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Abstract: The DonglaBridge, Muli County, Chinajs a key access road betwemmnties in Sichuan

province and the only traffic facilitjor an important500 kV electricity substationwhich provides

power to nearby countiesin June 2011, during the bridge constructian, unknown landslide,

subsequently nametthe Dongla Ancient Landside (DAL), was encountered.ocal reactivation of a

portion of the DAL, termed the DongReactivated_andslide (DRL), was indicated by evidepbund

deformatiomatthe Dongla Bridge In spite of thistransportation ofomeheavy electrical equipmett

the substationwas scheduled on 9 May 20130 to guarantedhe stability and securityf the bridge

beamea primaryemergencyask Detailedfield investigatios of the landslide occurrenceonitoring

and emergencymitigation constructionwere carried ait in the period between 2011 ag014. This

resulted ina temporarystabilizationof the revivedlandslideand ensuredhe timelytransportation of

the heavy electrical equipmentt is thoughtthat te revival mechanism ofthe DRL is creep —

translational slidingand wasmainly triggeredby artificial slopecutting but also influenced by

precipitation river erosionand manAmade activities in théorm of smallscale mining operations

Following complete failure of the DRLhé probability of landslidedam and dam breach is proved to

be small byRisk Analyses This paper can provide an insight into the problems associatedhe

interaction between the human structures and landslide instabilities.
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1. Introduction

The Dongla Reactivated Landslid@RL) is locatedin the Shuiluo River,l0 km upstreanfrom
Shuiluo village,and 100 km upstreanirom Muli county of Sichuan province, Chinét is located
within an impoverished andparsely populatethountairous region connectedpreviously byonly
poorquality roads Figure 1). Hydropower has recently been developed in this area and in torder
provide a vital road link to a 500kV electricity substaticnwell asaccess to other countjghe 134m
long Dongla Bridgewhich crosses the Shuilou Riyavas completed in 2Qlat the cost of 8 million
Yuan Unfortunately,due to inadequate geological exploratithg bridgeabutment was locateslithin
a preexisting ancientandslide(Figure 2), known here as the Dongla Ancient LandsiB&L).

The approximately 6 million MDRL wasactivatedin June 201within thelarger DAL which hasan
estimatedtotal volumeof 2 hillion m® After severalperiods oftorrertial rainfall in June 2011
deformation of the ground andbridge including cracks, subsidence and dislocatitbecame
progressivelyisible. Ths conditionposd a serious thra to the serviceabilityof the bridge and the
local inhabitans.

Thetimely provision ofelectricity supplyto this remote regiomvas considered vital for theiccessful
completion of the hydropower statiofhat dependedon the transportation oheavy electrical
equipmenby a specific datedth May 2013. Therefore instead offocusing onmitigation ofthe DRL
itself, the protection oDongla Bridgewasconsidered to benoreimportantfor the mainstakeholder
China Power Engineering Consulting (Group) Corporat8@sed orpreviousgeological experiencd,
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effective remediationvas notcarried out to reducthe continuous displacement of ttamdslide the

bridge would be destroyednd the rivewould bedammed Authorized bythe stakeholder, detailed

geological investigatioof the failure mechanispdisplacemeninonitoring,andemergency mitigatia,

wereconductedsuccessively fronDecember 2018 April 2014.

This paper discusses the measures taken, and how this typebtEnp can be tackled in a broader

context— specifically focusing on the importance of ground investigadioch monitoring to understand

the mechanisms of movement of a particular slope and therefore, lehwnsavement can be

mitigated.

2. Geological setting of research area

2.1 Geomor phology

The drainage basin dfie Shuiluo River is located at the transitionat®tweernthe QinghaiTibet and

YunnanGuizhou Plateas) in the eastern Hengduan MountainBhe geomorphological pattern is an

erosion terrain inclining from north to south with complicated geomonypes.Due todeep incigon

cut by theriver, the streth wherethe DRL developed is 50 rm60 m wide with a characteristi&/"

shaped vallegnd40° ~50° bankslopes (Figure 2).

2.2 Hydrology

Precipitationis mainly in the summerainy seasor{May to Octobey, when eachyear floods from

upstreaminundate the toe of bank slopesver a period of three to five days (He, 2009. The

porephreatic water isignificantly influenced by thewater level ofthe Shuiluo Rver, although no

perched water table devekpn theslopesurface.

