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ABSTRACT:

Currently a new wave flume for hydraulic experimenear to prototype scale is under construction eitabes. In the flume,

modern measurement equipment will be installed. Gie potential sensor techniques is Terrestigger Scanner (TLS) based
range measurements of water waves. TLS range neFasnots are a very fast and accurate method fod salifaces, providing

temporal and spatial high resolution profile measents. The conditions under which measurementstafr surfaces with TLS are
possible are however less well understood. The robjactive of this work is to explore possibilities apply TLS based range
measurements of water waves in the new Delta Fliatibty. Hence, influencing parameters on TLS lihsange measurements
from water waves in the laboratory are identifiedni literature. The influencing parameters arehfertinvestigated in a test
featuring the SICK LMS 511 and measuring the watefase in the 50 m TU Delft wave flume. Analysistbé results provides an
insight into the possibilities and potential prabte of the new measurement method. The obtainederokasurements from a
originally straight still water surface showed adency to bend upwards at the side of the proFler. that reason a surface
correction method based on the refraction of teerlbeam when entering the water is elaborated. mbihod is part of the derived

wave field reconstruction method. Finally, an ofitied water wave measurement set-up for the nevaBdlime proposed.

1. INTRODUCTION

The need of protection against flooding is a cHuisisue in the
Netherlands and other low lying countries in theldioFloods
may be induced by storm surges over the North Ble&h then
result in both high water levels and large wavesdiog the
coastal defense structures. To test the impact afew on
different coastal defense structures and materiBsltares
operates the Delta Flume facility, which is onetloé largest
wave flume facilities in the world (Figure 1). Cuntly a new
Delta Flume (length =230 m, width =5 m, heigf.5 m) is
constructed in Delft (Hofland et al. 2012). Thenfie is crucial
for the Netherlands to model coastal structures tandssess
their safety against major wave attack, storm sirged
flooding.

Figure 1: Design of the new Delta Flume facilityb® opened
in Nov. 2013

Typically, conventional capacitance and resistagpe of wave
probes (Whittenbury et al. 1959) are used to meathe water
waves generated in the flume. They are consideradtausive
single point measurement.

It is the aim to equip the flume with the most athed water
sensor devices. One of the potential sensor tegbsiis TLS

resistance wave probes), TLS based range measueeen
considered non-intrusive profile measurements. Mtmsive

means that there is no disturbance of the wavetayéysical
penetration of the water. Instead of a single pointrofile

measurement is enabled, resulting in a temporalty spatially
continuous signal of the water surface. Waves gegedrin

laboratory wave flumes are expected to have the sdrape in
cross flume direction. Hence, a profile measurenierftume

axis direction is sufficient. The measurements khenable the
extraction of the wave parameters, height, length zeriod as
well as the characterization of wave breaking amdhsh

movements. The obtained profiles should also séovethe

validation of numerical models.

In this study, the parameters that influence TLSebarange
measurements of water waves are investigated. Expets
with a SICK LMS 511 device are conducted in the $mvalve

flume facility of the TU Delft. Processing of thatd gives an
insight into the possibilities and potential prob&of the new
measurement method. It reveals which steps ofrifilie
averaging and correction are necessary to recahstrwave
field from the obtained data.

Finally, the knowledge gained is transferred toBtedta Flume
facility and an optimized TLS based measurementigdor the
Delta Flume is proposed.

2. OVERVIEW OF RELATED WORK

TLS based range measurements of water waves ativeqf
new. Hence, parameters which influence the qualitythe
measurements are first identified in a parametegritory. The
classification is based on the categories elabdrabey
Soudarissanane et al. (2011) and adapted for tlesurement
of water waves. Relevant TLS, atmosphere/geometrier and

based range measurement of water waves. Compared t@mbined parameters, resulting from at least twthefabove

conventional

laboratory wave measurement deviceg. (e mentioned parameters, are given in Table 1.
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_________Paamgte |

TLS Beam (pulsed or continuous, power, diverger

diameter)

Resolution (spectral/wavelength, angular, rang

radiometric, temporal)
Opto-mechanical device (mirror)

