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ABSTRACT

The performancefesewer network has important consequences from an environmental and social
pointof view. Poor functioning can result in flood risk and pollutatra large scale

Sediment deposits forming in sewer trunks miggerelycompromise the sewer line by edting

the flow field, reducing crossectional areas, and increasing roughness coefficients.

In spite of numerous efforts, the morphological features of these depositional environments remain
poorly understoodThe interface between water and sedimentaias inefficientlyidentified and

the estimation of the stock of depogtfrequently inaccuratén part, this is due to technical issues
connected to difficulties in collecting accurate field measuremeiitsout disruptingexisting
morphologies.In this paper, results from an extensive field campaign presented;uding the
campaigna new survey methodology based on acoustic techniques has beerFastetmorea

new algorithm for the detection of the switer interface, and therefore for therrect esteem of
sediment stockis proposed Finally, results in regard to bed topography, and morphological
features at two different field sitese presented and revetdata large variabilityin bedformsis

present along sewer networks.
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1. INTRODUCTION

Sewer networks aressential for urban areas and their performdrasamportantenvironmental
consequences becauseditermines the quality of sanitatioand influence the sk of urban
flooding (e.g. European standardF EN 146541). Standard norm$or environmentaimpact of
sanitation facilitiesestablish that sedimentation sewer trunkshould bepreventedin order to
avoid both flooding, and pollution issuesin fact, fdiment accumulations have two main
consequencesir$tly, they reducehe ability to evacuate wastewathreto changes in friction and
in cross sectional areaesndy, due to their organic naturthesesedimentsan be easily eredl
and contaminate aeby areasln spite of tlesedeleteriouseffects sedimentdepositsgenerally
occur andnterest large parts of sewer trighkherefore is importantto understand their properties,
and toidentify effective methodologies aimed at characterizing themphological features
Difficulties arise when trying to study thedepositional environmentiue to health and safety, as
well as technical issue<lassically sediment accumulations wedetected usingnechanical
probes i.e., point gaugespptical backcatter probesr endoscopefOms 2003) The limitations of
these methodologies are connected to the fact that the sediment interface might be strongly
perurbedleading toa misevaluation of the amount of sedimerspecially in the presence of very
soft fractiors. Limitations are also caused by the fheit these instruments frequentigcessitate
the installation ofarge and unpracticaquipmentAhyerre et al. 2001)Moreover thesesensors
are mostly punctual anddifficult to use to trace fine resolutiomansverse profiles of the sewer
trunks More recently, BertrandKrajewski and Gibellp 2008 proposedthe use ofultrasonic
methodologyto investigatehe sedment bottom and by using a rotating device showed that this
technology could be potentially used inside sewer netwdtksiever, no information about the
nature of the sediment deposiasgiven andpreliminaryresults werenly based probe outpsit

(Gourmelen et al. 2010also developed an acoustic systeand provided new insights about
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sediment interface trougtontinuous observationdoweverobservationsvere in part limited by
their punctuality.

Within this contextthis manuscript has a dual go#ist, a new technique, and procedure for the

analysis of sediment deposits, and more accurate identification of the soft sediment imngerface

presentepthe technique is baseh anacoustic technologgnda rotating sonardad In this regard

a new algorithm for a more accurate identification of the interface bounslaaso defined
Measurements aréhen compared with results obtained wittlassical sediment gauges and
sediment sampler

Secondly by using the aforementied methodologyand fast Fourier analysisew insights about
the bathymetry, and morphology of combined sewer netvbedkforms are providedor two

sewerdn the city of Nantes (France)

2 LITTERATURE REVIEW

Characteristics of ediment interface

Combined sewer networksare characterized by significant variability in sedimenttypes and
sediment transport pattern§Crabtree 1989)classified sediment deposits based on the
characteristics of thefractions amongthose indivduated by the Authorhe two of interest for the
present study areType A deposits: coarse, granular bed matsvidespread;Type C deposit:
mobile, fine grained found in slack zonesigwolation and overlaying Type Alype C deposits are
characterisetdy larger fraction of organic material and a weak shear resistance.

During dry weather, a weak layer (type @®ith organic content90% and ofdsp around0.5 mm is
generallyobseved above a coarser type A lay@his weak layer i®asily re-entrainedwhen the
shear stresis higherthan 0.51 N/nt.

Observation by(Oms 2003)confirm this multiple layers structure. According todescope

measurementgoarer deposit@re present at the bottom, and eogered by a layeof fine organic
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materialhavingbulk density !, in betweer046 kg/mi and1315 kg/ni. Herein, sediment interface

is defined ashe exterior boundary of the weak (type C) sediment layer.

(Ashley et al. 2004¥urther introduced two different definitions based on sampling technique,
namely, near bed solids and dense undercurientact, gart from sediments in suspension,
transport pattesmare generally characteed bya combination of bed load over the settled bed and
an inner suspensionThe rear bed organic solidshich are transported over the settled bark
generally deteetd troughsediment trapsand for dry weather flow areharacterised bgn organic
content greater than 90%nd sedimentdiametes dso ranging from30 mmto 50 mm The inner
suspension can be detected when sedimentscaltected with pipes, in form of a dense
undercurrent, characterised by partclghich arenot in contact with the bednd which have a
large dimension compared to thathemainflow field.

(Arthur et al. 1996)studied tH FKDUDFWHULVWLFV RI ZKDW KDV EHHQ
WUDQVSRUW’™ LQ WKH 'XQGHHn thR Pdsé, @ah@ nedd Bdd Jibid gadimveénisP
were characterised by large volatile contents (up to 87.6%), small median dhdies
0.09mm<dse<11 mm and bulk density, from 1000 kg/mito 1998 kg/mi.

