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Abstract The use of grass to protect the slopes from erosion of road embankments
is a common practice. However, quantifying the changes in shear strength of such
bio-structured (with grass roots) soil is a complex procedure. One of the impor-
tant factors affecting the shearing resistance of such soils is the direction of grass
roots with respect to the slope angle. An experimental investigation was taken up
to quantify the changes in shear strength of soil due to the direction of grass roots.
Direct shear tests were conducted on field samples from a slope with grass roots and
compared with remolded samples without roots. The field samples were obtained by
pushing the samplers in a sloping ground in vertical, horizontal, and in 45 ° incli-
nation. Direct shear tests were conducted on these samples by keeping the direction
of the roots in perpendicular, parallel, and inclined to the failure plane during the
direct shear test. Thirty-five samples were tested with in-situ moisture content, and
fifteen samples were tested in saturated conditions. For the samples tested with in-
situ moisture conditions, the test results indicate that the soil with the vertical and
inclined root direction experienced a similar overall increase in cohesion and a near
negligible change in friction angle. However, the samples with roots parallel to the
failure plane experienced the least increase in cohesion in comparison with the other
two root directions. A similar trend was observed for the samples tested in satu-
rated conditions. Additionally, slope stability analysis was performed using software
SLIDE (version 7) to determine the effects of the root direction on the factor of safety.
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1 Introduction and Background

Maintaining the stability of embankments is one of the important concerns of all
road transportation and infrastructure development projects. Road embankments
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and retaining walls are typically constructed using granular soils to avoid exces-
sive buildup of pore pressure. However, these soils lack cohesive properties and
are susceptible to slope failure. Improving the shear strength of such cohesionless
soils is, therefore, a big challenge. While geotextiles are widely used to protect and
strengthen the slopes, they are sometimes cost-prohibitive and require regular main-
tenance. These considerations are especially important for roads located in remote
regions. Using plant roots or grass roots to stabilize the slopes is one of the cost-
effective solutions. However, predicting the response of such root-reinforced soils is
challenging, mostly due to the unknown soil behavioral model. Multiple studies in
the past have reported that root-reinforced sandy soils have higher shear strength in
comparison with sands without roots (Cazzuffi et al. [1], Comino, and Druetta [2],
Eab et al. [3], Fan andSu [4]). Several factors, e.g., root diameter, root tensile strength,
and planting density, were found to affect the shear strength of root-reinforced soils
(Loades et al. [5]). Effect of Vetiver grass roots on shear strength parameters have
been extensively studied by many researchers (e.g., Eab et al. [3], Xu et al. [6],
Hamidifar et al. [7]). These researchers have shown a clear evidence of improvement
in shear strength and thus improved sliding resistance capacity. While most of these
studies were conducted using direct shear tests, it has amajor disadvantage of forcing
the sample to shear in a horizontal direction. Thus, the direction of the roots with
respect to the shearing plane can affect the results. Unfortunately, the problem is
further compounded since the existing standardized testing procedure for the direct
shear test, ASTM-D-3080 [8], does not include information on the testing procedure
for root-reinforced soils. Therefore, this investigation was prompted by the need for
more research on the effect of root direction on the shear strength of root-reinforced
soils. The soil specimenswere obtained froma grass root-reinforced slope by pushing
samplers in three directions (vertical, horizontal, and inclined to the slope) to capture
the effect of root direction, and direct shear tests were conducted in the laboratory.
This paper describes the sampling method and results from the tests. A sample slope
stability analysis using software SLIDE (version-7) is also presented.

Use of root-reinforced soil to improve slope stability has been in practice since
the thirteenth century (Cazzuffi et al. [1]), but the geotechnical testing of such soils
was introduced by the researchers Endo and Tsuruta [9], andWu et al. [10] in the late
twentieth century. Wu et al. [10] and Waldron and Dakessian [11] were among the
early researchers to propose the use of Mohr–Coulomb model to estimate the shear
strength of root-reinforced soil, and it is still in practice. Recently, some studies (e.g.,
Cazzuffi et al. [12]) have focused on evaluating the effect of grass species, and soil
types and some (e.g., Ji et al. [13], Zhou et al. [14]) have investigated the effects of
large root system such as tree roots on the shear strength of the soil.

While there are instances of using triaxial test to measure the shear strength of
root-reinforced soils (Zhang et al. [15], Mazzuoli et al. [16]), most studies reported
in the literature are based on direct shear tests. This is mainly because of ease in
sample preparation; and no difference was found in the end results with remolded
specimens (Castellanos andBrandon [17]). However, one of the important drawbacks
of the direct shear test is that it forces the failure plane to be horizontal. Although
Fitz et al.[18] have documented the role of the direction of failure plane on slope
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stability, it is rarely considered in the testing of sands since it is very difficult to
obtain undisturbed samples in the sand. Hence, there is evidence in the literature that
the direction of roots could play an important role in determining the shear strength
of root-reinforced soils, and it will ultimately influence slope stability analyses for
the road embankments. A study was therefore undertaken to investigate the effect of
root orientation on shear strength of sandy soil and the factor of safety estimation
for a slope.

