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Kinematic analysis of sea cliff stability using UAVphotogrammetry

Abstract

Erosion and slope instabilityposes a significant hazard to communities and
infrastructure located is coastal ared& usepoint cloudand spectradlata derivedrom close
range digital photogrammetrio perform a kinemati@nalysisof chalk sea cliffs locatedt
Telscombe, UK. Our dataerecaptured from an unmanned aerial vehicle (UAWlicovera
cliff face that isabout750 m long and rangéeom 20to 49 m in heigh The resulting point
clouds hadn averagelensity of354pointsm™2. The moded fittedour ground control network
within a standard error @.03 m. Structural features such as joints, beddingigdaand faults
were manually mapped arate consistent withresults fromother studies that have been
conducted using direct measurement in the fiEleese datavere then used to assess differing
modes of failureat the site Our results indicate that wedge failure is bytfee most likely
mode of slope instability. A largeaslge failure occurred at the site during the period of study
supportingour analysis. Volumetric analysis of this failure through a comparison of sequential
models indicates a failuslumeof about160m?. Our results show that data capture through
UAV photogrammetry can provide a useful basis for slope stability analysis over long sections
of coast.This technologyoffers significant benefits in equipment costs and field time over
existing methods.
Keywords:UAV, photogrammetrylandslide sea cliffs
1. Introduction

In recentyears digital surface model acquisition had been dominated by the use of
airborneand terrestrialight detection and rangind-iDAR) (Haalaand Rothermel, 2012;
GoncalvesandHenriques2015).However the emergence ainmanned aerialehiclesUAVS)
or small Unmanned Aircraft SystentdJAS) alongside the proliferation of inexpensive digital

cameras and various software platforms for processing of this data (Hugesthadlt 2013)


http://www.sciencedirect.com/science/article/pii/S0924271615000532
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have provided a method of data capture which can achieve resultmpérmable accuracy
whilst significantly reducingosts andlata capture time (Slatton et al., 2007; Remondino et
al., 2011; Hugenholtz et al., 2013). The relative affordability of these various systems, when
compared to airborne LIDAR antkrrestrial laserscanning(TLS) surveys, has led to a
significant rise in procuremefdr a diverse range of research applicati@snford et al., 2009;
Rango et al., 2009; Jaakkola et al., 2010; Lin et al., 2011; Stefanik et al., 2011; Hugenholtz et
al., 2012; Hugenhditet al, 2013; Colomina anMolina, 2014).

With regard to sea cliffs,igh precision monitoring ofrosion has typically been
undertaken usg TLS or a combination of TLS and terrestrial digital photogrammetry (e.qg.
Rosser et al. 2005; Lim et al. 2010; James and Robson 2012; Barlow et aMa@ir2y and
Mazzanti,2014). Although these studies have provided improved control over the rate and
processes of coastal cliff recession compared to those based on historical maps and aerial
photographge.g. Dornbusch et al. 20Q8he spatial extent of high precision monitoring has
typically been limited by the logistics ofrrestrial data collection froshore platforra (e.g.

Rosser et al. 2005; Martino and Mazzanti, 20T4)s research demonstrates the use of UAV
photogrammetry to produce data of similar characteristics to that derived from TLS for sea cliff
researchThe rapid nature of data capturengsUAVs means that much longer sections of cliff
can be surveyed in much shorter periods of time thanpsahious studies

The vast majority of digital photogrammetric applications using UAVs have relied on
pure aerial triangulation or indirect sensaentaton (Colomina and Molina, 2014),hereby
the navigation system and software determine an approximation of the image location and
generate tie points with associated measurements in space which are later compared to the
known GCPs. Rehak et al. (Z)Xeport that the applicain of this method can produsedels
which are sultlecimetre in accuracy as reported by component or overall three dimensional

standard error (3DSE) valuddany of these studies rely on the structure from mot&fivi)
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method inwhich the bundle adjustment is based on features automatically extracted from
multiple overlapping images (Westoby et al. 205IM requires convergent imagery taken

from multiple ranges in order to produce the best possible accuracy (James and Robinson,
2014). The method is therefore not well suited to coastal cliff research in that it requires
multiple passes in order to photograph each section of cliff from multiple angles and ranges.
Given the limited endurance of micro UAVs, the use of more traditiphotogrammetry
involving a calibrated camera and strip photography maximises the length of cliff that can be
surveyed and this is the method that has been adopted for the current research.

