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Abstract— This paper evaluates the effects of Digital Elev®n

Model (DEM) processing on the geotechnical instakiy

analysis of four waste heaps located in Western Wahia. For

this purpose, an infinite slope stability equationhas been
computed on each cell of two DEMs (LiDAR and
ERRUISSOL, available on the geoportal of Wallonia).By

processing raw LiDAR data with various interpolation

techniques and spatial resolutions, we tested theinfluence on
the slope stability analysis. In order to better uderstand the
real geotechnical stability, several datasets haveeen used in
the analysis (field observation, historical aerialphotography
and ortho-photos). Our results show that interpolaion

techniques and spatial resolution affect the DEM qality in

regard to slope stability analysis. In particular, by removing

striped patterns resulting from data acquisition, te
Triangulation technique facilitates stability assesment.
According to our findings, 10 m resolution is sufftient and
adequate for stability analysis while 1 m resolutio

overestimates the risk of slope failure.

Keywords: Digital Elevation Model, LiDAR, geotechnical risk,
geospatial web services, terrain analysis

l. INTRODUCTION

A first inventory of Walloon facilities at risk sutitted
to European Union authorities identified geotechhic
failure as being one of the major risks linked t@lcmine
waste heaps [1]. The inventory responded to thyatibn
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geotechnical instabilities, it is possible throuple LiDAR
DEM to identify new waste heaps at risk.

LiDAR is a powerful system for producing a DEM on
account of its ability to collect three-dimensional
information very effectively over large areas [Blowever,
there are many ways of processing a DEM that uéerelnt
interpolation techniques and spatial resolutionvesa
authors [6]-[10] have shown that some interpolation
methods are more appropriate than others in certain
circumstances, the method chosen thus having ttental
of affecting the quality of the DEMs produced [1Hor
example, according to [14] Triangulated IrregulatiMorks
(TINs) is the best interpolation algorithm for fial
environment topics and [5] consider that the DEMegated
by Binning is efficient for analysing the terraieatures
(communication, energy, agriculture, etc.).

This paper studies technical choices in terms
resolution and interpolation methods by processiagy
LiDAR data rather than provided DEM and analysihgitt
potential for the specific topic of landslide risksomparing
processing methods with detailed field knowledgaeases
the applicability of these data in the Walloon déem
making process.

The paper is structured as follows. Section lispras
the studied area and the context of the study.i@edtl
describes the different datasets. Section IV ewrplahe
methodology used. Finally, Section V presents our
conclusions.

of

imposed on Member States by Directive 2006/21/EC to

identify the risks related to waste facilities.

Light Detection and Ranging (LiDAR) Digital Elevati
Model (DEM) was used by [2] for the investigatiofi o
landslides risks. However, these authors identifsedne
interpretation issues in the stability results dedi from the
LiDAR DEM provided by the regional authorities dmetr
web geoportal [3]. Their study has quantified thek rof
geotechnical failure by using a geotechnical factosafety

Il. CASE STUDY

The present study evaluates the slope stabilitfoof
waste heaps located in western Wallonia (Heribdsl 7 et
Siege Social, Crachet 7-12 and Saint-Placide). Jthey
area is located in the Borinage Region (Figuréridhe past
century, the economy of the Region was based oh coa
exploitation. However, this activity has been cthder a
long time (the last operating coal mine in Walloadi@sed in

computed on a cell basis using the topography ef thiggs) Nowadays, waste heaps and abandoned buildileg
facility. The topography was extracted either fram ipe only surviving traces of this period.

regional-scale DEM _With a spatial resolution of b9 According to Directive 2006/21/EC, Member States
(ERRUISSOL model; [4]) or a new DEM dataset usingphaye to establish ainventory of closed mining waste

LIDAR scanner which has been acquired by the Walloo facijlities potentially posing a serious threat torfan health
Region. This dataset with 1 m resolution has beemaged o1 environment. In Wallonia, two main risks asstesiawith

As the ERRUISSOL DEM leads to underestimation ofgegtechnical failure and the risk of spontaneoushestion

1.
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Ill. DATA

The quantitative inventory established to answes th
Directive permits a pre-selection of the facilitiebat
demand further risk analysis. The four heaps sedeict this
paper need this detailed analysis which refers to
geotechnical modelling, field observations and &isu
interpretation of ancillary data such as orthostpscand
historical photos (table 2). These data support the
understanding of the geotechnical risk but thisepams a
specific technical focus on the comparison of bDtEM
data sources, LiDAR and ERRUISSOL.