2 Testing Program

2.1 Field Sampling

The sampling site was located between the Laton and Riverdale towns in the Fresno
County of Central California. Figure 1 shows the details of field measurements and
sample collection. The slope profile was determined by staking along the length of
slope and measuring the elevations with the help of Ziplevel Pro-2000 high precision
altimeter. A split sampler drive tube consisting of two 6-inch-long samplers was
pushed in the sloping ground (covered with grass) with the help of slide hammer.
After retrieving the samplers, both ends were covered with plastic caps to retain the
moisture content. Additionally, one borehole was drilled to a depth of 35 ft. below
the top of the basin for soil profile to be used in the numerical model.

Fig. 1 Site location and details of field sampling: a grass root-reinforced slope, b slope length
measurement, c altimeter, d sampling split mold
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Fig. 2 Schematic
representation of orientation
of grass roots during
sampling

To overcome the difficulty due to forced horizontal plane during the direct shear
test, the soil samples from a natural root-reinforced slope were collected in three
directions (vertical, horizontal, and inclined). Figure 2 shows a schematic represen-
tation of the orientation of grass roots during sampling. A total of sixty samples
were collected from ten locations along the slope consisting of two samples in each
direction.

2.2 Laboratory Testing

The field samples consisting of root-reinforced soil were brought back to the labo-
ratory. The laboratory testing consisted of measuring unit weight (ASTM-D-7263
[19]), moisture content (ASTM-D-2216 [20]), particle size distribution (ASTM-D-
6913 [21]), organic content determination (ASTM-D-2974 [22]), and direct shear
tests (ASTM-D-3080 [8]) to measure the shear strength parameters (c’ and φ’). The
diameter of each sample was 2.42 inches. A minimum of three direct shear tests
with the normal stress increments of 1 ksf, 2 ksf, and 3 ksf were conducted on
each directional sample from each sampling location. The rate of shearing was 0.03
inch/min. Figure 3 shows the direct shear test setup and the direction of shearing

Fig. 3 Direct shear tests: a test setup, b orientation of grass roots
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plane with respect to root orientation. A total of 35 samples were tested under in-
situ moisture condition, and 25 samples were tested under the saturated condition to
capture the effect of saturation on shear strength parameters. Direct shear tests were
also conducted on remolded samples without roots with in-situ moisture content and
under the saturated condition for comparison.

3 Results and Discussions

Table 1 shows the average index properties of the soil, including organic content,
which is the ratio of the weight of roots to the weight of soil solids. It is important
to note that all the soil samples revealed that the field slope consisted of sandy soil
with USCS classification being SP-SM (poorly graded sand with silt). As mentioned
earlier, each set of the direct shear test consisted of fixed normal stress increments
(1 ksf, 2 ksf and 3 ksf). Figure 4 shows the typical direct shear test data for one set
of samples. The combination of peak shear stress (τmax) and corresponding normal

Table 1 Index properties of
the soil

Soil properties Orientation of roots

Vertical Horizontal Inclined

Dry unit weight
(lb/ft3)

99 97.7 99.5

Organic content
(%)

0.8 0.7 0.7

Fines content
(%)

13.3 11.4 10.9

Plasticity of
fines

Non-plastic Non-plastic Non-plastic

Soil
classification
(As per USCS)

SP-SM SP-SM SP-SM

Fig. 4 Typical direct shear test result: a vertical displacement versus horizontal displacement,
b shear stress versus horizontal displacement, b mohr–Coulomb failure envelope
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stress (σ ) was then selected to develop Mohr–Coulomb failure envelope. The angle
of internal friction (φ’) and cohesion (c’) was thus estimated for each set of samples.

Figure 5 shows the comparison between the displacement response of the soils
with and without grass roots. Inclusion of roots was found to show increased hori-
zontal displacement than soils without roots. Thus, roots were found to make the soil
more ductile and thus improved resistance for cracking which typically is a sign of
brittleness. Similar behavior is noted by multiples studies (e.g., Comino and Druetta
[23]) in the past.

Figure 6 shows the comparison of displacement based on root direction for a
typical specimen. Itwas observed that soilswith inclined root orientation experienced
more horizontal displacement (ductility) in comparison with horizontal and vertical
root orientations. This clearly shows that direction of root influences the deformations
that the soil might undergo.