2.3 Neotectonic activity and seismicity

The researclregion is tectonically active because of its locatthe marginof the Tibetan Plateau,
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where intensivéntermittentuplift hasresulted in a distinctive topographical contrast with the plateau

and lower basins, high mountainsdadeeply incised valley§Huang 2015. From 1991 to present,

around30 earthquakewith seismicintensities ofModified Mercalli scaleMM V or larger have been

recorded(He, 2009. According toNational Seismic Standardization Technical Commiti&&l5), the

typical seismicintensitiesin Shuiluo Village area are MMV to MM VII, and the peak ground

acceleration (PGA) is 0.10 g wilresponse spectrum period of 0.45 s

2.4 Sratum lithology

The Dongla Ancient Landslidewithin which the DRUocated,is situated on the loar part of theright

bank slope. Throughfield investigation lithologies belongto the Quaternary and the Triassias

confirmed The Quaternary part mainly consists of residual, alludiflivial and colluvialdeposits, a

well asreworked landslide deposstthat consist ofangulartuff blocks,fine gravel sand silt and clay

with weak mechanicalstrength The grainsize distribution of the surficial depositas estimatedby

visual observationTable 9. The Triassic part (L) forms outvardly tilting bedrock(N42°-58°W/NW

~50-68°). The outcroparesporadically distributed in the slope surface and the bottom of ditches.

2.5 Anthropogenic activity

During the field investigation, more than 50 gold mining mifseadrandomlyover the bank slopes

were found According tothe localinhabitants aftera gold-bearinglayerin thebank slopesvas found

from 1990 to 2000a large number ofllegal gold miningactivitieswere conductedn theslope which

causedgreat damagto the vegetation andoil conservationBecause ofhe subsequent intervention of

the governmenandthe decreas of gold reservg the mininggradually stoppedAlthoughthe ecolog

recoveredo some extenandthe vegetation coveragecreasd greatly a great deabf consequence

remainedAs the support timers incavesandpitsin the slopeveathered and rottethe groundended
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to subsié and slowly crack. Subsequentlthe nevly formed cracksprovided direct conduits for

precipitationto getinto the landslideAlthough the influence is difficult tbe guantified precisely the

intricate net of miningunnelsis considered to have contributed to the destabilization of the slope.

In addition, the engineering excavatiofor the newbuilt ancillary roadand bridge construction

(Figures 3 - 5) undercutthe toe of slope, resulting in a reduction fine stabilizing force The influence

of this excavatioris discussedn detail in Section and 8

3. Field survey and brief history of the DAL

A large number of ancient landslidesistin the mountain canyamof Sichwan province due ttectonic

activities (He 2005; Cui et al. 2008 Their characteristics arerescentieshapedheadscaps, gentle

multi-terracesandsteepy slopingtoes that stretch into rivergWanget al.2003;He 2005; Dong et al.

2014). Topographicali}, the 1500 mlong and 4000 m wideDAL shows similar characteristics as these

ancient landslides, beirgjeepat the upper part and the foot, dml/inggentle stegike terracesn the

middle part(Figure 2 and Figure 3) (Jones1993; Dewitte et al. 2006 Paneket al. 2009; Jia et al.

2013.

The slidingplaneof the DAL at2100m asl., was inferred fromthin layer offine grained soilithin

the intactrock masson the right slope of the Siweng Gougt. The further interlayersvhich were

distributedsporadically on the left bank slopadicated thathe DAL had, at one point, dammed the

Shuiluo River and thereafter breached quicklgnsidering theseismicity of this areaogether with

the existence of two escarpmentsseems thathe DAL slid twiee due to acombination oflarge

earthquake andr precipitationduring theQuaternary Pleistocena few exploratoryholeswere drilled

atamaximal depth of 10@n to find the sliding plane ofhe DAL, but this was unable to beonfirmed

althoughfragmenial quasilamellar tuff rock walocated a6 - 64 min depth(Figure5).
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4. Fied investigation and deformation of the DRL

4.1 Basic geological infor mation of the DRL

Within the DAL, thewidth of the DRLsource zone along the riviex 1200 m, the lengtis 20 m the
areais 300,000 mand theestimated volumés 6 million m® (Figure 3 andFigure 4). The headcarp is
at 2310 m asland toe at 218.m asl, resultingin 195m elevation difference and an average gradient of
28° for this neaiplanar, translational slid@he chairshapé rear scarpubsidenceés approximately40
m - 60 m(Figure 3andFigure §. As shown in Figuré, thelong tensile cracks at the resrd the shear
cracks at the lateral boundanakethe surface wateand rainfall easily infiltateinto the slope.

