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What is LiDAR?

e Light Detection And Ranging

* Aremote sensing method using
pulsed laser to measure distances
to the Earth

* Generates precise information about
the shape of the Earth

e 2types of LIDAR:
— Topographic (NIR)
— Bathymetric (green)

Image credit: BAE systems
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LiDAR data collection s,

« Major hardware components: ';;.' i
— Laser scanner system |
— GPS (global positioning system) LIDAR
— INS (inertial navigational system)
— Collection vehicle MIRROR

OBIJECT

* Laser beam is transmitted towards
target and the reflection is detected
and analysed
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LiDAR returns

* Laser pulses reflect from objects
both on and above the ground
surface

* One pulse can be split into many
returns

e First returned pulse is the most
significant and will be the highest
feature

e Last return may be the ground
surface

Amplitude

First Return

Second Return

Third Return

Time

Fourth Return

Last Return
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DSM vs DTM

DSM

S [ ow |
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In practice...
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Shallow instability

 Landslide shown on
BGS 50k mapping

* Evidence of a bench
at/near the interface
between the Penarth
Group and the Mercia
Mudstone

 Several surface runout | /|
channels are visible in '
the LiDAR imagery,
suggesting that water
is important

 Landslide reactivation
hazard?

0 004008 016 0.
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Deep instability

Possible cambered
blocks on eastern
valley sidewall (A)

Shallow mudslide
embayments
associated with
springs (B)

Depression in Taynton
Limestone (probably a
former shallow quarry)
(C)
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Example: Exeter to Newton Abbot, Network Rail

* To develop a Resilience Strategy that
identifies a holistic long-term asset

management pathway for the EX2NA rail
line

* Geotechnical challenges included:
— Cut-back of coastal cliffs in the 1850s
— Minimal design, rapid construction

— History of engineering works and past
failures
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Woodlands Avenue failure, March 2014
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Using LIDAR to uncover terrain

o e wy B v wgy
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Terrain classification — cliff behaviour units (CBUs)

* CBUs provide an important spatial framework for
defining:
— Principal cliff failure mechanisms
— Cliff morphology and processes
— Geology and materials
— External influences (surface/groundwater, toe erosion)
— Existing stabilisation measures
— Geotechnical asset data

* Expert panel review of conceivable cliff failure
event scenarios provides indicative hazard rating
for CBU
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Terrain classification — cliff behaviour units (CBUSs)
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Hazard ratings and further study

* High hazard (line affected for >48 hours or potential loss of life)
— Routine inspections and maintenance, plus:
— Cliff mapping to facilitate extensions to existing meshing and fencing
— Intrusive ground investigations
— Hydrological and hydrogeological study
* Medium hazard (line affected for <48 hours)
— Routine inspections and maintenance, plus in some areas:
— Further specialist inspections from track level

— Cliff mapping and survey of some areas to facilitate extensions to existing
meshing and fencing works

— Drainage study

— Routine inspections and maintenance
— Limited surveys to facilitate possible extensions to fencing

” JACOBS



Future work: Risk

* Understanding the nature of the cliff processes with LIDAR allows for a
relative ranking of hazard frequency and preconditioning factors

« Data on exposure to hazard and consequence of hazard at different scales
will allow for semi-quantitative risk calculation

* However, inherent limitations of LIDAR made the characterisation of
geohazards in some locations very difficult
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Vertical cliffs
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Photogrammetry — data acquisition

Photogrammetry — UAV deployment (Telscombe cliffs)

Camera (lens
Sony DSC-H300 Nikon D810 Nikon D810
(35X optical zoom (AF-S Nikkor 24- (AF Nikkor 35mm
lens) 120mm 1:4 G ED) f/2D)

UAV model DJI S1000 octocopter

20.1MP 36.3MP 36.3MP Max. take-off load 10.89kg
Full frame Full frame (Max.wind = [RIWIE
1/2.3” Super HAD
b (35.9 x 24 mm) (35.9x24mm)  WIEBELQOLE 1000m
CMOS sensor CMOS sensor DS 15 mins (with load)

24mm (prime)* 8 motors model
Focal length 4.5-157.5mm (zoom)  24-120mm (zoom) 35mm (prime)** Motors and type 4114-11) (

Lithium polymer

Image Storag JPEG TIFF TIFF
[mage olorage Flight modes Manual or GPS aided
Capture mode Auto Manual Manual 9 navigation
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Photogrammetry — data acquisition

Photogrammetry — UAV deployment (Telscombe cliffs)
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Photogrammetry — software