Observation in the combined sewer system of RAhgerre et al. 2001 )both visual and with

suction systems, revealed the existence of high concentrated layer (total suspended solid
concentrationsip to2 g/l) within the water column, in correspondeneith what has been

considered the organic layéfowever,visualobservation of the sediment water interface suggests
that high concentrations might be linked to the survey methodology rather than to the presence of
fluid sediment. In fact, direct obseon during dry weathexonfirmeda clear distinction between
water and organic layer, withnly few particles moving on the top of the interface.

Laplace et al., 2003 showed that the deposits in sewers, and especially the organic layer at the water
interface contribute to 40 to 70% of the total pollution from the wet weather combined sewer flow,
and suggest that the organic layer formed at the surface of the deposit could be thus washed off

trough flushing techniques before rainstorms. Gasperi et 40, RZghlighedthe significant role of
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sewer sediments as a source of Wet Weather Flow pollution, and satjfegptossible importance

of preventive managing service sewer actions to reduce the pollutant stocks. By using an extensive
database of flow andirbidity measurementsdm Paris and Lyon, Hannouche et al., 2014
confirmedthat the contribution of sewer depots to wet weather suspended solid discharge is
important and up to 809Ry using laboratory experiments, it has been also shown that the
stratification of the sediment bed can originate from biological mechanisms. Specifically, surface
layers are influenced by environmental conditions and oxygen lévsignificantly weaker

sediment layer with lower shear strength values is formed under meseeni and oxygen richer
conditions Banasiak et al., 2005)Veather conditions are important for the characteristics of

sediment deposits as well. Bersinger et al., 2015 showed that the sediment deposit is ifsgrewed a
each rainfall event because, asftbes in pipes slows down, there is an accumulation of new
sediments in the sewer. However, sedimentation processes are not the sole reason for stock
renewal, and the authors suggest that the sewer network behaves-physimiochemicateactor,
andthatbiological processes leattsin-sewer transformation of deposiBersinger et al., 2015,
alsosuggest that sediment stocks in sewer network during dry weather periods might be calculated
by estimating the daily chemical oxygen demand fluxes brought &lydhe different rainfall

events of the month.

In spite of numerous and valuable studies, there are still many uncertainties connected to grain size
distribution, morphological features, as well as about the exact location of sediment interfaces.
Many tmes, these uncertainties are connected to sampling techniques which are too invasive and

disrupt the flow field.

Detection of the sedimemtepositinterface
Different techniques have been employeddentify the sedimentvater interface, but many times

environmental and security constraiate present



130 Development of optical and acoustical backscatter probes for marine applicaliows the

131 definition of sediment bottomtroughindirect measurementBor example(Gallagher et al. 1996)

132 defined the distance athich the seafloor was detectesinga threshold criterionandby means of

133 1 MHz sonar altimetewith voltage immediately below the automatic adjusted maximum gain
134 level. After laboratory and field experiences, they defined an automatic gain adjusigoeitihmal,

135 which included signal normalization and a threshold voltage employed to individuate the time at
136 which the bottorrecho was detected. By means of the automatic gain adjustment algorithm, the
137 authors were able to measure the seafloor with a pre@$i@®3 m. Differently(Bell and Thorne

138 1997) located the sediment bottom on the base of therman correlation calculated between the

139 backscatter profile measured with a 2 MHz rotating head sonar and a model bed echo which
140 reflects an ideal approximation of what is the actual bbd.ec

141 According to(Bell and Thorne 1997and (Thorne and Hanes 2002he use of the algorithm

142 improves the localisation of the sediment bottom if compared to threshold methodologies.
143 Moreover, the authors provide a full review of acoustic measents technique and methodologies

144  to determine the sediment concentration from the backscatter profile.

145 (Webb and Vincent 1999based on three frequency transducer experiments, defined the bed as the
146 place wherghe strongest backscatter signainisasured.

147 Later on (Green and Black 1999)efine the base range as the range of the bin (i.e. one of the
148 volumesin which the water column is divided in the sonar image) immediately above the break of
149 slope in the temporal buraveaged concentration profil§he burstaverage concentration profile

150 was based on the averaged rowansquare backscattered pressure profiles. According to the
151 nature of the surveyed bed, they namely located the sediment bottom at 0.01 m below the base
152 raQJH IRU ULSSOHG EHG DQG DW FP EHORZ WKH EDVH UD
153 (i.e., a stratification in which mounds of sand occur).

154  (Hoitink and Hoekstra 2005¢omparedhe suspend concentration profiles obtained from acoustic

155 Doppler current profiler (ADCR)acoustic backscatter signal and optical backscatter signal (OBS).
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By also consideringAlexander et al. 1997esults, they observed that acoustic instrumbatse
different degree of penetration inside fluid mud according to the signal frequency at which the
backscatter is collected. Generally, 200 kHz signal is able to detect the top of the mud layer,
corresponding to roughly 1050 kginbut the reflected signal is me properly associated to a
gradient of concentration rather than to a specific density. Differently, lower signat4ff Rz

are able to penetrate the fluid mud reaching a more consolidated layer.

However, in terms of dredging volume definitions, nofh¢he previous elevations seemed suitable
and a more appropriate layer definition comes from intrusive instrumentations, such as sled
transducer, which has been designed to travel along a physical horizon of constant density and
viscosity (Alexander et al.1997) More recently, (Dolphin and Vincent 2009)adopted the
methodology proposed hsreen and Black 1999nd locate the sediment bottom as the level at
ZKLFK W Kih- VORKEDIRe sediment concentration curve was observed faooustic
backscattemeasurements.

It is worth noticing that the majority of technical advancements in terms of acoustic
instrumentations have been done in relation to marine environments, wheredspodits are
abundantSewer deposits are dramatically different with respect to marine sediments, as they have
a much higher organic matter concentration (30% to 89% of volatile solids), and are less
homogeneousAcoustic measurement may represent an adég solution in terms of installation
feasibility (small dimensions and light < 5 kg, no needs of special equipment, and thetability
detectthe interface with minimal interaction, a characteristic rather important in presence of soft

sediments.