The structural geology of cliffs often provides primary contnegr the type of slope
failure that may occur. This is because th@axial compressive and shesirength of
penetrative discontinuities are generally lower than those of the intactTredaghj 1962.
Kinematic analysis involves mapping the oriertas of penetrative discontinuities within a
rock slope in order to identify those that are oriented unfavourably for slope stability given the
shear strength alordiscontinuity surfacegRichards et al. 1978; Hoek and Bray, 198Wllie
and Mah, 2004). Téanalysis is based solely on the geometric conditions of rock slopes such
that it does nblocate discontinuities ispace givesno reference of their size, and does not
consider the influence dfydrogeologicalbr seismic boundary conditions on slopabdity
(Hoek and Bray, 1981 The assessment of the orientation of structural geology data requires
plotting poleson a stereonethich indicats the dip and dip direction of discontinuities. This
is executed with the aim of identifying clusters or sets of discontinuities, for which average dip
and dip direction can be determinddhe use of dense point clouds derived from clesge
digital photgrammetry and terrestrial laser scanning in the characterization of rock slope
morphology is well established within the research literantehas the advantage of allowing
measurements to be taken from the entire rock surface rathentlydinose seabns accessible

to manual measuremef@.g. Lato et al. 2009; Sturzenegger and Stead, 2009a; Lim et al. 2010
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Salvini et al. 2013Francioni et al. 20105 This research uses point cloud and spectral data
derived from UAV photogrammetrtp digitise structual features such as joints, faults, and
bedding plaes for kinematic analysis adhesea clifsat Telscombe, UK. We also demonstrate
a volumetric analysis of erosion through the use of sequential survey data.
2. Study Area

Telscombecliffs are located between Saltdean and Peacehaven, East Sussex, UK and
form one of the few undefended sections of coastline from Brigbtdlewhaven (Figure 1).
The cliffs areabout750 m long and areformed from CretaceousChalk of the Newhaven
Formaton with dry valleys present at either end of the study site (Mortimore, 1997). The cliffs
are orientated to the dominant wave direction of the saet and the maximum elevation is
found centrally within thestudy area at 49 mThe sewage outfall pgplocated to the far east
of the site which is protected by a concrete groyne provides an artificial barrier to the movement
of beach sedimentsAs a result the eastern extent of the cliff line is protected at the toe by a
substantiapebblebeach whichapers over approximately 300 metres to the \{[@giure 1)
At the extremities of the site the cliffs have been artificially regraded and distedriszm
marine interaction througtihe construction of a sea wall and promenade to the west and the
Portdbdlo sewage works to the easte site is macro tidal with an average spring tidal range
of 6.1 m (CCO, 2015), submerging the shore platform and allowing wave interaction with the
base of the cliff. Significant wave heightds) recorded for this section of coast average 0.64
m in summer and 1.04 m in winter (CCO, 2015). The area receives an average of 720 mm of
rain annually with the majority falling in the winter months. Rockfalls are most common in
winter when a combinatiof winter storm damage and wet weather weaken the chalk
(Mortimer et al., 2004aBrossarcandDuperret,2004).

The cliffs at Telscombere characterised by steeply inclined conjugate joint sets

(Mortimore et al., 2004a). Thesen conjunction with variousbedding planes provide



112 discernible controls on the type and magnitude of failures along this stretch of coastline
113 (Mortimore et al., 2004a) The most common types of instabilityithin the Newhaven

114  formation are wedge and planfailureswhich can leada progresive block failures along

115 conjugataliscontinuity setéMortimore et al., 2004a)These fracture sets and failures produce
116 D URXJKO\ p8ifthiopho®dy@Hich is illustrated in Figure 2BMortimore et al.,

117 2004a)

118 3. Methods

119 Theresearch methods asabdivided into five sections to represent the relevant stages
120 of the workflow, these were: installation of ground control, UAV survey, photogrammetric
121  processing, kinematic analysad change detection.

