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ANALIY1ZING THE EFFECT OF RAIN ON THE STABILITY OF A SLOPE
IN IRAQ

ABSTRACT

Rainfall-induced slope collapses are a destructive global natural hazard that occurs
annually during rainy seasons worldwide. Recently, there has been a significant
escalation in the intensity of rainfall in Irag, resulting in floods that have caused
slope collapses. The rainfall infiltration causes a decrease in the soil's matric suction
and shear strength, ultimately leading to the instability of roadway slopes. The
intensity and duration of rainfall mainly cause soil slope stability concerns. The
behavior of unsaturated soil varies based on the soil type in response to different
rainfall events. This research uses the finite element technique (PLAXIS 2D 2020)
for slope stability analysis to examine the impact of various rainfall features on slope
in Irag. The soil in this study was simulated using the Mohr-Coulomb model, and the
Hardening Soil model was also applied, and the resulting results were compared. The
slope was chosen located in Najaf Governorate in southern Irag. Rainfall events were
identified from 1979 to 2014 and at return periods of (2, 15, 100) years. Based on
published statistical studies of rainfall data. The model was analyzed under the
influence of rainfall at different intensities with a constant time (12,21,28) mm/hr
and different periods and constant intensity. The models' results showed that the
affected by rainfall, safety factor decreased clearly by (15%). The study found that
rainfall intensity significantly reduced the safety factor. Rainfall for a specific period
and with variable intensity led to deformations in the slope soil. In contrast, an
upward movement happened for the entire slope when exposed to rain with different
temporal intensities. To compare the behavior of Hardening Soil model for
simulating rainfall with the behavior of Mohr-Coulomb model, rainfall was
simulated for the slope by applying the Hardening Soil model. The convergence of
the safety factor was similar between the Mohr-Coulomb model and the application
of the Hardening Soil model when the impact of rainfall was not included. There is a
decrease in the safety factor for both Mohr-Coulomb model and Hardening Soil
model under the influence of rainfall. However, the decrease in the safety factor for
Hardening Soil model is more significant. When Hardening Soil model is applied to
the model, the safety factor decreases by 35% for a rain intensity of 12 mm/hr and by
approximately the same percentage for a 21 mm/hr rain intensity. The safety factor
decreased by (40%) for a 28 mm/hr rainfall intensity. The behavior of the Hardening
Soil model in analyzing the effect of rainfall with different rain intensities on the
deformations is logical, as it showed the occurrence of settlement and upward
movements in the slope. It is recommended to use the Hardening Soil model (HSM)
to study the effect of rainfall on the factor of safety and displacement in PLAXIS 2D
software.

Keywords: Slope, Rainfall, Infiltration, Stability, Hardening Soil model, Mohr-
Coulomb model, PLAXIS 2D, Finite Element Analysis.
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IRAK'TA YAGMURUN EGIMIN STABILITESI UZERINDEKIi ETKISININ
ANALIZI

OZET

Yagis kaynakli sev ¢okmeleri, diinya genelinde her yil yagisli mevsimlerde meydana
gelen yikict bir kiiresel dogal tehlikedir. Son zamanlarda, Irak'ta yagis yogunlugunda
onemli bir artis olmus ve bu da sev ¢okmelerine neden olan sellere yol agmistir.
Yagis infiltrasyonu, topragin matrik emme ve kayma mukavemetinde bir azalmaya
neden olmakta ve sonugta karayolu sevlerinin dengesizligine yol agmaktadir. Yagis
yogunlugu ve siiresi esas olarak toprak sev stabilitesi endiselerine neden olmaktadir.
Doymamis zeminin davranisi, farkli yagis olaylarina yanit olarak zemin tiiriine gore
degisir. Bu arastirma, Irak'ta gesitli yagis Ozelliklerinin sev iizerindeki etkisini
incelemek amaciyla sev stabilite analizi i¢in sonlu elemanlar teknigini (PLAXIS 2D
2020) kullanmaktadir. Bu ¢alismada zemin Mohr-Coulomb model ve Hardening soil
model kullanilarak simiile edilmis ve elde edilen sonuglar karsilagtirilmistir. Egim,
Irak'mn glineyindeki Necef Valiligi'nde secilmistir. Yagis olaylar1 1979'dan 2014'e
kadar ve (2, 15, 100) yillik doniis periyotlarinda belirlenmistir. Yagis verilerinin
yayinlanmis istatistiksel caligmalarina dayanmaktadir. Model, sabit zamanl
(12,21,28) mm/saat ve farkli periyotlarda ve sabit yogunlukta farkli siddetlerdeki
yagislarin etkisi altinda analiz edilmistir. Modellerin sonuglari, yagistan etkilenen
giivenlik faktoriiniin (%15) oraninda net bir sekilde azaldigini gostermistir. Caligma,
yagis yogunlugunun giivenlik faktoriinii 6nemli 6l¢iide azalttigin1 ortaya koymustur.
Belirli bir siire boyunca ve degisken yogunlukta yagan yagmur, yamag topraginda
deformasyonlara yol agmistir. Buna karsilik, farkli zamansal yogunluklarda yagmura
maruz kaldiginda tiim yamag i¢in yukar1 dogru bir hareket meydana gelmistir. Yagis
simiilasyonu i¢in Hardening soil model davranisini Mohr-Coulomb model
davranigiyla karsilastirmak igin, Hardening soil model uygulanarak sev igin yagis
simiilasyonu yapilmistir. Yagis etkisi dahil edilmediginde giivenlik faktoriiniin
yakinsamas1 Mohr-Coulomb model, ile Hardening soil model uygulanmasi arasinda
benzerlik gostermistir. Yagis etkisi altinda hem Mohr-Coulomb model, hem de
Hardening soil model icin giivenlik faktoriinde bir diisiis s6z konusudur. Ancak,
Hardening soil model i¢in giivenlik faktoriindeki diisiis daha belirgindir. Hardening
soil model modele uygulandiginda, giivenlik faktorii 12 mm/saat yagmur siddeti i¢in
%35 oraninda ve 21 mm/saat yagmur siddeti i¢in yaklasik ayn1 oranda azalmaktadir.
Giivenlik faktorii 28 mm/saat yagis yogunlugu icin (%40) oraninda azalmistir.
Hardening soil model, farkli yagmur siddetlerine sahip yagislarin deformasyonlar
iizerindeki etkisini analiz etmedeki davranisi, sevde oturma ve yukart dogru
hareketlerin meydana geldigini gosterdigi i¢in mantiklidir. PLAXIS 2D yaziliminda
yagisin giivenlik faktorii ve yer degistirme tizerindeki etkisini incelemek i¢in
Hardening soil model (HSM) kullanilmas tavsiye edilir.

Anahtar Kelimeler: Sev, Yagis, Infiltrasyon, Stabilite, Hardening soil model, Mohr-
Coulomb modeli, PLAXIS 2D, Sonlu Elemanlar Analizi
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1. INTRODUCTION

1.1 Background

Slope instability is a prominent issue in various parts of Irag. Climate change is
expected to exacerbate this problem by increasing the occurrence and severity of
severe weather phenomena, such as intense precipitation and inundation, which can
trigger landslides and slope failures. Slope stability is a significant issue in Irag, and
climate change is anticipated to worsen. this problem. The outcomes of the study will
provide valuable information for those responsible for making decisions to plan and
implement measures to improve the resilience of infrastructure and communities in

Iraq against the risks of slope failures caused by climate change.

Slope stability refers to the capacity of sloped surfaces to withstand sliding or
collapsing without failure. Landslides are an inherent occurrence in nature. United
Nations data from 2014 indicate that natural catastrophes have resulted in around 2
trillion USD in worldwide damages and have impacted over 4 billion people since
1994[1].

1.2 Research Justification

Landslides occurred due to the recent increase in rainfall intensity in Irag, and there

are few studies on this topic in Iraqg.

1.3 Objective of research

The primary objective of this study is to assess the impacts of different rainfall
intensities with the constant of time and different rainfall duration with the constant

of intensities on a natural slope in Iraq by using the software PLAXIS 2D 2020.

1.4 Research Limitations

Geographical restriction: Simulating the impact of rainfall on a slope in Iraq



1.5 Research Methodology

The project's goals were achieved by the following methodology:

Vi.

Site was chosen to conduct the study, a slope located in the Najaf
Governorate, south of Iraq.

PLAXIS 2D is the FE program that was adopted in this study, the program
was verified by matching the results of the 2D program with the results of the
selected model, verification was used to design and simulate the slope using
the software PLAXIS 2D 2020, calculate the safety factor. The purpose was
to verify that the model worked adequately.

Calculated the FOS and displacement for the slope by PLAXIS 2D with
Mohr Coulomb Model.

Examined the effect of various quantities of rainfall intensity constant of time
and different rainfall duration with the constant of intensities on the above
results.

The impact of precipitation was replicated by using the Harding Soil model,
and subsequently, the outcomes were compared with Mohr Coulomb Model.
Comparison effect of rainfall on safety factor between coarse, very fine mesh

and fine mesh by using Hardening Soil Model (HSM).



2. LITERATURE REVIEW

2.1 Introduction to Slope Stability

A slope is a ground level with one extremity or lateral side higher than the other end
or side. Sliding occurs when a large amount of soil fails to hold together at the base
of a slope. All of the soil in the area moves downward and outward due to the
collapse. Slope collapse arises mainly as a result of gravity and seepage pressures
inside the soil gravity and seepage pressures inside the soil [2].

Along with earthquakes and volcanoes, slope instability is considered one of the
three most severe geological catastrophes. Slope failures may occur as a result of
gravitational and seepage forces within the soil, as well as other precipitating factors
including the slope’'s geometry, height, excess pore water pressure, and the slope's
orientation. The deterioration of shear strength due to weathering and liquefaction. In
addition, geological occurrences such as earthquakes and volcanic eruptions can

cause slope failure [3] [4].