3. SMALL FLUME EXPERIMENT

ce,In this section, scan experiments performed in allsiime are

analysed. First, the experimental set-up is digmliss sectior

e3.1. Based on the findings from the parameter iromgr

’(Section 2), the experimental set-up is divided ThS,
atmosphere/geometry and water parameters. Possgilinc

Measurement principle (time-of-flight, phase- Problems when reconstructing a still water surféawen the

shift, peak detection method)

obtained signal are described in section 3.4. Ailet surface

Error (systematicy Statisticy accuracy, precision) correction method will be elaborated in section 3.5

PC/Software (threshold, filtering, interpolation

Atmosphere/ Lighting

Geometry Weather conditions
temperature)
Set-up (height, distance, incidence angle)

(fog,

Surface
turbulence, ripples, wave breaking)
Turbidity (naturally, additives)
Wave geometry (height, period)
Wave celerity

Water

Combined Laser beam footprint

Laser beam point spacing

Grazing angle

Specular or diffuse reflection

Spike effects

Shadowing

Surface ambiguity

Parallel movement of TLS and wave

Table 1: Influencing parameters on scanning wateres

A distinction is made between airborne, outdooretgrial and
laboratory laser range measurements of water
Airborne LIDAR (Light Detection And Ranging) measorents
are mainly applied to topographic measurementsrmaddcapes,
bottom detection and bathymetry measurements (Gaeet al.
2000), but also for delineation and classificatafrthe water-
land boundary along rivers (Hofle et al. 2009). Sal/
approaches to apply TLS based range measurememiatéo
waves in the coastal zone are reported by Maslal. ¢2006)
with the focus on the required laser power. Outddds based
measurements of water waves are conducted by Harg}.
(2010), Vousdoukas et al. (2011) and Park et aDl11
Blenkinsopp et al. (2010) used a SICK device in thastal
swash zone and reconstructed a continuous profiledhe

)

cloud, rain

roughness (capillary waves, foam

3.1 WaveFlumeand Water Parameters

The TU Delft Wave Flume facility is 50 m long, Gv8 wide
and 1.05 m high. During experiments, a water lexfe0.6 m
was present as shown in Figure 2. At the one enggchanica
wave maker generated the required waves. On tler eitle, ¢
dissipative slope was installed to make sure thstubing
reflection phenomena were minimized.

Dissipative

Wave Si
Maker ope
H=105m| | 7| % _ : 1
e ———— A/ =08m
M’

Figure 2. TU Delft wave flume

Approximately 20 m from the wave paddle, the TLSide was
mounted. The turbidity of the water varied betw@eNTU and
90 NTU during experiments, using the additive Kaib
(p = 2.65 g/cm3, D50 = 2(m). The Kaolinit was suspended
water in an extra basket and then manually poun¢d the
flume over a total length of approximately 8 m (4toneact

aagfac side of the TLS). Stirring with a stick should opize the eque

distribution of the Kaolinit along the flume axi&. probe was
taken below the TLS device and the turbidity wasisneed.
Regular waves with wave heightg between 0.05 m and 0.2
were generated. Corresponding wave perigdeafied betwee
09sand1.7s.

In order to increase the turbulence in the wavél fand to
improve the reflectivity of the water, irregular ves that wer
occasionally breaking (whitecapping) were testediels
Before each test, a white piece of paper was puherwatel
surface in the area of the measured profile to givéirst
estimation of the ‘true’ water surface.

breaking wave and run-up tongue. Belmont et al. §200 3.2 Atmosphereand Geometry Parameters

focused on the influence of the incidence angleTb8 based
wave measurements in the coastal zone.

Only few applications of TLS devices applied inabdratory
wave flume are reported. Using the laser profillEkSLMS

200 with 905nm wavelength, Allis et al. (2011) fduthat
water turbidities exceeding 40 NTU (Nephelometrigrbidity

Units) and incidence angles below 55° are requioedeliable
measurements. Kaolinitp & 2.65 g/cm3, D50 = 20m) was
used as an additive. The resulting RMSE between #h&

wave probe measurements is 3.62mm, with wave sesspn

between 0.05 and 0.2. Blenkinsopp et al. (2012) woied
experiments with the same device but focused ometberding
of the wave shoaling process (increasing wave k®iglnen
entering shallow waters). In this more dynamicisgita RMSE

between TLS and wave probe measurements of 6.1mm it

reported with significant wave heights between Ori@nd
0.3 m.

