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Abstract:AlongtheKarakorum Highway (KKH),thekeyroutefortheChina-PakistanEconomic
Corridor,therearemanyrockfallsandunstableslopes,usuallycausedbytectonicmovementandrainfallon
thefracturedrocksandslopes.Thispaperpresentsanumericalinvestigationoftherockfallandslope
stabilityalongtheKarakorumHighwayinJijal-Pattan,NorthernPakistanusingDIPS,GeoRock2Dand
SLIDE,focusingonrockfallandslopestabilityalongtheKKHtodevelopcountermeasures.Alongthe
KKH,twomajorsectionssusceptibletorockfallswereselectedtoinvestigatethemechanismofrockfalland
slopeinstability.Thestereographicprojectionanalysisfollowingfoursetsofjointsindicatesthatboth
sectionsarepronetoplanefailureandwedgefailure.Basedonthelimitequilibriumtheory,understatic
loading,theslopeforSection1showedastabilitycoefficientof0.917,representingitsinstability,andthe
slopeinSection2hasastabilitycoefficientof1.131depictingitsslightstability.However,underthe
seismiccondition,thestabilitycoefficientsoftheslopeswerelowerthan1forbothsections,which
indicatestheirinstability.TheresultsbyGeoRock2DrevealthatinSection1thefallenrockmassattained
thebounceheightof33m,andinSection2itattainedabounceheightof29m.ThefallenrocksinSection
1havethetotalkineticenergyof1135.099kJwithavelocityrangingfrom0.5m/sto44m/s,whilein
Section2thefallenrockshaveavelocityrangingfrom0.5m/sto40.901m/swithadamagecapacityof
973.012kJ.ThisstudyshowedtherockfallsandlandslidesalongtheKKHhavegreatdamagepotential.
Keywords:Karakorum Highway;steeprockslope;stereographicprojection;slopestabilityanalysis;
dynamicprocess
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摘 要:在中巴经济走廊的重要通道喀喇昆仑公路(KKH)沿线,由于构造运动和降雨渗透对破碎

岩石和边坡稳定性的不利作用,造成了大量落石和不稳定边坡。利用数值软件DIPS、GeoRock2D
和SLIDE对巴基斯坦北部吉贾尔 帕坦喀喇昆仑公路沿线的落石和边坡稳定性进行了数值研究;
以喀喇昆仑公路沿线两个主要的易受落石影响的路段为例,研究落石和边坡的失稳机理。对4组

节理进行的赤平投影分析表明:两处边坡断面均易发生平面破坏和楔形破坏。基于极限平衡理论,
在静力条件下,边坡断面1的安全系数为0.917,处于不稳定状态,边坡断面2的安全系数为1.131,
处于欠稳定状态;但在地震条件下,两处断面边坡的安全系数均小于1,处于不稳定状态。研究结果

表明,边坡断面1和断面2的落石回弹高度分别为33m和29m。边坡断面1的落石速度在0.5~
44m/s,总动能达到1135.099kJ,而边坡断面2的落石具有0.5~40.901m/s的速度和973.012
kJ的破坏能力。研究表明,KKH沿线的落石和滑坡具有极大的破坏潜力。
关键词:喀喇昆仑公路;岩质陡坡;赤平投影分析法;边坡稳定性;动力过程
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1 Introduction
Rockfallsandlandslidesarewidelyknownhazards

inmountainousareas.Rockfallsusuallyincludethe
quickmovementofrockbouldersintheformoffalling,

bouncing,orrolling[1]andareagreatthreattopeople,

theirlivelihoods,environmentalservicesandresources,

infrastructure,and economic,socialand cultural
assets[2].Oneofthemajorcausesofrockslopefailure
istheconstructionofroadswithoutpropergeological
andgeotechnicalengineeringinvestigationofthe
naturalrockslopes[3-5].Inaddition,itisnot

possibletocontinuouslymonitortherockslope,

particularlyintherainfallseason.Thethreatof
rockfallexistswheneverhumansornaturedisturb
thenaturalbalanceoftherockslope[6-8].

Theforcestriggeringrockfallsareusually
earthquakes, temperature fluctuation, and
neotectonicactivity[9-12].Thestudyofrockfalls
alonghighwaysisofinteresttomanyresearchers.
Singhetal.[5]investigatedrockfallactivityalong
theLuhrihydro-electricprojectontheSutlejRiver
in HimachalPradesh,India,andperformeda
kinematicanalysistoassessthefailure mode.
RocFallv4.0wasusedtostudythetrajectoriesand

energydissipationofthefallingrock.It was
observedthatthemainreasonsfortherockfall
wereweakrockmassandrainfall.Theydescribed
thatthefallofrockblockswasapotentialthreatto
humanlivesandinfrastructure.Singhetal.[4]also
analyzedthestabilityoftheroadcutclifffacealong
SH-121,in Maharashtra,Indiathroughrockfall
analysis and finite element modelling. They
reportedthatthestudyareawaspronetorockfall
hazards,particularlyinrainfallevents,duetothe
steepandhighlyjointedslopesalongtheroads.

