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Abstract - Landslides, aggravated by natural and human factors, generate risks, economic losses, and affect the safety of
vulnerable populations. In this context, the research focuses on evaluating the use of vetiver grass as a sustainable and
ecological solution for slope stabilisation. The methodology included the geotechnical characterisation of the soil in the
central jungle of Peru (San Pedro sector, Tarma-La Merced section) located at UTM coordinates Zone 18L: 481098.70 m E
and 8790688.01 m S, where modified Proctor was applied and, with these parameters, 35 wooden prototypes measuring 50 x
50 x 80 cm were compacted in three layers, forming slopes of 20°, 25°, 27.6°, 30° and 35°. Vetiver grass was planted on them
at densities of 10, 15, and 20 cm. The models were evaluated by means of direct shear, erosion, and runoff tests under
simulated rainfall of 47.7 mm/h, at 21 and 30 days, comparing them with slopes without vegetation cover. Vetiver grass
significantly improved slope stability, increasing soil cohesion by 60%, the angle of friction by 12% and bearing capacity by
53% on 20° slopes. In addition, it reduced erosion by up to 92% and surface runoff by up to 37%. The planting density of 15
cm showed the best performance, consolidating vetiver as an effective and sustainable alternative for slope stabilisation. The
research contributes to the field of geotechnics, demonstrating that vetiver grass is a sustainable solution for stabilising slopes
by improving soil resistance and reducing erosion and runoff.
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1. Introduction

Worldwide, landslides and slope instability represent an
increasing geotechnical problem in tropical regions [1]. In
these environments, steep slope geometry, deforestation, and
intense anthropogenic activity modify drainage patterns,
accelerate surface degradation, and reduce the resistance of
near-surface soils, increasing susceptibility to rainfall-
triggered failures [2-4]. From the perspective of geotechnical
design, the hazard is expressed through measurable and
controllable variables, including slope inclination, shear
strength parameters, hydraulic response under intense
precipitation, and progressive loss of bearing capacity
associated with erosion and saturation effects.

In Peru, the problem is particularly relevant due to its
direct impact on population safety and the operational
continuity of strategic road corridors. Official records
indicate that a considerable proportion of national
emergencies is associated with landslides and debris flows,
with higher recurrence during the rainy season from
November to March and repeated impacts in regions such as
Cusco, Puno, Junin, and Amazonas [5, 6]. Recent events
confirm the persistence of the hazard and its consequences.

OSOE)

In 2025, SUTRAN reported the obstruction of approximately
30 critical road points across 13 regions due to heavy
rainfall, debris flows, and landslides, evidencing nationwide
exposure of the transport network to rainfall-induced slope
failures [7]. In 2024, slope events in Cusco temporarily
blocked the Cusco Paucartambo road and forced traffic
interruption for several days [8]. In Ancash, debris flows
blocked sections of PE 12A and AM 110, affecting
connectivity, damaging local infrastructure, and disrupting
the transport of agricultural products and essential goods [9]
Near Machu Picchu, a rainfall triggered landslide caused
missing persons and injuries and forced the temporary
closure of a key access route, highlighting the vulnerability
of high priority corridors to extreme precipitation events
[10]. Within this national context, the present research
focuses on the Central Highway, specifically the Tarma-La
Merced section, where recurrent movements of rock, mud,
and debris are associated with persistent rainfall and steep
terrain. The San Pedro sector at kilometre 70 plus 900, near
Matichacra, is repeatedly reported as a critical point due to
frequent collapses that obstruct lanes and restrict traffic [11,
12]. Apart from the security implications, these disruptions
have a cumulative economic impact by restricting
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interregional trade, blocking the movement of agricultural
production, and undermining the provision of essential goods
to local communities [13-15]. Therefore, this corridor
requires stabilisation strategies that not only slow surface
erosion but also provide a better, verifiable way to
consolidate rainwater beneath the subsoil within the typical
parameters of road sand maintenance and construction
management.

In this context, bioengineering measures have gained
relevance as alternatives for ecological installations. Vetiver
has a dense root system with a penetration depth of several
metres, providing anchorage and shelter near the surface,
which is important for slope performance [16, 17] revious
studies have reported substantial reductions in erosion and
improvements in hydrological behaviour, including increased
water retention and reduced runoff, which are mechanisms
directly associated with surface instability on tropical slopes
[18, 19]. Its adaptability to soils ranging from highly plastic
clays to sandy and silty materials, including in low-fertility
conditions, supports its viability in heterogeneous substrate
materials [20, 21]. Its tolerance to drought and temporary
flooding supports its application in variable hydrological
conditions [22, 23]. Vetiver has also demonstrated potential
as a practical risk reduction measure based on empirical
evidence from international experiences, including its use in
India and Thailand [19].

The available research, however, has other limitations
that hinder its direct application to geographical disease
criteria. The focus of the research is on erosion control or the
effectiveness of vegetation cover, while stability is assessed
qualitatively or using isolated indicators. Integrated
experimental evidence linking root return with simultaneous
changes in shear strength and bearing capacity parameters,
together with findings on erosion and runoff under controlled
rainfall, remains scarce. Furthermore, there is rarely a
systematic analysis of slope geometry, plant density, and
initial establishment time, despite these factors being critical
for roadside terrain, where short-term encounter determines
operational risk and maintenance demand. As a result,
disease choices are based on fragmented evidence, which is
insufficient to determine the combinations of density and
geometry that optimise mechanical reinforcement, erosion
control, and scrutiny.

This assessment reveals a clear research gap. There is a
lack of integrated experimental evidence that experimentally
proves and quantitatively relates the effect of vetiver on soil
mechanical strength, bearing capacity, and slope
performance, and its erosion control and storage under
simulated rainfall, explicitly considering the slope ring,
planting density, and establishment time. To address this gap,
the present study evaluates vetiver-based slope stabilisation
using physical prototypes representative of conditions on the
Central Highway in the San Pedro sector. The experimental
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design systematically varies the slope gradient and vetiver
planting density and evaluates performance in the early
stages of growth. The mechanical behaviour of the soil is
quantified using parameters derived from direct cutting and
estimation of the permissible load capacity. In contrast,
hydraulic performance is quantified using erosion medicine
and scrutiny under controlled simulated rainfall. The novelty
of this radical research lies in bringing together mechanical
return and hydraulic response within a single comparable
framework. This makes it possible to translate the results into
geographical criteria to guide quantifiable geographical
decision-making in relation to stabilisation, dependent on
actual road cuts.

2. Literature Review

In Indonesia, the Faculty of Engineering and Planning
conducted an experimental study on the performance of
vetiver in volcanic silt sand under controlled laboratory
conditions. Using a physical model of a steel box, vetiver
was incorporated into slopes of 45° and 60%. The results
showed substantial improvements in resistance to water
erosion, with reductions of 94.6% at 45° and 92.67% at 60°.
Under the same conditions, surface scouring was reduced by
55.48% and 53.89% for the respective slope angles. These
findings indicate that vetiver effectively controls soil erosion
on steep sandy loam terrain and provides quantitative
evidence for controlling erosion processes that often precede
surface landslides during heavy rainfall. [24-26].

The influence of vetiver on slope stability was studied
by one of the civil engineering departments in the United
States using recognised soil samples from four sandy slopes
interspersed with layers of weak clay. The construction of the
vetiver system increased the safety factor of the unreinforced
sandy slopes from 2% to 15%. These findings support the
idea that vetiver grasses contribute to greater slope stability
by resisting surface failure mechanisms that can be triggered
by rain-induced surface erosion, thus confirming the
effectiveness of these grasses as a stabilising measure for
slopes composed of low-cohesion materials without
restrictions [27].

An engineering study focused on the combined effects
of rain infiltration and slope stability worked to evaluate the
effect of vetiver using a finite element model of a natural 26°
slope. The analysis considered a system of ratios with an
adequate depth of 2 m. It showed that vetiver protected the
soil from erosion by limiting the development of adverse
interstitial water pressure within the surface soil mass. This
hydromechanical interaction helped improve stability by
maintaining effective stress and increasing the shear failure
resistance of surface slip surfaces. The findings support that
deep-rooted vetiver systems can reduce rain-induced
instability by controlling seepage and improving soil
structure, thus supporting their use in slope stabilisation
under active hydraulic conditions [28].
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In the context of geographical and geological
engineering, the stabilising effect of vetiver was studied
using a physical slope stabiliser model constructed on a
video receiver and supplemented with numerical analysis.
When vetiver was planted in a silty medium, root
development reached 0.42 m after 6 months, providing
measurable shelter within the surface soil zone. Finite
element analysis revealed that the corresponding
configuration of the slope had a safety factor value of 1.01,
indicating a marginally stable condition. In contrast, full
surface coverage with vetiver increased the safety factor to
1.17, showing improved overall stability due to root return.
The analysis identified a geometric threshold of about 33.3°,
above which root development was restricted, resulting in a
friction-dependent safety factor of 1.06. The resulting
findings show that vetiver, combined with appropriate slope
geometry and terraces, can improve stability by providing
resistance to surface layer deformation mechanisms, which
has implications for optimising slope ring in disease
application [29].

In Bangladesh, experimental studies were conducted to
evaluate performance under conditions of representative
heavy rainfall and erosion-prone slopes. When vetiver was
introduced, runoff was reduced by 78% on a 1G scale model
with a 40% slope and simulated rainfall of 118 mm/h,
indicating a significant alteration in surface flow and soil
development processes. Secondary studies evaluated the
stabilising effect of vetiver combined with fly ash on silty
sand slopes. The recorded vetiver shoot lengths ranged from
130 cm to 170 cm, in contrast to 61 cm to 74 cm for jute
mulch. Under these conditions, vetiver increased slope
durability by a factor of 15 and reduced soil loss by 19%
compared to bare slopes.

On the other hand, the combined application of vetiver
and fly ash increased durability 32-fold and reduced erosion
by 12%. In contrast, jute protection tripled durability with a
60% reduction in soil loss [31, 32]. These results illustrate
that vetiver provides a stronger and more durable reference
compared to weak surface cubes, even more so with the
integration of complementary stabilising materials under
severe hydraulic loads.

In India, a civil engineering research team evaluated the
performance of vetiver in stabilising slopes under conditions
representative of steep and intense slopes. The research
considered slope inclination, soil characteristics, rainfall, and
soil surface degradation and retention as control variables.
The results demonstrated vetiver's ability to reduce erosion
on slopes by up to 75%, achieving more than 90% erosion
reduction compared to bare slopes. These sustainable results,
which include severe geometric and hydraulic conditions,
show that vetiver can be a good protective cover against
surface erosion by reducing the deterioration and transport of
soil particles and by mitigating soil degradation processes
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that can lead to the instability of shallow slopes. The results
indicate the potential of living vegetation as a viable erosion
control measure on steep and sometimes intense slopes,
especially when conventional structural solutions are limited
[33].

An experiment conducted in Malaysia at the Faculty of
Civil Engineering and Built Environment evaluated the
mechanical contribution of vetiver to slope stabilisation by
directly measuring the shear strength of vetiver on slopes
with inclines of 45°, 50°, and 60°. After 21 days, the
maximum shear stresses mobilised due to the soil-root
system were 13.73 kN/m2, 13.70 kN/m2 and 13.25 kN/mz2 for
45°, 50°, and 60°, respectively. After 30 days, these values
decreased significantly to 32.93 kN/m2, 27.71 kN/m? and
27.22 kN/m2, This indicates that there is rapid development
of mechanical shelter during the initial establishment period.
The study also reported tensile strength ratios of 0.025 kN
for slopes of 45° and 50°, which corresponds to the most
favourable mechanical response observed. These findings
provide evidence that vetiver plants promote a time-
dependent increase in soil shear strength due to the gradual
interaction of plant roots with the surrounding soil, which is
beneficial for enhancing the stability of shallow slopes and
reducing the risk of rain-induced failures on steep and
marginal land [20].

In Thailand, research on two communities implementing
the vetiver system shows that soil conservation and water
retention depend on the continuity of installation and
maintenance capacity over time. Institutional support and
coordination with public and private organisations ensured
continuous vegetation cover, which was necessary to sustain
soil shelter and surface protection in rainy and runoff
conditions. From a geographical perspective, these findings
show that the success of vetiver on slopes cannot be
attributed to the species itself, but rather to the
implementation and maintenance of quality over time of soil
erosion control and surface stability, which must be
considered for stabilisation applications [34, 35].