A slope collapse transpires rapidly on a inclination of at least 20 degrees, and there
are frequently no warning indications. Typically, this failure is caused due to rain
that affects a limited, localized area. Conversely, a landslip involves a bigger area, a
slope angle of twenty or less degrees, and a slow or gradual movement. If the mass's
strength, which prevents its collapse, is the same as or higher than the gravitational
force that causes the failure, then the soil mass is in equilibrium [5].Hata! Basvuru
kaynag bulunamadi.Table 2.1 summary providing an explanation of the most

common varieties of failure [4].



Table 2.1: Types of Slope Failure

Definition

Figures

Fall

It is the separation of
rock and soil particles
that leads to their
descent of a slope.

Topple

The failure of a mass
of soil or rock due to
rotation. As the mass
slides, it moves
forward around a line
below its center of
mass.

Figure 2.2: Toppling” Slope Failure

Slide

It's when a big part of
the earth slides down
a rippling surface.

Figure 2.3: “Sliding” Failure of Slope

Spread

This failure type, a
translational slide,
occurs when clays or
a heavy overburden
give way to the
horizontal
displacement of
water-bearing soil
layers containing
sand or silt.

SN

Figure 2.4: Spreading” Slope Failure

Flow

It looks like a thick
liqguid moving
horizontally through
the soil.

Figure 2.5: “Flowing” Slope Failure

Another significant form of slope failure is wedge failure. This is a failure

mechanism that can be controlled by the structure that is typically observed on
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competent rock inclines. Slopes are where wedge failures happen. They comprise
intact rock slabs connected by unstable discontinuities such as intersections,
beddings, defects, or shear zones. If discontinuities meet, how they are oriented, and
whether they "daylight" emerges from the incline, decide if wedge failure will
happen by moving across discontinuities as shown in Hata! Basvuru kaynagi

bulunamadi. [6].

Discontinuity A (@) Discontinuity A (b) Discontinuity C

Discontinuity B

Discontinuity B

Wedge blocks resting on two A wedge block resting on three
discontinuity surfaces discontinuity surfaces

Figure 2.6: Classification of Wedge Failures
Source: (Kumsar et al., 2000)

Shallow and deep slides are two examples of failure mechanisms that might occur. A
shallow failure is a failure that impacts shallow and superficial strata for the slope,

generally due to erosion or flow caused by rainfall. The causes of profound failures

penetrate a slope and surface at the subsurface level [7].

(b)

Figure 2.7: The Two Kinds of Soil Slope Mechanisms of Failure: (a) Shallow Slide
and (b) Deep Slide

Source: (Li et al., 2019a).

Hata! Basvuru kaynagi bulunamadi. above shows the variation between failure

consequences. While the consequences of failure might vary depending on the
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location and the impact on human life and property, it is commonly observed that
deep slides tend to result in more catastrophic outcomes compared to shallow
slides[8][9].

Slope geometry, soil characteristics and behavior, shear strength, unit weight, rainfall
intensity, hydraulic conductivity, degree of saturation, and even the existence of

tension fractures or vegetation cover all have an impact on slope stability.

Despite extensive study on this topic over the years, several unknown slope collapses
remain, and the causes of the geotechnical instability of a slope are not entirely
understood [10] . Conducting a stability analysis of slopes is an essential element of
engineering geotechnical[11] . Previously, analysis of slope stability was conducted
manually using laborious and complex calculations. In stages, it has adjusted to more
refined techniques that can be readily implemented using computer programs. This
significant advancement has improved the accessibility and convenience of analysis
of slope stability in geotechnical engineering for professionals, increasing their
knowledge and skill on this field [12].

2.2 The Failure of a Slope as A Result of Rainfall

The greatest collapses in KwaZulu-Natal were identified as paleo-landslides by
mapping and classification mass-movement deposits in the rugged terrain and
precipitous slopes of the Drakensberg mountains and the main river basins. Thick
deposits of colluvium sand developed from a bedrock of the Ordovician Natal Group
made up the majority of these slopes [13] [14]. Another case is the Maya Place
landslip, this took place in the same region and was underlain by the shale strata of
the Pietermaritzburg Formation that sloped parallel to the hillslope [15] . Several
catastrophic failures caused by the excessive rains in April 2019 are shown in Hata!
Basvuru kaynagi bulunamadi.. Due to floods and slope failure, 32 lives were lost,

and 42 were injured as a result of this rainstorm, even in the Durban area.



(b)

Figure 2.8: aand b: showing a Selection of the Failures that Occurred During the
Rains in April 2019

Source: (Floodlist, 2019).
Another case of catastrophic failures occurred in California, USA, because of the
strong winds, snowfall, thunderstorms, and rain that fell on the area. Evacuation
orders were issued for thousands of people; additionally, two deaths were due to the

storm, which led to a landslide, as shown in Hata! Basvuru kaynag bulunamada.
below.

4

Figure 2.9: Damage to Highway 1 in Monterey County, California, March 2023
Source: (Floodlist 2023)

A steep embankment made of soil that is wet collapsed in Kwazulu-Natal, which is
yet another case of slope collapse caused by rains; the failing material was dumped
50m below, forcing the closure of a rail route. So, most landslides are localized,
small-scale events triggered by intense rainfall mobilized by soil variability. Many

studies have indicated that landslides are more common during the rainy season,



when they may cause significant damage to infrastructure and even human losses
[16] [17] [18][19] [20] . Therefore, landslip hazard estimates need to consider the
influence of precipitation on slope stability [21]. Slope failures caused by rainfall
processes have significant implications for slope stability analyses. However, this
area requires much more study. Slope soils are typically unsaturated, with saturation
levels between 75% and 90%; hence, it is generally accepted that entering
precipitation is the primary cause of landslides in unsaturated residual soils
[15][16][17][18][19].

Soil not fully saturated with water contains three cases: solid, liquid, and air. It's
important to remember that the soil porewater pressure is usually negative compared
to pore-air pressure. The soil characteristics present at the site impact the overall
slope stability concept [16].

How residual soils behave under shear stress has been shown to change significantly
during periods of rainfall and wetness. Slope failure occurs when unsaturated soils
become saturated, which causes the soil's structure to collapse and the pressure
within its pores to rise [22][23].

Soil moisture is often classified as either saturated or unsaturated. The interplay
between the water content of soil and soil features, such as saturation level and
porewater pressure, establishes a distinction between the two conditions. The field of
soil mechanics has significantly benefited from the insights provided by research into
soil-water interactions. The highest soil layers frequently consist of unsaturated soil
and have negative porewater pressure during the dry season. Matrix suction describes
the negative pore water pressure that is thought to play a significant role in soils’
shear strength and, by extension, slope stability. Several research studies have been
done on simulating the effect of rain and related processes on the stability of natural
slopes using a computer program called a rainfall simulator. It was hypothesized that
precipitation seeped into a slope of unsaturated soil would weaken the slope's
stability by reducing the matric suction inside the soil and, in turn, the slope's shear
strength. In contrast, more extensive total runoff is more affected by precipitation
than infiltration, concluding that less total rainfall might cause infiltration. The study
concluded that a comprehensive evaluation of rainfall-induced slope collapse must
account for every procedure associated with rainfall, including porewater pressure,
infiltration, and runoff [24][25][26].



2.3 Saturated and Unsaturated Soil

Saturation of soil occurs when the interstitial spaces between particles are completely
full with water. Soil is interpreted as unsaturated when a certain amount of the empty
area is occupied by air. Saturated soil mechanics principles are applicable when the
soil's degree of saturation exceeds 85%. Unsaturated soil mechanics principles are
used when the degree of saturation is below 85%. [27].

In soil mechanics concepts, the phrase "water table™ is used to denote the level at
which water saturates the soil. Soil behavior under the water table is controlled by

the effective stress principle (o- u,,) however the unsaturated soil over the water
table is controlled by two separate stress items : the net normal stress (o- u,) and

matric suction (u, — u,,) [28].

While saturated soil has a positive pore-water pressure, unsaturated soil is

characterized by negative pore-water pressure, often known as "suction”.

Due to variations in pore-water pressures, the stresses experienced by various soil

zones also vary. The diagram shown below illustrates the distinction:
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Figure 2.10: An lllustrative Tool for the Whole Realm of Soil Mechanics
Source: (D.G. Fredlund, 1996).

.

2.4 Shear Strength of Unsaturated Soil

The shear strength of soil is the highest level of shear stress that the soil can
endure[29].



The Mohr-Coulomb failure criteria and the concept of effective stress may be used
for explain the shear strength of saturated soil [30], using the formula in Equation
(2.2).

T, =c + (0 —uy)tand’ 0.2)

Where, 7 : shear stress on the plane of failure
C : effective cohesion
o — u,,: Normal failure stress on the failure plane
o : The total normal stress acting on the failure plane at the point of failure.
u,, - failure pore water pressure
&’ internal friction effective angle.

Figure 2.11 illustrates the failure envelope, which is defined by Equation (2.1).

Failure envelope )
N T =C'+ (0~ uW)ftan¢
[
o
(
»
©
@
L
0}
:

0 Effective normal stress (¢ — uw)

Figure 2.11: Mohr-Coulomb Saturated Soil Failure Envelope
Source: (Terzaghi, et. al., 1996)

Net normal stress (o — u,) and matric suction (u, — u,,) are two independent

stress-state variables that Fredlund and Rahardjo suggested as an equation to explain
the shear strength of unsaturated soils [31], equation (2.2 ) expresses the shear

strength using these variables:

1 =c + (0 —ug dtand’ + (ug —u,)tand”® (0.2)
Where:

7 : failure-related shear stress plane
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C: Intersection of the extended Mohr-Coulomb failure criterion

(o —u ,): typical failure plane stress at failure

u ,. air pressure on the failure plan when it fails

&’ is the angle of internal friction that goes with the variable for net

normal stress.

