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ABSTRACT

Weathering and stress relief can have a profoflunehce on geotechnical properties of rock and soil
masses of volcanic origin within the engineering lifetime. When an exposure is made in a rock mas:
discontinuities develop due to stress relief. Weathering starts from the surface of the exposure and f
the surface of discontinuities penetrating the rock inside with time. Slopes and embankment failures hav
been widely reported in the steep and rugged volcanic terrains of St. Vincent and St. Lucia. Hence, th
need to investigate the influence of vezatt) and stress relief on deterioration of geotechnical properties

of volcanic rock and soil masses in road cuts and embankments, and establish how weathering and stre
relief impact the stability.

The 066si mple means066 meo deterthise the habic ge@deiicat pararmeters  a
important for slope stability and deterioration assessment in cut slopes. The BS standards are used
determine properties important for geotechnical parameters in both slopes and embankments. In cu
slopes, malyses showed that the intact rock strength (SIRS), Cohesion (SCOH), and angle of internal
friction (SFRI), deteriorated as the degree of weathering and exposure time increases. Assessments
future stability also showed that almost all units will baoostable before the end of engineering
lifetime. The engineering lifetime is taken as 50 years.

Embankments are constructed using cut and fill methods. Analyses showed that these were constructed
heights beyond which the shear strength parametersustain the embankments, and hence, were only
supported by artisanal retaining structures. The presence of kaolinite, chlorite, and montmorilonite clay
minerals in fill materials suggested that weathering could have contributed to deterioration in sheal
strength, leading to failures. Another possible cause of failure is reported or assumed by many to b
ground water recharge due to higher precipitation levels in the area in recent times. However, for this ne
evidence has been found.
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1. INTRODUCTION

1.1. Research background

Natural and mamade slopes exist in all parts of the world. However, countries that are located in
mountainous regions continuously face slope stability challenges when constructing infragtructure
roads In Saint Vincent and Saint Lucia islands whiabf &®canic originroads constructealong the

hill slopes act dbe only mean$or motor \ehicletransportationTherefore, when roazlits are made on

the slopes of these mountains, instabilities .o€hus, theesulting failures are often an economical
nuisancéHoeket al.2000) However, to ensure theetsifof citizens and road traffic from failuréhef
slopesand embankmentan assessment of the geotechnical properties governing stability of mass in the
road corridor is necesséfainthola et 312014)

Failure of cut slopes and embankments before the end of their engineering lifetime sometime after
constructiorhave been attributed to the deterioration of rock and soil masses, resulting from weathering
and stress reli@Hack & Price, 199Tatinget al 2013) In addition, poor compaction and differential
settlement of fill materials may also lead to instab#itgtankment@Price et al2009) The stability of

these structures generally depends upon the shear strength of materials, geothettiealyth
characteristics of discontinuities, degree of weathering, slope geometry, pore water pressures or seep:
forces, loading, and environmental conditibfemand and Souleyl996 Hack et al.2003) The

influence of these geotechnical properties and factors to stability in volcanic formations is governed by thi
composition and mass characteristics of rocks and soils. This characteristic behaviour is controlled by tt
nature of irsitu weathering conditions in which they are fo(Amdkerson & Holcombe, 2013)

A number of studies have beema@mn the effect of weathering slope mass and its assessment
methodologies in volcanic rockSchmid, 1981; T u Kr u | & G ¢Karpuz,@O7Rijkerd ® 9 7 ;
Hack, 20000rhan et al., 200&allejoet al 2007 A reEdf 20087del Potro & Hurlimann, 2008
Crostaet al 2012 ; Polat al 2014) Of thesepnly a fev researches have been conducted in the study
area. Andersm & Kneale 1980, 1985)kxamined and derived empirical relationships between
precipitation and pore water pressure with ultimate slope stability in Saint LucieAkdetisen (1982
1983)ormulated two pore water pressure prediction models, reported as capable of predigttey pore
presures to an acceptable level of accuracy from the knowledge of only storm precipitation, material
permeability and topography in road cut slopes. This study also confirmed that by use of stability
envédopestopography, which is reported to be a contgofistor for soilvater potential in slopésses

its control as permeability of the material decreases. FurtheAnderson et al(2007,2011)and
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Anderson & Holcombg2013)assessed slope stability amdidlides directed at unplanned settlements

and communities only. However, with regard to these previous researches in the study area, none has
directly addressed the influence of weathering to geotechnical properties of materials in the road corridors.
Only brief references have been made to the subject in these tropical volcanic rockénoeB&int

SaintLucia

1.2. Research problem

Road alignments and embankments in both flat and mountainous areas are planned for a certain
engineering life tim@riceet al 2009 Tatinget gl 2013) and thereafter maintained teachieve the

allowable design safety fa¢to Army Corps, 20) However, if failure of the structure occurs before

its envisagelifetime it becomes an economical constraint especially in developinguesidaesources

are scarcdn this case, the Caribbean Islands of Saint VinceSaard_ucia having ryed and steep
mountainous terrain face tballengeof roadcut slope failurest he i sl andsd routes
alignments are strictly limitedcausef terrain, whichs associated with steep slopes. Therefore, when
failures occur, they typicadlffect road operations and can be costly to repair. If near the streams and
channel crossings, they have an added risk of impact to water quality and marine reserve. As a way to
mitigate these hazards, this research is aimed at helping the designersoafdfitiurehis regioro t

developan optimal planthat addressaintenance of slope stahilBell (1992)and Huisman(2006)

described weathering as one of the prominent factors that could reduce the stability of a slope by
weakening (via extension, solution, altejatioa rock mass in terms of its geoteathrapplications.
Therefore, theptimalplan could be achieved by incorporating in the initial road design, the influence of
weathering and future weathering on geotechnical properties of engineering meatezmi#tinthsafety

factor should enable designed structures to be stable in their envisaged difgtiraering

Thus this research seeks to relate the influence of weathering on geotechnical properties of exposed
volcanic rock masses and embankmemdiirials, to potential causes of slope failures along the road
corridor. In stablishing this relation, futuseabilityon rock masén SaintVincentand SainLucia

transport corridawill beforecast

1.3. Research objective

This research work will adsisehe following main and specific objectives.

1.3.1. Main objective

To determine the influence of weathedndstress relief odeterioratiorof geotechrwal properties of
volcanic rockand soil masses roadcutslopes and embankment fill, and establish evintpacts the
stability
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1.3.2.

1.4.

1.5.

Specific objectives

Characterizeand classjf the geotechnical properties rofadcut massnd embankmenfill
material.

Compareanineras, texture,and structure important for geotechnical propestiesurce quarry
materiaandembankment fill.

Determinethe correlatiothetweernweathering@nd changes mpeotechnical properties of roadcut
mass andmbankment fill at various degrefeseathering

Determnetime related deterioratioh geotechnical properties of roadoass anédmbankment
fill material to forecast future stability.

Research guestions

Specific objective one
o What are the geotechnical properties of the slope mass and embankment material?

o Which claynineralogical units are identified in rock mass and embankmdatnater

Specific objective two
o What type of clay mineralogy, texture and structure important for geotechnical properties
constitutes the borrow pit and embankment material?

Specific objective three
o What is the degree of weathering in slopes and embaniatedls?

o What is the change in geotechnical properties of rocks and soils in each weathering class”

Specific objective four
o What is the relation between the degree of weathering and change in geotechnical
properties of rock mass and fill?
o What is the uferlying mechanism of weathering and weathering filigetisbpe
mas8
o What is the link between the changed geotechnical properties of rock mass and fill
material due to weathering with slope stability of the assessed slopes?

Data sources

The geotehnical datavascollected from previous and present relevant avalkthiieom literature,

fieldwork,and laboratory analysis.
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2. LITERATURE REVIEW

2.1. Rock mass deteriation in cut slopes

Deterioration of an excavated slope occurs within its engiriéetimg Therefore, nderstanding the
deterioration and degradation processes of rocksriassme is importats these processes lead to
reduceduturestability ofcut slopegNicholson, 200®003) Cut slopes may be referred to as excavated
slopes. Their stability is very much gwmakrby the state of rock mass geometry and strength of
discontinuities. A rock mass is describetB0y(2003)aso r o ¢ k  with dte disboatinuities and
we at her i MMiilepacko(I998paweda detailed descriptmrs mass of rock blocks with or
without discontinuitesdn or i nhomogeneity and with anisotr o]
starts immediately after excavation by exposure to infludocelatmospheric agents (air and water).
This process starts both the slope surface and rowide Deteriogtion is a time dependent process
resulting from stress relief and weathdHiagk & Price, 1997Its controls and influences at the rock
mass scale inckidhe nature of the rock mass in teoiss discontinuity network and structufdese

are thestatc and dynamic stress conditions suclesidual and gravitational stressss,quarry blasting

the atmospheric environmeritexposure in terms ofimatic regimegndfluctuatons in temperature and
moisture theengineering design factbke the slpe geometry and stabilisation measanelsthetime

since excavatigilicholson, 200®4ack, 2008T atinget al.2013)

2.1.1. Stress relief

When a natural slope is excavated, the confining presdwstess rége in thesloperock mass
changesThe release and variation éonfining pressure provoked by removal of material during
excavation causes development of new joints and opening of existing discontinuities (Hencher and Knipe
2007Mi GLevi L & VIThe sarfa#oh in str@ss in@e@sk 4rd concentration may lead to rock
fracturingand loss of structur@rice et al., 2009)hus the development of new joints and fractures
speeds up physical weathering and enables deeper penetration of chemical weatbhaing effek

mass (Hack,1998; Huisman, 2006).

2.1.2.  Weathering of rocks and rock masses

Weathering is the mechanical and chemical process that causes the disintegration and decomposition
rocks, and is responsible for the formation of residual soils whiahi sorface morphology (Hack &
Price, 1997) . Price (1995) described weatheri ng
masses to their natural or artificial exposure to thesurémze geomorphologic @ngineering

e nv i r o ThiménplieHthatveathering of a rock maafectsignificantiythe integrity andlurability

of a rock slope after excavation. It further affects the rock mass through weakening of engineering
properties, i.e., intact rock strength, fabric and strengtiscohthuitiegDe Mulderet al.,2012)




Weathering processes of rocks and rock masses depends upon local conditions such as surface and ground

water, local climate, atadan extentand use. Theusceptibility to weatheriofjrocks and rock masses

depends upon their composition; and in general, the more clayey, the grelater is its susceptibility

For instance, if Shale and sandstones are found in an interlaslenethss exposure, and Shale is

considerednore susceptible than sandstod#ferential form of weathering could occur on such an

exposureas the weathering in shale would be more than that of salfdsicel 998 hereforethree

processes involvérockweathering are discussed as follows:

A Physical (mechanical) weathering
A Chemical weathering
A Biological weathering

Physical weathering leads to the opening and propagation of discontinuities by intact rock fracturing, and

progressively breagirdown the original rock mass to residual material. These mechanical processes

dominate in cold and dry climates and occur in two forms,-theeaeeatheringand exfoliatioras

shown in figuré.

Chemical weathering, howevesults in chemical changesnineralogy, texture andusture (Price et

al., 2009). This form of weatheringolves the processes of carbonathymrolysispxidationand
reduction, as presented $giby(1993) Priceet al.(1995) and the Geological Society (18blogical
weathering processes are caused by the presence of vegetation through root wedging and production of

organic acids, and to lesser extgntanimals. Both chemical and biologicahesat) processes tend to

be more active in warm and humid clim&ekw is some of the representative chemical weathering

reaction equations 2.0, 2.1, 2.2, and 2.3:

“Carbonic acid” reactions
Involve dissolved atmospheric &0 CO; respired by plants

CO;+HO <=>  H:LOs <=> H+ + HCO3
"carbonic acid" Obicarbonatebod

2 KAISEOg + H20 + 2 H,COs -> AlLSpOs(OH)s+ 2 K+ + 2 HCOs + 4 SIQ
K-feldspar -> kaolinite (clay)

Oxidation reactions

0Oxidationd6 is removal ¥HMentepl ectron
2 Fet + 120+ 2HO -> FeOs+ 4 H*
from silicate dissolved O hematite (Fe)

Hydration / hydrolysis reactions
Depend on pH acidvs.alkaline conditions

NaAISOg + H+ + H,0O -> Al,SpOs(OH),s + Na+ + 3 SiQ
Na-feldspar (albite) -> kaolinite (clay)

(2.0)

(2.1)

from an

(2.2)

(2.3)

on



A combination of treethree weathering processgplainedbove leads @ general weakening of rocks,

owing to alteration of minerals, the growth of voids, and disintedqEztiake et al.1993) Thus
basicallyhe consequences of weathering are dependeiitmarte lithology mineralogy, microtexture

and structuref the original rock as well as the various processes afleaiité992Geological Society

of London, 1995)Therefore, everal resedrershavestudied the effect of weathering on engineering
properties of rockand rock masséRuxtonand Berry, 195Baunderand Fookes, 1970nedea et al.,

1974 Saito, 198 Ramana & Gogte, 19&=Il, 1992rfan, 1996 Tugrul, 2001Lee et al2004 Borrelliet

al.,2007 Calcaterra and Pari2910) Thesehavereported that weathering involves important processes
and its effect on rock mass generally decreases with depth, although differential weathering can occur
some zones which results into modification of simple layered sequence of weathdnangefTtiegr
suggested that beyond a specific degree of weathering, there is substantial degradation and alteration in
initial basic mineralogical and fabric characteristics of original geomechanical index properties of intac
rocks that make up a rock magsr results furthermore affirm that quantitatively, weathering of a rock
mass can be assumed as a predisposing factor to slope instability.

Water enters
cracks in rock

Water freezes
as temperature
drops; expands
against walls
of rock

Cracks arc
enlarged;
intervening

rock is dislodged

Figurel: Rock fracturing and progressive breakdtages of freezthaw cyclesfter Martinati, 2003

2.1.3. Weathering of volcanic rocks and rock masses

The geotechnical behaviour, nature of formation, and weathering of volcanic rocks and materials differ
significantly with respect to reolcanic materials and rod&errano, A., Olalla, C., & Hernandez
Gutierrez, 2007)Thus, knowledge of the style of volcanic rocks weathering is regurddrito

interpret correctly the nature of mass weathering of exposed slopes in volcanic formations. The
susceptibility of volcanic rocks to weatheand their rate of decomposition depends on the rock
compositionstability conditionand climatatthe time of formatiorfGoldich, 1938) The temperature,

pressure, and other environmental conditions such as water and air, that are present at time of roc




crystallisation play a critical n@el Potro & Hurlimann, 2009)olcanic rocks formed at the surface are
mostly at equilibrium with surface conditions, and are less susceptible to weathering, $eldicas the
rocks. Volcanic rocks that solidify undergraitrfigh temperaturese not at equilibrium and are more
susceptible to weathering on exposursuttaceconditions as shown in taldldelow All rock types
(table 1pnweathangeventuallyorm claymineralf varying character, tadlle

Tablel: Susceptibility of igneous refckming minerals to weatherifigl et al. 2005)

Temperatu.re of Susceptbility to Mineral Common igneous
formation weathering Rock types
Highest Highest Olivine
Basalt, dolerite, gabbro
Calcic
Feldspar
Augite Andesite, dionite
Hornblende
Sodic feldspar
Biotite
Rhyolite, gramte
Muscovite
Lowest Lowest Quartz

Table2: The susceptibility of other common minerals to weatl{Egfiget al., 2005)

Group Mineral Effects of weathering
Carbonates Calcite Readily soluble in acidic waters
Dolomite Soluble in acidic waters
Evaporites Gypsum Highly soluble
Anhydrite Highly soluble
Halite (common salt) Highly soluble
Sulphides Pyrite and various other ~ Weather readily to form sulphates, sulphuric acid and
pyritic minerals limonite
Clay minerals ~ Chlorite Weathers readily to other clay minerals and limonite
Vermiculite Weathers to kaolinite or montmorillonite*
Illite Weathers to kaolinite or montmorillonite*
Montmorillonite Weathers to kaolinite
Kaolinite Stable**
Oxides Haematite Weathers to limonite
[Imenite Stable
Limonite Stable

When vdcanic rocks are exposeddxgavation, discontinuitisgay develofpecaus®f stress regime
change¢chapter 2.1)1Weathering penetrates and eats intathematerial beginning at the joints. The

zone of weathered material increases and widens around joints until rounded corestones of almost fresh
rock begin to float in a matrix of fineclmarsegrainednaterial\Weathering of volcandepositproduces

vaious types of claginerals (tabl@). Brodastic ash and basalfsvesicular naturen weathering

producesalloysite alay mineral which replaces etched plagioclase evigstalsharp contaahd may




occurasvermicular, oasmassive cavitylfilg or replacement in fractures and jqiHss/, 1959tBates,

1962) Thus, due to theomplex nature of volcanic rock mass weathering, investigating weathering
through visual field mapping and laboratory may offer aogpodtunity for better resultalthough

using borehole dataayalso be appropriate, it is likely to give a lomnoértaintie$BS 166930:1999,

1999) Thisis asserted tharack mass mayronglybeclassified aseshwhen adrill corehas penetrated
through sequentiabestonesor asweathered when drilled through the méfigare 2) Thus a number

of researchetsave studied weathering aneftect on volcanic rock massé€Schmidt, 1981T u Kr u | &
Gurpinar, 199Karpuz, 1997Rijkers & Hack, 200@rhanet a| 2006Vallejoetal, 2007 A rettak a n
2007del Potro & Hurlimann, 2008rostaet al 2012 ; Polat al 2014) They haveeported thatiueto

the nature of formation of volcanic rock masses, which could be matabstsupported or may occur
asmassivdava flowsdiscontinuities are a major influence to spatial distribution of weathering profiles
and stabilityThey have further indieat that some volcanic materials are already weathered at time of
depositionresulting frondenudationerosion, or mass wastingistThaseen reported to complicate the
definition ofweathering profileglowever, defininghe weathering intensityas bee reported as being
doneby using theweathering grade atygpeclay mineral productStherindicatorsused are theobile

oxides (MgOCaO,and Na20)whichhavebeen found to decreas¢hile iron oxides and the loss on
ignition percentage have been $eancrease in most volcanic rocKsey furthermore report that by

use of gomechanicdaboratory testshe stength of most volcanic rocks has been fourgkasrally
controled by weathering.b®ervations conducted in the field as wédlbasatory rimeralogical analyses
haveestablished that the effect of weathaindjts penetratiorwas criticalo slope stability. Thisdsie

to the substantial degradation in geotechnical properties of volcanicapoked taoccurbeyond a
certaindegree ofveathering.

