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Abstract: This study investigated the effect of vegetation plant roots on the stability of the cover
slopes of solid waste landfills. A large direct shear test and a root tensile strength test were conducted
to quantify the effect of rooted soil of revegetation plants on the increment in shear strength of the
soil as a method to protect the cover slope of solid waste landfills. In the large direct shear test, an
increase in the shear strength of the ground with the presence of roots was observed, and the root
reinforcement proposed in the literature was modified and proposed by analyzing the correlation
between the root diameter and the tensile strength according to water content. The stability of the
slope revegetation of a landfill facility, considering the root reinforcement effect of revegetation, was
calculated by conducting a slope stability analysis reflecting the unsaturated seepage analysis of
rainfall conditions for various analysis conditions, such as the gradient, the degree of compactness,
the thickness of the cover, and the rooted soil depth of the landfill facility.

Keywords: solid waste landfill; slope revegetation; root reinforcement; rooted soil; slope stability

1. Introduction

The final covered layer of a solid waste landfill must satisfy various requirements
such as preventing the inflow of rainfall, preventing the generation of toxic gases and
odors, and supporting plant growth. However, because the final covered slope is prone to
collapse due to its shallow soil thickness, related regulations such as embankment slope,
compaction criteria, and stability analysis methods are insufficient, and accidents of slope
collapse frequently occur. Therefore, slope protection afforded by vegetation prevents the
direct inflow of rainfall on the slope’s surface, thus securing stability against surface layer
loss and scouring, owing to an increase in shear strength provided by plant roots. This also
creates a visual sense of harmony with surrounding vegetation [1].

As such, soil bioengineering stabilizes slopes, limiting their impact on ecosystems
and is a technique increasingly used worldwide. However, its effectiveness requires
better assessment through post-intervention environmental monitoring [1–4]. Here, root
reinforcement is a mechanism through which forests contribute to the prevention and
mitigation of shallow soil instabilities—one of the main hazards in mountain areas [5,6].
It is well recognized that roots reinforce soil and that the distribution of roots within
vegetated slopes strongly influences the spatial distribution of soil strength [7]. When a
driving force occurs on a slope where the roots of the plants are located, the roots at the
shear plane exert a tensile force to increase the shear resistance of the ground [8–11].

In particular, revegetation plants in solid waste landfills offer important protection to
the final cover system. Tree roots can go very deep and invade the drainage layer as well
as the impermeable layer. Therefore, the seeds of herbaceous plants and pasture species
are planted on the cover slope of solid waste landfills. However, although these plants
can quickly provide ground cover, they are often culled within two or three years, and
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therefore a combination of native herbaceous plants and pasture species has an advantage
for mixed vegetation [2,4,12,13].

In addition, in the stability analysis of the cover slope of a solid waste landfill, rainfall
conditions should be reviewed under the most vulnerable conditions. In the design of
existing case studies, rainfall conditions were either saturated to the surface, or a stability
analysis was conducted that only considered the rise in groundwater level. However, if
seepage occurs in the ground because of actual rainfall, the wetting zone is deeper and
groundwater levels rise. Most slope failure occurs in the unsaturated zone in the upper part
of the level of groundwater. Therefore, a reliable stability analysis should consider rainfall
conditions, coupled with a seepage analysis, that reflects the unsaturated characteristics of
the ground; a slope stability analysis in connection with this is a reasonable simulation of
the actual ground behavior [14–16].

In this paper, a large direct shear test and a root tensile strength test are conducted to
investigate the root reinforcement effect due to the root cohesion on the covered soil slope.
In addition, unsaturated seepage analysis is performed considering the maximum rainfall
intensity and rainfall duration, and the seepage–stability coupling analysis is performed to
present the stability conditions for the cover slope of a solid waste landfill.