122 3.1Ground Control

123 A total of23 ground control poin&SCPs) 5 at the cliff top and 18 at the cliff toe, were

124 used to georeference our modé@sgure 1) GCPswere located using a combination of
125 differential global positioning system (dGPS) and total station surveying techrd@rSwas

126  used tdocate cliff top GCPsat accessible locatiomsdto set up total statiosurveymarkers

127  on the shore platformlo obtain ground control at the cliff toeetotal gation was usgin order

128 to overcome theeduction indGPS accuracyxGXH WR WKH pVKDGRZLQJY HIIHF
129 common issue seen in complex terrain morphologies (Young, 2012)er grocessing

130 (Awange, 2012; Awange and Kiema, 2013) the dGPS puiete accurate to 0.@2in thex,

131 yandzplanes with PDOPs varying beten 1.2 and 1.5Total station surveyingas used to

132 obtain the cliff toe positions at equidistant locations alongbtse of thecliff, back sight

133 locations were dual measured pre and post survey to attain an uncertainty value for the points
134 surveyed by the laser scanner. The maximum deviation from the kdGWS backsight

135 coordinates was 0.0G6 such that the maximum error of da€Ps was withimbout0.03m.

136 3.2UAV survey
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A Nikon D810 FX DSIR 36 megapixel cameravas used for the surveys with an AF
Nikkor 24mm 1/2.8D lens. Camera settings were optimised for lightingiesrdfaflight speed
as follows:aperture /8, ISO 1250 drshutter speed 0.002 (1/5000) seconds. Ground control
survey markers (Figure 2A) were installen the GCP$0 optimise precision and digitising in
the ADAM 3DM photogrammetry software. The contrast between the white circle and the
black background alles the software to autéocate the centre of the target to within 2710
a pixel(ADAM Technology, 2010) The aircraftused was a DJI S1000 octapter (Figure 3),
an automatedight path was created that maintained a distancabotit50 metreshetween
the camera and the cliff face with a flying altitude at apjnately mid cliff height of 21
metregFigure 1) During flight, the camera orientation was maintained orthogonal to the cliff
face through live streaming video. Images were set tmeaated cajure at a time interval of
five seconds, with th&)AV flying at a constant speaaf 3 m s resulting inan image capture
every 15 nfollowing a strip plan.This technique is best utiég for mapping a long stretch of
cliff line from arelatively closadistancewith ashort focal length (Birch, 2006Y.wo surveys
were undertaken for this research, one on 05/08/2016 and another on 07/09/2016. Total flight

time for each survey was 8 minutes.
Digital photogrammetry allows the characteriaatof subvertical slopes if a fine (cm)

to very fine (mm) resolution is obtained (Stemegger and Stead, 2009Birch (2006) notd

that a ground pixel size @01 m x 0.0Im, together with an expected image accuracy of 0.5
pixels is a good conservatiwalue for engineering photogrammetric plannifigis level of

detail maksit possible to measure and map low to extremely high persistence discontinuities
(ISRM, 2007 Sturzenegger and Stead, 2009a®)r surveys werelesigned to meet these
criteria.

3.3Photogrammetric processing



161 Photogrammetric processing was undertaken in ADAM 3D®chnology Mine

162 Mapping Suite(Adam Technology, 2010)This software makes use of a precise camera
163 calibration togenerate thenterior orientation and then uses theseadatprocess the exterior

164  orientation.An exteriororientation was undertaken by digitising the location of th&Z¥®s

165 to animage accuracy of 0.1 pixels basethercentre of the circular targ&elative Only (RO)

166 points wereautomaticallygeneratecand points with a residual greatkian 0.5 pixels were

167 removed.$ EXQGOH DGMXVWPHQW ZDV WKHQ XQGHUWDNHQ WR
168 RO points and the process was iteratively run until no RO points with residuals greater than
169 0.5 pixels weraletected. This refining procedure effectively reduces error within the model
170 This processingroducel DQ H[WHULRU RULHQWDWLRQ ZLWK ¥RPSRQH
171  axis (Eastings), 0.017m in tlyeaxis (Northings) and 0.009m in tkexis (elevationuch that

172  the overall 3DSEn both our modelsvas0.03m.

