
ARTICLE

Influence of grass roots on shear strength of pyroclastic soils
Vito Foresta, Vittoria Capobianco, and Leonardo Cascini

Abstract: This paper investigates the effects of indigenous vegetation on the shear strength of loose pyroclastic soils of the
Campania region (southern Italy); these soils are frequently affected by shallow landslides 1–2 m deep that experience static
liquefaction during the post-failure stage. Perennial graminae grasses were seeded in a one-dimensional column 2 m high and
filled by pyroclastic soils, allowing the root to grow under atmospheric conditions. A noninvasive sampling procedure was
adopted to take the vegetated soil samples, in which the roots were in their natural geometrical distribution. For each rooted
sample, the root biomass, RM, was measured and the root volume density, RVD, was calculated. Isotropic consolidated triaxial
tests in both drained and undrained conditions were performed on the rooted specimens, as well as on bare specimens as a
control. The obtained results showed that the roots generally provided an increment to the soil strength. In drained conditions
a reduction in the volumetric deformation was observed, which, under undrained conditions, was reflected in a general
reduction of the excess pore-water pressures with a possible inhibition of the static liquefaction occurrence. This study high-
lights the potential role of grass roots as bio-engineering practice for stabilizing shallow covers of pyroclastic soils.

Key words: failure, vegetation, triaxial tests, shallow landslides, liquefaction.

Résumé : Cet article étudie les effets de la végétation indigène sur la résistance au cisaillement des sols pyroclastiques meubles
de la région de Campanie (Italie du sud); ces sols sont souvent affectés par des glissements de terrain peu profonds de 1 à 2 m de
profondeur qui subissent une liquéfaction statique au stade post-rupture. Des graminées vivaces ont été semées dans une colonne
unidimensionnelle de 2 m de haut et remplies par des sols pyroclastiques, permettant à la racine de pousser dans des conditions
atmosphériques. Une procédure d’échantillonnage non invasive a été adoptée pour prélever les échantillons de sol végétalisés,
dans lesquels les racines étaient dans leur distribution géométrique naturelle. Pour chaque échantillon racinaire, on a mesuré
la biomasse racinaire, RM, et calculé la densité volumique racinaire, RVD. Des essais triaxiaux consolidés isotropes dans des
conditions drainées et non drainées ont été effectués sur les échantillons racinés, ainsi que sur des échantillons nus comme
témoins. Les résultats obtenus ont montré que les racines augmentaient généralement la résistance du sol. En conditions
drainées, on a observé une réduction de la déformation volumétrique qui, dans des conditions non drainées, s’est traduite par
une réduction générale de la surpression de l’eau interstitielle et une inhibition possible de la liquéfaction statique. Cette étude
met en évidence le rôle potentiel de la base comme pratique de bio-ingénierie pour stabiliser les couvertures peu profondes des
sols pyroclastiques. [Traduit par la Rédaction]

Mots-clés : défaillance, végétation, essais triaxiaux, glissements de terrain peu profonds, liquéfaction.

Introduction
Shallow flow-type landslides (Hungr et al. 2001) are widely rec-

ognized as catastrophic events. They generally occur on natural
hillslopes covered by residual (Lim et al. 1996; Toll et al. 1999),
colluvial (Campbell 1975), weathered (Meisina 2006) or pyroclastic
deposits (Capra et al. 2003; Cascini et al. 2008a, 2008b, 2014). The
first failure stage is often caused by rainfall infiltration (De Vita
et al. 2006) in combination with other factors, such as the geology
and morphology of the slopes, as well as the hydrological proper-
ties of the shallowest soil layers (Reid et al. 1988). The post-failure
stage can be characterized by a rapid mass movement, which
behaves as a fluid that can cover great distances, threating human
lives, activities, and infrastructure (Sidle and Ochiai 2006; Keefer
and Larsen 2007).

In pyroclastic soils originating from the Somma-Vesuvius erup-
tions in the Campania region (southern Italy), during the post-
failure stage of shallow landslides a volume collapse of the soil
structure can occur in fully saturated undrained conditions. This
collapse causes a significant increment in the pore-water pres-

sures that cannot freely dissipate, leading to the annulment of the
mean effective stresses and, thus, to the soil’s static liquefaction
(Wang et al. 2002; van Asch et al. 2006; Olivares and Damiano
2007). Therefore, the unstable mass evolves into a flow during the
propagation stage (Cascini et al. 2010).

Structural passive control works, such as dissipative basins and
(or) brindles, have been widely adopted as risk mitigation mea-
sures for these flow-like landslides (Versace et al. 2008), even
if they are expensive and require frequent maintenance. The
use of indigenous vegetation can represent a sustainable bio-
engineering alternative for stabilizing shallow pyroclastic covers
because of the well-known role of roots in enhancing the shear
strength of soil.

Vegetation enhances soil stability through both hydrological
and mechanical reinforcement. The roots, indeed, promote the
soil water extraction via the transpiration process, thus preserv-
ing the unsaturated conditions that reduce the probability of oc-
currence of the first failure stage. This positive hydrological effect
has been recently proven by experimental and numerical studies
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on the variation of hydraulic properties of root-permeated soils
(Ng et al. 2016b, 2018; Ni et al. 2018).

Many authors have investigated the mechanical reinforcement
of roots on slope stability through both in situ and laboratory
direct shear tests (Endo and Tsuruta 1969; Ziemer 1981; Nilaweera
1994; Wu et al. 1988; Tobias 1995; Wu and Watson 1998; Operstein
and Frydman 2000; Comino and Druetta 2010; Yildiz et al. 2018),
providing substantial insights into the reinforcement role of roots
in the drained shear strength of soils. This reinforcement is widely
considered as an additional soil strength via root cohesion (Wu
et al. 1979; Nilaweera and Nutalaya 1999; Cazzuffi et al. 2006; Wu
2013; Leung et al. 2015), rather than the internal friction angle
variation, which seems slightly affected by roots (Waldron 1977).
Even though the direct shear test is often adopted for the assess-
ment of shear strength of root-reinforced soils, the limitation of
using this method is given by (i) the assumed failure plane and
(ii) the undrained conditions not being reproduced. Conversely, in
triaxial tests the failure surface is generated along the weakest
surface and different drainage conditions (i.e., drained, un-
drained) can be simulated to closely reproduce the in situ condi-
tions (Zhang et al. 2010).