2. Root Reinforcement Theory of Revegetation Slopes

It is very difficult to quantitatively evaluate slope reinforcement effect via the roots of
revegetation plants, because it appears differently depending on the type of vegetation,
climate, and ground conditions [17–22]. Ground reinforced with roots generates additional
cohesion (cr) because of both the roots and the inherent effective cohesion of the soil (c’)
when the slope is destroyed [23–25]. The ground reinforcement effect by the roots can be
calculated as the sum of the cohesive forces using the Mohr–Coulomb equation shown in
Equation (1)

τf = c′ + (σn − u)tanϕ′ + cr (1)

where τf is the shear strength, c’ is the effective cohesive force, σn is the total vertical stress,
u is the pore water pressure, ϕ’ is the internal friction angle, and cr is the root cohesion.

The representative models for calculating cr, which is the effect of the root strength
reinforcement, are Wu and Waldron’s model (WWM) [23,24,26] and the fiber bundle model
(FBM) [17]. Both models include root density, root tensile strength (Tr), and root direction
function across the shear plane.

The main difference between the two models is that the WWM assumes that all
roots are damaged at the same time during the shear failure of a slope, whereas the FBM
determines the order of root destruction step by step, under the assumption that the roots
are gradually damaged [27].

In this study, WWM, the most well-known model, was used to show the ground
reinforcement effect of plant roots. Wu [23] presented a model to predict the increase in
shear strength of the ground caused by roots. This model makes the following assumptions:
The roots are perpendicular to the shear plane of the soil; the roots are fixed to a sufficient
length, so that they do not escape from the shear zone; and the tensile strength of the roots
is fully expressed during shearing. The root cohesion predicted by this model can be shown
as Equation (2)

cr = Tr(Ar/A)(cos θ tanϕ+ sin θ) (2)

where cr is the root cohesion, Tr is the average tensile strength of the roots, Ar/A is
the root area ratio (RAR), ϕ is the internal friction angle of the soil, θ is the shear twist
angle (=tan−1 (x/z)), x is the deformation distance of the roots, and z is the shear area.
Equation (2) shows that an increase in shear strength is affected by the tensile force and
area ratio of the root, the shear twist angle, and the internal friction angle of the soil.

Gray and Leiser [25] consider that the shear twist angle (θ), measured through field
tests and laboratory experiments, is usually between 40◦ and 70◦. When the internal
friction angle (ϕ) of the soil in Equation (2) ranges from 25◦ to 40◦ and the shear twist
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angle (θ) ranges from 40◦ to 90◦, cosθtanϕ + sinθ ranges from 1.0 to 1.3, and thus it is
relatively insensitive to changes in the shear twist angle (θ) and the internal friction angle
(θ). Accordingly, Wu et al. [26] proposed Equation (2) as Equation (3) by applying the
average value of 1.15.

cr = 1.15Tr(Ar/A) (3)

The model of [26] was analyzed on the assumption that the roots penetrated the
ground in a direction perpendicular to the shear plane. However, since actual roots are
distributed randomly, a root strength reinforcement model inclined to the shear plane can
be considered. We can see that when the initial gradient (i) of the root is more than 90◦, it
receives more compressive force than tensile force. Gray and Leiser [25] expressed the root
cohesion (cr) of this model as Equation (4)

cr = Tr(Ar/A)[sin(90− θ) + cos(90− θ)tanϕ] (4)

where θ is tan−1 (1/m + (tani)−1), m is x/z, and i is the initial gradient of the root.
According to the deformation ratio by the tensile force (m = x/z), when the initial

gradient of the root ranges from 30◦ to 60◦, the value of sin(90 − θ) + cos(90 − θ)tanϕ
is the same as the range applied in Equation (3). For these two types of models, Gray
and Ohashi [28] conducted shear tests on fibers perpendicular to the shear plane, as
well as fibers that are randomly distributed, and subsequently suggested a root strength
reinforcement model that was perpendicular to the shear plane.

As a result, cr, the increase in shear strength at the failure surface because of the root,
can be expressed as Equation (5) by simplifying it as the root–soil interaction coefficient [29],
taking into account the average tensile strength of the root, the root area ratio, and the
direction and failure process of the root:

cr = kTr(Ar/A) (5)

As the k value in Equation (5), Wu et al. [26] assumed 1.15, as in Equation (3), but
when the slope is actually destroyed, the tensile strength of all roots is not mobilized at the
same time, and thus using the entire tensile strength of the roots as a resistance value may
lead to overestimation.

