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Abstract

Vegetation on a slope affects slope stability and landslides through the hydro-mechanical role
of vegetation. This study aims to build a vegetation-slope stability model that describes the
hydro-mechanical role of vegetation on slope stability and landslides. The novelty of this
research is the slope stability model, namely the modified Simplified Bishop Method (SBM)
using vegetation hydro-mechanical parameters. Soil hydro-mechanical parameters integrated
into the modified SBM model are matrix suction (u,—u.), vegetation surcharges (S,,), wind
load force (Fia), root cohesion (Cg), and an interception, evapotranspiration in modifying
soil water content (x). The modeling results on eight scenarios of simulated slopes without
vegetation and with vegetation of Teak (Tectona grandis), old Maesopsis eminii, young
Maesopsis eminii, and shrubs (Chromolaena odorata) show an increase in FOS values such
as 20.2%, 36.6%, 22.3%, and 7.3%, respectively. The FOS value increases with the shallower
location of the phreatic line (PWP+), and the FOS value reaches stability (FOS > 1) when
the PWP+ is >4 m deep except in old Maesopsis eminii with minimum soil mechanics
parameters. However, old Maesopsis eminii reduces FOS by up to 2% when PWP+ >4 m
because it has the largest S,, and F\;,q and the smallest Cr among other vegetation. This study
shows that the hydro-mechanical role of vegetation can increase slope stability compared to
slopes without vegetation.
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Introduction

Landslides are the mass movement of soil, rock, rubble, or debris by gravity on a slope
with the landslide movement types of rotational, translational, creep, flow, collapse, or
combinations. Landslides are the third largest disaster in Indonesia after floods and tornadoes.
There were more than 9500 landslides from 1815 to early 2024 in Indonesia, which caused
more than 350 thousand fatalities and thousands of damages to facilities and infrastructure [1].

Static and dynamic factors cause landslides. Static factors include soil type, geology,
slope steepness, and geomorphology [2]. Meanwhile, dynamic factors are divided into natural
triggers (rainfall, earthquake) and human triggers (slope modification, land use changes,
development activities, and mining) [3, 4]. The various factors that cause landslides require a
detailed investigation of how landslides occur, especially on vegetated slopes. Investigating the
process of landslides on vegetated slopes due to low slope stability is important, considering the
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dangers, casualties, and losses experienced, as well as the possibility for ecological restoration
[5].

Vegetation strengthens the soil through mechanical and hydrological roles, influencing
soil shear strength and slope stability. The hydrological vegetation role in slope stability models
consists of matrix suction (u,—u,), water content (y), root water uptake, and reducing soil
moisture through evapotranspiration and interception [6, 7]. Meanwhile, the mechanical
vegetation role in slope stability models consists of vegetation surcharges (S\), wind load forces
(Fwind), and root cohesion (Cr) [8, 9, 10, 11, 12].

The slope stability model consists of the Limit Equilibrium Method (LEM), Finite
Element Method (FEM), and Spectral Element Method (SEM) to obtain the factor of safety
(FOS) [13]. FOS is the ratio of shear resistance to shear stress. LEM is a method based on
moment and force balance, assuming a circular or non-circular landslide. FEM models the
stress-strain behavior of materials based on deformation, while SEM combines FEM with
spectral-based model elements [14, 15].

Numerical modeling of the hydro-mechanical role of vegetation (us—ttw, ¥, Sw, Fiwind, Cr)
in slope stability models has been widely used in several countries. In Kheyrud Forest, Iran uses
a modified Bishop's LEM model with hydrological parameters (u,—uw, y) and mechanical
parameters (S, Cr) [3]; Hong Kong uses a modified slope stability model with hydrological
parameters (us—tw, ) and mechanical parameters (Cr) [16]; Canada uses a modified FEM
model with vegetation mechanical parameters (S., Cr) [17]; and Italy uses a modified slope
stability model with vegetation hydrological parameters (u.—u., ) and vegetation mechanical
parameters (Cr) [1].

Several studies have reviewed the hydro-mechanical role of vegetation on slope stability
[9, 18], but not many studies have combined the five hydro-mechanical parameters of
vegetation (us—tw, ), Sw, Fwing, Cr) in modeling slope stability. The vegetation types of
Maesopsis eminii, teak (Tectona grandis), and shrubs (Chromolaena odorata) located on
hillslopes that experience landslides were modeled. This study presents an analysis of the
hydromechanical vegetation role on slope stability as an explanation of landslide mechanisms
and their process on vegetated slopes.

Experimental part

Study Site

The research was conducted in the highlands of Mount Salak, which experienced a
landslide on January 1, 2020. Pasir Madang Village, West Java Province. Geographically, Pasir
Madang Village is located between 6°32'38.4" and 6°44'2.4" South Latitude and 106°25'1.2" to
106°31'19.2" East Longitude. The landslide that occurred was shallow and had circular and
multiple rotational types. Landslide depth is between 1.5 and 10 meters. The area of the
research site is 4.53ha.

