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Abstract. Terrestrial laser scanning (TLS) is one of the most1 Introduction
promising surveying techniques for rockslope characteriza-

tion and monitoring. Landslide and rockfall movements canTerrestrial laser scanning (TLS) is one of the most promis-
be detected by means of comparison of sequential scans. Ongy surveying techniques for rockslope characterization and
of the most pressing challenges of natural hazards is commonitoring (Bitelli et al., 2004; Biasion et al., 2005; Atéil
bined temporal and spatial prediction of rockfall. An outdoor gt g1, 2006). TLS acquires a high-resolution point cloud of
experiment was performed to ascertain whether the TLS inhe survey scene based on the measurement of the time-of-
strumental error is small enough to enable detection of preflight of an infrared pulse emitted in a known direction (Slob
cursory displacements of millimetric magnitude. This con- ang Hack, 2004). Three dimensional variations of the ter-
sists of a known displacement of three objects relative to &aijn (involving landslide and rockfall movements) can be de-
stable surface. Results show that millimetric changes canndfected by means of comparison of sequential terrestrial laser

be detected by the analysis of the unprocessed datasets. Digcans (Bauer et al., 2005; Rosser et al., 2005; Oppikofer et
placement measurement are improved considerably by aps|. 2008a).

plying Nearest Neighbour (NN) averaging, which reduces
the error (&) up to a factor of 6. This technique was ap- bi
plied to displacements prior to the April 2007 rockfall event

One of the present challenges in rockfall hazard is com-

ned temporal and spatial prediction of rockfalls. Animpor-

) . ) tant advance in the former is the apparent consistency in the

27{ Clastellfolhtt de la Ro(cja, szgq. The max”T‘”mt pirezc l:Srf.orytertiary creep stage (Terzaghi, 1950) of brittle failure: an ac-
Isplacement measured was 4> mm, approximately 2.5 UMezq o a4ion of the displacement rates prior to a failure. Current

the standard deviation of the model comparison, h""mpe”ng/vorks on failure forecasting are mainly based on establish-

the d'Stht!on betweer_1 actual dlsplacement and mstrgmeni-ng inverse velocity against time relationships (Saito, 1969;
tal error using conventional methodologies. Encouragingly,

. Fukuzono, 1985). The pre-failure deformation of monitored
the precursory displacement was clearly detected by applyFockfalls ranges from a few centimetres to several decime-

ing the NN averaging method. These results show that m"'tres, proportional to event size (Zvelebil and Moser, 2001;

I1|_r|r_1§tr|c displacements prior to failure can be detected using~ Jeta and Agliardi, 2003; Rose and Hungr, 2007). One of
: the limitations of these works is that the rates of displace-
ment were acquired on single points only (i.e. extensome-
ters, GPS nodes and/or total stations). The measurement
of precursory displacements over great extensions seems
only to be possible with new remote sensing techniques,
i.e. Ground- Based Interferometric Synthetic Aperture Radar
(GB-InSAR) and/or terrestrial laser scanning (TLS).

Correspondence toA. Abellan Despite these advances in rockfall forecasting, spatial pre-
BY (antonio.abellan@ub.edu) diction of future rockfalls over wide areas is still unfeasible.
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2 Material and methods
2.1 Instrument characteristics

The terrestrial laser scanning system used is an Optech
ILRIS3D, which consists of a transmitter/receiver of infrared
laser pulses (1535 nm wavelength) and scanning optics. Dis-
tance measuremeng)is based on the time-of-flight\¢) of

the laser pulse to travel and reflect from the surface of interest

(Eq. 1):

p=c-At/2, (1)

Fig. 1.  (a) General overview of the experimental setup wherec=speed of light.

