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ABSTRACT

Accuratepredictiors of sediment loadeeleasedy seweroverflow discharges are important toging
able to provideprotectionto vulnerablereceiving watersThese predictions are sensitive to the
estimatedsediment characteristics and on the -sdaditions ofin-pipe deposit formation. Their
application without a detailed analysis and understanding of the “inttrditions” under which in
sewer deposits were formadrmally results in very poastimationsin this study,n-sewer sediment
samples deposited during gpgriods in a combined sewer systemeaveollected, and their properties
assessed. Parameters in the sediment transport relatidinshjroposed bySkipworth for in-pipe
depositswere estimatedbased orsimulating the irpipe deposit formation conditions laboratory
erosiontests. Themeauredparameters werden used t@imulae sediment transport through a small
combined sewer network for a number of rain eventsvfuch rainfall, hydraulic andvater quality
data were available. Results showed that the model of Skipworth can pgowsitipredictions ofthe
sediment loads released from suchsdéwer deposits. The experimentallgrived calibration

parameters used with Skipworth’s model akafor a realistic simulation of thim-sewer sediment

behaviourand so can be used to accuraedyimate the sediment load released from combined sewer

systems during rainfall events.
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Nomenclature

The following symbols are used in this paper:

As[m?] Sediment surface exposed to erosior M [g st m?], b [] Calibrated tansport parameters
Css[g IY] Suspended solids concentration Vs [MI)] Sediment volume

d[mm] Cumulative depth of erosion ps[kg M9 Sediment bulk density

de [Mm] Sediment erodedepth per time step  pm [kg M) Sedimertwater mixture density

Thickness of the upper sediment la

’ 2 H
d’ [mm] of the deposit [N M~ Applied bed shear stress
d” [mm] Thlpkness of _the_surﬁmgl layer erod: [N m7] Critical shear stress

during consolidation period
dso [mm] Characteristic particle size 7es [N M2 Critical surficial shear stress
E [kg m? s7] Erosion rate reu [N M1 Critical shear stress of the

underlying layer

INTRODUCTION

Existing software packages fdhe hydraulic modelling of sewer network systems generally show
good predictive performance. However, the simulation of water qualityepses in sewer system
network models has been less reliable (Aghleyet al, 1999; Kanscet al, 2005)and sewer flow

water quality data are generally less available Witlems 2010).

Water quality modelling in combined sewer systems predicts sediment dathaqtoloads for time
varying flows.Researcthas showrthat asignificant contributionof suspended sediment originates
from the release and-seispensiorof sedimentfrom in-sewerdeposits during the initial period of
storms (Ahyerre and Chebbo 2002; Ashleyt al. 2004; GromairéMertz et al. 2001; Saul and
Thornton 1989; Taiet al. 2003a). The rapid suspension of previously depegih-pipe sediment has
been observed in releases from combined sewer overflows during intense rawéadts. This
phenomenorhas been termed fist foul flush(Gupta andSaul 1996)The first-flush phenomenon
(Obermanret al.2009)is often observed in regions with semiarid climate suchas in Mediterranean
catchments which are characterized by-wigather periods followed by intense storm events. The
high variability of the flow regime of the rivers in #eregiors are alsostrongly dependent on the

seasonal rainfalthis canresult in a quite limited dilution capacity of the natural receiving wéRnest
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and Munné 200Chus,in areas ofvater scarcityfirst flushcancause arery significantimpact In the
Mediterranean regiowherethe casestudy catchmentis basedit is therefore important to achieve
reliable predictiors of sediment and pollutants loads that can reach the receiving waters through
combined sewer overflows (CSOs) durintgnse rainfalevents An improved prediction of sediment
loads could allow for action to better manage pollutants that are rlandere known togenerate
high oxygen demand in receiving waters. Most sediment transport resesrdeerfocussedon
sediment movemern rivers. The findings resulted in predictive relationshgmpirically calibrated,
and developed from observations oé ttnovement ofnainly granular sedimentshe application of
existing granularbased fluvialtransport models, such as Ackgd984, 1991)and May (1993)
modified to simulate erosion and transport grBnularand organic sediments through piped sewer
systems does not perform w@llshley et al. 2004; Mcllhattonet al. 2005; Schellaret al. 2008b; De
Sutteret al. 2003).Considering thedditionalprocesseshiat can occur in sewer sediment deposits, the
use of sediment transport relationships originally developed for flumiraamentsand granular

sedimentcan be reasonably questioned.