(ug — uy,): The matric suction at the failure plane during failure
&b : The angle represents the increase in shear strength relative to

matric suction.

b
~, 0 o
Extended Mohr-Coulomb \){.\‘\ 5
failure envelope _\Q‘ﬂ /\w‘ 7
s £
~ b
\ [}
7 \
- ‘)/ \\
& | N 3
8 | (La=uy) tan o° !
g e D e R Ty RN B 2
’ 0‘
(5] ’
’ d ’
4
T
0 Net normal stress, (6 - ua)

Figure 2.12: Graphically Illustrates the Expansion of the Mohr- Coulomb Failure
Envelope for Unsaturated Soil

Source: (Fredlund and Rahardjo, 1993)

®? equivalent to ¢’ when the capillary zone of the soil is saturated however, the pore
water pressure is under tension. &?exhibits a direct relationship with the degree of
saturation, indicating that ¢ decreases as the soil becomes less saturated [32]. Once
all empty spaces are filled with water, the values of wua, uw, and u will become

equal. This will transition the state from unsaturated to saturated, and Equation 2.2

will be transformed into Equation 2.1.

2.5 Methods of Slope Stability Analysis

The three most used approaches to analyzing slope stability are limit equilibrium,
finite element, and probabilistic methods. The traditional limit equilibrium approach

is widely used by geotechnical engineers (LEM) [33] . The finite element method
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(FEM) is an advanced method that allows engineering professionals to accurately
evaluate slopes in two or three dimensions while also considering variations in soil
properties. The probabilistic technique is used to quantify unknown elements and is

primarily employed in formulating slope reliability indices [34].

2.5.1 Finite element method (FEM)

Finite element technique solves numerically. The flow zone is divided into discrete
components using a grid pattern (which need not be rectangular) to generate N
equations with N unknowns. Boundary conditions (heads and flow rates) and
material parameters (such as permeability) are provided for each element. The finite
element strategy is better for more complicated permeability situations than the finite
difference method [35].

2.5.1.1 Finite element formulation

The idea behind the finite element approach is to estimate the unknown function of
the field variable by dividing the issue region into subdomains (Finite Elements)
linked at their common nodal points. Each element's approximate solution is

represented as a continuous function, like the one below:

H=2225 INFI{H} (0.3)
Where Hi= nodal value of (H) for i*" node in element (e), noe = total number of

elements and N7 = shape function of element (e).

The problem's approximate answer may be formulated in a variety of ways.
Adjusting the phreatic surface's position and the mesh size of the finite elements
iteratively until the appropriate degree of convergence for the nodal head H is
reached is necessary for solving the seepage issue with a phreatic surface. All
iterative approaches begin with an educated estimate for the unknown phreatic
surface and ultimately solve by repeatedly solving the system of equations using
recurrence relations to update the previous values until the solution converges to the

actual values within a specified error bound [36].

2.5.1.2 FEM advantages

The FEM has become more popular for application in slope stability analysis as

technology has progressed. There are some advantages to the FEM: The analysis can
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be done relatively rapidly. It's a straightforward method that can analyze soil collapse
all the way to the FOS. It allows for a variety of slope issues and geometries. The
zone of the slope where the driving forces are more potent than the resisting forces is
where the collapse takes place. Therefore, there is no need to make any guesses
about the position or direction of the slip surface models, and they can determine

slope deformation, stresses, and pore pressures[37].

2.5.1.3 FEM disadvantages

Although the finite element method is regarded as a helpful and dependable
methodology for evaluating slope stability, analyzing deformations, and addressing
other geotechnical issues. It is not as common as using usual limit equilibrium
procedures [38][39]. Theoretically, traditional LEM is easier to employ due to its fast
and somewhat precise FOS calculations, and practically, Traditional LEM Software
is more readily available than finite element method (FEM) software. It takes a lot of
time and complicated calculations and theory to conduct assessments using finite

element models, and many input parameters need to be obtained [12].

2.5.1.4 Calculating safety factor using FEM

The shear strength reduction technique is added to FEM to determine FOS.
Therefore, the factored parameters of shear strength C'f & 6'f are given by:

CI

f'="5rF (2.4)

tang’
SFR

0f '=arctan (

) (0.4)
SRF: Strength reduction factor

SRF that is acceptable for both terms are determined via a methodical iterative

process. At the point of first failure, the SRF and FoS are equal. FoS = SRF [40].

2.5.2 Limit equilibrium method (LEM)

The LEM requires the plastic Mohr-Coulomb criterion when a combination of the
maximal normal and shear stresses causes the material's failure. The LEM
determines needed slope geometry and soil properties, then calculates the slope's
stability using the Mohr-Coulomb criterion by doing a comparative analysis of the

causes leading to failure and the forces that resist failure. During this process, the
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equations of static equilibrium are applied to calculate the FOS. " The main idea is
that something fails when a mass or block moves along a slip surface’’. To determine

the proper Factor of Safety (FOS), it is necessary to assume many slip surfaces to

determine the crucial slip surface [41] [42][43].

The LEM requires the assumption of the following: the soil shows Mohr-Coulomb
behavior; for all concerned soils, the factor of safety (FOS) for the cohesive strength
component and the frictional strength component exhibit similarities; each object on
the slide surface contains a similar FOS and assuming inter-slice forces, the problem
is considered determinate[44].

2.5.2.1 LEM advantages

The LEM, or the Limit Equilibrium Method, presents several advantages when
analyzing slope stability. Firstly, it is a simplistic strategy that is easy to understand
and apply. Moreover, it requires minimal information about the soil characteristics
and slope geometry, which makes it a cost-effective approach. One of the critical
aspects of using LEM is to design an optimum slope that is based on the calculated
Factor of Safety (FOS), which should prevent any movement along the slide surface
and with its many advantages, the LEM can prove to be an effective tool in the field

of geotechnical engineering [45].

2.5.2.2 LEM Limitations

The Limit Equilibrium Method (LEM) has some disadvantages. Firstly, numerical
inconsistencies can lead to inaccurate results. Secondly, the same analysis technique
is applied to all scenarios, including newly constructed embankments, recent
excavations, and existing natural slopes. This approach restricts the method's
applicability to specific slope conditions. Additionally, the stress-strain is not taken
into account by the LEM behavior for the material, but it may impact the precision of
the analysis. Moreover, effective use of the LEM requires a comprehensive
knowledge of the concepts behind slope stability and geotechnical engineering,
including the orientation of the slide surface. Lastly, the LEM cannot represent the
surface's gradual breakdown and deformation without making assumptions about the
surface's behavior, which may impact the accuracy of results. Despite these

limitations, the LEM remains a valuable equipment in analysis of slope stability, but

14



it is crucial to recognize its capabilities and limitations before using it in any

scenario[46].
2.5.2.3 Calculating factor of safety using LEM

The Factor of Safety (FOS) is a numerical measure of slope stability. A calculated
FOS value equal to 1 represents the forces on the slope being in equilibrium. This
means that the resisting forces inside the slope contribute to its stability and are
balanced with the driving forces that make the slope unstable. A determined factor of
safety (FOS) number beyond 1.0 indicates that the slope is stable under the specified
circumstances, with resisting forces surpassing driving forces. Conversely, a FOS
value below 1.0 signifies slope instability, where driving forces outweigh resisting
forces.[47].

FOS is the amount the soil's ultimate shear strength has to be decreased for failure to
occur [48] . As mentioned by Duncan and Wright (2005), The most common

explanation of FOS in terms of slope stability is as follows:

FOS= shear strength of the soil :E (05)

shear stres required for equilibrium T

2.5.3 Method of slices

This Procedure for analyzing stability is predicated on the friction block working on
an inclination level. The same friction principles govern stability for a piece or block
of soil one unit wide or more above a slippery surface. Still, soil cohesion and water

pressure also play a role in determining the effective stresses [49].

The safety factor is calculated using the slicing technique, which assumes a circular
slip surface with radius R. Several slices that are vertical and have a width of b and a
height of h are cut from the soil mass located above the arc Hata! Bagvuru kaynagi
bulunamadi.. Each slice's base is considered a linear line, leaning at an angle so that
the data may be shown and analyzed quickly. It is believed that the total body,
containing all of its components, rotates clockwise around the center of the circle O.

This requires the presence of forces between the slices, called interslice forces [49].
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Figure 2.13: Slip Surface That Is Circular with A Radius of R and A Center at O

Has Its Endpoints on the Ground at a and b

Source: (Joanne et al. 2008)

The forces influencing a slice Hata! Bagvuru kaynagi bulunamadi. are:

W = bhy, where y: the bulk unit weight of the soil, which is the formula for
the total weight of the slice.

Every slice creates a shear stress next to its foundation, S = wsin

the overall force that is usually acting on the foundation, N = ol

the overall force that is equal to normal levels of stress, the normal force that

is effective

N’ = ¢'l, and the force of water U = wul where u is the pore pressure of water.

The force of shear zl.
The forces between slices are accounted for by normal E1 and E2 overall and
tangential shear forces X1 and X2 [49].

Ground
suface

Piezometnic
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4
-
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Figure 2.14: Forces Acting on a Slice

Source: (Joanne et al. 2008)
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Using the Mohr-Coulomb relation for strength, which : 7=c¢’+g)tan ¢’ where 7 :
possible shear stress, ¢ - = effective cohesion, o = effective normal stress [49] .On
the shear level and ¢' = the slip surface's effective angle of friction. One possible
form of the new equation is:

Fos = &/ Nrtané s (0.6)

Wsine

2.5.3.1 Ordinary or fellenius method

This technique disregards all interslice forces and fails to achieve equilibrium of
forces for the side mass and Particular individual slices. Even though this is among
the most basic. Procedures applying the slices method. The water surface and the
slide surface are parallel, i.e., (X2 - X1) cosa- (E2- E1)sina = 0. When a
combination of high base angles and high water pressures is applied to the slice,

notable errors occur [49] (Joanne et al. 2008).

_¥[eri+ (Weosa—ul) tang!]
- YW sinea

FoS 0.7)

2.5.3.2 Bishop method

Equal and opposite tangential interslice forces exist (X1 = X2), whereas regular
forces between slices are unequal (E1 > E2). The magnitude of a factor of safety
appears on all sides of the statement; therefore, an approximate value for the factor of
safety it has to be selected in the direction of the right to calculate the value of the
factor of safety in the direction of the left. During a series of iterations, getting closer

to the actual value of the factor of safety is achieved [49][50].