2.1. Critical Synthesis and Contribution of the Present
Study

Studies confirm that vetiver can be highly effective in
controlling erosion and runoff under simulated rainfall
conditions. Physical model studies indicate reductions in
erosion of 94.6% and 92.67% and in runoff of 55.48% and
53.89% for the same slopes of 45° and 60° [24-26]. During
an extreme simulated rainfall of 118 mm/h in a 1G physical
model, with a slope of 40%, surface scour was reduced by
78% [30]. On the other hand, studies with slopes of up to
75% reported reductions in erosion of more than 90%
compared to bare soil conditions [33]. From a mechanical
point of view, return effects have been reported more
frequently in the initial phase. The maximum shear stresses
mobilised increased from 13 kN/m? at 21 days to more than



Marko Antonio Lengua Fernandez et al. / 1JCE, 13(3), 115-143, 2026

27 KN/m2 and 32 kN/m2 at 30 days, depending on the slope
gradient, with a tensile strength of 0.025 kN in the same
experimental disease [20].

Regardless of the findings, the literature reviewed
remains methodologically inconsistent. A significant number
of studies focus on erosion and runoff as isolated indicators
of performance [24-26, 30, 33], while other studies evaluate
stability using global safety factors without determining
shear strength parameters [27, 29]. Research reporting on
mechanical return in early stages does not integrate the
hydraulic response under simulated rainfall in the same
experimental run [20]. As a result, empirical studies linking
slope geometry, sample density, and temporal establishment
with simultaneous variations in shear strength, bearing
capacity, erosion, and runoff remain scarce [24-35]. The
present study addresses this gap with an integrated
experimental approach, emphasising controlled geometry
physical prototypes, systematic variations in slope ring and
sample density, and early-stage evaluation, facilitating
quantitative interpretation of mechanical and hydraulic
performance within a geotechnical disease framework.

3. Materials and Methods
3.1. Study Area

The study was conducted in the San Pedro Sector (KM
70+900) of the central highway, Tarma-La Merced section,
where the road corridor is narrowest. This section runs
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alongside the Peréné River, which is steeper and partially
vegetated. The proximity to the river, combined with the
geomorphological characteristics of the area, makes the site
highly wvulnerable to a variety of geomorphological
instabilities, particularly ~during the rainy season.
Documented evidence from the area includes landslides,
rockfalls, and occasional rockfalls that are frequent enough
to block the flow of vehicles. These phenomena are sufficient
to close a lane, increasing congestion, creating hazards for
road users, and economically affecting adjacent communities
that depend on the road for access [11, 12].

In Figure 1, the critical section is where the interaction
between the river and the unstable slopes is clearly visible,
justifying the choice of this sector as the focus of analysis in
the current study. For the hydrological design, a rainfall
intensity of 47.7 mm/h with a duration of 1 hour was
considered, corresponding to a return period of 25 years,
obtained from the IDF curves published by SENAMHI [36].
The choice of this value responds to a balanced technical
criterion, widely supported in the literature [24, 37], as it
represents a severe yet probable event during the service life
of the project, allowing a realistic assessment of the
effectiveness of vetiver against high-intensity rainfall. This
condition further alters the hydrological risk assessment in
the area, justifying the need for stabilisation and control
measures.

Fig. 1 View of the San Pedro Sector (km 70+900) of the central highway

3.1.1. Angle of Inclination

Characterising the geometry of the slope in the study
area was an essential step in defining parameters for stability
analysis, which are illustrated in Figure 2. The solutions
analysed the vertical differential calculation based on the
extreme values obtained from the topographic surveys. The
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reference point is the elevation of 625 m located on the slope
table, next to the road, and 950 m from the slope, recording
705.317 m. This configuration, next to the road, allowed for
a vertical difference of 325 m, and using Pythagoras'
theorem, the horizontal distance was calculated at 625.93 m.
With this data, we obtained an average slope of 51.9%,
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which corresponds to an angle of 27.6°, allowing us to
accurately characterise the slope of the staircase. Based on
this result, the angles of analysis used in the investigation
were defined: 20°, 25°, 27.6°, 30°, and 35°. The
consideration of different angles of inclination was essential,
as the geometry of the slope is a decisive factor in its

behaviour. Incorporating a range of slopes into the study
made it possible to establish a more comprehensive and
realistic analysis framework, capable of reflecting the
conditions that may arise in the field and ensuring that the
evaluation of stabilisation measures was valid in diverse and
representative geometric scenarios [38, 39].

pes]

Fig. 2 Determination of the study area

3.2. Vetiver Grass

Vetiver grass (Chrysopogon zizanioides) is a perennial
grass native to the tropical regions of Asia, particularly India
[40, 41]. It has erect stems surrounded by long, thin leaves
and small, light brown flowers arranged in inflorescences up
to 35 cm long. Its most distinctive feature is its fibrous root
system, which is white to pale yellow in colour and can reach
depths of over 3 metres, giving it a key role in preventing
erosion and improving soil stability [42]. Thanks to these
properties, vetiver is widely used in soil conservation
programmes, erosion control, and as a natural barrier against
desertification [43]. In addition, its roots are a source of
essential oil, highly valued in the perfume and cosmetics
industry [44]. The use of this grass was justified by the
effectiveness of its root system and its ability to adapt to soils
with low fertility, high plasticity, and acidity, as well as to
land with steep slopes and a history of instability [37, 45].
The relevant properties of vetiver are presented in Table 1.

According to the properties mentioned in Table 1 and
relating this to the application area, there is high-intensity
rainfall (47.7 mm/h), which increases the risk of surface
erosion. This extreme condition is directly related to vetiver's
ability to tolerate both prolonged periods of waterlogging (up
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to 45 days under water) and seasonal drought, thanks to its
deep root system and physiological resistance. Consequently,
the species is suitable for stabilising slopes in scenarios of
high water variability. In this research, vetiver seedlings
(clumps with roots and young leaves, 60 days after sowing)
were obtained from a nursery and transplanted directly into
the experimental prototypes (Figure 3) [46].

Table 1. Properties of vetiver [37, 42, 45]

Properties Characteristics

Up to 21.96 cm in 60 days and

Root depth 1.20 m in 12 months

Collar diameter Up to 2.02 cm

Root tensile strength | 122 MPa (root 1.4 mm)

High tolerance to drought,
flooding, pests, fire, acidic and
saline soils, and heavy metals

Environmental
tolerance

Increase in pH, phosphorus, and

Effect on soil potassium in treated soil.
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Fig. 3 Vetiver seedlings

3.2.1. Planting Density of Vetiver

The spacing between vetiver seedlings is a determining
factor in the effectiveness of living hedges, as it affects both
foliage density and sediment retention capacity and reduces
surface runoff [47]. Previous studies in tropical areas have
indicated that the optimal planting distance is 15 cm between
seedlings, as this arrangement promotes balanced growth,
ensures uniform coverage, and allows the formation of
continuous barriers without interruptions. Conversely, too
little spacing leads to excessive competition for nutrients,
which slows root development, while too much spacing
causes discontinuities in the barrier and reduces protection
against erosion [29, 48]. In order to validate and verify this
information within the framework of this research,
experimental trials were designed in which vetiver seedlings
were arranged at distances of 10 cm, 15 cm, and 20 cm, as
shown in items a, b, and c of Figure 4, respectively.

/

3.3. Tests Carried Out

This section presents the tests aimed at evaluating the
effectiveness of vetiver grass in slope stabilisation. In the
first stage, the soil was characterised by means of
granulometry, consistency limits, moisture content, and
direct cutting tests, supplemented by the Modified Proctor
test, in order to determine the maximum dry density and
optimum moisture content required for the compaction of the
prototypes. Subsequently, experimental slopes were formed
considering variations in the angles of inclination (20°, 25°,
27.6°, 30°, and 35°) and in the density of vetiver seedling
planting (10 cm, 15 cm, and 20 cm spacing), also
incorporating the condition of slopes without vegetation
cover as a comparative reference. Direct shear tests were
performed on each prototype at 21 and 30 days to determine
the cohesion and angle of friction of the soil, following the
methodology described in previous research. The evaluation
at 21 days allowed the initial effect of vetiver rooting on
shear resistance to be recorded, while at 30 days it was
particularly significant, as during this period the plant
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Fig. 4 Density of vetiver seedlings

achieved a more developed root system and sufficient aerial
coverage, conditions that made it possible to measure its
influence on both the mechanical resistance of the soil and
the reduction of erosion and runoff in a representative
manner [20, 24, 29].

3.3.1. Natural Soil Tests

The soil used in the experimental prototypes was
characterised by means of moisture content, Atterberg limits,
and grain size tests, applying the MTC standards [49]. The
natural moisture content determined in accordance with
MTC E-108 was 11.83%, indicating moderate moisture
conditions at the time of recovery of the samples. This
moisture condition is important because it directly influences
the mechanical response of the soil, especially in terms of
cohesion, unit weight, and shear strength parameters.
Subsequently, the Liquid Limit (LL) and Plastic Limit (PL)
were determined in accordance with the standardised
procedures for Atterberg limits (MTC E-110 and MTC E-
111). Figure 5 shows the tests performed: part (a) shows the
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determination of the Plastic Limit (PL), obtained by making
a cylindrical roll of soil with a slotted metal mould,
identifying the point at which the material lost cohesion
when it reached an approximate diameter of 3 mm; part (b)
shows the Casagrande device used to establish the Liquid
Limit (LL), where the soil sample was subjected to

controlled shocks that allowed the progressive opening of the
groove to be recorded. As a result, an LL of 25.98%, an LP
of 19.74% and a Plasticity Index (PI) of 6.24% were
obtained, values that indicate low plasticity, characteristic of
silty sandy soils, with limited deformation capacity and
greater susceptibility to erosion processes.

Fig. 5 Atterberg limits

Finally, the sieve analysis (MTC E-107) indicated that
65.9% of the material passed through the No. 200 sieve,
which certifies that some fines are present. The particle size
distribution curve shown in Figure 6 illustrates this and
shows a greater presence of sand, silt, and clay. In the soil

SUCS classification, this was recorded as SC-SM (silt-clay
sand), and this does a great deal to define the soil's reaction
in erosion and slope stability. All of this is summarised in
Table 2.

Table 2. Soil characterisation

Test Result

Technical interpretation

Moisture content 11.83%

Moderate moisture influences cohesion, density, and shear
strength.

Atterberg limits | LL =25.98% LP =19.74% IP = 6.24%

ow plasticity; behaviour of silty sandy soil, with limited
deformation and susceptibility to erosion.

5.9% passed through sieve No. 200

Grain size SUCS classification: SC-SM

Silty-clayey sand, predominantly sand with a significant
fraction of fines (silts and clays).

100% ——:)-O—C‘\

95%
90%

85%

80%
75%

70%

65%
60%

55%

% Cumulative Passing

50%

100.00 10.00

Sieve Opening

1.00

0.10 0.01

Fig. 6 Grain size distribution curve
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3.3.2. Direct Shear

The following soil sample was used to perform a direct
shear strength test in compliance with MTC E-123 [46].
Following these standards, the procedure was followed as
seen in Figure 7, which shows the steps in the procedure and
how they are executed. The steps include: (a) filling the shear
box with the soil, (b) firmly compacting the soil in layers
with a metal rammer to achieve a uniform density, (c)
leveling the surface with a spatula, (d) placing a porous disk
and filter paper on the soil to ensure homogeneous contact
and allow for drainage, (e) applying the normal load to
correspond with the soil confinement conditions to prepare
the sample to shear, and () recording the sample post shear
and the condition which is observed by the misalignment
between the box halves. Using three samples per prototype
ensured the results were repeatable and reliable. This

3.3.3. Modified Proctor

The Modified Proctor test was performed in accordance
with standard MTC E-116 [49] to determine the relationship
between moisture content and dry density of the soil, which
is essential for defining the optimum degree of compaction in
the slope prototypes. During the procedure, layered
compacted test specimens were prepared, applying
standardised compaction energy as shown in Figure 8.