A. Preliminary information

Figure 1. Location of the waste heaps The preliminary knowledge about the waste heaps was
The inventory has been made in a Geographicajathered by analyzing ortho-photos and historicafiah
Information System (GIS) using existing datasetvigled  photography. The ortho-photos are from differentiqus
either by European institutions (European Environt@e (2006-2007, 2009-2010, 2012-2013) and are available
Agency, EEA) or regional authorities (Service Pabfie  he geoportal of the Walloon Region [13]. The histl

Wallonie, SPW). GIS inputs include topographic datayeria photographs are provided by the SPW on tatesd
(location of settlements, surface waters, terraiio.), census 1954 and 1969

figures, protected areas, land use/land cover &eSfa "~ ta|E 2 PRELIMINARY AND FIELD INFORMATION OF THE

delineation of groundwater bodies (according to \tfiater FOUR WASTE HEAPS

Framework Directive), and site data that are sjetif the
waste facilities under consideration (location, teots, Aspects Assessment

geometry, etc.). Table 1 illustrates some of thiteica used Preliminary | Vegetation | Ortho-photos analysis (2006-2007, 2009-
to define the level of risk for each Walloon cogist The information 2010, 2012-2013)
four waste heaps object of this study were allsifeesl in (http://geoportail.wallonie.b
category 5, which means that they involve at lemst Erosion Ortho-photos analysis (2006-2007, 2009-
specific risk and that there is at least one patkmarget 2010, 2012-2013), DEM visualisation
located in the immediate vicinity of the closed teamcility - (htp://geoportail.wallonie.be)
" Evidence of | Aerial photography (1954, 1969)

referenced on the web site [12]. landslide

TABLE 1 CHARACTERISTICS OF THE FOUR WASTE HEAPS AND Evidence of | Literature

CLASSIFICATION spontaneous

Risk Heribus 14-17 et Crachet 7- | Saint- combustion

Assessment Siege Social 12 Placide Field Vegetation | Presence of trees, grass

criteria information :

Height > 20 |yes (75.2 m)| yes (78.3 m) yes (60.2| yes (35.1 Erosion Presence of gully

glope >S112] no no m)no m)no :Evidence of | Scarp, gbsence of vegetation, inclined

andslide vegetation

Volume > yes (5.2 10 |yes (4.1 10 |yes (3.4 1B |yes (1.5 10 Evidence of | Presence of burnt coal and fumaroles
70,000 m m3) m?3) m3) m3) spontaneous

Main no yes yes yes combustiol

Lﬁ’;’gg it'gg% B. Field observations

Materials | no no no no A field campaign was conducted on the four wastpke
tehxggvsiﬁg to to consider the following four aspects: (i) the geece of
Waste o s o o vegetgtion, (ii) thge presence of gully erosion) (iiaces of '
facility landslide and (iv) traces of spontaneous combustion
uncovered Vegetation cover is an important factor to considdren
Target within| yes yes yes yes studying the susceptibility of slope failure beaysdant
1km (watercoursg (population) | (population)| (population) roots contribute to maintaining slope stability ingreasing

and Jati soil cohesion [15]. The second factor observed,lygul
Natura 2000 population) erosion, is an erosional process whereby drainags kre
yes yes yes no : .

site within 1 generated by ephemeral streams. This erosionafdand
km may affect the soil stability by increasing thepgaradient
Risk 5 5 5 5 [16]. The third factor examined, previous landsdidés
classification significant because it indicates that the coal vigs not

stable in the past. The absence of vegetation madigdte
that a landslide has occurred. Finally, spontaneous
combustion can lead to soil instability in two walzrstly,
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it may induce the formation of cavities underne#ite  slope stability model (section VI A) has been usedthe
surface and be responsible for the apparition of dasis of several DEM interpolation techniques {sacVI
discontinuity plane between burning coal zoneswamaurnt  B). The assessment of the susceptibility of slapkirfes is
coal zones that may lead to the occurrence of dslate  quantified by using a factor of safety that is comeg on
[17]. Secondly, the surface of a burning waste heap each pixel of a DEM with ArcGIS ©ESRI.
reach a temperature superior to 100°C. These y@unes ; .
scatter the grass vegetation and prevent the ggoofitrees
[18].