Slopefailureisanothergreatthreatalongthe
KKH.Slopefailureistheresultofforcessuchas
increaseddestabilizationorseismicevents,external
load,undermining,increased waterpressurein
rockcracks,hairlinecracksandfrostwedging,

miningandlossofcapillarypressure[13].Slope
stabilityanalysiscanbecarriedoutusingthelimit
equilibrium method, numerical modelling
techniques and kinematic analysis. Kinematic
analysisissuitableforidentifyingslopefailure
types using discontinuities and joint
orientations[14-16].Slopestabilityissuescan be
minimized with in-depth monitoring and
analysis[17].Akram et al.[18] carried outthe
stabilityevaluationofaslopeinBalakot,Pakistan,
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whichisoneoftheseismicallyactiveregionsin
Pakistan.Theseresearchersperformedkinematic
analysisusinglimitequilibriummethodstoassess
thefailuremodesofslopesandtoevaluatethe
stabilityofslopesunderdifferentconditions.It
wasconcludedthattheslopefailuremodeswere
plane,wedge,andtoppling,withlesslikely
chancesofcircularfailures.Theabove-mentioned
studieswerefocusedmainlyontheassessmentof
rockfalldue to slope orientation,rock joint
condition,anddynamicstability.However,inthe
Jijal-Pattan area, the rockfall results from
earthquakesalongwithweakrockconditions,steep
slopes,andthelackofgeotechnicalengineering
investigations.Therockfallassessmentinsuch
areasshouldbecarriedoutbyperformingslope
stability analysisin both static and dynamic
conditionsalongwithkinematicanalysistoassess
thefailuremodesoftherockfalls.

ThenorthernpartofPakistaniscomprisedof
highmountainrangeswithahistoryofrockfalls
duetoseismicactivity,particularlyinthearea
betweenJijalandPattan[19].Theonlymodeof
transportationinsuchamountainousareaisby
road,butrecurringrockfallsandlandslidesleadto
damageto theinfrastructure,residents,and
travelers.TheJijal-Pattanroadisanimportant
partofthe China-Pakistan Economic Corridor
(CPEC).However,dueto complextectonic
conditionsandmultipleseismicevents,thissection
oftheroadischaracterizedbyhighlyfracturedand
jointedrocks.Further,ill-consideredrockcutsfor
infrastructuredevelopmentinthisareafacilitate
rockfallsandlandslides.Nonetheless,therehas
beenlittlestudyoftherockfallsandlandslidesin
thisarea,anditiscrucialtoinvestigatethe
mechanismoftherockfallsandlandslidesheredue
tothethreattohumanlifeandinfrastructure.

Thisresearchaimstorevealthestabilityofthe
slopeandtheextentofthethreatfromrockfallsand
landslidesalongtheroadfromJijaltoPattanthrough
fieldinvestigationandnumericalstudies.Alongand

acrosstheslopes,DIPSwasinitiallyusedtoobtainthe
geologicalorientationandperformkinematicanalysisof
themajorplanes[20].GeoRock2Dsoftwarewasusedto
displaytherockfallanalysisbasedonthekinematic
analysis[21].ThesoftwareSLIDE6.0wasusedfor
thenumericalslopestabilityanalysis[22].Thekey
contributionofthisstudyistheusageofthree
differentmodelstoassesstheslopestabilityand
rockfallriskintheJijal-Pattanareatofillthe
researchgap.

2 Geo-locationoftheresearcharea
NorthernPakistanislinkedtoWesternChina

throughtheKarakorumHighway(KKH),which
formsa partofthe China-Pakistan Economic
Corridor(CPEC).TherisingoftheHimalayan,

Karakorum,andHinduKushMountainsrepresent
thecollisionoftheIndianandtheEurasianplates
andtheKohistanIslandArc[23].Thestudyareais
theLowerKohistanDistrict(Jijal-Pattan)along
the Karakorum Highway in the Khyber
Pakhtunkhwa Province,Pakistan.The Lower
KohistanDistrictextendsfromlatitude34°54'to
latitude35°52'northandfromlongitude72°43'to
longitude73°57'east.ItborderstheGhizerand
Diamerdistrictsonthenorthandnortheast,the
Manshera District on the south-east, the
BattragramDistrictonthesouth,andtheShangla
andSwatdistrictsonthewest.Thegeologyofthe
studyarea mainlycontainssedimentaryrocks,

igneousrocks,andmetamorphicrocks.Alongthe
KKH,highly activerockfallareas have been
identified.Thelithologyofthestudyareaconsists
oftheBesham group,theJijalComplex,the
Kamilaamphibolite,andtheChilasComplex.
FromPattantoKamilaandnorthalongthe

IndusRiver,the Kamilaamphibolitesare well
exposed.SouthandnorthofKamilalielarge
gneissicandhugegraniticbodiesconsistingof
sheet-likeintrusions.Duringthefieldvisititwas
observed that the section is dominated by
amphiboliesoftheBesham group,whichisof
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Cretaceousageintrudedbyyoungergranodioritic
gneisswithlittleschistsatthetopoftheslope.