4.2 Destruction and defor mation characteristics of the DRL

Betweenthe yeas 2011 and 201,2ensionand sheacracks appeareahd developedear the headscarp
andthe lateral boundaryespectivelyFurthemmore, bulging of a retaining ®all at thetoe of the DRL,
collapse of the ancillary roaslopeand small brittle fracturesn the bridge were observdEigure 6)
All the failure signsindicated the occurrence of an active lands(ibeng et al., 2016 To try to
preventfurther deformdion, some supporting systems (steel arch and shotbteon theroad slope
atthe hairpin bendvere installedn December 201 lbutthese did not produce the desieftéct From
2012 t02014 the situatiorgot worse and many fractures on the top d@wttom surfaces of the bridge
abutmentemergedputtingits operatiorin danger

Figure 7, which wastaken after the landslide reactivity (20 Dec. 20Xhowsthat the main scarp
subsided further3 - 5 mduring one monththe arc tension crackstreated200 - 2000 mm, andshear
cracksextendedb0 -200 mm to the southeast boundary

In considerationof morphological rupturefeaturesand thedestruction of enginegrg works, we
concludedhat thesliding surfacewas fully formed by the end of 2012 aret DRL wasin an intense
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or accelerated deformation stagdeno effective measures were implemented immediatelythtieait to

the stability of the DnglaBridgewould lead to its destructiofiGrana and Tommasi, 20)L3

4.3 Deformation characteristics and damage of the Dongla Bridge

Dongla Bridge is 434 mlongand 6.5 m widgrestressed condeecontinuous box beam bridge with

three spang~igure 8). Theinteraction betweethe thrust ofthe DRLandtheresistance othe bridge’s

piers led to large andccomplex local deformation The main deformatiaincluded bulging and

fracture ofthebridge deck, distortion and toppd of Pier 3, andbulgingand craclkng of the retaining

wall behindPier 2 (Figure 9). Considering the contrast betwethe deformation fothe retaining wall

behindPier 2andthe absence afracks on the surface of Pier 1 (furthest away from the landslide, bank)

we inferred that thexit of the slidingplanewas at the foundation cap Bfer 2. Until Jaruary 2013,

the t@ horizontal displaemens of Piers 1, 2 and Bached 94nm, 18 nm and 318nm, respectively

in differentdirections(Figure 9.

5. Monitoring

The surface movement dhe DRL was monitored from 6h November2012 to 9th April 2014

(spanningthe dateof transporing the heavy kectrical equipmentf - 9th May 2013. The internal

movementasmonitoredby inclinometersdaly from 4th to 27h Segember2013

5.1 Surface movement monitoring results

Geodetic survey pillars (SM&M20) were installed on 6th November 20E2g(re 9. Before the

emergency mitigation, the maximum displacement rate along the stittigfion was approximately

65 mm/day Figure D); during the period from the end ofstallation ofthe emergency mitigation

measureg¢5th March 2013)see Section 6fo the keginning of the rainy season (July 2013), the rate

decreased to approximately 40 mm/ddyring the rainy season (July to October 2013), it drastically
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increased to 97 mm/day and then declined to less than 85 mmfdayndicateghat the sliding rate

was sensitive taboth mitigation engineeringvorks and rainfall (Panek, 2009). The detailed data from

twenty surface monitors are shownTiable2 andFigure 1. According to the timeseries deformation

data, this type of motion can be classified as a di@mslational landslide in the Cruden and Varnes

(1996) scheme as modified by Hungr et al. (2014).