All the waste heaps examined exhibit evidencesast p
and/or current spontaneous combustion. Fumarole® ha
even been observed on 14-17 et Siege Social. @be tf a

landslide has been observed in Heribus but wasoted Slope degret
on the other coal tips. Heribus seems to be the inciined B s
to slope failures since it has already undergone gliding o 1-3
events in the past (1992 and 1994) [17] and becafiiis 1 35
land cover, burning zones and history. All wastapse ] 5-8
except Saint-Placide, show traces of gully erosidhe L] 811
vegetation cover was generally abundant except hen t 11415
zones where spontaneous combustion has been obbserve §  15-19
and the zones on which landslides have occurreditts). Bl 1924

Bl 243
C. LiDARdata ‘

The data acquisition was performed between 2013 and
2014 over the Walloon Region with a Riegl Litemappe
6800i system. The LIDAR system operated a pulse
repetition rate of 150 kHz. The flight altitude wlastween
1200 and 1500 meters and the point density wastah8u
point/m2. Point data is post-proceeded by analyiegaser
time range, the laser scan angle (60°), the Global
Positioning System (GPS) position and the InertialA. Infinite dope stability model
Measurement Unit (IMU) [19]. LIDAR returns were  gjope stability analysis is commonplace in soil
FIaSS|f|eq_ as ‘ground’, "vegetation’, ‘building'water’ and  mechanic, engineering geology and geomorphology.
unclassified” by the data provider [2]. The cooraie  ygyally, to express the stability of a slope, @safactor, F,
system used here was Belgian Lambert 72. is used. This factor is defined as the ratio of aximum
D. ERRUISOL data admissible load and the load value actually appiiedhe

. . slope [2]. In this study, we refer to the infinflope stability
The ERRUISSOL data are the result of the integnatio : " : .
several datasets: (i) elevation points derived frortho- equation from [20] for dry conditions in the saitjapted by

[15]:

photos interpretation of the Projet Informatique de _ )

Cartographie Continue (PICC) at a scale of 1/1,8(i6 a F = tag'/ tan (1)
distance of 50 m between points, (ii) points frdra Digital
Terrain Model (DTM) based on aerial photos at desch
1/10,000 with a distance of 20 m between points, §ifijl
Digital Terrain Model (DTM) from local LiDAR flighé on

the watershed with a resolution of 1 point/m2. The : -
- cohesion of the materials can be neglected [21].
ERRUISSOL DEM has been produced in 2003 [2]{4]. According to several authors [21] [22], there isrisd of

VI. METHOD slope failure as long as the effective soil frintiangle is

) . . . i greater than the slope angle value (F > 1). Whenlk-this

This paper addresses technical questions rais¢2lfly  jndicates a state of limit equilibrium and when FL<this
the processing of raw LIDAR data. These authorsipoilt  ingicates a slope failure. Waste heap materialgenerally
that the slope ground surface map of the LIDAR DEMcomposed of shale rock debris from 2 mm to 20 chusT
present zones with striped patterns that do noeapin the  the effective soil friction angle adopted heredaing the

ERRUISSOL model (Figure 2). Image 1 showspgner of [2], is 35°. The factor of safety has beaiculated

Striped patterns appear on the high resolution endpese

striped patterns indicate a succession of highlawdslope.  B.  Theinterpolation techniques and spatial resolution

Their signification has not been elucidated in pes study Several factors may affect the quality of a DEMsEi
and deserves our attention. To evaluate the implthis  are the factors related to the data collection,civhinostly
technical issue on geotechnical assessment, theiténf depend on the technology used and may have an fropac

Figure 2 Slope ground surface (degrees) for craghste heap.