The highlands of Mount Salak dominate the topography with elevations of more than
200 to 1920 masl. Moreover, the study site is between 675 and 740 masl. The slope steepness is
dominated by 8-15%.

Land use consists of natural forests, mixed forests, plantation forests, industry, mixed
plantations, fields, open land, settlements, paddy fields, oil palm plantations, and shrubs. The
research plot was in a plantation forest consisting of teak (Tectona grandis), Maesopsis eminii,
and shrubs (Chromolaena odorata).

The climate is Af-type according to the Koppen-Geiger classification. The Af climate is
a tropical rainforest climate with a monthly rainfall of not less than 60mm/month [19]. The
average monthly rainfall for ten years (2013-2022) is 163-328mm/month, with an average
temperature of 22.3°C, wind speed of 71%, solar radiation of 73%, and air humidity of 3.6%
[20]. Annual rainfall over the last ten years (2013-2022) ranges from 1953mm/year to 3938
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mm/year, with a maximum rainy day of 21 days. Maximum monthly rainfall occurs in
December-April.

The study site is in the Quaternary and Neogene geological periods with 11 geological
formations. Meanwhile, the landslide was located on Endut volcanic rock (Qpv), consisting of
breccia, lava, and volcanic tuff, and Quaternary volcanic rock (Qv) [21].

The Inceptisols soil type dominates the Sukajaya District, followed by the Andisol and
Entisol soil types. Inceptisol is a developed soil with the suborders Aquepts and Udepts [22].
The depth of the Inceptisol soil solum is medium (51-75cm) to deep (76-100cm). The soil
texture of Inceptisol is fine (clay variety) with slightly hampered drainage [23].

The research location is presented in figure 1, while the hydro-mechanical modeling
stages of landslides are shown in figure 2.
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Soil Parameter

Soil samples were collected from landslides and non-landslide slopes on the top, middle,
and foot. Each sample location point is obtained at two depths, 0-50cm (Depth I) and 51-100cm
(Depth II), with six sample location points on slopes without landslides and three on slopes with
landslides. The diameter of the sample ring is 8cm, and the height of the sample ring is 40cm

(Fig. 3).

AN

Fig. 3. (A) Soil sampling on non-landslide; (B) Soil sampling on landslide; and (C) Hand drill set

Undisturbed soil samples are tested for soil shear strength using a direct shear test.
Direct shear testing refers to [24] and [25]. The test objects were soil samples with three
repetitions. The normal loads used are 0.5, 1, 1.5 and 2kgf. A direct shear test generated a graph
showing the relation between normal stress and maximum shear stress. The regression equation
is obtained from the relationship graph between maximum shear stress and normal stress to
determine the value of effective soil cohesion (c') and effective internal friction angle (¢'). The
mechanical soil parameters are presented in Table 1.

Table 1. Recapitulation of soil mechanical parameters for slope stability analysis [6]

. . Depth I Depth IT
Soil Mechanical Parameter - -
Min. Average Max. Min. Average Max.
c' (kPa) 1.68 3.06 487 1.08 253 487
¢' Q) 2442 5139 61.08 2442 53.35 61.08
Ysar (kN/m3) 14.01 1484 15.63 1441 1535 1593

Slope Geometry Parameter

Slope stability modeling uses the slope profile obtained from geophysical studies with
the Electrical Resistivity Tomography (ERT) technique. Previous research has been done in the
2D and 3D ground models at the preliminary stage by [9]. A slope profile was selected based on
the 2D and 3D ground models, located 10 m below the surface. The profile can show two soil
depth layers and consist of a low resistivity layer that represents a water-saturated layer as the
seepage water table [6]. The seepage water table represents pore water pressure (PWP) layers in
the slope.

Hydrological Vegetation Parameter

Hydrological vegetation parameters of matrix suction (ua—uw) and volumetric soil water
content () are modeled using pore water pressure (PWP) fluctuations as phreatic line input in
slope stability modeling using Geostudio-Slope/W.

The PWP is described as a phreatic line representing the groundwater level presence in
slope stability modeling. The groundwater level simulation scenario (phreatic line) is modeled
every 1.0m depth on the slope profile (Fig. 4).
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Fig. 4. Phreatic line simulation for modelling slope stability

Mechanical Vegetation Parameter

Mechanical Vegetation Parameter 1: Root Cohesion (CR)

Root sampling of old and young teak, Maesopsis eminii, and shrubs was carried out in
January 2021 (Figure 5). Samples of vegetation roots were chosen to reflect three classes of root
diameters: class I (>5—<10mm), class II (>2.5-<5mm), and class III (<2.5mm). CR estimation
only considers root diameters in the 1-10mm range. Root samples were air-dried after being
soaked in water for approximately 14 days before root testing [4].

(I) | o T

Fig. 5. Root sampling plots: (I) Teak; (II) old Maesopsis eminii; and (III) young Maesopsis eminii

Diameter classes I, II and III roots measuring 15cm in length were tested in two
repetitions [26] to determine the root tensile strength testing speed, which is Smm/s in diameter
class I and 1.0mm/s in diameter classes II and III [6]. Root tensile strength (TR) was calculated
using [27]. CR was calculated using [28], which is a function of TR and root area ratio (RAR).