The results obtained indicated a maximum dry density of
2,072 g/cm® and an optimum moisture content (OMC) of
9.9%. These values served as a reference for replicating
controlled and field-representative compaction conditions in
the experimental prototypes, ensuring that the models
achieved reliable and comparable behaviour in subsequent
direct shear, erosion, and runoff tests.
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procedure allowed the shear strength parameters of the
different prototypes to be obtained; however, this section
only reports the results for the natural soil (standard), which
had a cohesion of 0.0484 kg/cm2 and an internal friction
angle of 20.38°. These values correspond to soil with low
cohesion and moderate shear strength, characteristics typical
of silty-clay soils. In addition, in accordance with standard
NTP 339.131 [47], a unit weight of 1.973 g/cm® was
determined for the soil, a fundamental value for bearing
capacity calculations. Based on these parameters, and
considering a Safety Factor (SF) of 3, an allowable bearing
capacity of 1,298 kg/cm? was obtained. This procedure was
applied to both the natural soil (standard) and the prototypes
with vetiver grass sown at different densities (10 cm, 15 cm,
and 20 cm) and evaluated at 21 and 30 days of growth, on
slopes of 20°, 25°, 27.6°, 30°, and 35°.

Fig. 8 Soil compaction
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3.4. Prototype Development

The prototypes developed for the research were designed
and constructed in the laboratory with the aim of reproducing
the behaviour of slopes under controlled rainfall conditions
on a reduced scale (Figure 9). Each structure was made from
a rigid 9 mm plywood box, which ensured stability during
the tests. The dimensions of 50 cm wide, 50 cm deep, and 35
cm high allowed for a representative volume of soil to be
contained and variable angles of inclination to be configured
(0®: 20°, 25°, 27.6°, 30°, and 35°), precisely defined by side
guides that facilitated uniform moulding. In addition, the
base and sides were sealed to prevent material loss and
moisture variations, while the slope surface was left free for
measurements and observations; finally, each box was raised
20 cm on 1°x1 1/2’ wooden legs (item a). Once the slope
lines had been drawn, soil was compacted according to the
Modified Proctor test parameters, which state a maximum
dry density of 2,072 g/cm3 and an optimal moisture content
of 9.9%. Soil was placed and compacted in layers
corresponding to the height of each slope (item b). Sand
vetiver seedlings were planted by hand after the soil was

fully compacted in each prototype, using pre-dug 5cm deep
holes, sufficient to capture and anchor the seedling's starter
roots. The seedlings were planted in straight rows along the
slope with spacing of 10, 15, and 20 cm between plants, as
indicated in Table 2, to ensure uniform spacing and
alignment. For the execution of the hydraulic tests, a fixed
outlet with constant pressure was used, conducted by a 4"
line equipped with a ball valve (quick opening and closing)
and a pressure gauge for pressure control (item c, highlighted
in red for identification). The rain simulator consisted of an
adapted domestic chrome shower head (/2" outlet diameter, 7
cm face with 1.6 mm holes), installed on a front mast 1.60 m
above ground level, with a 45° inclination, which generated a
uniform footprint of 50 cm in diameter and covered the entire
surface of the prototype without lateral losses (item d).
Finally, to enable lower collection, a 70%x50x10 cm
collection tray was incorporated into each box, together with
a 2" PVC gutter connected to a funnel fitted with a delicate
internal mesh, whose function was to filter and separate
solids from the water before storage for analysis (item e).

Fig. 9 Prototype
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A total of 35 prototypes were developed during the cm (30 Soil + Vetiver in 30° mould 1
research, as shown in Table 3. The five angles of inclination | days) Soil + Vetiver in 35° mould 1
(20°, 25°, 27.6°, 30°, and 35°) were considered and evaluated With Soil + Vetiver in 20° mould 1
under different conditions: without vetiver grass and with Vetiver Soil + Vetiver en Molde de 25° 1
vetiver grass planted at depths of 10, 15, and 20 cm, both at | Grassat 15 | Soil + Vetiver en Molde de 27.6° 1
21 and 30 days of growth. An independent prototype was | cm (30 Soil + Vetiver en Molde de 30° 1
constructed for each combination of condition and angle, | days) Soil + Vetiver en Molde de 35° 1
resulting in five prototypes for each scenario. This provided a With Soil + Vetiver en Molde de 20° 1
broad experimental basis for comparing bare soils and soils Vetiver Soil + Vetiver en Molde de 25° 1
reinforced with vetiver under different establishment times Grass at 20 | Soil + Vetiver en Molde de 27.6° 1
and seedling planting distances. cm (30 Soil + Vetiver en Molde de 30;J 1

Table 3. Prototypes _ days) Soil + Vetiver en Molde de 35° 1
Condition Slope angles evaluated pr(;\'lcot(;/fpes Total number of prototypes 35
Soil in 20° mould 1 3.4.1. Erosion

Without Soil in 25° mould 1 The erosion test was basgd on re_search _that ‘_analysed
Vetiver Soil in 27.6° mould 1 prototypes of slopes W|_th varying gradients using S|mul_ated
Grass Soil in 30° mould 1 _ralnfaII [24, 25]. For this stgdy,_the 35 prototypes desgrlbed
Soil in 35° mould 1 in Tabl_e 2 were used, yvhlch included _both S_0I|S without
- - — vegetation cover and soils reinforced with vetiver grass at
With Soil + Vetiver in 20° mould 1 diff lanting  densiti 10 15 4 20 q

Vetiver Soil + Vetiver in 25° mould 1 Ifferent planting densities (10,  an c_m) an
Grass at 10 | Soil + Vetiver in 27.6° mould 1 establishment times (21 and 30 days). The process involved
- — each prototype being placed under a rain simulator that
cm (21 So!l + Vet!ver in 30° mould 1 produces water droplets at a steady rate of 47.7 mm/h, which
days) So!l + Vetiver in 35° mould 1 corresponded to a specific precipitation event (Figure 10,
With Soil + Vetiver in 20° mould 1 item a). Each simulation ran for 30 minutes, during which
Vetiver Soil + Vetiver in 25° mould 1 water splashed onto the soil surface, detaching and
Grass at 15 | Soil + Vetiver in 27.6° mould 1 transporting particles and aggregates to the lower slope. At
cm (21 Soil + Vetiver in 30° mould 1 the bottom, collection channels were placed to conduct the
days) Soil + Vetiver in 35° mould 1 flow and retain the eroded material, while the water was
With Soil + Vetiver in 20° mould 1 filtered through a funnel with fine metal mesh, which
Vetiver Sail + Vetiver in 25° mould 1 allowed the solids to be separated from the liquid (Figure 10,
Grass at 20 | Soil + Vetiver in 27.6° mould 1 item b). The retained sediment was placed in a drying oven at
cm (21 Soil + Vetiver in 30° mould 1 105 °C for 24 hours until it reached a constant weight (Figure
days) Soil + Vetiver in 35° mould 1 10, item c). Finally, the dry mass of the material was
With Soil + Vetiver in 20° mould 1 determined using a precision balance accurate to 0.01 g,
Vetiver Sail + Vetiver in 25° mould 1 which allowed the loss of soil to be quantified precisely for

Grass at 10 | Soil + Vetiver in 27.6° mould 1 each condition evaluated.
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Fig. 10 Erosion test
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3.4.2. Runoff

The runoff test was based on experimental procedures
that collected surface water generated in the same plots
subjected to simulated rainfall [24, 25]. In the erosion test,
the tests were carried out on 35 experimental prototypes, but
in this case, the emphasis was on measuring the runoff water.
During the 30-minute simulation, the surface flow passing
through the metal mesh was directed into collection trays, as
shown in Figure 11.

The collection was carried out at 5-minute intervals,
allowing variation in surface flow to be recorded over time.
Subsequently, the water accumulated at each interval was
quantified using 1000 ml graduated cylinders, ensuring
accuracy in the determination of volumes. In this way, it was
possible to systematically analyse the behaviour of surface
runoff under different slopes and vegetation cover
conditions, reflecting the fraction of water that failed to
infiltrate the soil profile.

Fig. 11 Runoff test

4. Results
4.1. Direct Shear

The results of the direct shear test, which determined the
fundamental shear strength parameters of the soil, are
presented below. First, cohesion (c) was addressed, analysing
its behaviour in soils with and without vetiver incorporation,
under different moulds and curing times. Next, the values of
the internal friction angle (¢) were analysed, which allowed
the interaction between the soil particles and the effect of the
vetiver roots on improving its structure to be evaluated.
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Finally, the allowable capacity was determined,
integrating the resistance parameters obtained, with the aim
of assessing the contribution of plant reinforcement to the
stability and safety of slopes and the terrain in general.

4.1.1. Cohesion

The cohesion (c) results, evaluated at 21 and 30 days in
soils with and without vetiver, are presented below in order
to analyse the influence of seedling density on shear strength.
Table 4 shows that, at 21 days, the incorporation of vetiver
seedlings increased this parameter in all cases. With a
spacing of 10 cm, cohesion reached 0.0743 kg/cm? at 20° and
0.0671 kg/cm? at 25°, which showed that the young roots
began to bridge the particles, generating a moderate bond;
however, the high proximity caused competition between
seedlings, which limited deep growth and reduced efficiency
on steeper slopes.

The 15 cm spacing recorded the highest density values,
showing 0.0859 kg/cm? at 20° and 0.0753 kg/cm? at 25°,
which indicates that at this spacing the roots had sufficient
room to grow in both thickness and depth, enough to
intertwine and create a biological mesh that consolidated the
particle bond and enhanced shear strength. On the contrary,
the 20 c¢cm spacing recorded 0.0627 kg/cm? at 20° and 0.0583
kg/cm? at 25°, showing that the additional spacing resulted in
areas of the soil being unoccupied by roots, which reduces
the continuity of soil coverage, thus reinforcing to a lesser
degree and resulted in lower cohesion. After 30 days, the 10
cm spacing increased the values to 0.0832 kg/cm? at 20° and
0.0661 kg/cm2 at 35°, showing a positive effect of root
growth even though the root growth was limited due to
crowding.

The 15 cm spacing recorded the highest values, 0.0988
kg/cm? at 20° and 0.0744 kg/cm? at 35°, which also indicates
that this spacing promoted the best root growth, in which
roots had the ability to grow, intertwine, and uniformly
reinforce all the particles, thus providing enhanced lateral
cohesion and stability on all evaluated slopes. Ultimately, the
20 cm arrangement only reached 0.0627 kg/cm? at 20° and
0.0521 kg/cm? at 35°, verifying that further spacing led to
poorly reinforced zones of soil with less cutting resistance.
Different from these results, the arrangement without vetiver
showed a cohesion angle of only 0.0484 kg/cm?, which is
much lower than the various seedling densities achieved,
demonstrating the absence of root reinforcement, giving the
soil a weak shear resistance.

The overarching results indicated that 15 cm spacing
was the most optimal, as it circumvented both the
overwhelming competition amongst seedlings noted at 10 cm
and the reinforcement discontinuity at 20 cm, yielding higher
cohesion and better resistance to slope upsurge. This
corresponded with the scattering documented in studies
carried out in Bangladesh and Thailand. [29, 34].
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Table 4. Cohesion

Cohesion ¢ (kg/cm?) at 21 Days
Description Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 0.0743 0.0671 0.0667 0.0603 0.0589
With vetiver at 15 cm spacing 0.0859 0.0753 0.0741 0.0665 0.0647
With vetiver at 20 cm spacing 0.0627 0.0583 0.0579 0.0531 0.0521
Cohesion ¢ (kg/cm?) at 30 Days
Description Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 0.0832 0.0751 0.0747 0.0675 0.0661
With vetiver at 15 cm spacing 0.0988 0.0866 0.0852 0.0765 0.0744
With vetiver at 20 cm spacing 0.0677 0.0631 0.0625 0.0573 0.0563

According to Figure 12, after 21 days, vetiver reinforced
soil cohesion compared to no-plant soil. At 20°, with 10 cm
soil density, it increased by 38% and at 15 c¢cm soil density, it
increased by 60%, while at 25° soil densities, it increased by
51% with the same configuration. On 27.6°, 30°, and 35°
steeper slopes, the increases ranged from 41% to 47%,
stating that vetiver 15 cm is the best over the other seedling
spacing. There is an apparent gap that vetiver 15 cm had over
10 cm and 20 cm. The soil cutting and surface slipping
resistance increased in the earlier vetiver establishment. At
30 days, the trend continued and intensified. At a 20° angle,

cohesion increased again by 38% with vetiver at 10 cm and
by 60% at 15 cm, while at 25° the increase again reached
51% with the latter density. On steeper slopes, values ranged
from 41% to 47%, confirming that seedlings at 15 cm were
the most effective configuration in all conditions evaluated.
The performance pattern remained unchanged, confirming
that vetiver not only reinforced the soil in the initial stages
but, over time, consolidated its ability to steadily increase
shear strength and, therefore, stability against erosion and
landslide processes.

