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Abstract: Root-reinforced soil is treated as composite material, with mechanical root-soil interactions enhancing soil strength upon
shearing; however, its reinforcing effect decreases over time due to plant senescence and root decay. Soil density, influenced by
compaction that arranges particles and reduces pore space, determines the soil’s ability to support root networks and root-soil
interaction. The effect of root network and root decay on shearing behavior relating to difference in soil density remains unclear. In this
study, vetiver roots were used to conduct two series of undrained triaxial tests with root decay periods of 45 and 90 days to investigate
the shear behavior of root-reinforced soil. The vetiver root volume fixed with 0.74% of total volume of specimen. Two different root
networks have been installed with vertical root and vertical-horizontal root segments following compaction density of 1.23 Mg/m’ and
1.46 Mg/m>. The compaction density of 1.23 Mg/m? has been used to investigate the effects of root orientation and network by installing
vertical root and vertical-horizontal root segments with the same volume. Moreover, compaction density of 1.23 Mg/m* and 1.46 Mg/m’
have been prepared for proving the ability of root-soil interaction on the different soil density by installing the same condition of roots
orientation (vertical-horizontal) and volume. Finally, the shear behaviors with different root conditions were compared. Vertical root
segments had higher at peak shear strength, but lower shear strength at 15% axial strain compared to vertical-horizontal root segments.
Moreover, roots in loose soil resist against shearing better than those in dense soil.
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1. INTRODUCTION agricultural activities (e.g. cutting, burning, applying herbicide)

[4]. That could affect a loss of root reinforcement and root-soil

Root-reinforced soil is a natural-based solution to improve
soil strength which is an environmentally friendly approach for
controlling soil stabilization and soil erosion [1]. Chrysopogon
zizazioides is a vetiver grass widely recognized as an effective
and eco-friendly solution to prevent slope failure and surface
erosion through root-reinforcement, providing land cover and
trapping soil particle on riverbank surfaces [2]. Fibrous roots
grow and form a composite material permeating the soil matrix
form a soil-root composite structure, demonstrating greater shear
strength compared with fallow soil that resists the mobilize
loading of soil-root interfacial friction and root tensile properties
[3]. In addition, vetiver grass may die due to plant mortality
under natural and artificial disturbances such as flooding and
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interaction as a result of root decomposition, which affects the
soil’s mechanical and hydraulic properties [5]. The differences
in soil density reflect how soil particles are arranged and
structured due to compaction or consolidation, depending on the
soil deposited conditions. This compaction directly influences
root growth, penetration depth, resistance capacity, and network
development, as well as ensuring root-soil contact [6]. However,
root properties are complicated such as root morphology,
orientation, diameters, and strength can vary widely.

The root reinforced mechanism should be explained by
identifying the stress paths relevant to slope failure at each
position as shown in Fig. 1. To protect slope failure, vetiver grass
should be planted at the slope crest, surface, and toe. These
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positions correspond to different stress path of major and minor
principle stress of soil elements: the crest and toe are primarily
subjected to normal compression and extension, respectively,
while the stress states between these positions could follow a
direct shear stress path [2]. Moreover, the direct shear tests have
been conducted to investigate the changes in soil shear strength
due to root reinforcement [4], [7]. However, triaxial testing of
root-soil composites has been rarely reported, and several studies
have investigated shearing behavior under triaxial compression
and extension [2], [8], [9], [10], [11], [12]. Indeed, Karimzadeh
et al. [2] studied the effect of root reinforcement under triaxial
compression and extension by installing vertical vetiver roots
within soil specimen. The results showed that the reinforcing
effect was significantly greater under the extension path
compared to compression path, where the major principal stress
is perpendicular to root orientation. However, only a few studies
have examined the influence of root decomposition on the shear
strength of root-reinforced soils, particularly for grass or vetiver
grass, based on direct shear tests [4], [13]. Kamchoom et al. [13]
found a notable change in root decay due to burning required 12
months after vetiver death to cause a 30% shear strength loss,
while herbicide caused the same loss in only 2 months. Recently,
stress path associated with shearing behavior of decayed roots
under triaxial testing has not yet been reported.

