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Abstract. Hazardous landslides are ordinary phenomena in north of Iran. In this paper, mitigation of Flourd landslide
in Savadkouh by using non-woven geosynthetic was investigated.

Reinforced slope was designed using limit equilibrium analysis and numerical method such as those based on the Fed-
eral Highway Administration of the USA (FHWA) guidelines and finite element method and with in-situ residual soil pa-
rameters. The main goal of this paper in designing a reinforced slope instead of failed slope is finding number of reinforce-
ment layers and vertical distance of reinforcement layers.

Using the non-woven fabric to repair failed slope is a good option to prevent respective failures. When the non-woven
fabric is used, it not only generates the tension forces to enhance the overall stability of slopes, but also prevents the devel-
opment of pore water trapped in clayey soils by providing horizontal drainage through the fabric. Results of analysis showed
that positive effects of reinforcement are clear and lead to decrease of horizontal displacement.

Key words: landslide, mitigation, geosynthetic, FHWA, finite element method.

Abcrpakt. PuckoBute ciaunina ca obuyaitno ssinenue B CeBeper Upan. HactosmaTa craTtus npencrassi pe3ysira-
TUTE OT yKpemBaHeTo Ha cBiauumiero ®noypxa, mo rp. CaBankoyx, Ype3 U3MNOJI3BAHETO HA HETHKAH I'€OCHHTETHUYCH
MaTepuall.

VKpeneHusT OTKOC € MPOEKTHPAH, Ype3 M3IOJI3BAHETO HAa PABHOBECHMS METOJ M YHMCJIEHM METOIM, 0asupaHu Ha
npenopbkute Ha Penepannara meraa anmuHuctpanus Ha Crenuaennte matu (FHWA), Mmetona Ha kpallHUTE ejleMeH-
TH ¥ ApaMETPUTE HA OCTAThYHATA SKOCT Ha mouBaTa (in-situ). OCHOBHA II€J HA CTATHUSITA € MPU MPOEKTUPAHETO Ha
YKpENeHNsl CKJIOH Ha MSCTOTO Ha CBJICUEHMS CKJIOH, 1A Ce OIpenesy Opos Ha YKPENUTEJIHHTE CIOEBE W BEPTUKAIHOTO
pa3CTOsIHUE MEXIy THX.

M3no3BaHeTO Ha HETHKAH I€OTEKCTHII 32 YKPENBAHETO Ha CBJIAYMINHK CKJIOHOBE € €IMH NOOBD MOIXOA 32 MPenoT-
BpaTsBaHE HA CBIMYaHUs. YTOTpedaTa Ha HETbKaH MaTepuall He CaMO T'€HepHUpa OIN'BbHOBU CHJIM, KOMTO BOAST HO Lisi-
JIOCTHO MOAOOpsiBaHE Ha CTaOWIIHOCTTa Ha CKJIOHA, HO ¥ NpEANa3Ba OT 0Opa3yBaHETO Ha KalCyJIOBaHH IOPOBU BOIU
B IJIMHECTUTE IOYBM, YPE€3 OCBHILECTBSIBAHETO HA XOPH3OHTAJHO IPEHHPAHE Ipe3 maTepuana. PesyiaraTure moka3BaT

SICCH IIO3UTHUBCH C(I)CKT OT YKpPEIBAaHETO, KOWTO BOAYW IO HaMaJiABaHe Ha XOPU30OHTAJIHOTO NPEMECTBAHE.

Kaiouosu dymu: VipaH, cBiiauuiie, ykpemnBaHe, F€OTEKCTUII, METOl HA KpaWHHUTE €JIEMEHTH.

Introduction

Landslides are frequently responsible for considera-
ble losses of both money and lives, and the severity of
the landslide problem worsen with increased urban
development and change in land use. Given this
understanding it is not surprising that landslides are
rapidly becoming the focus of major scientific re-

search, engineering study and practices, and land-
use policy throughout the world.