Liang et al. [30] presented a k value of 0.312 to 0.318 for trees such as willow and
bushes, and 1.07 as a k value for herbaceous plants such as turf grass, acquired by means of
a direct shear test. According to a number of laboratory experiments and field studies, k
ranges from 0.25 to 1.15 (e.g., [8,17,18,31–35]). In South Korea, under the assumption that
the tensile stress of the root at shear failure is 40 to 50% of the total tensile strength, Lee
et al. [36] modified the k value from 1.15 to 0.6, and proposed it as Equation (6):

cr = 0.6Tr(Ar/A) (6)

According to Equations (2)–(6), an increase in shear strength of the ground because of
the root depends on the average tensile strength and the root area ratio. Several researchers
have suggested that the average tensile strength has a correlation with the root diameter at
the shear plane, which is generally expressed in the form of Equation (7) [37]

Tr = αDβ (7)

where D is the diameter of the root, with α and β representing empirical coefficients, found
experimentally, that differ depending on the characteristics of the sample. In particular,
β is lower than 0, which indicates that as the root diameter increases, the tensile strength
decreases. In addition, it is difficult to accurately measure the root area ratio on the failure
surface. In an experiment that measured the tensile strength and root area ratio for each
type of root, Gray and Leiser [25] reported that root area ratio was proportional to the tensile
strength within the range of 0.05 to 0.15%. Many researchers have expressed the tensile
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strength of plant roots as correlating with the root diameter, as shown in Equation (7). Mao
et al. [34] presented correlation coefficients between the root diameter and tensile strength
by species, obtained by means of a statistical analysis based on 81 field and laboratory tests
studied in various regions of the world.

3. Materials and Methods

In this study, a large direct shear test and a root tensile strength test were conducted
to quantify the effect of the rooted soil of revegetation plants on the increment in shear
strength of the soil. Three sets of undisturbed block samples were collected considering
the distribution of the roots and the specifications of the tester (300 mm length, 300 mm
width, and 200 mm height).

The shear test was performed on non-vegetated soils under the same conditions,
such as the block sample containing roots in a large direct shear test, using the result of a
field unit weight test in order to analyze the change in shear strength of the ground with
roots present. Additionally, twelve tensile strength tests were conducted according to the
diameter and the water content of the root. Root cohesion was calculated by means of a
correlation analysis between the results of the large direct shear test and the root tensile
strength test, while the effect of increasing the shear strength of the ground with vegetation
roots was derived by comparing the results to those presented by existing researchers.

3.1. Shear Strength Test and Tensile Strength Test
3.1.1. Geotechnical Characteristics of the Test Samples

Field unit weight tests, particle size distribution tests, natural water content tests, and
Atterberg limit tests were conducted to identify the geotechnical physical properties of the
soil with roots. Table 1 lists the results of analyzing the geotechnical physical properties of
the soil samples, which were categorized as well-graded sand with clay (SW-SC) under the
unified soil classification system (USCS).

Table 1. Soil characteristics of the field sites.

Geotechnical
Physical

Properties
Wet Unit Weight,
γt (kN/m3)

Water Content, w
(%)

Atterberg Limit Unified Soil
Classification
System, USCSLiquid Limit, LL

(%)
Plastic Limit, PL

(%)

Values 12.8 9.4 46.6 37.0 Well-graded sand
with clay (SW-SC)

As a test material for analyzing the effect of increasing the strength of the rooted soil
of revegetation plants, shrubs were selected that were easy to sample, and the strength of
the roots was measured. Shrubs are small plants and have several stems from the bottom.
The representative species of shrubs are Forsythia koreana, Rhododendron mucronulatum, and
Indigofera pseudotinctoria; out of them, the Indigofera pseudotinctoria used in this test was
about 2–2.5 m in height; it is distributed in South Korea, China, and Japan and is used to
protect cut slopes or riverbanks.