According to the surface cumulative displacement data over one and a half yeeas, see that:

1. The displacements of SM1, SM6, SM11 and SM16 atdbef the DRL were 59mm — 393

mm, andrelatively minimal among the totatonitoing pointsalong the centre sliding vector

(SM11 had a larger displacement suggesting some local earth movements deepto s

topography), which can be attributed to the emmaeygenitigation described later in Section 7

and Section 8;

2. The displacements of SM5, SM10 and SM15 at the upmost pidme DRL were 4259mm —

7062 mm, greatest among the tatabnitoring pointsalong the center sliding vector, and

paving the way forbetter forecasting and prediction of likely landslide behavidgtie

phenomea that theupperdisplacemergtbeinglargerthanat the toe wasin accordance with

the inclinometer results. The declining trend of surface displacememtstifieheadto the

toe of the DRL (Figure D and Figure 1) appears to verify the effectiveness of the

emergency mitigation to decrease the deformation rate.

5.2 Inclinometer results

Conventionalmethod to determinethe depthof the sliding surfacevia rock coreswere not posgle

due to theinten®e dislocation of boreholedy the sliding movementf the DRL However,

inclinometes could bothdeterminethe sliding surfaceandtrackthe subsurface movement rates within
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the landslideas done effectively elsewhef@orgatti et &, 2006;Macfarlane, 2009; Jiao et al., 2013;

Massey et al., 20)3As shown inFigure4 andFigure 5, theinclinometer tubes were installed in three

boreholes B04, BO5 andB06) by DHT drilling, and D surfacemonitoring pointswere distribued on

the slope Figure 5 shows the layout oinclinometersiN1, IN2 and IN3andthe surfacemonitoring

pointsalong the centrdine of landslide (BB crosssectionin Figure 4). The depth of the tuff rosk

from IN1 —IN3 are 35.9 m, 55.0 m and 64.2 raspectivelylt can be inferredhat the sliding planef

theDRL is ata depth oflL7 m to 19.5 mwith a slope of 22 (Figure 12). The cumulative displacement

at the crown ofheinclinometes werel6 mm, 33 mm and 41 mmespectively, betweedth and27th

Sepember2013 (Table 3). It should be noted that becausetlzd hesitation of thetakeholdeand the

long bidding processthe inclinometer monitoringvas implemented after the emergency mitigation

construction.

Figure 12 shows that (1) the cumulative displacemeaddisplacement rate at the top of IN3asger

thanat theother two inclinometersyhereas(2) the cumulative displacement and rate of riegor

sliding plane at IN1 idarger than other two inclinometer§hesetwo observationsuggest thatthe

extenal factor which triggered the DRlaserosion or degeneration of thee of slope resulting in

translational movement at the toand theoverall geomechanical movement mode is “creep

translational sliding”, resulting in additional shearing within ttendslide mass above theet(Stead et

al. 2006; Zhao et al. 2015). This meant thateven thoughthe emergency mitigatioat thetoe of the

landslide did reducethe surficial deformatiorto some degreevia the reduction in translational

movementthe slding still went ondue to shearingr hesephenomea illustratewhy movementsvere

constantly active andbald easily be accelerade

5.3 Piezometer results
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Three piezometerd1, P2 and BB, were installed at the bottom tfe boreholes (B06, BO5 and B04)
(Figure 4andFigure5), corresponding to the location M1, IN2 and IN3respectively.The Darcian
permeability coefficientk, of the chaotic landslide deposits was found toltie- 1.4X10° m/s (~
80-120 m/ay). This high value indicatethat any groundwater flowing in the landslide would be
highly influencedby the river andecentprecipitation.However,the observed groundwater le¥gdm
piezometerseadingswasdetermined aabout 2110m, 215 m and 2125 m asltespectivelywhichis
located benath the sliding planeTherefore it would have little effect on landslide reactivatidwas
assumed thahe groundwater level would rise by the same height thiglvariation of the river water
level from the nature condition tihe floodcondition as later discussed in Section 7

6. Emergency mitigation construction of the DRL

Mitigation of hazards of large, deep, and relatively-fastiing landslides is a difficult engineering task,
which requires a good understanding of the causes and mechanisms thaislepd failure Pulko et

al. 2013. In China, applying a surcharge to the toe of the landslide had psbvisuccessfully
prevented similarly reactivated fossil landslides induced by manmade esnafratpescu 2001Li et

al. 2006;Picarelli2011;Chen et al. 20105 Here this method was applied to decrease the sliding rate of
the DRL to guarante¢he transportation of the heavy electrical equipment and the electric power
delivery work as scheduled. 80000°munny bags filled with soil were placetithe toe of the DRL,
and an artificial slope of 200 m length was thereafter constructed &ler@htiluo RiverKigures B -
15).