3 METHO DS
Equipment
Heren, a sonar profileis usedto detect the interface of the sediment deppaitsl then compare

the acoustic measurements with data from a sediment galager samples were collected as well.
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The use of a sonar profiler in sewer netwarlairelatively unexplored technology. Results from the
sonar were improved by modifying the algorithm usedextractthe sediment interfacén this

regard, asonar profiler (thereafter mentioned SONAR), manufactured by Marine Electronics Itd.,
and with 2 MHz working frequencywasused to measure the bottom transverse and longitudinal
acoustic response of the sediment bed.

The profiler consisted in an emitter and an acoustieiver thatotates inside the probe caJée

probe case consisted an alloycylinder of 70 mmof diameter and45 mm of length. The sonar
profiler hasa rotating head that measure the acoustic backscatter along 400 beams of 0.9° each and
for 250 control volumg or bin, from the centre of the probe to the maximal measured distanc
rangeRnax With a frequency of 1 Hz (i.e., a section each second).

The plane of rotation is located at around 4.5 cm from the edge of the PVCTrbeqgtrobe can
GHWHFW WKH DFRXVWLF EDFNVFDWWHU $%6 ZLWEKwed[LPXP
0.125 m <Rqnax < 6 m, whereR is the generic position of the control volume or bin from the
SONAR centre(Figure 1c) The probe is able to detect both pitch and roll anglght bottom of

the frame), with a precision of £0.I’he main parametets regulatevere

1)tKH 3UDQJH" RU PD[LPXP ,BRMOHBWR.E OHMGIiN¢adRIQradial beam

is divided ino 250 control volume between B<Rnyay the probe presents a geometrical resolution

of 1/250 of the maximum range

2)tKH 3S)XOOIVHPW K™ VP. \ ZKLFK UHSUHVHQW WKH GXUDWLRC
the sonar; the vertical resolutidpis connected t®,_by A=cP_ /2.

The output generated by the software is given in counts usinghénsBale. The SONAR is
equippedwith a 70 dB logarithmic receiver, in which the output voltage (the voltageppostssed

by the probe and which is latter converted in counts) produced by the probe is proportional to the
logarithm of the input voltagd.€., the row signal recorded kthe piezoelectric transducer of the
SONAR). The software automatically adjusts the gain to the largest detected backscatter. However,

theoutput alsayives the gain used for the automatifustment.
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The software also allowfor the regulation of the maxiah intensity and thesignal threshold,

which, however,does notmodify the accuracy of the measure. The temperature needs to be
manually adjusted, as the probe has not been equipped with a thermdieatss, temperatures

have been recorded by means dfigital thermometer installed in the netwomkith precision of

0.1°C and regularly calibrated.

The software elaborates separately each beam or sector oAQp@6file of the bottom can be
obtained by the recorded image using thréiedint softwarealgorithms: 1)30D[" WKH SURILC
obtained from the points were the maximum ABS is dete®ed; °~ WKH SURILOH LV RE'
the point were % of the maximum ABS is detec@d:$UHD °~ WKH SURILOH LV RE)
point werethe largest energig detectedGenerally M D[”~ V K Razofflel@hat is more extended
compared to the other tw8light differences occurs between them, generally less than dvem

hard bottomwhile the profile individuated over soft deposisanore scattered.

In termsof sediment gauge measurements, when soft sedimegtshe type C organic laygare

present the introduction othe gauge might interfere with the sedimeatsd destrqg/s the organic

layer. To limit this issue, goint sediment gaudixed at the botim andwith 25 cmdisk diameter

was usedWhen operating with a sediment gauge, dbdity of the operatoto detect the sediment
represerd a source ofuncertainty as wellln this regard, to reach thtep of the organic layer

without enteringit, the gauge should be introduced without any pressure on the disc. Water has
been sampled using a suspended solid sampler device, made of four pipes of 10 mm of diameter,
placed at different heights from the bottddaumouillie et al. 2002)Each pipe is connected to a

2.5 | bottlewith -0.07 MPapressureOnce the pipes were connected tolibttles, the device was
immersedand the connectors opened for around 15 second.

Field sites

The 3'XFKHVVH $QQH" FRPELQHG VHZHU '$ DQG WKH 3$00OpH
were choserbased on the different flow characteristics as well as difeaces in bottom and

suspended sediment concentrations



234 TheDA site is characterised by a slope0.3% (%), a catchments area 4f11km? connected

235 into a network of 21 km of lengtAhe AE site has a slope &=1.2%, a catchments area of 1.41

236  km? ha ad a network length of about 60 kifable 1 summarizes flow characteristics, and
237 sediment deposits characteristics for the two different sites and during the execution of the field
238 campaign. Flow velocity at the DA site are, on average, 4 times highefldlaamelocitiesat site

239 AE, while the sediment stack at the AE site is on average 5 times higher than at the DA site (Table
240 1). All tests were executed in the absence of precipitation, and apart from {82 @Eests were

241 conducted after at least tvdays of dry weather (<0.2 mm precipitation, Table 1). The number

242 of dry weather days before the tests ranged from O tdDlfing dry weatherthe DA sewer

243 sedimentdepositshave a mineral contelftype A sedimentaccording toCrabtree 1989)higher

244 than AE.The AE site generally showstartingfrom the bottom, a first layer @ype Asediments, a

245 secondayer oftype G andsuperimposed layer with high suspended sedimé&igare 1f presents

246 an example, of sediment lkeyng.