Biochemical transformation processes, interactions between paictemicrobiological activity can
have a significant influence on the resistance to erosionpmipadeposits (Banasiak and Tait 2008;
Mcllhatton et al. 2005; Sakrabargt al. 2005; Seccet al 2014b; Vollertsen and Hvitvedhcobsen
2000). The available sediment transport relationships for cohepesitsoversimplify the process

occurring in sewer@-reniet al 2008; Manninat al. 2012; Schellaret al. 2010)

Thedeposit erosiomethodology developed by Skipworhal (1999)links the sediment erosion rate
to critical shear stress levels related to different layetsin the sediment deposiin pipes The
methodology is derived from laboratory observations obtained from the erosionaasdott of
cohesivelike synthetic sediment previously deposited in a pipe and subjected ady gtew

conditions.

Results obtained by Skipwortt al. (1999)and later verified by Rushforet al. (2003) confirm that
their methodology improves prediction of the transport rate of cohesiv@esa. The potentialfor

improvementsn the prediction ofsediment erosion raavhen using Skipworth’s modetan only be
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attained if realistic values for ttwalibration parameters of the deposit erosion model can be obtained.

In this study field data is used to test this type of deposit erosion tc atsseslity for modelling

sediment releases from sewer system overflows during intense rainfall events.

The determination of shear stress at the threshold of matjoexerted on the sediment bed surface is
crucial in the evaluation of the release of sediments from layeredigdepasvever, this threshold is
difficult to determine irsitu. Mclhattonet al. (2005)and Omset al. (2008)reported observed values
of zc in the range between 0.15 and 0.85 Nfor in-sewer sediment deposits combined sewer

systems in Dundee (Scotland) and in Paris (France) respectively.

Highly-organic sedimentdepositscan be observed incombined sewer systenmserving highly
urbanizedareasfound inthe Mediterranean region where high lsvef catchmentmperviousness are
common. Additionally,large fluctuationsin combinedsewer flows areassociatedwith semiarid
climates and this pattern of variation can have an effecthersedimentaccumulatiorflushing cycles
found in sewer networksThe mainaim of this papemwasto examine thesuspendededimentioad
evolutionthat can be discharged into natural watercourses from CSOs activategl idteirse rain
events Theaccurateestimation of the sediment dischagggtternwill help in quantifying the impet
of CSOson receiving watersWith this aim, the study had the following objéas: to evaluae the
process ofmobilization from in-sewer sediment depositsand to validae Skipworth's deposit

relationship ina particular catchmeninder realistic rainfall conditions.

To achieve these objectives the empiridaposit andransport parametessere estimatedbased on
laboratory observation§he performed testllowedthe analysis of theerosion behaviouof highly-
organic sedimensampled from a & sewer networkPrevious investigationon the erodibility of
highly organic sedimeniSecoet al. 2014a) providekey knowledge orthe propertieof sediment
recovered from the same combined sewer systdmexperimental and analytical proceduvesre
modified based on the results obtaingdthe earlier studyControlled environmentalemperature
conditions werenow establishedAn intermediateDry-Weather Period{WP) between thdormerly
establishedl6 and 64 hours asalso implementedo obtaina deepecomprehension theprocess

that influenceerosionrateevolution.The results obtaineflom the laboratorgxperiments reporteid
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this workallow for the assessment of the calibration parameters involved dtepiusit-erosion model
proposed by Skipwortlet al (1999).The use of real sewesediments for the determination of the
transport parametekrdlowed for the verification of the application of tf&kipworthin-pipe deposit

model at a network scale.

METHODS

Study sitelocation and description

The field study site is situated in the seetst of Spain, in the city of Granollers (35 km north of
Barcelona, Spain). The local rainfall pattern is irregularly disted throughout the year and
characterised by dryweather period®ften longer than aveek followed by single storm events. A
small urban catchment in Granollers was selected for the studBrirng an area of approximately 10
hectaregFig. 1). Thelanduse ismainly residential and commercial, with a high population density of
150 innha. The area has a significant presence of commercial food activity. The catchrfaag sur
displays a high degree of imperviousness that reaches almost 100% in some zbres,average
imperviousness of 84% over the whole catchment. Given the highly impemstmgstions of the
catchment, and the limited existence of soil areas, inorganic sgdiare® a minor contribution during

storm runoff(GémezValentinet al 2015).

The urban area has a grauiliiven combined sewer system composed of circular concrete pipes with
diameters ranging from 300 to 1000 mm. General characteristics of the catte@mdehe combined

sewer network are given ifable 1

Hydrological, hydraulic and water quality monitoring

Flow rates, water quality data and rainfall datxecollected during storm events. The purpose of the
monitoring programme was to obtain field data to validateré¢pertedmodelling work The layou
and the operation of the case study sewer network is similar to that ofatiemycombined systems