The artificial slope was constructed betwedhatd 28" February, 2013, resulting in a satisfactory
reduction inthe sliding rate(Figure 11) suchthat the cracksn soil stopped widening, as inspected

visually. On §' May 2013, nine vehicles carrying the heavy electrical equipment withakldad of
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1400 kN passed over the Dongla Bridge. The-tiea¢ monitoring showedhtt, in the process of
transportation, the bridge structure produced no abnormal displacebueniet al.2014). Moreover,
in the period betweenand 2§ September 2013, the landslide movememys inclinometers
decreased to an average value of leas thmm / day.

7. Sability evaluation of the DRL

In China,due toits conceptial clarity versatilityandsimple calculatin processthe Limit Equilibrium
Method (Bromhead, 199Ris widely used in slope survey and designd is specified as the stability
evaluation methodo be used in generdly the China Geological Survey2008§. It should be noted,
however, thathis methodis not suitablewhen dealing wittsome special landslidesuch adateral
spreads, diffuse landsliggplastic- flow and the roc&lide undergoingsudden brittle fracturéArief et
al. 1998 MendjelandMessas2012). The crucialprerequisits of this methodarethat the sliding plane
has been determingthe soil of the rupture surfacebserve a Mohr - Coulombfailure criterion and
the sliding bodyis coherentduring sliding.According to the inclinometer monitoring resulthe DRL
with its planarsliding surfacecould basically maintaicoherencelduring the sliding stagddence the
Limit Equilibrium Methodwas consideredsuitablefor determinimg the stability of the DRL, anche
calculation accuracyas sufficient to medhe needof engineering design

Selection of shear strengffarameterss keyto accuratedetermination of stabilityPracticaly speaking
due to the heterogeneity and diversitytled rock and soil masst can bedifficult to obtainappropriate
parameterdrom testing The backcalculaton procedurepresentsa relativdy easy way todo this,
particularly when slopes are under incipient orgoing failure In practice some significanstatus
information of the landslide should be considered carefully, includigformation and failure
characteristicsfield monitoring dataetc From experienceChinesegeologistshave empirically
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determined a soun@lationshp betweerthe calculatedstability coefficient othe slope(also known as
the Factor of Safety against sliding (Bromhead, 1988)) such thetatus informationthat includes
deformation and failure characteristics, as well nagnitoring data(Table 4). Because the
deformation of DRL and initial damage of Dongla Bridge appeprst after the slopexcavation it
was hypothesizedthat the DRL had beenstable and wast the limit equilibrium state (stability
coefficient = 1) before the excavation

The natwal and saturated densities of the silty clay soil vedrginedfrom laboratory testing as 1960
kg/m® and 2150 kg/r) respectively.Based onthe most conservative consideratiptize frictional
resistance parameterereobtainedirom back analysigTable5) using theLimit Equilibrium Method

The integral stability coefficiestof the DRL were calculated under three scemavigth two water
levels (Table 6 and Figure 16), which shows that the DRL would be unstable urtatgth rainfall and
earthquake conddns.

8. Reactivity mechanism of the DRL

As for most largescale ancient landslides, the deposit usuddfiprms withgravitationalcreep(Cui et

al. 2009. When it comes tahe reactivity of ancient landslides,large number of cases indicate that
the newforming sliding plans tend to occur along prexisting rupture surfaces, which are normally
interfaces between rock and sdilg et al.200Q Dewitte et al. 2006). Significantly, the formation
mechanism ofherupture surface isensitive to environmerdl changesandhuman disturbancel¢nes

et al 1993 Dai et al.2000.