Cohesion ¢ (kg/cm?) at 21 days
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Cohesion ¢ (kg/cm?) at 30 days
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Fig. 12 Cohesion

4.1.2. Angle of Friction

This section presents the results of the internal friction
angle (¢), evaluated at 21 and 30 days in soils with and
without vetiver, in order to analyse the influence of seedling
density on the internal resistance of the soil. Soil without
vetiver recorded a value of 20.38°, reflecting a reduced level
of internal friction, as the particles tended to slide more
easily without the root reinforcement that increases friction
between them. On the other hand, the vetiver seedlings
increased the friction angle on all slopes, as shown in Table
5. At a 10 cm density, the friction angle increased to 22.18°
for 20° and 21.12° for 35° indicating moderate
reinforcement as the roots began to slide. penetrate between
the particles and generate some resistance to sliding.

However, too much proximity among seedlings
restricted the efficacy on the steep slopes as it stunted root
growth in depth and diameter. At a density of 15 cm, the
highest friction angle values were recorded: 22.79° for 20°
and 21.67° for 35° which indicates that this spacing
promoted better root interweaving with the soil, reinforcing
internal resistance and increasing friction among the soil
particles. On the other hand, the 20 cm spacing resulted in
smaller friction angle increases (21.74° for 20° and 20.63°
for 35°), as the increased separation left unrooted soil areas,
which lessened the reinforcement continuity and diminished
the shear stress dissipation.

After 30 days, vetiver confinement triggered appreciable
increments. At 10 cm, 22.61° at 20° and 21.31° at 35° were
recorded, values that, from the first stage, clearly denoted
root competition. 20 cm and 15 cm recorded maximum
suspending levels, with 23.25° at 20° and 21.75° at 35°,
proving that this spacing provided the most adequate
conditions for the consolidation of the soil structure, and the
increase of the contact, cohesion, and shear strength of the
particles.

For the 20 cm, the results were modest, with 21.99° at
20° and 20.79° at 35°, which, although they outperformed
bare soil, did not match the results of the denser plantings.
Overall, the results confirmed that seedling spacing of 15 cm
was the most efficacious for all the slopes. On 20° slopes,
this arrangement allowed for the greatest friction angle,
which reflected uniform root interlocking and reinforced
arrangement.

On steeper slopes, such as 35°, it also maintained its
excellence by effectively counteracting the tendency to slide,
unlike 10 cm, where root competition reduced efficiency, and
20 cm, where excessive spacing left areas without
reinforcement. Hence, 15 cm indicated an ideal equilibrium
regarding density and root formation, retaining optimal
internal  soil strength across all slopes assessed.
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Table 5. Angle of friction

Friction Angle (°) at 21 Days
Description Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 22.18 21.71 21.68 21.05 21.12
With vetiver at 15 cm spacing 22.79 22.58 22.21 21.62 21.67
With vetiver at 20 cm spacing 21.74 21.22 21.19 20.59 20.63
Friction Angle (°) at 30 Days
Description Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 22.61 2231 2211 21.61 21.31
With vetiver at 15 cm spacing 23.25 22.95 22.55 22.05 21.75
With vetiver at 20 cm spacing 21.99 21.69 21.49 21.09 20.79

After 3 weeks, vetiver presence meant the friction angle
further increased, improving by 5% to 10% compared to the
bare soil. At 20° and 15 cm density, it increased by 8% from
21.03° to 22.79°, and at 25° it increased by 10% from 20.47°
to 22.58°. For slope angles 27.6°, 30°, and 35°, the 15 cm
density still proved to be the most effective as the increases
were 8%, 9% and 9% respectively. The performance clearly
ranked, from best to worst, to 15 cm, 10 cm, and 20 cm, the
latter two improving very little but still better than the soil
that was uncovered. The results further stated that vetiver
increased the soil friction angle, improving soil stability to
surface sliding even at its early stages. After 30 days, the
improvement trend was consolidated with sustained
increases on all slopes. At 20°, the friction angle increased
from 21.03° to 23.25° (+11%), while at 25° it went from

20.47° to 22.95° (+12%). At 27.6° and 30°, the increases
were 10% and 11%, respectively, and at 35°, there was a 9%
improvement, reaching 21.75° compared to 19.81° for bare
soil. At 21 days, the 15 cm density was the most efficient,
followed by 10 cm, and lastly 20 cm, which maintained more
limited but consistently positive increases. These results
confirmed that, after 30 days, vetiver steadily strengthened
the internal resistance of the soil, consolidating the
intermediate density of 15 cm as the most effective
configuration for improving the friction angle and, with it,
the stability of the slopes. As with cohesion, the angle of
friction showed improved performance, coinciding with the
results reported in research conducted in Bangladesh and
Thailand [29, 34].

Friction Angle (°) at 21 Days
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Friction Angle (°) at 30 Days
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Fig. 13 Angle of friction

4.1.3. Permissible Capacity

The results of the permissible bearing capacity,
evaluated at 21 and 30 days in soils with and without vetiver,
are presented in order to determine the effect of seedling
density on the resistance of the soil to applied loads. Firstly,
the standard soil, without vetiver, reached 1,298 kg/cm?, a
relatively low value that shows its limited capacity to
redistribute stress and its high susceptibility to plastic
deformation under load. This is due to the absence of roots
that increase cohesion, so that resistance depends solely on
friction between particles and the degree of compaction
achieved.

In contrast, Table 6 shows that the incorporation of
vetiver seedlings significantly improved the performance of
the soil in all configurations. With a 10 cm arrangement, the
values increased to 1,766 kg/cm? at 20° and 1,475 kg/cm? at
35°, which showed moderate reinforcement associated with
the first root interactions with the soil, although conditioned
by competition between seedlings.

The 15 cm spacing achieved the maximum scores with
1,975 kg/cm? at 20° and 1,603 kg/cm? at 35° showing more
efficient root penetration, distribution of the loads applied
and consolidation of the structure of the compacted soil, even
on steeper grades. The twenty-centimeter spacing showed
intermediate increases with 1,598 kg/cm? at 20° and 1,356
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kg/cm? at 35° of consolidation, showing that excessive
spacing decreased the continuity of the soil reinforcement,
leaving some areas less compact and with decreased load-
carrying capacity.

After 30 days, the soils reinforced by the vetiver
increased their bearing capacity significantly, with the 10 cm
spacing reaching 1,918 kg/cm? at 20° and 1,561 kg/cm?2 at
35°, indicating an improvement from the 21 days, although
still limited by the competition of roots.

The 15 cm spacing recorded the maximum values of the
trial at 2,181 kg/cm? at 20° and 1,696 kg/cm? at 35°,
indicating that 15 cm spacing provided the optimum value of
load transfer and resistance to applied loads due to the firm
anchorage of the roots. The 20 cm spacing showed meager
increase with 1,679 kg/cm?2 at 20° and 1,409 kg/cm? at 35°,
higher than bare soil but significantly lower than the dense
spacings.

The result showed that root overcrowding at 10cm and
unreinforced voids at 20cm gaps were avoided at all slopes at
15cm, which showed the most optimal condition. This gap
most likely achieved the best combination in root
development and coverage, improving the bearing capacity
and soil resistance to load on moderate and steep slopes.
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Table 6. Allowable capacity

Allowable Bearing Capacity (kg/cm?) at 21 Days
Description Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 1.766 1.629 1.621 1.477 1.475
With vetiver at 15 cm spacing 1.975 1.843 1.769 1.612 1.603
With vetiver at 20 cm spacing 1.598 1.485 1.477 1.358 1.356
Allowable Bearing Capacity (kg/cm?) at 30 Days
Description Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 1.918 1.795 1.757 1.617 1.561
With vetiver at 15 cm spacing 2.181 2.011 1.924 1.763 1.696
With vetiver at 20 cm spacing 1.679 1.593 1.558 1.458 1.409

As shown in Figure 14, incorporating vetiver after 21
days resulted in diverse changes in bearing capacity across
all slopes, predominantly at low and medium angles. At a 20-
degree angle, vetiver increased the bearing capacity from
1,426 kg/cm? to 1,975 kg/cm?, a 38% increase at 15 cm. At
25 degrees, the bearing capacity increased from 1,317 kg/cm?
to 1,843 kg/cm? (+40%); at 27.6 degrees, the increase was
32%. For the steeper slopes (30 degrees and 35 degrees), the
increases were 33% and 34% respectively. The consistent
order of performance was that 15 cm density was the most
effective, followed by 10 cm, and last 20 cm, which
produced the least vegetative reinforcement but was always
better than the non-vegetated soil. All results demonstrated
that vetiver with intermediate density was the most effective

biological soil reinforcement. The results indicate that vetiver
increased the bearing soil capacity after establishment. After
30 days, this improvement was even more significant. At
20°, the bearing capacity rose from 1,426 kg/cm? on bare soil
to 2,181 kg/cm? with vetiver at 15 cm, representing an
increase of 53%. At 25°, the increase was also 53%, from
1,317 kg/cm? to 2,011 kg/cm?, while at 27.6° there was a
44% improvement. On steeper slopes (30° and 35°), the
increases were 45% and 42%, respectively. The hierarchy of
effectiveness was repeated: first the density of 15 cm,
followed by 10 cm, and finally 20 cm, whose increases were
in @ more moderate range of up to 25%. This coincides with
the density achieved in the results reported in research
carried out in Bangladesh and Thailand [29, 34].
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Allowable Bearing Capacity (kg/cm?) at 30 Days
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Fig. 14 Permissible capacity

4.1.4. Erosion

The erosion analysis, carried out at 21 and 30 days in
soils with and without vetiver, identified the root system's
capacity to reduce material loss on different slopes and
seedling densities. Table 7 shows that, at 21 days, the soil
without vegetation cover showed the most significant losses
of material, with 8.93 kg at 20° and 11.84 kg at 35°, because
the absence of roots left the particles exposed to the impact
of simulated rain and the tangential force of surface runoff,
which facilitated their detachment and transport. This effect
intensified with the slope.

The vetiver seedlings helped reduce erosion; their root
system starts to work as a mechanical one, which adds
internal friction and improves particle retention. Considering
the seedling root depth and thickness decreased. At a spacing
of 10 cm, losses decreased to 4.21 kg at 20° and 5.85 kg at
35°, although competition between seedlings.

The 15 cm spacing achieved the best results, with 3.05
kg at 20° and 4.69 kg at 35°, as this spacing allowed for more
robust and continuous root development, capable of
intertwining in the soil, and 20 cm spacing was the least
effective, with 4.91 kg at 20° and 6.86 kg at 35° because the
excessive spacing left areas of the slope unprotected by root
system. After 30 days, the 10 cm density reduced the loss to
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1.05 kg at 20° and 1.71 kg at 35° a result improved by
greater root development, although still limited by
overcrowding.

The 15 cm density stood out again, with only 0.74 kg at
20° and 1.34 kg at 35°, consolidating itself as the optimal
density. This result was because this spacing avoided both
the overcrowding observed at 10 cm, which limited root
thickness and depth, and the discontinuity at 20 cm, which
left areas of the slope unprotected [29, 48].

In this way, the roots achieved balanced development in
diameter and depth, forming a continuous biological mesh
which, as can be seen in Figure 15, ensured particle
retention, improved soil structure, and guaranteed maximum
hydraulic stability of the slope. Finally, at 20 cm, 1.85 kg at
20° and 2.55 kg at 35° were recorded, which, although an
improvement over bare soil, confirmed that the discontinuity
in the reinforcement reduced the control's efficiency.