Relict Toints

.........................

Bedrock profile I:I Completely weathered volcanic rock

I:I Volcanic rock

Figure2: Corestoneweathering in volcanic rocks. Borehole A would appear to be in almost solid rock;Borehol
in volcanic matrix (Modifieafter Price, 1995)




2.1.4. Weathering in time; weathering rates

Weathering rate olol be looked upon as a measure of loss of material per unit area over a certain amount

of time (Thomas, 1994Thomas et al2005) In manycases the erosional transfer of sediments and

solutes are therefore used as an approximation for the weatheigllips€2005)defines weathering

rate as the rate at whichrgge material is converted to weathering products and residuals. The thickness

and degree of weathering is a product of the rate and d(ragitam & Eggleton, 1992nd the depth

of regolith is the product of a balance between the rate of production by weatlvessggpand the rate

at which products of weathering are removed by efbksiohinohe et aR00Q White & Brantley, 20Q3)

In cut slopes, tlse processsnormally happewhen a natural slopeéagcavated anithe rock massis

exposed to the surface environn{Bacheco & Alencodo, 200B)e rock mass and minerals in it are out

of equilibriumand will tend to interact with available phlysind chemical agents for geomorphic

stability. Hence, due to theheterogeneity mineralogical character of most muksrockmasses,

guantification ofhe physical and chemical weathering processes ansl diffecsilt(Fookeset a) 1988)

thus, these processa®l rates are most commonly expressed empirically as logarithmic time functions

(Colman 1981)Therefore, Bland & Rolls (1998), and Huisman (20@@)ested an interactive set of

factors that are said to determine the intensity of weathering in artificial slopes as falling into three

categories:

1. Internal: rock and soil material and mass propstiids as permeability, discontinuities, and
material composition.

2. External: parametdike topography, vegetation, afichate, whiclarerelated to the weathering
environment

3. Geotechnical: parameters related to slope design such as aspaaogls|dpeight, method of
excavation, and drainage measures.

The internal and external parameters are both functions of time andxtentysome geotechnical

parameters are likely to change over time on site. This makes weathering to be a dyna®@y@ocess

of the controlling factors to whichet type, rate and extent of weathering depend(Gjodgtich, 1938)

are explained as follows:

f Rock Type: determines the resistance of the rock to the weathering processes that operate in that
paricular environmen®Different rock type are composed of unique s&tminerals These
mineralsare joined togethéy chemicdbondingcrystallisatiorand or cementation. Weathering
begins the moment these rocks are expodbd atmosphere from thebsurface environment
in which they have been formed.

. Rock Structure: highly jointed or faulted rocks present many planes of weakness along which
weathering agents (e.g. water) can penetrate into the rock mass

{ Climate: dictates the type of weathering psseshat operatén a particular areand largely

determineghe amount ofweathering agents (i.e. water, temperauediable at which the
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processes occuChemical reactions asehanced by highéemperaturesand frost wedging
usuallyccurs in clder climates.

1 ‘Topography: the slope angle determines the energy of the weathering system by controlling the
rate at which water passes thrahgihrock masgrofile In general, dynamic weathering systems
are morepronounced inhigher andtectonically amte areas having steeper slopekile
weathering systemdfliat plainsareslower.

f Erosion: the effectiveness and dynamic stdterosiondetermines how rapidly any weathered
material is removed, how frequently fresh rock is exposed to weatherirdgegtyl ieathered
profiles are preserved.

Time: time frame or duratioin which thesame typeof weathering has been operating,
uninterrupted by climatic change, earth movements, and other factors, determines the degree an
depth to which the rocks haveel weathered.

2.1.5.  Fill material and weathering

BS 165930:19901999)descth e s f i | |  ais whitinlzednataidas baemselected, placed and
compacted in acodance with an engineering specificatibrmay be pieces of intact rock, osaft

grained,it may be described as soil, antarder,it may exhibit the characteristics of a rock mass.
However, for most highway constructions, stable granular Imateriased as fill, although economy

often dictates the placement of the closest available material, regardless of their composition, except the
contain highly compressible organic constitu@rgszaghi, K., Peck, B. R., Gholamreza, 1996)
Nevertheless, weathering has a profound effect on roughness of the circumference of fill material grains
It causes material grains to become smowittetime and thus reducing thairgle of internal friction

(Hack & Price, 1997Reduction imngle of internal frictioresults in reduceshear strengtfPriceet al,

2009) During the weathering action, the particle sizes are reduced ¢taynminerals and fine clayey
materialswhich cause a decrease in permeability and subsequent increase in pore water pressut
(Anderson, 1982ishiyama &Matsukura, 2006)he clay fraction affectsetsoil compressibilityr its
consolidation undéoadas itdepends on the paeabilitythe compression rate depends on the rate of
moisture release from the sbilus decrease in permeability and rise in pore water preagalslead

to dissolution of cement materials and reduced cohesion aite $&rength(Rao, 1996)These
mechanisms may cause instabilities as the original slope or embankment cannot sustain the mater
anymore.

Further, the mechanism of material weattpemd particisize reduction leads to increased susceptibility

to erosionHoltz & Kovacs, 1981roson maycause undercutting of slopes emtbankmestandmay

lead todaylighting of water fissurespecially ahg the contact between fill ssidpe profileResulting is

the instability of cut slopes and embanksiémrastructure(US Army Corps, 2010Although in
mountainous areas, cut and fill methods are widely used for construction of road embtrkments,

durability of materials, which is governed by texture, porosity or permeability and mineralogical
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composition,is rot guaranteed. Therefordetmixture of soils andocks is expected texhibit a
differential form of weathering due to variations in material propeitiesaloggand particle sizéBell,
1992)

2.1.6. Assessment of weathering

The complex andheterogeneous nature of rocks and rock masses, especially those obrigiganic
makes the assessment of weathering a complex phengianioos & Hoek, 200IMoon &
Jayawardane, 200%his has led to difficulties in the quantification of weathemirgsses, rates and
sequences in various rocks and rock maswbsherebwgttractingvarious researches in the recent past.
Neverthelessnost studies have gimearticular attention tifne strength, the character and distribution of
discontinuities, and the weathering gf@adarman, 19763Ithough the strength and discontinuities may

be dealt with in isolation for a part of the rock mass being described, the same is not the case for
weathering grade. Weathering grades are determined by comparing the atirgartesiar grade with

those of grades lowertime standardized scalberefore a number of methods and standards exist for
assessmenf weatheringThese may be expressed as:

+» Chemical indices comparison meth@drgsBarros, 1978ndHodder 1984)
I Weathered material and unweathered parent rock nilslesidet al.2014)
f  Geochemically mobile to relatively immobile elentémdsiér 1984Thomsoret al 2014)
f Mineralogy in weathered material and unweathered parent n(@igpial & Rao,
2001DuzgorerAyding al, 2002)

+ Standardized classification and gasiystemsften referred to as verbal descriptive approach.
This approach uses reduction values for geotechnical parameters and slope stability assessment
depending on the expected weathering degreedtasrgineering life time. These standards fall
in a category ofBS 166930:1999, 19998 %C (Hack et al., 2003Mining Rock Mass Rating
MRMR (Laubscher, 1998hd Qsysten{Barton et al., 1974)

+ Mechanical index properties methagss done by strength estimatesing thegeological
hammer, Schmidt hammer, pocket knives, hands, and index prop¢8ghests 198Karpuz
, 1997Polaet al.2014)

2.2. Mineralogy, lithology and weathering

A slope may not homogenously be made up of a single lithological bagydbkants one physical and

genetic unit. Usually, in most cases slopes are made from a lithological complex of rocks of different
geological origin or scale. Thus, each unit may have rock material properties controlled by varying mineral
composition, texre, fabric and the weathering sfiafan, 1996) For instang in the research areas of

Saint Lucia and Saint Vincent, rock formataoadasaltsndesitesggglomerates, pyroclastesltuffs.

These rock units may react differently to local conditions on expodwesurface environmenince
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they are formed at varying temperatures and préigs(@®). Other studies conducted elsewhere in
similar typesf geological formations, have observeddiiatto susceptibility varianadifferential form

of weathering in such environmentsfisn the cas@ableret al 2009Admassu et al., 201 Djfferent

rock type materials and their alteration products have inherently different weaknesses and strength:
resulting from their origin and conditions during formation, and sghsédstoryPiteau, 1975Jhus,

the most important aspect of the rock properties is its natural mineral assemblage and the strength o
constituent minerals. Rocks are not stronger if the bond between mineral casstdodnages is weak

(Anon, 1961)The strength of the rock depends not only on the strength of mineral component, but also
on the character of the bond between the mineral constituting the r¢Skvamick & Johnson, 1974)

2.3. Geotechnical parameters

Before any geotechnical analysis can be performed, the parameter values required for analysis must
determinedThese geotechnical parameters may be grouped as mass and haedetdistcs, and
secondary exposure characterigtarsthis research, however, most of these parameters will be obtained
by simple means field methods proposedntgng others#lack (2003). The importance rotk mass
geotechnical propertiés recogrzed in geotechnical engineerasy paramounin contolling slope
stability(Bray & Hek, 1981 Therefore, during site investigations, the data colledtetkd:
! Mass characteristics
Weathering state, geometrical and strength characteristics of rock mass discontinuities
! Material characteristics
Nature, strength arsflate of rocks amgbil masses, which maglude intact rock strength (IRS),
texture and structure, colour,tjzde and grain sizeck or soil typand its accessibility; and
f Secondary exposure parameters
Date and method of excavation, geology, and external influences
These characteristiaad parametetsavea considerable engineering value and are relevant to stability
analysis of cilopes (Hack, 1998; Hack, et al., 2008)intact rockstrength of a material can be a good
indicator to its susceptibility to weathgprifor example, while fractureayact as lines which promote
preferential weathering and release surfaces for the generation of rock falls and frequently control the

precise nature of rock block detachments or slope féilaled992)

2.4, Slope stabilitanalysis

The study and analysis of slopes are essential for understanding their performance and in particular the
stability, reliability and deformations. Theegfgeotechnical engineers often seek to calculate values of
guantitative indicators of performance such as the factor of safety (FoS) against failure, the magnitude c
vertical or lateral deformation and the probability of failure. Thus, many technigloge fetability

assessment have been developed over thePgetedis, (2009¢viewed a number of rock mass slope
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stability assessment classification systems and reported that each of the existing rock mass classification
systems deals with specific type of failures. An observation, haas\vegde that for gle cutsalong

highways, specific or unique classification systems could be used which are able to encompass all or most
of the common types of failures. A further recommendation was made that such a system should be able
to handle or examine each typeadtife independently, since each particular slope could be governed by
specific instability factors. In the study of slope stability evolutions conduétgel (83006) the

principal difference between Limit equilibrium methods (LE) and finite element methods (FE) methods
was analysed and it was found that the LE methods are based on the static of equilibrium whereas FE
methods utilise the stgestrain relationship or constitutive law. FurtReyrkhosravani & Kalantari,

(2011)and Nuric et al. (2013)in their analysis of methods reported thetdaccuracy and choice of

method for slope stdity analysis using the Limit equilibrium methods, Numerical methods, Limit
Analysis methods or the Artificial Neural Network method only depends on few important factors, which

are the location of the slope and the shape of a probable slip Juvémebre, in adopting a
classification system and software package that fits with the methodology and technics of this research,
the analyses of the methods made above are adopted in this thesis. As such, it should be noted that the
main objective of the stu@dynot to review assessment methods but rather to determine the influence of
weathering on geotechnical properties of volcanic rocks and soil masses in slopes and embankment fill
materials, and then assess the impact of this influence on the selectathiitgpe
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3. DESCRIPTION OF STAREA

3.1 Location and topography

Saint Vincent and Saint Lucia are located within the Caribbean Windward Islands of the Lesser Antille:
arc which extend south from 15° 45' to 11° 45' North latitude andsfddb' to 6200' West longitude

(figure 3and 4. It stretches about 850 km long from the South American Verezuwetiary to the

north Anegadagssage boundary of the Greater Antilles, and has an approximate curvature radius of 450
km (Bouysse, 19843aint Vincent has area of 382 lamd Saint Lucia 616 knTheir topography is

rugged with steep slopes, on averageeent of the area has slopes less than 20 dEgecagerage

heights above sea level are 950m and 137m respectively. Structurally the islands are aligned along a no
south axis on theubduction zonboundary between the North American and CaribdageqLindsay

et al., 2005)n both islands,lepe gradients falg along the west tiie central axiare significantly

greater than gradients on the east. Numerous sharp lateral ridges radiate from these steep highlands of 1
central range. De@pt Valleys and high vertical coastal cliffs characterieevitaedside(west coaspf

the islands, while on the windward coast the valleys tend to be wider and flatter, opening into a fairly fla
coastal plaimlthough no field evidence of faulting has been found, almost all the major river courses on
the island appety be structurally controll¢dindsayet al 2002)
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3.2. Climate

Saint Vincent and Saint Lucia aréhe tropical zone, although their climate is moderated by northeast
trade winds. Since they are fairly close to the equator, the temperature does not fluctuate much between
winter and summer. Rainy seasons are from June to Novembey, sseasarunfrom December to

JuneOn averagedaytime temperatureaiound27 °C (80.6 °F), and average night time temperatures are
around 18 °C (64.4 °F). Average annual rainfall ranges from 1,300 mm (51.2 in) on the coast to 3,810 mm
(150 in) in the mountain rainésty(figure 5)

anesadwe |

Rainfall
asaneradwe |
Rainfall

n eb prM

Saint Luaa anr Saint Vlncent
Figures: Average monthly rainfall and temperature for Saint Lucia and Saint VincetQq@pQffter Climate
Change Knowledge Portal, http://sdwebx.worldbank.org/climateportal/index.cfm?)

3.3. Geology

The Antilleararc of islands in the Caribbean is geologically young, probably not exceeding 50 million
years, and is predominantly volcanic in ofigjie geology of the study aiearesentedn categoriesf

St. Vincent, St. Lucia and the lithological units. Déspitattegorisatiothe rock types exposed on both
islands falih the same compositional graffpasaltsandesitesagglomerates, tuffs and pyroclastics

3.3.1. Saint Vincent

The geologeyf St. Vincent igntirely volcaniwith the southern part consistirfgneathered and deeply
dissected erodewlcanic breccias abdsaltidava flowsin some cases occurring as dykes northern
part consisting of relatively fairly weatharetksitdavas interbeddedvith pyroclastic deposits thfe
Soufriere eruptits (RL Hay, 1959b)rhe island hagenerallyan even distribution gdorphyritc and
olivine bearing andesigaa flowsand pyroclastigqdiay, 1959aRowley1978a)in some centrefig. 4)
like theSouthEast Volcanicdavas are domieawhile at othersike the Grand Bonhomme Volcanic
Centre the distributiorof volcaniclasties predominat€Robertson, 2014pyroclasticash depositare
the most abundant volcanic products oridlaed, include particles varying in fragment size from fine to
coarseand in some places consist of lapimbs, and block#. is estimated that 55% of ttstand is
mantled by webeddedpyroclastiash fall deposits tlie yellow tephradirmatiors, resulting fronthe
Soufrierevolcanoeruptionsduring the late Pleistocene, Rowley (1978ig).deposits argenerally
andesitic with varying compositions of lithic and vitric, at variable degrees of we&tiheri@gnmon
rock typegpreseninclude agglomerate which is princiailjesitiand basaltic inompositionalluvial

and reworked deposits thie naure of pyroclastic, agglomerates, volcaniclastic, vadsdmend scoria
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(Robertson, 2014A description ofock typeds given inchapter 3.3.&udied slopeffigure 3 on the

eastand west cotsof the island fan geological formatiostown irfigure6.
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3.3.2. Saint Lucia

Saint Lucia is almost entirely volcanic with the oldest rocks, largely ahgeldite and various basalt
lavas, dating from the eamsytiary period about 50 million years agih anexception of some nor
sedimentary rocks of lower Miocewge cropping out on the east cddstvman,(1965)divided the
volcanic rock formations of Saint Lucia into three broad categoriesldestrto youngest, namely: the
Northern Series, the Central Series and the Southern#iériespecto their predominant lations in
the northern, central and southern parts of the iataslkdown ifigure 7 Lindsay et gl(2002)noted that
subsequent age dating ofs#m®cks showed several centres inStiethern Serige bemore likely to
corresponihg to older centres in the Northern Series. Thereforepurposes of volcanic hazard
assessmeritindsay et al(2002)preferred to use a resibgrouping of volcanic rocks #aint Lucia as
below:

f eroded basalt and andesite centregigioreof the Northern Serieshéwman, 1965}his is

subdivided ito northern and southern series;

f dissected angiée centres (Central Seriesleivman, 1965and

f Soufrieré/olcanic Centre (a revision of S@uthern Series Newman, 1965)
Thus for the purpose of weathering alops stability assessments, the three broad categorieso(oldest
youngest) oNewman(1965)are adoptedsincethe revised groupingnadeby Lindsay et gl(2002)does
not change anything geologically. N&man(1965)series are summarisedfollows:

» 'The Northern Series
The depositsof the northern seriesonsist of deformed and eroded basalts and andesitavitavas
pyroclastic deposits. Thielest of these represent thdiest volcanic activity on thitnd. Much of he
northern parts of the primary road netwanlqundMorne Fortuneo upper Castriegare within the
Northern Series. Small areas of outcropping northern series are ets@ipriee western coast around
Anse La Raye and Canaries, atlgeisoutiern parts of the island part of the Morne Fortune on the
map is shown to fall on altered andesite porphyry and agglomerates.