throughout Europe and the eastern coast of the USA. The results tfdharethereforeexpected to
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be widely applicableThe monitoring programme wasarried out over an i®onth period The
events of interest were selected based onttmeshold conditions: &infall depth which will produce
enough runoff tancrease water depttendvelocities in thesewernetwork andalso havesufficient
flow to producea measurableesuspension of sedimemteeviouslydeposited inside the network, and
an antecedenDWP sufficient to produce enough sedimentaccumulationfor the detection of
increasing pollutant loads at the outlet of the analysed catchfeustpitation depth of 5mm and
antecedent DWP of the order of severaldagre established as thresholBsents that experienced
major disruptions during flow recdrdy or water quality sampling werediscarded.After pre
processing, four rainfall evensstisfying these conditionsremaineci seeevents 1 to 4 ifable 2 For
these events,hysical samples for water quality analysis were collected at the ofitle catchment
simultaneously with rainfaltdata andlow data Two additional events where rgatisfactorywater
guality datawere recorded (events 5 and 6 ifable 2) were used to calibrate tmetwork

hydrodynamic model.

Flow was continuously monitored using an automatic portable flowmeter (HaBige, Sigma 950
model) The instrument wagrovided with abubblerwater levelsensormanda dopplevelocity sensar
and theflowrate was then calculated The water samples were collected during rainfall with an
automatic sampler (HACHange Sigma SD900 modellhe sampleiasequipped with a peristaltic
high speed pumakingin 1000 ml in 2 minutes throughtabe with a strainer at the end, followed by
a cleaning cycle that takes another 2 minutgsincrease irflowrate compared to the dry weather
flow patterntriggered thecollection ofwater qualitysamplesDueto the high imperviousness of the
catchmentijt was expected thahe runoff rapidly releaseand washes off sediments from the surface
and erodesthem from inside the netwotkThe highest sampling frequency wagrdfore set at 5
minutes for the first 15 minutesf a rainfall eventand then less frequently for a total ohadurs.
Following the trigger at t=0, samples were taken at: 0, 5, 10, 15, 30, 45, 60, 90, 120 minutes. The
established sampling frequency wateimded to focus on the beginning of a storm eugmrder to

analyse the occurrence afirst flush pollutant phenomenon.
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Deposited sediment characteristics and behaviour

Sediment deposit sampling and analysis

A batch of 3 kg of irsewer sediment was manually cotkt directly from the invert of a 600 mm
pipe with 0.002 m/m slope upstream of a diameter reduction (from 600m to 400 mm). Agdordi
the local operators, sediments deposit formations were typically obsémvéhis section after
prolongal dry-periods. The collection was conducted duringwdeather flows when the water depth
was less than 5 cm. The deposited sediments were collected manually, immediagesated at 4
°C and then transported within 48 hours to Sheffield in UK, wheramalysis and erosion tests were
performed. Upon arrival in Sheffield the sediment temperature was foundit@ B€, after which the
sediments were immediately stored in a refrigerator at 4D%Spite thedestruction inthe layer
structureof the deposit during collectiomo alterations werdelieved to haveaaken placein the
physical characteristics of the sedimemiiile biological activity and microbiological decomposition
of the sediment samplesere inhibied by the low temperatures during th&torage and transport
proceduresThus, for physical characterization tbalectedsediment were considered representative

of the deposit formed in the invert of theginal sewepipe during dryweather periods.

Analysis and sediment preservation folltheStandard Methods for the Examination of Water and

Wastewate(APHA et al 2005) A summary of the sediment characteristics is shown in Table 3

The sediments were characterized for organic content, whidfiredasthe proportion between the
volatile solids ¥S and the total dry mass of sedimenf§((section 2540EStandard Method An
average of 95 % +2 dfS/TSrate was obtainedlhe dcensty of the deposit was assessed using the
displacement principle method. The presence of fat, oil and greases was establishgh visual
observation of the sediment. The characteristic particle diaggtens obtained following the British
Standards (BS 1796:1989.Test sieving) for the gross part (>1 mm), while the fine part (< 1 ram) w
performed by laser diffraction method (ISO 13320:2009 Particle size analgsisr Hiffraction
methods) using a Mastersizer 2000, Malvern instrument Ltd. Figure 2 showsartiee psize

distribution curveof the collected sediment samples
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Laboratory erosion test procedure

The laboratory tests were carried out with a sample of sewer sedimentt,dpleasid in a device
called an erosionmeter (developed by Lieinal 1997) The erosionmeter consists ofvartical
perspex tube provided with a centrally located propelerw] verticalvanesto reduce lateral
circulation,and a container for the sediment deposit. By applying an angular velocity teatée
columna reasonably uniform shear stress is exerted over the sediment surface.iGikyvspaced
outlets are used to sample thediment erodeérom the bed that remained suspended in the water
column. The samples were analysed lateT®®&following theStandard Methods for the Examination

of Water and WastewatéR005) A detailed description of the equipment and calibration process is

given in Secet al.(2014a).