In this context, the results showed that seedling spacing
at 15 cm was the most favourable condition for mitigating
erosion, as it avoided both the excessive competition
observed at 10 cm and the gaps without root protection that
occurred at 20 cm, establishing itself as the optimal density
on all slopes evaluated.
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Table 7. Erosion

Erosion (kg) at 21 Days
Descriotion Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
P at 20° at 25° at 27.6° at 30° at 35°
Without Vetiver Grass 8.93 9.31 10.49 11.07 11.84
With vetiver at 10 cm spacing 421 4.35 4.65 5.24 5.85
With vetiver at 15 cm spacing 3.05 3.35 3.85 4.12 4.69
With vetiver at 20 cm spacing 491 5.24 5.75 6.15 6.86
Erosion (kg) at 30 Days
Descriotion Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
P at 20° at 25° at 27.6° at 30° at 35°
With vetiver at 10 cm spacing 1.05 1.25 1.35 1.54 1.71
With vetiver at 15 cm spacing 0.74 0.88 0.95 1.12 1.34
With vetiver at 20 cm spacing 1.85 1.95 2.05 2.25 2.55

[ioicles) ¢

Fig. 15 Erosion test

Figure 16 showed that, after 21 days, the presence of
vetiver effectively reduced erosion on all slopes evaluated.
At 20 °C, soil loss decreased from 8.93 kg on bare soil to
3.05 kg with vetiver at 15 cm, corresponding to a 66%
reduction. At 25 °C, the reduction was 64% (from 9.31 kg to
3.35 kg), while at 27.6 °C the loss decreased from 10.49 kg
to 3.85 kg, representing a reduction of 63%. On steeper
slopes (30° and 35°), the reductions were 63% and 60%,
respectively. The performance pattern remained constant: the
15 cm density was the most efficient, followed by 10 cm, and
finally 20 cm, which, although it reduced erosion, did so with
less effectiveness. Overall, these results demonstrated that
vetiver, particularly with 15 cm spacing, significantly
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controlled soil loss in the first 21 days. At 30 days, the effect
of vetiver intensified. At 20°, erosion decreased from 8.93 kg
in soil without cover to just 0.74 kg with vetiver at 15 cm,
representing a 92% reduction. At 25°, the value decreased
from 9.31 kg to 0.88 kg (—91%), while at 27.6° it went from
10.49 kg to 0.95 kg (—91%). On steeper slopes (30° and 35°),
reductions reached 90% and 89%, respectively, consolidating
the 15 cm density as the most effective, corroborating results
from the literature [29, 34]. The 10 cm density also
performed well, with reductions of around 85%, while the 20
cm density had a more limited effect, with reductions of
between 75% and 80%.
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4.1.5. Runoff

The results obtained in relation to surface runoff are
presented below, which showed significant differences
between soil without vegetation cover and soil reinforced
with vetiver seedlings. Table 8 shows the runoff results after
21 days. Soil without vegetation cover had the highest runoff
volumes, with 0.089 m?3 at 20° and 0.145 m3 at 35°, due to
the absence of roots to promote infiltration and the lack of
surface roughness to slow down the flow. Thus, the
simulated rainwater encountered no resistance and ran off
quickly over the surface, intensifying the effect on the 35°
slope, where the gravitational component increased the
runoff velocity. The values of the bare soil treatment were
significantly reduced with the addition of vetiver seedlings.
This is because, with the inclusion of vetiver seedlings, soil
porosity improved along with soil infiltration, and the cover
of roots and leaves slowed the flow of energy. The 15 cm
vetiver spacing yielded the best results with 0.068 m? at 20°
and 0.114 md at 35°, resulting in a 21-23% reduction
compared to the bare soil treatment. The explanation for this
was that with this spacing, a greater extent of uniform root
development occurred, thereby increasing the soil roughness
at that spacing and simultaneously allowing the roots to
penetrate to greater depths. Vetiver spacings of 10 cm and 20

cm resulted in less benefit than 15 cm, resulting in 0.122 m3
and 0.127 m3, respectively. In the case of 10 cm spacing, the
competition between seedlings restricted the development of
the deep roots, thus reducing the effectiveness of root
absorption and infiltration. In the case of 20 cm spacing, the
gap was so large that some areas were left exposed, allowing
surface flow to freely move through the zone where no soil
roughness was experienced.

After 30 days, the vetiver-reinforced soil had the most
pronounced reduction of this parameter. The 15 cm vetiver
spacing also yielded the most beneficial results with 0.058
m3 at 20° and 0.092 m3 at 35° resulting in 28-37% less
compared to the bare soil. This outcome can be attributed to
their more well-developed and deeper roots, which can form
macropores. Macropores increase infiltration and also act as
a physical barrier to runoff. The 10 cm density showed an
intermediate effect with 0.067 m3 at 20° and 0.103 m? at 35°.
The result was due to substantial reinforcement but was
constrained by root competition. Lastly, the 20 cm
arrangement reached 0.071 m3 at 20° and 0.116 m? at 35° as
they had less root cover and allowed more of the flow to run
off.

Table 8. Runoff

Runoff (m3) at 21 Days
Descriotion Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
P at 20° at 25° at 27.6° at 30° at 35°
Without Vetiver Grass 0.089 0.097 0.112 0.123 0.145
With vetiver at 10 cm spacing 0.073 0.081 0.094 0.101 0.122
With vetiver at 15 cm spacing 0.068 0.076 0.084 0.095 0.114
With vetiver at 20 cm spacing 0.077 0.089 0.098 0.106 0.127
Runoff (m3) at 30 Days
Descriotion Soil in mould | Soil in mould | Soil in mould | Soil in mould | Soil in mould
P at 20° at 25° at 27.6° at 30° at 35°
Without Vetiver Grass 0.067 0.072 0.084 0.091 0.103
With vetiver at 10 cm spacing 0.058 0.063 0.072 0.080 0.092
With vetiver at 15 cm spacing 0.071 0.079 0.090 0.099 0.116

Figure 17 indicates that the incorporation of vetiver
consistently reduced surface runoff across all tested
configurations when compared with bare soil conditions. On
the 20° slope, the volume went from 0.089 m3 without cover
to 0.068 m? with vetiver at 15 cm. At 27.6°, the decrease was
25% (from 0.112 m3 to 0.084 m3), while at 35° it reached
21% (from 0.145 m3 to 0.114 m3). The order of performance
was consistent: first the 15 cm density, followed by 10 cm,
and finally 20 cm, which, although it reduced runoff, did so
with less efficiency. At 30 days, the effectiveness of vetiver
in mitigating runoff increased significantly. The 15 cm
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density generated the most significant benefits, with
reductions of more than 30% compared to bare soil, followed
by the 10 cm density, with decreases of up to 28%. In
contrast, the 20 cm density showed a more limited effect,
with reductions of up to 20%. Overall, the results confirmed
that the establishment of vetiver favoured water infiltration
into the soil profile, progressively reducing surface runoff,
and that the 15 cm density was the most efficient
configuration, coinciding with the findings of research
carried out in Bangladesh and Thailand [29, 34].
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4.2. Optimal Vetiver Configuration

From the results, it was determined that a vetiver
seedling spacing of 15 cm was the best configuration at all
positions of the slope, as it achieved even coverage and a
deep root system, compared to the overpopulation at 10 cm
and the unfilled gaps at 20 cm. This spacing increased soil
cohesion by 60%, the friction angle by 12%, and the ultimate
bearing capacity by more than 50%, all contributing to
effective biological soil reinforcement. In terms of slope
angle, it was found that the steeper the slope, the greater the
decrease in cohesion, friction angle, and bearing capacity,
with increased erosion and runoff, which decreased soil
stability. In contrast, on moderate slopes (20° and 25°),
vetiver enhanced mechanical resistance and hydraulic
protection more intensely, confirming that the combination
of controlled slopes with an optimal density of 15 cm
represented the most efficient, sustainable, and replicable
alternative for slope stabilisation in tropical regions.

4.2.1. Feasibility Analysis for the Implementation of Vetiver
Plantations

This section presents a comparative assessment of three
slope cutting alternatives, highlighting their most relevant

2

[Point 4
)
14

differences in terms of excavation volume, total intervened
area, and the projected investment for revegetation with
vetiver seedlings.

4.2.2. Cutting to a 20° Slope Across the Entire Embankment
In this case, the entire natural ground was intervened
from the road up to the highest point, as shown in Figure 18,
optimising the inclination angle from 27.6° down to 20°
through a complete slope cut. The intervention involved a
regrading of the original slope geometry to reduce the
driving forces governing global instability, resulting in an
affected surface area of 220,203 m2 and an earthwork volume
exceeding 20,336,111.47 md. This scale indicates a macro-
stabilisation strategy where the primary stabilising
mechanism is geographical modification. In addition, vetiver
is introduced as a surface reference system, planted at
intervals of 15 x 15 cm, corresponding to an observation
density of approximately 9.8 million plants. This
arrangement improves the rapid intertwining of the root
networks. It provides almost continuous interaction between
the soil and the roots, thus increasing resistance to surface
slides and limiting progressive erosion, which would
otherwise threaten the long-term stability of the slope.

Fig. 18 Cut at 20° across the entire slope

4.2.3. Cutting to a 20° Slope on the Critical Section of the
Slope

Figure 19 summarises the multi-temporal analysis of
satellite images obtained between 2012 and 2024 and shows
the spatial and temporal progression of slope instability
along the evaluated corridor. Although vegetation cover was
relatively continuous during the initial period from 2012 to
2014, after 2018, discernible erosive features began to
appear, which evolved into well-defined areas of degradation
between 2020 and 2023. In 2024, instability was mainly
concentrated in the middle and lower portions of the slope,

136

just above the road adjacent to the river, indicating a failure
domain preferentially controlled by slope, greater vegetation
loss, and concentrated surface drainage channels. This
pattern indicates a shift from diffuse surface degradation to
localised instability, governed by hydrological convergence
and the geometric stimulus of driving stress. In contrast, the
upper zones preserved greater vegetation cover and relative
stability. Overall, the historical sequence revealed cumulative
deterioration concentrated in the lower sectors, reinforcing
the need for targeted interventions to ensure road
infrastructure protection and mitigate future risks.
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g. 19 Sequence of

Fi

In this case, a selective slope cut was executed, reducing
the natural gradient from 27.6° to 20° but limited
exclusively to the critical sector identified in the mid-lower
part of the hillside, as shown in Figure 20. This focused
intervention aimed to reduce instability processes without
excessively altering the entire mass, prioritising the area with
the greatest landslide recurrence and material loss. The
delimited area covered 26,625 m?, with an estimated earth
movement of 1,247,622.18 m3—a considerable volume but

Natural ground
Slope at 20°

Point 3

Point 4

Point 1

Y

.1 1JCE, 13(3), 115-143, 2026

images from 2012 - 202

significantly smaller compared with a full slope cut. For its
revegetation, vetiver grass was projected to be planted at a
spacing of 15 cm between seedlings, representing the
incorporation of approximately 1.18 million individuals. This
design ensured continuous and adequate coverage of the
most vulnerable strip, reinforcing the soil against erosion,
reducing runoff, and providing a sustainable bioengineering
solution adapted to the slope’s conditions.

Point 2

Fig. 20 Terrain cut to the critical point
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4.2.4. Cutting 3 Metres below the Natural Ground

In the stratigraphic profile shown in Figure 21, at 3.0 m
beneath the natural ground surface, a Silty Sand Stratum
(SM) with greater mechanical competence than the upper
horizons was identified. This granular, non-plastic material,
with low natural moisture content (5.27%) and loose to
medium consistency, presents good permeability and limited
cohesion. These conditions make it vulnerable to surface
erosion when unconsolidated, but it is suitable as a support
material once compacted. The SC-SM soil can withstand a
load of up to 1,335 kg/cm?, unlike the SM soil, which can
withstand 1,573 kg/cm?, confirming its superior load-bearing

capacity and endorsing its choice as a structural horizon that
determines slope stabilisation measures. Studies show that
controlled exposure of this layer, using a 3.0 m Sekal 3 cut,
and subsequent vetiver sampling at 15 cm, results in a
notable increase in load-bearing capacity. An increase of
approximately 32% at 21 days and 53% at 30 days is
estimated, which positions them close to 2.4 kg/cm?. This
response can be attributed to the synergy of improved soil-
root interaction and the mobility of surface shear strength,
reinforcing the mechanical function of the SM layer and

long-term stability in a bioengineered slope system.