(c’bﬂw—ubjtanw’)sec tl]
(1+t1,’F05‘m)tan¢J’tanrxj

FOS = YWsinea

(0.8)

2.5.3.3 Janbu method

Similar to Bishop except that the equation is expressed in terms of horizontal force
equilibrium and a compensation factor ( f, = 1.05) is added. Moreover, Janbu
assumes zero shear stresses between adjacent slices, minimizing the number of

variables to (4n - 1), where n is the amount of slices [51] .
(c’b+c'[1f—ubj|tanq9’:lsecr:r

(1+(1JF03fj]tan (Ortanr:rj]cosa
YWtan o —lo

Fo§ =

(0.9)
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2.5.3.4 Method by morgenstern-price

Morgenstern and Price proposed a method comparable to Spencer's method, with the
assumption that the inclination of the interslice resultant force varies according to a
portion of an arbitrary function. This extra portion of a chosen function introduces a
new unknown, leaving 4n unknowns and 4n equations, where n is the number of
slices [52].

2.5.4 Response surface methods (RSM)

There are a variety of approaches of doing experiments using computers. Sampling
methods belong to the first category. This category includes the likes of the Monte
Carlo technique, the Latin Hypercube, and the importance sampling. To determine
output characteristics, these strategies include drawing samples from distributions of
parameters and then using computer analysis (or doing physical tests). When the
event of interest has a low probability, he says, multiple simulations may be
necessary. The second set of techniques is called "response surface methods,"
including spatial methods, reliability methods, and the traditional response surface
approach. Using fewer computational/physical operations to probe the response
space is a benefit shared by all response surface approaches. To explain and assess
challenges when several variables impact response of interest, and the goal is to
design, refine, and improve related processes, response surface methodology (RSM)
has been developed [53] [54].

To effectively describe all potential points in a design space with a small number of
points, the design of experiments and response surface methods (RSM) are pretty
helpful. Although several designs have been presented, they all vary concerning the
points picked to represent the whole Factorial set (the outputs resulting from
combining all input parameters at all possible stages). Any design cannot achieve a
perfect fit unless it considers every potential variable. The design will limit the
model's shape that may be installed. When fitting polynomials, additional data points
allow for a higher order model to be used. The "aliasing" or mingling of higher order
effects is a major drawback of response surface technique models. Designs with a
few things could be used to match surfaces with more orders, but this should be done

with caution since the more prominent effects are going to be confused, or aliased,
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with additional impacts, making it difficult to determine what the "true™ impact
IS[54].

First, let's consider what a response surface model looks like. In functional terms, a
response surface is a way to translate multiple inputs to one output characteristic.
Here it takes the form of a polynomial function.

z=Ax+ By +Cxy+Dx*+--+=¢ (0.10)
Where in this case:

z : feature of output of interest
x & y . input parameters
£ . error term.
A, B, C, D : regression coefficients, determined using the least squares technique.

The number of input parameters may be unlimited; here only two are considered
because visualization is easier. Order of the model is determined by the number of
points used to “train” it. Typically, model properties of interest are those that
characterize model fit quality, contribution of an individual variable to total model
variance, parameter aliasing properties (how much one parameter gets “mixed up”
with other parameters), and model resolution. When performing response surface
analysis, it is customary to use normalized or “coded” input parameter values. Also,
if power transformations of the model output feature result in a better fit, they are

commonly employed [54].

2.6 Previous Studies

Slope stability failure is a severe issue on both natural and artificial slopes. It may
result in landslides, rockfalls, and other slope instability scenarios that cause property
damage, fatalities, and environmental harm. Over the years, extensive research has
been done to comprehend the mechanisms underlying slope failure and create
efficient defenses against it. Numerous aspects of slope stability have been studied,
such as soil characteristics, slope geometry, groundwater conditions, and
environmental factors like seismic activity and rainfall. This research has shed

important light on the origins and effects of slope instability, inspiring the creation of
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cutting-edge techniques for risk assessment and stabilizing slopes. The main

conclusions of earlier research on will be summed up in this introduction:

Wen Nie and colleagues (2017) compared various models for evaluating slope
stability over time in their investigation. The study concluded that the dynamic
Bayesian network (DBN) method offers more accurate slope stability assessments
over time than the deterministic model, although it lacks in conveying physical
meaning. In contrast, despite its stronger physical interpretation, the deterministic
model exhibits a relatively lower estimation capability due to parameter
uncertainties. Meanwhile, the logistic regression model demonstrated the highest
accuracy, contingent on the number of statistical samples used; however, it falls short
in conveying physical meaning compared to the DBN and deterministic models. The
study posits that the DBN method holds promise for evaluating slope stability,
particularly when integrated with actual monitoring data. Simultaneously, the
deterministic model offers a more profound understanding of the physical processes
involved. Nonetheless, the research underscores the need for further investigation to
overcome the limitations inherent in each method and enhance their utility in

assessing slope stability [55].

In this research, demonstrate the application of ANSYS 11.0 for modeling and
analyzing a levee, focusing specifically on seepage and slope stability. The study
addresses the critical issue of how seepage forces, which intensify during flooding
events, can contribute to the failure of levees. To analyze this hydraulic challenge,
the study employs ANSYS/THERMAL. This choice is informed by the recognized
analogy between the mechanisms of seepage and heat diffusion, allowing for a more
nuanced understanding of the hydraulic problems associated with levee integrity. The
analysis of slope stability is conducted with the Strength Reduction Finite Element
Method. The findings demonstrate that ANSYS/APDL is a very effective instrument
for analyzing seepage and slope stability. The safety factors for cohesionless soil
under all situations with a slope of 1:1 is found to be much less than one. Similarly,
with a slope of 1:1.5, the safety factor is less than the needed value of 1.2. This is
also seen in sandy clay soil under high and low flood conditions for a slope of 1:1.
The safety factor for slope stability significantly falls when seismic force is applied
to the segment, particularly for a 1:1 slope. A clay core may effectively reduce pore

water pressures and maintain sufficient slope stability in the dam part. This study
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highlights the importance of proper modeling and analysis of levee structures for

seepage and slope stability under different flood and soil conditions [56]

D. Bhattacharjee’s et al, 2019 study found that slope instability is caused by rapid
loss of matric suction, causing safety factors to fall below 1.0. To address this, the
researchers suggested using dual-function hybrid geosynthetics as reinforcement and
drainage aids. The study found that these materials-maintained soil suction after
rainfall events and improved stability, likely due to their efficient dispersion of
excess pore water pressure and reinforcement properties. The study used the finite-
element software SEEP/W to conduct hydro-mechanical infiltration analysis. The
resulting pore water pressure values collected amidst rainfall were then integrated
into the limit equilibrium-based program SLOPE/W to monitor the factors of safety
[57].

Lindung Zalbuin Mase's 2020 study examined the environmental impact of rising
water levels in the Semarang Segment of the Muara Bangkahulu Sub-watershed in
Bengkulu City, Indonesia. The study found widespread erosion and sedimentation,
highlighting the need for water conservation measures to mitigate flood inundation
risks. The study also highlighted the impact of rising water levels on slope stability,
particularly in residential zones. The research recommends the implementation of
slope protection strategies and water conservation practices to mitigate potential
slope failures. The study provides valuable insights for stakeholders, emphasizing the
need to anticipate and prepare for future effects of extreme weather variations in the

region [58].

Hsin-Fu Yeh and Yi-Jin Tsai's 2018 study examined the impact of climate change on
rainfall patterns and slope stability in the Zengwen reservoir catchment area. They
analyzed daily rainfall data from 1990 to 2016, using the Mann-Kendall test and
Theil-Sen estimator. The results showed a significant increase in rainfall intensity,
with projections suggesting that by 2050, the region could surpass the limit for
prolonged extreme events. The study also found that increased rainfall intensity
reduced slope safety factors, increasing the risk of slope instability and related
disasters. The study recommends slope protection measures, such as improving
drainage systems, to counteract future rainfall intensity trends. However, the study's
trend analyses were not conclusive, highlighting the need for more comprehensive

hydrological analysis [59].
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Soumia Merat and her team conducted a study in 2018 to assess the impact of rainfall
on slope stability in a natural setting. They used the PLAXIS2D software to analyze
multiple variables, including rainfall intensity, duration, slope geometry, soil
properties, and hydraulic conductivity. The study found that slopes with superior soil
qualities generally maintained stability during rainfall events. However, the safety
factor decreased and total displacement increased. Steeper and higher slopes were
more prone to failure under these conditions. The study also found that slope
response to rainfall is influenced by soil permeability. Lower permeability soils
showed a delayed reaction to rainfall, while highly permeable slopes exhibited
quicker infiltration and a rapid onset of failure. The study underscores the importance
of incorporating climatic factors in geotechnical evaluations [60] .

This research investigates the influence of both the height and angle of slopes on the
stability of loose granular soil slopes, using the finite element method and the non-
linear hardening soil model. Twelve numerical analyses are conducted, and
surcharge load is also examined. Results show that slope height and slope angle
significantly affect the safety factor of the slope, with circular failure surfaces
classified as face slope failure. Increasing slope height and slope angle decreases the
safety factor, and curves and charts are proposed for easy estimation. The study also
provides a simulation method for analyzing rainfall-induced rock weakening,

considering water infiltration and fractured rock mass properties [61].

A study in Yunnan, China, aimed to understand the stability and failure mechanisms
of a red bed slope, particularly in the context of rainfall-induced geological hazards.
Researchers used GeoStudio software to create a numerical model based on
observations of a small-scale landslide along the XiaoMo highway. Historical rainfall
data from Mengla County was used to analyze seepage variations and assess slope
stability during the rainy season. Key findings revealed that variation in pore water
pressure was primarily concentrated in shallower regions during rainfall periods.
Cracks significantly impacted the slope's stability, acting as conduits for rainwater
infiltration. The study emphasizes the need for careful consideration of these aspects

in geotechnical engineering and hazard mitigation strategies[62].