Where ¢’ is the effective soil friction angle (degrees)
andp is the slope angle (degrees). The infinite slomeleh
relies on the assumptions that the failure planenasnly
planar and parallel to the topographic surface thad the
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the DEM’'s quality. LIiDAR data collection consistsf o
several overlapping parallel strips acquired duritight
plans. Most errors in LiDAR-derived DEM can be iatited
to systematic and random errors by both laser staystem
and the GPS/IMU during data acquisition procedy23.
These errors produce discrepancies in overlappagipms
between neighboring strips [23]. The striped pater
observed on the waste heaps are thus probabledeiatan
improper calibration of both systems [24]. Secotite
density of points can be a source of errors. Indeeldw-
point density may result in an over-estimationta height.
Finally, the interpolation techniques used canuifice the
quality of a DEM [11].

In this study, we will not investigate collectedtalanor
points of density because of missing informatioowtdata
collection. Rather, we will concentrate on evalugtithe
performance of the two main techniques for genegati
DEMs with ArcGIS©OESRI: Binning and Triangulation.
Binning technique

The principle of the Binning interpolation technégis to
examine the elevation values that fall within al cel
determine the final value. In case of empty catlatural
neighbor works with Voronoi and Delaunay diagraros t
find the closest point to input points and appliesghts to
them based on proportionate areas to interpolatalae
[26]. With this technique, the interpolate elevatoare
guaranteed to be within the range of the sampld [&4.
Triangulation technique

The Triangulation interpolation method derives ted
value with a Triangulated Irregular Networks (TINased
approach. TIN models and DEMs are two different svafy
representing Earth surface in a digital data stinect
Whereas DEMs rely on a regular grid surface reptasg
the height of the terrain, TINs use irregular geddnodels.
A characteristic underlying the definition of théNTis that
it provides more points in rough irregular areaantin flat
ones. The principle consists in connecting sampfioonts
by lines to form triangles of irregular size andagé. The
triangles are represented by planes, thereby pargit
more continuous representation of the terrain serf28].
Moreover, TINs have shown their reliability for
discontinuous shape (such as ridges) and brealdopé
[14], [29].

V. RESULTS

A. Integration of several data
Combination of field observations, ortho-photos
historical aerial photographs and DEMs support th

assessment of the slope stability of the four dipal with
the example of Heribus (Figure 3).

The vertical cross-section analysis (G) calculaiedhe
1 m LIiDAR data processed with Binning technique
discloses a break of slope illustrated by an arfbiws zone
is related to the slope failure zone in (D) and. (Ehis
instability does not appear on the ERRUISSOL ddth %0
m resolution (F). When looking at the most recerih@
photo of 2012-2013 (C), this zone is hidden by vaten

Copyright (c) IARIA, 2016.  ISBN: 978-1-61208-469-5

but a discontinuous topography can clearly be ifledton

the historical photography (B). The aerial photpdwafrom
1969 permits to discerns the ground heterogeneity,
imperceptible nowadays due to the presence of dense
vegetation.

B. Theinterpolation techniques and striped patterns

The factor of safety is calculated on the basiditéérent
interpolation techniques and spatial resolutionslastrated
for the Saint-Placide waste heap (Figure 4). With an
resolution DEM, the striped patterns are presenttion
Binning technique (C) but not on the Triangulation
technique (B). This discrepancy is due to the fémit
whereas the Binning techniques interpolates on lagigu
gridded surface, the Triangulation technique inttaies
elevation values on triangular surfaces of differsize
Thus, the height differences between the overlappiras
resulting from the acquisition of the data are edaby
means of the elevation value recorded in thosenglés.
Consequently, the problematic height discrepancy &
suppressed through the means of elevation valuesuted
on an irregular surface. However, both interpofatio
techniques converge when the spatial resolutid® isn and
there are no striped patterns (E and F). The fafteafety
for the ERRUISSOL DEM differs on some spots (D)nfro
the other DEMs or field observations. The local@atof
the instability areas does not coincide spatiafiytioe three
figures D (ERRUISSOL) in comparison to E and F (R®
data aggregated to 10 m). The reasons for thepardiss
are linked to the integration of inputs with vaou
resolution and precision. However, this dataset thaonly
available for the Walloon inventory [1].