SUCS

Depth (m)
Classification

Graphic

Description and classification of the material: Colour, Natural Moisture, Plasticity, Natural
State of Compaction, Particle Shape, Maximum Particle Size, Presence of Organic Matter.
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Organic soil.
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Silty clayey sand, with moderate natural moisture (11.83%), low plasticity (LL = 25.98%,
PL = 19.74%, PI = 6.24%), moist state, yellowish-brown colour and medium consistency,
classified as SC-SM (predominantly sand with a significant fraction of fines: silts and clays).

susceptible to surface

Silty sand (SM), non-plastic (LL, PL and PI=N.P.), with low natural moisture content (5.27%).
Granular material of loose to medium consistency, good permeability and low cohesion,

erosion but suitable as support soil when compacted.
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Poorly graded sand (SP), non-plastic (LL, PL and PI =N.P.), with low natural moisture content
(4.81%). Granular material of loose to medium consistency, very good permeability

and no cohesion, susceptible to surface erosion but suitable as support soil and structural

fill material when compacted.

Fig. 21 Stratigraphic profile of the soil
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To implement the disease, the original slope inclination
of 27.6° was maintained, and a parallel cut 3.0 m deep was
made to selectively remove the less competitive SC-SM
surface material and expose the intermediate layer with
higher mechanical properties, as shown in Figure 22. The
intervention affected an area of 30,046 m? and a total
excavation volume of 46,976 mé, which led to significant
disintegration in the excavation compared to other more
aggressive reconditioning alternatives. As a complementary

[Point 1

4.3. Optimum Configuration of Vetiver

Tests evaluating the cutting volume in different options
show that Option 3 was the best choice, cutting the volume
down to 46.976 m3. Option 1 was more than 20 million m3,
and Option 2 had volumes in the middle. Moving less earth
was good for the environment and altered the natural land
form. It also meant lower costs for excavation and
transportation of construction materials. Thus, Option 3 is
the best choice from the geotechnical, construction, and
economic point of view.

5. Discussion
Research conducted by D'Souza et al. (2019) has
documented that the root systems of vetiver grass increased
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bioengineering measure, revegetation was carried out with
vetiver seedlings spaced 15 x 15 cm apart, corresponding to
an estimated density of 1.34 million plants. This arrangement
improved soil-root interaction within the exposed stratum,
providing near-surface design resistance and limiting
progressive erosion, contributing to the overall stability of
the slope with a solution that is mechanically efficient and
environmentally friendly.

gPUNTO 2
4

the shear strength of soil by 139% at 0.15 m and 47% at 0.75
m depth. This demonstrates the notable reinforcing effect of
vetiver grass near the soil surface due to its ability to
penetrate soil with delicate root structures and a tensile root
strength of 85 MPa, similar to that of construction materials
[50]. This study mirrored this trend: vetiver grass planted at
15 cm resulted in a 60% increase in soil cohesion and an
increase of the friction angle by 12 degrees, which resulted in
a 53% increase in the allowable bearing capacity of the soil
at a 20-degree slope. Also, erosion decreased by 92% after
30 days, and surface runoff was reduced by 30%-+. These
values confirm that the D'Souza study remains true in vetiver
being more effective in the early phases of root consolidation
and in the upper soil layers. The primary differentiating
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factors of the studies were the amount of time the grass was
allowed to establish. D'Souza studied vetiver roots that were
developed over 12 months and penetrated soil to a depth of
1.20 m, while this study evaluated root systems in the early
phases of development after only 21 and 30 days. Most of
the time, the vetiver is growing, and the vetiver grass focuses
almost all its energy on forming roots. This is important
because the vetiver becomes capable of accelerated growth
and deep anchorage in later phases.

As researched by Eab, Likitlersuang, and Takahashi,
vetiver roots achieved an astounding 180 cm in length in
only 6 months, with a RAR of 4.56%. In soils with and
without vetiver roots, direct shear tests recorded an increase
in cohesion from 6.8 kPa to 13.6 kPa, and an increase in the
friction angle from 22.8° to close to 29° (0). Also, in
centrifuge model tests, the vetiver roots reduced
displacements to 8 mm with vetiver from 16 mm in
unreinforced soils, and to 3 mm with vetiver from 15 mm
under intense rainfall, thus preventing slope collapse. This
research confirmed the increase in shear strength, with
cohesion increasing by 60% and the friction angle increasing
by 12%, resulting in an increase of 53% in allowable bearing
capacity.

In addition, erosion reductions of up to 92% and runoff
decreases exceeding 30% were observed in slopes treated
with vetiver. The difference is mainly explained by the type
of soil used: while Eab et al. worked with Edosaki sand, a
fine homogeneous sand tested under controlled laboratory
conditions that favoured rapid root development and stable
testing environments, this study used SC-SM soil (silty sand
with clay, low plasticity), with lower initial cohesion and
greater heterogeneity, limiting soil-root interaction and
reducing the magnitude of reinforcement achieved.

According to research by Mustafa, Noh, and Zulkafli
(2025), the application of vetiver on slopes of 45°, 50°, and
60° showed that after 30 days, root reinforcement increased
soil cohesion up to 18.4 kN/m2 in 60° slopes and raised the
friction angle to 75.3° in 45° slopes. Similarly, maximum
shear stress reached 32.9 kN/m2 in 45° slopes, while in 60°
slopes it decreased to 27.2 kN/mz2. Root tensile strength tests
revealed that although individual root resistance was higher
in 60° slopes (0.025 kN), the most stable structural
performance occurred in 45° slopes [20]. In the present
research, the results followed this trend: planting at 15 cm
spacing increased cohesion by up to 60% and the friction
angle by 12%, improving allowable bearing capacity by 53%
in 20° slopes. Moreover, erosion was reduced by up to 92%
and runoff by more than 30% after 30 days. The difference in
magnitude compared with the Malaysian study is mainly
explained by soil conditions and slope geometry: Mustafa et
al. worked on tropical residual soils highly prone to erosion
and on extreme slopes of up to 60°, whereas in this study,
SC-SM soils and milder slopes were used.
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According to research by Sinarta et al. (2024), in
volcanic soils of Bali, the incorporation of vetiver reduced
erosion by up to 91.8% on 45° slopes and 90.6% on 60°
slopes, in addition to decreasing surface runoff by 41.4% and
38.5%, respectively. Furthermore, when vetiver was
combined with elephant grass, reductions were even greater:
94.6% erosion reduction and 55.5% runoff reduction for 45°
slopes, and 92.7% and 53.9% for 60° slopes. These results
highlight the effectiveness of mixed bioengineering strategies
in conditions of intense rainfall and highly erodible volcanic
soils [24]. In the present research, the values obtained
showed a similar trend, with erosion reductions of up to 92%
and runoff decreases between 28% and 37% after 30 days of
planting. However, this was complemented by the evaluation
of shear strength: cohesion increased by up to 60% and the
friction angle by 12%, which enabled a 53% increase in
allowable bearing capacity of slopes at 20°. The difference
with the Balinese study lies in the type of soil and vegetation
strategy: while Sinarta et al. worked on volcanic soils (silty
sand with breccias), highly erodible and explored species
combinations to reinforce different profile layers
simultaneously, this study used SC-SM soil (silty sand with
clay, low plasticity) and vetiver only.

6. Conclusion

In conclusion, the research confirmed that the use of
vetiver grass as a bhioengineering technique is an effective
solution for slope stabilisation under variable gradients,
exposed to intense rainfall and conditions of high
geotechnical vulnerability. It is known that the application
not only improved the mechanical strength parameters of the
soil but also reduced erosion and runoff. It consolidates as a
sustainable, replicable, and low-cost strategy, compared to
conventional methods of soil stabilization.

Secondly, the direct shear tests confirmed that a planting
density of 15 cm between seedlings was the most efficient,
increasing cohesion, friction angle, and allowable bearing
capacity by 60%, 12% and 53% respectively, compared to
bare soil. This performance was explained by the fact that
such spacing allowed for balanced root systems to grow,
which could extend and interlace at depth, forming a mesh
that reinforced contact between soil particles. The most
unfavourable configuration was 20 cm, with an efficiency
barely exceeding 25%, as the excessive spacing resulted in
areas of soil unreinforced by roots, interrupting structural
continuity. Planting at 10 cm, although achieving a 40%
improvement, had limitations due to competition between
seedlings, which restricted deep root development and
decreased the ability to transmit stresses. It is believed that
the application of this 15 cm configuration in the San Pedro
sector will result in soil with a higher resistance to external
loading, thus strengthening the bearing capacity of the slopes
and decreasing the risk of differential settlements that could
compromise the stability of the road.
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In erosion examinations with simulated rainfall, planting
at 15 cm achieved the most excellent efficiency with as much
as 92% reduction in soil loss relative to slopes with no
vegetation cover. This configuration's success stemmed from
intermediate density, facilitating the promotion of a dense
and deep enough root system to retain particles, dissipate the
energy of raindrop impacts, and lessen wash-off. On the
other hand, the 20 cm spacing attained 75% efficiency
because micro-channels of erosion were formed due to gaps
between seedlings. The 10 cm pattern was more effective
with 85%; however, in the case of overpopulation, the roots
formed to be weaker, and thus, the lack of adequate
resistance to the steeper slope's hydraulic action was
determined. The configuration can be applied in the study
area to considerably lower the material loss on road adjacent
slopes, effectively curtailing the sediment detachment on the
carriageway, and decreasing the lane blockage, which occurs
at a higher frequency during the rainy season. Fourthly,
surface runoff tests showed that the 15 cm density was the
most efficient, with up to 37% reduction, as its uniform root
system increased infiltration and the foliar cover generated
surface roughness that slowed down flow. The 20 cm density
reached only 20% efficiency, as uncovered areas allowed
part of the water to circulate freely, maintaining high runoff
volumes. Meanwhile, the 10 cm arrangement achieved up to
28% reduction, although competition between roots limited
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sector, this 15 cm distribution favours the infiltration of
intense rainfall into the soil profile, reducing the volume of
water that runs directly over the slope surface and,
consequently, decreasing the contribution of sudden flows
into the River Perené, a key factor in reducing soil saturation
and the risk of landslides.

My last observation proved that vetiver does increase the
benefits of slope stabilization at a planting density of 15 cm
between seedlings, with root development being balanced in
thickness and depth, and providing uniform coverage and
reinforcement. As this explains the San Pedro section of
Central Highway's particular conditions, revegetation with
vetiver at 15 cm spacing is recommended as the preliminary
or first step. In addition, with regard to earthworks, the
option of cutting 3 m below the natural ground has proven to
be the most cost-effective. This approach only requires
46,976 m3 (less than the millions of other options). As such,
it is the best solution in terms of cost, environmental impact,
and topographical impact. Therefore, it is best to combine
using vetiver at the optimal density with the selective cutting
approach. This will improve the overall slope stability, the
frequency of road closures, and provide a balanced technical
and environmental solution for the study area.

[1] Marie Guns, and Veerle Vanacker, “Forest Cover Change Trajectories and their Impact on Landslide Occurrence in the Tropical
Andes,” Environmental Earth Sciences, vol. 70, no. 7, pp. 2941-2952, 2013. [CrossRef] [Google Scholar] [Publisher Link]

(2]
(3]

(4]
(5]

(6]
(7]

(8]
(9]

Arthur Depicker et al., “Mobilization Rates of Landslides in a Changing Tropical Environment: 60-Year Record Over a Large Region of
the East African Rift,” Geomorphology, vol. 454, pp. 1-19, 2024. [CrossRef] [Google Scholar] [Publisher Link]

Carlos Millan-Arancibia, and Waldo Lavado-Casimiro, “Rainfall Thresholds Estimation for Shallow Landslides in Peru from Gridded
Daily Data,” Natural Hazards and Earth System Sciences, vol. 23, no. 3, pp. 1191-1206, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

Juan Julio Ordofez Galvez, “Mass Movement Due to Heavy Rains in Peru,” Technical Report, National Meteorology and Hydrology
Service of Peru, 2019. [Google Scholar] [Publisher Link]

Sebastian Aponte, So far in 2023, Indeci has Registered more than 400 Emergencies Due to Mudslides throughout Peru, The Republic,
2023. [Online]. Available: https://larepublica.pe/sociedad/2023/04/15/huaicos-en-peru-indeci-reporta-mas-de-400-emergencias-por-
deslizamientos-en-lo-que-va-del-2023-coen-lluvias-ciclon-yaku-lrnd-496980

INDECI presents the Statistical Compendium “Reactive Management 2025”, National Institute of Civil Defense, 2025. [Online].
Available: https://www.gob.pe/institucion/indeci/noticias/1305043-indeci-presenta-el-compendio-estadistico-gestion-reactiva-2025
Maria Alejandra Gonzales, Road Blockages: 30 Locations Affected in 13 Regions of Peru due to Rains and Mudslides, Reports Sutran,
Infobae, 2025. [Online]. Available: https://www.infobae.com/peru/2025/03/05/bloqueo-de-carreteras-30-puntos-afectados-en-13-
regiones-del-peru-por-lluvias-y-huaicos-informa-sutran/

Peruvian from, Vehicular Traffic has been Restored on the Cusco-Paucartambo-Manu Road, Andina, 2023. [Online]. Available:
https://andina.pe/agencia/noticia-transito-vehicular-se-restablecio-via-cuscopaucartambomanu-1014954.aspx

Landslides Affect Crops and Roads in Ancash, Canal N, 2024. [Online]. Available: https://canaln.pe/peru/deslizamientos-afectan-
cultivos-y-carreteras-ancash-n472050

[10] CNN in Spanish, Landslide Near Machu Picchu, Peru, Leaves 2 Missing and 12 Injured, Cable News Network, 2024. [Online].