ADAM 3DM Analyst Mine Mapping Suite 2.5.0 Build 1488

Photogrammetry software platform
. 3DM Calib Cam ABA'PV{W

* DTM generator
* 3DM Analyst

Processing point clouds cetdCompare
e Cloud Compare :

Surface change and volumetric estimations
* ArcGIS

20 JACOBS



Photogrammetry — method

Interior orientations (3DM Calib Cam)

538970 535000
N

540800
1

Scene (cliff face) with varying
depth similar to the site of interest

2/3 distance

//> hyperfocal distance

| 2
1/3 distance "]

-4 11/5 distance
"4 £

&

Legend
©  Camerz stations

®  Cliff toe control peints
e  Cliff top control points

®  dGPS base station
20 30

T
101540

Meters

Coordinate system: British Naticnal Grid
Projection: Transverse Mercator

T T
538910 533940 538970 539000
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Photogrammetry — method

Interior orientations (3DM Calib Cam)

22
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Photogrammetry — method

Exterior orientations (3DM Calib Cam)

Ground Control
@  Cliff top paint:

@ Cliff toe point:
0.1 005 0 0.1 0.2 Kilometers

Coordinate System: British National Grid Extent of s!udy area
Projection: Transverse Mercator

538500 539000 539500
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Photogrammetry — method

Exterior orientations (3DM Calib Cam)
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Photogrammetry — processing

Model production (DTM generator)

 DTM statistics (averaged from 12 months of data)
— 125 DTMs
— 32.5 million points
— 688 pts/m?

* Merged DTM files — point spacing 0.05m (processing
capability)

25 JACOBS



Photogrammetry — processing

Model example (3DM Analyst)
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Photogrammetry — processing

* Models exported as point files

* Point clouds were transformed in CloudCompare

* Data was rasterised with a cell size of 0.1m

» 2.5D surface change detection was completed in ArcGIS
* Removal of edge effects and vegetation (false change)

* Volumetric estimations undertaken in ArcGIS

o7 JACOBS



Photogrammetry — surface change

Surface change — Telscombe cliffs
Total volumetric flux 3,889.35m3

AUG 2016 - JUL 2017

WEST

Surface Change (m)

[ ] 0.00--0.10 [l -0.50--1.00 [ -1.50--2.00 [ | -250--300[ | -350--4.00 [ -4.50--5.00 [ -5.50 - -6.00
B o.10--050 [ 1.00--1.50 [ ] 200--250[  |-300--350 [ ] -4.00--4.50 QN -5.00 --5.50 [Jl] -6.00 - -6.50

0 50 100 200 300 400
meeessssssss— \leters
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Photogrammetry — surface change

Surface change — Telscombe cliffs — successive failures
(August — December 201

-

05/08/16 - 07/09/16 10/10/16 - 11111116
Surface Change (m) Surface Change (m)
[ Jooo-010[ ]-150--175 3 [ Jooo--0t0 [ ]-150--1.75 §
. . . Il o10-025 [ ] -1.75--2.00 Il o10--025 [ ]-175-.2.00
VOIumetrIC eStImatIon I 025 - 050 [l -200--2.25 I 025- 050 [0 200- 225
I 050 --075 [ -2:25 - -2.50 I -050- 075 [ -2.25 - -2.50
[ -o.75 - -1.00 [ 250 --275 I o 75--1.00 I 250- 275
[ -1.00--125 [ -275--000 [ [ -1.00--1.25 [ -275- -3.00
[ J-125--150 M 500--325 [ 0 [ -125--150 3.00--3.25
0_25_ 5 10 15

Aug-Sep
152.66m?3 (wedge)
47.18m3 (arch)

——— —
07/09/16 - 10/10/16 11/11/16 - 06/12/16
OCt_ N OV Surface Change (m) Surface Change (m)
[ Jooo-010[  ]-150--1.75 [ 000--010 _]-1.50--1.75
I o.10-025 [ 175--2.00 Il -010--025 7] -1.75--2.00
37 66m3 (bIOCk) B 025--050 ] -2.00- 225 Il -0.25--050 [ -2.00--2.25
" I -050--075 [ -2.25- -2.50 B -050- -0.75 [ -2.25 - -2.50
I -0.75--1.00 [ -250- -2.75 I -0.75--1.00 [ -250- 275
[ -100--1.25 [ 275 - -3.00 [ -1.00--1.25 [ 275 - 3.00
125 [ -1.25--1.50 [ -3.00--3.25
NOV DeC 0_25_ 5 10 15 20

512.33m3 (pillar)
38.49m?3 (arch)
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Photogrammetry — surface change

Surface change — Telscombe cliffs — successive fa|lures
(August — December 2016) '
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Photogrammetry — surface change