Few triaxial tests have been conducted on root–soil composite
samples in recent years (Frei 2009; Graf et al. 2009; Zhang et al.
2010; Liu et al. 2011; Hu et al. 2013), which confirmed the positive
role of roots on increasing the shear strength of the reinforced
soil. Nevertheless, some controversial results are available de-
pending on the soil type, vegetation type, and orientation of this
vegetation in the soil mass (Graf et al. 2009; Zhang et al. 2010; Hu
et al. 2013). In fact, triaxial tests involve some issues related to the
preparation of root–soil composite specimens, such as the geom-
etry, length, and (or) orientation of the roots (i.e., horizontal,
crossed, vertical), which sometimes do not reproduce the natural
root distribution well (Zhang et al. 2010; Hu et al. 2013), thus
affecting the experimental results. Moreover, the effects of grass
roots on the soil shear strength as well as on the soil structure
modification are still not clear, as it is difficult to artificially re-
produce their distribution in soil specimens. Some studies have
found that grass roots can change the entire soil matrix by creat-
ing a dense but extremely light root network that indirectly in-
crements soil aggregates via exudates and the production of
microbial communities (Jastrow et al. 1998; Eisenhauer et al.
2010).

Few contributions are available on the behavior of loose-rooted
soils under undrained conditions, and the effects of the root pres-
ence on the occurrence of static liquefaction in undrained condi-
tions have yet to be investigated. To this aim, an experimental
program based on triaxial tests on rooted pyroclastic soils was set
up, considering both drained and undrained conditions that
closely reproduce the failure conditions in shallow pyroclastic
covers. Isotropic consolidated drained triaxial tests in saturated
conditions simulate the typical failure of rainfall-induced land-
slides, while undrained triaxial tests allow investigation of the
influence of roots during the post-failure stage, when static lique-
faction can occur.

Materials and methods

Experimental set-up, soil type, and preparation
The equipment used in this investigation consisted of a hollow

Plexiglas column with an inner and outer diameter of 192 mm and
200 mm, respectively, with a total height of 2000 mm (Fig. 1). The
side boundaries were impermeable and the top boundary was
exposed to the atmosphere. Free drainage was allowed through a
series of 3 mm diameter holes at the bottom of the column, where
a geosynthetic layer was placed to avoid the possible exit of fine
grains during the water flow. The column was divided into four
equal blocks, each 500 mm in height and linked to one another by
flanged bases for facilitating both the initial filling and the final

sampling procedures. The blocks were named A, B, C, and D,
starting from the bottom of the column. The column was filled to
a depth of 1900 mm, while the top 100 mm was left empty for
protection of the foliage and for water applications during plant
growth (Fig. 1).

The pyroclastic soil analyzed in this study originated from the
past explosive phases of the Somma-Vesuvius volcano (Lirer et al.
2001; Cioni et al. 1999), which covers the limestones and volcanic
rock slopes over an area of approximately 3000 km2 of the Cam-
pania region (southern Italy). The soil was collected from the py-
roclastic deposits covering the Pizzo D’Alvano massif in the
source area of the Tuostolo debris flow (Fig. 2). This landslide was
one of the several debris flows that occurred during the May 1998
event, which caused a loss of lives as well as huge damage to the
towns located at its piedmont (Cascini et al. 2011).

Such deposits have been classified by Bilotta et al. (2005) in two
main classes, depending on their grain size and physical and me-
chanical properties. According to the graphical settings of most of
the pyroclastic mantles on volcanic rock slopes (Revellino et al.
2004; Bilotta et al. 2005; Cascini et al. 2008a; Ferlisi et al. 2016),
coarser volcanic ashy soils generally belong to the superficial lay-
ers (2–3 m) and overlay the finest class of deposits, with some
presence of interbedded pumice layers.

The soil collected and investigated in this study belongs to the
volcanic ashy soils typical of superficial layers, with gravel, sand,
silt, and clay contents of 8.1%, 60.2%, 30.6%, and 1.1%, respectively.
It can be classified as sand with silt according to the Unified Soil
Classification System (USCS; ASTM 2010). The material is nonplas-

Fig. 1. Schematization of experimental set-up of vegetated column:
frontal view. (All dimensions in millimetres.) [Colour online.]
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tic soil with a specific gravity Gs = 2.59, which is included in the
typical range of specific gravity values for the coarser ashy mate-
rials from 2.45 to 2.70, and with a liquid limit equal to 40.6%
(Bilotta et al. 2005). To reduce the disturbance of the sampling of
specimens for triaxial tests (BS 1377-8, BSI 1990), only soil with
particle size d < 9.525 mm was used to fill the column, thus filter-
ing the particles that were present in the soil with a percentage
lower than 1%.

The moist tamping method (Ladd 1977) was adopted to compact
the soil in the column by fixing a target bulk density of
12.03 kN/m3 and a gravimetric water content of 10%. The related
porosity n was 53.5%, for which the investigated soil can experi-
ence collapse in unsaturated conditions under wetting (Nicotera
1998; Bilotta et al. 2006, 2008; Lancellotta et al. 2012).

Vegetation species
The selected vegetation type belongs to the perennial graminae

grasses, which are indigenous and commonly involved in bio-
engineering practices for soil surface protection as well as in eco-
logical restoration. This bushy perennial graminae can have a
radial gravitropic vegetative growth in the vertical direction
(Bonneu et al. 2012) and a fascicle (alias fibrous) root system gen-
erally rooting downward from the plant body, capable of reaching
great depths. The graminae was seeded in a small pot, germinated
for 1 month in a greenhouse with a daily water supply, and then
transplanted to the column. The transplanting period was at the
end of January 2016 and the initial mean root depth was 6.0 ±
0.3 cm, while the average height of the foliage was 8.0 ± 0.2 cm.