247 Both sewer pipes are characterised by an egg shaped transverse section with one lateral bank,
248 allowingthe passage of the operat@asd preventingediment disturbang&igure 1 a,h)

249 Two different carriage systems have been installed insideetiier in order to shift the probes both

250 longitudinally and transversally. At th&E site, two rails have been installed longitudinally at the

251 invert sides toward 10 m of length at about 1.2 m fromirtkiert bottom, in order to reduce their

252 inundation likéihood and the flow disturbancd he rails have been fixed starting from the manhole
253 toward the upstream directioRigure 1d), and consisted of 4 cm width squared alloy bar$.08

254 m alloy bar of the same dimensions and section of that used for thasdiken fixed transversally

255 over the rails and a mobile support, which can slide along all the channel width, held the vertical
256 bars. In order to adjust the probe orientation, the vertical bar consisted of a cylindrical section that
257 completely rotates iboth directionsDifferently, the experimental installation of DA sitEigure

258 1le) consisted of a single rail fixed at thap of the invert, over which a carriage has been arranged,

259 allowing for longitudinal movements. Vertically, the position of the psols regulated by means

10
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of a cylindrical bar, directly hanging from the small carriage, which again can be rotated in order to
adjust the probe orientatio®mall transverse regulations are possible to fix the probe at the dry
weather channel centre. Thangitudinal position of the probe is measured by means of a 1 cm
precise scale fixed over the ral.transverse bar has been used to stbilie whole system, hence

preventing and reducing lateral probe oscillations and tilting.

Measurements executins

Data presented here refer to sewer taiinkthe DA-field site andin the AEfield sites {runks

length ranging from 4 to 9kmJror eachtransverse sectigithe probe centre has been fixed at the
free surface over the invert centre, in order to mininfiaw disturbance. For each sampled section,

a SONAR image is recorded and the sewer profile extracted, with a resolution between 10 cm and
20 cm longitudinally. The image is thus made by the backscatter intensity detesdett sector of

0.9 rad. In ral time conditions and based on théiBbackscatter intensitghe SONARsoftware

shows the bottom profile using the max algoritimsconsideringhe line connecting the poiat

which the maximum backscatter intensity is detected for each dgdtjure 2) The extensive
measurement campaigvas made beteen October 2010 and June 20dénerally between 7:30

am and 11:00 am, when the flow level was low enough to reduce the risk for the operators.

RESULTS

The algorithms developed by Marine Electronibsvgs a good correspondence with the observed
geometry in laboratory conditiond-igure 2a)and, more in general with compacted material
(concrete, sand,) as represented by wtmetinwous lines representing the sewer contqiigure

2a, b). However, theealgorithmsfail to detect theexactinterface ofthe soft depositsKigure 2b,

the solid interface detected by the Marine Electronics algorithm is the red dashetlding a

similar approachas(Green and Black 19993 new algoritin has been defined which identifitse
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acoustic interfacasthe distance from the probe where the backscatter signaledtber largest
gradient.

To reduce possible noisand before gradient calculatioa,Gaussiarfilter with 5 mm variance
(equal to tle instrumental variance) and of 10 cell extensicas also appliedor each beam

(equation 1)

f'(R) f oR 3f(R"¢9 Rdl D

This digital filtration aims at removingfrom the original signal spikes and noise possibly

provoking a false detectiarThe interface is, thus calculated using eq. 2:
R, max f'(R} for 0g<400 2

in which j represents thd' peam of 0.9° detected by the SONAR.this regard, an automated
script has been deloped.

Figure2c shows an example of the application efy.1, 2to the row signalgquaresymbolg for the
detection of the interfac&he original algorithm associate the solid interface to the value R=310
mm where the signal itself reaches the maximumfferently, the new algorithm associates the
solid interface to thenaximum of the filtered signal gradient (continuous line), and consequently to
R=255 mm(Figure 2c)

Figure 3a, bshow filtrationresults andthe final soilinterface detectionThe ®nar imageblurs

after the application of the filtdcompare igure 3a and3b), butalsoremovesomenoise and high
spikes from the original source signal, whishadvantageout® detect thenterface The final soil
interface is indicated by the whit@des in figure 3b (note that the number of circles in the figure
has been reduced for readabiljtsghd is in better agreement with the image itself

The profile obtained still contains some scatter, due to the presence of large cluster of debris
flowing in the water.The automated scripgeneratedor this procedurealso filtels the scatter
obtained by the previous proceduiée filter is based on both manual and automated procedure.
The manual procedure allows the user to select the points to baatédhiusing a rectangular box

12



310 selection. The points included in the rectangular selection will be eliminated from the section. The
311 automated procedure is based on a mobile med@dstandard deviation obtained from the and

312 z.s data, where; is thei-th point of the vertical component of the interface. Hence, the space of
313 acceptable values is defined as the median valogedian absolute deviationbtainedusing a

314 windows size of7 points Herein the size of the windows has been usedbdtiercaptue local

315 patterns(Menold et al. 1999)If the value ofz is outside the threshold is rejected, otherwise is
316 retained. This procedure is done for all the points of the profile detected by the sonar. The
317 algorithm is repeated until the differences kesdw the rstep standard deviation and thé-step is

318 zero.

319 Figure 3c shows the reconstructed morphology for one of the trunks, and by using the
320 abovementioned methodologiegheblackdots in the figure represent the row data after filtration,
321 while thesurface represents the interpolated surface wslagst square interpolation algorithm

322 Tests have beesisoconducted to verify the accuracy of the SONAR methodology with respect to
323 gauge measurement®ne of thetest has been carried out at the DAes{sectionS1), were

324 sediment characteristics were relatively constant (high mineral canteetSONAR rotating head

325 has been stream wise orientedneasure &ransverserofile of the sewer trunkHigure1d). Figure

326 4ashows the backscatter contourelinobtained from the SONAR imadggignal of less than 20

327 counts has been removed from the image, in order to increase the contrast between the water and
328 the depositsThe imaJH KDV EHHQ REWDLQHG ZLWK D SXOVH OHQJWEK
329 According to the &it backscatter amplitud@jgh backscatter signal correspondsitgh amplitude