In every slope there are forces which tend to pro-
mote down slope movement and opposing forces
which tend to resist movement. A general definition
of the factor of safety, E of a slope results from com-
paring the down slope shear stress with the shear
strength of the soil, along an assumed or known rup-
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ture surface. Starting from this general definition,
Terzaghi (1950) divided landslide causes into exter-
nal causes which result in an increase of the shear-
ing stress (e.g. geometrical changes, unloading the
slope toe, loading the slope crest, shocks and vibra-
tions, drawdown, changes in water regime) and in-
ternal causes which result in a decrease of the shear-
ing resistance (e.g. progressive failure, weathering,
seepage erosion). However, Varnes (1978) pointed out
there are a number of external or internal causes
which may be operating either to reduce the shear-
ing resistance or to increase the shearing stress. There
are also causes affecting simultaneously both terms
of the factor of safety ratio.

The methods used to design reinforced slopes are
mainly based on the limit equilibrium concept. Meth-
ods such as: Reugger (1986); Schmertmann et al.
(1987); Leshchinsky and Boedcker (1989); Jewell
(1980, 1989) and Michalowski (1997) all utilize limit
equilibrium analysis or limit analysis in the design
of reinforced slopes (Table 1).

Extensive experimental studies have been devoted
to the evaluation of effect of reinforcement on sta-
bility of soil slopes. One of the most important stud-
ies in this field were conducted by Zornberg et al.
(1998a, 1998b); Zornberg (2003); Zornberg and Ar-
riaga (2003) who observed the behavior of reinforced
slopes in the centrifuge. The effect of reinforcement
on stability of soil slopes, and the associated failure
mechanisms were assessed in their study. These au-
thors showed that, if a prototype of actual dimen-
sions is modeled with a reduced scale of 1/N and
subjected to an acceleration field N times that of
gravitational acceleration, a stress field similar to the
prototype structure would be reproduced within the
reinforced slope model in the centrifuge. Other pa-
rameters such as density and internal angle of fric-
tion are unchanged while tensile strength of geotex-
tile layers in the model is reduced by a factor of N.
Some important findings of Zornberg et al. (1998a,

Table 1

1998b); Zornberg, (2003); Zornberg and Arriaga
(2003) from centrifuge tests performed on reinforced
soil slopes may be summarized as follows:

— failure in the reinforced slope model was ob-
served to pass through the slope toe, which is in good
agreement with the assumption of limit equilibrium
methods;

— failure initiated from mid height of the rein-
forced model which contradicts the assumption made
in limit equilibrium method that failure develops
through the toe of the slope;

— location of maximum reinforcement load and
the associated maximum strain along the potential
failure surface depend on slope angle and overbur-
den pressure;

— stability of the reinforced slope is governed by
peak strength of the soil.

Site description
Geographical location

The Flourd site is located in the north of Iran at 5 km
from Pol e sefid city, at Savadkouh Azad University
grounds in the rural surroundings of Savadkouh,
(Figs. 1, 2, 5).

The elevation of the site is 350 m above sea level
and like the surrounding lands, a forest vegetation
cover and a mountainous morphology is dominant.
The extent of the landslide is shown by a scarp along
with tilted trees (Fig. 3).

The area investigated consists of an old slide mass
which had several slides during the Quaternary, as-
sociated with saturated conditions and dynamic load-
ing caused by severe earthquakes. Peat, lignite re-
mains and coal remains from Alder trees which were
revealed from boreholes at the site indicate that the
site had several previous slides and that generally
similar paleoclimatic conditions existed in the past.