A total of 3.5 g of seeds was also spread on the soil surface of the
column to increase the number of graminae grasses that could
grow within the soil column. Finally, the first irrigation was com-
pleted. The column was placed under atmospheric conditions
outside the Geotechnical Laboratory “Giuseppe Sorbino” of the
University of Salerno (40°46=14.5==N, 14°47=21.4==E), under a rainout
shelter to protect it from direct rainfall. The soil was irrigated by
an automatic irrigation system (T 1030 D, Gardena Water Timer
electronic), which was programmed to provide 1 L of water every

second day, while from June to September was increased to twice
a day. During the first vegetative year, the average root depth and
height of the foliage were visually monitored every month using a
graduated scale placed along the transparent surface of the col-
umn. By the end of the summer (September 2016), the roots had
already reached the bottom of the column (block A in Fig. 1)
(Capobianco et al. 2020).

Preparation of the samples
After one vegetative year, the sampling of the rooted soils be-

gan. The samples were obtained starting from the bottom after
having placed the entire soil column along a horizontal plane.
Then, the soil at the interface between the first two adjacent
blocks (A, B) was cut with a plain steel string 0.28 mm in diameter
and block A was brought inside the laboratory, while the remain-
ing part of the column (consisting of blocks B, C, and D only) was
again placed outdoors to keep the vegetation alive until the next
block (B) was to be cut and so forth (C and D).

For the sampling of the triaxial specimens, the isolated block
was positioned vertically and the soil was moved, with the help of
a piston, into Plexiglas cylinders with the same inner diameter of
the column and a height of either 100 or 200 mm. As each block
was 500 mm high, two 200 mm and one 100 mm cylinders were
needed.

The aim of dividing a 500 mm high block in two 200 mm high
and one 100 mm high cylinders was (i) to have different sampling
depths for each block, (ii) to minimize the disturbance created by
possible loosening of soil due to root breakage during the sam-
pling of triaxial specimens, and (iii) to have a cylinder as the con-
trol of the representativeness of the rooted soil specimens used in
triaxial tests.

Among the two 200 mm high cylinders obtained for each block,
one cylinder was utilized for triaxial tests, whereas the remaining
cylinders were covered at both the upper and lower boundaries
and opportunely sealed to maintain the initial soil water content
and to preserve roots from imminently decaying.

Fig. 2. Overview of the five sector zones affected by flow-like mass movements in the May 1998 debris flow with indication of typical stratigraphy
type, main lithotypes (Bilotta et al. 2005), and their spatial distribution; the filled square point represents the site where material was collected, in
Tuostolo basin, close to the source area of the Tuostolo debris flow (on the left side of the square) (adapted from Cascini et al. 2011).
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In total, four 200 mm high cylinders, one for each block, were
used for the triaxial tests. The undisturbed root–soil samples were
taken through a rigid plastic sampler 36.4 mm in diameter and
210 mm in length. The sampler was intruded into the rooted soil
with a low penetration velocity to gently cut the lateral roots and
prevent the soil from being dragged by the lateral roots that had
not yet broken. From each sampler, two undisturbed soil speci-
mens 79.3 mm in height and 36.4 mm in diameter were obtained.
In total, 19 undisturbed root–soil specimens were used for the
triaxial tests. Moreover, six bare soil specimens were reconsti-
tuted through a moist tamping technique with the same target
bulk density used for filling the soil column. These bare speci-
mens were used as the control to quantify the effect of roots on
the soil shear strength.

Triaxial tests
Isotropic consolidated drained and undrained compression tri-

axial tests (BS 1377-8, BSI 1990) were conducted at the Geotechni-
cal Laboratory of the University of Salerno. Each specimen was
initially subjected to a filtration stage (starting from the toe to-
wards the top) to evaluate the volume variation and to enhance
the initial saturation degree. During this stage, de-aired water was
applied under a back pressure of 7 kPa (at the toe) and 5 kPa (at the
top) with a confining cell pressure of 12 kPa and a deviator stress
of 2 kPa until a clear water flow was observed flowing out from the
upper boundary of the specimen (no visible entrapped air bub-
bles). Then the same back-pressure (7 kPa) was imposed at the two
boundaries of the specimens by short-circuiting the two drainage
lines initially set independently. The saturation of the specimens
was performed by simultaneously increasing the confining cell
pressure and the back pressure, keeping the difference between
them at 5 kPa throughout the entire saturation process (Bishop
and Henkel 1962). The application of the back pressure from both
the bottom and the top of the specimens improved the saturation
degree by compressing the air bubbles entrapped between the soil
particles. All the samples were finally considered to be saturated
for the 200 kPa back pressure, corresponding to a Skempton’s
B-value equal to 0.95. The height variation of the specimens was
recorded continuously by a linear variable displacement trans-
ducer (LVDT) during all the test phases.

Consolidated drained and undrained triaxial tests were con-
ducted with effective confining pressures of 10, 30, and 50 kPa.
These values can be considered as representative of the in situ
confining pressures of soils belonging to superficial layers of py-
roclastic deposits. For comparison purposes, both the drained and
undrained triaxial tests on the reconstituted bare soils were per-
formed at the same effective consolidation pressures. A consoli-
dation time (t100) equal to 2 h was derived from the consolidation
curve using the Taylor construction in the consolidation plane.
According to the BS 1377-8 standard (BSI 1990), after the consoli-
dation stage, the rate of the axial displacement, dr, to apply during
the monotonic shear stage was calculated. First, the significant
testing time, tf, in the compression test was obtained via the prod-
uct between t100 of the consolidation curve and the factor F, which
depends on the drainage conditions and the type of compression
test to be performed (drained or undrained). The same factor F was
selected for both the drained and undrained conditions, consid-
ering drainage from both ends of the specimen (F = 8.5). An axial
strain rate, dr, equal to 0.02 mm/min was determined to be related
to a significant strain interval of approximately 30%. This last
value was the estimated strain �f, at which failure will occur for
this type of soil (Migliaro 2008). Due to the high compressibility of
the tested soil together with the relatively low confining pressures
used, a membrane correction was needed to account for the mem-
brane effect on the inferred deviator stress (Bishop and Henkel
1962) following the expression:

(1) (�1 � �3) �
Fa

A
� CM

in which �1 and �3 are the major and minor principal stresses,
respectively; Fa is the measured axial force; A is the section area of
the specimen calculated taking into account the geometry varia-
tion; and CM is the correction term that can be calculated as

(2) CM � 4M�a

(1 � �a)

D

where M is the measured extension modulus of the membrane
used, �a is the axial deformation of the specimen during shear,
and D is the diameter of the specimen at the start of shearing. In
the case herein, the measured M modulus was 0.45 N/mm.

