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ABSTRACT

RELATIONS BETWEEN PORE WATER PRESSURE, STABILITY
AND MOVEMENTS IN REACTIVATED LANDSLIDES

Gundo du, Bora
M.Sc., Department of Civil Engineering
Supervisor: Asst. Prof. Dr. Nejan Huvaj-Sar han

February 2011, 100 pages

Slope movements cause considerable damage to life apdrfyon Turkey as
well as in the world. Although they do not typically causss of life, slow
landslide movements can severely damage structuregupitéhe serviceability
of lifelines; and, related stabilization efforts cantte costly. Most of these slow-
moving landslides are reactivated landslides in stiffsknd shales, and they are
mainly triggered by rainfall induced high pore water pressureshis study, a
number of reactivated, slow-moving landslide case histovids extensive pore
pressure and movement data are selected for furtheisematpr these landslides,
the relation between pore water pressures, factorfetiysand rate of movements
of the slide are investigated by using limit equilibrium afntte element
methods. It is found that there is a nonlinear relatign between these three
variables. Sensitivity of slow moving landslides to changgmre water pressure
is developed by defining the percent change in factor fgftysand percent
change in pore pressure coefficient, for 10-fold changelocity. Such relations
could especially be useful in planning required level of reaties, for example,
to decide on how many meters the ground water level dhoeillowered at a
certain piezometric location, so that the stabiiitgreases to a desired level of
F.S., and movement rates are reduced to an acceptableasiow

Keywords: Reactivated Landslides, Pore Water Pressuge Stability, Velocity
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REAKT VE HEYELANLARDA BO LUK SUYU BASINCI,
DURAYLILIK VE HEYELAN HAREKETLER ARASINDAK L K LER

Gilndo du, Bora
Yuksek Lisans,n aat Miuhendislii B&lumu
Tez Yoneticisi : Y. Dog. Dr. Nejan Huvaj-Sar han

ubat 2011, 100 sayfa

Heyelan hareketleri diinyada oldugibi Turkiye'de de ciddi boyutlarda can ve mal
kayb na yol acmaktadr. Yavaheyelan hareketleri, genellikle can kayb yla
sonuclanmasa da, yap larda ciddi anlamda hasara yol agcabilik altyap
hizmetlerinde kesintiye neden olabilir ve olduk¢ca masradibizasyon yontemleri
gerektirebilir. Bu tur heyelanlar n ¢canlu u sert kil ve eyl tirl malzemelerde
yeniden kayan heyelanlardr ve yaurun yol act yuksek boluk suyu bas nc
durays zI n temel nedenidir. Bu c¢amada, yava hareket gozlenen reaktive
heyelan vakalar ndan birka¢c secilerek detayl analizlgrlyatr. Bu heyelanlar
icin, bo luk suyu bas nc, durayl | k ve heyelan hareketleri aras ndiakiler, limit
denge ve sonlu elemanlar metodlar kullan larak tarn tr. Bu U¢ dei ken
aras nda dorusal olmayan ilikiler tespit edilmitir. Yava hareket eden heyelanlar n
bo luk suyu bas nc ndaki de imlere olan hassasiyeti, heyelan hareket h z ndak her
10-kat dei im icin durayl |k ve boluk suyu basnc katsays ndaki yiizde
de i imler tan mlanarak ifade edilntir. Bu tdr ili kiler 6zellikle gereken iyilgirme
seviyesinin ve riskin azalt Imas n n planlanmas nda, dmetabilitenin istenilen
guvenlik katsay s na yukseltiimesi ve hareket h zlar n n kabuébilir yava h zlara
du Urdlmesi icin belirli bir piyezometre Olgciim noktas ngexalt su seviyesinin kag
metre dlurulece ine karar verilmesinde yararl olabilir.

Anahtar Kelimeler: Reaktive Heyelanlar, Bak Suyu Basnc, ev Stabilitesi,
Hareket H z
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CHAPTER 1

INTRODUCTION

Landslides are one of the main disasters to cause dam#dgeworld. According to

the World Disaster Report (2009) due to wet mass movemeé#is) people are
reported as killed between the years of 1999 and 2008. Inrtlasinterval the total

amount of their estimated direct damage exceeded 2 bl®mollars. In Turkey,

45% of disasters are results of slope movements, havegeabond place after
earthquakes in terms of affected people (Gokce et al., 2008).

All types of slope movement may cause considerable datogg®perty and life in
all around the world. However, unlike rapid movementsy sioovements are not
expected to typically cause life loss if proper precanstilike evacuation and/or
stabilization of the slope are taken. Slow landslices severely damage structures,
interrupt the serviceability of lifelines such as highwasalways and pipelines.
According to the U.S. Transportation Research Boarthe United States, annual
costs for the repair of minor slope failures by statgadenents of transportation is
more than $100 million. Similarly, the Canadian raywadustry deals with
reactivated slow-moving earth slides since 1800’s, espeamalhye Thompson River
Valley at which slides typically move with rates of 26 cm per year, and railways
require continuous maintenance work associated witle tievements (Eshraghian,
2007). Mansour et al. (2010) describe théte“vulnerability of these facilities to
slow moving slides has sometimes been underestimatédugh the velocity of
some classes of slow slides is uncontrollable”. &@ample, m Turkey, at Babadag
district of Denizli, villagers suffered about 60 yearsira slow moving, deep-seated



landslide with rates of 4 to 15 cm/year. It did not causs tof life; but it caused
buildings to tilt, structures to settle and crack sigatiity, in addition to damage in
the roads, pipelines and other infrastructure that requiredincois repair and
replacement over the years. In fact, the major platlocation of resources of the
local municipality for decades was the repair cost odgélroads at the crown of the
slow-moving Babadag slide.

Slow moving landslides are typically deep landslides (>Bhickness) occurring in
cohesive soils, especially in stiff clays and clayletiaand moving along a distinct
basal shear surface. These landslides show seasaraions in their rate of
movement depending on the rainfall/snowmelt-caused incri@atige pore water
pressure acting on the failure surface. They are refetoechs “active” or
“reactivated” landslides, displaying displacement rates‘'extremely slow” and
“very slow” category (<1.6 m/year) according to Cruden "dadhes (1996) rate of
movement classification. When pore water pressure asee the shear resistance
along the basal shear surface decreases, and movememfrthe sliding mass
increases. In this study, simplified relations betwdenpore water pressure in the
ground and movement rates will be investigated. Such nesatiould be useful in
dealing with slow moving landslides. Because, slow movingelamasses are
typically environmentally and economically not feasibtestabilize and for many
legislative, economic and cultural reasons permangatuation may not be a
choice. In this context, establishment of early warrspgtems and alarm levels for
increasing rate of movements could be a reasonable sofotidiving with slow

moving landslides.

In recent years, some researchers have suggested lineaonlinear relations
between the factor of safety, movement rate and passpres for slow moving
landslides (Glastonbury and Fell 2002, Bonnard and Glasto200f,; Corominas et
al. 2005, Eshraghian et al. 2008, Laloui et al. 2008).



The objective of this study is to explore the relatioesMeen pore water pressure,
factor of safety and rate of movement in slow-moviegctivated landslides in
cohesive soils. Such relations can be useful (1) to statet the significance of a
possible error in the pore water pressures, on the atdcufactor of safety of the
slope (as it was noted by Bishop in 1955), (2) in classifglogy moving reactivated
landslides in terms of their sensitivity, which mayphel prioritization of allocation
of money and resources in monitoring and early warning wfimksnore critical
slopes, (3) in early warning systems to predict the thhazardous movements, (4)
in planning required level of remediation and risk mitigatimn example, to decide
on how many meters the ground water level should be rémvet a certain
piezometric measurement location, so that the stgbilcreases to a desired level of
F.S., and movement rates are reduced to an acceptableasiow

The scope of this thesis is to cover the intermeditgps to lead further development
of an ideal early warning system. The selected landslidesca this study are all
translational or roto-translational active slow mayvlandslides. Reactivations of the
landslides are due to changes in hydraulic boundary conslitiThe common
features of the landslides is thought to serve to a&tbkttal understanding of the
intermediate relationships that are mentioned above. stéps include 2-D limit
equilibrium slope stability analyses under different gowater conditions,
deformation analyses and kinematic analyses to compuoxities from pore
pressures. Through these steps relationships between fattmwafety and
groundwater levels, relative factor of safety and cdtenovements, pore pressures

and rate of movements are formed.

The thesis is divided into 6 Chapters. Chapter 2 givesarview of the literature on
this topic. Chapter 3 introduces the methodology of asaly€hapter 4 encloses
analyses of landslide case histories and Chapter 6s3iss the results and Chapter 6

gives conclusions.



CHAPTER 2

LITERATURE REVIEW

Different stages of slope movements are considered lbyataet al. (1994) and
Lerouell et al. (1996). The reactivation stage include ocnasireactivation and

active landslide phases (Figure 2.1) which occur interclaohgeduring a time

interval.
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Figure 2.1 — Different stages of slope movements (Leraz@ll)

According to Brooker and Peck (1993) a reactivated slideasdslide in which the
shearing resistance on the failure surface is everpgvheduced to the residual
strength. In reactivated landslides the entire landshdes has already experienced
some level of movement and has been separated frostabke ground by a slip
surface that has reached the residual condition. Theredoshear strength equal to



the residual shear strength is available on the preaxisiear surface of old

landslides as it was proposed by Skempton in 1964.

Reactivation of a landslide may be due to many triggeringefoacting on a pre-
sheared surface. In this study, since translational oftrabslational landslides are
selected as case studies, driving forces do not changecdligswith time. The

stability is mainly controlled by the shear resistant the soil in the shear plane,
which is controlled by the changing pore water pressutesan be well observed
that the selected slow moving landslides are reactidatexdcritical accumulation of

subsurface water.

In any slope stability analyses, the choice of appatgrshear strength parameters
possess a great role among others like the geometryeo$lope, initial loading

conditions, boundary conditions and other materialpatars. There are two types
of shear strength; the undrained shear strength todekingotal stress analysis and

the drained shear strength to be used in effective stnedgsis.

As mentioned in the preceeding section, in reactivatedslales the shear strength
mobilized in the field is the residual shear strengtthefrhaterial in the shear zone.
In order to review the drained shear strength charaatsrisf overconsolidated
clays, a typical shear stress-displacement cunanahtact sample is illustrated in
Figure 2.2 (a). As also stated by Skempton (1985), after peakgstr a “fully
softened” condition is attained at relatively snaidiplacements due to an increase in
water content. This decrease in strength is caused bygémeing of joints and
fissures in the stiff clay, and related dilationrease in water content and softening.
A “fully softened strength” is defined when the volunestrain levels off. If we



continue to shear the material, shearing strains becomeentrated in a thin shear
zone, and the shearing resistance continues to decuedibefinally a residual
strength is reached. The loss in strength betweerfuthe softened and residual
strengths is caused primarily by the orientation ofpla¢y clay particles parallel to
the direction of shearing. The drop of shear strength fndact to fully softened and
residual conditions are shown in Figure 2.2 (b) at which Mgt Shahien (2003)
used data from triaxial compression, direct shear, agdshear tests in London clay.
A noticeable curvature of shear strength envelope is aedhe intact strength
envelope since swelling and softening is more pronounced a&sieff@aormal stress
decreases toward zero. It can be seen in Figure 2.2 ({dhéeheelationship between
shear strength and effective normal stress is curvedhdointact, fully softened and
residual conditions) and there is no shear strengtarateffective normal stress.
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Figure 2.2 - a) general description of intact, fully sodgt and residual shear
strengths b) intact, fully softened and residual shieangths of London clay (Mesri
and Shahien, 2003)



A drained failure condition due to drained shear strengthsislly valid during
reactivation of pre-sheared slip surface that has rdaaheesidual shear strength
condition (Stark et al., 2005). As early as in 1964, by Skemptovas noted that
drained residual strength of stiff clays is mainly rdato the type of clay mineral,
guantity of claysize particles and the alignment of plgi along a shear plane.
Therefore, correlations between some index propertiesfoélays and the residual
shear strength could be expected (Lupini et al. 1981; SkerdP&B) Stark and Eid
1996, Mesri and Shahien 2003). The liquid limit indicates oiaeralogy, whereas
the clay-size fraction indicates quantity of particdesaller than 0.002 mm. Hence,
when the liquid limit and clay-size fraction are irased, the drained residual
strength decreases.