The objective of this study is to investigate the shear
strength of root-reinforced soil due to root network, root decay,
and soil densities under saturated conditions. Two series of
undrained triaxial tests, as shown in Table 1, were conducted
following decay periods of 45 and 90 days compared with
reference root-reinforced (assuming no decay) and bare soil
specimens. Two different soil compactions were prepared for
both bare soil and root-reinforced soil, with dry densities of 1.23
Mg/m? and 1.46 Mg/m?>. Series A was conducted with the same
compaction soil density of 1.23 Mg/m>. It consisted of strain-
controlled undrained triaxial tests designed to investigate the
effects of root reinforcement under different root orientations
(vertical and vertical-horizontal root segments) when subjected
to triaxial compression at different effective confining stress of
50 and 100 kPa. Series B was prepared with the same root
condition (vertical-horizontal root segments) but used two
different compaction densities (1.23 Mg/m? and 1.46 Mg/m?) to
evaluate the influence of soil density on root-soil interaction
behavior under the same triaxial test condition as the first series.
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Fig. 1. Rotation of major and minor principal stresses along a failure
slip surface with respect to the root orientation.

2. METHODOLOGY
2.1 Material and properties

In this study, reconstituted soil was used for conducting tests.
The soil mixture consisted of silica sand (particle size No. 7 and
8) and Kasaoka clay, prepared to achieve target soil properties
characteristics of alluvial deposited of Mekong River at the
sampled site. The physical properties and particle size
distribution curve of the reconstituted soil are demonstrated in
Table 1 and Fig. 2.

Vetiver grass is found in many parts of Southeast Asia
countries and can grow up to 1 m —2 m in length after 12 months
of growth [14]. Many researchers are interested in using vetiver
for shallow slope stabilization. Wu et al. [15] conducted uniaxial
tensile test to measure the tensile elastic modulus (161.6 + 8.98
MPa), tensile strength at breakage (21.4 + 1.03 MPa) and tensile
strain at breakage (0.32 £ 0.01 mm/mm). Phan et al. [4] studied
the root decomposition using herbicide, focusing on the effects
of root decay on mechanical properties such as tensile strength,
secant modulus, breakage strain, and root diameter. The root
reinforcement of vetiver retained about 75% of its original value
after 112 days of decay. In this study, the mature vetiver grass
roots approximately one year old were selected for testing. These
roots were brough from Okinawa Green Network NPO
Corporation, Okinawa Prefecture, Japan.

Table 1. Triaxial test series and basic soil properties

Triaxial test pa (Mg/m?) Root orientation
Series A 1.23 Vert%cal :
1.23 Vertical-horizontal
Series B 1.23 Vert%cal-hor%zontal
1.46 Vertical-horizontal
Physical properties
Specific gravity Gs=2.61
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Grain size fraction Clay = 17%, silt = 25%,

fine sand = 58%

LL =23.5%, PL = 13.52%, P1=9.98%
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Fig. 2. Particle size distribution.
2.2 Sample preparation

Triaxial test specimens were prepared with identical
dimensions, with a height being twice the diameter (70 mm in
diameter and 140 mm in height). Two types of specimens were
prepared: bare soil (without root) and root-reinforced soil. The
bare soil specimens were compacted to achieve target dry
densities of 1.23 Mg/m® and 1.46 Mg/m’, corresponding to
67.5% and 80.2% of maximum dry density. Vetiver roots were
socked and cleaned in the water, then air-dried for approximately
1 hours before use. A root volume of 4 cm?® was installed in all
root-reinforced specimens, corresponding to a root volume ratio
(RVR) of 0.74% of the total specimen volume (538.8 cm?). The
vetiver roots had diameters ranging from 0.48 to 2.29 mm
(average 1.46 £ 0.31 mm), and approximately 143 mm for
vertical root segments and 70 mm for horizontal root segments.
Specimens were prepared by compacting the soil layer by layer
while installing roots segments, carefully controlling both mass
and volume of specimen. Both the bare soil and root-reinforced
specimens were compacted in the same manner, as illustrated in
Fig. 3(b). For root-reinforced specimen, the root segments were
positioned vertically by pulling them through holes in a circle
plastic plate (1.5 mm in diameter and length), as shown in Fig.
3(a). The soil was then compacted to a height of 140 mm at a dry
density of 1.23 Mg/m? for the series A, which included nine
vertical root segments (Fig. 3(c) and Fig. 4(a)). In the series B,
the soil was compacted with five vertical root segments up to a
height of 4.7 cm, followed by the installation of four horizontal
roots segments for each layer (Fig. 3(d) and Fig. 4(b)). The
process was continued with subsequent root layers as shown in
Fig. 4(b) for dry density 1.23 and 1.46 Mg/m>.
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Fig. 3. Root-reinforced specimens’ preparation: (a) standing root for
soil compaction and (b) compacted specimen, (c) vertical root segments
(V root), and (d) vertical-horizontal root segments (VH root).
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Fig. 4. Geometry of root orientation: (a) V root and (b) VH root.