During shear, the axial stress, height, and volume and (or) pore-
water pressure variations were recorded. At the end of the test the
specimen was weighed. The list of the triaxial tests on both the
rooted and bare soil specimens is reported in Table 1. The ID of
each sample is composed of three characters, denoting whether
the type of soil is bare or vegetated (B: bare, V: vegetated), the
name of the block where it was taken (i.e., A), and the specimen
number. Examples of bare soil and root–soil specimen IDs are B01
and VA1, respectively.

Root–soil parameters
The typical structure of the rooted soil consists of materials in

four different phases: solid skeleton, roots, water, and air. The soil
void ratio, e, was calculated taking into account the fact that the
roots, having a different specific gravity of solid grains, occupy
some voids and thus reduce the pore size (Ng et al. 2016a;
Jotisankasa and Sirirattanachat 2017). The new formula based on
this phase’s relationship is the following:

(3) e �
Vv

(Vs � Vr)
�

Vtot � (Vs � Vr)

(Vs � Vr)

in which Vv is the volume of the voids, obtained as the difference
between the total volume Vtot and the volume occupied by the
solid grains Vs and roots Vr. This formula was used to calculate the
changing in void ratio during the different phases of the triaxial
test. The total volume at the end of each phase of the test was
back-calculated based on the measurement of the water content
of the specimen at the end of testing and the volume changes
measured during consolidation and shearing phases. The root
volume (Vr) was calculated as the ratio between the dry root bio-
mass (RM) and the root density (�r). The RM was measured in
accordance with the method proposed by Liang et al. (1989). At the
end of the triaxial test, each specimen was weighed and oven-
dried at 60° C for 24 h. Afterwards, different sieves with a decreas-
ing diameter of the network were used to retain any roots
contained in the soil specimen. Furthermore, tweezers were used
to remove roots from soil retained at each sieve. A caliper mono-
block with an accuracy of 0.05 mm was used to measure the root
diameters to quantify the distribution frequency of the diameters
of the roots grown during the experimental study. Finally, the RM
and soil mass (SM) were weighed.

The procedure adopted for the determination of �r was the
density bottle method, consisting of the following stages: (i) 10 g
of dry roots were introduced in a pycnometer and weighed (W2);
(ii) de-aired distilled water was added up to half of the height of the
pycnometer and the mixture was boiled to remove air entrapped
between the roots; (iii) finally, the pycnometer was completely
filled with de-aired distilled water and the weight (W3) and tem-
perature were measured after cooling. Considering the weight of
the dried pycnometer (W1) and the weight of the pycnometer
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completely filled with de-aired distilled water (W4), the root den-
sity formula can be obtained:

(4) �r �
RM
Vr

�
RM
WM

�w �
(W2 � W1)

[(W4 � W1) � (W3 � W2)]
�w

in which WM represents the mass of an equivalent volume of
water and �w is the density of water.

In this way, without forcing the saturation of the internal voids
of the roots, �r was calculated as the average of the �r values
obtained at the end of three independent experiments. The root
density was equal to 6.18 kN/m3, which is consistent with that
provided by Gray and Sotir (1996).

The volume of the soil grain, Vs, was finally obtained as the ratio
between the drySM and the soil density, �s. In addition, the root
volume density (RVD) was calculated (Zhu and Zhang 2016) as the
ratio between the total volume occupied by the roots, Vr (reverting
eq. (4)), and the total volume, Vtot, of the root-permeated soil
sample at the initial stage, equal to the initial nominal volume of
the specimen (D = 36.4 mm and height H = 79.3 mm). Therefore,

(5) RVD(%) �
Vr

Vtot
× 100

The RVD parameter can be considered as the variation of soil
porosity due to the presence of roots.

Experimental results and discussions

Measured root–soil parameters
The measured root diameters were divided in four classes from

the lowest (0–0.55 mm) to the highest (1.65–2.20 mm) value mea-
sured, comparable with the classification of fine roots provided by
Liu et al. (2018). Figure 3a shows the frequency of the root diame-

ters for the samples taken from the superficial zone of the column
(block D). The frequency was calculated as the ratio between the
number of roots within the specific diameter class and the total
number of roots. The lowest diameter class (0–0.55 mm) showed
the maximum frequency, while the highest diameter class (1.65–
2.2 mm) showed the minimum frequency. Hence, the grass roots
investigated in this experimental study belong to the so-called
“fine roots” class, which in the literature is widely recognized to
have diameters less than 2 mm (Stokes et al. 2009).

The RM and RVD values for each root–soil specimen taken from
different soil depths of the vegetated column are summarized in
Table 2. The measured RMs are small for all root–soil specimens if
compared with the root mass of shrubs and trees that can have up
to 40 kg/m3 root mass density (ratio between the dry mass of roots
and the total volume of the soil) in the top 25 cm of soil (Jackson
et al 1996), showing the typical range of values found for grass
species. These last usually have reduced quantities of both above-
and below-ground biomass when compared to woody species
(Canadell et al. 1996). Moreover, they show a decreasing trend
with the depth (Fig. 3b). The maximum RM measured was equal to
0.16 g, which was from the specimen placed on the upper part of
the column investigated in triaxial tests, corresponding to an ap-
proximately 200 mm depth from the soil surface. In general, the
relatively low RM values always found for these grass species can
be attributed to their fine and fasciculate root system (Metcalfe
and Nelson 1985), which is very light. Results shown herein are
consistent with the measured RM obtained for other grass species
with similar characteristics (Zhu and Zhang 2016).

As expected, the calculated RVD values show the same decreas-
ing trend of RMs as the depth increases, with a maximum value
equal to 0.31% corresponding to the shallowest depth (Table 2).
This highlights the typical root system of the grass species, which
is characterized by numerous fine and light roots.

Table 1. Details of triaxial compression tests.