On the other hand Mesri and Shahien (2003) suggest thatuaésonditions may
also be present on part of the slip surface of fimetnatural or excavated slopes
failures in stiff clays and clay shales”. In fact, thdaim that intact, fully softened
and residual conditions may be mobilized along differé&arhents on the slip surface
of a first-time slope failure. Picarelli et al. (2006)ntdute with a conclusion that
“the operative strength in first-time slides in overadicsted clay is often less than
the peak bulk strength measured in the laboratory”. Tasoreto this phenomena is
not well described by any, but it is mostly believed thaelling due to stress
decrease rules a reduction of the peak shear streng#ngRiet al., 2006).

As Skempton (1985) indicated, field residual strength canbb@red by multiple
reversal shear box tests on intact or on cut-planglsamBesides Stark and Eid
(1993) have suggested the modified Bromhead ring shear appratieasure the
residual and fully softened strengths, which was than bigedsearchers as Stark et
al. (2005). The change of secant residual friction angle respect to liquid limit,
clay-size fraction and effective normal stress is igiwre Figure 2.3, where the data
was obtained from ring shear tests carried out by Beaghining shear device.
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fraction, and effective normal stress (Stark et24lQ5)

Mesri and Shahien (2003) proposed that a correlation beties&ual shear strength
and liquid limit or plasticity index is expected becausedied shear strength is
controlled by the fundamental factors of particle sizal glateyness. They
represented the curved shear srength envelope in termscantsfriction angle,
which decreases as the effective normal stress sesed@ased on extensive data
from direct shear and ring shear tests on various natiffaclays and shales, they
proposed the relations shown in Figure 2.4. In the absdrsige-specific laboratory
residual shear strength tests, these relations careddagstimate shear strength for
stability analysis. However, Mesri and Shahien (2003) noted sileh empirical
correlations are not applicable to clays or shalesat@atcomposed of clay minerals
that are not plate-shaped, or are exceptionally aggregateds been noted in the
recent literature that, sample preparation procedurehaag a significant effect on
Atterberg limits and complete disaggregation of Attegdenit samples is especially
required for the correlations between residiration angle and liquid limit or
plasticity index, as clay minerals also disaggregatéénshear zones in the field
(Stark and Eid 2005).
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(Mesri and Shahien 2003).

In this thesis, resiudal shear strength values are elbaek-calculated from

reactivated landslides using the pore pressures at the tifaguoe or derived from

laboratory direct shear test measurements, if existchadked with the Mesri and

Shahien (2003) range of values.
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Common features of slow landslides are listed by Bahaad Glastonbury (2005).

In general, slow landslides

(i)

(ii)

(iii)

(iv)
(v)

have pre-sheared basal surfaces of rupture, typically dhasampletely
developed shear zones showing a line of discontinuityhenprrofile view
(Figure 2.5);

have translational movement with little or no indrdeformation, generally
along a basal shear surface as a rigid body. For d&aifop the mudslides
studied by Glastonbury and Fell (2008), about 80% of the maweme
observed at the ground surface was taking place alongsal loupture
surface;

can be shallow or deep-seated, “slide” type reactivatettiaes;

are common in fine grained soils, especially in stdfs and shales; and
slide movement is mostly controlled by fluctuations imepeater pressures.
However, the degree of sensitivity to pore water presfiuctuations is
varying between different slides. Glastonbury and £08) observed that
the sensitivity to groundwater level changes may be lindete “difference
between rupture surface inclination and basal frictionegngihe slide is

more sensitive when the difference is greater tham ze



Figure 2.5 - (a) slickensided shear surface within the &sissinale in Vallcebre
slide in Spain (Corominas et al. 2005), (b) distinct sheaaseidbserved in
Lexington apartments slide, in Nashville, Tennessee, vaseti in 2003 (courtesy of
Mr. John Wolosick of Hayward Baker Inc.)

The visualization of sensitivity to the changes in paster pressure is reached by
plotting relative factor of safety from slope stapilitnalyses against slide velocity in
logarithmic scale. Glastonbury and Fell (2002) have conductiedte slope stability
analyses on several selected cases to calculatatbiy factors and normalized the
factors by introducing “the relative factor of safetydncept. In the concept of
relative factor of safety, the least stable conditid slow moving active landslides is
considered to represent a relative factor of safetyndgf. The rest of the conditions
are normalized against this condition. This concept ipt@dbin this study but
instead of the infinite slope analysis, method of slisased in calculating the safety
factors.

Glastonbury (2002) noted that three mudslide cases, La Chenéudea And Earthflow
2, showed relatively high sensitivity to groundwater flugtreg with 1 to 3% decrease
in relative factor of safety causing 10-fold increase ie @tmovements (Figure 2.6).
Two other mudslides, Alani Paty and La Mure show relatideks sensitivity to
groundwater fluctuations: a change in F.S. of 5% and 16.3% wegu@ed for a 10-fold
change in the velocity. Glastonbury (2002) also noted thegrfasoving slides appear to

be less sensitive to fluctuations in groundwater levels.
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The relation between rate of movement, F.S. andomermric level essentially
depends on the shear stress level (Vulliet and Hutter 1e88ueil et al. 1996). For
about 0.10 increase in the F.S. (a 10% increase), theofateovements were

suggested to decrease by about 10-times (Enegren and Imrie 199 |dvie and



Jenks 1996; Leroueil 2001). Leroueil (2001) noted that typicalignathe factor of

safety is increased by about 5%, the rate of displacedecreases by two orders of

magnitude.

A common classification of slope instabilities considdre morphology of the
moving mass. Varnes (1978) classification with modificatiohCruden and Varnes

(1996) involves basically the type of movement and the eypeaterial; and divides
slope instabilities into 21 different classes (Table ZThe landslide cases in this
study fall into the classes marked as bold at Table 2.1.

Table 2.1 - Varnes classification system (after moaliioms) in terms of mode of

slope failure (1978)

TYPE OF MOVEMENT

TYPE OF MATERIAL

ENGINEERING SOILS

. : : BEDROCK
Predominantly fing Predominantly coarse
Falls Earth fall Debiris fall Rock fall
Topples Earth topple Debris topple Rock topple
Rotational . Earth slump Debris slump Rock slump
Few units
Slides Earth block slide Debris block slide | Rock block slie
Translational Many
units Earth slide Debris slide Rock slide
Lateral Spreads Earth spread Debris spread Rock spread
Earth flow Debiris flow Rock flow
Flows _
(soil creep) (deep creep)
Complex Combination of two or more principal types of nmogats
& 1

There are various suggestions to classify a landslidsidering its intensity. The
bulk volume of the sliding body, movement rate or gaetbserved damage of the



landslide can be considered relatedly. According to Calvet al. (2009) “the
maximum movement velocity” is the most accepted patem@& intensity among
others. The well-known classification is suggested b3 1995) and Cruden and
Varnes (1996) which is based on the maximum movementityejast after failure
(Table 2.2). Due to its convenience this classificatiomeferred throughout this
thesis every time when the velocity of a landslidedescribed. The landslides
considered in this thesis are in the “very slow” andtr&mely slow” moving
landslide category. They will be referred to as “sloawing landslides” in the rest of
this thesis.

Table 2.2 — Velocity Classification (IUGS 1995, Cruden anch®'ar1996)

Velocity Class| Velocity Description | Typical Velocity Limits in mm/day
7 Extremely rapid >5m/s > 4.3%0
6 Very rapid 3 m/min—5 m/s 4.3x10—4.3x10
5 Rapid 1.8 m/hr—3 m/min | 4.3x16—4.3x10
4 Moderate 13 m/mo— 1.8 m/hr 433-4.3x1d
3 Slow 1.6 m/yr—13 m/mo 4-433
2 Very slow 16 mm/yr — 1.6 miyr 4.4x10° -4
1 Extremely slow < 16 mm/yr < 4.4x19

C ) "

According to a recently published technical note of Manstual. (2010) 64% of
studied landslides are triggered by rainfall which is followedtbgam incision with
23%. Anthropogenic activities, reservoir filling and fluctoas, mining activities,
snow melt and earthquakes are other main triggering fawatitiisdecreasing order
having percentages of less than 20.

(11

Positive pore water pressure (to be called as “poreuyegsst the rest of this thesis)
below the groundwater table reduces the available shemgth along the sliding



surface by reducing effective stress. Hence slope statidityeases if pore pressure

increases.

The response of pore pressure to rainfall events mayeoagradual. The degree
of pore pressure increase at a slope depend on intensanfall, runoff, infiltration
and evapotranspiration related to the properties of skpéce and materials
composing the slope, for example, the unsaturated anchgad permeability of the
soil. More specifically, rapid response of pore pressurerainfall is due to
preferential pathways of infiltrating water to the deptks fissures or cracks made
by previous landslides (Van Asch and Buma, 1996; Matsuura €088). In a case
described by Corsini et al. (2005), “while the movement omléeper sliding surface
has been practically continuous before and after thierwable rise, the movement
on the shallower sliding surfaces has been more infeceby smaller water table
fluctuations related to precipitation pattern.”

Rapid increase of pore pressure and consequently groundisaedr however,
usually occur after heavy rainfall exceeding a certarestiold in a certain time
interval which are found for many cases. This type spoase is the case of storm
response which is explained in Section 2.4.2.

In the analysis of slow moving landslides, pore presBuctuations, either rapid or
gradual, are important. Since the displacements of,slkenwy slow and extremely
slow moving landslides are intermittent, fluctuations inugiwater levels determine
the stability condition of them. Moreover if a slidealready moving, increase in
pore pressure cause to accelerate and decrease in pssarprcause to decelerate
until the movement stops. In some cases, movementsotistop even factor of
safety is greater than the unity. For example, Redll.e(2000) presented data from
Salledes slide in France, and indicated that even wiefathor of safety was 1.1,
movements were occurring with rates up to 1 mm/day. dgéien (2007) noted,
based on movement records of the slides in the Asharefh in Canada, that



extremely slow reactivation of movement started whenF.S. approached 1.1 or
less.

In recent years, some researchers have suggested lineaonlinear relations
between the movement rate and pore pressures on tlexigtieg shear surfaces
(Glastonbury and Fell 2002, Bonnard and Glastonbury 2005, Huvikjg8a2009).

Calvello et al. (2008) summarized the models in two categoramely,

phenomenological models and physically based models.oRtemlogical models
include empirical relationships between soil movememd #&iggering factors
whereas physically based models concern the mechéeicaVviour of the soil.

Corominas et al. (2005) suggested a model to predict bothlibndésplacements
and velocities at Vallcebre landslide with a viscousntadded in the momentum
equation. It is shown that, using similar rheologicalapseters for the entire
landslide, displacements are accurately calculateel ALithors reported a non-linear
relationship between pore pressure and velocity.

Laloui et al. (2008) used coupled finite element hydrogecédgind geomechanical
models to analyse the behaviour of Steinernase land$ldemodel was applied to
reproduce the mechanism and behavior under different pussibilities.

In this thesis, pore pressures are incorporated and refgdday the pore pressure
ratio, r, which is defined as
u Eq.2.1

T
o |ﬂ.

where u = pore pressureF unit weight and h = thickness of the slide.



The pore pressure ratio correlates the pore pressuretheittotal pressure at any
point on the slide.

Eshraghian et al. (2008) showed a nonlinear correlatiomeleet the movement rate
and the average pore pressure ratiopm the rupture surface of a slide in Canada. A
nonlinear relationship between the rate of movementtlaadr.S. was suggested by
Vulliet and Hutter (1988).