(range=50 m)b) Zoom of the scanned area showing the 3 mov- | ocation of each point is acquired in a polar coordinate

ing objects on the fixed parfc) Perspective views of the TLS point system p, @, ). The horizontal and vertical angleg énd

cloud. @, respectively) are modified by the scanner device using an
internal system of rotating mirrors. In our study, these angles

Current efforts in source area determination are still based® transformed into a Cartesian coordinate system, ()

on well known technigues like the study of historical records (Ed- 2):
(Ibsen and Brunsden, 1996), statistics (i.e. multivariate anal- - » ) )
ysis, Carrara, 1983) or heuristic techniques (i.e. expert cril ¥zl = plcosd cosy, cososery, sery] @
teria, Soeters and Van Westen, 1996). A pioneering study The reflectivity,

that detects precursory patterns in wide areas using TLS wag,
made by Rosser et al. (2007), who observed a precursory paf; mainly depends on the range, angle of incidence, mate-

ter(r)l of smalltrocI:LaIItS Iead!ng :O I;)arger fa:ﬂu:je;. follows: | rial moisture and object material. Compared to conventional
ne question that remains 1o be resolved IS as Tollows. ISsurveying methods, a TLS shows a very high data acquisi-
the instrumental error of TLS systems small enough to de

. . tion speed (up to 2500 points/second). Technical characteris-
tect pre-failure deformation on rockslope surfaces? Undertics of the ILRIS3D supplied by the manufacturer show high
normal conditions, the TLS model comparison error is of the ; .

. ' - S maximum range (up to 700 m for natural slopes) and point
order of centimetres (Fiani and Siani, 2005; Teza et al, 2007) ge (up pes) P

: . ccuracy of 7 mm at 50m. The object surface orientation
Under these circumstances, the instrumental error may ma

def tion. This is due to the fact that fluences the accuracy: as the beam footprint becomes in-
precursory detormation. This IS due 1o the fact tha COnvem'creasingly elongate, the error is increased (Ingensand et al.,

tional comparisons do not fully exploit one of the main ad- 2006). A brief discussion on TLS principles and perfor-

vantages of TLS: the high quantity and density of measure, o o is beyond this paper, but can be found in Teza et
ments (Monserrat and Crosetto, 2008). As a consequence, (2007) '

errors in comparison can potentially be reduced by using the
information of the neighbouring points, i.e. by filtering orin- 5 o Experimental setup
terpolation (Lindenbergh and Pfeifer, 2005).

The aims of this study are: (i) to develop a methodology The experiment was performed at the Lausanne University
that is able to detect millimetric/centimetric scale deforma-campus. It consists of a simulation of a pre-failure defor-
tion on rockslopes using TLS and (ii) to apply this methodol- mation on a rockslope by a simulated displacement of three
ogy to detect a precursory deformation on a real falling slopeobjects, (i) a plane, (ii) a hemisphere and (iii) an irregular
An outdoor experiment with controlled conditions of range form, relative to a fixed, stable and vertical plane (Fig. 1).
and deformation was performed in order to simulate smallThe displacements of the three objects range between 5 and
scale deformation prior to failure. Two different data anal- 25 mm, with an increment of 5 mm between each scan.
ysis techniques were employed: the analysis of the original, After each induced displacement, a TLS point cloud was
unprocessed datasets (referred to here after as RAW data) ar@dquired (referred to here after as data point cloud) and com-
a filtering technique based on the average value of the Nealared with the initial point cloud captured at 0 mm displace-
est Neighbours. Finally, these techniques were applied to thenent (referred to here after as reference point cloud). The

i.e. the amount of reflected signal with
spect to the emitted one, is also recorded for each point.

detection of the precursory deformation of a 59 rackfall objects were scanned at 35500 poinfs/or in terms of a
on a basalt rockface at Castellfollit de la Roca, Catalonia,square grid at 1 point every 5.3 mm at a distance of 50 m be-
Spain. tween the TLS and the fixed plane.

The real displacement was assessed with callipers. The
repeatability of the calliper measurements~i6.1 mm and
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given that this value is approximately 2 orders of magnitude (a)

1.4

more accurate than the TLS instrumental error, the calliper .~ N 7 v
value can be considered hereafter asrdad displacement o e :
M =4.65mm

value.

Normalized count

2.3 Displacement computation

The TLS displacement values were calculated for each ob-
ject using two different approaches: (a) RAW data, and (b) Raw data displacement [mm]
average of the 24 Nearest Neighbours.

The RAW data displacements between the reference ;)
and data point clouds were computed in Innovmetrics
PonWork@ v.9 software using a conventional methodology
(data vs. reference comparison). Difference is therefore cal-
culated as normal to the stable base plane and direction of
displacement. For each object, the average displacemgnt (
and standard deviation of displacement measurgalie cal-
CU|at6d' 0 5 15 1‘5 20 25 30

In order to reduce the error in RAW data comparison, a Calliper displacement [mm]
Nearest Neighbour (NN) averaging technique was applied.

