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Abstract— The landslides in the field often do not have an fmite length, making 3-dimensional assumptions mar appropriate for

the design. Meanwhile, they are mostly analyzed idesign by assuming the landslides occur infinitelwith plane strain in a 2-

dimensional approach. This assumption becomes lessepise due to the consideration of the safety faagtdased on 2-dimensional
conditions while the landslide happens 3-dimensiohaand this has further effects on the need for reiforcement. This research was
conducted to determine the level of influence 2-diemsional and 3-dimensional landslide safety factorbave on the number of
reinforcements required. A limit equilibrium method was used in the study. The number of geotextile mdfiorcement needs with a 3-
dimensional sliding model is calculated based on isting research results. The results are then compad with the amount of
geotextile reinforcement required with a 2-dimensioal sliding model. The results showed the possittyi of having the same amount of
reinforcement under 2-D and 3-D assumptions in théhomogeneous soil, while different results were fouhwith heterogeneous soil
layers due to the variations in soil conditions. Cmparison of the number of geotextile reinforcementrequirements between 2
dimensions and three dimensions still needs to barther developed by using more varied soil data. Tl is done considering that
existing studies are only limited to soil, which teds to be homogeneous.

Keywords— slope stability; 3-D landslide; 2-D landslide; getextile reinforcement.

first introduced by Anagnosti in 1969 by developthg 2-D
I. INTRODUCTION stability analysis designed by Morgenstern in 1%
Most of the embankment stability analysis in camnstion |mplement(_eq using the limit equilibrium approactmeT2-D

design is usually conducted using a two-dimensi¢adD) SlOp?. stability method has been developed to czak-:uhe
method with a limit equilibrium approach. This inved stab|I|Fy of 3-D slope by several researchers,thatstudies
computing the safety factor against landslides $suming ?re dd||_f(§erefntloll‘rom eac_h ot_he; tlsasgd on the as?)or;]prf
plane-strain conditions. The assumption is basedliding r?n siide fie ds ﬁCCl:.mn? In-s-b. _orr:e were o ehr_\lto
occurring in the field has an infinite length inder to ‘1"6 assurc?e tl_eds_lp ?ane Is a circular croskeseshile
neglect the effect of those in three dimensionsD)3- others used a cylindrical cross-section.
Meanwhile, they are not always infinite, making t2eD Several researchers have conducted_S-D slope idedsl
calculation assumptions less appropriate for tlisddion. research as devel_opment on 2-D Ia_ndslldes f_rprrBt]mto
However, some researchers found the use of 2-Dysisal the present., 2-D is used for. theoretical slopbility based
fitting for slope design due to its ability to ydela on Spence.r ”T‘etho‘?' [1] wh|I.e other researchers dpeel
conservative estimate for the safety factor whowb aeffects the theory in I'n?. with Fellenius Me_thod [2]. Mosew, the
are not included while the other recommended 3-Bhowe ~ 2°D Slope stability research of Bishop method haerb

for back analysis in order to be able to descfilgecondition improv_ed to 3'.D [3]. Other researcher developed aHe
of its end effects using back-calculated sheangtte theoretical basis used by Morgenstern and Pricevj#]le
The research on slope stability in soil and rocsisgia 3- other researchers formulated the Janbu simplifiexthod

dimensional approach has been increasingly condweith and Janbu Generalised methods [5], [6].

the 3-D slope stability calculation method obsertedbe



Baligh and Azzouz were the first to present a 3-
dimensional slope stability study on cohesive sadisg the
circular arc method in which landslides were asslitoebe
a combination of cylindrical center points with émal ends.
Moreover, Chen and Chameau [7] presented a 3D mieitho
analyze slope stability inhomogeneous and frictislape
cohesive soils by considering force and momentlibauim
with different pore water pressure conditions. Tiesult
showed the safety factor with the 3-D method ishaighan
2-D. Another research assumed landslide fields are
combination of cylindrical center parts followed byrve
ends to calculate the safety factor value and tbard
recorded for 3-D slope stability was found to bghleir than
2-D at 1.03 to 1.30. Furthermore, Bjerrum also regabthe
ratio of the 3-D and 2-D safety factor to be 1.0361

The natural slope researched [8] found the rati-&f
and 2-D safety factor to have an average valuesf while
another study produced a ratio of 1.76 in undraumeiform
slope, 1.15 in undrained cut slopes, and 1.04 girained
natural slope when L / H = 5 using a limit analysisthod
[9]. Dana et al. [10] also conducted a comparatimalysis

of the safety factors in the open-pit mines arew, all the
conditions analyzed were reported to have valuemaife
than 1, with the steep slope having 1.29 and timleyslope
estimated at 1.17.