Bishop (1955) noted that “It is useful from the design poinview to know the
influence of possible variations in construction pore presen the factor of safety,
and for this purpose the factor of safety may be plottextilly against average pore
pressure ratio”. Understanding the sensitivity of a slapehianges in pore water
pressure is also useful in order to quantify the signifieasfcthe error in the pore
water pressures used in the slope stability analyses.wids pointed out by Bishop
(1955), as well as by Yucemen & Tang (1975) in their studewluation of
uncertainties in the long term stability of soil slopes

Skempton et al. (1989) described a slow; ancient but stilteg landslide at Mam
Tor in the North Derbyshire of United Kingdom. This was of¢he first landslide
cases investigated through detailed observations. Althougltatidslide was known
to be moving for about a century, published data related ndalaipiezometric
levels and displacements go back to 1965 and followed ifaghedecade by many
researchers as Waltham and Dixon (2000), Rutter e2@0.3]), Walstra et al. (2004),
Dixon and Brook (2006) and Walstra et al. (2007).

Skempton et al. (1989) differentiate storm response witteed seasonal response
by defining the movement owing to storm response as “iteement caused by a

transient rise in piezometric levelh above the level corresponding to a state of



limiting equilibrium (F.S = 1.0) with the static residusirength”. Thus storm
response is accepted as the ratio between groundwasdrcleange and rainfall
magnitude, h/R, i.e. increase in groundwater level, is approximately directly
proportional to the rainfall amount, R. The range ofgtem response is given as
between 1 and 18, generally restricted between 4 and 6 (Rgire
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Figure 2.7 — Relation between storm response and rainfaiondge, near the
Mam Tor landslide in England (Skempton et al., 1989)



Glastonbury and Fell (2002) claimed that slide cases with &iit, sand and gravel
fractions like La Mure and Alani Paty slides display geeatorm response values
than those cases with lower coarse fractions. Euribre slides with high storm
response values show faster induction process. Ifttimnmsespons®h/R of certain

materials can be known, at least in a range, thisdcbela useful information for

future early warning systems in slow moving landslides.

According to Mansour (2009) “the likely trigger of movemenslow moving earth
slides of moderate thickness is the seasonal changke moundary conditions that
are almost affected by the hydrological variations okeryear.”

Basically, if the landslide responds to long periods ohhegmulative rainfall or
effective infiltration, for example, to multiple®sins during periods of several days
or weeks, rather than single meteorological events {@as al., 2005), seasonal
response dominates. Matsuura et al. (2008) defined the coricejical pore water
pressure as “a certain pore water pressure thresholbieh \andslide displacement
begins by loss of dynamic balance”.

Displacements continue through the rainy season andctese when precipitation
or infiltration inputs become sparse. Picarelli et 2004) investigated both first time
and reactivated landslides that are triggered by rainfdllcame to the opinion that
slow and long-duration landslides in stiff clays and shad@ow intermittent
movements due to seasonal fluctuations of piezometvield, i.e. changes in pore
water pressures. Such changes in boundary conditions leathatmges in the
effective stresses and decrease the mobilized sheagt$tralong shear surfaces.



Tacher et al. (2005) modeled the displacement behavitiedfd Frasse landslide in
Switzerland by making use of geomechanical simulationshahges in hydraulic
conditions. It is suggested to consider the contrilbubibgroundwater feeding by the
geological bodies in the slide rather than infilwati if the long-term movement

component dominates.

The mobility of slow moving landslides are discussed by Xach et al. (2007) by
compiling three case studies. An important observasidhat at one of the cases the
movement response to changes in groundwater level wasengame during a rise
as compared to a fall in the piezometric level. Thiteence is explained by
undrained conditions revealing during rapid changes in tesssfield.

A rainfall triggering model is proposed by Montrasio et(aD09) which defines a

safety factor relevant to the seasonal rainfalldodslides, the stability of which are
directly controlled by rainfall. This model takes int@caunt the geometric

characteristics of the slope, the geotechnical properdied strength parameters of
the soil. Montrasio et al. (2009) propose that knowing seepage behavior of

slopes, a seasonal factor of safety can be direatlgulated without the need of
calculation of pore pressures at the slip surface.

* O/0 !

In limit equilibrium methods, the factor of safety mlaulated using one or more of
the equations of static equilibrium at the sliding masee sliding mass is bounded
by a potential slip surface and the surface of the sldpemany limit equilibrium
methods, the soil mass above the slip surface is divisleda finite number of
vertical slices in order to handle static equilibriurhis approach is called method of
slices. A slice in the sliding mass and forces actinghm slice are illustrated in
Figure 2.8. The forces are:



W : slice weight

E:

X:

horizontal (normal) forces on the sides of tiees

vertical (shear) forces between slices

: normal force on the bottom of the slice

: shear force on the bottom of the slice

Figure 2.8 — Typical slice and forces for method of sl{¢#£SACE, 2003)

There are various methods proposed in the literaturdirfor equilibrium slope

stability analyses. In different methods differensuamptions, called as side force

assumptions, are considered in order to overcome unknawnsquilibrium
equations. Pockoski and Duncan (2000) reported comparisongdreteifferent

methods, force-moment equilibrium and assumptions useshch method (Table

2.3).



Table 2.3 — Descriptions of methods of analysis (PoclargkiDuncan, 2000)

A o6
&
Method Assumptions Comments
Swedish Circle Yes | Mo | No | No Circular Slip Surface Only for ¢=0
Ordinary Mathod of Slices ves | Mo | Mo | Mo Circular Slip Surface Conservalive
(Fellanius 1827) Side Forces Parallel to Base Very inaccurale lor high pore water pressures
Bishop's Modified Method Circular Slip Surfaces

¥ M M i i
[Bishop 1955} s o o | Yes Side Foroes Horizantal Very inaccurale for high pore waler pressures

Morgenstern and Price's

Slip surface ol any shape Much engineering time required to vary side
Method (Morganstern and Yas | Y Ni . "
Prica !9135} 9 es | Yes | Yes Pattern of Side Force Orieniations forca assumptions.
Spencer's Method (Spencer Ship surface of any shape
1967} Yes | Yes | Yes | Yes Side Forces Parallel Simplest Method
Corps of Engi r
orps nginears Mo | Mo | ves | Yes Slip surface of any shape High factor of safety

Modified Swadish (1870) Sida Forces Parallel to Slope
Slip surface of any shape
Lowe & Karafiath (1960) Mo | Mo | Yes | Yes | Side Force Orientations Average of Bast side force assumgtion
Slopa and Slip Surface

Slip surface of any shape

Janbu Simplified {Janbu Low Factor of Salety

1954) Side Forces Horzontal
GLE - Genaral Limit vos | ves | ves | ves Slip surface of any shape Much engineering lime required to vary side
Equlibrium Pattemn of Side Force Onentations force assumptions.

Slip surface of any shape

GeddNail Method® " i
i od* [Golder) | Yes Yas | Yes ‘mal Stress Distribution Toe circles only
Shp surtace of any shape
SMAIL Mathad
(CALTRANS) Mo Mo | Yes | Yes Two or three wedges, with side Limited shapes of slip surfaces

force angle = 6

Spencer’s method takes into account all equilibrium types solves any shape of
slip surface by adopting a frictional center of rotatibhus, in this study Spencer’s
method is selected to analyze translational or rotwstaéional landslides. In this
method the interslice forces are assumed to haveasdnaclination throughout the

slope.

The most widely used monitoring devices in relation @odklide studies are
inclinometers and piezometers. Inclinometers arecéylyi installed at several
different locations along the length of the slope, &y efine the depth of the slip
surface, the thickness of the shear zone, and teeofahovement. In addition, they
indicate whether there is any internal deformationhiwitthe landslide body,
allowing us to compare the movements at the ground aritheaslip surface.
Piezometers are widely used to measure the pore wassyoe at a point, typically
by a sensor located at the tip of the piezometer. Tleee various types of



inclinometers and piezometers, the details of whichbegond the scope of this
thesis.

Models of landslides for the computation of landslide ldsgments from pore
pressure data require accurate monitoring of landslidesifG&t al. (2010) describe
that the main limitation of this type of models is thek of reliable measurements of
pore pressures along slip surfaces. Although it is possiblednitor the global
changes in the groundwater level, it is mostly diftidol set up piezometers on the
slip surface. However all of the pore pressure data ustdsirstudy are at or very
close to the sliding surfaces.

Aside from the location of the mointoring device, tineasurement period is also
important. The piezometer accurately measures thevpates pressure at the sensor
(tip of the piezometer) over an extended time periaay-k@rm slow landslides may
be covered by regular measurements ranging from days ekswe years and
decades.

Instruments are needed to measure pore pressures ass\galiface or subsurface
displacements along the slope. The input data of thidysts acquired by the
measurements of devices including inclinometers (Figure ®ifg, extensometers
(Corominas et al., 2000), piezometers, EDMs and GPS nietwor
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Figure 2.9 — Standard inclinometer arrangement (Mikkelsen, 1996)

On Figure 2.10 percentages of different displacement measatemethods are

given at which about 50 slow moving landslides all aroundabed are compiled

by Mansour et al. (2010). From the pie chart one cartendhat inclinometers are

still most widely used having over half of the percentagis;h are followed by on-

field surface surveying methods with about 30 %. On the ¢idued lately developed

remote measurement techniques share the remaining pgeemtith extensometers

and geomorphologic evidence. It should be noted thatdore landslide cases more

than one measurement method is used.
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Figure 2.10 — Percentages of different methods of displesemeasurement
(Mansour et al., 2010)

Translational landslides are assumed to exhibit rigigkbkype movements which
are well observed at the cases in this study. Figure 2.4Wsshn example of
movement data from the San Martino slide at two inctiaters at different locations
on the slope. Here surface movements are almost deptita movements at the slip
surface, such that they are representative of edwr.ofs can be seen from this
specific case, the thickness of the shear zone carbalgletermined by inclinometer
results where displacements vary over a certain rémgany certain inclinometer
location at the bottom of the moving body. For examfule,San Martino landslide

the thickness of the shear zone seems to be about(b.&)nas can be seen from the
inclinometer data in Figure 2.11.
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Figure 2.11 — Displacements measured by inclinometers {j2@ &an Martino
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The assumption of rigid block movement is practicallyfuiseince monitoring data
on surface movements in landslides are more commosalyale as compared to
movements measured at the sliding surface, especiddly tife development of
airborne SAR and LIDAR interferometriloreover, it allows more slow moving
landslide case histories to be investigated, and possbiewearning systems to be
based on remote or on field surface movement measurenienty warning studies
based on the movements measured at the ground surface tymio&ly be on the

safe side. This is because, in general, the deformatbeerved at the ground
surface in landslides are larger, instead of being smé#tlen the movements in the

shear zone.



CHAPTER 3

METHODOLOGY

, "9

The main framework to be followed in modeling is scheradtiay Leroueil (2001)
and modified by Calvello et al. (2008) to relate differgatiables in the natural

process of the landslide mechanism (Figure 3.1).
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Figure 3.1 - Schematization to model the kinematic repohisandslides to rainfall
(Leroueil, 2001 and Calvello et al, 2008)

In an ideal (and currently not existing) early warning esystwe could predict the
rate of movement from the given input of rainfall datav(Relationship in Figure
3.1), without the need of intermediate steps. But toraptieh this, it is first needed
to build the intermediate relationships at local schieas many consistent cases as
possible. This kind of early warning system is currently awailable although
studies on this topic continue to make progress (Castial. 2010, Ferrari et al.

2010). Within the confines of this thesis, the relationsveeh the pore pressures,



factor of safety and rate of movements (u-F, F-v andralationships shown in

Figure 3.1.) are investigated. It should be noted here tthatuse of a “factor of

safety” concept (as in “F.S.>1.0 stable, F.S.<1.0 unstalfey not seem very
meaningful for a landslide that already has F.S. at or ¢ese to 1.0, and already
moving. However, in this study, the factor of safety t#l sonsidered as an

indication of the safety level, since it is widely ud®d geotechnical engineers in
relation to landslide studies. Accepting such a limitatior example, Glastonbury
and Fell (2002), and Bonnard and Glastonbury (2005) developedmnsldietween

“relative F.S.” and rate of movement. Thereforeisitalso used in this study by
normalizing the F.S. with respect to the lowest Fi8aioed for the given case for
the worst piezometric condition, and using “relativedactf safety” term.