This technigue consists of a (i) data interpolation to a squardig. 2. (a) Normalised number of observations (Y axis) for each
grid, (i) a search for thé surrounding points (Davis, 1975), interval (0.5mm classes) of the RAW data (plane object). Curves
and (iii) the calculation of the average value of the NN for shoyv fitted Gaussian distributiong£mean valueb:sta.mdard de-
each point, excluding the edges. In order to obtain a good/2tion) for 5, 10, 15, 20 and 25mm (from left to right, respec-

agreement between accuracy and resolution, differeat- uvely). (b) Me_an value of thd:e.AW data dlsplacemen_tfs. real
value of the displacement (calliper) for the three objects (plane,

ues were tested in the experimental case study. Algorithm%emisphere and a irregular form). The error bars represestan-
that involved low numbers of NNkE8, 3x3NN) retained  garq deviation (7.4, 10.1 and 11.2 mm respectively). Standard de-

significant noise. By contrast, algorithms that involved a yjation for the plane is significantly lower than for the hemisphere
larger number of NN =35, 6x6 NN) masked local scale and the irregular form.

displacements. 4 value of 24 (5<5 NN) was selected as an
optimal compromise.

Error in comparison of the sequential scans is a functionear correlation between the actual and the average TLS value
of the instrumental error, alignment error and modelling er- (R*>0.99).
ror (Teza et al., 2007). Given that the TLS and the ob- Both figures show that the range of the values of the RAW
ject remained at the same position during the whole experdata (7.4 mmo <11.2 mm) is of the same order of magni-
iment, alignment error is negligible. Moreover, modelling tude as the first and second deformation increments of the
error was minimized using a consistent geometry and a vengxperiment (5 and 10 mm, respectively). As a result, the real
large number of points. The TLS instrumental error was cal-displacement is masked by this high variability.
culated as the standard deviation of the distance between the Figure 3 shows a comparison betweaeferenceanddata

points of the fixed plane and the best fit plane to these pointoint cloudsfor displacements ranging from 5 to 25 mm.
(10=7.2 mm, Table 1). As stated before, the real displacements in Fig. 3a and b (5

and 10 mm, respectively) are masked by the scattering of
the RAW data. In these figures it is difficult to differentiate

40
35 -{mPlane (p)

30 -] @ Hemisphere (p)
25 1| e Irregular form (u)
20
15
10

y=1.005x R =0.9945
y = 1.019x R® = 0.9996
y=1.014x R’ =0.9993

RAW data displacement [mm]

-10

3 Results moving and fixed parts. However, the induced displacements
can be detected in Fig. 3c (15 mm), and are clearly visible in
3.1 Displacements based on RAW data Fig. 3d and e (20 and 25 mm, respectively).

Summarizing, the value above which precursory displace-
The average displacements obtained from RAW data comments can be detected (referred to here aftetheeshold
parisons between theferenceand data point cloudsare  valug was set at 15 mm. This value corresponds to twice
shown in Table 1. Figure 2a displays the scatter of binnedthe standard deviation of the model comparison (Eq. 3).
RAW data displacement values of the plane, for each dis-
placement step (5 to 25 mm by 5 mm increments). A fit- Threshold value= 2 - omodel comparison ©)
ted Gaussian distribution is also provided. Figure 2b dis-
playsRAW datavs. real valuemeasurements. The three ob-
jects (plane, sphere and irregular form) show significant lin-
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Table 1. (a) TLS measurements (mm). (b) Calliper measurements (mm).