ThenorthernpartofJijalalongtheKKHlies
inahighlyvulnerablezone.Itconsistsofthe
highlyfragmentedJijalComplexultra-maficrocks.
Itisextremelyjointedandlocallyshearedbecause
thestudyareaislocatedinthehangingwallofthe
MainMantleThrust(MMT)[19].
Thisseismicareaisonly3kmawayfromthe

siteoftheearthquakeinPattan(Magnitude=6.2,

Depth=22km)on28December1974[24].Inthis
part,thetopographyissteep,mostlywithslope
anglesofmorethan50°,evenupto90°.Thearea
islocatedinthemonsoonregion,wheretheannual
averageprecipitationisover400mm[25].Alarge
numberofrockfallshaveoccurredduetoheavy
rainfallandbiologicalweathering,blockingthe
roadsfor weeks.Thesurfaceoftheslopeis
moderatelyweathered,whichhasproducedclay
with medium vegetation cover. Due to the
dominantweathering,theslopesurfaceiscovered
byrockfragmentsranginginsizefrompebblesto
boulders.Faultcloseness,biologicalweathering,

strongseismicity,fracturedrock mass,heavy
rainfall,andsteeptopography,areallresponsible
fortherockfallsinthisregion.

GeologicalCross-Sectionoftheslopes:Section
1islocatedalongtheKarakorumhighwaybetween
thePattanTehsilandtheMaliDheraKohistan
District.Duringthefieldsurvey,itwasobserved
thatthesectionisdominatedbyamphibolitesofthe
Beshamgroup.Cretaceousageintrudedbyyounger
granodioriticgneisswithlittleschistsatthetopof
theslope werealsoobserved.Thesectionis
moderatelyjointedwithanalmost100m-highslope
facingN30Eandadipanglerangingfrom67°to
80°.TheCretaceousamphibolitesheetintrusion
sub-paralleltothefabricandbandingisvery
commonthroughouttheBeshamgroup.Mostparts
ofthe slope were covered by fallen rocks,

indicatingthehighriskofrockfallimpactingthe
asphaltroad.Thegeologicalcross-sectionofboth

sectionsisgiveninFig.1.Section2issituateda
few kilometersawayfrom Dubair,Kohistan.
Cretaceousamphibolitedominatesinthishighly
fracturedsectionandawell-definedjointsystem
wasobservedinthissection.Theslopefacedipsin
theN58Edirectionwithanaveragedipangleof
70°.Thesurface oftheslopeis moderately
weathered,producingclaythatfavors medium
vegetationcover.Duetothedominantweathering,

theslopesurfaceiscoveredbyrockfragments
ranginginsizefrompebblestoboulders.

Fig.1 Geologicalcrosssectionof(a)Section1and(b)Section2
 

Theseamphibolitesarecoarse-grainedwitha
fracturefillingofquartz.Theoveralldipandstrike
ofthegranodioriticgneissare60°and N82E,

respectively.Ageologicalcross-sectionisgivenin
Fig.1.

3 Materialandmethods
Thedesignofthecliffisaniterativeprocess,and

noprinciplesaredefinedthroughoutallareas[26],

therefore,everysurveyisimportant.Therockfall
proneareaswereidentifiedduringafieldsurvey.
Theslopeheight,slopeangle,blocksize,block
shape,jointspacingandbiologicalweatheringof
eachsectionwereidentifiedandmeasuredduring
the field study. The open joints, blocks
overhangingtheKKHandbiologicalweathering
were found to be vulnerable to instability.
However,onlyafew man-madecutslopesare
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locatedalongtheKKH.TheRocsciencesoftware
SLIDE6.0andDIPSwereusedtoanalyzethe
profileofeachsection,GeoRock2Dsoftwarebased
onkinematicanalysis wasusedtodisplaythe
orientationofmajorplanesalongandacrossthe
slopetoinvestigatetheslopefailure.Inthisstudy,

twodifferentvulnerablesiteswerechosenand
analyzedkinematicallyforrockfallbynumerical
analysis,whichareexplainedbelow.

Theslopemaybenaturallyformedorman-
made.Theman-madeslopeincludesexcavation/cut
forconstruction,bordersofembankments,dams,

canalsetc. Many factors contributeto slope
failure,including1)forcesduetotheseepageof
water,2)gravitationalforces,3)suddenlowering
ofthe watertableadjacenttotheslope,4)

earthquakeforces,5)reductioninstrengthofthe
materialand6)anon-engineeredcut.Slopefailure
occursinseveralmodes.CrudenandVarnes[27]

classifiedslopefailureintofivemajorcategories:

fall,slide,topple,spread,andflow.
Differentmethodsareavailabletocomputethe

slopestabilityforrockandsoil.Duetothe
advancementofcomputertechnology,anumberof
slopestabilitytoolsexistforbothrockandmixed
rock-soilslopes[28].