» 'The Central Series
The Central Series isaimlyaround thecentral part of the islansl associated witndesite lavaand
clastic deposit¥hey extend alortge southeast coaStennery to Micoudnd appear to be younger than
the deformed basaltic rocks in the northern serieardoutot of recent origin. The rocks of this series
were deposited following an increaseanevel acrofise Lesser Antilles approximately 25 million years
ago. During this period of general submergencewhera development of coredfs, whichvere later
uplifted above sea level (Newman, 1965). Thegwesent as small outcrops of Btoee in the
northeast of the island. The primary road network ishesin to encounter any limestone bedrock on
the published mappinghe Barre déSle and majority of the east coast road are withDethtral Series.
The Barre dé&leis shown on th published map to be within andesite ash and altered andesite deposits,

and the east coast road mainly within andesite agglomerate and mud flow deposits.
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» 'The Southern Series
Much of the west coast road is within the Southern Series. The series congisttsmall basaltic
andesite lavdeposits whichwere deposited & 10 million years agdlewman, 1965)The relatively
young age and limited uplift and erosion have led to the subdued topography of the landforms in this
series. There are hot fumar@ssociated with this serdesls e v er a | instances of 0
and gas vents located in areas of highly altered rock within the southexist@tiessouthern series is
the mostrecent centre of volcanic iaity in the Island and hisswhat appears to be a remnant of a
calderan the south of the town of Soufriere. It consists of a series of volcanic vents and a vigorous high
temperature géwermal field associated with largeacute structure (Qualibou depressiprin the
southwest Sa Lucia about 300 thousand years fmgmedas a result of a huge landslide or structural

collapse (Lindsay et al, 2002).
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3.3.3.  Geological desgations of lithological units

1. Basalts

Basalts arbasic igneous rocks, figeined anéxtrusivgvolcanig products resulting from the flow of

lava on the surface until it cools or the volcanic emission Bthpe. magmads composit
topographyn which the lava flows determines, among others, the length and thickness, and morphology
of the deposifVallejo et al., 200T)s mineralogical structure is a fine interlocking crystal mosaic with no
textural orientéon. It may have open vesicles or miffiled amygdales (old gas bubbles), with about
50% feldspar and 50% maf{¢galtham, 1993pifferential cooling process related with the progression

of viscous basaltic lava flowuttssin layersof bedded sequenc&tructurally, sheets or lenses maybe
interbedded with ash or tuff, and commonly with weathered or vesiotitops on each flo&coria

is a general term for a porodark,and glassy pyroclast of basaltic compasifioung lavas may have
smooth pahoehoe or clinkery surfaces, and if compact, may have columnar jointing (from cooling
contraction)del Potro & Hurlimann, 2008 asaltic lava weathers with rust and mayleeosgdd, and

decays to clay soiBne of the main characteristics of the lava flows is the presence of discontinuities.

2. Pyroclastic rocks

Pyroclastic rocks are also known as volcaniclastic. They are formed of material collectively known as
tephra, wich are fragmental rockgcted from volcanic vents during explosive erugtifatisjo et al.,

2007) These solid fragments deposit and accumulate forming volcanic cones and deposits of layered
sequencebecausef euptive processes. Most of these tephra materiaoled in flight, and land

forming various types materials (uf. and agglomerdteall with the properties of sedimentary rocks
(Waltham, 1993 ephra that erupts in twrlence at high temperature as pyroclastiddtag hot and

welds into ignimbrite, or welded tuff.uEhpyroclastic rocks maybe divided into strongly welded, and
weakly welded and/or interlocked pyroclastic r(oetdotro & Hirlimann, 2008)hesedeposits maybe

poor to very poorly sortedpnsisting ofangular tosubroundedgrainsof pumice,scoria,and lapilli

Depending on the size of the fragmantepclasts may be classified bdmbs or blocks (gin size >64

mm)d volcanic breccia depositpilli (364 mmy)- lapilistoneand ash (<2 mnd tuff.

3. Tuffs

Tuff is an explosively erupted volcaniterial, whichas consolidated and lithified after deposition. It is

a pyroclastic rock formed biliication of lapilli and ash depogifalliejo et al., 200T)ithification is a

process by which weak, loose sediment is turned into a stronger sedimentary rock. The composition of the
lapilli and ash fragments detigres the classification of tuffs, either as medium, fine grained, very fine
grained, and basic or aciffaon, 181). Tuffs that are formed from pyroclastic fall resulting from
hydrovolcanic eruptions have their fragments mostly compacted and consolidated in the ferm of post
sedimentary proce@fallejo et al., 2007)
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4, Agglomerates

Agglomerate is basically a pyroclastic rock composed of coarse grained angalagularsigneous

rock (lava) fragments of varying size and shape in a matrix of volcanic asltaldyddtgprring in

volcanic ventfGabrieliet al. 2012) It forms from pyroclastic eruptions and generally fills in the vents of
volcanoes during explosive activity or during caldera c@lapbBetro & Hurlimann, 2008)he term
agglomerate can also be used to describe deposits which are vent breccias or debris flows like lahe
(Vallejo et al., 2007An agglomerate is often composed of a variety of igneous materials of different
composition, along with large, coarse, rock fragments associated with lava flow that are ejected durin
explosive volcanic eruptiod$hese fragments usually poerly sortecand are in form of matrix of
tuffaceousmatureor may occuin lithified dust oashof volcanimature

5. Andesites

Andesite is fine-grainedextrusive volcanic rock intermediate in composition between rhyolite and basalt.

It is characterized by the presence of plagioclase feldspars (edigdekise) with some combination of
pyroxene and amphibo{Patinoet al.,2003) I'ts | avads moderate Vi scoO:¢
forming domes. It is often associated with sttimh magmatism, besides being the result ofixire

of acidic and basic magmas likely coexisting within a stratified magma chamber. Classification of andesit
is mostly refined according to the abundance of phenocryst, and is oft@wredhen wathered
(Karpuz & Paé&amehmetogGl u, 1997)
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4.

4.1.

This research work comprises of three main phases: data collection, data analysis and slope stability

RESEARCMETHOS

Introduction

modelling (fig.8).

4.2.

RESEARCH
OBJECTIVE

v

M

ASS AND MATERIAL CHARACTERISTICS
FIELD SURVEY

FIELD SAMPLING ‘

!

LITERATURE

‘ LABORATORY ANALYSIS ‘

REVIEW

|PART\CLE SIZE ‘ ‘ XRD

‘|ASD‘

GEMNERAL INFOR-
PATION
(SECONDARY) DATA

MAIN DATA

DATA ANALYSIS

STATISTICAL MULTIPLE
REGRESSION APPROACH

PARAMETER

WERIFICATION

3

PARAMETER
SENSITIVITY

DIRECT PARAMETERS

DETERIORATION ASSESSMENT &
SLOPE STABILTY ANALYSIS

}

CONCLUSIONS

‘ INTERPRETATION QF RESULTS AND

Figure8: Thesis flow chart

Data collection

Fieldwork for data collection was carried out from September 25, 2014 to October 16, 2010 in both St

Vincent and StLucia. During this period, the weather conditions were mostly dry and bright in the

morning, and rajnand cloudy in the afternoons, coupled with tropical high temperaturedadirime

4.2.1.

Field investigation

Geological field mappirfgr acquisition of basige ot ec hni c al

parameters

me a nwhidh arelaborated in the followihapters and described by among othack & Huisman,
(2002) Hack et al.(2003)and according to BS, ISRM and ISO standatds following ®ps were
followed:
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> ldentification of slopes (see chapter 4.2.2)

» The exposed rock mass of any rock slope being assessed is divided into geotechnical units

» The intact rock strength, discontinuity orientapacingand condition parameters of rock
mass dr each geotechnical units® are determined using a geological [Sammiet hammer
andgeologicatompass, and then classified (see chap8r 4.2.

» The rock mass weathering classification for each geotechnical unit are evaluated and graded bas
on the sale of BS 5930: 1999 specificatamnsised in SSPC sysigtack, 1998Hack et al.,
2003)chapte4.2.3.

» The cohesion and internal frictianglevalues g U ), are derived from intact rock strength,
spacing andondition of discontinuities as elaborated by Hack, (1998, 2003).

The factors considered for fill slopes included the following:

» Structure of the fill slope and its foundations, and that of borrow pit; i.e. the foumnldtion
drainage conditiongyethod offill placement odumping and materials used in embankment
construction.

» Observation of external factors influencing weathering and stability

» Disturbed grab sampling from slopes, embankment fill and borrow pit for clay mineralogy
analysigDuzgoreprAydin etal., 2002)

4.2.2. Cut slopeand embankmestte identification

The <criteria used for identification of cut S
consideration the following factors; priority or critical spots, accessibility, size cdseXpestui(recent)

and old exposures. A total of tweetty slopesnd fourembankmentaere marked and investigated for

both St. Vincent and St. Ludilistributed agight cut slopes and oeambankmenin St Vincentand

twelve slopes and thrembankmetsin St LuciaAll the selected slopes are considered for analysis in this

study.

4.2.3. Cut slope exposure asgecific parameters

The exposure and slope specific paranfetefse investigated slope® described in terms of mass and
material characterigicand general informatiaas specified byBS 5930(1999)for description of
excavationsThese parametersare collectedor both the identified cut slopes arembankmenfill
materialslope. The cut slopes and embankmesntre describedRepresentativeamples are collected
insitu at time of investigatidnrom both thefailed embankment slopes &me$hmaterial being used for

rehabilitation construction

4.2.3.1. Mass characterisi$

This involved obtaining data on the rock mass state of weathering, geometrical, and strength

characteristics of discontinuities. These parametaiseadegree of weatherifWiE), slope geometry
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(height, dip and dip direction), discontinuity orientétiip and dip direction), discontinuity spacing, and
the condition of discontinuitieBhe degree of weathering was obtained by obserftabin3)use of
hand pressure, and gaeptal hammer; the slope geametpacing, and orientation of discortigsli
were obtained using the geological compass, measuring @peaimtliinometeryhile the parameters
for condition of discontinués were obtained through tactaatl observationAll these parameters
obtained were classified according to (BS$980/99) and as et and described in SSPC classification
system (Hack,998: Hack et al., 2003).

Table3: Scale of weathering grades classification for uniform materials, according to BS5930 (1981), incorporating
SSPGysten{Hadk, 1998)as used in the field.

Term Description Grade WE

Fresh No visible sign of rock material weathering; pef I 1
slight discoloration on major discontinuity surfag

Slightly weathered | Discoloration indicates weathering of rock ma Il 0.95
and disontinuity surfaces. All the rock material
be discoloured by weathering.

Moderately Less than half of the rock material is decompos 1] 0.90
weathered disintegrated to a soil. Fresh or discoloured rq

present either as a continuous framewods @ore

stones.
Highly weathered | More than half of the rock material is decomp \% 0.62

or disintegrated to a soil. Fresh or discoloured
is present either as a discontinuous framework
core stones.

Completely All rock maerial is decomposed and \% 0.35
weathered disintegrated to soil. The original mass struct

still largely intact.
Residual soll All rock material is converted to soil. The 1 Vi

structure and material fabric are destroyed. Th
a large change in volumet the soil has not beg
significantly transported.

4.2.3.2. Material characteristics

This involved obtaining data on the natstegngth,and state of rocks and soil masses for the
investigated exposar@hese parameters are the intact rock streexfime and structure, colougrain

size andockname The intact rock strength was obtained by use of hand pressure, Schmidt hammer and
geological hamméable 4)texture was obtained by tactile and handdadsstructure by observation

Colour for both dope surface and slope inswigs obtained using the colourrthaGrain size was

obtained by sand ruler @isand rock name from rock identification and geologicaDweall, visual

inspection was done aimostall parameters except the intact stdngth. All the parameters observed

and obtained were classified according to (BS5930, 1981/99) and as used and described in SSPC
classification system (Hat®98Hack et al., 2003).
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Table4: Intact rock strength field clagsation (BS 166930:1999, 1999)

Term Field definition Unconfined
compressive
strength(MN
/m?2)

Very weak Gravel size lumps can be crushed between finger and thun| <1.25
Weak Gravel size lumps can be brokendilfi by heavy hand pressur¢ 1.25 to 5

Moderately weak| Only thin slabs, corners or edges can be broken off with he| 5to 12.5
hand pressure
Moderately stron¢ When held in the hand, rock can be broken by hammer bloy 12.5 to 50

Strong When resting onsolid surface, rock can be broken by hamn 50 to 100
blows.
Very strong Rock chipped by heavy hammer blows. 100 to 200

Extremely strong| Rock rings on hammer blows. Only broken by sledgehamm >200

4.2.3.3. General information

This involved obtaining informai and observations not included in the mass and material
characteristics but important for the study. These indlugledethods of excavatiobserved on site

and classified according to SSPC classification ghistem 1998(table % accessibilitand observed
stability (stability tick)external influences (.i.e. slope surfaceoffuand erosion state, drainage,
vegetation etcQbserved insitulhe dates of excavatiomgereobtaired through enquiries from local
populationand appropriate government ministries and agencies wotistandsandthe geological
formations frondesk study.

Table5: Method of excavation clagsation as used in the fieddcording to SSRysten{Hack, 1998)

METHOD OF EXCAVATION (ME)

(tick)

natural/hanemade 1.00
pneumatic hammer excavation 0.76
pre-sgitting/smooth wall blasting 0.99

conventional blasting with result:
good 0.77
open discontinuitie 0.75
dislodged block 0.72
fractured intact roc 0.67
crushed intact roG 0.62

4.2.4. Embankment characteristisd parameters
This involvedbtaining data on the state of embankments, mode of construction and method of dumping

(current methods and practicetype of fresh material being used, existing material in the failed
embankments, drainage channels, clay mineralogy test (spixifegignsive claysand grain size
distribution
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The road embankment height to valley bottom was obtaheedeology and fill material type is noted.

The method of embankment construction, with the type of fill material insitu and geology (rotk types) a
the location is obtained.

Soil samples from borrow sources (currently in use for rehabilitation works) are obtained and taken for
laboratory testing to determine the suitability of the material for reconstruction and rehabilitation of the
embankments.

The designated tests for soil investigationotif the embankmenfill materialand borrow sources
material were the clay mineralogy, and particle size distribution analyses.

The above tests results, together with strength parameters obtained frore bterased for the
embankmendtability modellingt si ng Cul manndés 1875 met hod.

It should be important to note thadrametersollected for analysis are coupled with alot of limitations,
and thus, the level of uncertaininethe resultenaybequiethigh.

All observations and parameteistainedwere doneaccording tothe BS 5930,1999) Montana
Department of Transpoi@008) and US Army Corpg2003 2010)standards

4.3. Data analysis

Analyses dield and laboratory data are carried out for cud atmproad embankment anatys

4.3.1. Cutslopes
In order to forecast future stability of cut slopes, the future geotechnical properties have to Teeknown.

data obtained in both field and laboratory investigations are analysed using multiple regression analysis
statistical methods fmd correlations for deteriorationtime ofgeotechnical properties with degree of
weatheringThe tine related deterioration of geotechrpeahmeters is determined using the exposure

and reference rock mass parametedstasminedn the SSPGystemHack, 1998 Hack et al., 2003)

and the equations froBolman (1981simplified byHuisman (200@ndTating et ak20132014)

4.3.1.1. Determiningf geotechnical paragters
Geotechnical parameters are requimedieatheringand deterioration assessment and slope stability

analysegWyllie and Mah, 2004 this research, the basis for obtaining and derivaigcheical

parameterof thetwentys | opes i nvest i gat describedeby anmong bteétadk&i mpl e mi
Huisman2002)and t he ©6Sl ope Stability MHaoklieBlacketaly Cl assi
2003) The SSPC system was developed and validated in sedimentary formations, but also,dt was applie
successfully in volcanic formations on Sdbtherlands AntilleCaribbear(Rijkers andHack, 2000)

Three sets of parameters are derived from the SSPC:

1. The exposure rock mass parameters opar amet ¢
2. Reference rock mass paramete 0 par amet ers of an i maginary
undi sturbed rock mass prior to excavationé

28



3. Sl ope rock mass parameters oOparameters
madeo
Since in this researekisting slopes are examined, the exposurenask parameters and slope rock
mass parameters are considered the(statie 1998)The three step SSRstentoncept is illustrated
in figure9.