(@) TLS measurements (mm) \ (b) Calliper measurements (mm)

variable Num.of Meanvalue St. Dev. Min. Max. Mean a b c d Mean

points w) (o) value value displace displace-

ment ment

Fixed part 43561 -0.31 721 -36.19 32.20 0.0 - - - - -
Plane 6971 -0.11 7.26 —41.46 32.45 0.2 17.07 17.10 19.12 17.70 0.00
Omm  yemisphere 6175 —-0.62 967 -7876 71.01 —0.31 18.63 1823 18.80 18.97 0.00
Irregular 20049 -0.37 11.46 —234.16 19579 —0.06 19.20 18.85 19.57 18.68 0.00

Fixed part 75741 —0.06 7.28 —-27.69 2751 0.0 - - - - -
Plane 6670 4.48 719 -2190 32.01 45 21.95 22.07 24.10 23.05 5.05
5mm Hemisphere 6245 5.562 10.02 —74.84 87.34 5.5 23.40 23.25 23.68 24.05 4.94
Irregular 19364 4.67 11.56 —207.78 229.83 47 24.08 23.65 2495 23.24 491

Fixed part 48129 -0.47 7.21 —-40.45 46.57 0.0 - - - - -
Plane 6943 9.18 7.40 -21.82 38.30 9.6 26.90 22.27 29.03 27.47 8.67
10mm Hemisphere 6101 9.83 9.57 —49.09 50.67 10.3 28.45 28.45 28.70 29.08 10.01
Irregular 20031 9.20 11.09 —209.81 229.71 9.6 28.85 28.83 29.55 27.60 9.63

Fixed part 47513 -0.41 7.15 —-40.05 33.84 0.0 - - - - -
Plane 6823 14.04 7.54 -13.76 42.15 14.4 30.60 31.98 33.74 31.25 14.14
15mm Hemisphere 6114 14.90 10.01 -72.53 57.90 15.3 33.30 33.18 33.38 33.60 14.71
Irregular 19444 14.47 11.79 —206.78 246.84 14.8 33.60 33.68 34.38 33.57 14.73

Fixed part 44608 0.22 7.10 -38.72 36.74 0.0 — — - - —
Plane 6990 19.79 7.38 —11.67 50.24 19.5 37.68 37.13 39.23 36.38 19.85
20mm Hemisphere 6036 20.30 10.44 —-63.85 103.17 20.0 38.65 37.75 38.68 39.05 19.88
Irregular 19084 19.57 11.85 —209.06 237.96 19.3 38.78 37.10 39.58 38.04 19.30

Fixed part 43825 —0.04 7.13 —41.24  29.79 0.0 - - - - -
Plane 6903 24.46 7.48 —-256  54.67 245 4140 4193 43.90 41.58 24.45
25mm Hemisphere 6108 25.11 10.69 —58.36 102.49 25.1 43.75 4290 43.43 44.08 24.88
Irregular 19395 24.82 12.09 —200.08 243.48 24.8 43.48 4210 44.78 4297 24.26

(mm)

Fig. 3. RAW data displacement measureméiitd mm<o <11.2 mm) for different induced displacements) 5 mm,(b) 10 mm,(c) 15 mm,
(d) 20 mm,(e) 25 mm. The colour scale (in millimeters) indicates displacements of up to 30 mm.
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e (mm)
(d) " (e)

Fig. 4. Displacement measurements after $heb closest neighbouraveraging for different induced displacementgigne=1.3 mm): (a)
5mm,(b) 10 mm,(c) 15 mm,(d) 20 mm,(e) 25 mm. The colour scale (in millimeters) indicates displacements of up to 30 mm.

3.2 Nearest Neighbour averaging

Figure 4 shows the comparisons betwesflerenceanddata
point cloudsfor displacements ranging from 5 to 25 mm us-
ing the5x5 nearest neighbour averaging algorithrAs the ik
instrumental error is filtered out using this method, the real
displacement is visible in Fig. 4a to e (5, 10, 15, 20 and
25 mm, respectively).

In contrast to the low precision (or high variability) ob-
tained using conventional methodologies (Fig. 3), the dis- §
placement was more accurately computed after NN averag-§
ing, even for the smallest displacement value (5 mm, Fig. 4a). @
The standard deviation of the model comparison is 1.3 mm, @
six times more accurate using NN averaging rather than con-
ventional methodologies. Using Eq. 3, the threshold value
using NN technique was potentially set at 2.6 mm. Fig. 5. (a) Study area: Basaltic cliff aCastellfollit de la RocaThe
frame corresponds t) Comparison of TLS models (iii) and (iv)
(March and April 2007, respectively) showing the 58 nockfall
event in April 2007. Colour scale from 0 (blue) to 1.5 m (red).