Kinematicanalysisshowstheorientationofrock
discontinuities(joints,fault,bedding,etc.)isthe

leading factor influencing the stability of rock
slopes[26].Differentfailuremodesareassociatedwith
theorientationofdiscontinuitiesforplanefailure,

wedge failure, toppling failure and circular
failure[5-6,29-30]. Kinematic analysis using
stereographicprojection givesthegeometry of
discontinuitiesandanalyzestheresulttopredictthe
typeoffailure.Scanlinesurveywasusedinthis
study to find the parameters of the rock
discontinuitiesforstereographicanalysis.These

parametersincludethetypeofdiscontinuities,

persistence, aperture, property of infilling,

spacing,roughness,waterconditionandlithology.
Arockfallisthe movementofarockor

bouldersliding,topplingorfallingalongasteepor
sub-verticalslope,whichproceedsdownasteep
hillbothbouncingandflyingorrollsdownwards
overdebrisslopesortalus[1].Variousgeometrical,

geological,geotechnicalandclimaticinfluenceslead
totheinitiationofsignificantrockfallincidentsin
mountainousregions.Inthisstudy,thewidely
usedGeoRock2Dsoftwarewasusedtodisplaythe
orientationofmajorplanesalongandacrossthe
slopetoanalyzetheslopefailure.

The mostcommonly usedfactors ofthe
environmentalconditionofthestudyarea[21,31-32]

areshowninTable1.

Table1 BoulderpropertiesofSection1andSection2

Section Boulderform
Density/

(kg·m-3)
Elasticity/kPa

Initialvelocityinx/

(m·s-1)

Initialvelocityiny/

(m·s-1)

1 Rounded-cylindrical 2856.0 27000000.0 0.5 0.5

2 Rounded-cylindrical 2785.0 26550000.0 0.5 0.5

Terminallimitvelocity/

(m·s-1)
Diameter/m Cylinderheight/m Mass/kg Weight/kN

Momentofinertia/

(kg·m2)

0.01 2.0 0.5 4486.194 43.990 1215.011

0.01 1.6 0.45 5972.880 58.573 1529.057

  Theminimumandmaximummassofarock
boulderinSection1is12kgand4486kg,

respectively,whilethe minimum and maximum
massofarockboulderinSection2is9.8kgand
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5972kg,respectively,asshownin Table1.
Section1isahighlyweatheredrockmassjointed
withsomelargespacingandsizeblocksintheface
zone,whileSection2ishighlyfracturedwitha
thincoverofweatheredoverburden.Therockfall
simulationtechnique calculated thetrajectory,

kineticenergy,velocitymotion,bounceheightand
run-outdistanceofthefallingblocksbasedonthe
theoryofcollisionandlawsofmotion[33].

Thenumericalanalysis of Section 1 and
Section2wascarriedoutusingthecommercial
softwareRocscienceSLIDE6.0.Sincethestrength
oftherockmassiscontrolledbydiscontinuities,

theHoek-Brownfailurecriterionisusedinthe
analysis.Thesafetyfactorwascalculatedbasedon
thelimitequilibrium method(LEM).Thelimit
equilibrium method is commonly used in
geotechnical engineering problems related to
seepageandthestabilityofslopes.Itusesthe
perfectlyplasticMohr-Coulombcriteriontomodel
soilstress-strainbehavior.

4 Results
4.1 Kinematicslopestabilityanalysis

Basedonstereographicanalysis,foursetsof
joints were observed. The types of critical
discontinuityplanesthatarepronetofailarelisted
inTable2.Theplanarslidinganalysisresultsfor

Section1showthatonly3/7polesareinthe
criticalzone,having42.86%probabilityofplane
failure.Whenconsideringtheindividualsets,2/3

polesareinthecriticalzoneinset1with66.67%

probabilityofplanefailure.Forset2,1polehasa
100% probabilityoffailure (Fig.2(a)).For
Section2,outof6poles,only2polesareinthe
critical planar sliding zone, with 33.33%

probabilityofplanefailure.However,forset2,

allthepolesareinthecriticalstatehaving100%

probabilityofplanefailure (Fig.2(d)).The
resultsrevealedthatset2inbothsectionsismore
susceptibletoplanarfailure(Table2).Nagendran
etal.[34]mentionedintheirresearch,theoverall

planefailurewas8.66%,wheretheprobabilityof
failurewas15.40% (set1),whichisinlinewith
ourresults.Section 1 wedgesliding analysis

presentsthat11/15inter-sectionsareunderthe
criticalcondition,with73.33% probabilityof
failure.ForSection2,thecriticalinter-sectionsare
10/15,with66.67%probabilityoffailure(Fig.2
(b)and(d)),whichiscomparabletotheresultsof
Tiwarietal.[35]andSazidetal.[36].Thisindicates
thatthepercentageofcriticalintersectionsinthese
analyzedsectionsisveryhighandmoreproneto
wedgefailure(Table2).