2.3 Test method and procedures

In this study, isotropic consolidated undrained triaxial
compression test was conducted to study the effect of root decay
on root-reinforced soil through the two series of tests. Three
decay periods of root-reinforced soil specimens were prepared.
The first (reference specimens) were tested immediately after the
root segments were cut and arranged simultaneously with soil
compaction, assuming no decay had occurred. Second and third
were tested after periods of 45 and 90 days of root decay,
respectively. The 90-day decay period applied in this study based
on the flooding period along the Mekong River, where vetiver
was fully submerged and died under water, as reported in a
previous project, Cambodia — Mekong River Bank Stabilization.
The samples preparation described in Section 2.2.

The test programmed consisted of two series of root-
reinforced and bare soil specimens, which were subjected to
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strain-controlled triaxial compression tests at an axial strain rate
of 0.1%/min under two different effective pressures (p'= 50 and
100 kPa). The double vacuum method was used, applying
negative pressure to remove air from the specimens and allowing
water to infiltrate for saturation over approximately one and a
half days. Subsequently, back pressure and cell pressure were
applied at 300 kPa and 310 kPa to saturate specimens and check
degree of saturation based on Skempton’s pore pressure
parameter. The specimens were considered fully saturated when
the B-value exceeded 0.95. After saturation, the specimens were
continued to isotropic consolidation under effective confining
pressures of 50 and 100 kPa, which were selected based on
previous studies [2], [12] and tolerance of testing apparatus.
Finally, specimens were sheared to 15% axial strain. Throughout
process, roots are considered as fully saturated. Table 2
summarized the test conditions with experimental parameters.

2.4 Root-soil composites

Typically, a phase diagram in soil mechanics consists of
three-phase systems: solids (soil grain), liquids (water in voids),
and gases (air in voids). The new model of vegetated soil
introduces another phase, roots, which occupy part of the soil
pore space. The void ratio of soil containing roots takes into
account the presence of this root phase as solid with a specific
gravity different from the soil mineral grains [11], [16]. The new
formular for soil void ratio, e, for this relationship is following:

e = 4% — Viotal~(Vs+Vr)
(Vs+Vp) (Vs+Vr)

)

Where Vio is total volume of specimen, Vy is volume of voids,
Vs is volume of soil grains, and V; is volume of root.

The root-soil composite provides greater shear resistance
than the bare soil specimen due to the ductile behavior of root
reinforcement [11]. Moreover, vegetated soil enhances the
effective friction angle, cohesion, bonding, and void ratio of the
soil [2], [17]. However, the void ratio of soil may increase as
roots shrink during decay [18], which also affects to tensile
strength of the roots. Fig. 5 illustrates root morphology and
effects of root decay. Fig. 5(a) and (b) shows the morphology of
fresh root planting in laboratory, where the cortex and stele in
Fig. 5(a) are not fully developed compared to Fig. 5(b), making
them susceptible to decay. Fig. 5(¢) and (d) present roots after
90 days of decay under moist and dry conditions, respectively.
Fig. 5(c) remains in relatively good condition, although the
cortex layer becomes compressible, whereas Fig. 5(d) shows
shrinkage due to dehydration. Therefore, a mature roots system
and soil moisture content slow down the root decay process.
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Fig. 5. Root morphology: (a) fresh young root, (b) fresh root, (c) root
with 90 days decay, and (d) dry root with 90 days decay.

3. RESULTS AND DISCUSSION

Two series of triaxial tests were conducted to investigate the
shear strength of root-reinforced soil at 45 and 90 days of root
decay. As described in Section 2.2, specimens were prepared
with two root orientations (vertical and vertical-horizontal) and
two soil densities (1.23 and 1.46 Mg/m®) for compression tests
under effective confining pressure of 50 and 100 kPa. Applying
compaction improved the soil particle arrangement, leading to
enhanced root-soil interactions. In addition, the saturation and
consolidation stages further rearranged the soil particles. During
saturation stage, water infiltrated from bottom to top of specimen
(simulate as rainfall infiltration). For consolidation, specimen
was compression under isotropic conditions, which improved the
uniform contact between root and soil.