4 Application to a rockfall event

The basalt cliff atCastellfollit de la RocaCatalonia, Spain

(Fig. 5a) has been monitored using TLS by the RISKNAT  TLS point clouds were acquired using an Optech ILRIS3D
group since March 2006. The research is focused on quanILS (i) in September 2006, (ii) in December 2006, (iii) a few
tifying the volume and frequency of current failures in order days before and (iv) a few days after the April 2007 failure.
to estimate future rockfall hazard concern surrounds house$he scans were performed from the opposite side of the val-
located at the edge of the rockface that could be affectedey at a mean range to the rockface of 190 m. The effective
by cliff retreat. The historical rockfall record at this site resolution (mean point spacing) on the cliff was defined as
shows: (i) few rockfall events§1 m) per year; (i) medium 70 mm. The (iii) point cloud served as a reference for com-
scale rockfalls £50 to 250 mi) with a period of recur- Parison with datasets (i) and (ii).

rence of about 10 years; (iii) larger scale rockfalislp00 The comparison of the reference and data point clouds us-
to 2500 n?) with a recurrence of 50 years (Abefi et al.,  ingthe RAW data is shown in Fig. 6. Figure. 6a and b suggest
2008). A set of 50 riicolumnar basalt blocks fell (Fig. 5b), that the cliff underwent deformation in the 6 months prior to
after a period of continuous rainfall (100 mm in 1 week) in the failure. However, owing to the high variability discussed
April 2007, which we analyze below. in Sect. 2 and 3, we were unable to clearly delimit the extent
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(a) 3 months ; B ; 10 (a) 3 months

(b) 6 months (b) 6 months

(mm)

Fig. 6. RAW data displacement measurements prior to the $0m Fig. 7. Filtered displacement measurements prior to the 3@aok-
rockfall; (a) cumulated displacement for 3 months comparison; fall using the NN averaging techniqu@) cumulated displacement
(b) cumulated displacement for 6 months comparison. Precur{for 3 months comparisorip) cumulated displacement for 6 months
sory displacement cannot be clearly detected using this approacr(,:_omparison. A centimetric precursory displacement is observed in

ORAW data=18.0 mm. the middle of the figureoyny=6.4 mm.

of deformation. The model comparison error as described byn the same order of magnitude as the error in the RAW
o is calculated for the stable parts of the cliff, as 18.0 mm.DATA comparisons for the plane, the hemisphere and the
Equation 3 shows that precursory displacement under 2 irregular form (7.4, 10.1 and 11.2 mm, respectively). The
cannot be detected using this approach. This threshold iRAW data comparisons show that errors increase with the
therefore set atin 36.0 mm. complexity of the shape (1.0, 1.4 and 1.5 times the stan-
A detailed analysis of the reference and data point cloudsdard deviation of the instrumental error, respectively). This
using the 2Nearest Neighbour averaginghows a deforma- could be due to: a low reflectivity, a high incidence angle
tion of the cliff sector (Fig. 7). The calculated maximum pre- and/or to a different surface character. On the one hand, sev-
cursory displacement was 45 mm (Fig. 7b), a value S|ight|yeral authors (e.g. Soudarissanane et al., 2008; Voegtle et al.,
higher than that of the threshold mentioned above. For thi2008) demonstrated the influence of low reflectivity values
reason, the attempts to isolate the precursory displacemer@nd large incidence angles in lowering the accuracy. Evi-
from the instrumental error using conventional methodolo-dences of these effects are found in the hemisphere: the low
gies were unsuccessful. Error using the NN averaging techvalues of reflectivity and accuracy were found around the ex-
nique (Ir) over a stable part was calculated as 6.4 mm, whichternal part of the object (Figs. 1 and 3). By filtering these
is 3 times more accurate than with conventional methodolo0ints, the quality of the overall measurement could be en-

gies. hanced. On the other hand, the influence of the object mate-
rial suggested by Voegtle et al. (2008) was negligible in our
study.

5 Discussion and conclusions Precursory displacements lower thas 2annot be de-

tected with certainty (Eq. 3) using RAW datasets, in the ex-
Standard deviation of the instrumental error was calculategperimental setup, or in the real case study. In contrast, the
as 7.2 mm at a distance of 50 m (Table 1). This value isdatasets averaged by a Nearest Neighbour method enabled
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