Table2 Dominantjointsetdataattworockfallsites

SetNo Location Dip/DipDirection Remarks PlaneFailure/% WedgeFailure/%

1

2

3

4

Section1

63/066 Criticalforplanerandwedgeslide

67/032 Criticalforplanerandwedgeslide

84/010 Criticalforwedgeslide

75/314 Criticalforwedgeslide

100(Set2) 73.33

1

2

3

4

Section2

52/115 Criticalforwedgeslide

30/040 Criticalforplanerandwedgeslide

80/034 Criticalforwedgeslide

65/316 Criticalforwedgeslide

100(Set2) 66.67

  
4.2 Rockfallslopestabilityanalysis

Ritchie[37]proposedthatfallingblocksachieve

numeroustypesofmotion,dependingontheslope
structureandthe mechanicalpropertiesofthe
blocks.Infreefallmovement,thereishardlyany
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interactionwiththeslopesurface,whilethefalling
masscontinuallyinteractswiththesurfaceinother
motionssuchasrolling,slidingandbouncingand
eachimpactchangestheirimpactandenergy.

Fig.2 Planefailureandwedgefailureof

Section1andSection2
 

Impactpositionsofthefallingrockbodies(X
(m)andY (m)),thefallingrockmass(kg),first
strikepointandrun-outdistanceoffallingrocksin
bothsectionsaredescribed.Theslopeheightis
103.87minSection1whileinSection2itis123m
asshowninFig.3,whichcausestheblocksto
achieve greater velocity and even extensive
momentum.In allsituations,rock movement
startswithsliding.Thefallingrocksstrikethe

rockslopesandbounceandrollseveraltimesbefore
stoppingorrestingattheasphalt.Theestimated
maximumbounceheightsforbothsectionsplotted
withtherunoutdistance,areshowninFig.4(c)

and(d).

Fig.3 Slopeface,trajectory,motionandrunoutthedistance

ofthefallingbodyat(a)Section1and(b)Section2
 

Theresultsshowedthattherock massin
Section1attainedamaximumbounceheightof33
m,whileinSection2,itattainedamaximum
bounceheightof23m.Thedamagecapacityofthe
rockfallbasedonthetranslationalvelocityand
kineticenergyvaluesobtainedthroughrockfall
analysis,showsthatthedamagingimpactofthe
rockfallisashighas1135.099kJwithafalling
velocityrangingfromaminimumof0.5m/stoa
maximumof44m/sinSection1,asgiveninFig.4
(a),(e)andTable3.
Thevaluesofthedamagecapacityofthefallen

rockmassinSection2areestimatedtobe973.012
kJ,withamaximumvelocityof40.901m/sanda
minimumvelocityof0.5m/s,asshowninFig.4
(b),(f)andTable3.Theparabolaheight,kinetic
energyandvelocityoffallingrocksaregreatly
influencedbyslopeheight,slopeangleandthe

24 JournalofCivilandEnvironmentalEngineering            Vol.43



Table3 StatisticcomputationsofSection1and2

Section
Maximum

velocity/(m·s-1)
Minimum

velocity/(m·s-1)
Average

velocity/(m·s-1)
Meanstandard

deviation/(m·s-1)

1 44.861 0.5 18.975 12.165

2 40.901 0.5 15.853 08.673

Maximum

pre-impactenergy/kJ

Averagepre-impact

energy/kJ

Energystandard

deviation/kJ

Averagestop

abscissa/m

Maximumabscissa

reached/m

4514.351 1135.099 1343.58 104.666 114.373

4995.975 0973.012 1141.962 088.715 093.894

Fig.4 Energiesateachstrikeofthefallenrockmass(a)(b),

thetrajectoriesandtheirparabolicheightsattainedbythe

fallenrockbodies(c)(d),andvelocitypatternofthe

fallenrockbodies(e)(f)atSection1andSection2.
 

weightofthefallingboulders.Similarresultswere
obtainedbyChoietal.[31].Perretetal.[38]divided
kineticenergyinto threeintensity groupsto
determine the hazardous zones. The highest
intensityzonehadakineticenergyofmorethan
300kJ,whichisachievedinthisstudyinboth
sections,asshownin Table3.The medium
intensityzonehasakineticenergyof30~300kJ
andthelow-intensityzonehasakineticenergyof
<30kJ.Dorren[12],Perretetal.[38]andBasson[39]

suggested that a descending block reaches a
velocityof5~30 m/sandeventuallyitstops
underneathaslopeof30°.