330 recorded by the SONAR he image clearly shows the lateral walls of the trunk, akvbne is the

331 vertical wallof the side bankFrom this image it has been possible to obtairb#é Backscattered

332 vertical profile from the centre of the proldegure4b). In the plot, the range has been fixean

333 the centre of the probe. The centre tbeé probe relates to the probe dead zone, which is
334 automatically filtered by the software and automatically sél émuntsof amplitude The first peak

335 observed at about 15 cm from the centre related to a noise detected by the probe and not filtered.
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For -0.15 m <sonar<-0.35 m the backscatter shows an almost constant value of about 20 counts.
When the signal approaches the sediment bottom, the signal amplituddadabpst 181 counts

and then reducedue to the presence tife sedimenton the bottomThe signal showsa marked

peak were the sedimesthave been detectdny the gauge. The imagadhows that the sediment
bottom is not perfectly flat, most likely connected to secondary current which could modify the
shear stress and the sediment accumulatio particular, it seems that the larger deposits are
present near the left sidewallhereadess sediment seems to accumukdtéhe bank wallowing

to large velocity generally observenh this areafor compound sectioras observed by{Larrarte
2006) According to gauge measurentean averagesep= 0.10m of sediment has been detected,
for a total water depth 0of=0.41 m. SONAR measurement shoa9sonar= 0.44m and a distance
between the average sediment plane andaef thebank of aboub.32m. The total bank wall
heightwas0.45m, therefore showing a sediment degétected with the sonaf zzgp= 0.12m. A
comparison with the value detected witie gauge revealed reasonableagreementA slight
difference of the order of 20% occurreahich is a satisfactory resullnaccuracies may occur
during gauging operations (the gaugay notreach the bottonit can slightly sinkn the sediment,

the sediment morphologg not constant).

5.1sediment depositand their morphology

Figure5ad showgesults obtained from the samples collected at the two different sites. The figure
shows both the sediment concentnasian terms of TSS (total suspended solid) and VSS (volatile
suspended solids) for two different sieve sizes (0.125 mm and 2 mm) and the bottom particle size
distribution, in whichD is the diameter for which the percéhin weight of sediment is finer.

Figure 5 eh shows the ratio between VSS and TSS at different water elevations, and for the same
tests.TSS, VSS and particle size distribution were determined accaaliihg procedure

suggested ifrench norms: NF EN 872 and NF T-2052, and vater sam|es were collected

according tdLarrarte 2008)Stardard deviation values for each data point were less than 10 mg/l;
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this is in agreement with accuracy values presented with the same technigureabigand Pons,

2011, andLarrarte,2015.This technique allows collecting samples of water at diffefeves from

the free surfacegnd at the samteme. The particle size distribution has been evaluated manually

for fractionrs D>0.560 mm and by a MALVERMNMS 2000 laser granulometer fivactiors D<0.560

mm.

Bottom sediments show average diameter of abige0.1 mm at DA, whilst AE generally shows a
smaller diameter afs;=0.025 mm and a sediment uniformity paramete@(dgzu/dle)o'5 of 18

and 18 UHVSHFWLYHO\ dimdnt patiklél siEeRIMNBURIEN fdrHDA is rather uniform
compared to AE conditiong.he difference in the average patrticle sizes is linked to the averaged
velocities observed at the two sites, as shown in table 1. Velocities have been recorder using an
acoustic Nivus® PVMPD of 1 cm/s of precision. The instrument provides averaged velocity but

no information about the velocity fluctuation is available. However, three independent
measurements have been taken per each survey point, to checiuthldy and to avoid any
influence from suspended materiddgging the probe. The standard deviatidnhas been reported

in the table, together with the temperature measurements, necessary to both calibrate the probe and
characterise the biological activity of thetwork. This latter is important as it can deeply modify

the characteristics of the surface of the invert and its roughness, e.g., presendénof Wiglocity
aroundu=0.4 cm/s occurred at the DA site, in which the sediment thickness was limited to fe
centimetres. Conversely, AE shows velocities slightly below 10 cm/s during the morning, with
sediment deposits thickness larger compared to that observed at DA. Long survey lasting for more
than 12 hours shows that generally, later in the morning, tive \¥elocity increases, while the
deposit thickness may considerably reduce. It is worth noticingtblaght change in flow velocity

is sufficient to erode the soft depissi

The two sites aralso characterised by different concentrations and bottodimsnt particle
distributions. Both sites are characterised by a large percent of organic matter, as the suspended

solids are composed by a volatile fraction generally larger than 70%. However, what clearly
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388 distinguish the two sites are the sediment cotmagans observed in both the water column and
389 near the bottomKigure5). TSS concentrations generally show almost constant values at the DA
390 site of TSS2mmof 200 mg/I<TSS<350 mg/l, with a slight scatter toward the average observed for
391 each survey. Diffeently, the AE site shows a strong concentration gradient, with;E&S 1000

392 mg/l and peaks larger than TSy > 3000 mg/l, clearly indicating the presence of a mudflow
393 toward the bottom(Larrarte 2008)lso obtained similar results, in which maximum concentration
394 of TSS<600 md/and reduced gradients were observed for inverts with few sediment deposits.

395 A sample of sediment deposits typically observed the AE sites presented in Figure .1f
396 According to field observations, the interface may settle of about 10 cm during tmeifiuse after

397 sampling, demonstrating the presence the rather softgoropact type C deposit, easily eroded by
398 slight change in flow velocitfAshley et al. 1992hand easily suspended dugirsurveys with

399 invasive instrumentation.

400

401 Figure6 shows results for 4 morphological surveyse from the DA site and 3 from the ABA-

402 S5, AE-S6, AES7, andAE-S8 respectivelyEach panel representhe morphology of sediment
403 deposits over a length, xf several km, and over entire cross sectidnsthe figure, @ta are

404 displayed in terms Ofyane i.€., the vertical coordinate measured from the average plane passing
405 trough the measured poin#sn almost bidimensional shape characterizes the surfe/ site.