3.1.2. Test Methods

The large direct shear test was conducted according to the test method of ASTM D 5321.
Figure 1 shows the test equipment consisting of a shear box of 300 mm× 300 mm× 200 mm,
divided into upper and lower parts, a pressurizing device capable of controlling vertical
load, a load cell capable of measuring shear force, a measuring device for horizontal and
vertical displacement, and a shear rate controller. The load cell could be loaded up to
a maximum shear force of 30 kN, and this tester loads the vertical load as an equally
distributed load using an air compressor. In order to minimize the effect of the upper load
on the shear strength, the upper box was fixed, and the lower shear box was moved to
measure the shear force. Additionally, measurement data of the shear force and vertical
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and horizontal displacement were collected by a data logger and could be checked during
the test in real time by means of a computer program.
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Figure 1. Schematic of the large direct shear test apparatus.

The large direct shear test was performed on two undisturbed block samples (vertical
stress: 100.0 kPa) and soil samples (vertical stress: 20, 50, and 100 kPa) with the same water
content and unit weight. In the test, grease was applied to the upper and lower contacts of
the shear box to reduce frictional resistance, and the shear box was installed in the shear
tester. For a block sample containing roots, the disturbance was minimized and placed
in a shear box; for a soil sample, the testing soil was formed to the same unit weight as
the sample containing roots by means of compaction. Then, the upper loading device and
measuring device were set. The test was conducted by a deformation rate control method,
in which shear stress was applied horizontally while a vertical load was applied, and the
horizontal displacement was kept constant at a speed of 10 mm/min. The test was carried
out until the horizontal displacement was at least 15%.

For soil samples without roots, the shear stress was calculated by dividing the shear
resistance according to the change in vertical load by the cross-sectional area. Then, the
cohesion and the internal friction angle were found using Mohr–Coulomb failure envelopes.
Afterwards, the change in strength of the ground with the presence of roots was analyzed
by comparing the test results of the block sample containing roots.

The samples used in the root tensile strength test were carefully collected in order to
avoid damaging them as much as possible, selecting them according to diameter to prepare
the samples under three conditions of water content: Dry condition, wet condition, and
natural condition.

Four samples for each condition were selected: Dry, wet, i.e., immersed in water at
20 ± 2 ◦C for 72 h; and the natural conditions of the site, before being weighed. After being
dried with a dryer at 103 ± 2 ◦C for 24 h, a specimen was put in a desiccator to give it
a constant weight, and the mass was measured to calculate the water content. Here, the
constant weight was determined by measuring the mass at intervals of at least 8 h; the
mass change rate was 0.2% or less. Furthermore, in order to minimize the change in water
content, the specimens were kept in a thermo-hygrostat (15 ± 1 ◦C, humidity 30 ± 2%) for
24 h.

Accurate measurement of the tensile strength of the roots proved difficult, owing to
the strength of the root bark having been removed. Therefore, considering that the surface
of the sample in the dry condition had been dried, a grip was formed using epoxy, and
samples of the natural and wet conditions were taped to reinforce the connection before
the tensile test was performed [10]. In order to minimize the measurement error of the
fracture surface diameter of the root during the tensile strength test, Figure 2 shows that the
diameter was measured precisely with an image analyzer. This is a stereo microscope that
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can accurately measure the length of an object by analyzing an image through a camera.
When measuring the thickness of irregular roots in the root tensile strength test, the error
was minimized and applied to obtain the cross-sectional area [30,38].

Figure 2. Vegetation root thickness measurement result.

3.2. Stability Analysis Method of Cover Slopes
3.2.1. Analysis Condition

As a condition of the analysis, in order to analyze the effect of the vegetation method
on the stability of the final cover slope of the landfill, values of (1:1.5, 1:1.8, and 1:3.0)
were assumed, considering the gradient of the standard slope as seen in a fill slope of the
Ministry of Land, Infrastructure, and Transport in Korea. The thickness of the cover slope
was taken as (15, 30, 45, and 60) cm by considering the minimum thickness (60 cm) of
the vegetation zone according to the Waste Disposal Law and the growing depth of the
plants. Additionally, in order to consider the ground reinforcement effect provided by the
vegetation roots on the cover slope of the landfill facility, the minimum survival depths of
turf, grass, and shrubs of 15 and 30 cm were applied as the root reinforcement depths.