Table 2. Test conditions and results with the experimental parameters
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50 0778 131 308
146 VH 100 0789 134 313 %7

Noted*. V= vertical, H = horizontal, orie. = orientation

The specimen after compression test did not depict a clear
failure surface at 15% axial strain, including those with higher
compaction density. Moreover, the root-soil specimens show
more lateral bugling than bare soil and higher shear stress. Roots
extracted from specimens were carefully removed and inspected,
confirming no root breakage. This indicates that the root
reinforcement did not mobilize its full tensile strength during
shear. This study, axial strain of 15% remained below the strain
required to break the roots diameter of 1-1.5 mm which can
withstand up to 30% [15]. Although this strain is sufficient to
determine the failure of both the bare and root-reinforced
specimens. Foresta et al. [11], using grass species, observed root
breakage at the early axial strain (< 10%).

At early axial strain (0.15% and 0.30%) of testing, both bare
and root-soil specimen exhibited similar strain-hardening
behavior under effective confining stress of 50 and 100 kPa,
indicating that root tensile strength has not yet been mobilized.
As strain increased, the root-soil composite responded: bare soil
reached peak at smaller strain (1.20% and 1.53%) than to root-
soil specimens (1.37% to 2.48%), depending on soil density and
confining pressure. Vertical root specimen provided higher peak
strength but gradually decreased similar to bare soil. Vertical
roots were oriented parallel to the major principal stress in
compression test. Thus, in this case, the roots bent along the
specimen’s expansion. In contrast, vertical-horizontal roots were
more effective, as they mobilized tensile strength to enhance the
soil’s shear resistance.

Fig. 6 depicted the stress-strain relationship of root-
reinforced and bare soil with two different compaction densities
(1.23 and 1.46 Mg/m?), and two root orientations: V root and VH
root. The roots were installed in the specimen for testing at three
decay stages: references (assumed no decay), 45 days, and 90
days. Fig. 6(a) showed the stress-strain relationship for V root at
compaction density of pgv = 1.23 Mg/m?. The maximum
deviator stress (gmax) for roots with no decay, 45 days decay, and
90 days decay are 35.6 kPa, 34.8 kPa, 36.1 kPa and 16.6 kPa,
15.9 kPa, 17.9 kPa for effective confining stress of 100 and 50
kPa, respectively. The gmax of 45-day decay is slightly lower than
no-decay roots, but higher than bare soil, while the gmax of 90-
day decay is slightly higher than that of no-decay roots.
Moreover, axial strain at gmax for V root extends to 2.5% and
2.4% before dropping, compared to 1.5% and 1.2% for bare,
which reaches gmax values of 30.5 kPa and 13.9 kPa for effective
confining stress of 100 kPa and 50 kPa, respectively. Fig. 6(b)
shows the stress-strain relationship of VH root at the same
density as in Fig. 6(a). The gmax of VH root is slightly lower than
V root due to the different number of V root. However, the VH
root specimen provides additional tensile resistance against the
shearing, causing the deviator stress to decrease more gradually.
For the no-decay case at p' = 100 kPa tends to increase deviator
stress between 10% and 15% axial strain. At p’ = 50 kPa, a

similar trend is observed, with the peak maintained until 3.5%,
then slightly decreased. For p’= 100 kPa, the deviator stress of
45-day decay roots is lower than no-decay and similar to 90-day
decay. At p’' = 50 kPa, the deviator stress of 90-day decay is
slightly higher than others. Fig. 6(c) shows a similar trend to Fig.
6(b), with the same root orientation, but different in soil densities.
The deviator stress is substantial at initial axial strain (2.5% and
4.5% for p'= 100 kPa and 50 kPa) and increases until 15% after
an initial drop. For p’= 50 kPa, the deviator stress is almost the
same for all soil specimens. Notably, root reinforcement
contributes more effectively in the lower compaction soil than in
higher compaction soil.

