Cuomo et al. 2021a). From that pioneering yet simplified study, 
further research has allowed to incorporate a robust dataset for 
the (i) natural slope and (ii) engineered slope cases. The approach 
here used is hydro-mechanical coupled, meaning that a variation of 
pore water pressure induces an effective stress modification and a 
relative deformation. But also, the opposite situation is account for, 
so that for instance a reduction in soil volume (volumetric strain) 
induces a pore water pressure increase, and vice versa. In addi-
tion, the formulation in terms of Bishop effective stress is general 
to consider both saturated and unsaturated zones, where the pore 
water pressures are positive and negative, respectively. The flow-
ing material is rapidly sheared and likely dilates while it is largely 
displaced downwards. On the other hand, the soil along slope where 
the flow propagates over is sheared and compressed by the moving 
flow. Such complex hydro-mechanical large displacement processes 
require the use of powerful tools such as MPM.

MPM is an enhancement of FEM, where the continuum body is 
schematized by a set of Lagrangian points, called material points 
(MPs), which move through a background computational mesh. 
Large deformations are modelled by these MPs, which carry all the 
physical properties of the continuum such as stress, strain, den-
sity, momentum, material parameters, and other state parameters, 

Fig. 9   a Rainfall and estimation of evapotranspiration for vegetated 
soil; b volumetric water content; c suction at 0.20 m of depth; d suc-
tion at 0.60  m. Gray corresponds to VEG1; green corresponds to 
VEG2; orange corresponds to VEG3
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Fig. 10   Soil water retention curves of non-vegetated soil (NV) and 
vegetated soils (VEG1, VEG2, and VEG3). In the legend, the term “n” 
means porosity, while “av,” “min,” and “max” means that the volu-
metric water content was estimated considering the average poros-
ity, minimum porosity, and maximum porosity, respectively. The 
label “vG” is referred to the interpolation curve of experimental data 
(markers) obtained using the van Genucthen equation
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whereas the background mesh is used to solve the governing equa-
tions without storing any permanent information.

Unsaturated soils involved in slope stability problems can be 
conveniently modelled through the two-phase single-point formu-
lation (Jassim et al. 2013; Ceccato et al. 2018; Cuomo et al. 2021b), 
which uses only one set of MPs for modelling the two phases (solid 
and liquid), whose accelerations are the primary unknowns. It is 
here assumed: (i) incompressible solid grains, isothermal condition, 
and no mass exchange between solid and liquid, as not relevant for 
most of the landslides; (ii) smooth spatial distribution of porosity 
and degree of saturation in the soil (Martinelli et al. 2021).

In such coupled hydro-mechanical approach, the dynamic 
motion of a partially saturated soil is described by the system of 
two momentum balance equations, using separate velocity fields for 
solid and liquid phase. The interested readers can find more infor-
mation about this formulation in Cuomo et al. (2021b) and Yerro 
et al. (2022). The concepts of Bishop (1954) effective stress and Van 
Genuchten equation (1980) were used for modelling the response of 
unsaturated soils, consistently with the approach used to interpret 

the experimental results. On the other hand, the dependency of 
hydraulic conductivity with suction was not considered, therefore 
the saturated value is used for all the soils. This is a safe assumption 
related to the fact that the initial in situ soil suction values are very 
low: 0 kPa for material 1 where the slope instability is triggered, 
5 kPa for material 2 where the debris avalanche evolves.

Simplified yet realistic schemes were considered to test the effi-
cacy of the remediation via long-root grass under different condi-
tions. The reference scheme is represented in Fig. 12, in which the 
unstable mass is in a fully saturated condition while the soil on 
the slope downstream is stable in unsaturated condition due to 
the presence of soil suction s0. The unstable soil (about 20 m3/m in 
volume) with uniform depth d1, length B1, and slope i1 falls from a 
height H and crashes on the stable slope which has depth H2, length 
B2 and overall inclination i2. A remediation measure via long-root 
grass is even modelled with depth dV, length BV, and initial suction 
s0,V > s0. The values of all the geometric features were chosen based 
on field evidence (Cascini et al. 2013) and are reported in Table 3.

In particular, “Geo 0” refers to the case in which the remediation is 
not installed, while going from “Geo 1” to “Geo 3” the vegetated zone is 
progressively reduced to analyse the influence of the grass extension.