Sample ID Type
pc

′

(kPa) eini efiltr ec efin

pfin
′

(kPa)
qfin

(kPa) RVD (%)
�u
(kPa) ��v

B01 D 10 1.170 1.003 1.001 0.934 10.5 13.2 0.00 — 0.036
VB5 D 10 1.065 1.077 1.069 0.999 17.6 22.4 0.12 — 0.036
VC6 D 10 1.182 1.177 1.197 1.104 23.5 41.7 0.27 — 0.042
VD5 D 10 1.188 1.176 1.181 1.091 29.0 54.3 0.31 — 0.041
B02 D 30 1.171 0.989 0.905 0.860 60.3 84.7 0.00 — 0.042
VA5 D 30 1.088 1.091 1.056 1.039 55.9 78.0 0.08 — 0.013
VB6 D 30 1.226 1.206 1.186 1.150 59.4 87.6 0.10 — 0.017
VC5 D 30 1.283 1.274 1.250 1.111 63.6 98.0 0.23 — 0.062
VD6 D 30 1.098 1.088 1.051 1.005 69.9 119.6 0.29 — 0.022
B03 D 50 1.172 1.061 0.949 0.905 83.9 121.4 0.00 — 0.029
VA4 D 50 1.070 1.089 1.030 0.995 98.2 145.4 0.15 — 0.017
VD4 D 50 1.093 1.084 0.996 0.966 108.8 177.1 0.19 — 0.015
B04 U 10 1.162 1.122 1.104 1.104 0.2 0.3 0.00 8.4 —
VB3 U 10 1.134 1.123 1.130 1.130 7.0 10.9 0.13 7.2 —
VC3 U 10 1.257 1.251 1.248 1.248 0.5 0.5 0.15 9.9 —
VD3 U 10 1.192 1.199 1.188 1.188 5.4 12.7 0.29 9.7 —
B05 U 30 1.170 1.113 1.015 1.015 0.3 0.7 0.00 28.4 —
VB2 U 30 1.057 1.069 1.011 1.011 26.7 41.5 0.13 17.6 —
VC2 U 30 1.130 1.130 1.081 1.081 13.6 21.2 0.17 24.9 —
VD2 U 30 1.052 1.034 1.012 1.012 48.6 84.1 0.25 10.7 —
B06 U 50 1.175 1.041 0.946 0.946 20.3 26.0 0.00 38.9 —
VA1 U 50 1.111 1.108 1.058 1.058 42.4 64.0 0.17 29.4 —
VB1 U 50 1.015 1.018 0.978 0.978 52.2 81.6 0.23 26.1 —
VC1 U 50 1.276 1.273 1.180 1.180 12.9 18.1 0.12 45.1 —
VD1 U 50 1.196 1.191 1.140 1.140 32.4 58.9 0.19 38.7 —

Note: Type D, drained test; type U, undrained test; pc
′, mean effective consolidation stress; eini, void ratio after

sampling; efiltr, void ratio at end of filtration stage; ec, void ratio after consolidation; efin, void ratio at failure; pfin
′ ,

mean effective stress at failure; qfin, deviator stress at failure; RVD, root volume density; �u, excess pore-water
pressure at failure; ��v, volume strain variation at failure.
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Behavior in drained conditions
The drained test results on both bare and vegetated soils are

shown in Fig. 4 and summarized in Table 1 (test type: D). In all tests
during shearing, both the bare and vegetated soil specimens
showed a contractive behavior, provided by an increase in the
volumetric deformation �v (�V/V) as the axial strain �a (�H/H)
increased (Figs. 4b, 4d, 4f).

Many specimens showed a hardening behavior, being globally
flattened as the consolidation pressure increased. Indeed, for a
confining pressure of 10 kPa (Figs. 4a, 4b) the deviator stress in-
creased continuously, as did the volumetric strain. Conversely,
the behavior changed for a confining pressure of 50 kPa (Figs. 4e,
4f). This was due to a reduction of the initial void ratio (densifica-
tion) before shearing caused by an increase in the consolidation
pressure, which also improved the contact between soil particles
and roots. From Fig. 4 it can be observed that usually rooted spec-
imens showed an increase in shear strength over the nonrooted
samples. For the rooted specimens, as the deformation develops,

roots tend to stop the soil movement by frictional resistance be-
tween soil particles and roots, and then part of the soil shear stress
is converted into tensile resistance of roots. This increases the
normal stress locally with a consequent improvement of shear
strength. When soil shear strength is completely developed, only
roots can contribute to further increase the global shear resis-
tance of the composite until frictional or tensile resistance of the
roots is reached. Depending on the initial state of the stress, some
roots can be broken, thus showing a gradual reduction in shear
strength of the rooted soil (Figs. 4c, 4e).

In the elastic phase of shearing, the axial deformations re-
corded in the vegetated samples under the same deviator stress
were generally lower than those in the bare samples, except for
one specimen that showed a higher axial deformation than that of
bare soil (Fig. 4c). In general, the presence of roots can increase the
stiffness of the composite root–soil system (Figs. 4a, 4c, 4e).

The failure conditions were different between the bare and
vegetated soil specimens. For example, under a confining pres-
sure of 30 kPa (Fig. 4c), the bare soil reached the final conditions
for a deviator stress of 85 kPa, while the rooted specimen with the
highest percentage of vegetation (VD6), reached a final deviator
stress of 120 kPa.

An exception was observed for the VC5 specimen (Figs. 4c, 4d),
which, compared to the other vegetated samples, showed a more
gradual increment of deviator stress with axial strain, together
with a high volumetric deformation. This was because the void
ratio of that specimen was larger than that of the other samples
tested at the same confining pressure, therefore highlighting an
opposite role played by the roots and porosity.

To isolate the role played by the roots on the behavior of the
root–soil composite, the authors attempted to compare both the
bare and vegetated samples with a similar void ratio (eq. (3)). From
Figs. 4e and 4f, it is possible to observe an increment of the max-
imum deviator stress as well as a reduction of the volumetric
strain as the RVD increases. However, the rooted samples were
characterized by a high variability in their initial void ratio com-
pared with the “reference void ratio line” (Fig. 5), which repre-
sents the target void ratio used for filling the soil column initially.