The maximum CR is in diameter class I and the largest CR was in teak, followed by old
Maesopsis eminii, young Maesopsis eminii, and shrubs at 0.284, 0.043, 0.177 and 0.154kPa,
respectively. Summation of CR in each root diameter class in each vegetation used to obtain
total CR. The largest total CR in teak was 0.398kPa, followed by shrubs and young and old
Maesopsis eminii with total root cohesion values of 0.202, 0.191 and 0.087kPa, respectively.
The greater the total CR, the larger the root contribution, which increases the soil shear strength.
When the soil has high root biomass or matches each vegetation's root depth, the soil's shear
strength increases [6]. Total CR and root depth are used as parameters in slope stability
analysis.
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Mechanical Vegetation Parameter 2: Vegetation Surcharges (Sw)
Sw of Teak and Maesopsis eminii is obtained by estimating the above-ground biomass
(AGB) (kg) of each tree based on equation (1) and the Sw is calculated based on equation (2).

AGB = a(DBH)F (1)

S, :Ailz?zlAGB x g x (1+ w) @

Equation (1) shows the estimation of AGB based on tree diameter at breast height (DBH,
m), a and B based on the results of the allometric AGB equation of studies related to the
Tectona grandis obtained from research by [29] and Maesopsis eminii obtained from research
by [30]. Vegetation surcharges (Sw, kPa), g is the gravity value (N/kg), ® is the tree water
content (without dimensions), n is the number of trees, and Al is the area of the slope (m2). ® of
Tectona grandis was 70.79% [31], while ® of Maesopsis eminii was 112.78% [32]. Sw of
Chromolaena odorata was obtained by [33]. The estimated vegetation surcharges based on
Equation 2 are presented in Table 2.

Table 2. Recapitulation of Sw

Plot Vegetation Sample A  AGB g ® Sw  Sw Average Sw

(m2) (kg/tree)(N/kg) (N/m2) (kPa)  (kPa)
1.888 13.656 9.8 0.7079121.0840.121  0.209

5.069 60.272 9.8 0.7079199.0100.199
11.346208.414 9.8 0.7079307.4570.307
3.768 1290 9.8 1.1278 7.137 0.007  0.029
1.607 1.848 9.8 1.1278 23.984 0.024
5.728 15.541 9.8 1.1278 56.576 0.057
13.728 14.449 9.8 1.127821.947 0.022  0.133
2.807 46.212 9.8 1.1278343.3370.343
5.813 48.393 9.8 1.1278173.5930.174
4.755 8.870 9.8 1.1278 38.900 0039
13.926 57.730 9.8 1.1278 86.443 0.086
1.000 0.935 9.8 0.704 15.6140.016 0.016
1.000 0935 9.8 0.704 15.614 0.016
1.000 0935 9.8 0.704 15.614 0.016
1.000 0935 9.8 0.704 15.614 0.016

1 Teak

2 Young Maesopsi eminii

3 Old Maesopsi eminii

4 Shrubs

a0 o e 0o a0 o 0o e o0 o

Table 2 shows that the Sw value in teak ranges from 0.121 to 0.121-0.307kPa, in young
Maesopsis eminii ranges from 0.007 to 0.057kPa, in old Maesopsis eminii ranges from 0.022—
0.343kPa, and in shrubs is 0.016kPa. The average Sw on teak, young and old Maesopsis eminii,
and shrubs is 0.209, 0.029, 0.133, and 0.016kPa, respectively. Sw increases normal stress,
which improves soil resistance to movement [34] and reduces the possibility of soil movement
downslope [28]. Meanwhile, Sw provides slope pressure (destabilization) [35] and increases the
mass that has the potential to cause landslides [3, 36].

Mechanical Vegetation Parameter 3: Wind Load Forces (Fwind)

Fwind on trees is transmitted as moments and forces through the branches down to the
ground by the root system [37]. Fwind tends to reduce slope stability [35]. Y. Kim, et al. [37]
state the equation for Fwind as follows (Equation 3).

1
Fuinag = EpairvazcﬂAt (3)
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where: Fwind is the wind load force (N), p air is the air density (kg/m3), va is the wind speed
(m/sec), CD is the drag coefficient [38], and At is the area of the trunk and crown of vegetation
exposed to the wind (m2).

Vegetation characteristics and Fwind parameters in teak and Maesopsis eminii are
presented in Table 3. Fwind on the shrubs was neglected in this study.