Theseanalysesshowedthatthemajorityofthe
fallenrocksstoppedattheroadsideafterlosing
mostoftheirenergy,withfewfallingfurtherdown
tothevalleyfloor.Sothechanceofimpactingthe
commutersonamountainroadisveryhigh.
4.3 Numericalanalysis

Limitequilibriummethod(LEM)parameters
includingcohesion,angleoffriction,unconfined
compressivestrength (UCS),unitweight,the
GeologicalStrengthIndex(GSI)valueandloading
typewereusedforthepurposeofcalculation,as
showninTable4.Consideringtheseismicloading
of0.24g,SeismicZone2B[40]parameterswere
followed. These analyses followed Janbu
methodology,and638possibleslopeslicesurfaces
wereconsidered.ForSection1,25setsofdifferent
criticalparametersliceswerecalculatedsuchas
basecohesion,basefrictionangle,shearstress,

andshearstrength,withthenumericmodelshown
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inFig.5(a)and(c).ForSection2,550slices
were considered for the calculation ofthese
parameters,and 19 slice sets were defined.
GraphicalrepresentationofSection2understatic
anddynamicconditions,isshowninFig.5(b)and
(d).Theseanalysesshowthatthestabilityofthe
slopeisdirectlydependentonthesafetyfactor,

whichis0.917forSection1,showingthatitis
unstableinstaticconditions,whilethesafety
factorforSection2is1.131,showingthatitis
slightlystableunderstaticconditions(Table5,

Fig.5(a)and(b)),whereasthesafetyfactoris
definedfromthenumericalanalysisunderdynamic
conditionsforSection1andSection2,whichis
0.539and0.784,respectively(Table5,Fig.5(c)

and (d)).Exposuretoanyseismicactivity,

whetherbyartificialblastingornatural,suchasan
earthquake,caninducemovementdowntheslope
undergravityandboththeslopescanfailatany
timeproducingsocio-economicdisasterinthearea.
Asimilartrendofstaticconditiontothedynamic
conditionwasacquiredbyAkrametal.[18]

Table4 Averagevaluesoftheparameters

RockType
UnitWeight/

(kN·m-3)
UCSIntact/

kPa
GSI mb s a

Highlyjointedandfracturedrock 28 38000 31 0.1809 1.01301 0.52088

Highlyjointedandfracturedrock 26 41000 34 0.2331 1.67020 0.51710

Note:UCSisunconfinedcompressivestrength;GSIisGeologicalStrengthIndex;sandaareconstantvalueswhichdependuponthe

characteristicsoftherockmass;mbisareducedvalue(fortherockmass)ofthematerial.

Table5 Derivedparametersobtainedfromthelabanalysis

S.No. Component Part
Factorofsafety

Static Dynamic
Remarks

1 Section1 01 0.917 0.539 HighHazardous

2 Section2 02 1.131 0.784 HighHazardous

Fig.5 Numericalslopestabilitymodelwithoutseismicloadingof(a)Section1and(b)

Section2and13-5.tifwithseismicloadingof(c)Section1and(d)Section2
 

5 Discussion
Ateachsite,hundredsofdip/dipdirections

were calculated by Brunton compass while
dominantjointsetdataweremeasuredbypole
density.Inamajorpart,foursetsofslightly
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weatheredjointswereidentifiedateachsiteat
diversepersistenceandfrequency,aslistedin
Table2.Theresultsofthekinematicstudiesare
usedinthisstudytoevaluatethefailuremodein
bothsections.RocscienceSoftwareDIPSwasused
todisplaythemajorplanesalongandacrossthe
slopeandtoanalyzethedataforfailuretypes,as
showninFig.2.

Rockfallslopestabilityanalysisshowsthatthe
blocksweretriggeredtofallduetothesteeprock
slope face, reaching the road and causing
undesirableconsequences.Thetrajectoriesoftheir
fallandtheirendpointsforSection1and2are
showninFig.3.Mostoftherockbouldersreached
thebottomoftheslopeduetotheabsenceof
benches.Theirtrajectoriesaredecidedbythe
collisionoftherockboulderonthefaceofthe
slope.

Additionally,theorientationoftheblocksis
determinedbythepropertiesoftheslope.Upon
thefirstimpact,alargeamountofenergyislost
andtheblocksareseparatedintosmallersections.
Mostofthemmaystopattheirfirstimpact,and
somemaymovehundredsofmetersdownhilltothe
valleyfloor.

Numericalslopestabilityanalysisanalyzesthe
equilibriumbetweendrivingforcesandresisting
forcesandtakesintoaccountmaterialparameters
likecohesion,angleoffriction,USC,unitweight
and GSIvalue,asshownin Table4.Limit
equilibriumanalysisisusedfornumericalslope
stabilityanalysistodefinethecriticalsurfaceon
whichthemovementofrockorsoiloccursoris
expectedtooccur.Thecriticalsurfaceisbasedon
the minimum factor of safety. The limit
equilibriummethod(LEM)isbasedonacommon
approach"resistingforces/drivingforces"[28].