Since the experiments were conducted inside the DHLft
laboratory, artificial lighting from the ceiling wapresent. /
wooden mounting construction for the TLS device wadfistec
on the sidewalls of the wave flume (Figure 3).

Sideview
0.35m 0.45m
lm[
| ~1.2m
1.05m| 2/ ‘
IO.Gm

Resist. Wave Probe

Figure 3. TLS mounting construction

The construction should allow for installation b&tTLS device
in sufficient height above the water and a freédfiaf view on
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the water surface, without objects interrupting kager beam.
The final prototype had a height of 1 m, a width fiame

direction of 0.8 m and a depth perpendicular tofthme axis
of 0.8 m. Since the TLS device was mounted bel@wdpmost
wooden beam, the source of the laser beam is ajpmately

0.2 m lower than the height of the mounting corddtam. This
leads to a vertical distance towards the still waterface of
approximately 1.2 m.

3.3 TLSParameters

A SICK LMS511 Pro SR is used in
the experiments (Figure 4). It is
equipped with a pulsed laser beam and
uses the Time-of-Flight (ToF)
measurement principle. The laser light
has a wavelength of 905 nm. The b
beam diameter at the opening is

13.6 mm and the beam divergence f,\lﬂgsuéifb?cl)CSR
11.9 mrad. Although it is a laser

profiler (measurement in helical mode) the term Twi#l be
used in this thesis to describe the instrumentcahging rate of
50 Hz and an angular resolution of 0.5° are appli€de
function to record multiple echoes is switched aff,well as the
fog filter, to avoid a lower sensitivity in the meange (< 7 m).
The specification sheet gives a total systematirs statistical
error of 31 mm for ranges between 1 m and 10 m. [aker
power of the device is 15 mj/ pulse.

3.4 Reconstructed Still Water Surface Profile

The simple case of a still water surface measuremean used
to identify several problems of this method. Theuts can
later be adapted to dynamic water wave conditions.

Parts of the analysis require the conversion ofsiten points
from polar to Cartesian coordinates. Internal datéection of

the TLS device is in polar coordinates.

Scan points taken from locations very remote fromexpected
water surface are excluded (e.g. points from thénge the

wave maker at the end of the flume or points framtiottom of
the flume). A vertical buffer between y = 1 m + 2and a
horizontal buffer of x = -6 m + +6 m from the las@urce were
applied for this purpose.

The recorded echoes decrease for more gentle mmdangles.
Due to the wave action, this also changes in tificeobtain a
measurement where most of the area gives contintesusts
and to quantify this effect, a 95% Field of Viewo{H region is
calculated. The laser beam moves over the watdacguiin

predefined steps and frequency. The percentagealalated

echoes for each location over the whole test cwrais

determined.

The 95% FoV region is then defined as the disthmteeen the
minimum and maximum location with at least 95% reed

echoes, as shown in Figure 5. In nadir, singletiona didn’t

show 95% recorded echoes, but points to the left tre

.. | O x-points > 95% back reflection
1t x x-points < 95% back reflection
: + TLS position

£x xx 000X x0000000000%x000000000000000x X x X x x -

Field of View (FoV)

-2 -1.5 -1 -0.5 0 0.5 1 15 2
Distance from TLS in flume axis [m]

Figure 5. Definition 95% Field of View (FoV)

Water surface elevation [m
(=]

right did so. These missing points are simply iptdsted using
two neighboring points. The same was true for looat with
less than 95% recorded echoes near the edge pfdfile.

The point spacing on the water surface is irregdla to the
combination of increasing ranges and higher inaideangles.
To provide an equal distribution, the recorded eshare
interpolated in steps of 0.01 m over the whole ifgofThis is
about equal to the densest point spacing aroundt.néde
signal was then temporally and spatially averaged.

3.5 Surface Correction M ethod

It was observed that the obtained still water sgfarofiles
showed a tendency to bend upwards towards the aith@ugh
the original water surface is a horizontal lineislassumed tha
the laser beam travels a certain distance B thrahghwater
column before being reflected or scattered by aaytigle
(Tamari et al. 2011). Hence, the laser beam expezie
refraction and a decrease in velocity when entetireg water
column. For the range calculation, the TLS howeagsumes ¢
constant velocity of the laser beam and a measuniewtgch is
on a straight line (Figure 6).