Results of

Instruments & Raw Data Processed Data Stability Analyses Analyses

Relationships

Figure 3.2 — A part of the procedure followed before and aftdrility analyses

Figure 3.2 shows a part of the procedure of obtaining negesdationships for an
individual landslide case in this study. The procedure bepwy selecting the
landslide cases with extensive piezometric and displane data and followed by
processing the data into desired parameters. Such pararaetethan used in the
analyses along with information on geometry, the dipface and material



properties. Combination of output of analyses and qooreting input allow to form
necessary relationships. Details on the procedurevenginder analyses chapter.
Two dimensional slope stability analyses, finite elemewtdels and a kinematic
model are incorporated for geomechanical and hydrologicdysasaf the selected
landslide cases. The next section introduces the fuewkats of the modeling phase

followed by explanation of each analysis type used.

The limit equilibrium analyses are executed by utilizingIC3E v5.0 2D Limit
Equilibrium Slope Stability Analysis Program. The methmdalculate the factor of
safety values is selected as Spencer’s method. Tlgstiddies are divided into 25
slices and calculations are done with 0.5% tolerance in rmami number of
iterations of 50.

Failure surfaces are determined and entered by the outpuhcbhometer
measurements as well as published field observationsasuiemsion cracks or heave
at the toe. Shear strength used in slope stability seslgre residual values which
are either back-calculated or laboratory measured. Peétailformation on the
determination of failure surfaces and shear strength valteegiven in the following

sections, when needed.

PLAXIS 2D Version 8 is utilized to model deformation beiba of landslides under
different observed groundwater conditions. The modeal usenalyses is 15-noded
plane strain model with very fine meshed elementidigion.



Slip surfaces are modeled with interface elements havmgaVithickness factor of
0.100. Since 15-node soil elements are used, the correspantirfgce elements
are defined by five pairs of nodes. The virtual thicknesdipfssirfaces correspond
to the multiplication of virtual thickness factor ardetaverage element size. A
general meshing parameter representing the average elsiment, is calculated

from outer geometry dimensions such that:

] = :(I-"’:E.k' B 'ﬁ'.."’::.":?'I (-v."’:r.'.x _.1'r."'::r:j
Ly = J . (Eq. 3.1)

where Yax Xmin» Ymax Ymin @re the maximum and minimum geometry dimensions
given by user andcnis the factor representing the global coarsenessy Yiee
coarseness have an estimate value f400 which refers to around 1000 elements.

The lack of laboratory-derived material properties resglifor advanced material
constitutive models forced us to the usage of simpleemaatmodel as the elastic-
plastic Mohr-Coulomb model for all layers including s8prfaces. Although the
representation of material behavior by this model is igdiyecorrect at soil layers, it
can not serve better than a first-order approximatfdheoreal slip surface behavior.
If necessary data could be obtained; advanced congtitaotaterial models would
give better results. In this study it is preferred to kmaith known data and simple

models rather than estimated data and correspondingeompdels.



For all cases boundary conditions are set to standatidi of PLAXIS 2D which
refer to the boundary conditions at which (i) the lowaesd highest x-coordinates of
vertical geometry lines acquire a horizontal fixitye.iy = 0; (ii) the lowest y-
coordinate of horizontal geometry lines acquire a fuily, i.e. u.=u, = 0.

Since by nature the landslide slopes as well as some gfagtoundwater tables are
not horizontal, the initial loading by they¥€ondition would give misleading results.
Instead, gravity loading is exerted at the beginning oh eawalysis set. This way
initial stresses are built by applying the self-weighthe model.

Updated mesh analysis with updated water pressures opteeleisted with the
plastic calculation type to compensate the effe€tiarge displacement simulations.
From time to time even slow moving landslides face lalgeal or global
displacements that are to be differentiated by smaléng-term rate of
displacements. Moreover water pressures are continuocershlculated referring to
the new positions of stress points.

Note that, arc-length control option in iterative procedeontrol parameters is
deactivated since it causes spontaneous unloading for disateontrolled
calculations although the soil body is far from col&ps



In order to compute the rate of displacements fromaimgput of a groundwater
analysis or simply from measured groundwater levelsnkatie analysis is needed.
Velocities are predicted by making use of an assumed inearl empirical

relationship taking into account observed minimum and mami velocities as well
as the maximum factor of safety values in a certaire tinterval. Finally, the

calculations are optimized by regression analyses.prbeedure is adopted from
Calvello et al. (2008).

The non-linear relationship used is given below, whicral&l for F<Fmax

R T (Eq.3.2)

In this relationship; t is the time,mk is an upper limit of factor of safety above
which velocity of the slide is assumed to be zero andhath the velocity equals to
Vmin- Vmax COrresponds to a maximum value of rate of displacemetite factor of
safety of unity.As can be seen from this equation, to be able to usepgpi®ach,

one has to know, or estimate, the minimum and maximeilotiies.



CHAPTER 4

ANALYSES OF LANDSLIDE CASE HISTORIES

(0

The translational Vallcebre landslide is located pper Llobregat basin of Eastern
Pyrenees of Spain. The materials composing the laledblbdy are fissured shales
and clayey siltstone underlied by limestone bedrock. Athefmaterial is of Upper
Cretaceous to Lower Palaeocene age. Observations st show that the
landslide is triggered by rainfall; and the response isadiate (Corominas et al.,
2005). However the rate of displacement is almost eahshaving velocities
between 0.2 and 0.5 mm/day. The sliding body has a wlofmapproximately
20*10° m® and an average slope angle of 10 degrees. The she@esaretermined
by inclinometers at the lower slide by Corominas e{1£199) and it is nearly parallel
to the slope surface. The slide has three main units; uppermediate and lower.
In this study only the lower unit is considered since ithe most unstable unit. A

typical cross-section of the slide is given in Figurk 4.
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Figure 4.1 - Cross-section of the Vallcebre landslidéhout vertical exaggeration
(Reproduced from the cross-section A-A’ by Corominas.efaD5)

The monitored data of change in groundwater table depth aplhaisents at the
lower slide are extracted from Corominas et al. (2005 dhata from three
boreholes (S2, S9, and S5) measured between November 1996tabdrQ®98 is
used in this study. Different from other cases, thplat®@ments given are the results
of wire extensometer measurements along boreholesh@eraire extensometers
allow the measurement of the relative displacemetwdsn two points, one in the
sliding mass that is moving and the other in the stableTdwrefore it is needed to
convert wire displacements to superficial displacasdsy making use of the
suggested conversion functions at the Vallcebre lare$@brominas et al., 2000).
The simplified relationship between wire displacemamd superficial displacement
for approximately 30 cm of shear zone thickness at at&ibis used.
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Figure 4.2 — Piezometric data and landslide velocity §C82ominas et al., 2005)

A close relationship between the changes in depth of grouediesel and landslide

velocity is reported (Figure 4.2) referring to measuremeiksn from the borehole
wire extensometer at borehole S2 (Figure 4.1). Coroneinak (2005) described that
there exists “a strong level of synchronism” betweentéfo measurements.

The groundwater levels corresponding to the displacemnhatat are determined to
analyze the static stability of the slope. For eadkcted time of measurement
groundwater depths are calculated and inserted in thesemalytotal of 17 analyses

are executed to span the selected time interval.



From the empirical data on residual friction angle psga by Mesri and Shahien
(2003), for 50 kPa, 100 kPa and 400 kPa, secant friction anglesbtamed for
various }, values (Figure 2.4). Thus for eaghvhlue three secant friction angle are
found for the given stress range. In order to calculateesponding shear stresses,
nonlinear envelope curves are found with the Equation 4.4openl by Mesri and
Abdel-Ghaffar (1993) and modified by Mesri and Shahien (2003).

s(r) = o tan(@.)1%° (E]i my (Eq. 4.1)

y ! ! ¥
where(1 —m,) = slope of log tan(@, ). | Versus lr:rg[flﬂ':]ﬁ-’g-\].

{tan(@.)1e0 e

s(r) = residual shear strength
'n = effective normal stress
@' = residual friction angle

and (@ )5 = secant residual friction angle a =100 kPa.

A non-linear failure envelope is determined for fissuredleshusing the equation
(Equation 4.1) and the residual average curves proposed by dMesrShahien
(2003). The non-linear envelope for Ip=60 % shows most compatibve (Figure
4.3) with the laboratory measured residual values of Cioemsret al. (2005). As
reported by Corominas et al. (2005) laboratory direct shests on pre-sheared
surfaces collected from the field gave a cohesion mf, Zeresidual friction angle of
7.8 degrees (for effective normal stress range up to 800 &Rhjhe plasticity index
of the material was about 20%. It should be noted thagnvone look at the database
on residual friction angle of stiff clays and plagyiandex in Figure 2.4 from Mesri
and Shahien (2003), one can see that for a material pat20% residual friction
angle of 7.8 degrees is not possible. This discrepandyg beuexplained in several
ways: either the material tested in direct sheastastl plasticity tests are not the
same material, or the material is not fully dissaggted in the sample preparation of
plasticity index test (which caused the clay partice®dave a lower water holding



capacity around the clay particles), or the materiataios nonplatey clay minerals.
Plasticity index value of about 60 % matches with the ntepo7.8 degrees secant
residual friction angle. In fact, Mesri and Shahien (20@pprted that for stiff clays,
clay shales, claystones, and mudstones, pulverizatiorcamplete dissaggregation
of the sample is needed in order to truely represerdtéte of these materials in the
shear zone of landslides. Sample preparation and disaggregaim significantly
influence the plasticity index value obtained in tHeolatory (Stark et al., 2005).
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Figure 4.3 — Shear stress envelopes for the Vallcebrditdeds

The planar sliding surface is introduced to the progranoirespondence with the
failure surface determined by inclinometers at the lovide Corominas et al.,
1999).



Table 4.1 - Shear strength parametiensved from different tests: Minimum strength
measured in direct shear, ring shear and triaxial festssured shale; minimum
strength measured in direct shear for clayey siltsamoeresidual strength measured
on a pre-existing shear surface in fissured sf@@eominas et al., 2005)

Material Range of Normal Stress c¢' (kPa) @'
Fissured Shale 0< ''<200 kPa 0 23.4
200 < ', <700 kPa 44 11.8

Clayey Siltstone 0 <', <400 kPa 0 33
Shear Surface 0 <, < 800 kPa 0 7.8

Analyses are conducted with material properties given ipleTd.1 where shear
strength parameters were derived by Corominas et al. (2@0B)nfinimum strength
measured in direct shear, ring shear and triaxial festssured shale; minimum
strength measured in direct shear for clayey siltstmukeresidual strength measured
on a pre-existing shear surface in fissured shale. Té@tseare given for each

piezometric level (Appendix). The analyses take iwoant all three water levels at
boreholes simultaneously.
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Figure 4.4 — Output of limit equilibrium slope stability &sas for Vallcebre
landslide with the piezometric condition P14 (see Appgnd

The factor of safety values determined from static stalahalyses are close to the
unity from above and also below, implying that the ldidds is moving
“continuously”. Thus, the values do not refer to théititg condition due to creep
effects but to the degree of global instability againgt ¢hanges in boundary
conditions like groundwater levels, i.e. pore presswedhtions. Dynamic stability
analyses including elasto-plastic and/or viscous effectaldvgive meaningful
results if the information related to the creep behavidhe material is known.

As explained in preceeding sections of this thesis, oglatbetween pore pressures,
factor of safety and rate of movement (u-F, F-v, um\Figure 3.1) are of interest.
The change of stability with respect to groundwater esgeat each inspected
borehole is shown by plotting relationships betweestirad factor of safety, depth of
groundwater level and pore pressure coefficient (Figure 4?%)e pressure



coefficient ru is calculated for each borehole sepérdtty using the measured water
levels and total normal stress values for each bogehwdtead of averaging ru values
over the whole slope. This approach seems reasonable aotatgy since for a real
life landslide, an average ru of the whole slope maybedtnown, however ru at a
specific location can be measured and known, therefmrebe used in relations of
pore pressure and movement rate. The concept of eefattor of safety is proposed
by Glastonbury and Fell (2002). In the concept of reldawetor of safety, the least
stable condition; i.e. highest measured groundwater levesjosd moving active
landslides is considered to represent a relative fadteafety of unity. The rest of
the conditions are normalized against this condition.