In this paper, we do not develop slope stability analysis of the 
first moving mass, and we do not consider the effect of rainfall, with 
related soil infiltration and pore water pressure changes with even-
tual water table fluctuations, as previously done by Cascini et al. 
(2010) among others. In this study, we consider that in the upper 
zone, the soil is in an unstable condition from the beginning (linear 
distribution of pore water pressure, that is a very severe condition 
for such a case) and we simulate two fundamental yet challenging 

Table 1   Parameters of van Genucthen equation (Eq. 8) for non-vegetated soil (NV) and vegetated soils (VEG1, VEG2, and VEG3)

n porosity, θs saturated volumetric water content, θr residual volumetric water content, nvG and α fitting parameters of van Genucthen equa-
tion, a.e.v. air entry value

NV VEG1 VEG2 VEG3

Aver. Aver. Max Min Aver. Max Min Aver. Max MIN

n (-) 0.51 0.48 0.49 0.46 0.49 0.50 0.47 0.49 0.52 0.45

θs (-) 0.51 0.48 0.49 0.46 0.49 0.50 0.47 0.49 0.52 0.45

θr (-) 0.06 0.00 0.00 0.00 0.04 0.04 0.04 0.05 0.03 0.04

α (1/kPa) 0.08 0.02 0.02 0.02 0.03 0.03 0.03 0.04 0.04 0.03

nvG (-) 10.22 4.35 4.22 4.59 16.00 16.15 15.62 2.71 2.65 2.64

a.e.v. (kPa) 13.3 47.9 46.1 50.3 27.3 23.7 30.9 36.4 36.2 36.6

c'=6.44 kPa φ'=39.34°

R² = 0.9998

c'=20.05 kPa φ'=35.0°

R² = 0.9838

c'=42.43 kPa φ'=26.7°

R² = 0.855

c'=29.06 kPa φ'=36.9°

R² = 0.6297
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Fig. 11   Shear failure envelopes of the non-vegetated soil (NV) and 
the vegetated soils (VEG1, VEG2, VEG3), with R2 indicating the coef-
ficient of determination

Table 2   Shear strength envelopes (Eq.  9) for non-vegetated and 
vegetated soils

c′ effective cohesion, �′ effective friction angle, R2 coefficient of deter-
mination

NV VEG1 VEG2 VEG3

c’ (kPa) 6.44 20.05 42.43 29.06

φ’ (°) 39.34 35.01 26.73 36.88

R2 (-) 0.99 0.98 0.85 0.63
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issues: (i) how this mass propagates downwards a steep slope, (ii) 
how this mass interacts with the lower unsaturated soil (where pore 
water pressure are still negative). The seasonal variations of suction 
are responsible for the type of slope instability phenomena and for 
the attained of slope failure (Cascini et al. 2014). In this paper, the role 
of suction (negative pore water pressure) in the whole process is con-
sidered in the analysis, which however refers to the challenging topic 
of how a small slide can provoke a much larger debris avalanche. This 
dynamic process is very fast, lasting few seconds, and the variation 
of pore water pressures (either negative or positive) are computed 
thanks to the hydro-mechanical coupled approach used here.

The mechanical properties of the non-vegetated soil (NV), 
such as shear strength, stiffness, saturated permeability, and unit 
weight (Table 4), are the typical values of the coarser superficial 
ashy soils (silty sands), having been widely investigated by Bilotta 
et al. (2005). For the vegetated soils, these properties are derived 
from the mean values of the experimental results for all the grass 
species (Table 1). On the other hand, the saturated hydraulic con-
ductivity ksat and water bulk modulus KL are typical of fine sands.

The numerical mesh is made of 2294 quadrangular elements 
with size between 0.4 and 3 m (Fig. 13), and it is the same for all the 
10 simulations reported in Table 5. The contact with the bedrock 
below (schematized as a rigid material) is handled with a frictional 

contact algorithm. An improved contact algorithm was used, pro-
posed by Martinelli and Galavi (2022), where the velocity of the 
liquid phase is corrected to prevent both inflow and outflow.

The standard linear 4-noded quadrilateral elements suffer from 
volumetric locking. To mitigate this problem, the B-bar method is 
used (Hughes 2012) in the proposed MPM formulation. Gauss inte-
gration is adopted to mitigate stress oscillation, and it is extended 
to 4-node quadrilateral elements. The reader can refer to Martinelli 
and Galavi (2022) for further details.