Jin Qian and colleagues conducted a 2021 study on the impact of rainfall on slope
stability. They identified Qianfeng-type rainfall as having the lowest safety factor,

typically occurring towards the end of summer. The study also found that pore water
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pressure within the slope increased in response to rainfall. The impact of rainfall
intensity and permeability coefficient on slope stability was more complex than a
linear relationship of addition and subtraction. The study found that the direct effects
and interactions between factors had a relatively low impact on slope stability when
considered individually. Understanding these relationships can help engineers and
geologists develop effective measures for slope stabilization and hazard mitigation
[63] .

In research conducted in 2022, Jeffery Nazrien and his colleagues investigated the
influence of intense precipitation on the stability of slopes in the Sg Langat area of
Malaysia. The study used historical precipitation data, slope attributes, and flow
boundary conditions to investigate the impact of intense rainfall episodes on slope
dynamics. The investigation revealed that the slopes in all analyzed channels
exhibited instability as a consequence of substantial fluctuations in negative
porewater pressure, leading to a decrease in soil strength and subsequent slope
collapse. The research also found that the configuration of slopes and the intensity of
rainfall were factors that influenced the stability of slopes. Utilizing numerical
modeling, the assessment of slope stability was conducted with precision,
particularly in the face of intense rainfall events. The results have significant
implications for forecasting the possible consequences of intense precipitation on the

stability of slopes, as well as for mitigating accidents and tragedies [64] .

Tamara and her colleagues conducted a 2022 study on a landslide in Slovenia caused
by heavy rain in 2021. They found that net water penetration is crucial for slope
stability and suggested strategies to decrease it, such as selective planting and
controlling runoff from surfaces. The study also highlighted the importance of water
permeability and groundwater flow on slope stability. The research suggests that
future climate change impacts should be considered, requiring a comprehensive
study to accurately measure water penetration rates and consider land-climate
interactions. It also recommends further research on the impact of higher soil water
content on soil cohesiveness. The findings offer insights for controlling slope

stability in response to climate changes [65] .

Research conducted in the Shengzhou region, which is close to the Hangzhou-
Taizhou high-speed railway, revealed unfavorable hydrophysical characteristics and

susceptibility to cracking when subjected to alternating dry and wet circumstances.
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The research also used a high-speed railway slope fake rainfall simulation system to
examine variations in soil slope characteristics. The research suggests implementing
adequate safeguards for diatomaceous earth slopes to ensure safety during the
building of high-speed railways. Subsequent investigations should include a three-
year observation of diatomite slopes and the execution of on-site fissure diatomite
strength assessments [66] .

The study investigates real-time slope stability in Meghalaya, India, prone to
monsoon landslides. It uses field data and finite element analysis to understand
rainfall-induced slope collapse. Results show significant displacement during
monsoons, groundwater table changes, and unsaturated soil characteristics impact
slope stability. Tensiometer placement helps explain matric suction, which causes
slope instability. The study also provides a local warning system for landslide
mitigation [67].
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3. FINITE ELEMENT MODELING

3.1 Introduction

The following chapter includes two major components. Part, one includes a present
the program and finite element model. The last part explains the verification of the
program by finding convergence between PLAXIS 2D result and for the result 2D
Finite Element Method for the slope in a study (Z. Alsharifi, 2021).

3.2 PLAXIS 2D Program

PLAXIS 2D is a solid and easy-to-use software for analyzing deformation and
stability in geotechnical engineering and rock mechanics using finite element
methods. Top engineering businesses and institutes in the civil engineering and
geotechnical engineering sectors worldwide utilize it. The applications include
excavation, embankment construction, foundation work, tunneling, mining, and
reservoir geo-mechanics. PLAXIS is equipped with a wide array of sophisticated
features that may be used to simulate various geotechnical issues. These features are
all included in a single integrated software package[68]. Because the software was
made to deal with geotechnical engineering issues, there are standard ways to set up
common geotechnical issues like the slopes that were looked at in this study. Based
on the PLAXIS manuals[69].

3.3 Finite Element Formulation

When it comes to studying complex engineering issues, the Finite Element Method
(FEM) is a strong instrument. One approximation method that estimates the
distribution of stresses and strains throughout a continuum is the finite element
method (FEM), which is based on the concept of virtual work. This research
uses PLAXIS 2D (2020), a geotechnical application-specific two-dimensional finite
element software. The soil's behavior is simulated using sophisticated constitutive

models detailed in the following sections:
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3.3.1 Finite elements and nodes

The PLAXIS tool has many elements and nodes that can be used to solve
geotechnical problems correctly; the following sections include the classifications
used in the present study.

3.3.1.1 Soil element

PLAXIS 2D includes two separate elements for soil modeling. These elements are
triangular and feature 6 and 15 nodes, respectively. Additionally, they have 3 and 12
stress points, respectively. As shown in the Hata! Basvuru kaynagi bulunamadi..
In this study, 15 nodes were used.

nodes stress points

a. 15-node triangle

nodes stress points

b. 6-node triangle

Figure 3.1: Soil Nodes and Stress Locations
Source: PLAXIS 2D Reference manual)

Based on the chosen material model, the characteristics are given to each cluster,

which defines a soil element. When modeling soil, material model’s fundamental.

3.3.2 Modeling of soil behavior

Soils exhibit significant non-linear behavior when subjected to a load. The non-linear
stress-strain behavior may be represented using various degrees of complexity. The
quantity of the model's parameters rises proportionately to the amount of
development. PLAXIS offers many models for simulating soil behavior and other
continuous materials. The Mohr-Coulomb model and Hardening Soil model utilized

in this study is explained in the following section.
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3.3.2.1 Mohr-coulomb model

The model is of first-order that simplifies soil by treating it as an elastic-perfectly
plastic substance. For the Mohr-Coulomb model, five parameters are required. These
parameters consist of two stiffness and three strength parameters, which are well-
known to the majority of geotechnical engineers and may be acquired from

fundamental sources [69].
The model of Mohr-Coulomb stiffness parameters (drained behavior):
E" the effective Young's modulus [KN/m2].
v'": the effective Poisson's ratio
Other stiffness parameters may be used instead of Young's modulus. Listed below

are these relations, parameters, and the units that are standard for each:

EJ’

G: the modulus of shear, where G = ——
2(1+v")

[KN/m?]

E'(1-v")

E,.q: Modulus of an odometer, where Eg.q = arha—2o)

[KN/m?]

The Mohr-Coulomb model's strength parameters are:

crer - Effective cohesion  [KN/m?]
@". Angle of effective friction (Degree)

: The angle of dilatancy (Degree)

Under drained circumstances, the Mohr-Coulomb model accurately describes soil
failure behavior. Still, when vyielding occurs, it assumes continuous dilatation,

leading to overestimating the undrained shear strength [70].

3.3.2.2 Hardening soil model (HSM)

This model is designed to simulate soil behavior at an advanced level. The
Hardening Soil model is an elastoplastic hyperbolic model that is constructed within
the paradigm of shear hardening plasticity. Additionally, the model incorporates
compression hardening to replicate the irreversible compaction of soil during initial
compression. The second-order model is applicable for simulating the behavior of

several kinds of soil, including sands, gravel, clays, and silts.

27



Parameters for hardening the soil model

HSM encompasses two distinct groups of input parameters: Failure parameters and
stiffness parameters. Each category will be described as follows:

Failure parameters

The Hardening soil Model has the same strength parameters as the non-hardening

Mohr-Coulomb model, which Consists of three parameters:
c': Effective cohesion (KN/m?)
¢ " Effective angle of internal friction (Degrees)
Y : Angle of dilatancy (Degrees)

Stiffness parameters

Consists of four parameters:

EZST : Secant stiffness in a standard triaxial test with drainage (KN/m?)
E’¢T: Tangent stiffness for the main odometer load (KN/m?)

E;°T: Stiffness as unloading and reloading (KN/m?)

m: Power for stress-level-dependent stiffness (-)

3.3.3 Mesh generating

Once the geometry model is entirely generated, it must be partitioned into finite
elements to streamline finite element computations. Meshing is the term used to
denote a collection of limited components. Mesh mode is utilized to produce the
mesh. The mesh must possess a high level of fineness to provide precise numerical
outcomes. However, avoiding using very small meshes is advisable since this may
result in longer computation times. The PLAXIS 2D software employs a completely
programmed method for generating finite element models. A reliable triangulation
procedure creates this mesh. The mesh-generating procedure considers the soil

stratigraphy and any structural items, loads, and boundary conditions.

PLAXIS 2D employs an unstructured mesh, automatically creating and offering
global and local mesh modification options. PLAXIS 2D provides five options for

mesh density, ranging from a very coarse mesh to a very tiny mesh. Mesh generator
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requires a global parameter for meshing, denoted as I, which signifies the desired

dimension of the elements. The PLAXIS software derives this value from the

measurements of the outside shape elements' distributions (x inimum: X maximuwm
V minimum, Y maximum) CNOSEN in the mesh settings box. The dimensions of the

chosen element are computed using the equation shown below:

Io = 7o % 0.06 X y/ (Xmax — ¥min)? + max — Ymin)? (0.1)
The Element distribution calculates the proportionate factor of element size. There
are five levels in the globe. Medium is the default setting for the Element
distribution; however, whoever uses it can choose a different level to adjust the mesh
to be finer or coarser on a global scale. The relative element size factor values vary
based on the coarseness of the element, as shown in Hata! Basvuru kaynag

bulunamada..

Table 3.1: The Relative Element Size Factor VValues Based On the Coarseness of the

Elements
Element Coarseness The Related Factor For Element Size
Very coarse 2
Coarse 1.33
Medium 1
Fine 0.67
Very fine 0.50

3.3.4 Initial condition

In PLAXIS, it is necessary to establish the starting state of the soil before doing the
significant computations. This involves determining the soil's initial stress level and

the first water pressure inside it.