EXPOSURE ROCK MASS (ERM)
Exposure rock mass paeters significant for slope stabi

1 Material properties: strength, susceptibility to weathering
{ Discontinuities: orientation and sets (spacing) or single
{l Discontinuity properties: roughness, infill, karst

Exposure specific parameiet
1 Method of excavation Factor used to remove influence |of
1 Degree of weathering ME and degree of weathering

A\ 4

REFERENCE ROCK MASS (RRM)
Reference réccmass parameters significant for slope st

1 Material properties: strength, susceptibility to weathering
{ Discontinuities: orientation and sets (spacing) or single

Slope specific parameters: {l Discontinuity properties: roughness, infill, karst
 Method of excavation to be us

1 Expected degree of weathering Factor used to assess influence
at end of engineering ime of ME and future wehering v
slope. SLOPE ROCK MASS (SRM)

Sloperock mass parameters significant for slope stabilil
1 Material properties: strength, susceptibility to weathering

1 Discontinuities: orientation and sets (spacing) or single

1 Discontinuity properties: roughness, infill, karst

Figure9: Flow chart of three step concept of 88PC system (Hack, 1998

4.3.1.2. Determining the exposure rock mass parameters
A number of parameters significant for slope stability are determined for the exgosass irthe

SSPCsystemper geotechnical uniFigure 9)In this chapter, onlgxposurerock mass parameters
significant for deterioration assessment are explained as @SR Cirhe intact rock strength (IRS),
spacing (DSand condition properties (i.e., persistermgghness, infill, and presence of kankt)
discontinuities are determined inftakel (chapter 4.2.3.1 and 4.2.3R¢se areput parameters for the
SSPCspacingparametef(SPA), discontinuity conditi@¢@D), internal friction ahe of the rock mass
(FRI), cohesionf rock mas¢COH) and the intact rock strength (IRS). Values fapideingarameter
(SPA) and condition of discontinyiigramete(CD) aredeterminedising equations (4.1) and (4t
values for cohesio@QH) and internal frictioangle ERI) are obtainelly equations4.4) and4.5.
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Determination of the spacing param€®&#A) is done by usintie values for the spacing factors for
discontinuity setwhichare calculated from a series of formulas determifey/loy(1980, used in the

SSPC system. Graphically these are shown in figure 10. Where three or more discontinuity sets exist, all
the three factors (i.emmaximum, intermediate, and minimum) determined for sets with minimum

spacinglf only two discontinuity sets exist, two factors (minimum and maximum) are determined; and if
only one set is present, a single factor is determgmed.1).

SPA = faCtormaximum * faCtorintermediate * faCtorminimum

SPA = factormaximum * factorminimum
SPA = factor 4.7

SPA = spacing parameter
factor, = determined by graph (figure 10)
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Determining the total condition of discontinuities ;(Ti€@d as input in calculating the CD fadioe
TC factor (eqn. 4.2) is calculated by using factors for comditisscontinuities obtained in the field

using table 6, as shawn

TC =RIXRsxIm X Ka 4.2

Where
Rl andRs arefactors forlarge angmalscaleoughnesdm is infill material anka is karst
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Determining the overall condition of discontinuities (T CD factor is calculated by the mean of the

condition of discontinuities (TC) of three sets with minimum condition waligbsed by spacifiDS)

as shown (eqgn. 4.3)

Where:

Roughness largealgR1)
(on an area between 0.2x(
and 1x1 m2)

Roughness small sc@ts)
(on an area of 0.2x0.2 m2

Infill materiaIm)

Karst(Ka)

TC, n TC, n TC;
DSl DSZ DS3 (4 3)
CD = :
1 2z 3
DS, DS, DS,
TC,, 2, ;are the total conditions of discontinuities
DS, », /are the spacing of discontinuity set 4n@3 respectively
Table6: Factors for andition of discontinuitiess used in SSPC system
wavy 1.00
slightly wavy 0.95
curved 0.85
slightly curved 0.80
straight 0.75
rough stepped 0.95
smooth stpped 0.90
polished stepped 0.85
rough undulating 0.80
smooth undulating 0.75
polished undulating 0.70
rough planar 0.65
smooth planar 0.60
polished planar 0.55
cemented temented infill 1.07
no infill - surface staining 1.00
non-softening & shead | coarse 0.95
material, e.g. free of clay medium 0.90
talc, etc. fine 0.85
soft sheared material, e| coarse 0.75
clay, talc, etc medium 0.65
fine 0.55
gougec<irregularities 0.42
gouge>irregularities 0.17
flowing material 0.05
none 1.00
karst 0.92

Deriving the unitock massngle of internal friction (FRI) and cohes{®®HK): These parameters are

deerminedin SSPC system lilge effectiveuse ofMohr & coulonb failure criterion, utilisinthe

condition of discontinuities (CD), intact rock strength (IRS), and spacing parameté&etsiRing

equations 4.4 and 4.5 follows:

@' mass = IRS * 0.2417 + SPA * 5212 + CD * 5.779
cOh' mass = IRS * 94.27 + SPA * 28629 + CD * 3.593

(4.4)
(4.5)
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Where
¢'mass= angle of internal friction of the rock mass (in degrees)
coh’ mass= rock mass cohesigim MPa)
SPA =Spacingarameter
CD = Condition of discontinuity
(If IRS > 132MPa; IRS =132P3
4.3.1.3. Determining referenceckomass parameters
The reference rock mass is an imaginary unweathered and undisturbed rock mass that is in existence prior
to excavation and unweatherEde reference rock mass parameters are determined from the exposure
rock mass parameters by usingection factors for the influence of local weathévifg) (table 3and
method of excavatiofME) (table 5figure 9). The outline fdhe calculatioras given in SSPSystem
(Hack, 1998) follows

Determinghe reference intact rock strength (RIRS)otgation for local weathering (WE).

RIRS = IRS /WE (4.6)
Where
IRS is the intacock strengtliin MPa)as obtained ithe field.
WE is the degree of weather(refer to chapter 4.2.3.1)

Determinethe referenceveralldiscontinuity spaan(RSPA), by correction for local weathering (WE)
and method of excavation (ME)

RSPA = SPA/(WE x ME) (4.7
Where
The SPA values are derived from equafibr) and the method of excavation (ME) and

degree of wathering (WE) are obtairindhe field.

Determinethe referenceoverall weightedliscontinuity condition (RCD), by correction for local
weathering. Using equation Y4d the discontinuity condition (CD), the RCD is derived. But where a
single discontinuity exists, (RT€3)sd b calculate the (CD) valdéwus the value of RTG catulated

as shown in equation (4ahd subsequentlye CDis derived The corrected RCD (egn. 4i8 then
deternined as showrelow

RTC = TC/V(1.452 — 1.220 x e CWE) ) (4.8)
RCD = CD/WE 4.9
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To determinghe referenceock massinitd angle of internal friction (RFRI) and esion (RCOH), the
calculations are doaecordig to the formulae gw in SSPC (Hack, 1998). Deriving these formulae in
SSPC ibased on the Mohrcoulomb failure criterion optimization of intact rock strength (IRS), spacing
(SPA) and adlition of discontinuities (CDPbtaired are thep,,,ss (€qn.4.4 andCoh,,,ss (€QN. 4.5
Based on the above, tleference unit angle of internal friction (RFRI) in degrees and cohesion (RCOH)
in Pascal are given as;

RFRI = RIRS x 0.2417 + RSPA x 5212 + RCD x 5.779 (4.10)

RCOH = RIRS X 94.27 + RSPA X 28629 4+ RCD x 3593 (4.12)

4.3.1.4. Determining slope rock mass parameters
The slope rock mass parameters (SRM) in SSPC system are determined by modifying the reference rc

mass (RRM) parameters using the slopdisgeniameters (figure 1@actors are used to assbes

influence of method of excavation and future weatheningference rock mass (RRM) parameters.
Obtained are¢he slope rock mass intact rock stren8tiR§, slope rock mass spacing param&eP

andslope rock mass condition of discontinuiB2D] parametersThese @rameters are then used to
determinghe slope rock mass angle of internal frict®iRR) andslope rock mass cohesi@CQOH
parametersThe SIRS, SFRI, and SCOH are considered important for use in assessing deterioration in
strengh and shear strength parameters as wall gtability assessments. The determination of the
parameters as deidvia SSPC system is shown:

Deriving the slope rock mass intact rock strength (SIRS) is done by assessing the influence of slope ro
mass dage of weathering (SWE), on the reference rock mass intact rock strength (RIRS) (egn. 4.6), a

shown;

SIRS = RIRS X SWE 4.12

Deriving the slope rock mass overall spacing of discontinuities (SSPA) is done by assessing the influen
of SWE and slope method of excavation (SME), on the reference rock mass spaciag (BSBigt

(eqn. 4.7), as shown

SSPA = RSPA x SWE x SME 4.13
Deriving the slope rock mass overall condition of discontinuities (SCD) is done by assessing the influence
SWE on the reference rock mass condition of discontinuities (RCD) (eqn. 4.9), as shown;

SCD = RCD x SWE (4.1

Deriving the slope rock mass friction (SFRI) and cohesion (SCOH) Bsydepkacing the reference
rock mass pameters RIRS, RSPA, and RCDequations 4.10 and 4.11, with the slope rock mass
parameters from equations 4.12, 4.13, and'Ad&quations for SFRI and SCOH #en given as:
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@srm = SIRS % 0.2417 + SSPA x 5212 + SCD x 5.779 4.15

COHggy = SIRS X 94.27 + SSPA x 28629 + SCD x 3593 (4.1

4.3.1.5. Weathering in time; weathering rated deterioratioim geotechnical pararees
Research has shown that weathering of rocks and rock mamsé#ieaar(Colman, 198 Fookes et al.,

1988 Phillips, 2008Huisman, 20Qd ating et al., 201L3Thisis basically due tostable residual layer that
forms as protective cover on #aegosureaafter a period of tim@Hachinohe et al2000) The residual
layerdelag weathering agents fratausng physical decay and disintegration of rock matéres by
affectingthe weathering rat¢&arciavalléset a] 2003 Erguler, 2009 Thus the relationship between
weathering and exposure time of a rock mass is described as the change in initial property value of rock
mass in a timffame(Colman, 198Bland and Rolls, 1988herefore to determine the time related
weathering and deterioration in geoteahmioperties of volcanic rockstlis studyHuisman (2006)
and Tating et al. (201204) equationsvhich aremodifiedfrom the empiricatelation suggested by
Colman (1981pr the description afeathering intensigre sed.

Thedegree of weathering (W&)d intact rock strength (IR@)tained in the fieldalculated values for
internal friction (SFRI) and cohesion (SCQitid the reference rock mass (RpMameters are used in
the equationihaptert.3.1.3 and chapter 4.3\.1T4e intact rock strengtiRS), angle of internal friction
(SFRI) and cohesion (SCOpérameterare preferred, since they @smimportantin slope stability.

The empirical relation suggeste@blnan(1981) to describe weathering intensity, is given as;

C 4.17
C—t=a+blog(1+t) ( )
0

Where:

C; = the propertyparameter value at time (

C, = the initialpropertyparameter value (original value in fresh state)
a = constant (depends on initial property value)

b = constant (depends dnet change in property with time)

In terms of weathering reduction values suggested by Hack (1998), thgCataiands for WE
(reduction mass properties resulting from weathefing)eforeequation 4.17 is converted to define
weathering rate bepacing theatio G/Co with the weathering quantitative valNg, the constana
with WE iniiar Which is the WE value at time of excavatioandb with the weatheringateR,,
(Huisman, 2006} he weathering rate is then given as (eqn. 4.18):

WE; = WEitia1 + Rwe log(1 +1t)

R — WEinitial - WEobserved (4-18)
WE log (1+10)
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Since he ratio @Co canalsobe relatedo the geotechnical parametdrange at a ¢amn time after the
rock mass isxcavated with respectth initial value of thgeotechnical parametequation(4.17 is

modified by replacing thatio G/C, with ageotechnical parameter such as (intact rock stré#rgth)
(which is thdRSat ime of exposure).hE constanta replaced ith IRSiniiai, andbwith the apparent

rate of the change iRS (R;17) (Tating et al., 2013)his gives equation (egn. 4.19):

IRS; = IRSinitia1 + Rjpy log(1 + t) (4.19)
Wherethe apparent rate of the changRi® (R, 1), is given a@qn. 4.20)

RAPP _ IRSinitial B IRSobserved (4-20)
IRS log (1+1t)

Similaly,anal yses are conducted on the SSPC dgeypylstem d
internal friction (SFRI)

4.3.1.6. Determining current and future stability
Most cut slops constructed for engineering purposes are made for a certain engineering life fime i.e. 50

100 yeargHack, 1998Rengers et aR001)Therefore, determining the current and future stability for a
slope requires consideration of the engineering life time for which the particular slope is designed
(Huisman,2006) In this studyboth the current and future stability will be giveterim of stability
probability(figure 11)

101 Dashed probability lines indicate that the number of slopes used for
Jthe development of the SSPC system for these sections of the Ve
: graph is limited and the probability ines may not be as certain as 22
Jthe probability lines drawn with a continuous line. 95 %",'

probability to bf_tie:/gfi’o/i/,',go %
_—‘—’-/" < / /

S - - )

) - 12 0%

I 1+ - gy —————————————————— _-:’:‘_ 50% _ _ |
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g (cxamh - o o= 10.%
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Q’'mass / slope dip

Figurell Stability probability as determined in SSPC system

1. Current staltity
The stabilityof the slope ass in the field iscalculated usinipe strength parameter valuasgle of
internalfriction and cohesion (eqns. 44 416) for eachgeotechital unit. The angle ofinternal
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friction ard cohesion are used in equad@l to obtain the maximum heighit the slopghat can be
sustainefor agiven values of shear strength paramgtack, 1998)iven as;

1.6 X 10 — 4 X COHgpp X sin(SD) X cos(@srm) (4.21)
1 —cos(SD — @srm)

Hpax =

Whee:

COHggy = the cohesion of slope rock mass

SD = slope dip

@sry = angle of internal friction for slope rock mass

If the slopegi,(SD) < @rmqass; maximum slope height (Hy,q,)is infinite.

The value of the maximum height the material can sustain and the slope rock mass angle of internal
friction (psgm) are subsequently used to calculate ratios (eqn. 4.22) for current stability probability
classification (figure 11), as given in SSRErgy

Psrm H max (423
and
SD H slope

Where:
SD = slope dip
@sry = angle of internal friction for slope rock mass
H,,q4 = maximum heighthe material can sustain
Hgope = Slope height and;
If the sy > slopeg;, (SD), probability of stability = 100%,
else the figure for orientation independent stability in SSPC is used.
Also; 2max — 1 \here —£mass > 1
slope slopegip
2. Future stability
Future stability is determined by calculafiafuture IRS,shear strength panaters anthe maximum
height such parameters can sustain using the equations (4.19), (4.20)fandddhgeotechical unit
after the effect of weatheringihe two parameters, maximum height and fahgke ointernal friction
values, are thersed to dermineratios (eqn. 4.23or future stability probability classificafiayure 11)

asgiven below;

PSrM (future)

and Hmax(future) (4.23)

SDcurrent Hslope(current)

Where:

SD . rrent = Observed slope dip
®srm(ruture) = futureangle of internal friction for slope rocass
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Hmax(futurey = futuremaximum heigtthe material can sustain
Hgiope(currenty = Observed slope height and;
If the @ggy > slope dip(SD), probability of stability = 100%,

else the figure for orientation independent stability in SSPC is used.

4.3.2. Road embankment
Sability analysis in embankments basically involves determining the shear stress dayalopdidedy

slip surface which deperatsthe soil shear strengfferzaghi, 1943Yhus, depends mostly on lsasic
factors; embankmenbil shear strength, soilit weight, embankment ¢lei, embankment slope angle,

soil pore pessurgand the interface between embankment soil and underlying (hvdsddh, 2009)

The @il strengthparameters ardependent on the grain size distribution, clay mineralogy and water
content

4.3.2.1. Determininghe clay mineraloggnd grain size distribution
Samples collected from both the embankments and borrow sources in the study area were subjected

laboratory tests to determine the presence of clay minerals and compositional variation, -ugjng the X
diffraction (XRD). Borrow sources in this context are referred to as quarries were fresh (unweathered)
construction fill material is sourc&te X-ray diffraction (XRD) was used because of its rapid analytical
technique to identify crystalline materialausive their unit cell dimensions, within shpmtiods

Material preparation for analysis involves finely grinding a sample into homogenous powder crystals. Al
average diulk-powderedtrystals is then used to determine the mineralogical composition.

The grain size distribution analysés done by both mechanisigvingand hydrometer procedures as
outlined byVan Reeuwijk2002)and ASTM standards. Sieve analysescarductd by mechanical

means followinghe ASTM D422 standardlhe resulting grain size distribution curves protlide
percentagesy weight of sand and fines (i.e., silt and Tlag)sand fraction is classified as coarse sand

(0.6 to 2 mm) mediumand (0.2 to 0.6 mMnandfine sand (0.06 to 0.2 mm) following BS5930:1999
particle size descriptioHydrometertests were carried out similar to ASTMIZD standardut as

outlined byVan Reeuwij2002) for fine material of less than two milimeters rtw®) only. This
procedurenvolves prareatment of the sample to achieve complete dispefgwimary particles (fig.