Most stability analyses of cover slopes of landfills assume that the groundwater level
is saturated to the ground surface during rainfall, and the strength constant of sandy soils
is applied, which is densely compacted. However, most of the failures of a slope occur in
the unsaturated section, and because of the thin soil layer on the slope, we would not to
see expect a compacting effect on the cover slope. Thus, in this study, a seepage–stability
coupled analysis was performed to reflect the characteristics of unsaturated soil during
concentrated rainfall, and a stability analysis was conducted considering the non-compact
condition by referring to the unit, weight, and strength constant of the block samples
calculated by means of the field and laboratory tests. Figure 3 lists the analysis conditions
and restrictions.

The ground parameters applied to the numerical analysis were assumed to be the
strength constant in the compact/non-compact state by reflecting the literature data and test
results, as shown in Table 2. For the strength parameter of the vegetation root reinforcement
ground, the shear strength test results presented in the previous section were used.

Table 2. Geotechnical characteristics of soil for the stability analysis of covered slopes.

Type Wet Unit Weight γt
(kN/m3)

Cohesion c (kPa) Angle of Internal
Friction ϕ (◦)c-Bare Soil c’ + cr-Rooted Soil

Compacted soil 19 15 23 31

Uncompacted soil 13 5 13 28
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Figure 3. Schematic of the stability analysis of solid waste landfills: (a) Slope 1:1.5; (b) Slope 1:1.8; (c)
Slope 1:3.0.

3.2.2. Seepage–Stability Analysis Method in Unsaturated Slope

In this paper, the water content characteristic curve for the stability analysis of the
unsaturated slope was assumed to take the characteristic values of the unsaturated soil
when compact or non-compact, using the results of the study [39] on sand and weathered
granite soil in Incheon, South Korea. In that case, the equation [40] with a high correlation
was applied to the water content characteristic curve, defined as the relationship between
the amount of water in the soil and the matrix suction. For weathered granite soil, the
parameters were a = 40.91631 kPa, n = 1.051779, and m = 0.7263589; the air entry value was
13.74 kPa, and the residual volumetric water content was evaluated as 10.20%, while for
sandy soil, the parameters were a = 5.572556 kPa, n = 4.651409, and m = 0.5940426; the
air entry value was 4.05 kPa, and the residual volumetric water content was suggested as
6.80%.
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In this study, GeoStudio’s SEEP/w and SLOPE/w numerical analysis programs (GEO-
SLOPE International, Ltd.) were used, which were able to couple the unsaturated seepage
analysis of rainfall conditions and the stability analysis of slopes. For the seepage analysis,
after the water content characteristic curve, the unsaturated hydraulic conductivity, mete-
orological data to be analyzed on rainfall in the area were input, and the unsteady flow
was analyzed, reflecting the rainfall duration for a total of 30 days from the time when the
maximum rainfall occurred in the last 50 years. This allowed analysis of the formation of
the unsaturated zone caused by seepage into the ground during rainfall and the change in
pore water pressure caused by the rise in the groundwater level, in conjunction with the
stability analysis considering the shear strength of the unsaturated soil.

The stability analysis of the slope calculated the safety factor for the force or moment
equilibrium at the predicted failure surface, and from the most commonly used slice
methods among the limit equilibrium methods, Bishop’s method was used, which considers
the static equilibrium against the applied load of the failed soil. The failure behavior of the
slope was not a general circle-shaped failure, but was applied as a composite failure type
of the circle and linear combination, in consideration of the interfacial failure between the
linear materials of cover slopes in landfills and cover materials. The safety factor of the
analysis slope was selected as the minimum safety factor within the rainfall duration.