Surface change — Telscombe cliffs — toe erosion (August 2016 — March 2017)

EB - MAR 2017

Surface Change (m)

[] oo0o--010
B o.10-050
0,50 --1.00 - o Gt :

= -1.00--1.50 & . 1 =5 B o.10 - 200
[ -1:50- 200 ag oY % | i ; " I 200 - 400
[ 2.00--2.50 i N N 13y B 400 - 6.00
[ -250--3.00 adinge ) v oy I 600 - 500
[ ]-300--350 . T e &% I :00 - 1000

[ -250--4.00 ¥ el g 4o I 1000-1200
N [ 4.00--4.50 £ : g I 12.00- 14.00
| I 4.50--5.00 R g O I 14.00- 16.00

I 5.00- 550 3 ! i : A 5. o

B 550 - -6.00

--6.50
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Photogrammetry — numerical/statistical modelling

* Probabilistic recession modelling using negative power law scaling of
rockfalls and environmental controls

* Rockfall inventory captured over 12 months with a total of 10,085
mass wasting events

e Studies had previously demonstrated that negative power laws best
describe landslide magnitude-frequency distributions as expressed by
Brunetti et al. (2009):

F(Ve)=sVp®
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Photogrammetry — numerical/statistical modelling

33

Data was logarithmically binned and normalised by space and time

(km2 month-1)

1E+8 A 800 B
1E+7 700
1646 (V) = 544.82v, 152 00
£ 1E45 R? = 0.9947 .
c
g 1E+4 l% 500 R?=0.9981
-~ °
E 1E+3 2 400
= 1642 3
= £ 300
= 1641
200
1E+0
161 100 %
1E2 y " r r " r : 0 . , . . . r r .
1€3 162 1Bl 1E+0 1B+l 1E+2  1E+3  1E+4 0 100 200 300 400 500 600 700 800
Vg (m?) Observed 6N,
1E+8 1E+8
1E+7 o & c 1E+7 D
= -1.557
1E+6 f(Vn)R*Z ?405;95‘:@ 1E+6 f(Va) = 154.46V,71738
£ 1645 e g 185 R?=0.9914
S 1E44 g 1E+4
£ £ 1643
T 1E+43 Z
£ £ 102
- =
;_.‘ 1E+2 ;x 1E+1
= 1E41 = 1E40
1E+0 1E-1
161 1E-2
1E-2 T T T T T T n 1E-3 4 T T T T T T n
163 1E2 1E1  1E+0 1B+l 1E+2  1E+3  1E#4 163 1E2  1E-1 1E+0  1E+1  1E+2  1E+3  1E+4
Vg (m?) Vg (m?)

Power law estimation parameters for August to September 2016
(A) frequency density and magnitude of failures for the entire study area

(B)
(©)
(D)

B) the predicted vs. observed frequency of failures for all binned data
frequency density and magnitude of failures for the undefended section
frequency density and magnitude of failures for the natural defended section (beach)
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Photogrammetry — numerical/statistical modelling

— SVR maxg_B _ SVR min2_B

Vr="%% T 2B

e Maximum failure volume:

.
0.8 A
0.6 A
y = 0.1105In{max failure) + 0.2684
R*=0.974

[¢]

y = 0.0642In(max failure) + 0.5002
R? =0.9935

Cumulative Probability

o
'S

0 500 1000 1500 2000 2500 3000
Max failure {m?)

e Minimum setto 1 x 10m3
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Photogrammetry — numerical/statistical modelling

* Numerical constants of the equation were constrained by H,

2 A A 1600 - B
1.9 1400 - ¢
® o
1.8
1200 - f(s) = 698.32H, - 420.41
® e £ R? =0.5902
o 1.6 ® 5 1000
e 9 =
1.5 - = 800 -
E
=
o = 600 -
=13 4 f(B) =-0.2142H, + 1.9177 h 400
1.2 - R*=0.4971
1.1 200 -
l T T T T 1 U T 1 T T 1
0.00 0.50 1.00 1.50 2.00 2.50 0.00 0.50 1.00 1.50 2.00 2.50
H, that interact with cliff (m) H, that interact with cliff (m)
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Photogrammetry — numerical/statistical modelling

Monthly and decadal probability functions of H, were used from the
UKCP09 Medium Emission Scenario (Lowe et al., 2009; Leake et al.,
2009; Brown et al., 2012)

y =82.021x5 - 183.81x% + 149.37x> - 51.848x? + 9.728x + 0.1126
R?=0.9954

0 0.2 0.4 0.6 0.8 1
Probability CDF (Probability of value being less than)
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Photogrammetry — numerical/statistical modelling