Table 3. Wind load force parameters and vegetation characteristics

. Height Crown va Fwind
Plot Vegetation Sample ( mg) Diameter (m) (kg})m3) (m/s) CD At(m2) ™)

a 6.5 1.55 1.2 12 124  1.89 202.24

b 11.5 2.54 1.2 12 124 5.07 543.08

1 Tectona grandis c 11.5 3.80 1.2 12 1.24 1135 1215.53
d 11.0 2.75 1.2 12 124 594 636.60

e 14.0 3.79 1.2 12 1.24  11.29 1209.15

a 3.0 2.19 1.2 12 1.04 377 338.61

2 Maesopsis eminii b 4.0 1.43 1.2 12 1.04 1.l 144.37
c 5.5 2.70 1.2 12 1.04 573 514.68

a 12.5 5.87 1.2 12 1.17  27.07  2736.78

b 11.0 222 1.2 12 1.17 385 389.68

c 6.5 4.18 1.2 12 1.17  13.73 1387.77

3 Maesopsis eminii d 8.5 1.89 1.2 12 1.17 281 283.72
e 11.5 2.72 1.2 12 1.17  5.81 587.63

f 9.5 2.46 1.2 12 1.17 475 480.66

g 10.5 421 1.2 12 1.17  13.93 1407.76

The maximum Fwind in the teak, young and old Maesopsis eminii is 1215.53 N, 514.68
N, and 2736.78 N. The lowest Fwind is in the young Maesopsis eminii, and the highest is in the
old Maesopsis eminii. [39] explained that varying plant age significantly influences mechanical
properties because the modulus of elasticity varies between species and plant age. Fwind, as one
of the mechanical properties of vegetation, does not scale linearly with tree size [40]. Moreover,
the maximum value is used to model slope stability.

Slope Stability Modeling Using GeoStudio-SLOPE/W

The factor of safety (FOS) is determined by modeling the slope stability using the limit
equilibrium method (LEM) [41]. Slope stability is presented based on the FOS value, with the
general Mohr-Coulomb equation shown in equation 4.

FOS=-"X
ta “

where: FOS is the factor of safety, t is the maximum shear strength available in the soil, and td
is the shear stress that occurs due to the soil gravity. The soil shear strength is based on the
Coulomb equation [42] shown in Equation 5.

T=c'+o,tan¢g’ Q)
where: ¢’ is the effective soil cohesion, on is the normal stress, and ¢’ is the effective friction
angle. The above equation was developed by including the PWP parameter [34, 43, 44], shown
in equation (6), used in saturated soils.

t=c'+ [0, —u,]tan @' (6)

where: uw is the pore water pressure.
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Soil shear strength can be defined as effective stress. Effective stress equals the degree
of effective water saturation [45]. R.H. Brooks and A.T. Corey [46] describe the parameters as
follows.

5—5,055/4
X (ﬁ) 7

where: S is the degree of saturation, Sr is the degree of residual saturation, and A is the pore size
distribution index. Sr represents the greatest saturation at which capillary absorption forces
retain pore water. S is a function of the maximum shear stress in unsaturated soil based on the
soil water characteristic curve (SWCC) [47]. Shear strength in unsaturated soil is a function of

volumetric water content (®) and matrix suction (ua—uw) [8], which is shown in equation 8.

T=c'+ (6, —uy) tan ¢ '+ (u, — u,,) [(j:{zr) tan ¢ ’]

®)

The slice method is one of the LEM models that is applied to inhomogeneous soils with
unpredictable seepage fluxes. Bishop developed the Simplified Bishop Method (SBM) by
calculating the forces around the slice plane with FOS values close to field conditions [48] and
close to models based on moment and force balance [14]. The circular slip surface, acting
forces, and vegetation parameters on slope stability in the Bishop model are presented in Figure
6.

The normal force at a point on the landslide plane circle (O) with a specific circle radius
(R) is influenced by the weight of the soil (Wsoil). The SBM divides the landslide mass into
several vertical slices. The forces consist of shear force (Xi and Xi+1) and effective normal
force (Ei and Eit+1) along the slice. The resultant effective shear force (Ti) and the resultant
effective normal force (Ni) work along the bottom of the wedge. Pore water pressure (ui and
ui+1) works on both wedges, and pore water pressure (Ui) performs at the bottom of the wedge.
The soil slice also has the soil slice angle (1) and the soil slice width (bi). Moreover, there are
also original soil parameters and soil parameters influenced by vegetation. Vegetation
parameters also affect the normal load acting on the ground (Fig. 6).

S, +F

wind

Wi
Xi ‘ { Xisq
L Eisq
LI s
I
Soil Parameter: Soil Parameter affected by vegetation: /Ui
¢ oo Ni
Ysat Cr

Fig. 6. Circular shear field, acting forces, and vegetation parameters on SBM slope stability
(modification from [12] and [26])
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The factor of safety (FOS) of the Simplified Bishop Method (SBM) is presented in
equation (10).

n
Xi=1

(e 'l’f)Jr(.Werfbi)tgfi’]
ma T:

FOS =

T, W;sin g (10)

(ma); = cos 8, +% (11)

where: Wi is the soil weight of slice-i (kN), ¢' is the effective soil cohesion (kN/m2), @' is the
effective angle friction in the soil (°), 6i is the angle of the soil slice (0), uw is the pore water
pressure (kN/m?), and b is the slice width (m).