Specifications of limit equilibrium methods for design of reinforced slopes

Tabumua 1

Memodu na epanuunomo pagnosecue npu NPOCKMUPAHE HA YKPENEHU CKAOHO8E

Michalowski Jewell Reugger Leshchinsky, Boedcker
1997 1989 1989 1989 Schmertman, 1987 Method
Kinematics limit Internal stability:
. Two-part wedge slices Variational Limit Two-part wedge Model
analysis e
equilibrium
(c=0, ¢ (c=0,9) (c=0,9) (c=0,9) (c=0,9) Soil
0,0.25,0.5 0,0.25,0.5 0 0 0 (ro)
30°-90° 30°-90° 40°-90° 45°-90° 30°-80° Slope Angle
Parallel to slope Not parallel to Parallel to slope Not parallel to Reinforcement
General case
face slope face face slope face Arrangement
20°-50° 20°-50° 40°-90° 15°-40° 15°-35° ¢
0.5-0.8 0.8 0.6-1 0.6-1 0.9
Trianeular or Distribution of
angular o Triangular Rectangular Triangular Triangular reinforcement force

Rectangular

with height
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Fig. 1. Geographical location of Flourd landslide

@ur. 1. I'eorpadcko MecTomosio:keHHe Ha palioHa Ha CBJa-
yumero Proypa

Geological characterization

One of the important factors affecting the instability
potential of a landslide hazard area is the engineer-
ing geological parameters and characteristics of that
site. In this context, the parameters considered usu-
ally consist of site geometry, failure mechanisms ob-
served, effect of slide on existing structures, assess-
ment of the causes and the risks for future occur-

rence of slides, and classification of the landslide
and the existing soil characteristics. All these have
been studied in Flourd landslide and have revealed
the high landslide hazard of the site. The geological
units occurring in the locality consist of sediments
of Mezosoic and Cenozoic age (Fig. 2). Some litho-
logical varieties (marls, shales and siltstones) are sus-
ceptible to landslide occurrence.

Hydrogeological conditions

Underground site investigations indicate that no sta-
ble underground water table exists. However, under-
ground seepage flow seems to exist within the direc-
tion of silt and gravel lenses which exist in the strat-
ification. Bore pits dug in the area show that seepage
water exists at the depth of three to five meters below
ground level. Water level was observed in several ob-
servation wells at depths ranging from 10 to 15 m, at
the interface between the slide mass and the under-
lying bedrocks.

A part of the run-off flow outside the active slide
area leaks into the slide area which is in addition to
the rainfall induced seepage from surface water ab-
sorption. The slide mass is therefore considered to be
saturated at the time of flow.

:l 02 — Quaternary: voung alluviem and terraces

:I O = Duaternary: old alluviom and terraces

Lo PLO — Pliocene-Ouaternary: conglomerates, sandstones
PL — Pliocene: marls

| M2, 3 = Middle-Upper Miocene: marls, sandstones,
limestones

- PeEz - Paleocene-Eocene: marls, sandstones, silistones|
- K2 = Glavconite marly limestones and marls
:I M — Lower Jurassic: limestones with chert
] 12— Middle Jurassic: Kimesbanes with ammonites

[=
- M — Jurassic: marls and limestone with ammonites
- TR3J - Upper Triassic — Lower Jurassic: shales,
sandstones, conglomerates with coal layvers
% Limits of Pol e sefid city
®  Location of Flourd (Pol e sefid) Landslide

* Spring M
Faults — undefined *
v—e—w Thrust fault
River 1 05 1 2 a 4 km
Raoad

Fig. 2. Geological map of Pol e sefid area with location of Flourd landslide (After Pazoki et al., 2003).
Small letters beside age indexes on the map indicate dominating lithology (c — conglomerates, s — sandstones, | — limestones,

m — marls)

@ur. 2. 'eonoxkka Kapra Ha paiioHa HA CBJIAYMILETO
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Site geometry

The slide mass is part of a sliding slope facing the
south eastern direction. It extends to the calcareous
sediments on the south west side, and to the river at
the foot (Fig. 3). Steady state seepage passages through
the medium and above the level of the rock base-
ment. A volume of 15 to 20 liters per second were
predicted for these seepage flows. The slide mass does
not have any visible surface flow paths and the exist-
ing paths are rather scattered in the whole region.
From the lateral scarps, silty clay along with boul-
ders is visible. The slide initiated at the point where
little vegetative growth existed. Surface water from