Sea Level Rise was accounted for by a time of exposure approach
* Tidal interaction with base of cliff

* [ncreased from 28.58% to 33.85% for current sea level and sea level
predicted in 2089

» Scaling factor applied — current condition 1 by 2089 1.0527
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Photogrammetry — numerical/statistical modelling

Model run for the unprotected cliff line as the shingle beach provides
substantial protection to the toe

* Unprotected site accounted for 59% of the area but 99.57% of the
observed erosion

Model vs Observations

* r2=0.9918 and the model predicted 97% of the observed V- for this
section

Monte Carlo simulation developed and run 10,000 times to determine
the most likely erosion scenario
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Photogrammetry — numerical/statistical modelling

= = = = )
[\ 8] F= (o3} co o
1 1 1 1 ]

Recession (m)
[
o

8 A
6 4
a4 4
2 4 i
0 aT =T T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900

Time (months)*
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Photogrammetry — numerical/statistical modelling

40

500 -

450 ~

400 A

350 A

Frequency
N w
& 8

3

100 -

50 A

0.6

- Current conditions

1.2 1.4

Total Recession [Log10 (m)]

— UKCP09 medium emission forecast

1.8

2.2

Average

[Max |
[Min___ |
95.5%Cl

Current Conditions

Log10
1.311

2.086
0.714
1.750

Recession (m)
20.45
121.97
5.18
56.26

Log10
1.338
2.157
0.659
1.797

UKCP09 medium emission

forecast

Recession (m)
21.76
143.56

4.56
62.61
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Photogrammetry — numerical/statistical modelling

0.12
0.10 /
4 y = 2E-10x*- 1E-06x3 + 0.002x? - 1.3759x /
R?=0.9981
0.08 /’/<///’
0.06

004 /
0.02
i ] y = 7E-11x*- 4E-07x3 + 0.0009x%2 - 0.5762x
Rz =0.9989
0-00 T | Ll T L) 1 T L) T 1 Ll ) T 1

2020 2040 2060 2080 2100

Probability of recession breaching
A259

e Current Conditions e UKCP09 Medium Emission Forecast
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Photogrammetry — discontinuity analysis

Discontinuity mapping (3DM Analyst)

391 digitised planes

— 255 joints
(JS1 — yellow)
(JS2 — orange)
(J — blue)

— 28 faults (red)

— 108 bedding planes
(not in image)
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Photogrammetry — discontinuity analysis

Kinematic analysis (DIPS 7.0)

43

Symbol TYPE Quantity
0 Bedding Planes 108
Faults 27
+ Joints 256
Color Density Concentrations
0.00 - 270
270 - 540
5.490 - 8.10
8.10 - 10.80
10.80 - 13.50
13.50 - 16.20
16.20 - 18.30
18.90 - 21.60
21.60 = 24.30
2430 - 27.00

Contour Data |Pole Vectors

Maximum Density | 26.73%

Contour Distribution |Fisher

Counting Cirdle Size | 1.0%

Plot Mode |Pole Vectors

Vector Count | 391 (391 Entries)

Hemisphere |Lower

Projection |Equal Angle

JACOBS




Photogrammetry — discontinuity analysis

Kinematic analysis (DIPS 7.0)

Symbol TYPE Quantity
x Faults 27
+ Joints 256

Color Density Concentrations
0.00 - 120
L2 - 2%
240 - 3.60
3.60 - 4.80
480 - 6.00
600 - 7.2
7220 - 8.4
8.40 - 980

- 9.60 - 10.80
10,80 - 12.00
Contour Data | Pole Vectors
Maximum Density | 11.86%
Contour Distribution | Fisher
Counting Circle Size | 1.0%
Plot Mode | Pole Vectors
Vector Count | 283 (233 Entries)
Hemisphere | Lower
Projection | Equal Angle
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Photogrammetry — discontinuity analysis

Kinematic analysis (DIPS 7.0)

320
310
-
300 _/ .
290
280 ”
270 + 30
:BP set -
ot Set-2 x
+ Teliff face
5 = | Ak o
2540 * t -%m;F‘é Its set R
+ k
7 &
250 : +thte _ 110
N\ 3+ ey % 3
+
=
+ .
240 ot 5 120
1'.; |
i
230 * . 130
220 + } 140
+
)
210 " J 150
200 160