Other studies regarding comparing 2D and 3D slope
stability have also been conducted by several rekess,
namely [11]-[17], which show differences in results
between 2D and 3D slope stability. Most of thessults
showed the 3-D and 2-D safety factor ratio to beartban
one under certain conditions. Hovland [18] was a¢gmrted
to have concluded the safety factor for 3-D is bigthan 2-
D for cohesive soils and lesser for non-cohesiis,sand
similar results were obtained [7]. This means amdase in
the failure surface's length causes a reductiothénsafety
factor ratio. The research also showed the ratie neduced
with the steeper slope. According to Lovell (198digher
pore water pressure can cause the 3-D/2-D safetgrfin
cohesive soils to decrease slightly as the cylindegth
increases. A summary of the results from previdudiss is
presented in Table 1 and, despite several debtheg,are
still being used as references in subsequent studie

TABLE |
THE SAFETY FACTOR RATIO FOR THE 3-DIMENSIONAL AND 2-DIMENSIONAL SLOPE STABILITY BASED ONPREVIOUSRESEARCH

Procedure Theoretical basis

3-D/2-D

Chen and Chameau (1983) Spencer (1967)

>1 for cohesive soil; < 1 for nohexive soil

Thomas and Lovell (1988)
Chen et al (2003)

>1 for cohesive soil not always for non-cohesivié s

Jiang and Yamagami (2004) >1
>1
Baligh and Azzouz (1975) Fellenius (1922) >1

Hovland (1977) Fellenius (1927)

>1 for cohesive soil; < 1 for non-cohesive soil

(légf]“t (elt9a8|821988) E:::zz:ﬂz gggg; >1 for cohesive soil; < 1 for non-cohesive soll
Xing (1988) Fellenius (1927) >1
>1
Hungr (1987) Bishop (1955) >1
Ugai (1988) >1 for cohesive soil: < 1 for non-cohesive soil
Hungr et al. (1989) 1
Huang and Tsai (2000)
Cheng and Yip (2007) >1
>1
Anagnosti (1969) Morgenstern and
Hungr (2001) price (1965) >1
Sun et al. (2012)
Cheng and Yip (2007)
Hungr et al. (1989) Janbu simplified
Huang et al. (2002) (1965 and 1973) >1

Cheng and Yip (2007)

Previous studies have shown the safety factor salue
obtained from 3-D and 2-D methods are differentedasn
the type of soil, landslide field assumptions, asidpe
dimensions. It is important to note that the saffagtor
affects the slope treatment when designing thdaeieament
required. Therefore, this present research dissuske
influence of the safety factor differences in dasig the
reinforcement needs for slope stability design gishe ratio
from previous studies. This research's primary aute was
to determine how vital 3-D analysis is conductedédplace
the 2-D analysis in different aspects.

Il. MATERIALS AND METHOD

A. 2-Dimensional Slope Stability Analysis

The limit equilibrium method for 2D slope stability
analysis is divisible into three procedures: sl@esular, and
non-circular. Meanwhile, the vertical slice proceglwsing
Bishop method, Fellenius Method, Janbu Method,
Morgenstern Method, and Sarma Method are mostliexpp
due to its two useful simplifications. It includdse base of
each slice passing through only one type of mdtarid the
slices narrow enough to ensure a straight linensadel the
slip surface at each slice base. The circular amdaircular



procedures are considered
consideration of the whole failing mass's equitibmi

Two different slices procedures were developeBiblyop
method and they include Bishop complete and Bishop
simplified procedures. The horizontal and vertidatces
acting on the slice's sides are included in the pleta
procedure, but, based on [19], this theory doesspetify
the fully satisfied statistic equilibrium in its sasnption.
Moreover, the simplified procedure neglects thesrisitce
shear forces, while those on the sides of slicesaasumed
to be horizontal. It also uses overall moment éopiilm
about a center of rotation and the vertical forgailérium
equation of each slice to determine the unknowoef®r