Figure 7 shows shear strength parameters based on the inclusion of grass roots
as well as the saturation condition of the test specimens. Figure 7a, c shows that

Fig. 5 Comparison of displacements during direct shear tests: a for soils without roots, and b for
soils with roots

Fig. 6 Comparison of displacements during direct shear tests based on root orientation: a for soil
with vertical root orientation, b for soil with horizontal root orientation, and c for soil with inclined
root orientation
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Fig. 7 Comparison of shear strength parameters: a φ’ at in-situ saturation, b c’ at in-situ saturation,
c φ’ at 100% saturation, d c’ at 100% saturation

angle of friction (φ’) generally remained unaffected irrespective of changes in root
direction or saturation condition, while Fig. 7b and d shows that soils with roots
generally experienced increased cohesion in comparison with soil without roots.
These findings are similar to the previous studies by Mickovski and Beek [24],
and Xu et al. [6]. Additionally, as per Fig. 7b, when tested with in-situ moisture
content (partially saturated), soil containing vertical root reinforcement developed
the maximum cohesion (127 psf) while soil containing horizontal roots developed
the least cohesion (86 psf). On the other hand, Fig. 7d shows that when tested under
fully saturated condition, the soil with inclined roots developed the highest (86 psf)
cohesion while soil with horizontal roots experienced the least cohesion (23 psf).
Figure 7b and d also indicates that cohesion decreased with an increase in saturation.
This phenomenon can be attributed to the addition of suction due to the presence
of roots. Interestingly, the unsaturated soil specimens with inclined root orientation
experienced the highest (310%) increase in cohesion in comparison with unsaturated
soils without roots. For the fully saturated samples, the soil specimens with vertical
rootmobilized the highest (1133%) increase in cohesion in comparisonwith saturated
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soils without roots. Figure 7b and d also indicates that although the specimens with
roots in the horizontal direction (parallel to the direction of the shearing plane) did
experience an increase in cohesion, their percent increasewas least when tested under
fully saturated condition. Changes in cohesion are summarized in Table 2.

The findings of this study can be effectively applied in slope stability analysis
in engineering practice, which consists of determining the factor of safety using the
limit equilibrium method. In the case of finite slopes such as road embankments, the
factor of safety estimate is based on moment equilibrium of sliding slices or wedges
of soil under the slope. Thus, the factor of safety is given by the equation:

Fs =
∑

MR
∑

MD
=

∑
c′la + tan ∅′N ′
∑

W sin α
(1)

where MR is the resisting moment and MD is the driving moment. c′ and φ′ are
the cohesion and angle of internal friction of the soil, la is the length of arc, (N’ =
Wcos α) and (W sin α are the normal and tangential components of the weight of
the sliding wedge of soil, and α is the radial angle. The critical factor of safety is
typically determined iteratively by considering slip surfaces passing through sloping
ground. These iterations can easily be performed using any commercially available
software. Figure 8 shows computation of the factor of safety using the software,
SLIDE (version 7) for slope without grass roots and with grass roots in the vertical
direction. The slope profile was constructed using soil properties from this study. The
strength parameters of the soil were modeled in the software using the anisotropic
function. This function allows the user to input strength parameters depending on
how the failure plane passes through the soil with grass roots. The failure plane
represents the shear plane in laboratory testing. Therefore, the vertical, horizontal,
and inclined directions were all considered in the model for determining factor of
safety. Figure 8a and b displays the anisotropic function input parameters. Horizontal,
inclined, and vertical sample strength parameters were input from 0˚ to 10˚, 10˚ to
80˚, and 80˚ to 90˚, respectively. These values are mirrored in the circle for any
other failure plane beyond 0˚ to 90. Figure 8c and d shows the estimation of factor
of safety for slopes with and without grass roots, respectively. Based on the field
observations, the roots were assumed to be present only in the top one-foot thick
layer. It is, however, entirely possible to have deeper roots depending on species of
grass. In this example, the critical factor of safety for slope without grass roots was
found to be 1.266, while the critical factor of safety for the slope with grass roots
in the vertical direction was found to be 1.327, which is approximately 5% higher
than the slope without grass roots. A similar increase in the factor of safety was
previously reported by Eab et al. [3], Lin et al. [25], and Liu et al. [26]. Although
the numerical model predicted a modest increase in factor of safety, the purpose of
this example was to show that numerical tools can easily be applied to predict the
behavior of slope with grass roots. By tactically arranging the root reinforcement,
practicing geotechnical engineers can easily quantify the differences and recommend
slope protection measures.
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Fig. 8 Slope stability analysis using Slide (version 7): a entering anisotropic function, b assigning
values of anisotropic shear strength parameters, c estimating factor of safety for slope without grass
roots, and d estimating factor of safety for slope with grassroots in the vertical direction

4 Conclusions

• An experimental study was undertaken to investigate the effect of root direction
on the shear strength parameters of soil.

• Field samples were collected with vertical, horizontal, and inclined root orienta-
tion, which enabled direct shear tests to be performed by keeping root orientation
perpendicular, parallel, and inclined to the shearing plane, respectively.

• While root orientation did not affect the angle of internal friction (φ’) of the
soils, the development of cohesion (c’) was considerably affected by root orien-
tation. The samples with the root orientation perpendicular to the shearing plane
were found to mobilize the highest cohesion while root orientation parallel to the
shearing plane mobilized the least amount of cohesion.

• Soils with inclined root orientation showed more ductility in comparison with
soils consisting of vertical and horizontal root orientations.
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• A numerical model incorporating improved soil properties for the surface
layer predicted a modest (5%) increase in factor of safety for the vertically
root-reinforced slope in comparison with a slope without root reinforcement.
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