Auvailable: https://cnnespanol.cnn.com/2024/02/26/machu-picchu-deslizamiento-desaparecidos-orix

[11] Sedano Pilgrim, “Restricted Access to the Central Jungle due to Landslides in Several Areas,” Correo, 2024. [Online]. Available:

https://diariocorreo.pe/edicion/huancayo/pase-restringido-a-selva-central-por-deslizamientos-de-tierra-en-varios-puntos-
noticia/#google_vignette

141


https://doi.org/10.1007/s12665-013-2352-9
https://scholar.google.com/scholar?q=Forest+cover+change+trajectories+and+their+impact+on+landslide+occurrence+in+the+tropical+Andes&hl=en&as_sdt=0,5
https://link.springer.com/article/10.1007/s12665-013-2352-9
https://doi.org/10.1016/j.geomorph.2024.109156
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mobilization+rates+of+landslides+in+a+changing+tropical+environment%3A+60-year+record+over+a+large+region+of+the+East+African+Rift&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0169555X24001065?via%3Dihub
https://doi.org/10.5194/nhess-23-1191-2023
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Rainfall+thresholds+estimation+for+shallow+landslides+in+Peru+from+gridded+daily+data&btnG=
https://nhess.copernicus.org/articles/23/1191/2023/
https://nhess.copernicus.org/articles/23/1191/2023/
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Movimiento+en+Masa+por+Lluvias+Intensas+en+el+Per%C3%BA&btnG=
https://repositorio.senamhi.gob.pe/handle/20.500.12542/291
https://cnnespanol.cnn.com/2024/02/26/machu-picchu-deslizamiento-desaparecidos-orix
https://diariocorreo.pe/edicion/huancayo/pase-restringido-a-selva-central-por-deslizamientos-de-tierra-en-varios-puntos-noticia/#google_vignette
https://diariocorreo.pe/edicion/huancayo/pase-restringido-a-selva-central-por-deslizamientos-de-tierra-en-varios-puntos-noticia/#google_vignette

Marko Antonio Lengua Fernandez et al. / 1JCE, 13(3), 115-143, 2026

[12] Veronica Zumpano et al., “Economic Losses for Rural Land Value Due to Landslides,” Frontiers in Earth Science, vol. 6, pp. 1-13,
2018. [CrossRef] [Google Scholar] [Publisher Link]

[13] Md. Hosenuzzaman et al., Landslide, Agricultural Vulnerability, and Community Initiatives: A Case Study in South-East Part of
Bangladesh, Impact of Climate Change, Land Use and Land Cover, and Socio-economic Dynamics on Landslides, Springer, Singapore,
pp. 123-145, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[14] Nga Thanh Thi Pham, Duy Nong, and Matthias Garschagen, “Farmers’ Decisions to Adapt to Flash Floods and Landslides in the
Northern Mountainous Regions of Vietnam,” Journal of Environmental Management, vol. 252, 2019. [CrossRef] [Google Scholar]
[Publisher Link]

[15] Trung Nghia Phan, and Suched Likitlersuang, “Root System Architecture of Two Vetiver Species for Root Reinforcement Modelling,”
Modeling Earth Systems and Environment, vol. 10, no. 1, pp. 233-241, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[16] Taran Jandyal, and Mohammad Yousuf Shah, “Bioengineering Stabilization of Marginal Soil at the Sloping Face of the Embankment
using the Vetiver Root System,” Research Square, pp. 1-18, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[17] D. Mahima et al., “Impact of Vetiver Roots on Hydrological Behaviour of Different Soil Types,” Indian Geotechnical Journal, 2025.
[CrossRef] [Google Scholar] [Publisher Link]

[18] Chandan Ghosh, and Shantanoo Bhattacharya, Landslides and Erosion Control Measures by Vetiver System, Disaster Risk Governance
in India and Cross Cutting Issues, Springer, Singapore, pp. 387-413, 2017. [CrossRef] [Google Scholar] [Publisher Link]

[19] Deivaseeno Dorairaj, and Normaniza Osman, “Present Practices and Emerging Opportunities in Bioengineering for Slope Stabilization
in Malaysia: An Overview,” PeerJ, vol. 9, pp. 1-34, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[20] Unruan Leknoi, and Suched Likitlersuang, “Good Practice and Lesson Learned in Promoting Vetiver as Solution for Slope Stabilisation
and Erosion Control in Thailand,” Land Use Policy, vol. 99, pp. 1-10, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[21] Michael O. Adu et al., “Soil Reinforcement Potential of Multifunctional Crop Plants on Arable and Non-Arable Tropical Soils,”
Geoderma, vol. 461, pp. 1-16, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[22] Xun Wen Chen et al., “Vetiver Grass-Microbe Interactions for Soil Remediation,” Critical Reviews in Environmental Science and
Technology, vol. 51, no. 9, pp. 897-938, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[23] I. Nengah Sinarta et al., “Influence of Grassroots on the Stability of Slopes: Experimental Modelling and Numerical Analysis,”
GEOMATE Journal, vol. 26, no. 113, pp. 1-9, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[24] Shamontee Aziz, and Mohammad Shariful Islam, “Erosion and Runoff Reduction Potential of Vetiver Grass for Hill Slopes: A Physical
Model Study,” International Journal of Sediment Research, vol. 38, no. 1, pp. 49-65, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

[25] Yenni Ciawi et al., “Exploring the Mechanism of Vetiver System for Slope Reinforcement on Diverse Soil Types - A Review,” Journal
of Geoscience, Engineering, Environment, and Technology, vol. 8, no. 2, pp. 123-130, 2023. [CrossRef] [Google Scholar] [Publisher
Link]

[26] Md. Azijul Islam, Mohammad Shariful Islam, and Tausif E. Elahi, “Effectiveness of Vetiver Grass on Stabilizing Hill Slopes: A
Numerical Approach,” Geo-Congress 2020: Engineering, Monitoring, and Management of Geotechnical Infrastructure (GSP 316), pp.
106-115, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[27] A. Jotisankasa, W. Mairaing, and S. Tansamrit, Infiltration and Stability of Soil Slope with Vetiver Grass Subjected to Rainfall from
Numerical Modeling, Unsaturated Soils: Research & Applications, CRC Press, 1% ed., pp. 1241-1247, 2020. [CrossRef] [Google
Scholar] [Publisher Link]

[28] Shamontee Aziz, and Mohammad Shariful Islam, “Mechanical Effect of Vetiver Grass Root for Stabilization of Natural and Terraced
Hill Slope,” Geotechnical and Geological Engineering, vol. 40, no. 6, pp. 3267-3286, 2022. [CrossRef] [Google Scholar] [Publisher
Link]

[29] Md Azijul Islam et al., “Influence of Vetiver Grass (Chrysopogon Zizanioides) on Infiltration and Erosion Control of Hill Slopes under
Simulated Extreme Rainfall Condition in Bangladesh,” Arabian Journal of Geosciences, vol. 14, no. 2, 2021. [CrossRef] [Google
Scholar] [Publisher Link]

[30] Tanzila Islam, and Mohammad Shariful Islam, “Submergence and Wave Action Resilience of Vetiver Grass Protected Fly Ash
Amended Soil Slopes,” Geotechnical and Geological Engineering, vol. 40, no. 7, pp. 3643-3668, 2022. [CrossRef] [Google Scholar]
[Publisher Link]

[31] Suched Likitlersuang, Kittikhun Kounyou, and Gayuh Aji Prasetyaningtiyas, “Performance of Geosynthetic Cementitious Composite
Mat and Vetiver on Soil Erosion Control,” Journal of Mountain Science, vol. 17, no. 6, pp. 1410-1422, 2020. [CrossRef] [Google
Scholar] [Publisher Link]

[32] Taran Jandyal, and Mohammad Yousuf Shah, “An Experimental Investigation on the Effect of Vetiver Grass Root System on the
Engineering Properties of Soil,” Life Cycle Reliability and Safety Engineering, vol. 13, no. 3, pp. 335-350, 2024. [CrossRef] [Google
Scholar] [Publisher Link]

142


https://doi.org/10.3389/feart.2018.00097
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Economic+Losses+for+Rural+Land+Value+Due+to+Landslides&btnG=
https://www.frontiersin.org/journals/earth-science/articles/10.3389/feart.2018.00097/full
https://doi.org/10.1007/978-981-16-7314-6_5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Landslide%2C+Agricultural+Vulnerability%2C+and+Community+Initiatives%3A+A+Case+Study+in+South-East+Part+of+Bangladesh&btnG=
https://link.springer.com/chapter/10.1007/978-981-16-7314-6_5
https://doi.org/10.1016/j.jenvman.2019.109672
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Farmers%E2%80%99+decisions+to+adapt+to+flash+floods+and+landslides+in+the+Northern+Mountainous+Regions+of+Vietnam&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0301479719313908?via%3Dihub
https://doi.org/10.1007/s40808-023-01772-9
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Root+system+architecture+of+two+vetiver+species+for+root+reinforcement+modelling&btnG=
https://link.springer.com/article/10.1007/s40808-023-01772-9
https://doi.org/10.21203/rs.3.rs-4603630/v1
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Bioengineering+stabilization+of+marginal+soil+at+the+sloping+face+of+the+embankment+using+the+vetiver+root+system&btnG=
https://www.researchsquare.com/article/rs-4603630/v1
https://doi.org/10.1007/s40098-025-01246-y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Impact+of+Vetiver+Roots+on+Hydrological+Behaviour+of+Different+Soil+Types&btnG=
https://link.springer.com/article/10.1007/s40098-025-01246-y
https://doi.org/10.1007/978-981-10-3310-0_19
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Landslides+and+Erosion+Control+Measures+by+Vetiver+System&btnG=
https://link.springer.com/chapter/10.1007/978-981-10-3310-0_19
https://doi.org/10.7717/peerj.10477
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Present+practices+and+emerging+opportunities+in+bioengineering+for+slope+stabilization+in+Malaysia%3A+An+overview&btnG=
https://peerj.com/articles/10477/
https://doi.org/10.1016/j.landusepol.2020.105008
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Good+practice+and+lesson+learned+in+promoting+vetiver+as+solution+for+slope+stabilisation+and+erosion+control+in+Thailand&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S0264837720304798?via%3Dihub
https://doi.org/10.1016/j.geoderma.2025.117470
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Soil+reinforcement+potential+of+multifunctional+crop+plants+on+arable+and+non-arable+tropical+soils&btnG=
https://www.sciencedirect.com/science/article/pii/S0016706125003118?via%3Dihub
https://doi.org/10.1080/10643389.2020.1738193
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Vetiver+grass-microbe+interactions+for+soil+remediation&btnG=
https://www.tandfonline.com/doi/full/10.1080/10643389.2020.1738193
https://doi.org/10.21660/2024.113.4189
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Influence+of+grassroots+on+the+stability+of+slopes%3A+Experimental+modelling+and+numerical+analysis&btnG=
https://geomatejournal.com/geomate/article/view/4189
https://doi.org/10.1016/j.ijsrc.2022.08.005
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Erosion+and+runoff+reduction+potential+of+vetiver+grass+for+hill+slopes%3A+A+physical+model+study&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S100162792200066X?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S100162792200066X?via%3Dihub
https://doi.org/10.25299/jgeet.2023.8.2.12705
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Exploring+the+mechanism+of+Vetiver+System+for+slope+reinforcement+on+diverse+soil+types+-+A+review&btnG=
https://journal.uir.ac.id/index.php/JGEET/article/view/12705
https://journal.uir.ac.id/index.php/JGEET/article/view/12705
https://doi.org/10.1061/9780784482797.011
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effectiveness+of+Vetiver+Grass+on+Stabilizing+Hill+Slopes%3A+A+Numerical+Approach&btnG=
https://ascelibrary.org/doi/10.1061/9780784482797.011
https://doi.org/10.1201/9781003070580-46
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Infiltration+and+stability+of+soil+slope+with+vetiver+grass+subjected+to+rainfall+from+numerical+modeling&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Infiltration+and+stability+of+soil+slope+with+vetiver+grass+subjected+to+rainfall+from+numerical+modeling&btnG=
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003070580-46/infiltration-stability-soil-slope-vetiver-grass-subjected-rainfall-numerical-modeling-jotisankasa-mairaing-tansamrit
https://doi.org/10.1007/s10706-022-02092-y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Mechanical+Effect+of+Vetiver+Grass+Root+for+Stabilization+of+Natural+and+Terraced+Hill+Slope&btnG=
https://link.springer.com/article/10.1007/s10706-022-02092-y
https://link.springer.com/article/10.1007/s10706-022-02092-y
https://doi.org/10.1007/s12517-020-06338-y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Influence+of+vetiver+grass+%28Chrysopogon+zizanioides%29+on+infiltration+and+erosion+control+of+hill+slopes+under+simulated+extreme+rainfall+condition+in+Bangladesh&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Influence+of+vetiver+grass+%28Chrysopogon+zizanioides%29+on+infiltration+and+erosion+control+of+hill+slopes+under+simulated+extreme+rainfall+condition+in+Bangladesh&btnG=
https://link.springer.com/article/10.1007/s12517-020-06338-y
https://doi.org/10.1007/s10706-022-02102-z
https://scholar.google.com/scholar?q=Submergence+and+Wave+Action+Resilience+of+Vetiver+Grass+Protected+Fly+Ash+Amended+Soil+Slopes&hl=en&as_sdt=0,5
https://link.springer.com/article/10.1007/s10706-022-02102-z
https://doi.org/10.1007/s11629-019-5926-5
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Performance+of+geosynthetic+cementitious+composite+mat+and+vetiver+on+soil+erosion+control&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Performance+of+geosynthetic+cementitious+composite+mat+and+vetiver+on+soil+erosion+control&btnG=
https://link.springer.com/article/10.1007/s11629-019-5926-5
https://doi.org/10.1007/s41872-024-00257-7
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+experimental+investigation+on+the+effect+of+vetiver+grass+root+system+on+the+engineering+properties+of+soil&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=An+experimental+investigation+on+the+effect+of+vetiver+grass+root+system+on+the+engineering+properties+of+soil&btnG=
https://link.springer.com/article/10.1007/s41872-024-00257-7