3.3.5 Effective stress

Vertical and horizontal stress determine the initial stress state in 2D analysis. Vertical
stress is caused by external loads or soil self-weight. In contrast, it is possible to
calculate the horizontal stress using the coefficient K. PLAXIS computes these
stresses at each stress point inside the model given a starting condition. The absence
of external loads in the initial state necessitates the calculation of vertical stresses
based on the unit weight of the soil. The first situation also indicates that the soil is in

a state of rest.
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3.3.6 Types of calculations

The main FEM calculation could be done once the shape is set and the starting
conditions are known. Three categories of calculations apply to this subject: plastic,
fully coupled flow-deformation and safety. Including considerable displacements
(with an updated mesh) and dynamic analyses using an extension application in

different computations are feasible. Various computation methods are shown here.

3.3.6.1 Plastic calculation

Plastic computation calculates elastic-plastic deformation. They were used to analyze
item failure and stability. The plastic computation approach fails to decrease excess
pressure in pores time-dependently. This form of computation is suitable for the
majority of real geotechnical applications.

3.3.6.2 Fully coupled flow-deformation analysis

A fully linked flow-deformation study is performed when it is important to examine
the simultaneous evolution of deformations and pore pressures in saturated and partly
saturated soils due to time-dependent variations in the hydraulic boundary
conditions. Soil permeabilities need to be entered in this stage, use non-zero-time

interval.

A comprehensive flow-deformation investigation considers the behavior of
unsaturated soil and the suction in the unsaturated zone above the phreatic level. This
study is characterized by its high level of sophistication and accuracy since it
considers the lower permeability and degree of saturation in the unsaturated zone.
The ignore suction option is unavailable in fully coupled flow-deformation analysis

for this reason.

Rain is simulated at this stage, The parameters used to define precipitation are: the
unit of length per unit of time for infiltration(q), maximum pore pressure

head (¥, ) , minimum pore pressure head (¥,ip, )-

3.3.6.3 Safety analysis (PHI-C reduction)

All soil layers and interfaces are automatically included for safety calculations.
Using improved safety analysis makes decreasing strength in buildings and soil

clusters feasible. In addition, the enhanced safety analysis allows for
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excluding specific soil clusters or buildings from the strength reduction operation.
The strength reduction multiplier, *Msf, governs safety calculations. The objectives

of Enhanced safety may include the following:

e Removing surface soil clusters situated along a slope while reducing strength
to prevent shallow failure mechanisms is feasible. If the structures exhibit
elastoplastic behavior and have limited strength, they may be chosen for
strength reduction in addition to the soil clusters.

e Manually selecting soil clusters or buildings at various stages may improve

safety analysis.

3.3.7 Staged construction

Construction happens in phases. PLAXIS divides its computation method into
calculation phases to emulate this. This primarily aims to prevent potential failures
during the building phase and accurately reproduce the excavation procedures.

The starting condition set earlier is always the first step in the calculation. Following
the intended building procedure, one could include several stages regarding the
structural aspect elements, loads, and soil groups that are successively activated or
deactivated. Additionally, it is feasible to modify the material properties and water

conditions and apply pre-stress to anchors.

3.4 Finite Element Verification

The PLAXIS 2D program will be used for this study, but before using the program,
the program will be matched with the results of previous researcher. Verification will
be done through slope model. This section used verification model to show the
convergence the PLAXIS 2D solution. The model compared the safety factor results
using PLAXIS 2D with the result 2D Finite Element Method for the slope in a study
(Z. Alsharifi, 2021).
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3.4.1 Verification of slope

3.4.1.1 The research area's description

The research location is situated within the slope next to the historic city of Al-Najaf
and close to the shrine of Imam Ali in the southwestern region of Iraq, as shown in
Hata! Basvuru kayna@ bulunamadi. this area has had recent growth, and more
expansion is anticipated due to the city's religious appeal. Construction is a key
element of growth, and it is necessary to examine the city's slope instability resulting
from the additional weight induced by rainfall. The soil of the slope is sand [71].
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Figure 3.2: Site of the Slope
Source: (Z. Alsharifi et al.,2021).

3.4.1.2 Simulation of slope with PLAXIS 2D

The slope was simulated with PLAXIS 2D. The soil in the slope was modeled using
the Mohr-Coulomb model. The soil's finite element model parameters are outlined in

Hata! Bagvuru kaynag bulunamadi.. The mesh properties were set to 2495 nodes
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and 295 elements, a fine mesh was used. Hata! Basvuru kaynagi bulunamadi.

Hata! Basvuru kaynag bulunamadi.shows the total displacement for the slope and

show the slip surface without effects of rainfall. the permeability (k. ) of soil is
2m/d according to (Budhu, 2011) [72].

Table 3.2: Summarizes the Characteristics of the Soil

Parameter Value
Permeability (Ky)(m/day) 2
Permeability (K, )(m/day) 2
Unit Weight (KN /m3) 19
Young’s Modulus (KPa) 20125
Poisson’s Ratio,V 0.35
Cohesion, C (Kpa) 0
Friction Angle, &, (degree) 35
Dilatancy Angle, ¥ (degree) 0
2000 o 200 o pyn w00 w000 o oy =
) - .

Total displacements u, (scaled up 100°10° times)

Maximum value = 0.01507°10° m (Element 262 at Node 419)
Minimum value = -0.01922°10"% m (Element 248 at Node 2139)

Figure 3.3: Total Displacement of the slope Without Rainfall
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Figure 3.4: Slip Surface of the Slope Without Rainfall

Hata! Basvuru kaynagi bulunamadi. shows the safety factor curve in PLAXIS 2D.
It was noticed that the 2D finite element results match the measured data compared
to study (Z. Alsharifi, 2021).
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Figure 3.5: Factor of Safety of Slope without Rainfall

34



4. RESULTS AND DISCUSSION

4.1 Introduction

The Slope was simulated using FEA to determine the value of the maximum
displacement, the potential sliding surface, and safety factors for slope using the
PLAXIS 2D 2020. The primary aim of this research is to identify the effects of
varying rainfall intensities on the FOS, maximum displacement, and potential slip
surface for slope. This chapter will cover all the output related to this research.

As previously stated, heavy precipitation often causes landslides. Nevertheless, soils
on slopes exhibit diverse reactions to precipitation, contingent upon the attributes of
both rainfall and soil qualities. The interaction between rainfall and soil is crucial in
determining water infiltration into the top layer of slope soils. To cause a critical
state, it is necessary for the rainfall to not only have sufficient intensity but also to
last for a significant amount of time, allowing the infiltrating water to lower shear
strength adequately. The variability of rainfall, especially during severe periods,
significantly impacts infiltration, making the resolution of rainfall crucial.
Furthermore, rainfall distribution is an additional component that substantially
affects landslide vulnerability. However, soil qualities, particularly hydraulic
properties about the intensity of rainfall, can contribute significantly to landslides

triggered by rainfall.

4.2 Rainfall Data

Rainfall data directly measured for design purposes are seldom used. Instead,
statistical data for estimated rainfall, generally represented in the Intensity-Duration
relationship diagram, is employed. Rainfall data was recorded in the northern part of
Irag in Kirkuk governorate (the nearest station to the research area). The relationship
between rainfall intensity during a rainstorm and the storm's duration at a specific
return period is shown in Hata! Basvuru kaynag: bulunamadi. The maximum

hourly precipitation at the station was calculated for each year from 1979 to 2014
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and at return periods of (2, 5, 10, 15, 25, 50, 100) years.[73] This research used three
sets of rainfall data (12,21,28) mm/hr and at return periods of (2, 15, 100) years and a
fixed rain intensity of 212mm/ hr (1,4,8,16,24) hr.
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Figure 4.1: Relationship Diagram between Intensity Rainfall and Duration
4.3 Problem Modeling

The Finite Element Analysis (FEA) was conducted using the PLAXIS 2D code to
examine the effect of rainfall on slope stability. Finite element analyses were carried
out on all layers of the soil of the slope to evaluate the impact of rainfall on the soil.
rainfall data are the variables examined in this study, and they were used to calculate

the displacement and safety factors.

4.3.1 Initial phase

First, an initial phase is created to calculate the soil's primary stresses according to its
volumetric weight in its inclined, non-horizontal state based on the Gravity Loading

calculation type. In this case, the Mohr-Coulomb soil model was used.

4.3.2 Plastic calculation

A plastic computation was used to calculate an elastic-plastic deformation with
Calculate the pore pressure using a type of calculation, phreatic levels depending on

hydraulic circumstances. Input of soil permeability required.
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4.3.3 Safety analysis

Strength reduction method: Phi/c reduction and reduction of strength parameters
until failure is reached. The process of calculation was applied in this analysis. The
primary input parameters are unit weight (y), effective cohesion (¢"), internal friction
angle (¢'), and pore-water pressures. These parameters are automatically entered into
the slope stability assessments using the software's linked function. The primary
output parameter coming out of this process is the factor of safety (FOS), which

indicates the stability of slopes.
a. Phi/c reduction:
b. Progressive weakening of strength parameters till reaching the point of failure.

Making use of effective strength

S

E.ﬂffo= (tang)input _
(tang)reduced C reduced

Employing undrained shear strength

Zﬂ’fS}c= SU.a'nput

St reduced

XIMsf = strength-reduction coefficient

4.3.4 Safety analysis in PLAXIS - calculation

The safety factor in the program is calculated using calculation type safety. Analysis
and calculation of effective stress based on Gravity loading (it is not counted within

the initial phase). It takes into account areas of inclination.
Strength reduction with a predefined factor (Target ZMsf)
1- Create a Safety phase:
a. Set Loading input to Target ZMsf
b. Specify a target reduction factor
2- Calculate

Safety analysis was used in two places: the first position was used to determine the
safety factor for the typical case without the effect of rain, and it was used in another

position to calculate the safety factor with the effect of rain.
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4.3.5 Fully coupled flow deformation analysis

During this phase, the analysis focused on the concurrent development of
deformations and pore pressures in both saturated and partly saturated soils. This was
in response to time-dependent variations, namely changes in rainfall, in the hydraulic
boundary conditions. Rainfall was simulated at this stage by activating the
Precipitation option to use infiltration (q) due to rainfall. Two types of rain analysis
were used: the first type was with a fixed time. It used a time of one hour with a rain
intensity of (12, 21, and 28) mm; the other analysis was to know the time that causes
an apparent effect on the safety factor. This was further achieved using different
times with a fixed rain intensity of 21mm/hr for (1,4,8,16,24) hr.