Despite the gap in the given data of the boreholesn8354& the relationship between
the groundwater level (represented also by ru) and relatiyeat the upper part of
the lower slide is linear (Figure 4.5). At the toe sectiepresented by the borehole
S9 the relationship follows a nonlinear trend. Howevietheé data from all three
boreholes is considered, an overall nonlinear relatipnsbuld be visualized. Factor
of safety against depth of groundwater level (or pore press@féicient) plot is not
expected to be linear since (i) the thickness of thiinglimass and groundwater
tables are not purely translational as in an infinite slagyel (ii) shear strength
envelope used is nonlinear, therefore shear strengtle ciothdecreases nonlinearly
as the pore water pressure increases and effectiveaVestress decreases.

Relations between relative factor of safety and ratmavement, and between pore
water pressure and rate of movement are also studidafehole location S2 where
the maximum amount of ground surface movement is observedalltekre
landslide. In the proceeding sections of the thebes,résults of these relations for
several analyzed landslide cases will be gathered amdusions will be reached.
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Figure 4.6 — Relation between relative factor of safetytha rate of movement (as
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The San Martino landslide is located in the Centrdy,ltaear the shore of Adratic
Sea, at the side of Gran Sasso and Laga Mountaingoé&lad the landslide is at the
drainage basin of San Martino river (Figure 4.8). The na$ecomposing the slope
are silty clay colluvial cover and weathered marlyycl&he underlying bedrock
formation of marly clays are of middle-upper pliocene. &gxtini et al. (1984) have
investigated the slide between 1980 and 1982 through detailed s.afate

subsurface observations.
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Figure 4.8 — Cross-section of San Martino landslidetiiideaat al., 1984)

Daily rainfall data from pluviometers and measured gneetric levels within the
colluvium have referred to a close relationship betwiteem; generally immediate
response to rainfall events was encountered. Inclinteneteasurements without
having relative displacements within the colluvial cover satgge that the
movement occured as a rigid body. The average ratespifadement is given as 2
cm/year (Bertini et al., 1984) where the movement isitéem$o pore water pressure

fluctuations in the colluvial cover.



Figure 4.9 shows the close relationship between fluctuaitiopgzometric level and
rate of displacements at Station B during the observakeriod of two years.
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Figure 4.9 — Piezometric level and displacement rat@agbs B (Bertini et al., 1984)

It was observed that the response of the San Maddmaslide is seasonal, such that
continuous and even low intensity rainfalls change groundwetels more than

short intense rains.

Huvaj-Sar han (2009) used the high groundwater level observisthioh 1981 to
back-calculate the nonlinear shear strength envelope winnlesponded to the
average residual shear strength {2l7% with the procedure of Mesri and Shahien
(2003). The lowerbound of reversal direct shear testltsesuin weathered marl
(Bertini et al., 1984) coincided with the back-calculated tmdd strength (Figure
4.10).
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Figure 4.10 — Shear stress envelopes for the weatheredfzdoine marly clay
bedrock. Solid lines represent the envelope obtained fresridnd Shahien (2003)
data (Huvaj-Sar han, 2009)
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Figure 4.11 — Output of slope stability analysis for Santidia landslide with the
piezometric condition P14 (see Appendix)



Figure 4.11 shows the output for the piezometric conditi@d ®ith the input
geometry, slices, material boundaries, slope limitsymplovater table, failure surface

and analysis properties.

Relative factor of safety values corresponding to eachhdefpgroundwater tables
with pore pressure coefficients are correlated at tvwagpnetric locations from the
given piezometric data of Bertini et al. (1984) (Figure 4.E®)ure 4.13 shows the
plot of rate of movements against relative calculatedor of safety where rate of
movements are derived from the horizontal displacérdata. Figure 4.14 shows

relation between pore pressure coefficient and skdiecity at B3.
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Figure 4.12 — Relationships between relative factor @tgagroundwater level and
pore pressure coefficient for the boreholes B3 and @6eo$an Martino landslide
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The Steinernase landslide is located in the cantorAarDau in Switzerland.
Monitoring data including displacements from inclinometensd piezometric
elevations are available since 1986 (Laloui et al., 2008) attiee zone of the slope
have dimensions of about 300 m x 230 m. Laloui et al. (2008)est the landslide
by analyzing hydrogeological and geomechanical finite elénmadels. They
identified that fluctuations in pore water pressure aldmg glope determine the
acceleration and deceleration phases of the movemenrtac& monitoring and
inclinometer data have suggested that the sliding surfaeesoanded between the
main scarp and cantonal road at the toe (Figure 4.15). Wjthahe failure
mechanism involves multiple sliding surfaces, the deegeshg surface is used in
this study since it carries the greatest risk to endathgetinfrastructure facilities
(railway, highway and cantonal road) near the toeamities occur completely in
the colluvial soil cover which is underlied by alluviumdabedrock, at the bottom
and at the rest of the slope, respectively. Monitoring dg2900 and 2001 is used in

this study.
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B Alluvium

Slip surface

Figure 4.15 — Cross-section of Steinernase landslide (Regrddrom Laloui et al.,
2008)



The output for the piezometric condition P3 of theiri&ease landslide is given at
Figure 4.16. This figure also includes the input geometry, slinaterial boundaries,

slope limits, groundwater table and failure surface.

The landslide movements are occurring in the soil cov@ich is mostly a silty
material containing 15-30% clay-size fraction. Shearingst&scte parameters
reported by Laloui et al. (2008) from direct shear testdppred on “specimens
collected from the slip surfaces”, were in the ranf246 — 27°. According to Mesri
and Shahien (2003) secant residual friction angle versssigy index relationship,
these friction angles could correspond to a materitd ip in the range of 10-20%,
which seems reasonable for this silty material contgisimall amount of clay size
fraction. However, it should be noted that the residoabition, which is defined by
the alignment of plate-shaped clay particles parall¢héodirection of shear, do not

typically occur in mostly silty materials.
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Figure 4.16 - Output of slope stability analysis for Steiase landslide with the
piezometric condition P3 (see Appendix)

Relative factor of safety versus depth of groundwateellg@lot including pore

pressure coefficients (Figure 4.17) for Steinernase latedsply a non-linear

relationship for both of the two piezometric locatioe@nsidered. The observed
velocities fall into “extremely slow” category by hagi velocities less than 0.05
mm/day. Small to moderate increase in factor of safetiyice the slide velocities
greatly where the range of difference of factor oftyafeapproximately 11%.
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Since the deepest sliding body is considered for the é8teise landslide, the
response of the pore pressures to rainfall events aredla@gethe other hand, more
superficial smaller sliding surfaces may respond eaalher cause local slides along
the slope. But as mentioned before the deepest slidesdhe greatest risk to
endanger the infrastructure facilities. Hence it isfisieht to consider only the

deepest slide during a preparation of an early warning system.
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The Triesenberg landslide in the Principality of Liechteimsbn a slope of the Rhine
valley risks important Triesen and Triesenberg villages hyednvestigations by
Francois et al. (2007) include inclinometer, GPS, piezanaatd flow data along
with laboratory test to assess mechanical propertieslopfe forming materials.
Approximately 1 m thick slip surface was observed at an geedapth of 10-20 m
on the 24 degrees inclined slope (Figure 4.20). The averaggtyelbserved was up
to 3 cm/year within the loose soil cover; composed ofedtone, sandstone,
dolomite, flysch and Quaternary deposits in clayeyiiiderlying bedrock and deep
seated landslide contain schist, limestone, sandstahdlyasch. The water table is
generally 20-30 m below the soil surface at the top beithies the slope surface at
the bottom. The main triggering force of movements feasd to be the variations
in pore water pressures in the slope (Francois et al., 2D&placements and pore
pressures data of the year 2000 is used in this study.

1500 m

Landslide

Prehlstoric
Landslids

250m

Figure 4.20 — Cross-section of Triesenberg landslide (nxakexaggeration)
(modified from Francois et al., 2007)

(( -

To characterize the material, Frangois et al. (2007) t®deral samples of soil at

different locations near the slip surface, but not ssaely within the slip surface



zone, as the slip surface could not be precisely logatde: boreholes. The material
is classified as CL to SC with Ip=11-13%. Triaxial tesigried out on this material
gave a peak friction angle of 25 degrees with zero comesierefore, this material
is most probably not at the residual condition (of ratignt of plate-shaped clay
particles parallel to the direction of shear).

The relation between the depth of groundwater level fiimenground surface, pore
pressure coefficient and the calculated relative facftosafety of the Triesenberg
landslide is given at Figure 4.22. The relationship followsedectly linear trend

consistent with the relation between rate of mov@naad relative factor of safety
(Figure 4.23). This is most probably due to: (i) very long tndl slide mass which

resembles a theoretical infinite slope cross sectiomhich total normal stress and
pore water pressure is almost constant along the lerigtie slope, (ii) there is no
significant difference between nonlinear and linear steeength envelope for
materials with very low plasticity. Therefore a lamaelationship, as it would occur
in infinite slope analysis, can be expected.
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Figure 4.21 - Output of slope stability analysis for Trieseghandslide with the
piezometric condition P10 (see Appendix)
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As the factor of safety values range at about 1.6 % agdiaschange of rate of
movement between 0.1 to 0.6 mm/day, slight increastanpore pressures, and
consequently decrease in factor of safety values actedeifee movements greatly.
Since the active slip surface is at an average depth-@D 19 below the ground

surface, the increase in pore pressure do not occur irataedafter rainfall events.

This implies that to build an efficient early warningstm, either hydraulic

conditions of the landslide should be well integraiedhe analyses or the pore
pressures along the slip surface should be monitored aonsty.
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Babadag is near the west coast of Turkey and 30 km away the centre of the
town Denizli in Aegean region and is located at soutldis of Blyluk Menderes
graben. The district is in between deep and narrow wllgth occasionally high
elevated slopes (Kay han and Demirci, 2007). It has a populati 5000 and is
known as a historic center of textile industry and sti producing.

The village of Babadag suffered from a long-term landshthéch is sliding since
1940 at a continous rate of up to 15 cm per year (Cevik an@y)I2805). The main
sliding body have a width of 430 m and a length of 650 m ({@uzpet al., 1999)
(Figure 4.26). The landslide is observed by various investigatalifferent times by

making use of various tecniques and instruments.

The previous investigations of the displacement of tietingl body were done
through aerial photography (Cevik, 2003), relative measurertesitnique (Ulusay
et al.,, 2006) and movement observation network (Cevik andayli#004). Pore
pressure and related groundwater level data are taken fwik 2003).
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Figure 4.25 — Cross-section of Babadag landslide (Cevik andy)12605)



Figure 4.26 — Approximate boundaries of the main sliding bé@®abadag
(February 2011)
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The instability of Babadag is caused by planar failure sesfalong bedding planes.
Due to the lack of inclinometer data along the slopenmb@ failure surface cannot
be determined precisely. The planar failure surface us#tkianalyses connects the
toe of the slope with the tension crack at highestatiew. It is known that the mass
behind that tension crack moves at a very slow rateq Eaal., 2006), close to zero,
implying stationary condition.