Substitution of the vegetation role on slope stability by matrix suction (ua—uw),
volumetric soil water content (y), vegetation surcharges (Sw), wind load force (Fwind), and root
cohesion (CR) in the SBM model, forming a new FOS equation (12), which is a modification of
[12], who previously used an SBM that consisted of four vegetation roles (ua—uw, y, Sw, and
CR). Five hydro-mechanical vegetation parameters modified the SBM and were then classified
as the finite element method (FEM).

Equation (12) is an SBM modified with the hydro-mechanical vegetation in saturated
soil, while equation (13) is in unsaturated soil.

o [(FUr"v"R)biJr(.Wi’uwibiJrSW*!’i)tQ‘I"Jr(ua*llw)bité?(i’]
Fos =""" ma i
Tie 1 (Wi+Sy, bi+Fyingbi) sin 0; (12)
O —@
: (cr+c!R)bi+(W£—uw£b£+wai)tgt;bﬁ(ua—uw)( @tfg:)bitgd”
i=1 ma
FOS = : i
IR, (Wi+Sy bi+Fiymab;) sin 6; (13)

Slope stability modeling analyzes various soil types, complex stratigraphy, slip surface
planes, and PWP conditions. Slope stability analysis was carried out to model the hydro-
mechanical role of vegetation and produce the factor of safety (FOS) value. Eight scenarios
were compared with bareland (without vegetation), such as (A) teak, (B) old Maesopsis eminii,
(C) young Maesopsis eminii, (D) shrubs (Chromolaena odorata), (Aa) teak with shrubs, (Bb)
old Maesopsis eminii with shrubs, and (Cc) young Maesopsis eminii with shrubs (Fig. 7).
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Fig. 7. Slope geometric profiles influenced by the effective depth of root cohesion in teak, young and old Maesopsis
eminii, and shrubs (Chromolaena odorata) vegetation

Verification of Hand Calculations for Slope Stability Modeling

Slope stability modeling requires verification based on calculations of FOS. Verification
refers to the “Verification-Hand Calculations” that are formulated based on the limit
equilibrium theory (LEM) guide from [41]. The verification process can validate the slope
stability modeling.

The SBM considers interslice normal forces. The normal force (N) at the bottom of the
slice is determined by the summation of forces in the vertical direction. Furthermore, N
becomes an FOS function with the following equation:

W_(c'bs:'n f—uybsin 8 tang”)

— FOS
N - sinftan @’

cosf+— ——— (14)

The denominator in the equation (14) is a variable called ma. FOS SBM can then be
calculated as follows:

_ Zleb+(N—uyb) tan ¢']
Fos = YWsin8 (15)

The normal force (N) in Equation 14 is a function of FOS, while FOS is also a function
of N (Equation 15). Therefore, an iterative solution procedure in the SBM is needed to solve the
equation. Equations 14 and 15 are then substituted using hydro-mechanical vegetation
parameters (ua—uw, y, Sw, Fwind, CR) and being new FOS equation (16) and equation (17).

((C'Jrc'R)bsin a—uybsin @ tan li))
— FOS
N - Cass+sinﬂtan @’
FOS (16)
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FOS

_ Y[e'b+(N—u,,b+S,, b)tan ¢'+(ug—u,, )b tan ¢']

Results and discussion

Factor of Safety

The hydrological vegetation role (y, ua—uw) is modeled through PWP at a depth of every
1 m. The mechanical role (CR, Sw, Fwind) is modeled by adding CR and effective soil
cohesion (c¢') to the soil mechanics parameters, Sw as a surface surcharge, and Fwind as a point
load in the ground surface. The simulation produces CR, Sw, and Fwind parameters, with the
respective units being kPa, kN/m3, and kPa. The parameters are used as input for slope stability
modeling based on the modified SBM-vegetation equation.

Finite Element Method (FEM) analysis of the modified SBM-vegetation model used to
model the hydro-mechanical role of vegetation on slope stability. Slope stability modeling
produces FOS values based on minimum, average, and maximum soil mechanical parameters,

which are presented in Tables 4, 5 and 6, respectively.

E(W-FSWD-FFand b)sin@

amn

Table 4. FOS recapitulation in 8 modeling scenarios at each PWP depth based on minimum soil mechanics parameters

Phreatic Line FOSmin
Code Depth (m) Bareland A Aa B Bb C Cc D
a 0 0.247 0.297 0.297 0.332 0.334 0.3 0.302 0.265
b 1 0.546 0.569 0.567 0.595 0.596 0.602 0.613 0.576
c 2 0.767 0.845 0.847 0.855 0.857 0.872 0.894 0.858
d 3 0.951 1.01 1.009 0.988 0.995 1.054 1.064 1.034
e 4 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041
f 5 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041
g 6 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041
h 7 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041
i 8 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041
j 9 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041
k 10 1.01 1.026 1.029 0.988 0.995 1.061 1.064 1.041