Basedontheanalysisofrockfallevents,the
failurecharacteristicsoftheslopes,andtheenergy
of the falling blocks,appropriate structural
countermeasuresare proposed toimprovethe
stabilityoftheselectedsectionswiththeaimof

avoiding geological hazard. The suggested
structuralcountermeasureisananchoredrock
meshsystemwithrockboltsasadditionalsupport.
Theanchoredrockmeshsystemconsistsofasteel
meshanchoredbybolts,whichcoverstherock
surfaceandrestrainsthemovementofsmallrock
blocksontheslope.Additionally,theselected
sectionsarealsosusceptibletoslopefailure;

therefore,rockboltingisrecommendedtoincrease
thesafetyfactortopreventtheslidingoftheslope.

6 Conclusion
TheKarakorum HighwayinPakistanisnot

onlyaveryimportantrouteforthebusinesstrade
betweenChinaandPakistan,butalsoimportant
for domestic trading. The area along the
Karakorumhighwayisveryvulnerabletoslope
failureandrockfallsthatcouldputpeopleatrisk
and resultin significantfinaciallosses.The
kinematicanalysisshowedthatthetwostudysites
arehighlyjointedwithadip/dipdirectionof67/

32,indicating100%susceptibilitytoslidingunder
gravity.Rockfallanalysisshowedthatthefallen
rockmassinsection1hasattainedamaximum
bounceheightof33mwhereasthefallenrockinin
section2hasattainedamaximumbounceheightof
23m.Thedamagecapacityofthefallenrockin
section1wasprobably1135.099kJ,withthe
velocityvaryingfrom0.5m/sto44m/s,whilein
section2,itwas973.012kJ,withaminimum
velocityof0.5m/sandamaximumvelocityof
40.901m/s.Theseanalysesalsoshowedthatthe
majorityofthefallenrocksstoppedattheroad,

havinglostmostoftheirenergy,withfewfalling
furtherdowntothevalleyfloor.Therefore,the
chanceoffallingrocksimpactingcommutersis
high.Basedonthenumericalanalysis,thestability
oftheslopedirectlydependsonthesafetyfactor,

whichwas0.917forsection1,showingthatitis
unstableinthestaticcondition,whilethesafety
factorofsection2was1.131,showingthatitis
slightly stable under the static condition.
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However,thesafetyfactorsforbothsectionswere
lessthan1underthedynamiccondition,which
meansthattheslopesareunstableandcanslideany
time.To avoid the hazards ofrockfalland
landslides, engineering countermeasures are
proposed.

Acknowledgements
Theauthorswouldliketoacknowledgethe

financialsupportfrom The Strategic Priority
Research Program oftheChinese Academyof
Sciences(GrantNo.XDA20030301)and"Belt&
Road"internationalcooperation team forthe
"LightofWest"programofCAS.

References:
[1]VARNESDJ.SlopeMovementTypesandProcesses

[M]//SchusterRL,KrizekRJ.LandslideAnalysis

and Control,Special Report176,Transportation

Research Board, National Academy of Sciences,

WashingtonDC,1978:12-33.
[2]FIELDCB,BARROSV,STOCKERTF,etal.

Managingtherisksofextremeeventsanddisastersto

advanceclimatechangeadaptation[M].Cambridge:

CambridgeUniversityPress,2009.
[3]KAINTHOLAA,SINGHPK,WASNIKAB,etal.

FiniteelementanalysisofroadcutslopesusingHoek&

Brownfailurecriterion [J].InternationalJournalof

Earth Sciences and Engineering,2012,5 (5):

1100-1109.
[4]SINGHPK,WASNIKAB,KAINTHOLAA,etal.

ThestabilityofroadcutclifffacealongSH-121:Acase

study[J].NaturalHazards,2013,68(2):497-507.
[5]SINGHPK,KAINTHOLAA,PANTHEES,etal.

Rockfallanalysisalongtransportationcorridorsinhigh

hillslopes[J].EnvironmentalEarthSciences,2016,

75(5):441.
[6]AHMADM,UMRAORK,ANSARIM K,etal.

Assessmentofrockfallhazardalongtheroadcutslopes

of state highway-72, Maharashtra,India [J].

Geomaterials,2013,3(1):15-23.
[7]WYLLIEDC,MAHC W.Rockslopeengineering

[M].4thEdition.London:CRCPress,2004.
[8]YOUSSEF A M,PRADHAN B,MAERZ N H.

Debrisflowimpactassessmentcausedby14April2012

rainfallalongthe Al-Hada Highway,Kingdom of

SaudiArabiausinghigh-resolutionsatelliteimagery
[J].ArabianJournalofGeosciences,2014,7(7):

2591-2601.
[9]AGLIARDIF,CROSTAGB.Highresolutionthree-

dimensionalnumerical modellingofrockfalls [J].

InternationalJournalofRock MechanicsandMining
Sciences,2003,40(4):455-471.