Fig. 7 shows stress-path of root-reinforced soil compared
with bare soil in different soil densities, root orientations, and
influence of root decay the same as Fig. 6, Fig.7(a) and (b)
represent soils with a dry density of 1.23 Mg/m? with different
root orientation (V root and VH root), while Fig. 7(c) represents
a denser soil with a dry density of 1.46 Mg/m?. Each graph shows
results for different conditions: bare soil and soil with roots (no-
decay, 45-day decay, and 90-day decay), tested under p" = 100
and 50 kPa. The results indicate that the presence of roots
significantly enhances soil strength compared with bare soil as
discussed in Fig. 6, reflected by higher deviator stress on stress-
path curve. No-decay root-reinforced soil can represent the upper
boundary, and bare soil is lower boundary for the results. For
root-reinforced specimen with VH root, a similar behavior was
observed, with a slight increase at failure point for p'= 100 kPa,
while V root drop. However, under an effective confining stress
of p' =50 kPa, samples show similar trend, and root-reinforced
has little effect on compaction soil density of 1.46 Mg/m?.
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Fig. 8 shows the excess pore water pressure of root-
reinforced soil compared with bare soil, for different soil
densities and root orientations as same as Fig. 6. For p'= 100
kPa, the excess pore water pressure shown a similar trend: the
root-reinforced soils show lower excess pore water pressures
than the bare soil, but higher than those with no-decay roots,
while 45-day and 90-day decay are nearly the same. However,
for p' = 50 kPa, the excess pore water pressure are slightly
different, with the 90-day decay of the soil density of 1.23 Mg/m?

is higher values than the others.
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Fig. 9 presents the comparison of stress-strain relationships
according to root orientation, soil compaction density, and
normalized deviator stress by the initial mean effective stress, p'.
Fig. 9(a) compares specimens with the same soil density (1.23
Mg/m?) but different root orientations: V root (black line) and
VH root (blue line), under an effective confining stress of p' =
100 kPa. The root-reinforced soil with V root exhibits the highest
peak stress ratio (g/p'o) compared to VH root and bare soil (pink
line). However, at 15% axial strain, the VH root specimen shows
slightly higher residual stress than V root. Fig. 9(b) are the same
specimen’s condition as Fig. 9(a), but with a difference in
effective confining stress (p' = 50 kPa). The overall trend is
similar to that in Fig. 9(a), and the root reinforcement supports
shear strength to reach the peak stress ratio of ¢/p'o are also
comparable. Yet, the peak stress ratio of bare soil under p’= 100
kPa is larger compared to p’= 50 kPa. Fig. 9(c) and (d) present
the results for specimens with the same root orientation but
different soil densities and confining effective stress. In Fig. 9(c),
under p' = 100 kPa, the specimen with a lower density (1.23
Mg/m3, blue line) exhibits a larger peak stress ratio for the root-
reinforced soil compared with bare soil (pink line) than the
specimen with a higher density (1.46 Mg/m?, red line; pink
dotted line for bare soil), while the residual stress is similar. In
contrast, Fig. 9(d), under p’ = 50 kPa, shows that root
reinforcement in the denser soil (1.46 Mg/m?) provides a slight
improvement. However, the root reinforced soil with lower
density demonstrates greater strength improvement compared
with the bare soil, as observed from both the peak stress ratio and
residual stress in Fig. 9(d).

Fig. 10 depicts the critical state friction angle (¢'cs) of
specimens following decay period. Fig. 10(a) and (b) presents
the critical friction angles of specimens with a soil density of

1.23 Mg/m? for bare soil (pink line), V root (black line), and VH
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Fig. 9. Comparison of normalized deviator stress and axial strain in
different root orientations: (a) and (b), and compaction density: (c) and
(d) under effective confining stress of 100 kPa and 50 kPa, respectively.
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root (blue line). In Fig. 10(a), where effective confining stress p’
= 100 kPa, the critical friction angle of root-reinforced soils was
higher than that of bare soil at no-decay, slightly dropped at 45-
day decay, and increased at 90-day decay. VH root shows the
highest ¢'s. Fig. 10(b) also shows a greater ¢'.s for root-
reinforced soils. Moreover, at 90-day of decay, the ¢'cs of the V
and VH root specimens under p’ = 100 kPa approached similar
of Fig. 10(a). Fig. 10(c) and (d) shows ¢'s of VH root specimens
with different soil densities (1.23 and 1.46 Mg/m3). For the
specimen with a density of 1.46 Mg/m? (red line for VH root,
pink dotted line for bare soil) under p’ = 100 kPa, the friction
angle decreased at 45 days of decay and 90 days, which contrasts
with specimen under p’' = 50 kPa. In general, effective friction
angles tend to increase with higher soil density and confining
pressure in fine grain soils, which is also evident from the bare
soil results. Therefore, root reinforcement had a significant effect
on the critical friction angle, particularly by increasing the values
at lower confining pressures to levels comparable to those at
higher confining pressures. Based on the experimental result, the
friction angle would likely reach its maximum when root
breakage occurred; however, no root breakage was observed in
this experiment. A slight increase in effective cohesion was also
observed, as shown in Table 2. The effective cohesion of
specimens (c’) was obtained from Mohr—Coulomb’s failure
criterion. The equations below were used to determine the slope
of the critical state line (M) and the critical friction angle (¢'s):