Janbu method also developed the theory of the
Generalized Procedure of Slices (GPS), which wasmied
not to satisfy the moment rigorously but only force
equilibrium and this means it does not meet allrdwuired
conditions. Another theory develop by Janbu is the
Simplified procedure which assumes of horizontérnslice
forces while the normal force is derived from tlinsnation
of forces in the vertical direction with interslisaear forces
ignored. Moreover, Spencer's procedure satisfiet al
conditions of equilibrium including horizontal anertical
force and the moment and was initially developed fo
circular surfaces before being extended to nonitdaroones.
This theory assumes all interslice forces have same
inclination. Morgenstern Method presents anothgorous
procedure that assumes that the shear force besiiees is
related to the normal force.

B. 3-Dimensional Slope Stability Analysis

Several researchers have proposed the 3-D slopititgta
theory since 1960 with most observed to have usedimit
equilibrium procedure. Still, the number is relativ few
compared to the 2-D analysis with the same proeedur
However, there is the need for more assumptiorextend
the 2-D limit equilibrium procedure using 3-D withe two
observed to be different in their 1) assumptionsinér
column forces, 2) equilibrium equation and 3) siifigation
of the failure surface shape.

An initial concept to evaluate 3-D effects is usitige
weighted average procedure developed by [20] which
suggests using parallel cross-sections througkldpe. This
involved the calculation of the safety factor irckeaof the
three parallel cross-sections using 2-D slope [dtabi
analysis after which a weighted 3-D safety factsr i
computed using the weight above the failure surfa@ach
cross-section as the weighing factor as shown gurei 1
and with the following equation:

1)

F and A with subscripts represent the F, S, andjhtei
respectively, for the 2-D cross-sections. Howetlgs, is not
a 3-D procedure due to its neglects of forces betwhe
cross-sections but has the potential to produceoa gesult
in the failure surface tapers by gradually movipgtewards
the boundaries on the sides of the slide mass tondio
ensure the three more cross-sections in 2-D péocept
capture the side force. This procedure is not blgtdor
translational slides due to the shear resistance wvertical

less accurate due to theior near-vertical side, which cannot be modeledgisir2-D

cross-section. Moreover, the weighted average ia th
translational slides yields the same F.S. as thé&alecross-
section, which also makes the procedure unsuitable.

FiA +FaAg+FyAy

F=
M tAItAs

Fig. 1 Weighted average procedure

The concept of 3D slope stability has been effetyiv
developed to express the real 3-D condition af@&tOlwith
several approaches on the failure surface, as showig. 2.
The failure mass above the failure surface is éidnto
several vertical columns indicated in Figure 3ahwite free
body diagram of a column extracted from the failorass
shown in Figure 3b [21]. Several parameters argeher,
included in the analysis, such as 1) the normal stmehr
forces acting on the sides (X-Y plane), ends (YiZnp),
and base of the column, 2) the points of applyorgds, and
3) the safety factor of the overall analysis. Thare several
assumptions for the effective determination of pineblem.
They include symmetrical failure mass and no movsnre
the Z direction to show the horizontal shear seesscting
on the Y-Z plane's base at the onset of failurerassl to be
zero. These assumptions are expressed using tloevifog
equation:

Pij=Pi_,j=0 2)

3)

Pi, and Pi_,j act on the ends of the column whild,Z
acts on the base. Each side or end force is asstombd
acting along the central vertical line since thduom
dimension, including its length and width, is smaibugh.

(2)
3)

The shear forces acting on the column sides, Ri,j, |
as shown in Fig. 2, are parallel to the bottom fabde the
cohesion part of the mobilized shear force (R,4%5 at the
h/2 from the base. Meanwhile, the cohesionless glathe
mobilized shear force acts at h/3 from the basd whie
inter-column normal stress distribution assumebédinear
with the depth.

z,i,j=0

b,j=b,=b/2
bzi = hdi = 1/2



(after Gens et al. 1988) (after Chang 2002)

Fig. 2 Several approaches to failure surface beseprevious study [22].