Table 5. FOS recapitulation in 8 modeling scenarios at each PWP depth based on average soil mechanics parameters

Phreatic Line FOSaverage

Code Depth (m) Bareland A Aa B Bb C Cc D
a 0 0.629 0.745 0.747 0.857 0.859 0.756 0.758 0.674
b 1 1.477 1.525 1.526 1.598 1.599 1.611 1.638 1.548
c 2 2.051 2.245 2.248 2277 2.281 2.361 2417 2.323
d 3 2.53 2.594 2.598 2.525 2.531 2.716 2.718 2.658
e 4 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
f 5 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
g 6 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
h 7 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
i 8 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
j 9 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
k 10 2.581 2.594 2.598 2.525 2.531 2.716 2.718 2.658
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Table 6. FOS recapitulation in 8 modeling scenarios at each PWP depth based on maximum soil mechanics parameters

Phreatic Line FOSmax
Code Depth (m) Bareland A Aa B Bb C Cc D
a 0 1.070 1.214 1.215 1.366 1.367 1.250 1.252 1.136
b 1 2.250 2.310 2311 2.406 2.407 2.440 2.475 2.351
c 2 3.040 3.301 3.304 3.344 3.349 3.480 3.572 3.417
d 3 3.698 3.752 3.757 3.67 3.676 3.944 3.947 3.864
e 4 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864
f 5 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864
g 6 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864
h 7 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864
i 8 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864
j 9 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864
k 10 3.754 3.752 3.757 3.67 3.676 3.944 3.947 3.864

Note: Blue indicates FOS <1

The results of slope stability modeling show variations in FOS. Slopes with old
Maesopsis eminii had the greatest FOS when PWP was at the ground surface, while when PWP
was at a depth of >1m, the largest FOS was young Maesopsis eminii, followed by shrubs, teak,
old Maesopsis eminii, and bareland.

The results of slope stability modeling in minimum soil mechanical parameters (Table 4)
show that with a PWP of 0-2m, FOS <1 (unsafe). FOS <1 also occurs in the bareland scenario
with a PWP of 3m and on old Maesopsis eminii (scenario B and scenario Bb). This is
influenced by the largest Sw and Fwind, as well as the smallest CR (Figure 7). Sw and Fwind as
a function of shear stress tend to reduce slope stability. Meanwhile, CR, the largest function of
shear resistance in hydro-mechanical vegetation parameters, is also relatively low (0.087kPa).
Slope stability in average soil mechanical parameters (Table 5), FOS <1 only occurs at the PWP
on the soil surface, which indicates that all soil layers are saturated. Meanwhile, in the slope
stability in maximum soil mechanical parameters (Table 6), FOS is >1 (safety).

FOS increases with increasing depth of PWP and begins to stabilize at a PWP of 4m on
slopes without vegetation and at a PWP of 3m on slopes with vegetation. Furthermore, the
groundwater level fluctuations affect FOS, and FOS is stable at a PWP depth of 3-4m and
beyond. [49] and [50] show that extreme rainfall more affects shallow soil depth, and FOS
decreases as rainfall intensity increases (infiltration is higher). The effective depth of vegetation
is related to the maximum root depth, with teak, old Maesopsis eminii, young Maesopsis
eminii, and shrubs having maximum root depths of 230, 500, 140, and 66cm, respectively.

The presence of vegetation can increase slope stability. Modeling results show that the
highest FOS is in young Maesopsis eminii, followed by shrubs, teak, and old Maesopsis eminii.
FOS of old Maesopsis eminii tends to be lower than bareland values (Tables 4 to 6). Moreover,
FOS changes are presented in Figure 8.

The increase in FOS is different in each scenario of soil mechanical parameters. The
largest FOS changes generally occur at minimum soil mechanical parameters, while the FOS
changes are smaller at maximum soil mechanical parameters.

FOS increased in teak, young Maesopsis eminii, and shrubs. Meanwhile, FOS of old
Maesopsis eminii increased at PWP 0-4m (scenarios a-d) and decreased when PWP>4m. The
largest FOS increase is when PWP is at the ground surface (PWP=0m) in teak, old Maesopsis
eminii, and young Maesopsis eminii, while FOS in shrubs increases when PWP is at a depth of
2m (scenario c).
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Table 8. Recapitulation of the hydro-mechanical role of vegetation on slope stability in trees and shrubs