406 Two depression are clearly visible at arowsd1.5 m andx=-7 m, in which observed maximum
407 negativezyane= -40 mm. the central zone of the survey, however, is rather flat and characterized by
408 a maximumdeviation of aboutpane=40 mm near x=5.8m.

409 Differently, for the AE sitesthe presence ad much higherorganic conten{Figure5) alters the

410 previous bidimensional patterns observed in casahe DA field site Test AES6 presented a
411 large depressions neat-500 mm. A similar pattern oacs neax=-1000 mm for AES7.

412 The averageplanerepresenting the morpholog¥aerage has beerfurther decompose@s Zaverage

413 = .+ x+y, where., ,and are the minimum squared error coefficients evaluated on the points
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414  zgep obtained from the SONAR output. It follows thiitne = Zsep-Zaverage The horizontal resolution
415 of the survey has been fixed in about 20 Table2 summaizescoefficients., , and relative of

416 each surveyCoefficients . represent théhickness of the sediment at the poin® m andy=0 and

417 and represent the local longitudinal and transverse slopes respeciihelyoefficientsof the

418 two sitesclealy show large differences.

419 Longitudinal slopecoefficientsalso highlight how sediment deposits may locally presents larger
420 bottom slopes compared to the average invert slope. In particular, DA data slobwse same
421 order of the bottom invert, due the low sediment accumulation observed during the survey.
422 Differently, AE presented average slope up to several timesrlamnpared to the bottom slope,
423 where negaive beta values correspond to sedimentheight decreasingfrom upstream to
424 downstream Transverse slope are generally larger than 0.01 for both the sites, indicating the
425 presence of local tridimensional flow patterns. Maximum average transwagseeach up t0-8%

426 in both sites, regardless the nature of the sediment flois worth noticingthat major three
427 dimensional patterns may be locally generated by the presence of bends and other discontinuities
428 althoughthese latter are generally more than 10 m upstream the site of measurements

429 Generally,complicated 3Dmorphologes have been iddified, especially for the AE field sites.
430 Maximum deviations from the average plane may reach larger values zyato-60 (Figure 6¢

431 x=-1000 mm) mm andyane=+80mm (Figure6c x=-2000 mm).

432 Thesecomplicated threglimensional features are charaized by the occurrence of bed forms as
433 well. According to (EI Kheiashy et al. 2000; Rauen et al. 20@#d forms formation are
434 characterized by two main features, i.e., lengémd height . (Raudkivi 1997; Rauen et al. 2008)
435 proposed severalgeationscorrelatingthe averagegrain diameter with the formguarameters.
436 Accordingly, at equilibrium conditions and are independent from tHew. As an example,dr

437 0.1 mmsand equilibrium , and are 109 mm and 14 mnrespectively (Raudkivi 1997)

438 Moreover, if the velocity u<40 cm/s anddsp<0.1 mm bed morphology should be mainly

439 characterizedby ripples.
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Figure7a-d shows the longitudinal profiledongsewer centreliney€0 m),andrelative to test DA
S5, AES6, AES7, AESS8 respectivelyThe figure also show the same longitudinagprofiles
filtered using a Gaussian filter 3850 mm of variancdt is possible to distinguish the formation of
along dunehaving largeamplitude,and characterized by the superimposition of ripplé® dune

is characterized by steepleading edgd-7000 mmx<-5500 mn), followed by a milder slopé¢
5500 mmx<-2200 mm) and agaiby a steeppart on thedownstreanside (-8000 mm<x<-7000
mm and-2200 mm«x<-1500 mm).On the contraryAE longitudinal profilesare characterized by
long duneshaving smaller amplitudes, and shorter bed forms superimpofed.the latter, e
upstream portiomaregenerally steepahan thedownstream one§ his particular pattern contrasts
what generally occurs ithe presence of sand duseand unidirectional flows where amild
upstream slopés present which is the folleed by asteeperside (Wren and Kuhrd 2008) This
difference mightbe linked to the flow hydrographtypically observed insewer networks,
characterized by relatively low velocities and regular flow fluctuation during dry period and higher
velocity during rain periodgi.e. flushing,with a steep rising limb and a relativetgilder receding
limb). (Campisancet al. 2004)pbservedsimilar morphologesin presence of flushg waves over
isolated sediment depositand (Ristenpart 19955escribed similar sediment morphalkegwith
height of 520 cm along sewer trunk of 1500 mm of diameter.

Further insight and comparison of bed morphology can be made using Fast Fourier Analysis (FFA).
Fast Fourier malysis has been successfully used(GgataneLopera and Garcia 2006a; Catano
Lopera and Garcia 2006b; Smith and Sleath 2@05haracterize the bed morphology for both
oscillatory and combined flows. This technégallowsunderstandinghe largest component of the
profile that can be assimilated to a sinus@idcordingly, the bottom profilecan be considered as
the sum of the sinusoid of wave lengtand amplitude /2, both in mm.