Therefore, the obtained results seem to be motandiand of
higher elevation than in reality. This could resalthe upward
bending towards the profile edges. To correct fos and to
obtain the desired water surface coordinates, dac
correction method after Smith et al. (2011) is ki

The refractive index of water with an incidenceelasvave
length of 905nm is = 1.32699 (Daimon & Masumur
2007) and the refractive index of air ig & 1.00027.

The horizontal and vertical distance towards théewaurface
Ax, and Ay, respectively are calculated from the virtua

- - - virtual laser path through water
real laser path through water TLS

® XY (virtual measured coordinates)
® X;Yg (real coordinates)
® Xc,Yc (water surface coordinates) « X
) y
\os&
0
o SWL
®o B
5 h
Ax,

Figure 6. Surface correction after Smith et al1@0

obtained coordinates (X)Y The TLS device assumes |
refraction, so the angle in water is the same asirthidence
angle. Furthermore, it assumes that the laser ligdraveling
with the same velocity in water. Since in realite taser bean
is traveling slower in water than in the air, tbadth B must be
multiplied with the quotient of the air- water radtive index to
obtain B"

AX, =sing, * g2
M €]

Ay, = cosé, *B*&
n
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Finally the water surface coordinates are calcdlatith:

X_=X-Ax = X-sing,* B*%

@)

Y, =Y-Ay = Y-cosd, * B2
n

Where B = Dist. laser beam travels under water [m]
0;  =Incidence angle [°]
n; = Refractive index air [-]
n, = Refractive index water [-]

X,Y = Virtually measured coordinates [m]
XaYe= Water Surface coordinates [m].

The incidence angle is obtained from the TLS devitke
question is how to determine the distance B. If @utl¢he
upward bending of the sampled water profile carexgained
by the slower velocity in water, the correction sldoresult in
an almost planar water surface profile. Thus, akwacds
iterative approach to determine B is chosen by deténg the
value of B that results in the most straight profites assumed
that for a given water turbidity B is constant fdlr incidence
angles. The root mean square error of the verdistdnce to the

deteriorates). The upward bending of the edgesriected ant
a rather horizontal water surface profile is ob¢din

Two problems are observed, which lead to diffi@dtiwher
applying the surface correction method. In Figura 8loped

Surface Correction Still Water

0.1 01
o XY

° Xe,Ye (water surface)

Surface Correction Still Water

o XY

©  Xe,Yc (water surface)
0.05
0 ) /

/

o -0.1
04 -60 -40 -20 0 20 40 60 -60  -40

Incidence Angle [°]

0.05

Water Surface Elevation [m]
°
2 ’il;yz
Water Surface Elevation [m]

-20 [} 20 40 60

Incidence Angle [°]

Figure 8: Unequally distributed Kaolinit (left) aadlope
TLS installation (right)

water surface profile is displayed on the right pira lt's
probably a systematic error due to the non-horii
installation of the TLS device above the wave fluigéll, the
corrected water surface profile is much straighaed the
upward bending of the edges is corrected.

In Figure 8 on the left side, unequally distributdolinit
(varying turbidity in flume axis) is assumed tothe reason fo
the scatter in water surface elevation. In thisecasurface
correction is hardly possible.

A more sophisticated steering of the additive isndeded tc

water surfacely, in Equation (1) is calculated as a function of guarantee an equal distribution of the turbidityngl the flume

B. Where N is the total number of measured points.

S (Ay,(B)-Ay,(B)?
Min(RMSB =1/ N 3

axis.

Apart from this, the proposed surface correctionthoe
performs well in the way that the upward bendingfifg edges
are corrected and a mostly planar water surfacdil@rs
obtained. It is assumed that the scatter in corisec
measurements and the distance B, the laser bearmlsi
through the water will decrease with increasing en
turbidities.

However, the iteratively derived distance B, i.e tistance th

The Ay, resulting in the minimum RMSE (most planar surface) |aser beam traveled under water, seems to be diveatsd. A

is calculated. The corresponding B is chosen for sindace
correction (Equation 2). Figure 7 shows a watefaser profile
before (blue dots) and after surface correctiod ¢lats).