VI. DISCUSSION AND CONCLUSION

This paper studies technical choices in terms of
resolution and interpolation techniques when prsiogsraw
LIDAR data. Two interpolation techniques from
ArcGISOESRI have been tested to analyze their piaten
for the topic of geotechnical instability analysi$his
method has been applied to four waste heaps lodated
Western Wallonia but could also be applied to otterdy
sites in Belgium (Liége, Charleroi and De Kempen
coalfield) or even in the heavily mined Nord-Pas&tdais
in France.

The different sources of data are interestingly loioved
in this paper for describing, understanding andntjfyeng
the risk of geotechnical failure. Field observasiatid not
lead to the conclusion that there is a great riskadslide

'on the four waste heaps because of the presendense
Q/egetation and the absence of sliding events inpts.

However, the factor of safety for LIDAR DEM with rh
resolution presented numerous zones indicating opesl
failure. Yet, the integration of all data permitsnaderation
of these results. There is no risk to have a sgrimyact on
environment and/or human health since all the tipalare
covered by vegetation, have remained stable forymaars
and are not located in a residential area. Howesteould
the authorities plan to change the affectationhef heap, a
new risk analysis would be necessary.
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Computing a factor of safety based on an infinitps
stability model assuming a 1 m grid size yieldsdeguate
results. The resolution of 1 m does not seem todosistent
with the model assumptions. First, it is diffictdt consider
a slope as infinite when a high resolution of 1srused.
Second, neglecting the grain cohesion appears to
inappropriate when there is dense vegetation onvéste
heaps.

The utilization of raw LIDAR data improves the

understanding of the impact of processing on thetga
factor.
processing steps can influence the factor of safeéhe
Triangulation technique has demonstrated its gbiti
remove the striped patterns by establishing triesgvhich
average the value of several cells, by contrash wlite
Binning technique, which uses a regular grid t@rpotlate
elevation values. Because it smooths the cell valbe
Triangulation technique is more appropriate to ssdbe
slope stability here, but it could be less so undiéferent
circumstances.

(6]
(7]

(8]
be

9]

Indeed, figures 2 and 3 show that differeni10]

[11]

[12]

[13]

While both LIDAR and ERRUISSOL data have the

resolution proposed by the Protocol of the Dirextiv

by
comparison with ERRUISSOlndeed, whereas the LiDAR

LIDAR data improve the stability assessment
data have revealed that Heribus presents a risklapfe

failure, this had not been detected by the ERRUIS8&a.

(14]

[15]

Conversely, the ERRUISSOL data have found a risk of

geotechnical instability where the LIDAR data digtn
discover anything.
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A) Aerial photography 1954

B) Aerial photography 1969 C) Ortho-photo 2012-2013

)

D) Faclor of safety, LIDAR, interpolation ' E) Factor of safety, LIDAR, interpolation F) Factor of safety, ERRUISSOL, 10m
Natural Neighbor 1 m Natural Neighbor 10 m
H L e —rrm e |k e ——

3%

G) Cross-section Legend

Legend

100.8 - 108.7m
930-100.8m
85.2-93.0m
T73-852m
69.5-77.3m
61.7-69.5m
53.8-61.Tm
194-538

Contour line

F<l |
Break of F>1 —
slope

Figure 3. Integration of several datasets on thebde waste heap with two aerial photographs fr@$41(A) and 1969 (B), ortho-photo from 2012-2013
(C), a map showing the safety factor based on LiliaR from natural neighbor Binning techniques Witim (D) and 10 m (E), a map displaying the safety
factor based on ERRUISSOL data with 10 m (F) amdrtical cross-section (G) on a zone delimitedh (
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A) Ortho-photo (2012-2013) B) Factor of safety, 1 m, Triangulation

E) Factor of safety, 10 m, Triangulation F) Factor of safety, 10m, Natural Neighbor

;‘ T j‘ o b = P T T

- _ R

Legend

Contour line

F<1 -
F>1 =

Figure 4. Factor of safety on the Saint-Placidetevheap seen on ortho-photo from 2012-2013 (Aywated on 1m LiDAR data with the Triangulation
technique (B) on 1m LiDAR data with natural neightBinning technique (C) on 10m on ERRUISSol dett§P), on 1m LIDAR data aggregated to 10m
with the Triangulation technique (E) on 1m LiDARtaaggregated to 10m with the natural neighbor Biptechnique (F).
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