Figure 5 shows the initial void ratio after sampling (eini), the
void ratio calculated after filtration (efiltr), and the void ratio after
the consolidation stage (ec) plotted with the RVD for all tested
specimens. The void ratio values for the bare specimens were
those positioned corresponding to RVD = 0% on the graph and
labelled with their own ID. It is clearly observed that some rooted

Fig. 3. (a) Frequency of measured root diameters divided in four classes for rooted specimens taken from shallowest block of soil column;
(b) individual and average root dry biomass, RM, of triaxial specimens vs. sampling depth.
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Table 2. Root parameters measured for each root-soil specimen of
triaxial tests.

RM (g) RVD (%)

Column
zone

Depth
(m)

Sample
ID RM (g) Average SD Average SD

A 1.515 VA1 0.09 0.07 0.02 0.13 0.04
VA4 0.08
VA5 0.04

B 1.115 VB2 0.07 0.06 0.01 0.12 0.02
VB3 0.07
VB6 0.05

1.015 VB1 0.12 0.09 0.03 0.17 0.06
VB5 0.06

C 0.515 VC2 0.09 0.12 0.03 0.22 0.05
VC6 0.14

0.415 VC1 0.06 0.09 0.02 0.17 0.05
VC3 0.08
VC5 0.12

D 0.315 VD2 0.13 0.13 0.02 0.24 0.04
VD4 0.10
VD6 0.15

0.215 VD1 0.10 0.14 0.03 0.26 0.05
VD3 0.15
VD5 0.16

Note: RM, root dry mass; RVD, root volume density; SD, standard deviation.
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samples were positioned above the reference line, while others
were below it. This variability can be attributed to both the root
growth and drying–wetting due to the evapotranspiration–irrigation
cycles occurring in the soil column during one vegetative year
(Gliński and Lipiec 1990; De León-González et al. 2007). The same
variability was also found in the calculated initial bulk density
(�d). In particular, a value of 11.9 ± 0.03 kN/m3 was obtained for
bare specimens while �d of rooted specimens varied within a
higher range: 12.1 ± 0.41 kN/m3. Despite this high variability, all
the vegetated specimens generally exhibited a low reduction in
the void ratio (hollow squares in Figs. 5a, 5b, 5c) during the initial
filtration stage compared to the bare specimens. The latter, in-
deed, were subjected to a severe particle rearrangement (struc-
tural collapse), typical of loose pyroclastic soils (Moscariello et al.
2018), observable by the rapid reduction of the specimen height
recorded during the filtration stage. This means that root net-

works can improve the soil structure stability by providing
support for soil during the saturation processes (i.e., rainfall
infiltration). Furthermore, the void ratio values measured after
the consolidation process (hollow triangles in Figs. 5a, 5b, 5c) were
highly reduced in the bare soil compared to the rooted samples.

All results of the drained triaxial tests in terms of the deviator
stress and volumetric strain variation at failure vs. the RVD are
plotted in Fig. 6. A visible increasing trend of the shear strength
with the RVD is observed for all applied confining pressures, be-
coming steeper for the highest RVD values measured. Figure 6b
highlights that, for all tested specimens, the volumetric deforma-
tion due to shear depends on both the presence of roots (RVD) and
the void ratio at the end of the consolidation process.

For 50 kPa confining pressures, the volume variation showed a
clear decreasing trend with the RVD, while for 30 kPa it increased
as the initial void ratio increased. This combined effect is well

Fig. 4. Drained triaxial test results in terms of deviator stress (q = �1 − �3) vs. axial strain (�a = �H/H) and volumetric strain (�v = �V/V) vs. axial
strain for (a, b) 10 kPa, (c, d) 30 kPa, and (e, f) 50 kPa confining pressures. For each specimen, void ratio ec and RVD value are reported in
brackets.
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explained from the trend demonstrated for 10 kPa consolidated
specimens. In this case, the volume strain seems to be indepen-
dent of the RVD, because the more vegetated the sample was, the
higher the void ratio.

It can be claimed that under drained conditions the roots are
able to enhance the shear resistance of the composite root–soil
system by increasing the maximum deviator stress that the soil
can achieve. As for the volumetric deformation, despite contrast-
ing results obtained due to the influence of porosity on the volu-
metric behavior of the soil, it is possible to claim that for
specimens with similar void ratios the presence of roots can re-
duce the volumetric deformation during shearing.

Behavior in undrained conditions
The undrained test results obtained in this experimental study

for both bare and vegetated soils are shown in Figs. 7, 8, and 9 and
are summarized in Table 1 (test type: U). For the bare soils, it was
observed that upon shearing a drastic increment of pore-water
pressure occurred, leading to a reduction of the mean effective
stress as the axial strain increased. In some cases, the mean effec-
tive stress dropped to zero, which is the typical behavior of loose
pyroclastic soils involved in the static liquefaction process (Musso
and Olivares 2004; Bilotta et al. 2005; Olivares and Damiano 2007).

Figure 7 shows that complete static liquefaction (effective con-
fining pressure, �3

′ = 0) occurred both in bare and in highly porous
rooted samples with an initial confining pressure of 10 kPa. For a
fair comparison, the rooted specimens with a similar porosity to
the bare soils showed an increment of the maximum deviator
stress (Fig. 7a) and a small reduction of excess pore-water pressure
during shearing (Fig. 7c).

At an initial confining pressure of 30 kPa, a complete static
liquefaction occurred only for the bare sample. An increment of
the maximum deviator stress can be observed (Figs. 8a, 8b) as can
a reduction of the excess pore-water pressures (Fig. 8c), as the RVD
increases. One exception was observed for the rooted specimen
with the highest porosity, in which the pore-water pressure vari-
ation was the highest among the rooted specimens. The rooted
specimen with an RVD of 0.25% showed a stable behavior. In par-
ticular, the root–soil composite tends to assume a dilative-like
behavior, confirmed by a small increment of the pore-water pres-
sure as long as failure is approached (Fig. 8c). This trend can also be
observed in its positive hardening constitutive behavior (Fig. 8a).
Figure 10 shows images of the last rooted specimen (Fig. 10b) and
the bare control specimen (Fig. 10a) at the end of the undrained
shear stage. The final shapes of the specimens are significantly
different, even if they both experienced a diffuse failure deforma-
tion mode, without the formation of a defined failure plane. In
particular, the bare soil liquefied while the vegetated specimen
did not liquefy (Fig. 8) because of the light root network created
within the porous spaces, as observed in a transversal section of
the specimen (Fig. 10c).