Rotate axis Neutral plane

Fig. 3a (top) 3-dimensional failure mass ;[73b (bottom) Free body
diagram of a column and side view of the forceeysin a column [7]

Hovland [11] proposed a general approach for three-
dimensional slope stability analysis. This invohaefining
the safety factor as the ratio of the total avédalesistance
along a failure surface to the total mobilized stteThe
ordinary method of slices was used to simplify #malysis

with the inter-column forces ignored. Both normatiashear
stresses at each column base were obtained mesdlyea
column's weight component, and it is also posdibleresent
the safety factor in a similar form by dividing theil mass
above the failure surface into several verticaluoois.
Assume the X.Y. plane to be horizontal, the Z-axisbe
vertical, and the Y-axis to be in the directiondwfwnslope
movement as shown in Fig. 4 to derive the following
equation:
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Fig. 4 Plan section and three-dimensional view io@ oil column ([11])

Furthermore, slope stability 3D calculation metheate
increasingly being used for calculation applicasion
although not as much as 2D analysis. Researchhernidtest
state of the art regarding slope stability 3D hdwesen
conducted by several researchers [23]-[28]. Thiearch
attempts to see how the effectiveness of slopédlisfaBD
analysis compared to 2D analysis.

I1l. RESULTS AND DISCUSSION

The 2-D slope stability analysis was conducted gisire
Geo5 program to obtain the safety factor[7] (segufé 5)
and compared to Figure 6 [29]. The soil paramaieesi in
this study were adapted to those applied previtudies and
they include ¢ = 0f =40, c = 7.2 Kpaf = 30, ¢ = 14 Kpa;

f =25, c =21.6 Kpaf = 20 and ¢ = 28.7 Kpd; = 15.
Those parameters are used for all soil layer botfase and
sub-surface layer, so that means that this studg tise
homogenous soil parameter. The embankment height wa
6.1 meters with a slope of 1v: 1.5h; 1v: 2.5h; and3.5h.



landslide conditions with a safety factor ratio 1005-1.26.
Meanwhile, the safety factor was more than 1.5tireosoil
parameters, and this indicates the reinforcemems ionger
needed.

@

(b)
Fig. 6 The 3-D/2-D safety factor ration for diffateend shapes with the

Fig. 5 3D and 2D safety factor stability analysitian with slope 1v:2.5 h; Iﬁceur?g?]? Fl'%ﬁ’e:m 0, D=1 on the left and slope=86r any value of D on

ru=0 on the left and different slope angles onrityet. [7]].

The same results were also obtained in slope dimeds
2.5 and soil parameters ¢ = 0 kPa &nd40 with the lowest
safety factor found to be 0.81 in 2-D and 0.79 WD 3
analyses using a ratio of 0.98. The result is Haesas the
results obtained at 1:1.5 slope where the reinfoere
required to withstand landslides in the 2-dimenaion
analysis is believed to be applicable in 3-D obsédran the
field. This finding is generally the same for ather soil
parameters. Moreover, slope stability with 1: 3r6duced a
safety factor of more than 1.5 for all parametensg this
means no reinforcement is needed. Table 2 presa&nts
summary of the results.

The results showed the possibility of using the
embankment stability analysis from the 2-D methad t
calculate the reinforcement needed for practicadoas even
though the landslide occurring in the field is ptane strain
but in three dimensions. The analysis was conduasaug
homogeneous soil parameters, although the conditaon
not homogenous on the field. A slope's stabilitys vedso
analyzed using ¢ = @, = 40, and slope 1: 1.5, which was
assumed to stand on a soft clay soil subgrade TbBig.

The smallest safety factor, SF, in slope 1: 1.5d@@mns
and soil parameters ¢ = 0 ahd 40 was 0.52 while slope
stability on other landslide areas with varying ttlewas also
calculated. The results were used to evaluate the
reinforcement required using geotextile layers.sTéiudy
uses geotextile as a reinforcement to resist lawsl
because it is widely used in the field. Besidestaling
geotextile is more comfortable and more economidaén
compared with other reinforcement. Moreover, rezuents
for 3-D landslide conditions were compared with so
obtained for 2-dimensional analysis. The safetyofacatio
for 3-D and 2-D was calculated using the result&im 5
and was found to be 0.98. This value means the
reinforcement needed to withstand landslides with 2-
dimensional analysis assumptions applies to 3-déioeal
landslides in the field.