173 All overlapping image pairs were used in the generation of DTMs varying from 50%
174  to 88% in overlap. A total of 136 DTMs were generated with 27,793,335 points. These DTMs
175 were then combined to delop a merged DTM using the screened poisson surface
176  reconstruction version 6.13a (Kazhdan et al., 2006; Kazaddhloppe, 2013) built into the

177 Adam 3DM DTM generator software. The minimum point spacing selected wasn(af8

178 theminimum spacing factgalso known as a trimming factosjas set to 8 (by default) which

179 is used to multiply the minimum spacing factor in areas where no data is generated. Therefore
180 if no data point was found within 0.40 the software would stop looking for data in thisa

181 and trim the model to the extent of the last known data pioirstddition theepipolar images

182 generatedvere merged into aorthophoto with 0.0In pixel size to enable drapiraf imagery

183 over the point cloud

184 3.4Kinematic Analysisof Cliff Stability at Telscombe
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Digital discontinuiy mapping was undertaken in Adam 3DM analyst axtdaetion of
cliff properties in Cloud Compare. The kinematiabysisof these data was undertaken using
Dips 7.0Rocscience (2016a)Digitisation of discontinuitiesvasaccomplished by manually
fitti ng planes on individuahalk surfacess shown in Figure.4 This was achievealflowing
the methodological appach described in Mathis (2011) who suggests mapping at
approximatey 0.5m from the model surface. Howevénrig distance did vargepending on
the rock exposure areffect of shadowing in the modéiresh erosional Chalk surfaces were
determined by either:

x A surface which methe weathering grades of ISRM (1981), a fresh rock mass (grade
) is characterized byo visible sign of material weathered; perhaps slight discoloration
can be present (i.e. white Chalk, without vegetation or weathered surfaces);

x Smooth, flat and neroughend Chalk surfaces, thus exhibiting characteristics of a
recent failure

Both thedip and dp direction(Figure 4§ were derivedhrough extraction ahe direction
cosinewith respect to the normals thfe digitzed plane (SturzeneggaendStead, 2008). The
dip directionof the cliff facewas extracted by fitting a plane to the average direction of the
cliff profile resulting in an angle of 20. The dip of the cliff face wadetermined as the
maximum inclination(76°) of the face below a horizontplane which dissected the cliff face
atmid cliff height. In addition to the discontinuity data, kinematic analysis reqthefiction
angle (6) of the Newhaven Chall@ peakfriction angle valueof 35°was adoptedbased on
geotechnical testing undertaken at the nearby Brighton Marina (Ove Arup and Partners, 1984;
Mott MacDonald,2009). Kinematic analyses of our data were undertaken using the mean
dip/dip direction of discontinuity sets through the use of gredesi@ndthrough plots of all
possible interactionwithin the spread of the data.

3.5Change detection
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A large wedge failure was observed to have occurred at the site béislgemsits on
17/08/16 and 24/08/18\s a result, sequential dataseaptured on 05/08/16 and 07/0914ére
processed to perform a volumetanalysis of this failure By exporting botlpoint clouds to
Cloud Compare the models were translated so that the dip direction or cliff azimuth was parallel
to they plane. Therefiee any surface measurement was taken orthogonal to the cliff face so is
representative of true depth change from the sequential models. Both point clouds were
rasterised at a cell size of 0.65 representing the average points spacing. The distance and

volumetric change between the two models was then combleifferencing the two rasters

4. Resultsand discussion

The discontinuity mapping was completed on the first dataset obtained, this model
generated 7,547,066 pointswith point densityof 354 pointsm. The model fitted our control
network of GCPsvith a 3DSE 00.03m. A total of 489discontinuities were digitigsewithin
the study area (Table.10f these, oly 24 were mapped within 2 m of the base of cliff such
that about95% would not havéeen recorded using manual measurenfremt the base of
slope Joints were divided into two sets (Joint Sett1JS1 and Joint Set 2JS2)based on a
stereonet of the discontinuitpapping illustrated in Figure. Fhis result is cosistent with
measuremasreported by awrence (2007), Mortimoret al.(2004g), Mortimore et al. (2004b)

andLemos de Olivea (2013).