4.4 Hydraulic Boundary Conditions

The boundary condition was chosen to represent the water entering the soil. The
boundaries of the model were determined by setting the behavior of the slope aspects
as seepage. Boundaries set as Seepage will not be immediately converted to Offside
Boundaries when rainfall is indicated. Percolation was chosen for the slope surface
(precipitation infiltrates the soil from the outside environment). Hata! Basvuru

kaynag bulunamadi. shows the hydraulic boundary conditions for the slope.

Seepage
Infiltration

\'

seepage

close

Figure 4.2: Hydraulic Boundary Conditions for the Slope
4.5 Effect of Rainfall on FOS by using MCM

The factor of safety (FOS) is a dimensionless parameter used to assess the overall

stability of the soil under different climatic loading conditions. Rainfall analysis was
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conducted with constant time and varied rain intensity and constant intensity and

time variation.

4.5.1 Effect of rainfall intensities on FOS by using MCM

The effect of rainfall intensity on the safety factor for different rainfall intensities and
a fixed time (12,21,28) mm/hr for the slope is shown in Hata! Basvuru kaynag:

bulunamada..

It can notice an apparent decrease in the safety factor for the slope under the
influence of rainfall (12,21,28) mm\ hr in the rate of (15%), it can be noted that there
is no noticeable difference in the safety factors between different rain intensities
because the work done by the program is to saturate the area or convert the
unsaturated area within the failure zone to saturated, it will lose its unsaturated
properties. The intensity of rainfall (12, 21, 28) mm is equal in affecting the safety

factor because the three rain intensities saturate the failure zone in the same period.

28

Safety factor

0.5 1 15 2 25
Displacement (m)

—o—Without rainfall With rainfall g=12 mm/h
—o—With rainfall g=21 mm/h With rainfall =28 mm/h

Figure 4.3: Safety Factors of the Slope under the Effect of Rainfall (MCM)
4.5.2 Effect of rainfall duration on FOS by using MCM

The effect of rainfall intensity on the safety factor for different durations of rainfall
(1,4,8,16,24) hours and fixed intensities of rainfall (21 mm/hr). The effect of rainfall

intensity on the safety factor for different durations of rainfall for slope is shown in
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Hata! Basvuru kaynag bulunamada.. It can be noticed that for a higher duration of
rainfall (24 hr), a massive decrease in FOS occurred. On the other hand, for lower-
duration rainfall (1 hr), the FOS decreased less, leading to a reduction in the safety
factor by (12%) when it rained for one hour (28%) when it rained for 4 hours and by
(37%) when rain falls within 8 hours, and (42%) when rain falls for 16 and 24 hours.
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Figure 4.4: Safety Factors of the Slope under the Effect of Different Rainfall
Duration (MCM)

4.6 Effect of Rainfall on Deformation for Slope by using MCM

4.6.1 Effect of Rainfall Intensities on Deformation

The effect of rainfall (12, 21, and 28) mm\hr was applied to the slope model, and the
Mohr-Coulomb model was applied to the slope soil, and the point was chosen at the
top edge to know the values of deformations and to know the deformation’s locations
of the slope. Observed occurrence of the settlement in the crest of the slope (the
horizontal area at the top of the slope) (a counterclockwise movement occurred from
the top of slope to the below), and the upward movement emerged in the slope area
(mid of the slope). The findings suggest that the values of the most significant
deformation occurred in the slope region (mid of the slope) for three rainfall
intensities (12,21and 28) mm/hr, and it can be seen that there is no noticeable

difference in deformation in the crest of the slope. Hata! Basvuru kaynag
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bulunamadi. shows the impact of rainfall on the total values of deformations. Hata!
Basvuru kayna@ bulunamadi. shows the total displacement of the slope without
the effects of rainfall. The impact of rainfall on total displacement is shown in Hata!
Basvuru kaynag bulunamadi. to Hata! Basvuru kaynagi bulunamada.. figure 4-

12 shows the slip surface of the slope.

Table 4.1: Slope Deformations with Different Rainfall Intensities for MCM

Maximum displacement at Maximum heave
Rainfall intensity b (upward movement)
the crest of a slope .
(mm/hr) at a mid of slope
(mm)
(mm)
0 -0.02 0.015
12 -0.29 41
21 -0.108 41
28 -0.142 40

* Negative sign means settlement, and the positive is upward movement (heave)
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Figure 4.5: Total Displacement of the Slope without Rainfall for MCM
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Figure 4.6: Total Displacement of the Slope with Rainfall g= 12mm/hr for MCM
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Figure 4.7: Total Displacement Arrows Presentation g=12 mm/hr for MCM
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Figure 4.8: Total Displacement of the Slope with Rainfall g= 21mm/hr for MCM

Total displacements |u| (scaled up 100 times) (Time 0.04200 day)
Maximum value = 0.04278 m (Element 220 at Node 929)

Figure 4.9: Total Displacement Arrows Presentation g=21 mm/hr for MCM
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Total displacements uy (scaled up 100 times) (Time 0.04200 day)

Maximum value = 0.04062 m (Element 210 at Node 952)
Minimum value = -0.1425*10> m (Element 23 at Node 1873)

Figure 4.10: Total Displacement of the Slope with Rainfall g= 28 mm/hr for MCM

Total displacements |u| (scaled up 100 times) (Time 0.04200 day)
Maximum value = 0.04298 m (Element 220 at Node 856)

Figure 4.11: Total Displacement Arrows Presentation g=28 mm/hr for MCM
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Figure 4.12: Slip Surface for Slope (a) Without Effect of Rainfall (b) With Rainfall
g=12mm/hr (c) with Rainfall g= 21mm/hr (d) with Rainfall g=28mm/hr for MCM

4.6.2 Effect of rainfall duration on deformation by using MCM

The simulation of the effect of rainfall throughout (1,4,8,16,24) hours with a constant

rainfall intensity of 21mm/hr led to an upward movement in the slope. It is evident

that the more hours of rain, the greater the value of the upward movement.

shows the effects of rainfall deformation values in the slope.

Table 4.2: Slope Deformations with Different Rainfall Times (MCM)

. . Maximum displacement | Maximum heave (upward
Rainfall time
h) at the crest of the slope movement) at a slope
(mm)(MCM) (mm)
0 -0.02 0.015
1 -0.108 41
4 44 69
8 44 72
16 50 80
24 55 85
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4.7 Comparison between Behavior of Mohr-Coulomb Model (MCM) and
Hardening Soil Model (HSM)

The slope was modeled by applying the Hardening soil model to the slope soil, to
know the difference in the model's behavior under the influence of rain from the
Mohr-Coulomb model behavior. Hata! Basvuru kaynagi bulunamadi. below

shows the HSM coefficients that were used.

Table 4.3: Slope Soil Parameters

Parameters Slope soil
E;‘gf 20,000
E;‘;i 20,000
E;T 60,000

Power (m) 0.5

4.7.1 Effect of rainfall on safety factor by using HSM

4.7.1.1 Effect of rainfall intensities on safety factor by using HSM

The effect of rainfall was simulated by applying the Hardening soil model for rainfall
intensity 12, 21, and 28 mm/ hr over a one-hour rain time. Figure 4-13 shows the
results of the safety factor obtained. Figure 4-14 shows Comparing the safety factor
results for the MCM and HSM. Noted the convergence of the safety factor without
the influence of rainfall between the Mohr-Coulomb model and the applying the
Hardening soil model. There is an MCM response under the influence of rainfall,
where the safety factor decreased by (15 %) for all rain intensities by the same
percentage. Still, it is less than the HSM response, where the safety factor by
application of HSM on the model decreased by (35%) for the rain intensity of 12
mm/hr. Approximately the same percentage for the rain intensity of 21 mm/hr, and
the safety factor decreased by 40% for rainfall intensity of 28 mm/hr. We conclude
from this that the soil model affects the values of the safety factor under the influence
of rain, as it was shown that the HSM affects the response and behavior in the event

of rain.
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Figure 4.13: Safety Factor of Slope for Fine Mesh MCM and HSM
4.7.1.2 Effect of Rainfall Duration on safety factor by using HSM

The effect of rainfall was simulated by applying the Hardening soil model for
different durations of rainfall (1,4,8,16,24) hours and fixed intensities of rainfall (21
mm/hr). The effect of rainfall intensity on the safety factor for different durations of
rainfall for slope is shown in Figure 4 -15 A significant reduction in Factor of Safety
(FOS) was seen with longer rainfall durations, namely (4,8,16,24) hours. Conversely,
with shorter-duration rainfall (1 hour), the FOS decreased less, leading to a reduction
in the safety factor by (42%) when it rained for one-hour (46%) when it rained for
(4,8,16,24) hours.
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Figure 4.15: Safety Factor of Slope for Different Rainfall Duration for Fine Mesh

(HSM)
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4.7.2 Effect of rainfall on deformation by using HSM

4.7.2.1 Effect of rainfall intensities on Deformation by using HSM

Rainfall 12, 21, and 28 mm/ hr was simulated on the slope model. The slope soil was
modeled using the Hardening soil model. A point was selected at the top edge of the
slope to measure deformation values and determine their positions. Table 4.4: Slope
Deformations with Different Rainfall Intensities HSMshows the impact of rainfall on
the total values of deformations. There was a noticeable settlement in the crest of the
slope and a heave in the mid-slope. The findings obtained by modeling rainfall using
the Mohr-Coulomb Model, as shown in Hata! Basvuru kaynagi bulunamadi.,
show no noteworthy settlement was seen in the crest area, but there is an upward
movement occurred in the mid of the slope with values greater than the values
obtained for the Hardening Soil Model. show the displacement of slope under rainfall
effects by using the Hardening soil model. Figures 4- 16 to 4 -21 show the

displacement of slope under rainfall effects by using the Hardening soil model.