Fig. 3. Scarp of Flourd landslide with tilted trees

@ur. 3. CBiaauynineH OTKOC ¢ HAKJIOHEHH IbpBeTa (,,MUs-
Ha ropa‘)

Fig. 4. A view of the active slide at the site - tilting trees and
visible roots indicate an active sliding

®ur. 4. AKTUBHATa XJIB3raTej;lHA MOBbPXHMHA HAa CBJIAYHU-
IIEeTO — HAK/JOHEHHUTE JABbPBeTa M M3POBEHH KOPEHH MOKa3-
BaT CBJAYUIIHA AKTHBHOCT
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rainfalls directly penetrated the underlying soils at
theses surfaces and was lead through the shear zone
of the sliding mass. Some springs visible at the foot
of the sliding mass are an indication of this process.

The upper surface of the slide has a concave form
which gathers rainfall water into the sliding mass.
Therefore, each period of heavy rainfall caused a
reactivation of the slides.

Tilting of the existing trees indicates that a creep
type of active slide is dominant in the area (Fig. 4).

The effect of landslide on existing geotechni-
cal structures in the area was generally in the form
of slides in the slopes, creep, tilt and structural
cracks in the geotechnical structures. These de-
fects were mainly attributed to poor engineering
characteristics of the structures, both in design and
construction.

Modeling Flourd Landslide

In order to better understand and assess Flourd land-
slide and the potential applicability of using geotex-
tile reinforced in-situ cohesive soil for mitigation of
this landslide, initially, limit equilibrium method was
utilized in this study. The method suggested by Fed-
eral Highway Administration (FHWA) was followed
in the analyses. Limit equilibrium analysis code Re-
inforced Soil Slopes (RSS) was effectively utilized to
run limit equilibrium analyses in order to evaluate
the effect of reinforcement on the factor of safety
against landslide. RSS calculates the factor of safety
for an existing non-reinforced slope and is able to
calculate the required amount of reinforcement in
order to reach a desired factor of safety associated
with equilibrium or stable conditions. RSS is able to
design a reinforced slope by one of the three follow-
ing procedures:

— calculating reinforcement spacing for a given
slope configuration in order to reach a desired fac-
tor of safety;

— determination of the required reinforcement
strength in order to reach a desired factor of safety;

— calculation of the factor of safety of a rein-
forced slope with a given configuration of rein-
forcements.

It is noteworthy that RSS follows all the design
procedures suggested by Federal Highway Adminis-
tration of the (FHWA).

In order to mitigate Flourd landslide using in-
situ cohesive soils reinforced with horizontal geotex-
tile layers, an initial reinforcement configuration was
first designed, and through limit equilibrium analy-
sis using RSS, the factor of safety of the reinforced
slope was determined. Next, the resulting factor of
safety was checked by design suggestions from the
literature in order to verify the adequacy of the de-
sign (Cornforth, 2004). After verifying the given ini-
tial reinforcement configuration, the design proce-
dure suggested by FHWA was followed in order to
obtain the necessary reinforcement spacing and
strength in RSS code.



Fig. 5. Topography of the landslide area

®ur. 5. [Inan Ha paiioHa Ha CBJAYUIIETO

Prior to numerical analysis of a landslide, it is
necessary to select a critical section of the landslide
geometry, so that plane strain calculations can be
performed. In this context, Flourd landslide was ob-
served by the topography maps available, and a crit-
ical section (Fig. 5, line L6) was chosen for analysis.
This section is believed to be representative of the
behavior of the landslide since a relatively wide area
is covered by the slide and therefore the assumption
of plane strain conditions is not irrelevant for this
section. Moreover, the majority of site investigation
was conducted in the vicinity of this section and
therefore, more thorough information is available in
this vicinity.

The final design was obtained by following the
above mentioned design procedure for three differ-
ent slopes of one, 1.5 and two horizontal to one ver-
tical. The reinforced slope area is actually the slope
which is responsible for mitigation of the sliding
backfill.