12). It isdone in order to facilitate a further breakdown of fine partitdesilbandclaysized particles

(Budhu, 2011)
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Figure12 Laboratory particle size analysis

4.3.2.2. Determining the soil shear strength parametaiszmbankment stability modelling

Das (2007 ef i ned shear st r enmeqalhesistafice ger upitared thatthessgilmass ot h
can offer to resist failure and sliding along any
Shear strength is often expressed by Mohr coulomb failure envelope, as a combination of the angle of
internal friction and cohesion. @gion is an interparticle friction bond which is very significant in clay

minerals and considered zero in g@edzaghi, 194Fchofield & Wroth, 1968)he angle of internal

friction is the result of structural roughness between grains and is considered higtibairirsalay

Shear strength is expressed as:

Shear strength (1) = cohesion + normal stress X tan ¢ (4.24)

This implies that the normal stress is critical to shear strength. However, the presence of pore water
pressure reduces the normal stress by carrying a part of the soil overburden load, and this is expressed
interms of effective stre@erzaghi, 1936kempton, 1960jiven by;

Ef fective stress (¢") = total stress (o;) — pore water pressure (u) (4.25)

Pore water pressure (u) = Height of water (h,,) X Unit weight water (y,,)

Shear strength in stability analysis is defined in terms of effectivmd&nesasaturated conditions, and
in terms of total stress under saturated conditions (eqn.4.26):

Shear strength (t) = ef fective cohesion (¢') + ef fective stress (") X tan ¢’
Shear strength (t) = cohesion (c") + total stress (o;) X tan¢’ (4.29

Total stress (o,) = height (h) X material unit weight (y;)
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However, in the field, soil materials may be dry, padlhatedor saturated. Therefo@ishop et al.,
(1960)suggeste@d series of equations tratuld be used for completely dry soil, soil at 50 percent
saturation, and soil at 100 percent saturation, respectively as given below;

T=c"+ (0 —uy)(tan ¢")
T=c"+ (6 — 0.5u, — 0.5uy,,)(tan ¢") (4.27)
T=c"+ (6 —uy)(tan ¢")

Where:

Ua = pore air pressure (typically <0)
Uy = pore water pressure (typically >0)

Whenthe soil shear strength resistance is overcome by the driving force along the rupture surface, slop
failure occurgTerzaghi, 1943Jor the investigated studsea whichis characterized Isteep valley

slopes, all the embankments are constructeditbgnd fill. The fill material is inhomogeneous and
follows the slope profile. Assumed is a planar potential failure plane. In order to analyse the embankment
with a planar failure assumptidmet Cul ma n n 6 s(Taylo 19%88)prootnken dyurthy
(2002)nd(Das, 2002among others, for analysis of a finite slope with a plane failure surface is used. The
method is based on the assumptiatnat o6t he f ai l ure of a sl ope occl
stress tending to cause slip is | arger than th
steep slopes were plane surfaces of sliding are widely dduniversiy of Melbourne, 197&1urthy,

2002) This makes it candidate for the study area of this research. An idealised embeinxment se
presented indure 13delow, for the purpose of illustration.

Embankment

T=c'+¢'tan ¢’
B\ Unit welght of safl =y

Figurel3 Typical road embankment (modified afbas, 2002
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Where:H = Embankment Slope Height
B = Slope Angle
6 = Slip Angle
AC = Failure plane
= Weight of wedge ABC
= Normal component of W
= Tangential component of W
y = Soil unit weight

S

The parameters in figure &@ used for the agsis. The weight of wedg§BC equal toV, (ABC = W)
is given as;

1 1
W=§ (H)Y(BO)(D) () =3 H(H cot@ — H cotB)y
1 , [sin(B —8) (4.29
=—VH |———
2 sinfisinf
To calculate the normal and tangential stresses actirgpdan#h\C, N, - normal andl,d tangential,
components dfV (weight ofABC) are expressed as follows;

N, = normal component = W cos 6

1 sin(f — 6) 4.29
=— yH?|———=
2 [sinﬁ sinf cos 6
T, = tangential component = W sin 6
1 ' -0 4.3
= — yH? —51.n(,8 - ) sinf (439
2 sin 5 sin @

To calculate the average stresses acting on th&@lahe average effective normal and shear stresses
are given hy

o' = average ef fective normal stress

sin @ (4.32
=N ( H )
1 sin(f — 60) _ (4.32
=3 yH [m cosBsiné

T = average shear stress

sin @
=Ta( H )

1 u [sin(ﬁ -0)

) 4 sinff sin 8

4.3
sin% 6 (4.33
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The shear stress acting on the plans given as:
T= ¢+ o'tang’ (4.34

Where:c' = effective chesion
o' = ef fective normal stress

@' = effective angle of internal friction

Thus, to calulate the average resistive shearing stress developed alongAGe gdaradion 4.32 is

replaced in equation 4&4d the new expression is given as

Tq = Ccg+ o' tangy
, 1 [sin([)’ -0) (4.39

=cg+=vy cos 6 sin 6 tangy

2 sinf sin @

Where: ¢), = effective cohesion developed along AC
o' = average ef fective normal stress
@y = effective angle of internal friction developed along AC

From equations 4.33 and 4.8% effective cohesion developed along the failureAtlaigegiven in

equation 4.36

1 sin(f — 6) 1 sin(8 — 6)
—yH|—————=|sin*0=c}, += yH|———— fsinft !
27 [sinﬂ sing |°" Ca * 27 [sinﬁ sing | 0°7 SIMY tANPa
, 1 sin(B — 0)(sinf — cos O tang,) (4.3
‘a = 2 vH sin

In order to determine the critical failure pldhe principle of maxima and minima is used for a given

value of effective angle of internal friction devel@pgylto find an anglé9) at which the developed
cohesion bexrmes maximum. To achieve tttis, first derivativef the effective cohesion developeg

from equation (4.3@vith respect to slip ang®) is equated to zero

ac, (4.37

i

Since the wunit wei ghon (ah cqileoastadtd in eqation (4a6ed

expression then becomes:
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0 4.3
T [sin(8 — 0) (sinf — cosBtang;)] =0 (4.38
Solving equatiof.38gives the critical inclination value of th@taxpressed as;
B+ (4.39

0
cr 2

Substituting or replacing the valu@ efé,,. into equation (4.36gives the simplified or revised equation
for the effective cohesion developgd)(and the maximum value of the stability nurtrbgrfor the

failure plan&C;

o YH[1— cos (B — ©4) (4.40
a 4 sin 8 cos ¢
_ Ca _ 1— cos(B— ¢y) (4.4)
yH 4 sinf cos ¢,

To get the maximum height of the slope at which the critical equiliméurs, substitution of = ¢’

andg; = ¢’ into equation (4.3@ives:

He =

4C’ [ sin 8 cos ¢’ (4.42
Yy [1—cos(B—¢")

In addition, the allowable slope height is then given by:

_4cy [ sinBcosgq (4.43

“T oy [1-cos(B- 9p)

To calculate the embankment stabiligy,values obtained from the field and literature, slope height (H),

unit weight (a), slope(Ghngcl andinkeradricimaaglé@ara( A) , s
used. Stability evaluation is dorterms of the effective cohesion developed and the maximum height at

which critical equilibrium is attained on the shear patethat this calculatioris under unsaturated

conditions Simlar procedures afellowed for saturated conditions, but instgedameters faiotal
normalstressare consideretf the embankment slope height is greaterthieritical equilibriurheight

(H), the slope is not stable and failure may ¢terraghil943:Terzagh& Peck, 1967)

Similarly, the factors of safety with respect to effective coheksamgémnof internal friction maybe

expressed as:

FSC’ = g—, and FS(I)’ = :::((:, (444
da d
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Further, the universally acceptable calculation for the factor of safety with respect to strength, as given

below may also be ugghhiversity of Melbourne, 1978)

C Ontang (4‘5)

= Fs FS

By using equations (4.28), (4.29) and ,(#B6re C is the cohesive force acting on plane AC, given as:
C = ¢ X length AC (4.49

Thus, using equation (4).4be factor of safety could be expressed interms of forces as:

_C+ Ny tang (4.47
= e
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5. FIELIDATA

5.1. Description of studied slopes

During fieldwork, 20 cut slopes and 2 major embankments (fig. 3 and 4) were investigated and are
analysed in this theditowever, field description of twat slogsand twoembankments argpressed

in this chapter; i.e. one slope andembankment for each respective islahe.remainder eighteeut

slopes are expressed as summaaple 15 appendix 3T h e i ni t iaadt slope/idt. Vineerdt n s

a n ddméansa cut slope irSt. Lucia.All slopes investigated in the study area show geological
heterogeneity, which meaash geological uigtof a particular rock type

5.1.1. Cut slopevl

The cut slope V1 is located in St. Vinedorigthe est coast main rédrending north from south, near

the new international airpounder construction, with coordinatEasting: 700268 and Northing
1455352The slope length and height are approximately 60 m and 9m respectively. The slope was cut in
2006 using mechanicalcaxator, therefore, no physical excavation damage was observed. The
accessibility was fair, although the curving nature posed danger from traffic. The slope is in the alluvial
and reworked deposits formatidigure 6) with the rak mass consisting of asdic and basaltiava

flows, tuffs and pyroclastid&he slope is divided into four geotechnin#s (figure 14yyith grain sizes

range from fine to coarse.

To Goergetown ‘}

Argyle Airport
control tower
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Figurel4 St Vincent, exposu¥él, slope getechnicalinits(photo: Mulenga)1/10/2014, 09:30an

GEOTECHNICAL UNIT V1G1 d The unit is basaltic lava flow ajpproximate lengtbf 20m and
mapped height of 3nmoderately weatherethe colour igyreyish brownish with massive structure
exhibiting spheroidal weathegrifihe existing slope SDD/SD is 0949¢; the discontinuity orientations
SDDuisc and SRisc are 308300, 050/60° and 038750 (figure 38 appendix3): the persistence along
strike and along dip > 1i@ondition of discontinuities: Roughness large Bdpleslightly curved, small
scale (Rs- rough undulating; Infill material (hspft sheared material fine and medium; Karst (Ka)
none.
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GEOTECHNICAL UNIT V1G2 6 The unit is a highly weathered pyroclastic deposit of approximate
length of 15m and heigbit 2.5m The colour igreyistdarkish brownish, and thick bedded. The existing
slope SDD/SD is 094709, the discontinuity orientations SiPand Skiscare286/39°, 050/60° and

174/ 850 the persistence along strike and along dig5m. Condition 6 discontinuities: Roughness
large scale (Ri)slightly curved®oughnessmall scale (R8)roughand polishedindulatingand rough
planar Infill material (In- soft sheared material fine awadfill-surface stainingarst (K- none.

GEOTECHNICAL UNIT V1G3 8 The unit is a highly weathered basaltic lava flow of approximate
length of 15m and height &h. The colour is yellowigtarkishbrownish, and thick beddéte existing

slope SDD/SD is 16059 the discontinuity orientations SiPand SR are 2868399, 050/60°,
174/850, 126/80° and 204809, the persistence along strike and along dip > O0Qd&mndlition of
discontinuities: Roughness large scale- (§lightly curved, small scale (Bsjough and polished
undulating, and rough planiafill material (Im) soft sheared material fine and nesfilface staining;
Karst (Ka) none.

GEOTECHNICAL UNIT V1G4 6 The unit is a highly weathered tuff deposit of approximate length of
35m and mapped height of .3fhe colour is yellowish darkistownishand thick weathering horizon.
The existing slope SDD/SD is @949, the discontinuity orientations Siaband Shisc are 314250,
233/800 and 29690¢; spacing (SPA) 0.72; the persistence along strike and along diprdltion of
discontinuies: Roughness large scale {Rllightly curvedand straightsmall scale (R$) rough
undulatingand planarinfill material (Im} soft sheared materfale, no fill-surface stainingnd flowing
materiglKarst (Kap none

5.1.2. Belmont Embankmest. Vinent

The Belmont embankment was construéted970 and it collapsed in September 2013was
constructedvith a height of approximateB5 meters and embankmeninclination angle of about 77
degreesThe naturatlope profile ag of 65 degreesasmeasred from the existing slofgéne dy unit
weight of the materiadl4kN/ m3 was obtained from literatyigelénand Leonardo, 2008non, 2014)
The gology along thigart of the rod embankmenis typical of the area, consistiighe alluvial and
reworked depositermation The embankment was caonstedby cut and fill methodvaterial in the
embankment wasbserved to beypical otthematerial on thadjacentut slopeThis material consisié
dightly humid, brownish red, clayey sandierials with a few highly weathered coresteaegles for
mineralogyand grain size distribution analygese collectettom boththe embankmenslopematerial
as well as the cut slofprainage pipes dayligi the embankment slofaee A channel was dug and
buried on top of the remaining road embankment mass structu@ofoeséic water pipe. Part of the
material fra this channehas clogged the drainage chaandl culvertsThis has led to a further
recharge of water into the remaining embankmentThas®maining segment of the road embankment
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showeda slight tiltowards the slope faderogressive)ythismight result into another slide or sffjg

Figurels: St VincentBelmontembankmentiewed from west, nordast and tofphotos: Muleng24/09/2014,
14:17prn

5.1.3. Cutslope L3

The cut slope L3 is located in the east odd3¢nnery villageSt. Lucia. It isit the Mandeleiewpoint

abng the main roa@astrieso Vieux Fort(Easting: 728077; Northing 1538164). The slope length and
height are approximately 100m and 5m respectively. The slopeiw#secygar 1978y mechanida
excavator. The accessibility was fair thaithlra lot of vegetatioalong the scree slofée slope falls

in the Andesite agglomerate formafantral seriegfigure 7) The rock mass consisfdine to coarse
grained matriband clasts ofpebblesto cobbles with rock units ohgglomerateeposits tuff, alluvial
deposits of agglomerate nature, and well gesthednd lapillpyroclasticsFour geotechnical units of
weremappedn this slope face

Dennery - ﬁ
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Figurel6 St Luciaexposurel3, slope geotechual unitgphoto: Mulengd,3/10/2014, 09:15am
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view point

"% camera’.
position

Direction of view |

Micoud Hwy .~

GEOTECHNICAL UNIT L3G1 8 The unit isan agglomeratd approximate length of 20m and mapped
height of 3mhighy weatheredThe colour is greyisyellowishbrownish, withthick bedled, matrix
supported poorly sorted andesitic clasthe existing slope SDOISis (09659, the discontinuity
orientations SDE. and Shisc are 012150, 292/7 00, 256/850, 358/780 and @8%/759 the spacing
(SPA) 0.53yersistence along strike arah@ldip >0.2n. Condition of discontinuities: Roughness large
scale (RI} slightlywavy andcurved,and straightRoughnessmall scale (Rs)roughand smooth
undulating; Infill material (Imho infill dsurface staining, and fine non softening @@ sheared
materiglKarst (Ka) none.The unit face is eroded, exposing fresh corestones.
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GEOTECHNICAL UNIT L3G2 8 The unit is a highly weathered pyroclastidepsit of approximate
length of 20m and height ah1The colour igellowishgreyish darkistand thinrbeddedine matrix and
well sorted clast§he existing slope SDD/SD igd¥659; the discontinuity orientations Siband
SDuiscare144/210, 354/7 (0, 232/759, 298/40° and160/ 65% the spacing (SPA) 0.pérsistence along
strike and alay dip > 007m. Condition of discontinuities: Roughness large scalen@iy, curved,
slightly curved and straigRbughness small scale Rsjnooth steppedpughand smoothundulating
Infill material (Im)fine soft sheared material andimfdl-surface staining; Karst (Kapne.

GEOTECHNICAL UNIT L3G3 & The unit is anoderately weathered pyroclastic lapilli depbsit
approximatéength of Bm and height odm. The colour islarkishgreyishand thick beddedeltsorted
clasts, analastssugported The existing slope SDD/SD 28809 the discontinuity orientations
SDDyiscand Shisc are138/320, 126/2 0, 3549700, 028/75° and 024%/559%; the spacing (SPA) 0.34e
persistence along strike and along dim.0Condition of discontinuite Roughness large scale-(RI)
slightly curved, small scale (Rs)ugh and polished undulating, and rough planar; Infill material (Im)
soft sheared material fine and nesfifface staining; Karst (Kapne.The interface between thmatrix

and clastis sharp, making discontinuities to be rarely visible.

GEOTECHNICAL UNIT L3G4 6 The unit is a highly weathered tuffalpof approximate length of
16m and mapped height oh.ZThe colour is yellowish brownish and thielded weathering horizon,
with few andesitic coreston@$e existing slope SDD/SD is 08309, the discontinuity orientations
SDDuisc and Shisc are 126 20, 160/22°, 018/ 62, 309/27° and 040359 spacing (SPA) 29;
persistence along strike and along dian. Condition of dismntinuities, theaughness large scale (RI)
o wavy,curvedandslightly curvedand the sughnessmall scale (R8)roughstepped andndulating;
Infill material (Im)d fine non softening and soft sheared matétabkt (Ka)d none The unit shows

somelayer of iron oxidation (iron oxideyident of chemical weathering

5.14. Barre de | 0&Slkucie mbankment

The Barre d sle @&mbankments were constructed in, B TBesameime asthe Casies to Vieux fort

road viaDennery. These embankments cadlds October 2010, duringethurricane Tomas in which
many lives were lost and property damadese embankmerdase locate@longaridge characterde

by steep to near vertishbpesn residual volcanic soil and rock profiethe central seri¢igure 7)
Threeembankments hamllapsedn this location and formatioAt the timeof fieldwork allthreewere

under rehabilitatiorRehabilitation works are done by building gabion retaining walls on top of old
material and use of geotextiles fairdpurposes anétention offine materialRepresentativgamples

of materialérom bothborrow source materiased in rehabilitaticass well as old embankmerdterials
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werecollectedFrom field observatioiitial construction of these embankmearas done bgut and fill

methods, andhence, there mode of failure veasilar Cut slopes in tharea are covered by thick

vegetatiortanopiesesulting into poor accessibilifggetation canopiatong the sloparelikelyto trap
water, necessitaténgress into the embankmemtsmss.No intact materials werebserved in the

embankmentgjespite thénitial method ofconstructionbeingnon-selective. The likelihood is that the

materibhas undergone weathering hasl led to the breakdown and decay térraks with time.