0.00 20.00 40,00 €000 80.00 100.00 $120.00 14000 R |
2000

1800
1600
1400
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10.00
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400

200

Total displacements u, (scaled up 100 times) (Time 0.04200 day)

Maximum value = 0.01992 m (Element 203 at Node 1151)

Minimum value = -0.01723 m (Element 184 at Node 2436)

Figure 4.16: Total Displacement of the Slope with Rainfall g=12 mm/hr for HSM

49



el

i RS

7
e
- '/:,j;' ,/.?///'2"' ki
W |'n' / :’?; /
s
X

I|':".l' ' “C' A "'
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Figure 4.17: Total Displacement Arrows Presentation g=12 mm/hr for HSM

Total displacements u, (scaled up 100 times) (Time 0.04200 day)

Maximum value = 0.01976 m (Element 203 at Node 1151)
Minimum value = -0.01829 m (Element 45 at Node 2467)

Figure 4.18: Total Displacement of the Slope with Rainfall g=21 mm/hr for HSM

50




Total displacements |u| (scaled up 100 times) (Time 0.04200 day)
Maximum value = 0.03712 m (Element 254 at Node 812)

Figure 4.19: Total Displacement Arrows Presentation g= 21 mm/hr for HSM
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Figure 4.20: Total Displacement of the Slope with Rainfall g=28 mm/hr for HSM
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Total displacements |u| (scaled up 100 times) (Time 0.04200 day)
Maximum value = 0.04391 m (Element 260 at Node 477)

Figure 4.21: Total Displacement Arrows Presentation g= 28 mm/hr for HSM

Table 4.4: Slope Deformations with Different Rainfall Intensities HSM

. : Maximum heave
Rainfall intensity Maxigilii displacement di (upward movement)
crest slope .
(mm/hr) at mid of the slope
(mm)
(mm)
0 0.3 0.8
12 -17 19
21 -18.3 19.7
28 -17.9 20

*Negative sign means settlement (down ward movement) and the positive is upward movement

(heave)

Table 4. 5: Table Comparison of Slope Deformations with Different Rainfall

Intensities for MCM and HSM

Rainfall MCM HoM |
: : Settlement at . Settlement at | heave at mid
intensity heave at mid
(mm/hr) crest of a slope of slope(mm) crest slope of the slope
(mm) b (mm) (mm)
0 -0.02 0.015 0.3 0.8
12 -0.29 41 -17 19
21 -0.108 41 -18.3 19.7
28 -0.142 40 -17.9 20
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4.7.2.2 Effect of rainfall duration on deformation by Using HSM

A model simulation was conducted across different rainfall intervals (1, 4, 8, 16, and

24 hours) with a consistent rainfall intensity of 21lmm/hr. The slope soil was

modelled using the Hardening Soil model. Hata! Basvuru kaynag bulunamad.

shows the impact of rainfall on the total values of deformations. There was a

noticeable settlement in the crest of the slope and a corresponding heave in the mid

of the slope, While the findings obtained by modelling rainfall using the Mohr-

Coulomb Model, as shown in

, show just an upward movement in the slope (crest and mid of the slope).

Table 4.6: Slope Deformations with Different Rainfall Time HSM

Rainfall time '\:tai(r:;ngrr:sfffptlﬁgimt Maximum heave at mid

(h) (mm) of the slope(mm)

0 0.3 0.8

1 -17 19

4 -12 22

8 -14 20

16 -5 12

24 -12 32

Table 4.7: Comparison of Slope Deformations with Different Rainfall Durations for

MCM and HSM
MCM HSM
Rainfall di'\sﬂaizlc?#]?nt Maximum Maximum Maximum
time at tl?le crest of heave (upward | displacement heave at mid
(h) the slone movement) at | atthecrestof | of the slope
(mm)p a slope (mm) | the slope (mm) (mm)
0 -0.02 0.015 0.3 0.8
1 -0.108 41 -17 19
4 44 69 -12 22
8 44 72 -14 20
16 50 80 -5 12
24 55 85 -12 32
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4.8 Comparison of the Effect of Rainfall on Safety factor Between Coarse, Very
Fine Mesh and Fine Mesh By using the Hardening Soil Model (HSM)

4.8.1 Effect of rainfall intensities on safety factor by using HSM

The effect of rainfall was simulated by applying the hardening soil model for rainfall
intensity of 12, 21, and 28 mm/ hr over a one-hour rain time using a coarse and very
fine mesh. Figure 4.22 show the result of the safety factor for very fine mesh, and
Figure 4.23 show the result of the safety factor for coarse mesh obtained. Hata!
Basvuru kaynagi bulunamadi. shows the Comparison effect of rainfall on safety
factors Between coarse, very fine mesh and fine mesh by using the Hardening Soil
Model (HSM). Noted the convergence of the safety factor for fine and very fine
mesh. However, the safety factor results for the course mesh are different from the
fine mesh, as the rainfall did not affect the safety factor for the intensities (12 and 28)
mm\hr. In contrast, the safety factor for the rain intensity (21) mm\hr decreased

clearly and by 26%.
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Figure 4.22: Safety Factor of Slope for Very Fine Mesh by using HSM
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Figure 4.23: Safety Factor of Slope for Coarse Mesh by using HSM

Table 4.8: Comparison of the Effect of Rainfall on Safety Factors between Coarse,
Very Fine and Fine Mesh using the Hardening Soil Model (HSM)

. . . Safety factor for Safety factor for Safety factor for
Rainfall intensity : :
fine mesh very fine mesh coarse mesh
0 2.54 2.53 2.53
Q=12 mm\hr 1.66 1.73 2.53
Q=21mm\hr 1.63 1.58 1.87
Q=28mm\hr 1.5 1.52 2.51

4.8.2 Effect of rainfall duration on safety factor by using HSM

The effect of rainfall was simulated by applying the hardening soil model for rainfall

intensity of 21 mm/ hr over (1, 4, 8, 16, and 24 hours) using a coarse and very fine

mesh. Figure 4.24 show the result of the safety factor for Very fine mesh, and Figure

4.25 show the result for Coarse mesh obtained. By examining figure 4.15 which

depicts the safety factor affected by rain for various durations using a Fine Mesh. It

can be noted that the safety factor findings for the Coarse and Fine mesh are similar.

The behavior of the very fine mesh is different, particularly under rainy one hour.
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5. CONCLUSION AND RECOMMENDATION

The finite element program PLAXIS 2D 2020 was employed in this study to analyze

the effect of rainfall on the safety factor and the displacement of the slope. The

PLAXIS 2D 2020 was verified with the models chosen for the study. A comparison

was also made between the behavior of the Mohr-Coulomb model (MCM) and the

Hardening Soil model (HSM) for simulating rainfall. The following sections

summaries the main Conclusions of the study:

5.1Conclusions

1-

The safety of the slope is affected by rainfall of different intensities, leading
to same percentage 15% reduction at MCM soil model. response under the
influence of rainfall, where the safety factor decreased by (15 %) for all rain
intensities by the same percentage.

The effect of rainfall intensity for different periods has a different impact on
the safety factor at hardening soil model. The safety factor by application of
HSM on the model decreased by (35%) for the rain intensity of 12 mm/hr.
Approximately the same percentage for the rain intensity of 21 mm/hr, and
the safety factor decreased by 40% for rainfall intensity of 28 mm/hr. Thus, it
is confirmed that increasing the duration of rainfall leads to an increase in the
decrease in the safety factor.

We conclude from this that the soil model affects the values of the safety
factor under the influence of rain, as it was shown that the HSM shows
sensitive response on the safety factor behavior in the event of rain.

The effect of rainfall intensity on the slope, when using the Mohr-Coulomb
model for a fixed period and different rainfall intensities, led to deformations
in the soil. An upward movement occurred in the mid of the slope area, and
no noticeable deformation was observed in the crest of the slope. The upward
movement occurs throughout the slope when exposed to rainfall for different

periods.
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1.

The behavior of the Hardening soil model in analyzing the effect of rainfall
with different rainfall intensities on the deformations is logical, as it showed
the occurrence of settlement and upward movements in parts of the slope; the
Mohr-Coulomb model did not show noticeable deformation in the slope top
area, but it showed deformation in the mid of the slope.

The Hardening Soil model indicates the occurrence of up-and-down
movements in the slope when rain falls at different periods. Meanwhile, the
Mohr-Coulomb model indicates the occurrence of upward movements
throughout the slope without mentioning the occurrence of downward
movements.

The soil model affects the values of the safety factor under the influence of
rainfall, as it was shown that the Hardening Soil model affects the response
and behavior in the event of rain differently from MCM.

In the absence of rain, HSM behaves the same as the MCM, but there is a
difference in the presence of rain.

The simulation of rainfall effects using the Hardening Soil Model (HSM)
generated varying results depending on the intensity of rainfall and the mesh
size used. The choice of mesh size impacts the simulation results, with finer
meshes showing more consistent behavior under different rainfall intensities.
In comparison, coarser meshes may produce different results, especially

under moderate rainfall intensity.

5.2 Recommendations

Using the Hardening Soil Model (HSM) to study the effect of rainfall on the factor of
safety and displacement in the PLAXIS 2D program. Earth dams should be analyzed
with soil models not only with MCM but also with HSM model to check the

settlements at the crest under rainy conditions.

5.3 Future studies

Study rainfall's effect on the safety factor and displacement with a structure

on a slope.
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2. Astudy on occurring earthquakes (dynamic analysis) after rainfall.

3. Changing the slope angle, studying soils of different types.
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APPENDICES

Appendix A: PLAXIS 2D 2020 Program Outputs
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