4.1 Kinematic Analysis

The cliff face strikes at 114° (or Dip direction = 204°), wheonrelates wellvith the
fracturing direction of the coastlired East Sussex MNW/ESE (Duperret et al., 2012)S1
is concentrateth the Nquadrant of the stereogram, JSBcatel inthe ENEWSW quadrants
Remainingpole plots of joints show more scatter and are distributed preferentially towards the
perimeter of the aforementioned seFaults do not lie within any interval of density

concentration in thestereogramHowever based on the pole pldts possible talistinguish
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a clusteringof 19 faults ES) in direction ESEFigure 5) representing a set with a great circle
of dip/dip direction 6%290° The majorityof the remainingfaults are located ithe NW
guadrantln contrast, Bedding Planes (BP) exhibi thighest density concentratjomith all

of the measurements clustered at the centre of the stereagyafarming a great circle of
019/87°.

The great circles associated with each set of discontinuities, the cliffdadethe
intersections between theame also shown in Figure 3S1has a great circle with dip/dip
directionof 75178, while JS2reports8(° /242°. They intersect at a wider oblique angfle
117°, marginally outside the great circle of the cliff face, since the cliffdigseat 76°while
the plunge of the line of intersectidn)(is 75° Thisresult demonstrates th##1 andJS2form
the planes of a weeégfailure that would slide in the direction of the trend19192°). This
represents the most likely modefailure at the sitef-igure A showsan example of this mode
of failure involving JS1 and JSZhe left (yellow) disk represents JS1 ¥481°) while the
right (orange) disk depicts JS2 06B10°). As illustrated JS1 and JS2 are representative surfaces
of two intersecting plags dipping out of the cliff face. The speckinematic analysis of these
discortinuitiesbased on the Markland tgstoek and Bray1981)is show in Figure @. Itis
evident that the great circles of JS1 and JS2 intersect within the primary criticgkkzading
on both planedpr wedge failure. The line of intersection dips at 67° and the model suggests a
direction of sliding of 221°.

The characteristicsfantersections betweedll discontinuity setss displayed in Table
2. The great circle odSlintersects the great circle BS (61/290°) at an acute angled(. In
this case, the tremplunge of the line of intersectiony) is 24P/53°, whichindicates the
possibility of wedge instability (76°>53°), if they are frictionally iaie and if the cohesion
of rock bridges along joints are neglect&hce the angle between the plad&4 andIS2is

higher than the angle formed betweiSil andFS an open v/s a narrow wedge could be
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expected, respectively for both systems of discontinuidegk and Bray1981). The plane of
JS2 (80/242°) intersects the plane F$ at a wider oblique angle (131°As the line of
intersection Ig) is 315°,which dips inside of the cliff facehereis no possibility 6 wedge
instability between thesgets. Finally, the great cide of BP is the shallowes01°) dipping
toward the East of the stereogram at @ftch intersectsFS, JS1 andJS2 at acute oblique
angles (@°, 75° and 8°, respectively) howevesince the trend of the line of intersections
between BH-S (14) and BRJS1 (s) lie inside the dff face (at 20° and 88%®spectively), any
wedge formed by BP anéS or JS1 is unlikely to slide. In contrast, the tdeaf the line of
intersection between BP ad®2 () is 152° which iutside the cliff face. Nonetheless, due
to the almost horizontadip of the BP, an effective kinematic failure of this wedge is not
possible

Kinematic analysis was also undertakesing the entirspread in the data order to
assess relative frequey with which the mapped discontinuities met the failure criteria for
differing modes of rock slope instabilityte®eo plots were analysed for wedge failure, flexural
toppling, planasliding, and direct toppling as illustrated in Figure 7. Both wedge fagnde
direct topplingrequire an intersectionf discontinuities. In the case of wedge failure, the
potential intersection points between all joints and faults are illustrateduneFig\. Results
indicate thatl8,758(25.9%) intersections out 0f2,383possible intersections lie within the
primary critical zone (sliding on both plane&)turther9,577intersections 0t.3.2% lie within
the secondary critical zone (sliding on a saqghne) such that a total of 3% of all possible
intersections are favourable to wedge failure. Intersections favourable to direct toppling were
investigated using all joint, fault, and bedding plane data as illustrated in Figur@mBof
119302possible intersection§91or 06% fall within the direct toppling zone. A furth8;866
or 7.4 % fall within the oblique toppling zonPlanar sliding and flexural toppling only involve