6sin L

_a_

M= b’ 3-6sin ¢Lg (2)
. . (3M

¢¢s = arcsin (—6+M) 3)
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Where g = deviator stress, p’ = mean effective stress
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Fig. 11. Stress path normalized by confining under different confining
effective stress of 100 kPa and 50 kPa: (a) and (b) pa v = 1.23 Mg/m?,

(c) and (d) pa_vu = 1.23 Mg/m?, and (e) and (f) pa_ v = 1.46 Mg/m>.

Fig. 11 describes the stress paths normalized by the initial
mean effective stress under isotropic stress condition to evaluate
the effect of root reinforcement under different effective
confining stresses and soil densities on slope of critical stage line.
The symbols represent bare soil, no-decay, 45-day decay, and
90-day decay conditions, shown by pink diamond, red circle,
black square, and blue triangle markers, respectively. The thick
curve and thin line of pink, red, black, blue show the stress path
(g/p'o and p'Ipy) and slope of critical stage line (M) following
decay as markers. Fig. 11(a) and (b) show V root specimen with
soil density of 1.23 Mg/m? under p’ = 100 and 50 kPa. The M
values are approximately 1.1 and below 1.0 (except 90-day
decay, 1.07), slightly higher than bare soil. For Fig. 11(c) and (d)
present VH root specimens with the same density and confining
stress of Fig. 11(a) and (b), showing higher M value than V root
cases. Fig. 11 (e) and (f) are VH root specimen at higher soil
density (1.46 Mg/m?), exhibiting similar behaviour to Fig. 11(c)
and (d), but with greater M values due to the higher compaction
density. Thus, the tensile strength of VH root specimens
provided by horizontal roots perpendicular to the direction of the
major principal stress (o)) contributed to shear resistance with
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increasing axial strain. Consequently, the VH root specimens
exhibited higher M values compared to those with V root, as
shown in Table 2. In addition, the M value of VH root specimens
of p' = 50 kPa provided significant reinforcement, reaching a
value similar to V root specimen under p'= 100 kPa, consistent
with the results observed in critical friction angle.

4. CONCLUSIONS

A comprehensive set of triaxial test results on bare and root-
reinforced specimens allows distinguishing the effects of root
orientation and soil density of root decay on stress-strain
relationship and stress path. The tests were performed under
isotropic consolidation and wundrained compression with
effective confining stresses of p’' = 100 kPa and 50 kPa. As a
result, the root-reinforced specimen exhibited increasing shear
strength compared with bare soil due to the presence of roots.
Moreover, the shear strength of the specimens slightly decreased
after 45 days of decay and increased after 90 days. This indicates
that the three-months decay period, the mature vetiver roots did
not have any significant deterioration.

The effect of root orientation was evaluated using specimens
with the same soil density and RVR (0.74%). V root specimens
showed higher peak deviator stress than VH root, indicating

greater resistance to compression at the early stage of axial strain.

Beyond this point, the residual stress of VH root is higher than
V root at 15% axial strain, indicating that horizontal root
segments provided additional shear resistance by acting
perpendicular to the major principal stress through horizontal
root extension. Vertical root segments bent under shear.
Additionally, the contribution of root tensile strength to soil
shear resistance was more effectively in soils with lower
compaction density and lower effective confining stress.

Soil density and effective confining stress significantly
effect on effective stress angle. For bare soil, the dense soil
densities and large effective confining stress show a larger
critical friction angle than smaller. Meanwhile, the presence of
roots caused a noticeable change in critical friction angles. This
behavior was slightly different in the root-reinforced specimens.

Future work is being conducted with vetiver-planted soil
with well-developed root networks in the laboratory to examine
the effects of root reinforcement under different soil compaction
densities and root decay periods. The root-reinforced soil will be
numerically simulated to evaluate its performance in protecting
riverbank slopes under flooding along the Mekong River.
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