As far as the DRL is concerneslcomparativeanalysis of geomorphic characteristics and the pattern of
sliding plane can provide insight into thevival mechanismFirstly, by comparing tothe stable region
within the DAL, it is inferred that precipitation and fluvial incision by the river are not then mai
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destabilizing factorsSecondlyi,it is noted that the gol mining pits were predominantly located in the

DRL. It is thought that theideterioratiorcould fracture the soil texture and accelerate the creep speed

of the DRL(Benko and Stead, 19p8Thirdly, because thsliding plane of the DRL wag) evolving

throughoutthe soil layerover a depth ofapproximate 19.5n, and 2) planar anthereforedifferent

from such arc-shapeé landlside triggeredin homogeneous sojlsa relativéy rapid extenal

envirormental changg such as thenodification of the surficial geometry via toe removabuld be

ultimatelyresponsike for the reactivaton.

In this regard,it is inferred thatthe revival mechanism ahe DRL is an accelerated creeping

translational sliding triggered hipitial gold miningand subsequerdlopecutting constructionThe

declining trend othe surface displacemenédterthe emergency mitigation (Figure 1&lsoappears to

verify this analysis Therefore, the constructi on previouy mined slope should becarefully

considered, or elsayoided a similar situation in the future.

9. Analysison the development trend of the DRL and cascading hazar ds

Althoughthe sliding rate ofhe DRL wasdecreasethy theemergency mitigatiarthe displacement still

increased slowly. In Februry 2014, rmimber of tensile cracks emerged on tltificial slope

presentinga potentialrisk to the stability of thdridge(Figure 17). Althoughthelandslidewould notbe

expectedcatastrophicallyaccelera¢ under thestate oflow-speed deforation (Picarelli 201), a

sudden increase of the driving force (due toiraundation heavy preciptation or earthgiake, etc.)

could still lead to thedestructionof the bridge In the worstcasescenarig river blockage orsurge

generatiorcould happen because of the volume, location and activith@DRL (Macfarlane2009.

Considering the volumes involved, in thenst case scenario whetee moving masslid coherentlyin

wholly translational slidingit could block the Shuiluo Riverand form a landslide danwith a
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calculatedmaxium heighof 20 min accordance witkthe thickness athe sliding body.Consideringhe

5% river bed gradient othe Shuiluo River,it might causea backward length of impounded watefr
about400 mandalake capacityabout 0.4 million M. According tolocal geological experience, due to
the fast rise of impounded water, the loose bamiaterials would easilpe breackd in a shorperiod

and form a debris flowXu et al. 2013; Liu et al2010. The largesdownstreampeak flow was
speculated to be 1400%mreachingl0 km downstreambut it would notbe expected texceed the
conveyancecapacity of this segment of Shuiluo Rivarlle 7). If, on the other hanthe DRL were
ruptured internallyand fell block by blocknto the river the blocks would easily be wasthaway In

this casethe travel distance arabveredarea would be much matimited Eberhardt et al. 2004

10. Future options

Large ancient landslides in mountairs regionsare vulnerable and liable to be reactivated by
environmental changes such as changes of hydrologic balance and dherat&2(009. It is of utmost
importarce thatany active mitigation measurege designed not only to efficiently restrain the sliding
mass, but also tguaranteesafe construction, with the likelihood of damage reduced to an acceptable
level during the construction procesBu(ko et al.2012. Based on this consideration, several
permanent treatment solutions for the DRL were proposed. Howeveimpdy stabilize the sliding
zone at the ancillary road sectiomuid cost nearly 100 million yuan, whickould beunrealistic. In
fact, the proprior was in thedilemma of whether sustaiing the existing Dongla Bridge with
stabilization construction, whiclvould beexpensive and probably uselesshe long term undethe
compkex geological conditionpr establishinga new bridge instead. After comprehensive comparison,
the second plawasadopted. Thus the old bridgeas dismantledvia a controlled explosior(Figure

18), anda siteto build the new bridga&vaschosen downstream outside the DAL. In the meantime, the

Page 14



observatiorof the DRL is still being undertakerio avoid potential landslide hazards.

11. Conclusion

This paper has discussed the investigation, monitoring, anahgim#igation of a large translational

creeping landslide, affecting an important infrastructural activityrengote and mountainous region in

China.By doing so, the study examined a range of possible triggers and scendramsttidesd to the

instability and therefore considered a series of options to enable enuineeniks to proceed. As a

case study, it illustrates hogngineers and geologists can pragmatically approach a most complex and

potentially dangerous situation by the judicious use of relativelplsi engineering tools, such as site

investigation, Limit Equilibrium analysis, back analysis and monitoring.