4. Results and Discussion
4.1. Root Reinforcement of Large Direct Shear Test

Figure 4 shows the results of the large direct shear test. The increase in the cohesion
of the ground that resulted from the reinforcement effect of the vegetation roots for the
Root-01 sample was 30.92 kPa, and for the Root-02 sample, it was 36.00 kPa. This increase
resulted from the tensile strength of the roots located on the shear failure plane and the
area occupied by the roots. The average of the increase (cr) in shear strength by the roots
calculated by means of the large direct shear test was 33.46 kPa. Afterwards, the root
cohesion calculated by the average tensile strength of the roots and the root area ratio at
the shear plane were compared.
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The effect of increasing strength of the ground by means of the roots is correlated
with the area occupied by the roots in the failure plane. When the distribution area of the
root is large in the failure plane, the ground reinforcement effect that results from the root
cohesion is greater than when it is not. Thus, in this study, after completing a large direct
shear test, the sample was excavated to the failure plane of the shear box to determine the
distribution of the roots from the failure plane, and the quantity was measured according
to the root diameter. Table 3 lists the area ratio of the roots based on the calculation of the
root size on the shear plane after the large direct shear test.
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Table 3. The measured number of root diameters in the shear plane.

No.
Number of Root Diameters

RAR * (%)(0.0–2.0)
mm

(2.0–4.0)
mm

(4.0–6.0)
mm

(6.0–8.0)
mm

(8.0–12.0)
mm

Root-01 2 15 2 4 2 48

Root-02 11 4 4 4 1 39
* RAR (%) = Root area ratio in percentage.

4.2. Root Reinforecment of Tensile Strength Test

Table 4 lists the measurement results of the water content of the samples according to
the moisture condition. The water content of the sample in the dry condition was 16 to 18%,
which is a small deviation caused by the evaporation of water at a constant temperature,
whereas that of the sample in the wet condition was 50 to 155%, which are large values,
because of the difference in the degree of absorption of moisture to the inside according
to the thickness of the root. Furthermore, the water content of the samples in the natural
condition ranged from 44 to 97%, and the samples collected from the lower part of the root
had a higher water content than those collected from the upper part did.

Table 4. Water content of vegetation roots.

Moisture
Condition Unit

Water Content

X1 X2 X3 X4 Average

Dry
condition

%
16.7 18.6 16.4 17.8 17.4

Wet
condition 49.6 80.3 99.6 154.7 96.0

Natural
condition 44.1 68.7 56.9 97.4 66.8

Figure 5 shows the tensile strength test results according to the water content of the
samples. The tensile strength of the samples exposed to air for a period of time as well
as in the dry condition ranged from 14.4 to 16.5 N/mm2. The epidermis and core were
observed to be fractured together, without a slip at the connection. Tensile strength of the
samples in the wet condition ranged from 12.8 to 20.4 N/mm2, and a slip occurred with
the epidermis in some areas adjacent to the connection, however the shape of the fracture
with the core was confirmed. The tensile strength of the sample collected in the natural
condition ranged from 11.9 to 24.2 N/mm2; a slip occurred in the epidermis, and the shape
of the fracture along with the core was observed.

By applying the average tensile strength measured in the root tensile strength test
to the root reinforcement cohesion, and the root area ratio calculated in the large direct
shear test, the root cohesion correction factor, k, for soil–root interaction in Equation (5)
was derived as 0.47. Hence, the constant of 1.15 suggested by [26] under the assumption
that the tensile strength of the roots was fully expressed during the shear stress of the soil,
and the constant of 0.6 suggested by [36] under the assumption that the tensile stress of
the root provided 40 to 50% of the total tensile strength during shear fracture of the soil,
can overestimate the reinforcement effect of the root. Therefore, in this study, as shown in
Equation (8), 0.47 is suggested as the correction factor (k) of the root cohesion of herbaceous
plants and shrubs applied as vegetation on the slope [26,29,36].

cr = 0.47Tr(Ar/A) (8)

The increase in the shear strength of the ground by the roots is proportional to the
area (RAR) occupied by the roots on the shear plane. However, the area of the roots differs
greatly depending on the soil hardness, vegetation density, and regional and geological
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conditions, making it difficult to estimate accurately. In this study, the root area ratio was
assumed to be 0.1%, based on the results of the study by [25], which suggested that the
root area ratio is proportional to the increase in the shear strength within the range of 0.05
to 0.15%.