failure across a single discontinuity. These modes of failure were investigated using the pole
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plots as shown in Figure 7C and 7D respectivEhe pole plot for planar sliding (7C) includes
all 489 discontnuities mappedof theseonly 40 (8.2%) lie inside the daylight envelogder
planar slidingindicating a low probability of occurrenc TelscombeThe pole plot for
flexural topplingincluded all joints and faults ansl shown in figure 7D. This mode tHilure
is of very low probability at Telscombe with onl® &.3%) out of 381 mapped discontinuities
meeting the failureriteria.
4.2 Wedge failure tkinematics and changeéetection analysis

Between field visits on the 17/08/2016 and the 24/08/2016 a rock fall had ocicurred
the central portion of the cliffFigure §. This failure coincided with a two day period (20/08
21/08/2016) of strong winds, which were driven from the south west (ati@m of the cliff)
averaging 8.45ms, with average and peak gusi11.29mg and 19.2m$ respectively
recorded from the nearby Brighton Marina meteorological station. The maximum high tides
for this period were recorded between 6.3 and6.9Chat Datum) at Brighton Marina
confirming substantial wave attack at the cliff toigure 8 identifies the discontinuity set
ZKLFK OHG WR WKH ZHGJH IiDd joint thet ddas WdteBao\Wdefhsrl W\ -1
identifiedset, a dip and dipikectionof 6%/71°wererecorded for this plandhe other joint is
representative of JS2 and had a dip anddatgctionof 799233°.Thejoints intersect towards
the base of thdiff and are limited at the top by harder bands of nodular filims.inferred hat
the wedge failure between these two joints occuri@u the release surface alorgRandthe
sliding of material alond forming the wedge type failure. A kinematic analysis of the wedge
failure was undertaken (FiguBD) with the intersection of the great circles between the two
joints locatedwithin thesecondary critical zone.

In addition the sequential models were used to quantifwdhene involved in the
failure. Figure8C illustrates the surface change between 0588fid 07/09/16The wedge

failure is bcated in the centre of FiguBa, b andc and was the largesf the twoobserved



310 failures. The failure approximately five metres to the west (left of image) was generated
311 throughcollapseof the upper arch of a sthaave. The surfacehangedetectedn the lower

312 right of the image is noticeable across the eastern section of the study area and represents the
313 beach volume lost between the two survEyis evidence of marine erosion at the site strongly
314 suggests thavave action at the base of slope triggered the faillifes volumetric analysis of

315 the rock flls indicate failures ofibout160m3and 49m?*for the wedge and arch respectively.
316 5.Conclusiors

317 Our research has shown th#AV photogrammetry can generate 3D models of a cliff
318 facewith a point density andccuracy that isimilar to those produced using Tb8twith an

319 order of magnitude reduction in equipment coStsese data allow coastal erosion to be
320 constrained far monerecisely than traditional methods involving sequential aerial photographs
321 and historical maps (e.g. Dornbusch et al. 20B8¢h survey consisted of an 8 minute flight,
322 this rapid rate of data capture is such that method cargenerate dense point cligiover

323 much larger sections of sea cliff than previous studies involving TLS or terrestrial
324 photogrammetrye.g. Roser et al. 2005James andRobson 2012Martino and Mazzanti,

325 2014) The resulting modelalsocapture thestructural geology of the siguch that it can be

326 mappedor kinematic analyis. Our analysis at Telscombe indicatee dominant failure type

327 as wedge failureone ofwhich occurred between successive data capt@esh planar sliding

328 and oblique toppling could also be significahthe site being kinematically allowable h?%

329 and 74% of all possible interactions respectiveQur analysis indicates flexural toppling is
330 the least likely type of failure with only 5.3% of all mapped discontinuities falling within the
331 critical zone Change detection between sequential sys\wquantified the volume ofracent