Surface Correction Still Water

0.1 2
o XY

E ©  Xe,Yc (water surface)
g 0.05¢
®
>
o
W S Ry
g O arrmne Sy, ’
£
3
@
3 -0.05 \ ,./
o
2 o s

-0.1

60 -40 -20 0 20 40 60
Incidence Angle [°]

Figure 7: Still water surface profile before (bluahd
after (red) surface correction

Only incidence angles between 10° and 60° are dersil (In
nadir, between 0° + 10° and highlighted in greye #ignal

possible explanation is that the upwards bendimdilpredges
are not only due to the refraction phenomena. Hengher
research is required to quantify the specific iefloe of the
refraction.

4. PROPOSED WATER WAVE MEASUREMENT SET-
UP FOR THE NEW DELTA FLUME

It is the purpose of this section to propose ainopéd set-ug
for TLS based range measurements of water wavésimew
Delta Flume. Hence, optimized TLS, geometry/atmesplanc
water parameters are determined and post procestpg ar
described.

4.1 TLSParameters

The SICK LMS511 was found to give good results ia gneer
water (defined as the water where waves are géy
unbroken) of the small flume with ranges betweehm.anc
4 m. In Figure 9, a reconstructed wave field ipldiged. The
95% Field of View (FoV) is applied and the wave sw@&men
is interpolated and spatially averaged with the Bthving
window. The surface correction method presenteskation 3.t
is applied. At least one full wave length is visibl
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The question is how this same device will perfomthie larger
Delta Flume dimensions.
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Figure 9: Wave measurement

Good results are reported for the use of the SICKcddn the
wave run-up zone of the old Delta Flume. Thereery foamy
and turbulent environment provides Dbetter
characteristics. Up to distances of 20 m, breakiages were
detected. When measuring a still water surfaceha Delta
Flume with ranges between 4 m and 8 m, no goodtsesgere
obtained.

The SICK LMS511 is equipped with a near infraredetas

(A =905 nm). The use of near infrared lasers forewatrface
detection is in line with the Optech Shoals apphodor
airborne LiDAR bathymetry measurements (Guenthemlet
2000).

The SICK LMS511 is provided with the pulsed TimeFdifght

reflectio

called green water, defined as the water were wae
generally unbroken. Wave profiles and the accomipgnyave
parameters are measured in this location. Sevebopec
measurement locations for the green water locatfergiven ir
Figure 10.

12.6m

8.6m
5.6m
k
F: =
wv
o w
4%
&
=
IS
=
Foo~

H=9.5m

B=5m
Figure 10: Possible TLS measurement locationsem#w
Delta Flume

The second location is placed in the wave run-upezof the
Delta Flume. The foamy and turbulent environmenttloé
breaking waves will provide better reflections fre TLS
device.

The measurement location along the flume axis shalways
be near the area of interest. That way errors duéigh
incidence angles, resulting in ellipsoidal footpsiand signa
deterioration (Sourarissanane et al. 2011), anecest|

Due to easy access, flexibility in the flume axisl aue to the
largest distance to the water surface without infging
objects, TLS4 (in Figure 10) is considered the nmmsferrec
measurement location. Each TLS location is sliglsthfted
from the middle of the flume to easily implemengraall slant
angle. A slant angle greater than 4° prevents @ated signa

(ToF) measurement principle. Reported TLS based erangin nadir (Allis et al. 2011).

measurements from water waves are also obtaindd TafF
measurement devices. Guenther et al. (2000) olkethat

In the conducted experiments, no influence of ilhation
conditions on the measurements could be obsenigd.ig in

during airborne LIDAR bathymetry measurements Ramanine with the observations by Irish et al. (2006).

reflection from the water is detected. It is noeal what

It will be even more challenging to receive a retilen from the

happens to the phase-shift JP8ange measurements if a still water surface over increasing distances. ftpiired lase

different wavelength (emitted by the water) thaa ihcidence
wavelength (emitted by the laser) is coming bacth&device.
Also, no results were obtained using a phase- 8h8) device
in the TU Delft wave flume (Faro Photon 120). Altgh there
are more parameters influencing the quality of
measurements, it is assumed that the ToF rangeunesasnt
principle is more robust for scanning water wavdewever,
further research is required to prove this assumpti

Water is a very low reflective surface. Therefomgensity
filters (fog filter etc.), frequency filters or cqrarable internal
TLS thresholds should have the possibility to béched off.
In this way, as much data points as possible atairsd from
the water surface. If required, filtering of theiqgacloud can be
done manually in post processing (Section 3.4).