For the 50 kPa confining pressure, none of the tested specimens
experienced a complete static liquefaction (Fig. 9d). Despite the
maximum deviator stress increase for the rooted specimens, a
clear influence of the porosity on the shear strength was still
found. For specimens with similar void ratios, it is possible to
observe a reduction in the pore-water pressure generation during
the undrained shear stage (Fig. 9c) together with a considerable
increment of the shear strength (Fig. 9a) as the RVD increases.
Conversely, an increment of the initial porosity leads to the high-
est values of the excess pore-water pressures, reflecting a reduc-
tion of the shear resistance.

To analyze the effect of the roots’ presence on the undrained
behavior of the tested soil, the final excess pore-water pressures
�u (i.e., the difference between the pore-water pressure and back
pressure) vs. the RVD were plotted in Fig. 11 and summarized in
Table 1. Generally, the excess pore-water pressures were reduced
as the RVD increased for specimens with similar void ratios and

Fig. 5. Calculated void ratio values for each tested specimen at
(a) 10 kPa, (b) 30 kPa, and (c) 50 kPa consolidation pressures. eini,
initial void ratio at beginning of test; efiltr, void ratio at end of
saturation stage; ec, void ratio at end of consolidation stage.
Reference void ratio is the target void ratio of the soil column.
[Color online.]
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Fig. 6. (a) Final deviator stress (qf) vs. RVD for 10, 30, and 50 kPa confining pressures; (b) total volumetric strain variation (��v) vs. RVD for 10,
30, and 50 kPa confining pressures. Symbol labels represent void ratio ec, filled symbols correspond to specimens showing an anomalous trend.
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initially consolidated at 30 and 50 kPa. The filled circles also show
a qualitative decreasing trend, although the magnitude of the
excess pore-water pressure was high because of the larger void
ratio. For an initial confining pressure of 10 kPa, as already ob-
served in the drained conditions (Fig. 6b), the RVD seems to not
influence the pore-water pressure generation. Indeed, the �u
trend is apparently different from those of the 30 and 50 kPa
consolidated specimens. This confirms the antagonistic role played
by the RVD and the porosity.

As already observed in the drained conditions, the presence of
roots tends to reduce the potential volumetric compressibility
and thus pore-water pressure generation in the undrained condi-
tions. Furthermore, the roots seem to act as an additional com-
pressible phase to the two already existing phases (water and solid
particles). This causes a small volume variation during the un-
drained compression with a consequent reduction in the built-up
pore-water pressure. Conversely, the higher the initial porosity,
the higher the inhibited volume variation would be, with an in-

crement of generated pore-water pressure that can lead to static
liquefaction.

During static liquefaction, the soil element achieves a maxi-
mum deviator stress (qmax) at a very low strain and then drops
down until it reaches a minimum value (qmin). Flow failure may
occur when the reduction from the peak to the minimum devia-
tor stress is large. The amount of reduction in the undrained shear
strength during liquefaction is usually characterized by the un-
drained brittleness index, IB (Bishop 1971), as expressed below:

(6) IB � (qmax � qmin )/qmax

The values of IB range between 0 and 1, and nonflow or nonbrittle
behavior can be observed when IB = 0, whereas brittle soil behav-
ior or complete static liquefaction is associated with IB = 1. In some
of the undrained triaxial tests performed, the deviator stress de-
creased after the peak value and then increased at the end of the
test (Figs. 7a, 9a). In these cases, the minimum value of the devia-

Fig. 8. (a) Deviator stress (q) vs. axial strain (�a), (b) effective stress path in the Cambridge plane (q–p ′); (c) pore-water pressure variation vs.
axial strain, and (d) effective confining pressure (�3

′ ) vs. axial strain for 30 kPa consolidation pressure. Symbol labels represent void ratio ec and
RVD (%) values for each specimen.
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tor stress, after its drop and before its final increment, is assumed
to be qmin (Yoshimine et al. 1999).

Figure 12 shows the calculated undrained brittleness index as a
function of the RVD for all the specimens tested in this study. It
can be observed that the bare samples consolidated to 10 and
30 kPa showed liquefaction with IB = 0.95. The IB values of the
rooted specimens decreased with the increment of the RVD. The IB
reduction for 10 and 30 kPa consolidated specimens was steeper
than for the 50 kPa initial confining pressure specimens. For the
latter, a nonflow behavior was also observed for the bare speci-
mens. Regardless, it can be asserted that the roots’ presence
would eventually inhibit the occurrence of static liquefaction.
This was also confirmed by the more vegetated specimens under
30 kPa of consolidation pressure, which showed a behavior of
switching from brittle to nonbrittle (Fig. 8b).

A possible explanation of this behavior is that the roots create a
composite system with a structure that is more stable (Boll and
Graf 2001) than that usually observed in bare pyroclastic soils. This
might be due to the light roots network created within the porous
spaces (Fig. 10c), which behaves as a bonding phase between

the particles, thus making soil and (or) root–soil aggregates
(De León-González et al. 2007). This can facilitate the development
of tensile stresses in the roots when deformations occur in the soil
due to the application of external loads.

Some authors found that this bonding is mostly formed by
biological root activities, such as the release of root exudates (Six
et al. 2004), organic matter or organic acid that can occur mainly
within 2 mm of the roots (Sauer et al. 2006) and consequently alter
the entire soil pore structure (Traoré et al. 2000). However, these
activities are guaranteed when the plants are alive and, as a con-
sequence, the behavior of root–soil composites shown in these
tests can be modified with root decaying.

Shear strength parameters
The observed shear strength of the vegetated soils is higher

than that obtained from the bare soil samples and increases as the
RVD passes from 0% to 0.3% (Fig. 6a). To the aim of quantifying the
shear strength parameters of the composite root–soil system stud-
ied, saturated shear envelopes were prepared. As the critical con-
ditions were not always clear for the tested soils because of the

Fig. 9. (a) Deviator stress (q) vs. axial strain (�a), (b) effective stress path in the Cambridge plane (q–p ′), (c) pore-water pressure variation vs.
axial strain, and (d) effective confining pressure (�3

′ ) vs. axial strain for 50 kPa consolidation pressure. Symbol labels represent void ratio ec and RVD
(%) values for each specimen.
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continuous variation of the shear strength and volumetric strain
with the deviator stress, a linear regression of q–p ′ points at the
end of the failure stages was drawn. Five different envelopes were
prepared, one for the bare specimens and the remaining for the
rooted soil specimens grouped into four RVD classes (Fig. 13a).