Strain controlled laboratory direct shear tests aéroiet in a 6x6 cm square direct
shear box by Cevik (2003) are considered in this study. 34 repaiige intact block

samples taken from the field (samples including the fexter between the marl and
sandstone members) were assembled in the upper and lalwes bf the shear box.
Information was not provided on the plasticity of the enals tested. Cevik (2003)
noted that since the samples were easily disaggregatiag wetted, the laboratory
direct shear tests were carried out providing water fpette in a controlled manner



and keeping the sample moist during the test. The notmesssrange used in the
tests was 40-720 kPa by considering maximum 45 m of overlaidiatate

Three shearing rates were used in the tests by Cevik (2@03%mm/min,
0.08mm/min and 0.035mm/min for first, second and third group aiplkss,
respectively. Since (i) ASTM D3080 suggests using a slow isigeaate to
determine the drained shear strength parameters, (i) Babaddslide is a “very
slow” landslide (rates of movement on the order ofl@%- 3x10° mm/min
according to the classification by Cruden and Varnes, 19869 (iii) shearing at
fast rates give an increased resistance (literaturemanized in Huvaj-Sarihan,
2009); Cevik (2003) tests carried out at the lowest rate of 0.08fmin were
considered in this study. Shearing was carried out up toisgetisplacements of 9
mm, and most of the samples reached residual condititan about 4 mm of
displacements as can be seen from Figure 4.27. Theedife between the peak and
residual shear strength values were insignificant ana@nt e concluded that the
samples were at or very close to residual condidennoted by Morgenstern (1977)
and Mesri and Shahien (2003), large shearing deformations ohde mecessary in
bedded deposits where shearing is restricted to beddingsplamaterfaces; and that
a few millimeters of movement along subhorizontal aiigmuities such as bedding
planes, laminations are sufficient to bring thesessidual condition.
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Figure 4.27 - Direct shear test results for 0.035 mm/miargigerate (modified from
Cevik, 2003)

The nonlinear envelope for 1p=40 % shows most compatibleecwith the

laboratory measured residual values of Cevik (2003) (Figure 4.28).
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Figure 4.28 — Shear stress envelope for the Babadag landslide



Thereby the equation of the nonlinear envelope is detedmires

s(r)= 0501(c")**", The curve is plotted for the stress range of 0 to 720 kPa

considering the maximum effective normal stress extdaittan the back-analysis of
the slope.

In dry case with Ip=40 % the factor of safety is 0.698. WVh& kPa surcharge is
added for certain locations of settlement in additiosaime conditions, the factor of
safety is found as 0.690. The effect of the surchargetisignificant but it slightly
changes the level of the instability.

The back-calculated shear strength mobilized at two,latgl and shallow slope
failures near Babadag landslide corresponding to c=2.3 kP@=at8.2° (Cevik and
Ulusay, 2005) is included in the normal stress-shear gptessThe normal stress
range in these two small slope failures is decided toebeden 0 and 150 kPa by
considering the maximum thickness above the sliding sarfaic both of the
translational failures along bedding planes.

The main sliding body is theoretically divided into 3 mors (upper, middle and
lower) to illustrate the displacement behavior of Hr&dslide (Figure 4.29). At each
portion a number of representative displacement measute stations are
considered in the analysis.
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Figure 4.29 - A view from the landslide showing mainistidoody and its
components

The groundwater conditions due to different piezometrielteware taken into
account through averaging the pore pressures under eacheslidting in respective
average pore pressure coefficientg) (for each condition. Hence the average
displacement rates are calculated and compared witlavhi#able data of Cevik
(2003) between September 2002 and October 2002. Figures 4.30 and 4\31 sho
relationships between pore pressure coefficient witle sielocity and relative factor
of safety. Pore pressure coefficients calculatedhatdorehole SK2 have values
almost twice as values of the entire slope for thmeseelative factor of safety. It
shows that pore pressure coefficient at an individuahtion may not be a
representative of the pore pressure distribution fdoes It would be wise to take
into account more pore pressure measurements coverimghthe slope, if possible.
However, practically, for real landslides, observabbwater level at one location is
more applicable rather than observing at several lomtmd obtaining an average
ru value for the whole slope.



Drastic differences in the ranges of slide velocitiebMeen three portions of the
slide can be seen from Figure 4.31. In addition, as theement rates at middle and
upper portions of the slide are almost constant, thergwertion accelerates once
pore pressure coefficent reachs a value of about 0.08ciBkbpeafter the field visit
carried out in February 2011, it was very clear that thher® some sort of internal
deformation within the sliding mass, which caused builditaygilt and settle in
various different directions, rather than a conststéeformation pattern in the
direction of slope movement. Therefore the deformmatimay not correlate well with
groundwater level fluctuations in the case of Babadag lidedsHowever, and

attempt is carried out in this study as presented below.
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Figure 4.30 — Relation between relative factor of safety@ore pressure coefficient
of Babadag landslide
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As explained in the “Methodology” chapter, deformation éhadr of slides are
compared with the results of finite element analysiag Plaxis 2D. Since the elastic
properties of slope forming materials are not known, ielasbduli of layers and the
shear surface are changed for each analysis and a pacatuely is executed.

As examples, total displacements of simplified Samtida landslide at water table
configuration of P3 are shown as shadings and as arebwigure 4.32 and Figure
4.33, respectively. The displacements shown by arrogvghaee times scaled. It can
be seen from both figures that displacements mostlyranahe colluvial cover and

in the weathered marl zone where slip surface is modeled.



Results are plotted on Figures 4.34, 4.35 and 4.36. The efféne selected elastic
moduli are shown, such that on the y-axis the ratielas$ticity modulus of layer
above the shear surface to the one of the shear susfagpresented where on the x-
axis the average ratio of calculated velocity to mesbuelocity is given. The plots
cover the results of 60, 98 and 99 different performed aeslwith different
piezometric conditions and elastic moduli, for SanrtMa, Steinernase and
Vallcebre landslides, respectively. Drained residual rsea@ngth parameters that
are used are given in Appendix Table A.2.

The slope geometries are simplified as much as possiblerder to overcome
unrealistic solutions and to prevebt difficulty of ingestation and to avoid creation
of numerical difficulties that can mask the realsioh.

As the hydraulic properties, the information on the arhooh runoff and
evapotranspiration of the slopes are lacking, therefonas impossible to model
time dependent groundwater flows. Instead of that, groundueatels are modeled
by separately introducing measured piezometric levels iffereht times.
Consequently, the rate of movements are calculatedisidering the time intervals
during which corresponding piezometric levels stay effect
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Actual inclinometer readings give displacements perpeitat to the axis direction
where the borehole axis of all selected cases arécalerTherefore horizontal
displacements are to be compared with analysis readsmsthat horizontal
displacements are read from outputs. The nodes of wattings are to be done are

selected carefully in order to represent the locaticgach inclinometer.
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Figure 4.34 — Deformation analyses results of San Maliindslide
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Figure 4.35 — Deformation analyses results of Vallc&brdslide
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Figure 4.36 — Deformation analyses results of Steineriaasislide

It can be seen from the results of finite elemembraation studies that selection of
material parameters significantly affect the resolt$ained. The ratio of calculated
velocity to the measured velocity could range from 1.05® for the landslide cases
studied in this thesis. For Steinernase landslide, sincenstterial is mostly sandy
with about 20% fines content, a higher stiffness modulnsbeaused as compared to
the other landslides. However, even with a very high rnusdufinite element
calculated velocity is still overestimating the measduwelocity by about 5 to 15
times. From the results of other landslides, it casd®n that when the stiffness of
the shear surface is taken to be about 0.6-0.8 timestiffieess of the overlying
material, calculated velocities that are 1-2 times theasured velocities can be
obtained.

If advanced constitutive models are used for the méteaapecially for the material
in the shear zone, we could capture the time dependeipt ded@mation behavior.



However, for practical purposes, it is suggested herefgheametric analyses can be
conducted for each specific landslide to see range ofati@ calculated/measured
velocity. Based on this information for that specifiadalide, correlations can be
developed for deformations that could lead to rough guidelmegarly warning
alarm levels. For example, if it is discovered tthat calculated velocities are about 5
times the measured velocity, this factor can be takEnaccount in calibrating the
deformations obtained from the numerical analysi®rEfno such factor is applied,
forecasting larger movement rates as compared toraiged, would lead to giving
unnecessary false alarms, rather than the more dangaseiof giving no-alarms.
However, both of these wrong alarms could harm theabil#y of an early warning

system.

(2/ " -

Nonlinear empirical relationships between factor oésatnd rate of displacement
of four of landslides are given in Figure 4.37. These ioglahips are formed using
the values for minimum and maximum velocities, re@atiwvaximum factor of safety
given in Table 4.2. The meaning of each parameter relatdtet&quation 3.2 is

explained under “Methodology” chapter.
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The results of analyses are given in Figures 4.38-4.41mpaoson with measured

values during the given time interval. Correlation Gomfnts between measured and

calculated values of slide velocities are also ind@&caielable 4.2.

Table 4.2 — Parameters used in kinematic analyses witblatiwn coefficients

San Martino| Triesenberdallcebre Steinernase
Vimin 0.050 0.136 1.200 0.010
(mm/day)
Vmax 4.000 0.541 9.000 0.080
(mm/day)
Rel. Rnax 1.080 1.013 1.260 1.098
Corr. 0.982 0.912 0.899 0.966
Coeff.
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Figure 4.39 - Results of kinematic analysis for Valleelandslide
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Figure 4.41 - Results of kinematic analysis for Steiagerlandslide



CHAPTER 5

DISCUSSION OF RESULTS

The relationships between pore water pressure, facgafefy and rate of movement
in slow-moving reactivated landslides in cohesive soilsrarestigated through five
landslide cases. In this chapter the results of aeslg$ each slide are gathered in
order to evaluate from a more general point of view.il&mstudies in the literature
are also incorporated to compare the results and wbbpsupport conclusions. At
each landslide case instant slide velocities are leadsli at each measured
displacement data and coupled with factor of safety safae the corresponding
dates. At Figure 5.1 slide velocities are plotted agaitestive factor of safety for all
selected cases and also for the cases reported intéhgture by Bonnard and
Glastonbury (2005). Thus the deformation behavior of slowddbdes are
demonstrated illustratively. The deformation behaviosarhe earthflows and debris
slides were similarly analyzed by Bonnard and Glastonl209%5).

Since the slow slides that are discussed in this tlesisreactivated/active and
continuously moving, the concept of relative factor oftyadan be quite acceptable.
It is worth to mention that the term “continuously’réeefer to the state of mobility
for a given respectively long period of time not to phenomenon of sliding without
any stopping. In fact, this type of landslides becomdslestduring dry seasons; i.e.
the movements are intermittent. It should be notatlttie calculated factor of safety
values are not necessarily representative of the dwtaaility of the whole slide, as
in the case of “F.S.>1.0 stable, F.S.<1.0 unstable” whidbtisery meaningful for a

landslide that already has F.S. at or very closeQ@pand already moving.
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From relative factor of safety against slide velo@iyt one can derive that relative
sensitivity of the slide to fluctuations of pore pressigraelated to velocity of
movement and relatively faster moving slides have reducedkiteity to
groundwater changes as indicated by the steep slopes ofidirfégure 5.1. For
“very slow” and “extremely slow moving” landslides (velty <4 mm/day), the
slope of the lines in Figure 5.1 are less steep indicdtaigsimall increase in the F.S.

can significantly decrease the slope movement rate.

Similar to Bonnard & Glastonbury (2005), relative chang&@aator of safety for 10-
fold change in velocity is evaluated (Table 5.1). In thide the material name, angle
and thickness of the moving mass apdange of the slopes are given, too. The
relative change in factor of safety for 10-fold changevelocity refer to the



sensitivity of the slide movements to fluctuations gsbundwater tables. Small
values of this parameter indicate that a slight iregen the F.S. can reduce the rate
of movements drastically. For example, for Steinsenandslide in Figure 5.1 it can
be calculated that 6.8% increase in F.S. can changeetbeity of the sliding mass
by 1 order of magnitude. Extensive database of such cooreatinay allow
prediction of landslide movement behavior for a certaaterial/slope/region. This
information can be useful in planning remediation worl®. &ample, as part of a
remediation study, we can decide on the range of alidevvelocity for an actively
moving mass, e.g. 0.1 mm/day, and we try to achieve comdsgpF.S. value by
trying different slope stabilization alternatives.