Each analysis involves careful determination of
the initial unstable slope, and the evaluation of the
necessary reinforcement configuration for obtaining
stable conditions. The initial design configuration
involves a reinforcement vertical spacing of 0.5 m
and a reinforcement length of 15 m. Reinforcement
length is automatically checked for necessary factor
of safety against pullout failure, by the program. The

results of the initial analysis showed that the slope
geometry with a face slope of two horizontal to one
vertical was stable under natural conditions and no
reinforcement design was required for this design.
Therefore, only the slope angles of one and 1.5 hori-
zontal to one vertical were considered in the consecu-
tive analyses. A reinforced soil slope factor of safety
of 1.4 was considered adequate for conditions of equi-
librium and chosen for design, following the sugges-
tions of Cornforth (2004) for a medium size landslide
with limited site characterization information.

Results and discussion

Limit equilibrium analysis was first performed on
the section chosen (Fig. 5, line L6), in order to ob-
serve the possible failure mechanisms of the slide,
as well as to suggest a design for the reinforced soil
slope intended to mitigate the landslide. An initial
analysis was performed in each case in order to eval-
uate the factor of safety of the slide section. Then,
the design section of RSS (Elias et al., 2001) was
used to give a suitable design for a reinforced soil
slope in order to mitigate the landslide. The rein-
forced slope was extended into the bedrock in or-
der to prevent failure surface from developing
through the interface between the reinforced mass
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Fig. 6. Initial design of reinforced slope for 1.5:1 slope

®ur. 6. HauanHo npoeKkTHpaHe HAa yKpeneHHUs CKJIOH NpH
orHoumrenne 1,5: 1

Spacing Design-Reinfercement For Critical Surface
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Fig. 7. Reinforced Soil Slopes (RSS) design for 1.5: 1 slope

®ur. 7. Pe3yarar 3a npoeKTHpaH yKpeneH NOYBEeH CKJOH
npu orHomenue 1,5: 1

and bedrock. Several RSS model analysis results were
produced (Figs. 6—-9), which show design outputs
for the reinforcement based on FHWA guidelines.
From the results of mechanical tests, the parame-
ters used for the RSS calculations, finite element
model (Tables 2-3) and also the results of the limit
equilibrium analyses (Table 4) becomes clear that a
reinforced slope is adequately capable of mitigating
the landslide.

Furthermore, ultimate geotextiles strength and
geotextiles stiffness were considered 90 KN/m and
45 KN/m, respectively, for using in limit equilibrium
and finite element analysis.
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Fig. 8. Initial design for 1:1 slope
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Fig. 9. RSS design for 1:1 slope

®ur. 9. Pesyarar 3a npoeKTHpaH yKpeneH MOYBEH CKJIOH
npu oTHomenue 1:1

Limit equilibrium analysis gives a good initial
design for the reinforced slope area in the landslide.
However, no information is provided by the method
regarding the deformations. In order to verify the
suitability of the given design for mitigation of Flourd
landslide, Finite Element analysis was performed on
one of the models in order to assess the deformation
characteristics of the model. PLAXIS (Vermeer,
Brinkgreve, 1998) Finite Element code was used for
the analysis. The constitutive model used in the sim-
ulations is the standard Mohr Coulomb material with-
in PLAXIS; 15 node elements were used to create a
mesh for the problem. Moreover, the residual strength
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= Fig. 13. Plastic points from the
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Fig. 14. Plastic points within the
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Fig. 15. Shear strains within the unreinforced embankment revealing circular failure surface
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Table 2
Results from mechanical tests

Tabmuua 2
Pesyamamu om mMexXaHuuHume mecmose

Triaxial Tests

Direct Shear

NuMn(l)ZZSOf Lithological Varieties D(?E;h ¢ n ¢ N
(kPa) (degree) (kPa) (degree)
Silty clay with
Gy gravels and boulders, 0.5 - - 8 28
sand
Gy Clay wit}} siltstone, 15 039 24 B B
marl, silty clay
Silty clay with
G; gravels and boulders, 3 - - 8 28
sand, sandy clay
H Heavy clay, sand 3.5 - - 0 34
7 Clay with gray to 45 0 2 _ _
green slime
Table 3