Very sensitive receivers with high radiometric leson are
expected to better measure the low intensity eclfimes the
water surface and the small changes in intensity.

4.2 Geometry and Atmospher e Parameters

Two different locations in the new Delta Flume &entified
for the TLS measurements. The first location i€gthin the so-

power will increase with larger ranges, as pregenhe Delta
Flume. The SICK LMS511 provided good results in sheall
scale wave flume with ranges between 1m + 3m ataser
power of 15 mJ/pulse. Hence, the estimated requissdr

thepower, based on the laser range equation and pofvéne

SICK LMS 511 device, is 0.77 J/pulse for measurer
location TLS4.

4.3 Water Parameters

Different additives were used during the experimemnd
guarantee for the required turbidity of the watdrinly, the
additive Kaolinit p = 2.65 g/cm3, D50 = 20 um) was used.
an experiment, also Magnesium powder (“Moon Dt
p =1.738 g/lcm3) was tested. Since it has a lowasithe than
Kaolinit, it sank slower, allowing for a longer nsememen
time. It was difficult to dissolve the magnesiumwg@r in
water due to the fact that it was sticking togetherdarger
clumps. Accordingly, Kaolinit is the preferred atilek for the
time being.

The measurements in the green water with unbroleresvwill
be comparably difficult to obtain. Here, the tuibjdmust
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exceed 40 NTU (Allis et al. 2011) to enable TLS based rang&uenther, G.C., Cunningham, A.G. LaRocque, P.e., Reid, |
measurements from the water surface. Advanced turbidit2000. Meeting the Accuracy Challenge in Airborne Lidar Be
steering is required to guarantee for equally distributed Kaolinithymetry.Proceedings of EARSeL-SIG-Workshop LIiDAR,
along the flume axis. Measurements in the wave run-up zonBresden, Germany, pp. 1-21.

are simplified by the higher turbulence in the water which

forces the particles in suspension. Also, the foamy environmerttiarry, M., Zhang, H., Lemckert, C., Colleter, G., 2010. 3D ¢

due to wave breaking processes increases the reflectivity. tial Definition of a Water Surface. Proceedings of the 9th
ISOPEPacific/Asia Offshore Mechanics SymposilBusan,
4.4 Post Processing Korea, pp. 255-261.

Basically, the conversion, filtering, interpolation, averaging andHofland, B., Hoffman, R., Lindenbergh, R., 2012. Wave Me
correction steps presented in section 3.4 should be adapted ggement Techniques for the new large-scale Delta Flume
wave conditions. Spectral filtering is recommended and theProceedings of 4th International Conference on the Applice
surface correction method (section 3.5) can be used for &f Physical Modelling to Port and Coastal Protection — Coa
changing wave face as well. lab12,Ghent, Belgium.

5. CONCLUSIONS Hofle, B., Vetter, M., Pfeifer, N., Mandlburger, G., Stétter, J
2009. Water Surface Mapping From Airborne Laser Scanni

The applicability of a TLS based range measurement of watesing Signal Intensity and Elevation DaEarth Surface
waves in the Delta Flume has been examined. A ready to U§§ocesses and Landforn®4, pp.1635-1649.

measurement set- up has not been applied yet. Questions about
the physical processes in laser- water interaction remain. NeVefn'sh, J.L., Wozencraft, J.M., Cunningham, A.G., Giroud, C.
theless, some important steps to reach this ultimate goal are pregoe. Nonintrusive Measurement of Ocean Waves: Lidar \!

sented in this work. _ o Gauge Journal of Atmospheric and Oceanic Techno|®;
A parameter inventory was carried out, identifying and summan, 1559- 1572.

rizing the influencing parameters on TLS based range mea-

surement of water waves. o Maslov, D.V., Fadeev, V.V., Lyashenko, A.l., 2000. A Shor
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