The bed morphology can be apgiroated using a discrete sum of sinusoids:

Zeo( @ | 7,07 €M7 3)
N
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whereN is the number of simpleg, is then-th Fourier coefficient and:
12 |2k )|/ N

4)
Figure 8shows the fast Fourier transform (FF®) the longitudinal prafes shown in Figure.7
The test at DA is characterised by longer amgétiof around 7 m of wavelengtééind maximum
amplitude of 25 mm, while the AE test are characterised by slightly lower amplitudes of shorter
wavelength, around 3.5 m. Moreover, thecase of DA test theeakcan be well distinguished
from the shorter wavelengths, while in case of AE the bottom centreline profile the largest
harmonics isslightly larger compared to that of smaller wavelengths, most likely due to the
presence of the mudyer observed in AE tests. AE tests slightly differ one each other depending
on flow conditions and water depth observed during the survey. TeS&7A&nd AES8 shows
similar peak wavelength and height 6f4291 mmand = 3362 mmand /2=8.5 mmand /2=9.2
mm respectively, althoughkielocities and sediment height differ significantly. In contrast, test AE
S6 presentetivo distinct main patterns of 1663 mm and= 3239mmand /2= 15.6 mm and/2
= 17 mmrespectively, that may suggest the presence of two different morphologies formed at
different time.Dry days before the surveys setmplay a secondary role on the morphology, as the
lowest values /2 is observed for test AES, i.e., 4 dry days from thiast significant event.
However, the shape and intensity of the hydrograph prior to the survey should be further analysed

to better assess its role on the formation of the mud layer.

CONCLUSION

A new application ofacoustic technigueeto the study ofmorphologies, andsediment deposits
combined sewer netwaskhas been presentetdnderstandingthe morphological features, bed
forms, and sediment characteristafsthese network systems is essential as the latter hadtalgt

the flow field, sanitatioperformance, as well as the risk of urban flooding.
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The use of Sonars to investigate the morphology of sediment dejposéaer networksas been
relativelyunexplored but preseseveral advantages with respect to previous techniques, in terms
of bothaccuracy, and ease of execution. Specifically, several difficulties are associated to the use of
optical instruments in sewer networks duethe high suspended sediment concentratiossd
problems connected to the perturbation of sediment deposits depdoying the instrument©n

the other hand, ayige measurements can be highly subject to human errors, and are labour
consuming. Thewutomatedechnique, and deployment presented in this pdp&t H YaRIEVENY
perturbation ofthe sediment deposits, amaso allowed a relatively fast reconstruction of the
morphology.Furthemore,a new algorithms proposed which iaimed at identifying the sediment
interface by using the maximum of the gradient (rather than just the maximum) of the amplitude
counts. The ew algorithm performs well (Figure 3b, 4), and has been applied at different sites.

All tests were conducted in the absence of precipitation, and after at least two days of dry weather
(<0.2 mm precipitation) apart from one test conducted the day afraingd. Analysing the
influence of rainfall events (e.g. intensity and frequency) on the sediment deposit is outside from
the scope of this work but is a very important aspect and deserves further investigations. In fact,
rainfall events influence sedimedeposits and flow conditions by removing the sediment stack and
causing its subsequent renewal, and by influencingititphysicochemical conditions in the sewer

(e.g. Bersinger et al., 2035 Consequently, rainfall events might affect sediment reagtiend
biological processes (e.Bersinger et al., 2015; Hannouche et al., 20Edy example, it has been
shown trough laboratory experiments that sediment deposits formed under flow conditions are
more resistant than the ones formed under quiescemstr (@g. Lau and Droppo, 2000). Bio
processes are also relevant in determining the weakening or hardening of the sediment deposits. As
an example, nutrient depletion or high carbon to nitrogen ratio have been found to promote the
secretion of polymeric ssbances which might help the development of an organic biofilm on the
top of the loose sediment, and thus increase the shear threshold for erosion. In case of high oxygen

levels, when aerobic sediment are dominant the exopolymeric production becomesstnaf,
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intensive production of C£bubbles counteracts stabilizing processes. On the other hand, when the
oxygen levels drops, exoploymeric production increases, and anaerobic metabolisms are favoured.
The latter have a weakening effect on the sedimeength due to biodegradation, and production

of substances such as methane which can form gas bubbles, and disturb the natural structure of the
sediment deposit (Baniasak et al., 2005). Further studies might address the monitoring of sediment
deposits charcteristics and biological reactivity using acoustic measurements. For example,
acoustic backscatter has been related to sediment density, grain size, and sediment porosity, which
might be useful indicators for the biological state of the stack of degBstisardson and Briggs,

1993. Monitoring changes in such variables might also be useful to monitor the reactivity of the
GHSRVLW ZKHQ FRPELQHG ZLWK PHDVXUHPHQWY RI R[\JHQ D
The kasic morphological featured sedimendeposithave beempresentedor different trunks, and

for two field locationscharacterized by large differences in suspended sediment concentiatidns
sediment compositionResults showed that for the site with reduced suspended sediment
concentrabns, and more neocohesive deposits, the bed mostly displays 2D featutaite in the

presence of a mud layer more thbmensional patternare presentin spite of small grain
diameter, the analysis of deposits centreline shows the formation of largs, @ver which smaller

feature superimposé&he hydraulic regime that occurs in the sewer networktaedorganic nature

of the sediment might have strongly affected dunes features which fdiffethoseobserved for

sandy deposits and unidirectionaiil.
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674

675 LIST OF FIGURES

676 Figure 1 Sewersketch with notation (apllée del § (U GAEM and, (b) DuchesseAnne (A)
677 (dimensions in mets), looking upstream, (c) rotating head SONAR diagram sketch.

678 Experimental in situ saip: (d) AE, SONAR in transverse position (submerged, flow from left)
679 and, € DA, SONAR during a longitudinal survey (submerged, flow from the top of the image).
680 (f) Example of sediment depossurveyed with a clear Perspex cylinder of 7 cm of internal
681 diameter AESS.

682

683 Figure 2 Sonar output from laboratory experiences anditim conditions (a) SONAR output in
684 laboratory condition using AREAL detection algoritfwhite line on the image)b) Example of in
685 situ condition with soft sediment at the AE site (test3%x=-9.9 m); note that it is possible to
686 detect the side bank underneath thin soft sediment deBlzik dashedine indicates thsediment
687 interface as identified by the program algorithic) Raw signal (amplitude in counts), filtered
688 signal and gradient (counts/mm) for section y=0 m corresponding=180° andj=200. The
689 sediment interface identified by the original SONAR algorithm (peaks in goantsby the new
690 algorithm (peak in filtered counts gradient) are indicated as well.