P —

Borrow material

A A A P | 3 “i."m ? ;
Figurel?: St LuciaBarre de I'sle embankment under rehabilitgtiooto: Mulengal 0/10/2014, 07:20
am.
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6. ANALYSIS AND INTERPRIION

6.1. Cutslopes
Theanalyses of cut slopgecarried at inaccordance with the methawtlined inchapter 4.3.

6.1.1. Influence of weatherirm geotechnical properties
Geotechnical parameters used for analyses are obtained following metagderid.3.1to chapter

4.3.2.3. The influence of weatheringmon geotechnical properties importantsiope stabilitys
determined by observing the changeraperties wittdegree of weatheringhe result for correlative

plots between average values for intact rock strength ((iR8)estimates), and th&P& system
calculated angle of internal friction (SFRI), cohesion (SCOH) and spacing parameter (SPA), against fie
observed degree wkathang for all geotechnical uniieshown in figure 18\ geotechnical unit may

be defined as a portion of rock maghibiting uniform mechanical characteristics and properties of intact
material and discontinuiti€Robert Hack, 2006Different degrees of weathering in the field are
established by observation and using the scale of weathering grades classification for uniform materia
(Chapter £.3.1)Theresult for the SSPC system calculated slope rock mass intact rock strength (SIRS),
internal friction angle (SFRI) and cohesion (SCOH); plotted against degree of weathering reduction value
(WE) are shown in figure Fgure 19 is also meaatshow clearly how the dispersion of points seen in
figure 18 would appear in space without the visualisation dashed guitlelinesulfor correlative
plotting between changes in geotechnical gpar am
reducti on val undigureQtWenilix1lar e gi ven

Figures 1&nd 19 both showthe intact rockteength (SIRS) generally decreasing with incretee in
degree of weathing for allunits. The linear deterioration in intact rock strength obdeirv tuff is
comparable to the linear result obtaine@Esgki & Jiang, 200(Ff)jgure204). Similarly, the observed
decrease in intact rock strength with increase in degree of weathering for pyroclastics is comparable to tt
result obtained byokota and lwamatgg000) in their study of weathering distribution in pyroclastics in
Japar(Figure 2B). The shear strength parameters (cohé&ss2OH and internal frictionSFRI) show a

general reduction trend for faumits (agglomerates, tuff, andesite, and basalt) with increase in degree of
weathering (figure 1&n exception are the pyroclastics which show an increasing trend in cohesion and
angle of internal friction, with increase in field observed degree efingdthe block size (SPAhow

an increasing trend all unitsof vesicular natur@gglomerates, tuffs, basalts and pyroclassict)e

degree of weathering increg§igs 18) A decreasing trerid shownn andesite, which is neesicular

The suseptibility to weathering of rock units that are vesicular in aaterposures generally high due

to availability of enough surface area for weathering action (chapter 2.1.3). Andesite is less susceptible

weathering due to its noesicular nature.
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The worrelationbetween changdsae)

i n geot e amincreaselin dpgeee af weatherings

(WE) is seen to exigtig.19) The difference in change for geotechnical parameters increases linearly with
the degree of weathering (increase in valudsafioge in weathering) fig@8qappendix 1L
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Figure20 Comparisoriinear graphifor SIRS vsweatherindA) Black showsherestt of this study and
red shows the result froEsaki & Jiang (2000); (Black showsresultobtained in this study and red

shows the result fromMokota and Iwamatsu (2000Jhe dashed lines have no meaning and aydanl

identificatiorof what woulde expected trehd

6.1.2. Weathering in time; weathering rates

The analyses for weathering in time and weathering rates are done according to the methods given in

chapter 4.3.1.4. The results for the time related weatheratipaagéd in weatherigeWE) ar e

shown

figure 21The graphs for the effect of exposure time (t), logarithmic scale of exposure timd Ylrog (1

years) with change in geotechnical properties for each geotechnical unit, per geological formation are

shown in figure30 and 3hppendix 1. The results for the average weathering rates using equations (4.13)

to (4.15) for geotechnical units in each lithological unitaenfed in table 7 and tablafpendixes 1.

The degree of weatireg (WE) in all rockinits showsn increasingend (fig. 21)On the other hand,

t he
time (fig. 21).T h e

change

in degree

(e)

change

of weathering (&WE) al s ho

i n (.g BIRY, 8COHandcSkRhowp aagererale t er s

SO

reductiontrendplotted againshcreasingpgarithmic scale of time (log (1 + fjure 3Qappendix 1).

Table 7 showthat the averagalues foweatheringWE), angle of internal friction (SFRI) and cohesion

(SCOH)deterioration rates are highestheweaker rock unit (tuffndare about 6 timdewer in the

stronger unitgndesite Intact rock strengt{SIRS) deterioration ragkowhighest irbasalts and lowest

in the pyroclastics.
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Table7: ummaryof averagaveatheringnd geotechnical propertietedieration rates i@ach lithological unit

UNIT WE IRS SFRI SCOH
TUFF 0.413 4.601 20.862 11.435
BASALT 0.288 17.552 16.431 8.440
PYRO 0.237 3.787 9.510 5.166
AGGLOMERATE 0.199 6.395 8.087 4.477
ANDESITE 0.098 5.077 2.820 2.194
WE vs EXPOSURE TIME WE vs EXPOSURE TIME
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we at her i(Blge aadhgdeedashed n g e
lines show basalt and andeditering towards constant rates tredred dashed lirshows trend, these
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6.1.3. Current ad future stability
The current and future stability areulated based on the methlgidenin chapter 4.3.1.5. The results

are pesented as a summary in tapn8é categorically as curramd future stability in tables 11 and 12
(appendix 1) respealyfor each unitCurrently all the slopes showpeobability of being stab{&ble

8). However, the future stability probabilityhef slopes at the end of #egineering life time (50 years),
calculated using varying heights, and assuming amuhiéght and slope angkehow drastic
deterioration in stability probability for most units, except for andesitenvalimthinsa high stability
probability (table 8).

Table8: Current and future stability probability classifin

STABILITY PROBABILITIES
UNIT CURRENT STABILITY | FUTURE STABILITY PROBABILITY (%)
PROBABILITY (%) (Log (1+t) @ t =50 years)

Taking maximum values | Uniform height (7m)
height and slope angle and Slope angle (81)
for all slopes
AGGLO 95 <5 7.5
TUFF 95 <5 <5
ANDESITE 100 50 80
PYRO 65 <5 6.5
BASALT 85 <5 25

6.2. Embankments

6.2.1. Mneralogy and grain size distribution

The analyses of thmineralogy and grain size distribiionthe enbankment materialge doneas
described in chaptér3.2.1

6.2.1.1. Clay mineralogy
The results ofaboratory clay mineralogy tests conducted on the embankments fill and borrow materials

using Xray diffraction (XRDghow sharp peaks &t,62, and 22 (2 thetg, suggesting the presence of
kaolinite, chlorites and montridanite (smectite) clay minerals, and qu&igure 22 and 23 and
Figures33 and 34n appendix 2).

Figure22and 334¢ppendi®), show that materfabm both borrow sources contajuartz and kaolinite.
Borrow sources are defined in chapter 4.3.guaases where fresh (unweatheoedlightly weathered
construction fill mateai is availahl€Quartz isexpectedas it is abundant in igneous rocks and is least
susceptible to weathering on exposure to the s(date 1, chapter 2.1.XKaolinite $ a product of
chemical weathering@quation 2.1 through 2.3, chapter 2.1.2), therefore, its presence in the borrow
material indicates that the material has already been subject to weathering.
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Figure 23of embankment filmaterial shovthe presence of katite and chlorite, whilgure 35
(appendix 23hows the presence of kaolinite and montmorilonite (smectite) clay minerals. Chlorite clay
mineral is a weathering product of basalt and ultrabasi¢Timugs 2000Velde &Meunier, 2008}t is
considered as a pdiling clay mineral, and occurs as individual ptHtesabbage head like
morphotype@hmed, 2008)Montmorilonite is an alteration product of votcanifs and ash. All of

these clay minerals are products of weathering (table 2, chapter 2.1.3), and their presence indicates that
material has undergone weathering. These clay minerals as products of weathering have an effect on t
embankment staltyliin terms of changes caused in fill material permeability and porosity (chapter 2.1.5).

800" G115 VR Cowy et

COUNT counts

0 ' i o ) 2THETA ZTheta (Coupled TwoTheta/Theta) WLa154080 o : i ) 64

Figure22 X-ray diffractogram (XRD) for borrow taedal, Belmont embankment (St Vinpéhie dashed lines on
the peakbave no meaninga are only for identificatipred for kaolinite peak and green for a quart}.peak

1800 T —

""" Quartz

----- Kaolinite

“““ Chlorite

COUNTS  cous

0 . T T T T O THETA  7ets (Cousted TwoThetahets) Wist 54080 . ) ) 64

Figure23 X-ray diffractogram (XRD) for embankment fill enal, Belmont embankment {&tcent)(thedashed
lines on the peaksve no meang and are only for identificatioed for kaolinite peak, green for quartz peak, and
purple for chlorite pegk
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6.2.1.2. Grainsizedistribution
The weathering degree in fill materials depends significantly on available surface area of grains determined

by grairsize distribution (chapter 2.1.5). The method for grain size distribution analyses on embankment
materials is given in chapter 4.3.2.1. The results from mechanical sieving and hydrometer tests show the
presence of sand and fines of varying percentagegght, Whe gradiy curves arshown in figure 24

and figure 36appendix 2.

Figure 24hows a nowminiform, welgraded soil having particle sizes ranging from fines (<0.056 mm) to
coarse sand. Using the particle size classificaB@1&6930 (1999 the embankment material consists

of 7% coarse sand, 50.5% medium sand, 30.5% fine sand, and 12% fines. Based on these, the Belmont
embankment material can be describadagsiltysand, dominantly medium grained. Generally, well

graded soils are very good foundation materials for embankments andSaactdiliand Nowatzki,

2006) However, the presence of fine materials, regardless of their plasticity, may have a significant effect
on stability of an embankment constructed in steep slopes, due tofabikiin géhe permeability,
compaction, and susceptibility to weathgHiodfz & Kovacs, 198 Budhu, 2011{chapter 2.1.5). Well

graded soils on densification cause smaller particles to move into the voids in between the larger particles,
reducing the porosity. On tle¢her hand, as the voids in soil are reduced, strength and density also
increas€Samtanand Nowatzki, 2006However, in steep valleys, regardless of the compactive effort on

the fill material, the angle of repose created by the material may be a source of instability.

Soil strength is determined by its ability to support the loadrattarst or keeping it in stability. Its

ability to withstand shear stress is dependent on the grain size distribution, clay mineralogy and water
content(Craig ad Knappett, 2012)n the Mohfcoulomb equation, shear strength of rock or soail is

related to cohesion, pore pressure, normal stress, and angle of internal friction (chapter 4.3.2.2). The shear
strength in the MohCoulomb theory of failure has two comguis; which may represemtherent

strength due to bonds between partiflébey are bondedand the friction resistance to shearing
movementbetween particlegor cohesive soils, such as the embankment material in Belmont which is
shown to be claysity-sand (Figure 24both strength and friction components are considered. Thus
literature estimate values of angle of internal frictiord(23) (USCS) and cohesion 37 KRaon,

2014Yor this type of soils are usadhe analysis.
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Figure24 Particle size distribution grading curfvBelmont embankment material

6.2.2.  Structural and stabilitpodelling

6.2.2.1. Structural

The road embankments in the study area are constructed along steep valéng filiyraethods. This

is where a road has been constructed by cutting into the slope and dumping the material below as backf
on the slope prdé as road embankment (figurd)23his mode of construction has a consequence on

the stability of both themad embankment and the slope above it. The cause of instability in the cut slope
is due to loss of toe support causing stress regime changes, and this result into stress relief. Stress re
causes opening of discontinuities, which may result intfalteagk possibldailure of a slope (chapter

2.1.1). During precipitation events, the discontinuities created in the cut slope may act as rain wate
recharge vents into the whole mass (slope and embankment) and, this may cause rise in pore wat
pressuren the material. The continuous loading on the material, due to the embankment structure and
traffic, will cause the pore water to move into lower pressure regions, of which in this case is the
embankment slope face. The material in the embankmentsstagefully condlidated, but rather
stabilises due tbe angle of reposeeatedWhen pore water is pushed into this region of unconsolidated
material, the material is likely to lose its shear strength. Failure may start from trelopatperddile

bottom were the stress is concentrated, causing the embankment to tilt towards its Sitijpen foe.

road embankment was observed during fieldwork (Chapter/dog)inuous flow of the pe water

causs further loss in material strength amay finally lead to failure of the road embankment.
Alternatively, the ingress of water thgtothe discontinuities may widen fissanethe interface between
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fill material and the bedrock, creating a slip suffaicemay also be referred to as piping, canimo

poorly compacted and wethded soils, similarttte dominant soils in figure.24

Normally, when road embankments are constructed in steepsteemslopes, the slope profile maybe
benched with vaing widths and depths (figureB25n order & optimize compaction and consolidation

of the fill material to enhance stab{i8ghweizer and Wright, 19K&jler and Sherar, 2003he slope

profile mayalso be cleaned (removal of highly weathered material and organic matter) to facilitate sharp
interface between slope profile material and fill material to enhance shear (eeiataneeal., 1997;
Sachpazis, 2013}-or the study site, because of the method of construction, fill material was placed on
top of the steeglope profile surfacedtire 28) consisting of highly weathered materials and organic
matter. Organic material decomposition is most likely to create a slip surface plane on the interface
between the fill material and slope profile suiifadker and Sherar, 2003)

Original Slope profile Orlgmarlr Slope profile

i Embankment
i Embankment

> 20m High
70 deg. Dip
(Steep slope)

> 20m High
70 deg. Dip
(Steep slope

Benching~” ’ %
I i
\

Fill material Fill material—_

A B

Figure25 (A) Embankment typical of sites in study af®a;Embankmentvhen constructed with
benched slope profile (aftelearn et a/1997.

6.2.2.2. Stabilitymodelling
Slope stability analysis is conducted in accordance with cha&hfFef chapter 6.2.1.2 and 6.2.2.1,

shear strength of the material is seen to be important in staditidghi & Peck (196&ttributed failure

of most slopes to shestrength. It is considered as an important factor in embankment fill material failure
(Waltham, 2009)Thus, the factor of safety with respect to strength of materials will be considered
paramount in stability modelling. The stability modellitlgeoembankment is done in terms of the
effective cohesion and effective internal friction developed on the shear plane and the maximum height at
which critical equilibrium is attained for a stable cotextrslope using equation (4.40), (4.42), aBd (4.4
However, the role of groundwater is considered critical, and its mechaonisticatye and briefly is

givenin chapter 6.2.2.1. Groundwater affects the effective stress of a material through the pore water by
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carrying part of the soil overburden I¢agn. 4.25 and 4.26, chapter 4.3.2.2). It may enter the road
embankment through cracks or surface defects on the embankment road surface or through infiltration
from the cuts and fills. Moisture may also be drawn by capillary action from the waaeistadplthe
saturation and weakening of the road pEde et al., 2012 herefore, evaluating an embankment in
saturatedtonditions requires consideration of precipitation pattern of the area, ground water level, and
recharge conditions, knowledge of pore water pressure in the material, and human activity. Although som
of these parameters may be estimated, it is rattenatine procedure and may be beyond the resources

of this thesis. Thus, the embankment stability is evaluated under unsaturated conditions, and effectiv
stress is considered.

In this analysis, a value of one is considered as the factor of sasétpefanimpending failure state,

and a factor of safety of 1.5 as an acceptable value for design of a stable slope with respect to streng
(Das, 2007)These values are considered in calculating the critical and allowablegmeigh®saied

4.43 at which the modelleeimbankment in figure 26 expected to be stable or to be failed. The
parameters used are estimate values from chapter 6.2.1.2. The embankment height, slope angle, and sl
profile angle are obtained from field measurtsni@mpter 5.1.2).

Original Slope profile

Embankment

Figure26: Typical cross section of Belmont embankment (St. Vincent)
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Where:H = Embankment Slope Height
B = Slope Angle
6 = Slip Angle
AC = Failure plane
= Weight of wedge ABC
Resisitive force
= Normal component of W
Resistive normal component of W
= Tangential component of W
= Resistive tangential component of W

SEEFLE
I

Based on the literature estimates of cohesion and angle of fin¢giorafrom grain sizeistribution
analyses (chapter 6.2.1.2),usitg equations (4.40), (4.42), and)(43stability of the embankment is
evaluated for factors of safety of 08,ahd 2.0, as shown in tables 12, 13 atapféndix 2),na the
summary given in tabld8low;

Table9: Stability analyses summary for factors of safety 0.9, 1.5, and 2.0

Design Cohesion | Friction | Cohesion | Friction angle| Current | Critical Allowable
factor of | (KN/m?2) angle developed ¢ developed on| embankm| embankment| embankment
safety (deg.) failure plang failure plane | ent height| heightd Hor | height-H,
(FS) (Ca) (tan @) (m) (m) (m)

kN /m?2 Degrees
0.9 37 32 2547 35.5 25 22.8 23
15 37 32 24.67 21.3 25 22.8 18.8
2.0 37 32 18.5 16 25 22.8 9.3

Table 9shows that the value for calculated cohesion developed along the shear plane at factor of safety
0.9 is lower than the estimated value. The angle of infetioal i rather higher. At this factor of safety,

the embankment assumes a height of 23, same as the critical value. The rest of the shear strength
parameters are seen to be lower than the estimated values and so are their allowable heights to critical
vaues.