Table 5.1 — Percent change in factor of safety for 10dbé&hge in velocity

Thicknes
Average| of the % change ir
Name Material i:%ﬁg Srlggg re-range F.Sf.oflzr 10
change ir
(deg.) (m) velocity
San Martino Weathered marly clay 8-1( 24 0.41-0.47 2.2
Steinernase Colluvial cover 17 14 0.23-0.33 6.8
Triesenberg Clayey silt matrix 24 33 0.14-0|54 1.6

Vallcebre Fissured shales 10 30 0.28-0.44 23

Babadag Sandstone & marl 16 30 0.01-0.11 --

La Mure* Varved clay & silt 15 5 0.16 -0.29 16.3
Alani Paty* Basalt & tuff 12 6-10 0.21-0.34 5.0
Earthflow 2* | High plasticity clay shale 10.5 6 0.14-0.19 2.9

Alvera* Sandstone, marl, mudstone 7.5 17 0.42 —(0.44 2.3

La Chenaula* Argillaceous strata 11 12 0.31-0.40 1.3
Ragoleto** Weathered limestone 10 30 0.05-0.27 25.7
Slide 114** Schist foliation 21 27.8 0.14-0.20 34
Slide 90** Schist foliation 31 26 0.00-0.21 31.9
Slide 10** Schist foliation 21-27 16 0.09-0.21 56.7

Slide 7** Quartz schist 27 93 0.00-0.p1 0.6
Slide 15** Quartz schist 26 47 0.07-0.08 4.7
Slide 113** -- -- 8 0.00 - 0.18 --
Slide 111** Schist foliation 25 31 0.04-0.29 24.8

Brewery Creek** -- -- 23 0.27 - 0.28 0.4

Slide 115** Grey mica schist 18-24 15.5 0.11-0.12 0.5

* Mudslides, ** Translational debris flows (Bonnard ané&bnbury, 2005)



Pore pressure parameter can also be used in the correlations with rate of
movement, therefore eliminating the need for the paameter. This can only be
done for slopes, the stability of which are known tagbeerned only by the changes
in pore pressures in the ground. If there are other mechgnésg. toe erosion by a
river, earthquake triggering etc. there would not be ar derrelation between and
movement rates. The correlation between pore pressaféictent and slide velocity
is plotted on Figure 5.2. Such a figure can be helpful tiddeon the desired depth
of groundwater to slow down the movement to acceptabés g 50 mm/year;
shown as “typical creep rate”) in planning the levelemhedial work required and in
risk mitigation. The groundwater level to be consideredlosated at the
piezometer/piezometers which is/are used to reprdsenthole slope. The depths of
water level are to be calculated from pore pressurfficeat values at this specific
pizeometer. It should be reminded that correlation caexpected between value
and slide velocity, if the only mechanism controlling thevements is the changes

in pore pressures.

The value of “allowable/tolerable movement rate” conmége play in relation to
landslide stabilization works for slow moving landslidéBis allowable rate is to be
decided for each specific area of slope stabilizatioseBan an extensive literature
search on landslides, in addition to laboratory creewement measurements,
typical creep rates that is occurring in all slopesngosed of clayey soils are
determined to be on the order of 2-50 mm/year (Huvaj-Sari®@®0). If there are
important structures at the toe of a slope, we maywmtt to allow rates of
movement larger than creep rates (on the order of <5Q@am i.e. <0.14 mm/day).
However, for a landslide in a rural area where themnlg a village road passing
through the slope area, we can take a higher risk angtaattewable/tolerable
velocity as 10 mm/day. This decision is case specifit @nnot be generalized,
however creep rates can be considered as acceptables inafle of no other
information. During the observed period of the Steine¥raadslide the velocities
fall into typical creep rates but an increase of pressure coefficient above 0.3 may
result in crossing to the unacceptable rates of moven&ant Martino landslide
however passed to higher rate levels (>0.14 mm/day) cas@n. These emphasize



the importance of continous monitoring of pore watessuee for critical extremely

slow and very slow landslides.

The values ofythat are closer to 0.5 indicate that the ground watesl lis close to
ground surface (e.g. San Martino in Figure 5.3). Similarato Bartino landslide two
other cases, Alvera and La Chenaula slides, from Bdraad Glastonbury (2005)
are closer to 0.5 with ru-ranges between 0.40 and 0.44. ditesl nhat, these three
slides have very small percent changes in factor ofysget 10-fold change in
velocity, having ranges betweeen 1.3 and 2.3. These siradacan be the result of
similar properties of slope forming material and infilhterial as (i) Plasticity index
= 15-30 %, (ii) Activity index (ave.) = 0.6, (iii) Residualdgde of friction of slide
mass = 28 (iv) Residual angle of friction of infill materia 16-17, and, (v)
Thickness above the slip surface = 17-24 m, which affectsaatheage effective
normal stress acting on the shear surface. With develoipat extensive database of
case histories, which have detailed material propertidsn@nitoring information,

more of such conclusions can be obtained.

From Figure 5.3, it can also be seen that slightly fast@ving (but still in “slow”
category) landslides, display less sensitivity tonges in § value, i.e. significant
reduction in ¢ (e.g. a decrease in ground water level) is needed to reuueEment
rates to slow acceptable rates.
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Figure 5.2 — Relation between landslide velocity and porsyresoefficeint yof selected cases



Figure 5.3 — Relation between landslide velocity and poresgpresoefficeint yof selected cases with mudslide cases of Bonnard and
Glastonbury (2005)



The change in pore pressure coefficigrfor 10-fold change in velocity is calculated
for the cases studied in this thesis (Table 5.2). Greatleles of this percentage
indicate greater ranges of groundwater table fluctuatione Tfuctuations of
groundwater may imply the amount of rainfall/meltwatand/or hydraulic
characteristics of slope materials. Moreover, thi®rimition is very useful for
stabilization works, as it was also the case for.RABth the knowledge of “change
in pore pressure coefficient for 10-fold change in veldcity a slope, we can
propose to stabilize a slope by reducingalue, being monitored at a point along the
slope, to such a value rate of movements will reduedidevable rates.

Table 5.2 — Change i for 10-fold change in velocity

Therefore, a sensitivity parameter is proposed to adithe significance of changes
in pore pressures on the factor of safety of a slopetla® sensitivity of slopes to
groundwater level fluctuations. This sensitivity parameterdenoted here as

FS/1m, and it represents the decrease in F.S. for aidenm the water level (i.e.
an increase in the = u / h value by about 0.05 for a 10 m thick translational slide).
For the four landslides in this study the sensitivijues range between 0.003 and
0.05, the latter being the more sensitive slope (Table 5.3).

Bishop (1955) noted that “It is useful from the design poinview to know the
influence of possible variations in construction pore presen the factor of safety,
and for this purpose the factor of safety may be plottextilly against average pore
pressure ratio”. Understanding the sensitivity of a slapehianges in pore water
pressure is also useful in order to quantify the signifieasfcthe error in the pore
water pressures used in the slope stability analyses.wids pointed out by Bishop
(1955), as well as by Yucemen & Tang (1975) in their studewaluation of
uncertainties in the long term stability of soil slopes



Table 5.3 - Change of FS for 1 m rise in groundwater level

Calculated | Decrease
fhi lrjr?:)ns? vlc’;:::zeof Ratio = Approx. slope
. Landslide . FS(1m bprox. Siop Max. soil thickness . Shear surface material
Material | Reference likely pore | F.S.for1l . (ground surface) Failure type .
Name S increased) / (m) properties
water m rise in - angle (degrees)
FS(most likely)
pressure at| groundwat
failure er level
Boulder Bishop . c=22.8 kN/mi, (lab direct
clay till (1955) 1.38 0.10 0.93 20 16 Cireular | 1 ear c=17 kP4=37.5°
Bertini et Ip=27%, CF=25-50%,=21
kKN/m®, CL, Particles<0.02
Weathered| al. (1984) . . _
marly da San Martino 1.061 0.033 0.969 8-10 24 Translationalmm= 76-93%, 15 kPa,
yclay fp,=24 deg., &0 kPa,f =27
deg
Fi 4 | Corominas =22 kN/m, =0 kPa,
ISsure et al. Vallcebre 1.026 0.050 0.951 10 30 Translationgl f ,=38.7 deg., &0 kPa,
shales
(2005) f=7.8 deg
Colluvial Laloui et CP= 15-28%, Particles
Steinernase 0.984 0.024 0.976 17 14 TranslationaD.02 mm= 48-65%, ,& O
cover al. (2008)
kPa,f,= 24 deg.
Clayey silt | Francois et lp= 11%, Particles< 0.0
yey ¢ Triesenberg 0.975 0.003 0.997 24 33 Translationalmm=38%, SC, &11 kPa,
matrix al. (2007) f.=30 deg
p= .




Deformation analysis is done by utilizing a 2D plane stfiaite element code. The
results of analyses gave an insight of deformation beha¥i slow landslide cases
while the deformation properties as the elastic moduldspaisson’s ratio are not
known. By proportioning the calculated velocity to measwedcity for different
elastic moduli of the shear surface and layers aliptkel effect of elastic moduli is
observed. For some cases such as the Vallcebre thndisé velocity ratio around
unity is found. In this case the selected elastic mochdy represent the real
condition but it should not be forgotten that the falariteria for the shear surface is
defined by Mohr-Coulomb failure criteria like all of othéayers. Advanced
constitutive models can be used to accurately calcthateleformation behaviour,
however, they require more input parameters, which roape available.

Kinematic analysis is essentially useful if a groundwat@aysis is conducted or
groundwater levels are monitored continuously. In this studgsured groundwater
levels and sample displacement data are used to compeitf isplacements for a
given certain time interval. If a groundwater analysas de conducted without
lacking the water retention (i.e. soil moisture charastic) curves and permeability
functions of all slope materials as well as net graks rainfall amounts, then there
will not be any need to observe groundwater levels. ddstenly rainfall data can be
inputted into kinematic analysis. High correlation cmefhts found between
measured and calculated data imply reliable compatilmfitselationships between
velocity and factor of safety of limited measuremeata with the data that is
continuously measured. In other words, this indicates ha&lv the sample data
represents the population data. The compatibility amoagetis important since for
some landslides continuous monitoring may be costly antded or even
impossible.



CHAPTER 6

CONCLUSIONS

In this study, relations between the pore water presfaatr of safety and the rate
of movement in reactivated slow moving landslides are siiyated. These
landslides are typically deep landslides (>5 m thicknessjiroing in cohesive soils,
especially in stiff clays and clay shales, and moving aBrdjstinct basal shear.
They display movement as a rigid body such that,nlosement observed at the
ground surface is not significantly different from thewament at the shear surface
at depth. Their rate of movement is strongly coreelawith variations in pore water
pressure in the ground. Such relations could be useful ablssiment of early
warning systems and alarm levels. The conclusiondheebat the end of this study

are:

1) General characteristics of slow moving reactivated ladets are gathered
and confirmed by four additional case histories. Theseacteictics were

summarized in section 2.3.1.

2) There seems to be a nonlinear correlation betweenFi8e pore water
pressure represented by parameter, and the landslide movement rates.
These relations are developed for selected landslisiesca section 4. The
relation between pore water pressure, factor of safetyr@vement rate of a
landslide can be useful (1) to understand the significaheepossible error
in the pore water pressures, on the calculated factsafety of the slope
(Bishop, 1955), (2) in classifying slow moving reactivated laddslin terms
of their sensitivity, which may help in prioritization aflocation of money

and resources in monitoring and early warning works for rootieal slopes,



3)

(3) in early warning systems, (4) in planning required l@falemediation,

for example, to decide on how many meters the ground \eatelrshould be
lowered at a certain piezometric measurement locasiorthat the stability
increases to a desired level of F.S., and movement aateseduced to an
acceptable slow rate.

Percent change in factor of safety for 10-fold change iocitgl as proposed
by Bonnard and Glastonbury (2005), is used for the selectddlilda cases.
The values are 1.6 to 23% for the landslides cases dtldtéis thesis, their
approach was improved (i) by using nonlinear shear strengtiope for the
material in the shear zone which is more realistiy, y using limit

equilibrium slope stability analysis instead of assumiigpite slope, (iii)) by

incorporating pore pressure coefficientin addition to “relative F.S.” in our

correlations.