691

692 Figure 3 Sonar output before and after application of the filter: (a) sonar output before filtration
693 (test AES9 x=9.9 m), (b) sonar output after filtration (test A9 x=-9.9 m), the white solid
694 circles represent the interface detected by the new algoritimablack line below the white dots

695 represertd the interface detected with the old meth¢c) Zoomedview of the sedimentvater
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interface detected with the old (blaline), and new method (white dot§jote: In the figure, the
number of detected poin{svhite dots)has been reduced to improve the readability; the actual
algorithm detects the interface with 0.9° resoluti¢d). AE-S6 bottom morphology after filter

application

Figure 4 Test DA S1 output; (a) the contour lines represent the 8 bit signal amplitude observed by
the sonar, JDXJH SRVLWLRQ SXO0 VY () B QitlSigal &plitude g0 cm,

sectionx=0.

Figure 5 (a), (b), (¢), (d): total suspended solid concentratjoand volatile suspended solid
concentrationhorizontal axis), free surface (vertical axi®), (f), (g), (h): ratio between volatile
suspended solids (VSS) and total suspended solids ([&8Sand (e)test DAS5; (b) and (f) est
DA-S4 (c) and (g)test AES4; (d) and (h)test AES8 Standard deviation values for both VSS, and

TSS are lesthan 10 mg/l.

Figure 6 Bottom morphology measured by the sonar profitgssein [mm] (a) DA-S5 (b) AE-S6,

(c) AE-S7,(d) AE-S8.

Figure 8 longitudinal profile fory=0 m: (a) DASS5, (b) AES6, (c) AES7, (d) AESS.

Figure 9 FFT of the centreline prdé.
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Table 1. Flow velocity recorded before the morphological survey at the sectiom
SVEWHLQGLFDWHYV WKH VLWH RI WKH PHDVXUHPHQIyTIMg RU $(

is the houwhenmeasurerantswerecollected Tp is the number of dry days before the survey (i.e.,
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the position of the acoustic velocity probe relative to the free sytHaséhe distance from the
probe to the sediment interfaces the longitudinal velocityzsgpis theposition of the sediment
detected by the point gage from the invéiis the total water depth between the sediment bottom

and the free surface

Table 2 Average sediment thickness, longitudinal and transversal slopes.

NOTATION

as = diameter of the particles;

C = sediment concentration;

¢ = sound speed;

dywx = diameter for which xx percent of sediment in weight is smaller;
h = distance from the probe the sediment interface;

k = acoustic wave number;

P. - pulse length;

Ris the distance of the generic acoustic beam from the sonar centre;
Ruvax = maximum distance that can be detected by the SONAR,;

S= slope;

S~ scattered signal in decibel;

S~ scatterd signal in decibel;

u = longitudinal velocity;

X,y, and z = longitudinal, transverse and vertical coordinates;
Ysonar = transverse distance from the centre of the instrument;
Zaverage= average surface trough the sediment bed;

Zsep = position of the sedients interface detected by the SONAR;
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Zpiane = Sediment surface referenced fragkrage
Zprose= position of the velocity probe;
Zsep = position of the sediment detected by the point gage from the invert;
Zsonar = Vertical distance from the centre of the instrument;
andy= interpolation coefficients;

/= total water depth between the sediment bottom and the free surface;
I, = vertical resolution;

=wave height;

= angle betweerzsonar and the measurdzeam;

= wave length;
Ib= sediment bulk density
1= standard deviation of the Gaussian filter and;

1=(dg4/d16)%° = uniformity parameter.
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Table 1
Click here to download Table: Table 1.doc

Tablel Flow velocity recorded before the morphological survey at the sectidm

Date SiteID Time Zorobe h u L Zsep / To. T
- - hours m m m/s m/s m m days °C
20-10-2010 DA-S1 8:00 - - 0.35* - 0.1 041 8 22
11-052011 DA-S5 8.00 0.1 034 041 - 0.02 0.44 2 20
11-052011 DA-S5 8.00 0.25 0.19 0.46 - 0.02 0.44 2 20
2511-2010 AE-S2 8:00 - - 0.10* - 0.2 0.93 0 19
10-03-2011 AE-S6 7.50 0.1 037 0.116 0.026 0.35 0.47 10 15.6
10-03-2011 AE-S6 7.50 0.2 0.27 0.086 0.003 0.35 0.47 10 15.6
24-03-2011 AE-S7 10.18 05 0.11 0.0695 0.015 0.12 0.61 7 16
24032011 AE-S7 10.19 0.4 021 0.1085 0.004 0.12 0.61 7 16
24032011 AE-S7 10.19 0.3 031 0.1285 0.006 0.12 0.61 7 16
24032011 AE-S7 10.21 0.2 041 0.1355 0.008 0.12 0.61 7 16
24032011 AE-S7 10.21 0.1 051 0.1445 0.004 0.12 0.61 7 16
04-052011 AE-S8 10.18 0.2 021 0.097 0.004 0.35 0.41 4 19
04052011 AE-S8 10.19 03 011 0.08 - 0.35 0.61 4 19

* average velocity from discharge measurements


http://ees.elsevier.com/wr/download.aspx?id=1448574&guid=6722d266-3291-408b-b9c4-639a62273954&scheme=1

Table 2
Click here to download Table: Table 2.doc

Table2. Averagesediment thickness, longitudinal and transversal slopes.

Survey .

[-] [mm] [-] [-]
DA-S5 16 -0.002 -0.072
AE-S6 302 -0.035 -0.081
AE-S7 297 -0.006 -0.014

AE-S8 355 -0.022 0.045



http://ees.elsevier.com/wr/download.aspx?id=1448575&guid=fc4af6a2-af40-4ea2-b7c2-e512516099a2&scheme=1
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