The slope stability analysis with soil parameters .2
kPa and = 30 and 1: 1.5 slope also produced a safety factor
of less than 1.5. The ratio is more than one. Tiesns the
reinforcement needed in the 2-D design is enoughsaifie
against landslides in 3-D and not overestimated34B



Moreover, the value of the 3-dimensional safetytdiac
obtained from 3-D and 2-D ratio in previous studi@snon-
cohesive soils was recorded to be 0.98, and thanmé¢he
reinforcement needed based on 2-D assumption isgénio
withstand the real 3-D landslide in the field. Niffetence
was observed in the number of geotextile sheet
reinforcement requirements generated from the 2-D
landslide analysis compared with the safety fairtdhe 3-D
landslide. However, a variation estimated to be sheets
was recorded with parameters ¢ = 7.2 &nd 30 due to the
subgrade and slope load parameters.

There is a need for further analysis to determine t
difference in the amount of reinforcement needeith wiore
soil conditions variations. Some previous studigg],[31],
[32] on the location of critical landslides weresebved to
have produced the highest reinforcement requirad thie
2-D landslide assumption used as a comparison. sthdy,
however, found the stability analysis based on 24idIslide
assumption to be strong enough to hold the 3-Ddliohel as
observed from the summary shown in Table 2.

@)

(b)
Fig. 7a (top) The model used for homogenous sgérta7b (bottom). The
model used for the embankment stands on a softsciagubgrade

TABLE Il
THE AMOUNT OF GEOTEXTILE LAYER WITH HOMOGENOUSSOIL SUBGRADE

. Safety Factor in 2- | Geotextile layer in 2- Safety Factor in Geotextile layer in 3-
Variation . . . .
D analysis D analysis 3-D analysis D analysis
0.52 1 0.509 1
Slope 1:1.5 (c = 0 and 0.88 3 0.86 3
f=40) 1.16 3 1.13 3
1.03 2 1.01 2
1.12 1 1.41 1
Slope 1:1.5(c=7.2 1.33 1 1.67 -
kPa and = 30) 1.31 1 1.65 -
1.46 1 1.83 -
Slope 1:11,5(c=14
Kpa:f = 25) 1.54 - 1.94 -
Slope 1:1,5(c=21.6
kpa:f = 20) 2.33 - 2.93 -
0.93 3 0.91 3
. _ 1.23 2 1.20 2
fSloEg 1:2.5(c =0 and 133 5 130 5
=40) 1.35 1 1.32 1
0.81 1 0.79 1
Slope 1:225(c=7.2
kpa andf = 30) 1.37 1 1.72 -
Slope 1:12,5(c=14
Kpa:f = 25) 1.81 - 2.28 -
TABLE Il
THE AMOUNT OF GEOTEXTILE LAYER WITH A COMPRESSIBLELAYER OF SOIL SUBGRADE
Variation Safety Factor in 2-D | Geotextile layer in 2-D | Safety Factor in 3- | Geotextile layer in 3-D
analysis analysis D analysis analysis
Slope 1:1.5(c =0 0.87 4 0.85 4
andf = 40) 0.85 7 0.83 7
0.96 7 0.94 8
1.36 3 1.33 3
Slope 1:1.5(c=7.2 0.85 4 1.07 2
kpa and = 30)

Note: the number of geotextiles is asstimith Tultimate=50 KN/m’ and the spacing=0.5 mete



Vestnick [33] proposed establishing the possible

connections between 2-D and 3-D models by retrggvire

required variables or features from a 2-D modelisTh

involved a certain level of subjectivity concernirthe
number and size of the variables. Meanwhile, a Sw@lel
procedure is required to create a 3-D model taengdrthe
required variables. This is necessary to estintaeltiration
as a basis for cost estimation, cost reductio,GE (Total
Cost Estimation). It is also important to furtheralyze the

creation of regression equations with the index of
determination obtained using the most important

independent variables in determining the differepesveen
the 2D and 3D landslides.

IV. CONCLUSION

The 3-D approach for slope stability analysis wasrem
compatible with the actual conditions on the figddn the 2-
D approach. Still, designers usually avoid the meéth
because it consumes more time. Previous studiesesho
that 3-D slope stability analysis produces a safatyor of
more than one on cohesive soils and less tharB7{0995)
on non-cohesive soils. Meanwhile, the safety faetifects
the number of reinforcement requirements, and shigly
showed the value is relatively the same with thes afsboth
3-D and 2-D analysis. These results were obtairsatyuhe
safety factor ratio from previous studies conducteith
adjusted soil parameters. There is, however, thex rfer
further analysis of other heterogeneous soil parammeo
ascertain the generalization of these results.
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