4) The change in pore pressure coefficignfor 10-fold change in velocity is

also used in this study. The values range from 1 to 39%thierfour
landslides cases used in this study (Table 3128.values ofthat are closer
to 0.5 indicate that the ground water level is closgrmund surface. For
slopes with higher,rvalues (e.g. San Martino in Fig. 5.2), “extremely slow”
movement rates are expected and this type of landsktlesy more
sensitivity to changes in pore pressures, indicatedleysasteep slope of the
relation betweenyrand slide velocity in Fig.5.2. Landslides which have low
r, values (e.g. Triesenberg in Fig. 5.2) develop relativelyefagte of
movements (still in the “very slow” to “slow” rategnd they are less
sensitive to changes in pore water pressures as regedsna steeper slope
in ry-velocity plot. It is suspected that the slopes that raore g-velocity-
sensitive, would occur in more plastic clays with #atground surface
inclinations, and the second group of landslides that disessysensitivity in
re-velocity plot would occur in less plastic materialghwslightly steeper
ground surface inclinations. With development of extensivabdse of such
case histories, which have detailed material properties monitoring

information, more of such conclusions can be obtained.



5) This information is very useful for stabilization work&/ith the knowledge
of “change in pore pressure coefficient for 10-fold chaingeelocity” for a
slope, it can be proposed to stabilize a slope by redugimglue, being
monitored at a point along the slope, to such a valuerdéibatof movements
will reduce to allowable rates. This will be also usdarl determining the
priority in allocating money for remediation works fothe more
critical/sensitive slopes in a region. Therefore, a igeiyg parameter is
proposed to indicate the significance of changes i gressures on the
factor of safety of a slope and the sensitivity opsls to groundwater level
fluctuations. This sensitivity parameter is denoted here E5/1m, and it
represents the decrease in F.S. for a 1-m-rise inwtdter level (i.e. an
increase in theyr= u / h value by about 0.05 for a 10 m thick translational
slide). For the four landslides in this study the sensitiviljues range
between 0.003 and 0.05, the latter being the more senditpe (§able 5.3).

6) Kinematic analyses proposed by Calvello et al. (2008) apeusilized in this
study. The method seems to be working for the four latelsases analyzed
in this thesis.

+ 3 "

Relations between changes in groundwater level, factoafetysand the rate of

movement in reactivated landslides are presented fossilj® use in early warning

systems. For a slow moving landslide monitoring of defolomatind pore water

pressures can be very useful in developing these relatidrerefore, attention

should be given to monitor these parameters for a longdoef times, covering the

area of the slide, but at least located at points wtierenost displacement occurs.
Efficient slope deformation monitoring techniques, espgciamote sensing

techniques as airborne SAR and LIDAR interferometry,limmvestigated.



In future it will be worth (i) to investigate more catesee whether a trend exists in
these correlations and generalization can be madeeftain material/region (ii) to
incorporate rainfall relation to ground water level, so tha¢shold rates of rainfall
might be directly used in early warning.

Further studies are needed on this topic, however, sdations seem to be a
promising tool to be used in local landslide forecastingy eearning and effective
remediation based on drainage.

Such correlations can possibly be incorporated withaliiahd be used in predicting
the slope movement behaviour in early warning systemseMewt should be noted
that the relationships given in this study are of &idds which have very close
correlation with rainfall, i.e. the triggering mechanigmassumed to be only from
rainfall and related changes in hydrologic boundary candti If other triggering
mechanisms are also valid, they needed to be incorporatetelys of more

complex relations.

For finite element deformation analysis, selectingoaenadvanced failure criteria for
the shear surface will give more reliable results. absomplish this, necessary
laboratory tests are needed to be conducted.

The incorporation of groundwater flow analysis with tenielement deformation
analysis will eliminate the need of individual introductiohpiezometric levels at
every piezometric location and remove the relategrpalation/extrapolation errors.
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APPENDIX A

Table A.1 - General information about landslide cases

Landslide Name:

Main Source:| !

# %

Landslide Type:

Average Velocity (cm/year):

Velocity Description:

/I $)

Bedrock:

*$

Geological Age:

"2

3(

3(

Maximum Soil Thickness (m):

Dimensions:

Length (m):

Width (m):

Area (km?):

Volume (m°):

14

"4

14

Average Slope Angle (°)

Toe:

5 69%5 7

70 8 (

Shear
Surface:

Type:

Inclination (!):

Depth (m):

Thickness (m):




Table A.2 - Material properties of landslide cases
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APPENDIX B

Table B.1 — Slope stability analyses input and results wittesponding velocities (Vallcebre)

Station

S9

S2

S5

GWL Depth ru GWL Depth ru GWL Depth ru F.S Rel. F.S Velocity
GWL No. | Date
(m) (m) (m) (m) (m) (m) (mm/day
P1 = - 43.54 1.32 0.44 57.96 0.79 0.4p 70.20 1.6[L 042 0.872 1)000 8/828
P2 = - 43.22 1.64 0.43 57.96 0.79 0.4p - -- - 0.911 1.045 --
P3 > - 43.08 1.78 0.43 57.86 0.89 0.4p - -- - 0.916 1.0p0 2.940
P4 )- 42.59 2.27 0.41 56.57 2.18 0.4p 69.55 2.1p 039 0.920 1)055 -
P5 ? 42.45 2.41 0.40 56.71 2.04 0.41 - -- -t 0.949 1.0B8 3.477
P6 @ - 42.43 2.43 0.40 52.93 5.82 0.26 66.06 5.6p 024 1.026 1177 1/801
P7 8( - 41.75 3.11 0.38 52.77 5.98 0.2 66.06 5.6p 024 1.042 1195 2/816
P8 @(- 41.40 3.46 0.36 52.95 5.80 0.26 66.12 5.5P 0.24 1.044 1197 2/615
P9 @ - 41.30 3.56 0.36 52.91 5.84 0.26 66.1|6 5.5p 024 1.047 1201 2/529
P10 @( - 41.30 3.56 0.36 52.77 5.98 0.2pb 66.240 5.6[L 024 1.050 1204 41680
P11 + - 41.22 3.64 0.36 52.69 6.06 0.2 66.04 5.6[ 024 1.053 1208 3/573
P12 - 41.18 3.68 0.36 52.75 6.00 0.2 65.98 5.7B 024 1.054 1209 3/558
P13 )- " " 0.34 " " 0.25 " " 024 " '
P14 - " " 0.34 " " 0.25 " " 024 " '
P15 @( - " " 0.33 " " 0.25 " " 0.23 " " '
P16 8( - " " 0.29 " " 0.24 " " 0.23 " " '
P17 + " " 0.28 " " 0.24 " " 0.23 " " '




Table B.2 — Slope stability analyses input and results wittesponding measured velocities (San Martino)

Station B3 C6 )
Velocity
GWL Date GWL Depth ru GWL Depth ru F.S Rel. F.§

No. (m) (m) (m) (m) (mm/day

P1 Feb-80( 154.81 0.69 0.45 143.6b6 0.0% 047 0.995 1)004 0217
P2 Apr-80 | 154.43 1.07 0.44 143.18 0.52 0.46 1.qo7 1.016 0.121
P3 May-80( 154.89 0.61 0.4% 142.88 0.82 0445 0.991 1.p00 0.B54
P4 Jun-80 154.23 1.27 0.44 142.60 1.10 044 1.017 1)026 0087
P5 Jul-80 153.60 1.90 0.4p 142.18 1.57 0{44 1.033 1.p42 0.p24
P6 Aug-80| 153.16 2.34 0.41 141.9y 1.73 0443 1.042 1.p51 0.p05
P7 Oct-80( 154.51 0.99 0.44 142.71L 0.99 0{45 1.930 1.p39 0.p36
P8 Dec-80 | 155.50 0.00 0.47 143.70 0.0¢ 0.47 1.907 1.016 0.075
P9 Apr-81| 154.26 1.24 0.44 142.4¢ 1.24 044 1.923 1.032 0.005
P10 May-81| 153.52 1.98 0.4p 141.7p 1.98 0{43 1.037 1.p46 0.p02
P11 Jun-81 153.55 1.95 0.42 141.75 1.9p 0.43 1.043 1{052 0J005
P12 Jul-81 154.07 1.43 0.43 142.2) 1.48 0]44 1.037 1.046 0.019
P13 Aug-81( 153.96 1.54 0.4B 142.1p 1.54 0{44 1.039 1.p48 0.poo
P14 Sep-81| 153.10 2.40 041 142.33 1.3¢7 .44 1.p38 1|047 --
P15 Oct-81| 152.97 2.53 0.411 142.0D 1.70 0143 1.045 1054 -
P16 Oct-81-2 152.88 2.62 0.41] 142.16 1.54 0.44 1.044 1.053 -
P17 Nov-81| 152.63 2.87 0.4p 142.3p 1.3% 0{44 1.046 1.p55 -
P18 Dec-81 152.69 2.81 0.40 142.74 0.96 045 1.040 1)049 -




Table B.3 - Slope stability analyses input and results eatresponding measured velocities (Steinernase)

Station B3C B3E i
Velocity
GWL No. | Date GWL Depth ru GWL Depth ru F.S Rel. F.S
(m) (m) (m) (m) (mm/day

P1 Jan-00 321.66 7.18 0.3 326.8¢ 13.03 0J09 1.p10 1{079

P2 Feb-0Q0 320.97 7.87 0.28 329.45 10.39 0.1y7 1.003 1.972 0.925
P3 Mar-00  320.69 8.16 0.27 331.30 8.54 0.23 0.994 1.062 0.046
P4 Apr-00] 319.84 9.01 0.25 330.65 9.19 0.2 1.012 1.081 0.008
P5 Jun-00  321.20 7.64 0.29 329.36 10.48 0.17 1.001 1.069 0.9go2
P6 Jul-00 319.28 9.56 0.23 329.30 10.54 0.L7 1.028 1098 0.007
P7 Aug-00 321.54 7.31 0.30 328.40 11.43 0.14 1.002 1.971 0.9go2
P8 Sep-00] 319.08 9.77 0.23 330.93 8.91 0.2p 1.020 1.090 0.007
P9 Jan-01 322.71 6.13 0.3 332.37 7.47 026 0.957 1/022

P10 Mar-01 322.10 6.74 0.31 335.43 4.40 0.3p 0.986 1.000 0.048
P11 Jun-03  319.77 9.08 0.25 333.99 5.84 0.31L 0.984 1.051 0.041
P12 Sep-01 319.23 9.61 0.23 330.59 9.25 0.211 1.021 1.091 0.013
P13 Nov-01 319.14 9.70 0.23 331.88 7.96 0.2p 1.011 1.080 0.020
P14 Dec-01] 321.01 7.83 0.28 332.31 7.53 0.2b 0.981 1.048 0.021




Table B.4 - Slope stability analyses input and results eatresponding measured velocities (Triesenberg)

Station B4 B8 i
Velocity
GWL Date GWL Depth ru GWL Depth ru F.S Rel. F.§

No. (m) (m) (m) (m) (mm/day
P1 Jan-00 1101.64 47.90 - 909.51 7.95 0.p8 0.979 1011 0145
P2 Feb-00 1101.34 48.21 - 908.86 8.60 0.04 0.981 1.013 0.1.36
P3 Mar-00 1101.80 47.74 - 909.83 7.63 0.09 0.978 1.010 0.151
P4 Apr-00 1102.32 47.22 + 911.33 6.13 0.17 0.973 1.005 0.366
P5 May-00 1105.80 43.75 - 912.92 4,54 0.25 0.968 1.000 0.541
P6 Jun-00 1102.19 47.36 - 910.48 6.98 0.13 0.976 1.p08 0.B89
P7 Jul-00 1101.61 47.93 - 908.92 8.54 0.05 0.981 1.013 0.146
P8 Jul-00-2( 1101.83 47.71 - 909.81 7.65 0.09 0.978 1.0p0 0.21L7
P9 Sep-00 1103.39 46.16 910.80 6.66 0.15 0.975 1/007 0.353
P10 Oct-00 1101.56 47.99 - 910.16 7.30 0.11 0.977 1.p09 0.p44
P11 Nov-00 1101.86 47.69 - 909.13 8.33 0.06 0.978 1.p10 0.162
P12 NO\gOC- 1101.69 47.85 - 910.04 7.42 0.11 0.977 1.0P9 0.1p0