6.3. Disassion on ait slopes
The lithological heterogeneity in the study area has given rise to complex weathering profiles, affirming

the Geological Society of London (1995)st at ement t hat o6different | itho
t he same c |ISonmeantterials at tengdefpostion. are already weathered (chapter 2.1.3), and
therefore, this has led to differential form of weathering in some (Btppes33appendixl). In this

study, the weathering profile was not defined due to the limited time and resources @wagjable d

fieldwork. Howevergeotechnical parameters required to examine the influence of weathering on
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deterioration of rock mass propertigsre defined usinbeBS 1-5930:1999 (1999) 6 s i mpahde me a
the Slope Stability Probability Classification System (HackChegger 4.2.1).

6.3.1. Deterioration in geotechnical parameters with degree of weathering

For allgeotechnical parameters analysed, the effect ofnvepih showhy a general trend of increasing
deterioration in geotechnical properties of volcanic rock materibtslegree of weatheriimcreases

The intact rock strengtl@RS) of all the rock units plotted agathe degree of weathering shaw

general decreasing trend which suggest that the strength of intact blocks in exposed volcanic rock mass
generally deteriorates as the dagfreeathering increases (fig. E8r the tuff and pyroclastics, this is
affirmed by thegraphs (figure 2@\ and B)whichshow results obtained in this study, and that of Esaki

and Jiang (2000), and Yokota and Iwamatsu (2000). All the results show that deterioration in intact rocl
strength increases as the degree of weatineregses. The results from EsakiJémt, and Yokota and
Iwamatsu were obtained from Japan, which has a humid temperate giwveatied by both tropical

and polar windsAside, both Japan, and the study area are volcanic in origin. Therefore, similar results are
expected.The shear stngth parameters, cohesion, and angle of internal friction show a gradual
decreasing trend in agglomerate, tuff, andesite, and basalt rock units; in pyroclastic, a gradual rise in tre
is seen (fig. 18).

The increasing trdnin shear strength parametens pyroclasticould be atthuted to the effect of
materiaimode of weathering. The weathering processes occur by alteration and itching of plagioclase an
volcanic glass which results in differences in shapes of materi@digyaib@59b; Yokota & lwamatsu,
2000;0yama & Chigira, 200@hapter 2.1.3).hEse variations in grauarface roughness (texture), likely
enhancenternal friction angles. Much of the study area is overlain by pyroclastit @gfdeposits,

and as such, the weathering product halloysite clay mineral is tefjmrtalndant in the study area

(Hay, 1959)Halloysite islsoevident in samplesbtained from St. Vincent aadgalysed by analytica
spectral device (ASIfjgure 32- appendix 1)Halloysite is reported to form firm and sharp contac
bonds with itched minalis (Hay, 1959b)The strong bond it creates with itched minerals is thieely
reasorfor enhanced cohesion exhibited in yr@@agt. Aside, pyroclastics ash deposits tend to weld on
deposition if they did not completely cool in flight on expulsion from volcanic eruption. This may also

enhance cohesion.

The disconhuity spacing (SPA) for basalt, pyroclastic, tuff and agglorenatea general increasing
trend withincrease in the degree of weathdfiggl8) The high susceptibility to weathering of these
vesicular rock units leads to production of various clay minerals as weathering(patekici©60)
among thenhalloysite whiclctsas verncular or cavity fillinghereby sealing off some discontinuities
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(chapter 2.1.3). This is likely tase for the general incremst&rend fordiscontinuity spacing with
increasén degree of weathering foe vesicular rock units. Neasicular rock units are less affected by
alterationas such, the surface area for weathering susceptibility is(Batesw1960). In additidhe
productio of weathering clay mineral products is minfreate this could be the reason for the normal
decrease in block size andahsiauity spacing with increasel@gree of welagring for andesite (fig)18
The decrease in block size with increased aégveathering is also observed in sandstoriestibget

al., (2014) although in a different environmenhe form of weathering and alteratiexhibited in
vesicular rock unitesilt in blocks appearing solid and unweathered when nappeservedfigure41

0 appendix 1) similar observationade byHay (196))

6.3.2.  Weathering in time; Weathering rates

The weathering time related lgs@s done ogeotechnical units dafifferent lithologies show higher
deterioration rate in intacock strength (SIRS) exhibited basalt. Thisis attributed to higher
susceptibility to weatheriofjbasaltesulting fromavailability of surface areavi@athering action due to
cooling jointsThe lower deterioration rateiimact rock strengtfSIRS) seen in pyroclasgé@sserted to
emanate fronsyclicweathering on rock ma@igure 27. This is where the weathered matrix material is
washed down.é., by slope surface erosion), and ffeshdrlyburied) intact blocks are exposed. These
blocks at time of investigation may give hifjelet estimatevalues for intact rock strengftiRS).
Consequently, this may leatbt@er calculatedalues for Sdeterioration ratés pyroclastic

CYCLIC WEATHERING WITH EROSION AND DETERIORATION IN TIME

max max

IRS (Intact rock strength)

Degree of weathering (WE)

2
=

min ———» Increasing time scale (in years)

Logarithmic time scale

Figure27: Cyclic weatheringith erosiorand deterioration iimtact rock strengthRS

The influence of weathering time related is rather clearly seen in the shegpastnerggtrs (cohesion
and angle of internal friction) of rock massih® weathering rate decreaseseh unit, deterioration
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ratesfor cohesion and internal frictianealsoseen talecreasén generalthe rate ofveatheringnaybe
related directlp deterioration ratés shear strength propertiesatk masgtable 7).

The degree of weathering (WE) in all units is seen to ineithasgosure time and logarithmic scale of
time. On the other hand, the change ide gr ee of weat her i n with boshWE ) i
exposure time and logarithmic scale of timethésxchn be seen as such on a decreasing rate of a linear
or logarithmic scalgig. 2). The increase shows approximate linear plot agaihstlbgarithmic time

sale. The result in pyroclassiccomparable to that Huisman (2006) in the sandstones; as generally,
pyroclastis havesimilar engineering propertrggh sandstone@-ranklin and Dusseault, 1989)

All the five unitshow noHinearity in weathering raféigure 21, table X6appendix 3)The result for

basalt and andesite agrees with the suggdstiomlimearityby (Colman, 1981 olman postulated that

as the degree of weathering increases with time, the residue thickness also increases, and so the weathe
rate begins to approach a constant as an equilibrium thickness of resichacieddpr reached). The

plots showing curving towards constant weathering rates for basalt and andesite are shown by the bit
and green dashed lines (figurg 2aff showsanaverage weathering rate (0.4mm/fdgherthan the
otherunits do(table 7)This average is calculated fr@iueof weathering rates ranging from 0.1 to 0.68
mm/year(table 16appendix }t generallyn steep cut slopes (> 70 degrees). The result is comparable to
the weathering rates (6039 mm/year) obtained grguler (2009 om afield investigation of tuff in

Ankara Turkeywhich are reported to be low, attributing to stepesof greater than 70 degrees,
despite the difference in climatic conditi@tisnatic conditions have an important effect on weathering
rates and processelimid climate such as the study aagaexpeted to give higher weathering rates.
However, Ankatra urkey from which the measurements are taksavery harsh climatéot summers
temperatures ranging 36 todé@rees Celsius, cold (ice/snow) wintmaual precipitation ( >300 mm)

and this izoupled witHarge changes in day and night temperatigrese, suchklimatic conditionare

likely togiveweathering ratealues similar to that of humid climates like the study area.

6.3.3.  Slope stability and weathering

From the analysesjdtshowrthatweathering exhibits a profound influence on the deterioration of intact
rock strength and shear strength properties of volcanic rocks in the study area. In general, deterioration i
geotechnical properties (intact rock strength, cohesion, and intéiorabfrgie) of volcanic rock masses

in the slope exposurissseen to increase with increasiegree of wathering and exposure time. The
assessedeterioration in properties due to weathering and exposurbasmag@minatedinto lower
assessestabiliy probabilities irengineeringdifetime of slopes(table 8). Adesite shosvprobability of

being stable iangineeringifetimeof 50 years. This is maidlye tothe lower susceptibility to weathering

it exhibitsbecause of itsonvesicular nature, wtti also giveise to lower deterioration raiasshea

strength parameters (tab)e The low stability probabilities seen indtmer rock units, coupled with
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other environmental factors (i.e., rise in pore water pressure), ressltipmtdailures. Hus, it is
postulated that deterioration in geotechnical properties of rock naertalsveatherirggen in chapter

6.1 is likely the main cause for most slope failures that occur in the study area. However, due to
uncertainties in the data, firm dosmns cannot be drawn

6.4. Discussion oembankments

The results suggest that borrow source materials in thitir state have already been weathameld

include weathering product kaolinite. Kaolinite clay minerals poses an engineering challenge in
embankments water flow (permeability) which is an important component on effective stress and
subsequent shear strength in embankment stability (chapter 4.3.2.2). Kaolinite clay mineral has a low
affinity for water; therefore, its presence also indibatethé soil is likely to have low plasticity. The
presence of chlorite clay mineral in the embankment material, which is a product of basalt and ultrabasic
rocks, indicatethat the material has been subject to weathering. It is-fllpmreclay minetaand is

likely to influence the permeability of the material. Volcanic tuffs and ash overlay much of the study area,
and their alteratiorrgduct is montmorilonite (fig.35 Barr e de | 6s | @appemlixan k ment
Montmorilonite (smectite) clap weathering also forms kaolinite clay minerals. Hence, the few peaks of
montmorilonite (smectite) and more peaks of kaolinite clay minerals obskeeveshbankment material

(fig. 350 appendix 2), may be likely due to montmorilonite further wegthéttintime into kaolinite

(table 2, chapter 2.1.3); especially that conditions for chemical weathering are highly favourable in the
region. It is also likely that montmorilonite is present in the Belmont embankment in SfTYiiadent
becausageologidaconditionsin which the embankments are constructed are sibdaever, its

omission may have been due to the limited number of samples collected fomzaialysikie tohe
limitedaccessibilitio slope face posed bigep terrairMontmoriloniteis expansive clay, and its swelling
potential causes heaving and shrinkage of materials. This is likely to induce cracks on the top of the road
embankment facilitating water ingress.

Water is supplied into the embankments by infiltration of rainfaikehie ground water level, and at

times because of human actibnese may be associated weéhtive decrease sfiction towards the

zero value. The procesgesppositiorare the removal of water from the ground by etrapspiration,

and depressiarf ground water levelO6 Conne | | & ThGsywateld seuyces arld @#sSa@ajlability

must be investigatégfore stability assessmentgparéormedon road embankmenté the sources of

water are not identified correctly, accounting for the likelyeshangoisture conditions in the road
embankment material may be impossible. In tropical environments like the study area, notable changes in

suction in the soil material may occur only seasonally. Therefore, the effective values for shear strength
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paramedrs used in modellitige embankment in figure &y be validrdy in dry conditionand not in
rainfallseasonduring which the moisture content and ground wateatit level is expected to be high

Fill material weathering involves both physichthemical weathering. These two modes of weathering

are responsible for the breakdown of coarse grained particles into fine grains and formation of clay
minerals by alteration and oxidation processes. Reduced particle size affects the roughness ar
circunference of fill material grains, with further weathering in time causing them to become smoother,
and resulting into reduced internal friction angles. Particle size reductions also causes decrease
permeability and subsequently increase in pore vesuirps, resulting into reduced cohesion and tensile
strength (chapter 2.1.5). This action by weathering leads to deterioration of fill material geotechnica
properties (soil shear strength parameters). This is likely to have occurred in the emblankment fil
materials, and consequently may have led to the failure. The presence of liesegang rings in son
lithological units (figui® - appendix 2) suggest chemical weath@firsinka et al., 2011)

From table 9chapter 6.2.2.2, it can be seen that increasing the factor of safety from 0.9 to 1.5 and then
2.0 leads to a decline in cohesion and friction angle developed along the shear plane, and the allowal
height. The critical height, which is the maximum height at which the critical equilibrium occurs in the
embankment slope, is 29.8 meters, and itidatad based on the effective cohesion and internal friction
angle. A factor of safety 0.9 for the embankment is assumed to have failed, since the calculated allowat
height is above the critical height. At this height, the calculated cohesiohais thssestimate value,

while the angle of internal friction is slightly higher than the estimate value. This scenario results into «
definite failure since the allowable value of height is also higher than the critical value. The acceptabl
design factoof safety 1.5 gives the maximum allowable height of 18.8 meters. At this height, the slope is
expected to be stable. The factor of s@fatywhich the embankment slope would be very stable gives

the lowest allowable height of 9.3 mefHns. embankmenwas constructed at a height of abodut 2

meters well above the calculated maximum critical and allowable height ofHeailoraterial was
probably held in place by the artisanal retaining wall built on the fill material repssdadeg@&ure

2. This assertion is evident from the wall ds rer

nearby intact embankment roads.
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Figure28 Belmont embankméshowing the retaining roakall (St Vincent).

The analyses dsliah some factors that could have led to failure obdgembankments. These factors
aregiven as follows;

a. The weathering of materials led to deterioration on geotechnical parameters causing the loss
of shear strength of materials;

b. Ground water rechge from precipitation, led to daylighting on slope face causing loss of
material shear strength;

C. The method of construction (design) and height of the embanktaaeed material
consolidation failure resulting into the stability being controll¢ide tangle of repose
createdor;

d. The combination of a, b, and ¢
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/. CONCLUSION AND RENMENDATION

7.1. Conclusion

Cut slopes

In this region, it is common to find volcanic rock formations interbedded in an exposure, following
sequences of lmanic deposition, alluvial and reworked deposition, or intrusion. This heterogeneous
nature of the geological formations demands understanding the response of each lithological rock unit t
weathering and stress relief. For instance, if a rock miatesbisdded byuffs which have higher
weathering rateban other lithologies examined in this research, such a slope may undergo undercutting
due to prefeential weathering (ifegure400 appendix 3)This implies that such a slope may not stand to

its engineerindifetimeand may lead to untimely failure. Therefore, in such cases, remedial measures that
take into consideration the action of weathering and deterioration on rock mass should be considerec

immediately after excavation.

Embankments

Figure X (chapter 5), shows the use of geotextiles on gabion retaining structures in the rehabilitaion of the
collapsedBar r e de | 0 sSL éuciee Frona theék aiseusion, (chapter 6.3.2) on fill material
weathering and chapter 2.1.5, it is the authorsmopiiat the use of geotextiles on gabion retaining walls

in this geological formation could beppropriate. Frorthe XRD analysis and grain size distibution

done on samples obtained from the studyitiesm be seen that kaolinite, chloriterandtemailinite

(smectite) clayninerals, and fines of varying properties and character are products of fill material
weathering in this formation. Thaday minerals and fines are likely to clog the geotextile material,
limiting the amount of water dischardexm the embankment fill material. Resulting is pore water
pressure rise during heavy rains. Riperswatemay lead to reduction in fill material shear strength
(Davis, 1995)The weight ofthe embankment materiakith reduced shear strengitl have to be
supported by the gabion retaining structure, which is also foundedtioere@mbankment material on

steep slopes. The authors speculation is that the embankments are still not safe, and therefore
recommendthat weathering and weathering susceptibilty of materials be considered as guide in planning

and construction of such vital and costly infrastructymevent recurrence of failures
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7.2. Recommendation
The study shows that it is possible to deternfieeinfluence of weathering on deterioration of

geotechnical properties of volcanic rocks and soil masses in both cut slopes and road embankments in the
tropical environment of St . Vincent and St. Luci
formula based methods. However, in order to improve this study results, the following recommendations
are made:
f It is important to take a time series of measurements from the study area to determine
the physical changes of properties (i.e., IRS) of knowsusgwith time, in order to
validate the methods and data used in this study, for easy determination of weathering
and future weatherirfghapters 4.353.
f  Since tropical and humid environments are conducive for chemical weathering, other
methods for detrmining the change in properties important for geotechnical parameters
in embankments materidlg,,elemental or oxide analysigy be valuablghapters
2.1.3.
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Figure29 Graphs for geotechnical parameters important for slope stabitdy against degree of
weathering reduction values (WE) (left). Graphs for correlativecipdotge in geotechnical parameter
with change in weathering (Right)
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Figure3Q The effect of exposure time (in years) and logarithmic scale of exposure time on geotechnical properties of
geological formatiorfthe dashed linegtween the makers have no meaning and are only for identification).
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Figure31 The influence of logarithmic scale of exposure time as a function of change in geotechnical
parameter
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Figure32 Analytial spectral analysis of rock sample for halloysite
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Figure33 St Vincent,lspe showing differential weathering due to lithological heterqgeastioast
(Direction of viewD35 degrees).