Properties of soils used in limit equilibrium and finite element analysis

Tabiuuua 3

Ilokaszamenu Ha NOY6U U3NOA36AHU 8 USUUCACHUAMA NO MemoOume Ha ePAHUYHOMO pasHoeecue U Ha KpaﬁHume enemenmu

Modulus of Elasticity

. Mo.lst Unit Satur?ted Unit Internal Friction Cohesion calculated by SPT Poisson’s
Soil Type Weight %/we, Weight 2/""” Angle (kPa) experiments Ratio
(KN/m”) (KN/m”) (degree) (MPa)
Bed Rock 20 20.5 45 100 100 0.25
Unreinforced Soil 17.4 18.5 28 5 7 0.35
Reinforced Soil 18 19.2 15 10 15 0.30
Table 4
Reinforced Soil Slopes (RSS) results for different slope angles
Tabuna 4
Peszyamamu 3a ykpenenume nousenu cKAOHO8€ NPU PA3AUUCH HAKAOH
- Reinforced Slope — - Unreinforced slope Slope Angle
RSS Design Initial Design
Reinforcement Required Simplified Bishop Sliding Block Factor
layout Reinforcement Factor of Safety of Safety Factor of Safety -
*1@ 0.54 m
S5@0.75 m 180/62 m/m 1.395 1.423 1.260 1:1
3@l.25m
4@1.06 m
3@l.18 m 153.1 m/m 1.443 1.812 1.306 1.5:1
3@1.43m
--- - 1.549 2.329 1.485 2:1

* 7@ 0.54 m = 7 geotextile layers with 0.54 m length

of soil was utilized due to shear failure of mass, re-
sulting in a finite element mesh (Fig. 10). A reinforce-
ment vertical spacing of 0.5 m was chosen for the
model, since only the deformation characteristics were
intended from this analysis and no design output was
to be arrived at this stage. Lateral boundaries were
fixed in the horizontal direction while the bottom hor-
izontal boundary was fixed in both directions. Geo-
textile elements available in PLAXIS code were used

to model geotextile layers. An interaction index of 0.85
was chosen for the interface elements (Athanasopou-
los, 1996).

Maximum displacements in the reinforced slope were
obtained as 11.4 cm, which is equivalent to 0.9% of the
slope height. Total displacement vectors (Fig. 11) show
a maximum displacement of 0.3 cm.

Incremental shear strains as depicted (Fig. 12)
reveals that strain localization occurs mainly in the
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interface area between soil-geotextile layers. It can
be seen that maximum shear strain increment is meas-
ured as 0.93%. These low values prove that geotextile
layers adequately mitigate the strains within the slide
mass. The plastic points of the slope (Fig. 13), once
again show that maximum displacements occur in
the soil-geotextile interface, and that no clear failure
mechanism is forming in the slope. Moreover, com-
parison between plastic points and incremental
strains show that plastic points are attributed not to
the base soil of the embankment, but to the inter-
face area of soil-geotextile layers. This is due to low
interface properties of non-woven-geotextile layers.
Although woven geotextiles have higher interface
properties, however, drainage characteristics of non-
woven geotextiles result in an increase of shear
strength in the interface area, thus increasing in-
terface properties compared to woven geotextiles.
Therefore, the observed behavior in the reinforced
soil is inevitable and shear strength properties may
only be increased through other methods such as
the sandwich technique.

Stress-strain analysis was also performed by
PLAXIS on non-reinforced model of the natural
state of the slide area in order to observe actual
displacement characteristics of the landslide prior
to mitigation. Natural state prior to the slide was pre-
dicted from the slide geometry. Displacement vec-
tors revealed that maximum displacement of 52.7 cm
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