Characteristics Mechanical paramter Hydrological parameter
Vegetation Location DBH Height Cr S, Flina UaUw FOS Increase Source
(cm) (m) (kPa) (kPa) (kN) PWP Depth (em) (%)
Trees
Tectona grandis 7.64-22.29 6.5-11.5 0.398 0.307 1.215 8 -0.1-20.2¢4
Young Maescpsis eminii ~ Indonesia  4.14-11.15  3-5.5 0.191 0.057 0.514 L 5-22.3¢%4 This study
Old Maescpsis emini 8.92-1879 6.5-12.5  0.087 0.343 2.74 o3 2.2-362°4
Maple 305 23.17 0.6-15 0.6and 1.2 * ° 0.1-10.5
Common ash 15.28 17.57 064 06and 1.2 ® ¥ 2.5-22
Oriental Beech Iran 2 1 : ! N ¢ 8 [12]®
Persian Ironwood - 13.31 4 2 a a a
Alder 33 20.94 g 4 a a a
Young Forest Catbada & A 0.25-3 0.6°2 2 a 0-17.5 3]
Mature Forest . L 0.25-5 0.6>2 * a 0-20
Cedar = > 3.9-59 CX A 1 (in kPa) o o2
Hemlock 3 . 3.9-59 Sbe 1 (in kPa) ol o2
Spruce Alaska " ’ 3.9-5.9 5958 1 (in kPa) & e2 [60]
Cut four years ago. . A 3.9-5.9 5% 1 (in kPa) &l o2
Cut two years ago " i 3.9-59 SR 1 (in kPa) &l 2
Shrubs
Chromolaena odorata Indonesia ~ 2.4-2.7 DA 0.202 0.016 0 @ 29-17.8%* This study
Grass Canada * . 1 ode L 8 0-75 3]
Shrubs N . 0.25-2 0.6°2 2 a 0-15
Note:

" : unknown or not specified.

®: 'modified from another research; *assumed; *estimated

©

: 'measured by piezometric levels from 1965-1974; *The computed FOS are 1.1 or lower, the FOS of forest slope is greater than 1; *measured by Electrical Resistivity Tomography
(ERT) method and modeled per 1 m depth; *modelled based on vegetation, PWP, and mechanical parameter scenario.
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Fig. 8. FOS changes of bareland and slopes with vegetation based on soil mechanical parameters:
(a) minimum, (b) average, (¢) maximum

The significant FOS increase is in the PWP at the ground surface. FOS increases are
<20.2% (scenarios A and Aa), <36.6% (scenarios B and Bb), <22.3% (scenarios C and Cc), and
<7.3% (scenario D). Meanwhile, at a PWP depth of 1 m (scenario b), FOS decreased 2-6 times
from before, then increased again at a PWP depth of 2 m, then reduced at a PWP depth of 3m
(scenario d), and then stabilized in FOS at a PWP depth of >4m (Figure 9).
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Fig. 9. Visualization of slope stability modeling in the Bb scenario, PWP =0
and average soil mechanics parameters

Hand Calculation of Slope Stability Modeling

Hand calculations of slope stability scenarios, namely the young Maesopsis eminii +
shrubs (Bb Simulation) with the phreatic line (PW=0m) and average soil mechanical
parameters. Slope stability modeling using Geostudio-Slope/W is presented in Figure 9.

Seven slices of soil are used in the analysis, and parameters are obtained based on free
body diagram information, which describes the forces acting on each slice, as shown in Figure
6. The hand calculation of the FOS is presented in Table 7 using trial and error. FOS is 0.614,
and a final FOS of 0.758 was obtained. So, the FOS value from the modeling is the same as the
result of the hand calculations.

The presence of vegetation can increase FOS compared to slopes without vegetation
(bareland). The modeling explained an increase in FOS in every simulation except for the old
Maesopsis eminii vegetation at a PWP depth of 3-4m. Old Maesopsis eminii has the largest
mechanical parameters that decrease slope stability, namely vegetation surcharges (Sw) and
wind load force (Fwind) compared to other vegetation, and also has the lowest root cohesion
(CR) that can increase slope stability. The mechanical vegetation role (Sw and Fwind) as a
shear stress function tends to be detrimental to slope stability. Fwind can increase slope stability
if the slope steepness is smaller than the internal friction angle and vice versa [17, 51].

Modeling slope stability due to rainfall is important to consider PWP. Soil moisture
increases during rain events, and then PWP varies temporally and spatially based on rainfall,
soil, slope geometry, changes in soil physical, mechanical, and hydraulic properties, and land
use [52]. Rainfall (pattern, distribution, intensity), especially during extreme rainfall events, is
potentially destabilizing and causes slope failure. Slope failure is also influenced by initial soil
moisture conditions [50].

Both hydrological and mechanical roles can increase or decrease slope stability. Soil
moisture conditions, rainfall characteristics, interception, and vegetation characteristics
influence the hydrological role. The mechanical role is affected by potential slip surface depth,
the number, diameter, root tensile, and bending strength that cross the soil slip surface.

Root tensile strength rises as root diameter decreases, and large numbers of fine roots
improve soil more efficiently than small amounts of coarse roots [53]. Field research on
forested slopes that have root diameters of under 20mm contributes most to slope strengthening
[54]. This study models root cohesion (CR) at root diameters under 10mm, which act as tensile
fibers during slope failure and contribute to slope stability. In contrast, roots with a diameter of
more than 10mm act as anchors rather than tensile fibers due to their stiffness [55].
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The question regarding the effectiveness of fine versus coarse roots as slope
reinforcement has a practical parallel in selecting trees versus shrubs. Shrubs have a higher CR
and can be applied to increase slope stability since they have fine, shallow, and dense roots
[56]. Sw and Fwind of shrubs on the slope are very small and tend to be neglected. Meanwhile,
trees have properties that are inversely proportional to shrubs, except for young trees.