190 ,g9 170

45

Symbol TYPE Quantity
° Bedding Planes 108
3 Faults 7
+ Joints 256
Color Density Concentrations
000 - 27
20 - 540
540 -  B10
210 - 10.80
10.50 - 13.50
1350 - 16.20
1620 - 1890
1890 - 2160
2160 - 24.30
2430 - 27.00
Contour Data | Pole Vectors
Maximum Density | 26.73%
Contour Distribution | Fsher
Counting Cirde Size | 1.0%
| color | Dip | Dip Direction | Label
User Planes
N N 7% 204 Cif face
Mean Set Planes
im 75 169 Joint Sat 1
2m 78 233 Joint Set 2
3m 55 BB Faults sst
4m 1 87 BP set
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Photogrammetry — discontinuity analysis

Percentage of mapped intersections favourable to mode:

* Wedge - 39.97%

46

— 27.82% (primary)
— 12.15% (secondary)

Planar — 7.16%
Flexural — 0.31%

Secondary critical zone * *

50\ ev e .{'—'.\"J!.:
wne T

» = b i '8
o s

- 2 P\ o
Daylight envelope [y

000000000

o [Primary critical zonel'(Secondary critical zone ™ 130
7 e .
T =

| critical | Total [ a6
adgsming] m|m[;9m
Plot Mode | Pole Vectors
ector Count (283 Entries)
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Photogrammetry — discontinuity analysis

Wedge failure — analysis

Estimated volume — 2546.84m3

BV~ -

2017

~I |‘£“g A Al

' Surface Change (m) ,. £ : .
' [ ]ooo-010 g - Surface Change (m) &4
H i A - Debris ¥
* Il o10--050 AL N
b B 050100 ’4’"": ’ ~ [ oo-o10 ‘0.
: I -1.00--150 i aigt % I o.10 - 2.00 f
[ -1.50--2.00 Sl S L .  #% Il 200 - 400
[ 200--250 r Bl 400 - 6.00 . {
¥ 6.00 - 8.00 S
[ 0 250-3m ] —
| ] -300-350 -, i B :o0 - 1000
[ -2.50--4.00 e o LSS I 10.00- 12.00
N a1 B i2.00- 1400
N [ 400--450 eaq _ ,
[ 4s0--s.00 S SAa o I 1s00- 1800
. I s.00- 550 3 &t ' ¢ Il 16.00-18.00
E B cooco MG sy
;. Bl so0- 650 | ;
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Photogrammetry — discontinuity analysis

Wedge failure — analysis (Swedge

Factor of Safety: 1.0000

Perspective
sue
Slope (Cliff face) Tension Crack (TC) Joints

Dip 80.43° |Dip 81.67° [Joint 1(J1) Joint 2 (J2)
Dip direction 200.2° |Dip direction | 201.57° |Dip 74.07° Dip 75.27°
Height 41.83m |Trace length | 4.41m |Dip direction 165.51" Dip direction 253.43°

Waviness 0° Waviness 0°
Upper face
Dip 3" Shear strength model | Mohr-Coulomb |Shear strength model | Mohr-Coulomb
Dip direction | 200.2°

cohesion (c) 23.044 kPa |cohesion (c) 23.044 kPa
Unit weight |16 kN/m® angle of friction () 38° angle of friction (¢) 38°

48
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Photogrammetry — discontinuity analysis

Wedge failure — analysis (Swedge)

1.6
N
1.5
14
g
&
&
B 13 A
s
=3
L
o
Cliff face angle = 80.43°
1.2 February 2017
1.1 -
Cliff face angle = 76.03° Cliff face angle = 78.77° Cliff face angle = 79.86°
August - October 2016 November 2016 December 2016
1 +H 2 - . ol - . = . -
76 76.5 77 77.5 78 78.5 79 79.5 80 80.5
Slope Dip (°)
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Photogrammetry — discontinuity analysis

Wedge no. 35
= (Figure 70)

Wedge no. 38
{Figure 73) Wedge no. 32 §
(Figure 74)

N o Location of observed joints
A = Location of further analysed joint sats

0 3rs 750 1,500

Coordinate system: British National Grid
Projection: Transverse Mercator

Wedge no. 14
(Figure 72)

Wedgeno. 13
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Photogrammetry — discontinuity analysis

Wedge no. 35
- (Figure 70)

Wedge no. 38
(Figure 73)

Wedge no. 32
(Figure 74)

N o Location of observed joints
A = Location of further analysed joint sots
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Photogrammetry — overview

Developed a reliable UAV photogrammetry methodology for acquiring
high resolution datasets for monitoring sea cliffs

Results have comparable accuracy to currently deployed TLS/ALS

Software platforms enable processing of large datasets into manageable
formats — enables subsequent data analysis (e.g. surface change,
Kinematics)

Statistical analysis enabled the first probabilistic negative power law
model of cliff recession constrained by environmental conditions to be
developed
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