The Dongla Reactivated Landslidea partialy reactivatedportion of the Dongla Ancient Landslide,

wasreactivated indune 2011resulting ina direct threat to the security and serviceability of the Dongla

Bridge. As the vital transportation of heavy electalcequipment across the Dongla Bridge had been

scheduled on 9 May 201%nsuringthe stability and security of the bridge became a primary

emergency task. In order to achieve this goal, detailed field surveysappuing were first completed

to obtain a déneation of the DRL.Subsequentlysurface displacement monitoring was carried, out

from the November 2011 to April 20,1t provide data for thevaluation of thérends inmovement,

and the internafieformationwas monitored by inclinometers every daydietermine the slidinglane

andstage ofdeformation.The installation of such inclinometers were key to determining the docati

of the sliding plane of the DRL and their continuous monitoring enabkeceffiect of time to be

ascertained (i.e. whether the slide was accelerating, steadily moving or deuplettae efficacy of the
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mitigation measures (i.e. did the arrest or slow the landslide); and thef nokger (i.e. how was the

rate of sliding affected by rainfall).

The result showed thahe DRL is an accelerated creepingtranslational slid, located with the

fractured and sheared material of the much larger DAL. Considerationabfhistory, ground survey

and observations of the timing of slope movement led to the conclusiohehaRiL wastriggered by

initial gold mining and subsequenslopecutting construction.lt was the combination of such

investigative activities that enabled a full scenario to be postulated.

Based onthe subsequenstability analysis ancbn geological experience, engancy mitigation

measuresvereimplementedat the toe of the slidifom Jamary 2013 to Marcl2013.Considering the

remote location of the landslide, the implementation of further mitigatieasures, such as the use of

large concrete shafts along the slide as applied elsewhere (e.g. Pulko eRglw21not considered

feasible in terms of economic cost versus benefit. Howeagegrding to the monitoring data of the

surface movement ahe DRL, thetoe mitigation reduced the sliding rate of the landsleffectivelyto

enablethe transportation of the heavy electrical equipneattimely manner

This study has provided an insight into the problems associated with the interaction between

engineering construction and the dynamic behaviaa factivatel and rapidly moving translational

landslide.Further the emergency mitigation mentioned in this paper is waoting asa potentially

effective method to temporarily stabilize reactivated landslides caugedhuman activities.

Conclusively, for similarfragile mountain environmest the consideration ofuture engineering

projectsalong river banks should follow a detailed ground survey and geotechnicadtimation,

coupled with an examination of possible future scenariosiditay groundwater movemengeismic

activity, and the influence of human activities.
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Table 1 Grairsize distribution of the surficial landslide deposit

Material Color Grainsize (mm) Finer by mass (%)
clay and silt  yellowish <0.075 25
sand  yellowishbrown 0.075-2 40
gravel blue-grey 2-20 70
block blue-grey 20- 200 100

Table2 the surface cumulative displacement monitor result (6 Nov. 2@2&pr. 2014)

X Y z X Y z X Y z
Surface - - Surface = - - Surface - -
. diredion direction direction . direction direction direction . direction direction direction
Monitor Monitor Monitor
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

1 393 -107 -29 8 3089 -209 -504 15 7063 -1587 -3767

2 334 -24 -334 9 5234 921 -2804 16 149 39 -92

3 1362 59 -507 10 6381 -1490 -3568 17 10 -18 4

4 3890 -574 -1738 11 2272 -1029 -885 18 6837 -2020 -4352

5 4260 -1296 -2956 12 3170 -1020 -1871 19 7026 -1860 -4328

6 59 4.2 -17 13 62170 -1113 -1468 20 6051 -1100 -4463

7 1528 -548 -815 14 6183 -171 -2878

Note that: X represents the sliding directionisYperpendicular to the X directi@owardsupstream; Z represents

the vertical directiorigravity direction)

Table3 Summary of inclinometer result84.09.2013-27.09.2013when the inclinometers were

assumed totear during landslide movement)

. Mean
Cumulative . : .