[10]ASTERIOU P,SAROGLOU H,TSIAMBAOSG.

Geotechnicalandkinematicparametersaffectingthe

coefficientsofrestitutionforrockfallanalysis[J].

InternationalJournalofRockMechanicsandMining
Sciences,2012,54:103-113.

[11]CROSTAGB,IMPOSIMATOS,RODDEMANDG.

Numericalmodellingoflargelandslidesstabilityand

runout [J].Natural Hazardsand Earth System

Sciences,2003,3(6):523-538.
[12]DORRENLKA.Areviewofrockfallmechanicsand

modelling approaches [J].Progressin Physical

Geography:EarthandEnvironment,2003,27(1):

69-87.
[13]PRICE D G.Engineeringgeology:Principlesand

practice [M ]. Springer Science & Business

Media,2008.
[14]GUROCAKZ,ALEMDAGS,ZAMANM M.Rock

slopestabilityandexcavatabilityassessmentofrocksat

theKapikayadam site,Turkey [J].Engineering
Geology,2008,96(1/2):17-27.

[15]NKPADOBIJI,RAJJK,NGTF.Classificationof
cutslopesin weathered meta-sedimentarybedrocks
[J].EarthSciencesResearchJournal,2016,20(2):1.

[16]QICQ,WUJM,LIUJ,etal.Assessmentof
complexrockslopestabilityatXiari,southwestern
China[J].BulletinofEngineeringGeologyandthe
Environment,2016,75(2):537-550.

[17]AYDAN O.Geologicalandseismologicalaspectsof
Kashmir earthquake of October 8,2005 and a
geotechnicalevaluationofinducedfailuresofnatural
andcutslopes[J].JournaloftheSchoolofMarine
Scienceand Technology-TokaiUniversity (Japan),

2006,4(1):25-44.
[18]AKRAM MS,ULLAH MF,REHMANF,etal.

Stabilityevaluationofslopesusingkinematicandlimit
equilibrium analysesin seismically active balakot,

KPK,Pakistan[J].OpenJournalofGeology,2019,9
(11):795-808.

64 JournalofCivilandEnvironmentalEngineering            Vol.43



[19]ALIS,BIERMANNSP,HAIDERR,etal.Landslide
susceptibility mapping by using a geographic
informationsystem (GIS)alongtheChina-Pakistan
EconomicCorridor(Karakoram Highway),Pakistan
[J].NaturalHazardsandEarthSystem Sciences,

2019,19(5):999-1022.
[20]Rocscience.DIPS version 6.015,graphicaland

statistical analysis of orientation data [CP].
RocscienceInc.,Ontario,2014.

[21]Geostru.GeoRockuserguide.Geostrusoftware[M]

Cosenza,Italy,2004.
[22]RocscienceInc.SlideVersion6.0-2DLimitEquilibrium

SlopeStability Analysis [CP].Toronto,Ontario,

Canada,2010.
[23]DERBYSHIREE.Geologicalhazardsinloessterrain,

withparticularreferencetotheloessregionsofChina
[J].Earth-Science Reviews,2001,54(1/2/3):

231-260.
[24]AMBRASEYSN,LENSENG,MOINFARA,etal.

ThePattan (Pakistan)earthquakeof28December
1974:Fieldobservations [J].QuarterlyJournalof
EngineeringGeologyandHydrogeology,1981,14(1):

1-16.
[25]PakistanMeteorologicalDepartment(PMD)[R/OL].

https://www.pmd.gov.pk/en/.
[26]WYLLIEDC,MAHC W.Rockslopeengineering

[M].CRCPress,2014.
[27]CRUDENDM.VARNESDJ.Landslidetypesand

processes [M ]//Landslides: Investigation and
Mitigation,1996.

[28]EBERHARDT E.Rock slope stability analysis-
utilizationofadvancednumericaltechniques[J].Earth
andOceanSciencesatUBC,2003.

[29]MARKLANDJT.Ausefultechniqueforestimating
thestabilityofrockslopeswhentherigidwedgeslide
typeoffailureisexpected [M].Interdepartmental
RockMechanicsProject,ImperialCollegeofScience
andtechnology,1972.

[30]YOON W S,JEONG UJ,KIMJH.Kinematic
analysisforslidingfailureofmulti-facedrockslopes

[J].EngineeringGeology,2002,67(1/2):51-61.
[31]CHOIY,LEEJY,LEEJ,etal.Engineering

geologicalinvestigationintorockfallproblem:acase
studyoftheSeatedSeokgayeoraeImagecarvedona
rockfaceattheUNESCOWorldHeritagesiteinKorea
[J].GeosciencesJournal,2009,13(1):69-78.

[32]THORBJÖRNSON L T.Rockfallsfromrockcuts
besideSwedishrailroads:Afullscalefieldtest,to
investigaterockfallsandhowrockbounces [D].
KTH,2016.

[33]KESKINI·.EvaluationofrockFallsinanurbanarea:
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