The above results, showing that the increase in cohesion of the ground by the roots in
the vegetation ground was 8.0 kPa, were used as input data when performing the stability
analysis of the cover slope in the solid waste landfill. 
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Figure 5： 
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Figure 5. Tensile strength test results of vegetation roots: (a) Dry condition; (b) wet condition; (c)
natural condition.
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4.3. Stability Analysis of Cover Slopes

In order to analyze the effect of vegetation roots on the stability of the cover slope
of solid waste landfills, a numerical analysis was conducted using the limit equilibrium
method. The numerical analysis considered the situation in which seepage into the ground
occurs during rainfall, which is the most unstable condition when examining slope stability,
and the reliability of the analysis result was ensured by means of a stability analysis
reflecting the characteristics of the unsaturated soil.

For the seepage analysis of rainfall conditions, the seepage rate corrected for the
rainfall intensity was applied, considering the change in the amount of seepage and run-off
of rainwater according to the gradient of the slope, and the rainfall intensity and duration
of rainfall in the Incheon area were used. By analyzing data from the Meteorological
Administration, the maximum rainfall in the Incheon area since 1970 was found to be
302.5 mm/day on 27 July 1987. For the rainfall duration, an unsteady flow analysis was
conducted for 1 month by applying 15 days before and after the time of occurrence of the
maximum daily rainfall, in consideration of recent frequent localized torrential rain events.

The stability analysis of the cover slope of solid waste landfills was performed 66
times according to the gradient of the slope, the degree of compaction, the thickness of the
cover, and root impact depth. Additionally, the minimum safety factor of the slope for each
analysis condition was calculated.

Table 5 shows the results of the stability analysis of the slope according to the degree
of compaction when vegetation is not planted. The compacted soil has a minimum safety
factor of 198.4 to 212.8%, which is roughly twice as much as that of the uncompacted soil.
In addition, in both compacted and uncompacted conditions, as the thickness of the cover
increased, the safety factor decreased, but the safety factor in the compacted condition
showed a similar trend regardless of the gradient of the cover slope and the thickness of
cover compared to the uncompacted condition.

Table 5. Results of slope stability analysis of the uncompacted and compacted states.

Slope Angle Cover Slope
Thickness (cm)

Safety Factor of the
Compacted State (FS)

Safety Factor of the
Uncompacted State (FS)

Change in the Safety Factor of
the Uncompacted State to

Compacted State (%)

1:1.5

15 12.012 5.817 206.5
30 6.678 3.219 207.4
45 4.816 2.339 205.9
60 3.871 1.881 205.8

1:1.8

15 13.356 6.506 205.3
30 7.462 3.612 206.6
45 5.378 2.609 206.1
60 4.331 2.098 206.4

1:3.0

15 20.033 9.415 212.8
30 10.715 5.401 198.4
45 7.747 3.758 206.2
60 6.243 3.018 206.8

Figure 6 shows the results of the stability analysis for each cover thickness according
to the compacted and non-compacted conditions of the cover slope. The correlation
coefficient was higher than 86% at the slope under all conditions. As the thickness of
the cover increases, the minimum safety factor tends to decrease in both compacted and
non-compacted conditions, and when the gradient of the slope is steep, the safety factors
of compacted and non-compacted conditions show a similar trend. However, when the
gradient is 1:3.0, which is gradual, the minimum safety factor increases significantly in
both the compacted and the non-compacted conditions. Overall, when the thickness of the
cover is less than 30 cm, the safety factor tends to increase significantly in both compacted
and uncompacted conditions.

In this study, the stability analysis was conducted to analyze the reinforcement effect
of the cover slope according to the root impact depth of the vegetation plants. The depth of
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the root reinforcement was applied by dividing it into 15 and 30 cm, in consideration of the
minimum soil depth for plant survival and growth on the slope.