Depth of _ displacement ratt  Cumulative Displacement

. Depth of o displacement at . o
Inclinometer sliding at topof displacement of rate of sliding
borehole top of o -
surface inclinometer sliding plane plane
inclinometer tubes
tubes
(m) (m) (mm) (mm/day) (mm)

IN1 60.0 185 16 0.7 14 0.6
IN2 70.4 19.5 33 1.9 3 0.7
IN3 100.4 17.0 41 5.9 - -
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Table 4 Relationship between developed stage and stability coefficient (Da6y, 2

Developed ~ Maximal displacemen - Stability
Surface deformation o status of sliding plane o
stage of sliding plane coefficient
Embryonic o .
Invisible Millimeter - >1.1
stage
Deformation evidence ) Coalescencef fractured at
Creep stage Centimeter o o 1.0-1.1
at scarp and toe limit equilibrium state
o mainscarp subsidence ) Wholesaleupture and
Sliding stage Decimeter meters ] 0.95-1.0
and toe bulge complete failure
Empacement Sedimentation, partial o
- - > .
stage collapse
Table5 Physical and mechanical parameters of the sliding belt
density Cohesior Internal frictional angle
parameters of surface of ruptt Dry or wet .
(kg/n?)  (kPa) )
natural state Value from BCA D 1960 7.0 243
rainfall state Value from BCA W 215 7.0 228
Table6 Stability coefficients othe DRL underdifferent scenarios
Sliding plane  Water lever of river Scenarios Stability coefficient Stable tate
Normal 1.05 basic stable
Normal Rainstorm 0.8 Unstable
1 Earthquake 0.9 Unstable
Normal 1.8 basic stable
Flood Rainstorm 0.87 Unstable
Earthquake 0.97 Unstable
Normal 1.02 basic stable
Normal Rainstorm 0.85 Unstable
) Earthquake 0.95 Unstable
Normal 1.00 basic stale
Flood Rainstorm 0.84 Unstable
Earthquake 0.94 Unstable

Table7 Influence on downstream after ddoreaking

The position downwards barrier dam (m)

item
0 (dyke breach) 200 500 1000 2000 5000 10000
Peak flow (m¥/s) 2318 1933 1639 1540 1494 1451 1429
Height of flood crest (m) 21.8 155 134 12.7 10.7 7.7 3.2
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Fig. 1. Location oDongla Reactivated LandsligPRL) and its nearby cities and towns.
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Fig. 3. Location of the Dongla Bridge and Dongreactivated_andslide The construction athe

Dongla Bridge andhenew ancillary road (black line), as well as the goiding pits and the gold

washing pondiestabilizedhe slope.
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Fig. 4. The engineenig geological plane and the arrangement of displacement monitoring pbthe

DRL (inclinometerdN1 — IN3: red;surface monitoring pointSM1— SM2Q blue).
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Fig. 7. Deformation evidence: (&0 mHeadscarp fothe DRL, viewing north (b) 380 m long and).1-
0.4 m widetwisty right shearing crack of the DRhainly cut through the sgi(c) damage of retaining

wall andancillary roadpavement(d) subgrade failure of the ancillary road.

0 10 20m
. L ] H
Dongla V|Ilage<] 100 ﬁ> Muli county
600 2%1 600 B 3%3 000 | 600 {{
— .6cm
J "— == 10em  94cm
e mo 150, f - :_3777,,77 e
2141.364 m asl./ & Piers— 2 o ;5& . 150 . T S
868 | ler 2— =2
Pier 1—
slope surface 868
8 probability=1% ol
p 2122.20 m asl. 3
™)

designed water leve¥-

2 500

2119.091 m asl. 150 .
-

sliding surface thrust
2111411
A

2113.711 m asl.

ater level on Dec. 2012

measured horizontal offsetting of pier crown elevation of pier foundation

Fig. 8. Displacementsf the Dongla Bridge'spiers and structure of tHeidge (elevation unit:m; other
unit:cm; red arrow indicating the direction of pier’s displacement tAnast ofthe DRL) (modified

afterWang, 201}
Page 25



€Y (b)

(©
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artificial slope with gunny

Fig. 15. Artificial slope (photograptiaken12" Decembe015).
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Fig. 16. Stability coefficients of the DRL under different scenarios &sastion BB).

Fig. 17. New emerging artensile cracks on the artificial slope (photo taken Fapr2014)
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Fig. 18. Dongla Bridge wadismantled by bomb explosion on".2uly 2015.
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