Based on previous experimental results (triaxial compression 
drained tests) reported by Foresta et al. (2020), it is inferred that 
Young’s modulus (E) of the vegetated soils can be increased up 3–5 
times, depending on the confining stress; the lower the confining 
stress, the more the stiffness is increased. In the numerical analy-
ses, the original stiffness and a doubled value increase were both 
considered for the vegetated soils.

Numerical results

The numerical results aimed to assess the feasibility of fine long-
root grass for slope remediation, analyzing the time–space evolu-
tion of some quantities, such as stress, strain, pore pressure, and 

Fig. 12   Reference scheme for numerical analyses: a natural slope (NV); b slope engineered with long-root grass (VEG)

Table 3   Geometric features of the simulation cases and installation mode

d1 upper slope uniform depth, B1 upper slope length, i1 upper slope inclination, H outcrop height, i outcrop inclination, d2 lower slope depth, B2 
lower slope length, i2 lower slope inclination, HV vegetated soil depth, BV vegetated soil length

Upper slope Outcrop Lower slope Vegetation at 
lower slope

ID H1 (m) d1 (m) B1 (m) i1 (°) H (m) i (°) H2 (m) d2 (m) B2 (m) i2 (°) dv (m) Bv (m)

Geo 0 10 1.50 14 35 40 70 73 3 105 35 - -

Geo 1 10 1.50 14 35 40 70 73 3 105 35 2 105

Geo 2 10 1.50 14 35 40 70 73 3 105 35 2 50

Geo 3 10 1.50 14 35 40 70 73 3 105 35 2 15
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displacements, for all the abovementioned cases. Firstly, the spatial 
distribution for some relevant time lapses is considered. The case 
of natural slope without remediation (Fig. 14) is always used to 
compare the efficacy of the proposed solutions. For such situation 
(case 0), the impacting mass suddenly leads the below material to 
instability, due to the increase of pore-water pressure at impact. 
In fact, from the initial condition with suction s0 = 5 kPa, the liq-
uid pressure increases up to 60 kPa (t = 6 s). Then, the blue zone 
with high pore-water pressure propagates downwards, leading to 
the liquefaction of the material, reaching very deformations dur-
ing the simulation (εd >  > 1). The debris avalanche develops in few 
seconds (about 20 s).

The efficacy of the proposed remediation measures via long-
root grass is investigated in the following. The results collected for 
installation mode with Bv = 15 m (i.e., 1_3, 2_3, and 3_3 in Table 5) 
are reported for all the vegetation species: 1 (Fig. 15), 2 (Fig. 16), 
and 3 (Fig. 17).

Comparing the three remediation options (Figs. 15, 16, and 17), it 
is immediate to understand that the proposed solutions are effec-
tive. This is principally due to the increased strength of the veg-
etated soils, in terms of higher initial suction (s0,v > s0) and better 
mechanical properties. It can be seen for example that at impact the 
generation of both deviatoric strain and excess pore-water pressure 
is limited to a smaller zone than for case 0, avoiding the propaga-
tion of the high pore water pressure downwards.

Even the maximum values of pore-water pressure at impact 
(t = 6 s) are lower for the case with remediation than for case 0, as 

they are halved. The deviatoric strain reaches high values under 
the impact zone covered by vegetation, especially for case 1_3 
(Fig. 15). However, all the solutions give approximately the same 
technical outcome, even if the initials conditions of the three veg-
etated soils are different in terms of initial suction, mechanical and 
hydrological properties.

It is also significant noticing that pore water pressure dissipation 
is more efficient in those cases when pore water does not reach so 
high values. This is because the overall landslide process is very 
fast, mainly governed by the falling material splashing on the slope 
beneath and propagating rapidly downslope. In this situation, a key 
for reduce the inception of a debris avalanche is to keep the pore 
water pressures as lower as possible in the impact zone (zone 2 of 
Fig. 4). Doing that, pore water pressures do not increase so much 
neither below (zone 3 of Fig. 4).