The Mohr–Coulomb parameters (i.e., internal friction angle, 	 ′,
and cohesion, C) are related to a and M parameters (in the q–p ′

Cambridge plane) and thus were obtained by the following gen-
eral equations in the triaxial conditions:

(7) 	 ′ � arcsin� 3M
6 � M� C � a3 � sin(	 ′)

6 cos(	 ′)

All calculated mechanical parameters are summarized in Table 3.
For bare soil, C and 	 ′ are properly the effective soil cohesion,

Cs, and the angle of shear resistance of soil particles. Thus, C
equals Cs. In contrast, for vegetated soil the stresses are trans-
ferred not only to the soil skeleton but, as in concrete reinforced
by steel, to the root–soil reinforced matrix (Thorne 1990). As a
consequence, they are more properly defined as integrated pa-
rameters. It is generally accepted that the integrated cohesion C
takes into account both the soil cohesion and the so-called root
cohesion, Cr (Wu et al. 1979; Simon and Collison 2002; Pollen 2007;
De Baets et al. 2008).

From the test results, the root cohesion, Cr, for vegetated soils
was obtained as the difference between the integrated cohesion, C
(eq. (5)), and the effective soil cohesion, Cs. Figure 13b shows the
variation of the integrated mechanical parameters with the RVD.
It can be observed that the increase in the cohesion due to the
roots (Cr) was very small and varied from a minimum of 0.4 kPa up
to a maximum of 2.1 kPa as the RVD increased. The highest root
cohesion was obtained for samples with the highest RVD value.

The integrated friction angle, 	 ′, also increased with the RVD
up to a maximum value of 40°. In this case, the resistance contri-
bution due to the tensile strength of the fibers intersecting the
failure plane was very limited, because of the diffused failure

Fig. 10. Photos of two specimens with the same void ratio (ec = 1.01):
(a) bare soil; (b) rooted soil; (c) section of rooted specimen at end of
undrained shear stage. [Color online.]

B05

(a)

VD2

(b)

VD2

(c)

Fig. 11. Excess pore-water pressures (�u) vs. RVD for 10, 30, and
50 kPa confining pressures. Symbol labels represent void ratio ec,
filled symbols correspond to specimens having highest void ratio
among the others at the same consolidation pressure.

Fig. 12. Brittleness index (IB) vs. RVD for 10, 30, and 50 kPa
confining pressures. Symbol labels represent void ratio ec, filled
symbols correspond to specimens having highest void ratio among
the others at the same consolidation pressure.
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deformation mode observed for all the specimens tested (i.e.,
without any formation of a well-defined shear plane). In fact, the
ductile behavior of the samples was evidenced by the increase in
specimen diameter as the axial strain increased. The maximum
extension occurred in the horizontal plane and thus the roots
orientated in this direction were those that contributed to the soil
strength the most. This failure mechanism led the horizontal

roots being stretched, causing tensile stress to be induced, en-
hancing the stabilizing horizontal external forces acting on the
unstable soil volume. This mechanism enhanced the shear resis-
tance of the root–soil composite. Hence, it is possible to argue that
roots mostly provide a stress-dependent contribution to the shear
resistance of the composite material. These insights are consis-
tent with the results of triaxial tests conducted on low-density
soils vegetated with Alnus incana species planted directly in the
specimen (Graf et al. 2009) as well as on reconstituted specimens
with roots geometrically distributed inside the soil (Zhang et al.
2010).

In conclusion, the volume percentage occupied by the roots of
graminae grass species in a sample can indirectly indicate the com-
plexity of the roots network, which influences the behavior of the
whole structure. Indeed, the RVD increment improves the inter-
action between the roots and soil due to the higher complexity of
the root–soil system, enhancing the shear strength parameters.

Conclusions
The triaxial test results on bare and rooted specimens allow the

characteristics of the roots graminae network growing in pyroclas-
tic soils to be quantified as follows.

The perennial graminae grasses are easily able to grow in pyro-
clastic soils within one vegetative year by developing a light root
network up to 2 m in depth and with a mean root diameter of
0.55 mm. According to other authors, the distribution of the RM,
and consequently the RVD, decreases with depth.

In the consolidated triaxial tests under drained conditions, the
volumetric deformations in the rooted soils are reduced and the
maximum deviator stress increases as the percentage of the root
volume within the soil (RVD) increases. Furthermore, a positive
correlation of the shear strength parameters with the RVD was
found. In the case presented herein, the integrated friction angle
(	 ′) is the most affected parameter, and a stress-dependent con-
tribution of the roots on the shear resistance can be proven. More-
over, considering the decreasing trend of the volume of the roots
with depth, the same trend for the mechanical parameters can
also be supposed.

The consolidated undrained triaxial tests show the most inter-
esting results because the roots reduced the pore-water pressure
generation during shearing as the RVD in soil increased. Further-
more, the brittleness index, IB, for the vegetated soils generally
had lower results than unity (IB = 1, corresponding to static lique-
faction), highlighting that the roots reduce the probability of
static liquefaction occurrence for most of the rooted specimens.
Indeed, the vegetated soil behaved similar to a composite, in
which the stresses were distributed between the solid skeleton
and the root network, reducing the potential volume variation. In
one specific case, dilative-like behavior (switching from brittle to
nonbrittle) was observed. Nevertheless, these results were af-
fected by the void ratio variability of the specimens, stressing the
antagonistic role played by the porosity and the RVD.

In conclusion, the experimental results strongly encourage fur-
ther laboratory and in situ investigations to validate the fine roots
of the graminae grass species as a stabilization measure for pyro-
clastic soils suffering collapse and liquefaction in undrained con-
ditions after the first failure stage. For this purpose, knowledge
improvement on the rheology of material testing specimens at
a wider range of porosity and RVD values must be addressed.
Furthermore, investigations into when roots decay must be con-
ducted to assess the potential role of this sustainable bio-
engineering practice in the long term.
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