When the root impact effect depth was 15 cm, at the same gradient based on un-
compacted soil cover without vegetation (Figure 7), the minimum safety factor increased
from 106.4 to 255.8%; when the root impact depth was 30 cm (Figure 8), the minimum
safety factor increased from 133.3 to 252.0%. The minimum increase in the safety factor
occurred at 60 cm thickness of the uncompacted cover, while the maximum increase in
the safety factor occurred at both 15 cm thickness of the uncompacted cover and 30 cm
root impact depth. Figure 9 shows the results of the slope stability analysis considering the
root reinforcement effect of vegetation plants according to the gradient of the slope, the
thickness of cover, the degree of compactness, and the root impact depth.

The stability analysis of the cover slope considering the root impact depth showed
that the tendency to increase the safety factor of the slope because of the reinforcement
effect of the roots was evident, indicating that the vegetation method applied to the cover
slope of the landfill was effective in increasing the stability of the slope.

Figure 6. Slope stability analysis result for the uncompacted and compacted states.
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Figure 7. Slope stability analysis result according to the root reinforcement depth (15 cm) and cover thickness: (a) Compacted
soil; (b) uncompacted soil.



Sustainability 2021, 13, 3991 13 of 16

 

4 

 

                                                    (b) 

 

Figure 8： 

 

 

                                                    (a) 

 

 

 

 

5 

 

 

                                                    (b) 

 

Figure 9： 

 

 

                                                    (a) 

 

Figure 8. Slope stability analysis result according to the root reinforcement depth (30 cm) and cover thickness: (a) compacted
soil; (b) uncompacted soil.
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Figure 9. Slope stability analysis result considering the root reinforcement effect: (a) Slope 1:1.5; (b)
Slope 1:1.8; (c) Slope 1:3.0.



Sustainability 2021, 13, 3991 14 of 16

5. Conclusions

This study investigated the effect of vegetation plant roots on the stability of the cover
slopes of solid waste landfills. To this end, a large direct shear test including roots and a
root tensile strength test were conducted, which were correlated and analyzed to confirm
the increase in tensile strength of the ground was because of the presence of roots. In this
process, the correction factor for root cohesion was modified and proposed. The stability of
the cover slope of a landfill facility, considering the reinforcement effect of vegetation roots,
was calculated by conducting a slope stability analysis reflecting the unsaturated seepage
analysis of rainfall conditions for various analysis conditions. This included the gradient,
the degree of compactness, thickness of the cover, and the root impact depth of the landfill
facility. The conclusions of this study are as follows:

1. A large direct shear test and a root tensile strength test were conducted to analyze the
ground reinforcement effect provided by vegetation roots. The correlation between
the root cohesion calculated in the direct shear test and the root tensile strength
measured in the tensile strength test was analyzed, and the correction factor of 0.47
was proposed for the root cohesion of herbaceous plants or shrubs used in the slope
vegetation method in South Korea.

2. The stability effect of vegetation roots on the cover slope of the solid waste landfills
was analyzed by coupling the unsaturated seepage analysis of rainfall conditions,
and the stability analysis of the slope. The increase in the shear strength of the ground
caused by the roots was calculated using the root cohesion correction factor, and the
root tensile strength test results. The impact depth of the vegetation root was applied
at 15 to 30 cm in consideration of the characteristics of vegetation plants in landfills.
As a result of the slope stability analysis, compared to the uncompacted condition
without considering the root effect, the minimum safety rate increased from 106.5 to
255.8% for the cover slope considering the root reinforcement effect and compacted
condition. Hence, vegetation roots and the degree of compactness have an important
influence on the stability of the cover slope of a landfill facility.

3. For the vegetation plants planted on the cover slope of solid waste landfills, it is suit-
able to mix and install grasses, herbaceous plants, and small shrubs with a shallow
depth of growth to protect the landfill facility lining system and maintain the vegeta-
tion; it is reasonable to apply 15 to 20 cm to the root impact depth of the vegetation
plants, considering domestic and foreign research cases, the related standards, and the
characteristics of the vegetation plants. Additionally, in order to secure the minimum
thickness required for the maintenance of the final cover function and the growth of
the vegetation plants, the results of the stability analysis of the slope in this study
indicate that the cover thickness of the cover slope in solid waste landfills should be
at least 30 cm.
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