Those numerical analyses were also performed for all the cases 
of Table 5, including those configurations where the vegetated soils 
are present over large distances, namely configuration “Geo 1” and 
“Geo 2” of Table 3, with Bv = 50 m and Bv = 105 m, respectively. The 
results are practically similar to those shown until now, despite a 
more extensive use of vegetated soils.

Table 4   Material properties used in the numerical analyses

ρsat saturated soil density, n soil porosity, E Young’s modulus, ν Poisson ratio, c’ intercept cohesion, φ’ effective friction angle, ψ’ dilatancy 
angle, σt tensile strength, ksat hydraulic conductivity, KL water bulk modulus, a.e.v. air entry value, nvG van Genuchten parameter

Soil ρsat (kg/m3) n (-) E (MPa) ν (-) c’ (kPa) φ’ (°) ψ’ (°) σt (kPa) ksat (m/s) KL (MPa) a.e. (kPa) nvG 
(-)

NV 1353 0.53 5 0.29 6.4 39.3 0 0 10–4 50 13.3 10.22

VEG1 1390 0.48 5–10 0.29 42.4 26.7 0 0 10–4 50 47.9 4.35

VEG2 1383 0.49 5–10 0.29 20.0 35.0 0 0 10–4 50 36.4 15.99

VEG3 1375 0.50 5–10 0.29 29.0 36.9 0 0 10–4 50 27.3 2.71

Fig. 13   Example of computational mesh used in the numerical anal-
yses (installation mode: Geo 3)

Table 5   Simulation schemes and range of initial soil suction along 
the slope

s0 suction values within the non-vegetated soil, s0,v suction values 
within the vegetated soil

ID Vegetation 
species

Installation  
mode

s0 (kPa) s0,V 
(kPa)

0 - - 5.8−7.8 -

1_1 VEG1 Geo 1 6.4 10.5–12.8

1_2 VEG1 Geo 2 6.3–7.9 7.8–13.4

1_3 VEG1 Geo 3 6.3–7.8 10.4–13

2_1 VEG2 Geo 1 6.4 13.7–19.6

2_2 VEG2 Geo 2 6.8–8 9.2–21

2_3 VEG2 Geo 3 6.3–7.8 13–20

3_1 VEG3 Geo 1 6.2 5.4–5.7

3_2 VEG3 Geo 2 6.2–7.8 5.2–5.8

3_3 VEG3 Geo 3 6.3–7.8 5.3–6.3
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Fig. 14   Spatial distribution of displaced soil, deviatoric strains, and liquid pressure (case 0)

Fig. 15   Spatial distribution of soil, deviatoric strain, and liquid pressure (Case 1_3 with E = 5 MPa)
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Discussion
The numerical results can be explored further to understand the poten-
tial of this proposed mitigation technique based on the use of artifi-
cially grown long-rooted grasses in specific zones of a slope prone to 

the inception of a debris avalanche. For instance, focusing the attention 
on two material points of the slope initially located inside the so-called 
zone 2 of Fig. 4 (point A) and zone 3 of Fig. 4 (point B), it is possible 
to follow their displacements and, in the meantime, track the value of 

Fig. 16   Spatial distribution of soil, deviatoric strains, and liquid pressure (Case 2_3 with E = 5 MPa)

Fig. 17   Spatial distribution of soil, deviatoric strains, and liquid pressure (Case 3_3 with E = 5 MPa)
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pore water pressure. These results are shown in Fig. 18. First, it can be 
observed that the maximum pore water pressures at point A are larger 
than in point B. This is obviously because point A is in the impact zone. 
However, it is interesting noting that the point A is displaced less then 
point B, because the impact zone is reinforced with vegetation (VEG) 
while point B is in an un-reinforced zone (NV). Then, it is worth of 
consideration the role played by the stiffness of vegetated soil, equal to 
the original value or increased as an effect of root soil improvement. 
No significant difference is found for point B, while some clues can be 
pointed out for point A. Here, the increased stiffness of the reinforced 
soil diminishes the maximum displacement to half. The maximum 
pore water pressure is instead similar than in the other cases, since it is 
related to the external loading, which is the same (i.e., the falling mate-
rial). On the contrary, pore water pressure dissipation is much faster for 
higher stiffness of the reinforced soil. Additional plots and discussion 
about how the pore water pressures develop with respect to the devia-
toric strain are reported in the Appendix.