TablelQ Current stability using maximum minimum and average heights

AGLO Height @/Sdip Hnax/Hs Stability probability
Max 10 0.495725 | 0.866075 40

Min 2.7 0.334393 | 1.871392 95

Avge 5.96 0.39568 | 1.372082 90
ANDESITE Height @/Sdip Hinax/Hs Stability probability
Max 15 0.524163 | 0.666971 7.5

Min 3 0.434082 | 2.197536 100

Avge 8.22 0.457392 | 1.835119 100
BASALT Height @/Sdip Hnax/Hs Stability probability
Max 40 0.720173 | 0.969569 50

Min 9 0.492971 | 1.391567 85

Avge 18.9 0.632737 | 0.P2222 20

TUFF Height ©/Saip | Hmax/Hs Stability probability
Max 15 0.24457 0.209639 <5

Min 2.7 0.284461 | 1.441311 95

Avge 7.9 0.280697 | 0.765871 20

PYRO Height ©/Saip | Hmax/Hs Stability probability
Max 15 0.164459 | 0.117999 <5

Min 4 0.314573 | 1.087922 65

Avge 9.3 0.266464 | 0.557068 <5
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Tablell: Future stability on field observed maximum slope dip (SD) and height (Hs) for slopes exposed for a
period of 9 years

FUTURE STABILITY

Log(1+t) =170757 Time €) = 50yrs

UNIT SFRI | SCOH SD Honax Hg ?/sp | Hmax/Hs | Stability probability
AGGLO 22.1 17068.2 88 4.3 9 0.25 0.47 <5%

TUFF 17.4 15374.7 89 3.4 14 0.20 0.24 <5%

ANDESITE | 35.0 20562.2 85 7.5 7 0.41 1.07 50%

PYRO 12.6 19527.9 81 4.8 15 0.16 0.32 <5%

BASALT 284 17668.5 81 6.3 15 0.35 0.42 <5%

Future stability for slopes exposed for a period of 9 years, assuming same slope dip (SD) and height (H)

FUTURE STABILITY

Log(1+t) = 1.70757 t=50yrs

UNIT SFRI | SCOH SD Homax Hg [Z /sp | Hmax/Hs | stability probability
AGGLO 22.1 17068.2 75 6.2 7 0.29 0.88 25%

TUFF 17.4 15374.7 75 4.9 7 0.23 0.70 5%

ANDESITE | 35.0 20562.2 75 111 7 0.47 1.59 9%

PYRO 12.6 19527.9 75 5.5 7 0.17 0.78 10%

BASALT 28.4 17668.5 75 7.7 7 0.38 1.10 55%
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APPENDIX-Embankments
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Figure34 X-ray Diffractogram (XRD), Barre de I'sle embankment borrow material
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Figure35 X-ray Diffractogram (XRD), Barre de I'sle embankmeirerial
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Figure36 Particle size distribution grading curves
Tablel2 Stability analysis at factor of safety 0.9
Embankment critical height (eqn. 4.42
Cohesion | Internal friction Slope angle | Unit weight| Current Critical heighd
(KN/m?2) angle (dege) (degree) (KN/m?2) height (m) Hcr
(m)
37 32 77 14 25 228

Cohesior(C; ) and friction anglé®;,) developed at factor of safetyuivalent to failure (eqn. 4.40

Design factor of Cohesion Friction angle Friction angle Cohesion
safety ES) (KN/m?2) (deg) developed developed
(tan djin deg) (C} -kN/m?2)
0.9 37 32 35.5 25.47
Allowable height (§iat factor of safegquivalent to failure (eqn. 4.43
Design | Slope angle Unit weight|  Cohesion|  Friction Allowable | Current
factor d (degree) (kN/m?) developed  angle heightd Ha | height (m)
safety (FS (€4 —kN/m2) developed (m)
(tan @ in deg)
0.9 77 14 25.47 35.5 23 25
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Tablel3 Stabilityanalysis at factor of safety 1.5

Embankmentrttical heighteqn. 4.42

Cohesion | Internal friction Slope angle | Unit weight| Current Critical heigh®
(KN/m?2) angle (degree (degree) (KN/m?2) height (m) Hcr
(m)
37 32 77 14 25 228

Cohesior(C; ) and friction angléd,;) developed at acceptableigie$actorof safety (eqn. 440

Design factor of Cohesion Friction angle Friction angle Cohesion
safety (FS) (KN/m?2) (deg) developed developed
(tan @;in deg) (C} -kN/m?2)
15 37 32 21.3 24.67
Allowable height ()i at deign factor of safefeqn. 4.43
Design | Slope angleg Unit weight|  Cohesion|  Friction Allowable | Current
factor of (degree) | (kN/m?) developed  angle heightd Ha | height (m)
safety (FS (€4 —kN/m2) developed (m)
(tan @y indeg)
1.5 77 14 24.67 21.3 18.8 25
Tablel4 Stabilityanalysis at factor of safety 2.0
Embaikment critical height (eqn. 4.42
Cohesion | Internal friction Sloe angle Unit weight| Current Critical heigh®
(KN/m?2) angle (degree (degree) (KN/m?2) height (m) Hcr
(m)
37 32 77 14 25 22.8

Cohesion(C};) and friction angléd;;) developed at acceptableigiegactor of safety (eqn. 4.40

Design factor of Cohesion Friction angle Friction angle Cohesion
safety (FS) (KN/m?2) (deg) developed developed
(tan @;in deg) (C} -kN/m?2)
2.0 37 32 16 18.5
Allowable height ({1 at deign factor of safety (eqn. 4.43
Design | Slope angle Unit weight|  Cohesion|  Friction Allowable | Current
factor of (degee) (kN/m?) developed  angle heightd Ha | height (m)
safety (FS (Cq —kN/m2) developed (m)
(tan @ in deg)
2.0 77 14 18.5 16 9.3 25
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Figure37. St Lucialiesegang ringsiggesting chemical weathering
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APPENDIX-Field Datand photographs of slopes
Tablels Field data summary

SLOPE| GENERAL INFORMATION MATERIAL MASS CHARACTERISTICS
NAME CHARACTERISTICS
Vi Locatiory00268E1455352N The Intact rock strength (IRS) | Moderately weathered; 9 m hig
Date & method of excavation ranges fron8.75to <1.25, with | 60 m length; Dip 70 degrees, D
2006, Excavator texture & structure of thick, direction094 degrees;
Geological formation massive, btiky, poorly sorted, | Discontinuity sets, 39/286,
Alluvial and reworked deposits matrix supported, and thick 60/050, 85/174; Spacing betwe
AccessibiliGgood weathering horizons. 0.02 to 2m
Geotechnical Ufits Colours are of brown, greyish
brownish, andreyshdarksh
Rock names include tuasalt
and pyroclastic.
V2 Locatiorv01475E, 1458474N The Intact rock strength (IRS) | Slightly to highly weathered; 15
Date & method of excavation ranges from 150 to 3.125, with | high; 100m length; Dip 81
2000, Excavator texture & structure of thick, degrees, Dip direction 170
Geological formation massive, blocky, poorly sorted| degrees; variable discontinuity
Alluvial and reworked deposits matrix supported, and thick orientation, with spacing varyin
Accessibiliyood weathering horizons. from 0.03m to 2m. persistence
Geotechnical udis Colours are of brown, greyish | along strike from >1m to >10m
brownish, and brownigtark. and abng dip >1m to >8m
Rock names incladulff,
andesites and pyroclastic.
V3 Locatior687450E, 1462569N Intact rock strength (IRS) of 15( Highly weathered; 7m high; 561
Date & method of excavation andl1.25 respectively; texture &| length; Dip 85 degrees, Dip
2000, Excavator structure of thick, massive, poo| direction 302 degrees; variable
Geological formation sorted, matrix supported, and | discontinuity orientation, with
Pyroclastic deposits of geufriere | thick weathering horizons. spacing varying from 0.14m to
volcaniccentres Colours are of yellowish 2.5m. persistence along strike
Accessibiliyood brownish. Tuff from >1m to >20m and along
Geotechnical udis dip >1m to >5m
V4 Locatior687372E, 1462615N Intact rock strength (IRS) rangg Slightly and highly weathered
Date & method of excavation from 75 to 3.125, with texture & units; 6m high; 100m length; Di
1986, Conventional blasting structure of thick, massive, 80 degrees, Dip direction 232
(fractured intact rock) blocky, poorly sorted, matrix | degrees; variable distinuity
Geolazal formation supported, anthick weathering | orientation, with spacing varyin
Pyroclastic deposits of ggeufriere | horizons. from 0.1m to 1m. persistence
volcaniccentres Colours are of brown, greyish | along strike from >0.5m to >5m
Accessibiliyood brownish, and brownigtark. and along dip >1m to >5m
Geotechnical udéts Rock names include tuff,
andesites and pyroclastic.
V5 Locatiory01757E, 1458825N Intact rock strength (IRS) of 8.7 Slightly weathered; 15m high;

Date & method of excavation
2005, Excavator

Geological formation

Pyroclastic deposits of geufriere
volcaniccentres

Accessibiligood

and 3.125, bedded deposit, ang
thick weathering horizons.
Colours are of brown, greyish
brownish, and brownigtark.
Rock names include tuff and

pyrodastic.

100m length; Dip 81 degrees, [
direction 170 degrees; variablg
discontinuity orientation, with
spacing varying from 0.012m tq
1.5m. persistence along strike
from >0.2m to >2m and along
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Geotechnical udits

dip >1m to >5m

V6 Locatio890466E, 1457238N Intact rock strength (IRS) 31.25 Slightly weathered; 3m high;
Date & method of excavation tuffaceous matrix with lapilli 100m length; Dip 65 degrees, [
2014, Excavator poorly sorted clasts. direction 306 degrees; variablg
Geological formation Yellowish brownish colour. discontinuity orientation, with
Yellow Tephra underlain by Rock names include tuff, spacing varying from 0.123m tq
volcaniclastic andesites and pyroclastic. 1.5m. persistee along strike
Accessibilirood from >0.05m to >2m and along
Geotechnical udits dip >0.5m to >3m
V7 Locatiory00592E, 1453659N Intact rock strengtliRS) of 150,| Slightly weathered; 15m high;
Date & method of excavation fine- coarse grained, massive a| 60m length; SDD/SD: 130/ 70,
2013, Excavator poorly sorted clasts, basaltic lay 130/509; Discontinuity
Geological formation flow. orientation SDD/SD: 314/85,
Alluvial and reworked deposits Yellowish brown colour. Rock | 134/41, %8/70,122/52, 015/45,
Accessibilirood name: Basalt. 054/80, 280/25; spacing 0.13r]
Geotechnical udis to 1m; persistence along strike
>0.2m and along dip >0.4m;
Roughness large scale: slightly
wavy and curved; Roughness
small scale: rough stepped, roy
and smooth undulating; Infill
material: no fillsurface staining;
Karst: none.
V8 Locatior691408E, 1455812N Intact rock strength (IR$DO Moderately weathered; 10m hig
Date & method of excavation MPa, finecoarse grained, 60m length; Dip 45 degrees, Di
2006, Excavator massive, poorly sorted clasts. | direction 128 degrees; variablg
Geological formation Greenistd brownish colour, discontinuity orientation 55/128
Pyroclastic deposits of geufriere | Basaltic. 85/100, 70/130; spaciig23m
volcaniccentres to 1m. persistence along strike
Accessibilityood from >0.2m, along dip >1m
Geotechnical udits
L1 Locatiory14355E, 1547603N Intact rock strength (IRS) Slightly to highly weathered; 6n|
Date & method of excavation 8.75MPa, Coarse grained, thicl high; 50m length; Dip 71,70
2005, Excavator weathering horizon, poorly degrees, Dip directi@#,105
Geological formation sorted, matrix supported. degrees; variable discontinuity
Altered Andesite Porphyritic, Tuff | Greyishbrownish colour. orientation, with spacing varyin
(Central series) Sediment layer mixer of tuff. from 0.1m to 1.2m. persistence
Accessibiliyood along strike from >0.1m to >5m
Geotechnical L®8s and along dip >0.2m to >4m
L2 Locatiory14355E, 1547603N Intact rock strength (IRS) rangg Moderately weathered; 14,9,6n

Date & method of excavation
2005, Excavator

Geological fation

Altered Andesite Porphyritic(Centr:
series)

Accessibiligood

Geotechnical udits

from 100 to 31.25, fineoarse,
frothy and porphyritic with
vesicles, thick, massive, blocky|
poorly sorted, matrix supported
and thick weathering horizons.
Colours are of yellowish
brownish and dark stained. Rog

high; 120m length; Dip 88

degrees, Dip direction 292

degrees; variable discontinuity
orientation, with spacing varyin
from 0.03m to 2m. persistence
along strike from >0.2m to >101
and along dip >0.1m to >8m
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names include tuff, andesites a
agglomerates.

L3 Locatiory28077E, 1538164N Intact rock strength (IRS) rangg Moderate andighly weathered;
Date & method of excavation from 75 to 3.125; Pebktebble | 5m high; 100m length; Dip/Dip
1972, Excavator clasts, fine matrix, Thick beddg direction: 65/40, 80/28, 67/38
Geological formation Poorly sorted andesitic clasts | degrees; variable discontinuity
Andesite Agglomerate, Mu(Centrall matrix supported, orientation, spacing varying fro
seaies) Yellowishbrownish colour; 0.07m to 3m. persistence along
Accessibiligood Agglomerates. strike from >0.2m to >10m and
Geotechnical uddts along dip >1m to >3m

L4 Locatiory28077E, 15384N Intact rock strength (IRS) 75 an highly weathered; 10m high;
Date & method of excavation 3.125 MPa, Pebbktebble clasts,| 100m length; Dip 88 degrees, [
1972, Excavator medium matrix, Thick bedded,| direction 54 degrees; variable
Geological formation fine matrix supported with Poorl| discontinuity orientation, with
Andesite Agglomerate, Mu(Centrall sorted corestones, Yellowish | spacing varying from 0.1mto 3
series) brownish colour; Agglomerates| persistace along strike from
Accessibilityood >0.1m to 50m and along dip
Geotechnical L®8s >0.2m to >3m

L5 Locatiory27727E, 1539591N Intact ock strength (IRS) 75MP| Highly and completely weathers
Date & method of excavation fine grained, thick bedded 4m high; 100m length; Dip 80
1972, Excavator weathering horizon, matrix degrees, Dip direction 75 degreg
Geological formation supported with weathered variable dicontinuity orientation
Agglomerates tuffs, tuffs(Central | corestones; with spacing varying from 0.04
series) Greyishbrownish colour; Tuff | to 5m. persistence along strike
Accessibiliyood from >0.1m to 20m and along
Geotechnical udis dip >0.2m to >2.5m

L6 Locatiory16375E, 1547592N Intact rock strength (IRS) Completely weathered; 7m higl
Date & method of excavation 3.125MPa, fireoarse grained, | 22m length; Difbip direction
2006, Excavator thick weathering horizons, poon 85/146,75/217 degrees; variab
Geological formation sorted clasts, discontinuity orientation, with
Altered Andesite Pphyritic (Central| Yellowiskhbrownish colour; Tuff.| spacing varying from 0.1m to
series) 1.5m. persistence along strike
Accessibiligood from >0.6m to >4m and along
Geotechnical L@&s dip >0.2m to >4m

L7 Locatiory10870E, 1534060N Intact rock strength (IRS) Slightly weathered; 9m high;
Date & method of excavation 150MPa, thick clastic, poorly | 100m length; Dip 83 degrees, [
1992, Excaator sorted, matrix supported, and | direction 34 degrees; variable
Geological formation thick weathering horizons. discontinuity orientation, with
Andesitic Agglomerates, Call Greyishddark colour. spacing varying from 0.3m to
(southern series) Agglomerates 1.5m. persistence along strike
Accessibiligood from >0.1m to >1m and along
Geotechnical udits dip >0.2m to >3m

L8 Locatiorrf09161E, 1537437N Intact rock strength (IRS) 75, | Moderately weathered; 6m high

Date & method of excavation
1992, Excavator

coarse grained, massive clastig
poorly sorted, abkts supported,

100m length; Dip /Dip direction
75/74, 75/100 degrees; variablg
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Geological formation
Andesitic Agglomerates, Cal
(southern series)
AccessibiliGyood
Geotechnical L@&s

Greyishddark colour.
Agglomerates

discontinuity orientation; spacin
varying from 0.02m to 1m.
persistence along strike from
>0.2m to >0.4md along dip
>0.1m to >0.6m

L9 LocatioryO8905E, 1537619N Intact rock strength (IRS) rangg Highly and completely weathers
Date & method of excavation from 31.2%nd 3.125 MPa, 3.5m high; 20m length; Dip 85
1992, Excavator coarse grained, massive clastig degrees, Dip direction 50 degre
Geological formation poorly sorted, clasts supported| variable discontinuity orientatio
Agglomerates Tuff, Tuff (southern | Greyishddark colour. with spacing varying from 0.2m
series) Agglomerates to 1.9m. persistence along strik
Accessibilirood from >0.1m to >10m and along
Geotechnical udis dip >1m to >1.5m

L10 Loc#on 708905E, 1537619N Intact rock strength (IRS) Highly and completely weatherg
Date & method of excavation 3.125MPa; coarse grained, bed 2.7m high; 30m length; Dip 82
1992, Excavator and clastic, poorborted, clasts | degrees, Dip direction 37 degre
Geological formation supported, Greyisbdark, variable discontinuity orientatio
Agglomerate tuffs, tuffs (southern | brownish colours. Agglomerate| with spacing varying from 0.2m
series) Tuff to 1.5m. pesistence along strike
Accessibilirood from >0.1m to >10m and along
Geotechnical udis dip >0.4m to >1m

L11 Locatiory12362E, 1543261N Intact rock strength (IRS) Slightly weathered; 3m high;
Date & method of excavation 150MPa; fine grained, bedded,| 100m length; Dip 87 degrees, [
1972, Excavator poorly sorted, matrix supported| direction 80 degrees; variable
Geological formation brownishdark colour. Tuff discontinuity orientation, with
Andesite Ash altered Andesite spacing arying from 0.14m to
(Central series) 1m. persistence along strike frg
Accessibilityood >0.2m to >1m and along dip
Geotechnical ubilts >0.2m to >2m

L12 Locatiory10594E, 1533993N Intact rock strength (IRS) Highly weathered; 5m high; 10(

Date & method of excavation
1992, Excavator

Geological formation

Andesite Agglomerates (Central
series)

Accessibiligood

Geotechnical u@Rs

31.25MPa, coarse grained,
massive clastic, poorly sorted,
clasts supported, Greyisdark
colour. Agglomerates

length; Dip /Dip direction:
81/233, 75/49 degrees; variablg
disontinuity orientation, with
spacing varying from 0.1m to
1.2m. persistence along strike
from >1m to >4m and along dip
>0.2m to >3m
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Figure38 Geotechnical unit1G1

Figure39 Cut slopev2

Undercutting leading to failure

Figue 40 Cut slope/3
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