In dry conditions, trees have a higher hydrological role than shrubs, whereas, in wet
situations, shrubs play a greater mechanical role [57, 58, 67]. Coniferous trees have higher slope
stability in the winter than other kinds of trees and shrubs [59]. Vegetation type influences slope
stability in various ways, influenced by tree geometry (trunk diameter, canopy type, and root
depth) and the modulus of elasticity of trees and soil [37, 65].

Previous research states that the vegetation role on slopes can be influenced by several
factors, namely slope steepness [17], root system (number, diameter, depth, morphology, tensile
strength, and root area ratio) [6, 66], soil aggregate stability [34], season or weather (wet, dry,
snow) [11, 60], vegetation type (diameter, height, canopy characteristics, shape, and bark) [37,
57, 61, 64], slope shape, vegetation location [62], plant spacing [63], and growing conditions
[4].

The results of slope stability modeling based on eight slope cover scenarios with and
without vegetation, 11 PWP scenarios, and 3 soil mechanical parameter scenarios show that the
hydro-mechanical role of vegetation can influence slope stability. This research aligns with
research carried out regarding slope stability modeling, which considers the hydro-mechanical
parameters of vegetation, as presented in Table 8. Trees can generally increase FOS to a greater
extent than shrubs, reaching an increase in FOS of 22% in Common ash [3]. This research
shows that an increase in FOS can be 36% in old Maesopsis eminii. Meanwhile, shrubs can
increase FOS by up to 15% [17], while this research shows an increase in FOS for shrubs,
reaching 17% (Table 8).

Recent research related to other case studies helps verify and validate the methods,
analysis results, and modeling that have been carried out. This last point is very important
because modeling the role of hydromechanics, in this case, is the parameters of soil water
content, matrix suction, root cohesion, vegetation load, and wind load forces in slope stability
analysis depending on soil, geological, climatological, and vegetation characteristics. From the
research location, the modeling and analysis results are very location-specific.

Conclusions

The hydrological role in the form of soil water content () and matrix suction (v
(negative PWP) in unsaturated soil conditions is modeled based on the PWP depth every 1m.
The mechanical roles of root cohesion (Cr), vegetation surcharges (S.) and wind load force
(Fwina) are each modeled by adding Cr and effective soil cohesion (c') to the soil mechanics
parameters, S, as a uniform load on the ground (surface surcharge), and Fyin as a point load on
the ground surface. The modeling results show that the largest total Cy is for teak at 0.398kPa,
followed by shrubs and young and old Maesopsis eminii, with total Cr values of 0.202, 0.191
and 0.087kPa, respectively. The larger the total Cp, the greater the root's contribution to
increasing the soil shear strength. The S,, value in teak ranges from 0.121 to 0.121-0.307kPa, in
young Maesopsis eminii ranges from 0.007-0.057kPa, in old Maesopsis eminii ranges from
0.022-0.343kPa, and the S,, value in shrubs is 0.016kPa. The maximum lateral wind load force
in the teak and young and old Maesopsis eminii is 1,215.53 N, 514.68 N and 2,736.78 N.

The modeling results are then used as input to model the hydro-mechanical role of
vegetation on slope stability using the modified SBM. The results of slope stability modeling
show variations in FOS values in response to variations in the position of positive pore water
pressure (PWP+). Old Maesopsis eminii slopes have the greatest increase in FOS values when
PWP+ is at the ground surface, while when PWP+ is at a depth of >1.0m, the largest FOS value
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is young Maesopsis eminii, followed by shrub, teak, old Maesopsis eminii, and bareland.
Modeling results on eight scenarios in teak, old Maesopsis eminii, young Maesopsis eminii, and
shrubs show an increase in FOS values, namely 20.2%, 36.6%, 22.3%, and 7.3%, respectively.
In general, the FOS value increases with the shallower phreatic line (PWP+) and the FOS value
reaches stability (FOS >1) in PWP+ conditions at a depth of >4m, except in old Maesopsis
eminii, where soil mechanical parameters are minimum. Vegetation in the form of old
Maesopsis eminii reduces FOS by up to 2% when PWP+ >4 m because it has the largest S, and
Fyuina and also has the smallest Cz among other vegetation. This research shows that the
hydromechanical role of vegetation can increase slope stability compared to slopes without
vegetation.

This research is helpful in Forest Management in understanding the dynamic and
interactive process of a landslide event on a vegetated slope, material for consideration in
landslide mitigation policies with vegetation, land management planning, and increasing
community insight regarding landslide disasters. The hydro-mechanical vegetation on slope
stability model provides a new approach to modeling natural landslides that improves
understanding of scientific concepts related to forest management science in hydro-
meteorological disasters, especially landslides based on the science of forest hydrology,
mechanics, physics and soil hydraulics, and soil and water conservation.
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