Conclusions
This paper investigated the use of long-root grass as a possible miti-
gation technique of debris avalanche. To this aim, three vegetation 
species were grown in a field test area nearby some slopes affected in 
the past by catastrophic flow-like landslides such as debris avalanches. 
The three vegetation species (VEG1, VEG2, VEG3) were seeded in 
an experimental field, organized into square 9 plots, each 1 m × 1 m 
large. The seeding was done under controlled conditions and the root 
growth monitored over the months. The rooted soils were later sam-
pled, and geotechnical laboratory soil testing aimed to evaluate the 
modifications in soil water retention curve and soil shear strength. In 
the filed the variation of soil suction in the rooted soil was also tested.

Such experimental information was implemented in an 
advanced numerical modelling based on material point method. 
In this context, the hydro-mechanical coupling between solid 
skeleton and pore-water is considered from the landslide trig-
gering to the later evolution into a debris avalanche. In particu-
lar, the numerical results provided new insights in understand-
ing the complex inception of a debris avalanche, due the impact 
of a failed soil mass on a stable deposit. The spatio-temporal 
evolution of stress, strain, and pore-water pressure was com-
puted. The results achieved outline that impact loading can 
cause further failures in downslope stable deposit. Due to the 
impact of an unstable mass, a greater volume is mobilized due 
to the increase in pore-water pressures.

In a modified (engineered) slope condition, the installation of 
fine long-rooted grasses reduces the effects of the impact loading 
to a much smaller extent. The reason is that soil is less sheared at 
the impact zone, and the pore water pressure are less increased 
than before. Given that, the zone located immediately downslope 
is less thrusted and the overall slope destabilization is practically 
inhibited. The numerical analyses are not exhaustive neither for 
the initial soil suction nor for initial unstable mass causing the 
impact loading scenario and/or the possible slope geometry con-
figurations. Thus, further research is needed to deepen the study of 
the mechanisms governing the inception and formation of debris 
avalanches. Nevertheless, the results so far acquired are promising 
and may pave the way towards the use of vegetation as landslide 
mitigation technique.
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Fig. 18   Evolution of pore water pressure versus displacement for two reference moving points (A and B) for Case 3_3 and two values of stiff-
ness for the rooted soils (E = 5 MPa, as original soil, and E = 10 MPa as an effect of root soil improvement)
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Appendix
The generation of pore water pressure is a key factor for debris 
avalanche inception. Figure 19 shows the variation of pore water 
pressure plotted versus the cumulated deviatoric strain (Eq. 6) 
experienced by the two moving points A and B. The installation 
of vegetation in the impact zone reduces so much the shearing of 
soil, as expected, independent on the value of soil stiffness. How-
ever, the reduction of deviatoric strain is much more evident in the 
point B, meaning that the inception of debris avalanche is practi-
cally inhibited.

Fig. 19   Generation and dissipation of pore water pressure upon shearing in two reference moving points (A and B) in the natural slope (0) 
and for different mitigation options (VEG1, VEG2, and VEG3)

Fig. 20   Temporal trends of pore-water pressure and displacements of two reference moving points (A and B) in the natural slope (0) and for 
different mitigation options (VEG1, VEG2, and VEG3)
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Additional information can be achieved by investigating the 
trend of pore water pressures and displacements over time inside 
the impacted zone and within the non-vegetated soil (Fig. 20). The 
pore-water pressure trend for point A is almost the same in all the 
cases, with high values at moment of the impact (between 5 and 8 s) 
and with a plateau in correspondence of the initial suction value 
right after. However, the displacement of point A is the highest for 
the case without remediation. Point B is again an interesting point to 
monitor since there is no vegetated soil above it. Here, some differ-
ences are more evident. In fact, for case 0, the impact of the unstable 
mass causes a delayed and more prolonged increase of excess liquid 
with respect to point A. During this increase in pressures, point B is 
moving fast and finally reaches a runout of about 12 m.

When the remediation measure is installed, the pore-water pres-
sure is lower than case 0, with a maximum of 10 kPa which remains 
constant over time. The displacement trends for these cases are 
almost nil, highlighting the efficacy of the proposed solutions. It is 
worth mentioning that even the other cases in Table 5 with different 
installation modes are satisfactory.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or for-
mat, as long as you give appropriate credit to the original author(s) 
and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creativecommons.org/licenses/by/4.0/.
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