332 wedgefailure ataboutl60 n¥. This researcprovides the basis fdrigh-resolutionmonitoling

333 ofrock falls over large spatial scales within the coastal redroffers the potential to provide

334 greater insight into the environmental and geological controls on rockfalls and resulting coastal



335 cliff retreat.However, to get best resultsfull frame camera with a prime lens is required such
336 that a larger UAV igequired to lift the sensor. UAV systems using this method are heavier
337 and therefore less portable than those suit&iNb
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Table 1: Discontinuity mappingesults

Discontinuity
type

Total number

Mean Dip (°)

Mean Dip
Direction (°)

Joint Set 1JS1) | 142 75 178
Joint Set 2JS2) | 104 80 242
Faults(total) 41 65 227.9
Faults (FS) 19 61 290
Bedding Planes| 108 01 87
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Table 2: Characteristics of intersections between discontinuities sets

Line of Sets | Angle between | Trend/Plunge Type of Possibility
intersection great circles (°) ® intersection of slope
(In) instability
l1 JS1&JS2 117 192/75 Oblique Wedge
I2 JS1&FS 79 274/53 Oblique Wedge
I3 JS2&FS 131 247/58 Oblique No
|4 BP&FS 62 20/00 Oblique No
Is JS1&BP 75 88001 Oblique No
le JS2&BP 80.9 152/@® Oblique No




562 List of Captions

563 Figure 1: Study area at Telscombe, UK with GCPs and UAYV flight line indicated. Transect of
564 thecliff produced through photogrammetry shown below with GCPs indicated.
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567 Figure 2: Survey Target Markers) Example of the targeharker p) placement of markers
568 taken from an image captured from the UAV (13/04/2016), with an example of '‘pyramidal’
569 Newhaven chalk character from Telscombe Cliffs.

570
571 Figure 3: UAV (left) with characteristics.

| UAV model DII S1000 octocopter
| Max. take-off load | 10.89kg
| Max. wind 10m/s
Max. altitude 1000m
Max. flight time 15 mins (with load)
: 8 motors
| Mot d
OOEAMAIES | o odel AT14-1D)
Batteries LiPo 16000 mAh
o Fitafitmodes Mal.mal. or GPS aided
navigation

572
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Figure 4: Example of discontinuity mapping of the Telscombe cliffs in 3DM ystal

(Software shows planes as disks with circumference following the extremities of digitised
features, Blue disks: undifferentiated joints; Yellow disks: Joint Set 1; Orange disks: Joint Set
2; Green disks: Bedding Plané&ed disks: faults).

Figure 5: Wolff equal angle equatorigtereographiprojection (lower hemispherey
discontinuity data at Telscombe showing the pole densities and great circles. The cliff face
and lines of intersectionnjlare also shown.

Symbol Feature
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Color Density Concentrations
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Contour Data | Pole Vectors
Maximum Density | 21.38%

Contour Distribution | Fisher
Counting Circle Size | 1.0%

| color | Dip Dip Direction | Label
Great circle
1 [ ] 76 204 CIiff face
2 [] 80 242 Joint Set 2 (152)
3 [} 75 178 Joint Set 1 (151)
4 [ ] 61 290 Fault Set (F5)
5 B 1 g7 BP set




584  Figure 6: (a) Observed wedge failure with mapped joints overlaid. Yellow surface is JS1 and
585 orange surface is JS@) Kinematic analysis of the failur@ccording to the Markland test.
586 Also, a circle representing the friction angle of 35° is highlighted.

587
588




589 Figure 7: Stereographic representationdi$continuity data(a) Points of intersection

590 between joints and faults for wedge failufta). Points of intersection between joints, faults,
591 and bedding planes for direct toppling failu{@.Pole plots for joints and faults for planar
592  sliding failure.(d) Pole plots of joints and faults for flexural toppling failure.
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595 Figure 8: Observed wedge failure at the site during the period of s{aflynagery before
596 the failurewith joints indicated(b) imagery after failure with joints indicate@) volumetric
597 analysis; andd) kinematic analysiby means of the Markland test.
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