Marko Antonio Lengua Fernandez et al. / 1JCE, 13(3), 115-143, 2026

[33] Azim Mustafa, Noorasyikin Mohammad Noh, and Hasif Zulkafli, “Effect of Slope Gradient on the Application of Vetiver Grass for
Slope Stabilization,” Journal of Advanced Research in Applied Sciences and Engineering Technology, vol. 47, no. 1, pp. 56-66, 2024.
[CrossRef] [Google Scholar] [Publisher Link]

[34] Avipriyo Chakraborty, and Sadik Khan, “Soil Bioengineering using Vetiver for Climate-Adaptive Slope Repair: Review,” Natural
Hazards Review, vol. 25, no. 3, pp. 1-19, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[35] Module for Estimating Intensity-Duration-Frequency (IDF) Curves, Senamhi, Gob.pe, 2026. [Online]. Available:
https://idesep.senamhi.gob.pe/dhi-idf/

[36] Gian Carlos Chavez Guevara, “Use of Vetiver Grass (Chryzopogon Zizanioides) as an Alternative for Slope Stabilization,” Degree
Thesis, Catholic University of Santo Toribio de Mogrovejo, 2022. [Google Scholar] [Publisher Link]

[37] Reza Maadi, and Ali Noorzad, “Effect of Root Age on the Slope Stability using Vetiver Grass,” Arabian Journal of Geosciences, vol.
17, no. 7, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[38] Yangyang Li, Alfrendo Satyanaga, and Harianto Rahardjo, “Characteristics of Unsaturated Soil Slope Covered with Capillary Barrier
System and Deep-Rooted Grass under Different Rainfall Patterns,” International Soil and Water Conservation Research, vol. 9, no. 3,
pp. 405-418, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[39] Sunita Singh Dhawan, Pankhuri Gupta, and Raj Kishori Lal, Cultivation and Breeding of Commercial Perfumery Grass Vetiver,
Medicinal Plants, Springer, Cham, pp. 415-433, 2021. [CrossRef] [Google Scholar] [Publisher Link]

[40] Woranan Nakbanpote et al., Chapter 15 - Chrysopogon zizanioides (Vetiver Grass) for Abandoned Mine Restoration and
Phytoremediation: Cogeneration of Economical Products, Bioremediation and Bioeconomy (Second Edition), A Circular Economy
Approach, Elsevier, pp. 385-417, 2024. [CrossRef] [Google Scholar] [Publisher Link]

[41] Jesus Alberto Torres et al., “Experimental Study of the Root System of Vetiver Grass Subjected to Tensile Stress,” Construction
Reports, vol. 72, no. 560, pp. 1-8, 2020. [CrossRef] [Google Scholar] [Publisher Link]

[42] Mohammad Jafari et al., The Role of Vegetation in Confronting Erosion and Degradation of Soil and Land, Soil Erosion Control in
Drylands, Springer, Cham, pp. 33-141, 2022. [CrossRef] [Google Scholar] [Publisher Link]

[43] Pauline Burger et al., “Vetiver Essential Oil in Cosmetics: What Is New?,” Medicines, vol. 4, no. 2, pp. 1-13, 2017. [CrossRef] [Google
Scholar] [Publisher Link]

[44] Ruth Angelica Parra Shapiama, “Effect of Phosphorus Amendments on the Growth of Chrysopogon Zizanioides (vetiver) under
Greenhouse Conditions in Tingo Maria,” Engineering Thesis, National Agrarian University of the Jungle, 2023. [Google Scholar]
[Publisher Link]

[45] Garden Plants Peru, Vetiver 20 cm Tall - 1 UNIT, The WVetiver Network International, 2025. [Online]. Available:
https://vendeplantas.tiendada.com/product/PR-42D592B6

[46] N. Fernandez, and M. Morillo, “Effect of Vetiver (Chrysopogon zizanioides L) Planting Density on Mother Plant Production under
Field Conditions,” VI International Vetiver Conference, Caracas, Venezuela, pp. 1-10, 2015. [Google Scholar] [Publisher Link]

[47] P. Rinitha, and Vandana Sreedharan, “Evaluation of Vetiver System for Erosion Control,” Women Indian Geotechnical Conference,
Chennai, India, pp. 125-134, 2025. [CrossRef] [Google Scholar] [Publisher Link]

[48] Ministry of Transport and Communications, Director's Resolution No. 18-2016-MTC/14, Gob.pe, 2016. [Online]. Available:
https://www.gob.pe/institucion/mtc/normas-legales/4442276-18-2016-mtc-14

[49] Donal Nixon D’Souza et al., “Assessment of Vetiver Grass Root Reinforcement in Strengthening the Soil,” Ground Improvement
Techniques and Geosynthetics, IGC: Indian Geotechnical Conference, vol. 2, pp. 135-142, 2018. [CrossRef] [Google Scholar]
[Publisher Link]

[50] Kreng Hav Eab, Suched Likitlersuang, and Akihiro Takahashi, “Laboratory and Modelling Investigation of Root-Reinforced System for
Slope Stabilisation,” Soils and Foundations, vol. 55, no. 5, pp. 1270-1281, 2015. [CrossRef] [Google Scholar] [Publisher Link]

143


https://doi.org/10.37934/araset.47.1.5666
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+Slope+Gradient+on+the+Application+of+Vetiver+Grass+for+Slope+Stabilization&btnG=
https://doi.org/10.1016/S1001-6279(12)60025-0
https://doi.org/10.1061/NHREFO.NHENG-2014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Soil+Bioengineering+Using+Vetiver+for+Climate-Adaptive+Slope+Repair%3A+Review&btnG=
https://ascelibrary.org/doi/10.1061/NHREFO.NHENG-2014
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Utilizaci%C3%B3n+de+pasto+vetiver+%28Chrysopogon+zizanioides%29+como+alternativa+para+la+estabilizaci%C3%B3n+de+taludes&btnG=
https://alicia.concytec.gob.pe/vufind/Record/USAT_76f08a60c64b0f19fdf57f8695e294dd
https://doi.org/10.1007/s12517-024-12020-4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Effect+of+root+age+on+the+slope+stability+using+vetiver+grass&btnG=
https://link.springer.com/article/10.1007/s12517-024-12020-4
https://doi.org/10.1016/j.iswcr.2021.03.004
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Characteristics+of+unsaturated+soil+slope+covered+with+capillary+barrier+system+and+deep-rooted+grass+under+different+rainfall+patterns&btnG=
https://www.sciencedirect.com/science/article/pii/S2095633921000241?via%3Dihub
https://doi.org/10.1007/978-3-030-74779-4_14
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Cultivation+and+Breeding+of+Commercial+Perfumery+Grass+Vetiver&btnG=
https://link.springer.com/chapter/10.1007/978-3-030-74779-4_14
https://doi.org/10.1016/B978-0-443-16120-9.00024-8
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Chrysopogon+zizanioides+%28vetiver+grass%29+for+abandoned+mine+restoration+and+phytoremediation%3A+Cogeneration+of+economical+products&btnG=
https://www.sciencedirect.com/science/chapter/edited-volume/abs/pii/B9780443161209000248?via%3Dihub
https://doi.org/10.3989/ic.70923
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Estudio+experimental+del+sistema+radicular+del+pasto+vetiver+sometido+a+esfuerzos+de+tracci%C3%B3n&btnG=
https://informesdelaconstruccion.revistas.csic.es/index.php/informesdelaconstruccion/article/view/6030
https://doi.org/10.1007/978-3-031-04859-3_2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=The+Role+of+Vegetation+in+Confronting+Erosion+and+Degradation+of+Soil+and+Land&btnG=
https://link.springer.com/chapter/10.1007/978-3-031-04859-3_2
https://doi.org/10.3390/medicines4020041
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Vetiver+Essential+Oil+in+Cosmetics%3A+What+Is+New%3F&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Vetiver+Essential+Oil+in+Cosmetics%3A+What+Is+New%3F&btnG=
https://www.mdpi.com/2305-6320/4/2/41
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Efecto+de+enmiendas+fosforadas+en+el+crecimiento+de+Chrysopogon++zizanioides+%28vetiver%29+en+condiciones+de+invernadero+en+Tingo+Mar%C3%ADa&btnG=
https://repositorio.unas.edu.pe/items/323ef3c6-0756-45bb-857d-faf79a8d47f2
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Efecto+de+la+densidad+de+siembra+del+vetiver+%28Chrysopogon+zizanioides+L%29+en+la+producci%C3%B3n+de+plantas+madres+en+condiciones+de+campo&btnG=
https://www.vetiver.org/ICV4pdfs/EB09.pdf
https://doi.org/10.1007/978-981-96-2034-0_12
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Evaluation+of+Vetiver+System+for+Erosion+Control&btnG=
https://link.springer.com/chapter/10.1007/978-981-96-2034-0_12
https://doi.org/10.1007/978-981-13-0559-7_15
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Assessment+of+Vetiver+Grass+Root+Reinforcement+in+Strengthening+the+Soil&btnG=
https://link.springer.com/chapter/10.1007/978-981-13-0559-7_15
https://doi.org/10.1016/j.sandf.2015.09.025
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Laboratory+and+modelling+investigation+of+root-reinforced+system+for+slope+stabilisation&btnG=
https://www.sciencedirect.com/science/article/pii/S0038080615001274?via%3Dihub