The preparation othe samples follows a defined procedure with the intentiarf establishing
repeatable conditiorsndto simulate the dry weather flow conditions found in ¢hee study sewer
The whole batch otollecteddisturbed sediment deposit was thoroughly mixed and segdrdte
individual samples. The container with the individual sediment sampehea carefully filled with
water and left for 72 hours at 4 °C, iplaase of quiescent physical consolidatidrere the biological
reactions were retardday the low temperaturéAfter the pre-consolidation phase the sample was
placed in the bottorof the erosionmetesind allowed to assimilate to 20 Aerobic conditionsvere
setby supplying air to the supernatant water. An oxygenated environment ivity geawer network
is likely to be produced under conditions of varying flqWsitved-Jacobsert al. 2013). Alow bed
shear stress (0.15 NAnsimilar to that found duringdry weatherflows in the system, was applied
over thebedby slowly rotating the propelleBy applying a low bed shear strassvas intenced to
simulate the dynamic consolidation conditiaiswhich sediment deposits were subjected inesgw
during periods of sediment deposition between rain e({@W&P). Additionally, the low velocity of
the propeller ensures a continuous mixing and creates a uniform environmemwingegaater
temperature and dissolved oxygen (DO) levélse resultsfrom this study focus therefore on the
erosion and transport of sediments subjected to aerobic conditions at 20°C tHariepositional

DWP prior to a stormandthe tests were carried out in a temperature controlled.rBonr dfferent



197 DWP duratios between 16 and 64 houvgere consideredto simulate theconsolidationprocess
198 thought to be present in the actual sewer systéra DWP durations were in the order of magnitude
199 of several day$or two reasons: firstly, although there are len@WPs in thecatchment, the average
200 DWP throughout the 18 month field monitoring period was 3 days, sec@sddescribed in Sea
201 al. (2014b), the sediments were quite biologically active and it was adstimaeduring DWP the
202 upper sediment layers are contindguseingbiodegraded awell asreplenished with fresh sediments
203 originating from the dry weather flawThe critical threshold of motion at the sefidid interface of
204  the resulting deposit wdkenassessed by steyise increase of the propeller spe€le eosionphase
205 of thetestswasthen performed by increasing the applied shear stress in a stepwise.f&dnoples
206 werecollected from the water column at steady erosion statditions(Parchure and Mehta 198&j)
207 each stepf applied bed sheatress which lasts 45 minutgSchellartet al 2005; Taitet al 2003b)
208 The eroded material and resultant erosion rate was calculated franeéseireduspended sediment
209 (S9 concentration othe collected samples. These data egported below and were used in the

210 calibration of the erosion model describdmdow.

211

212 Modeling sediment transport in afield study catchment

213  Hydrodynamic modelling

214 The SWMM5(Storm Water Management Model) software package was selected for the-raimdéfil

215 and hydrodynamienodelling through the combined sewer system in the study case. ditdgycal

216 model (Fig. 1)is defined based on a sabtchment delineatioastablishd from topograpit dataof

217 the catchmentdrainage aremand of the combined sewer network complementedirbgitu

218 observationsto complete information about imperviepsrvious surfaces andheir drainage

219 characteristicsThe hydrodynamic network model isdirectly relatedto the sewernetwork system
220 information provided by the local sewerage company; it comprises 57 pipesambles, and 42
221 subcatchments in a 10 hectare arElaw measurements were performed at the outlet of the studied

222  catchmentusing theequipment and procedures described above.
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A calibration and validation process of the hydrodynamic modes performed by comparing
simulated with measured flow rates durseyeralrainfall eventsModel alibration was carried out
using rainfall events 5 and 6 Table 3. Subsequentlythe model was validated by applying
independent data satorresponding to events 2 and 3. The relative errors of total runoff volune rang
from 1 % to 10% for the analysed events, which are indicate@iahle 4 The elative error of peak

flow is between 26 and 10% and the difference in the elapsed time to reach the peak flow range

from 2 to 8 minutes. The goodness of fit obtained can be obserfggl $randTable 4

Sediment erosiomodel of Skipworth et a(1999)

The methodology proposed by Skipworth et(2899)is based on the concept of a bed structure with

differentlayers, in which each layer displays a different resistance to erosion.

The simulation method proposed by Skipwoethal. (1999) is based on an excess shear stress
relationship to predict the sediment erosion rafer estuarine depositso-called Ariathurai

Partheniades equation (1) (Ariathurai 19a4 referenced bylcAnally and Mehta 2000)

E=M. (T*’T_—Tc) @)
whereE is the erosion rate in kghfs for the applied bed shear stresfiN/m?] and z. [N/m?] is the

critical shear stres$/ is a transport parameter used as a calibration factor that has the sanaskinit

and is equal to the erosion rate whgn= 2.1,.

By examining the erosion raterertime, Skipworth concluded that-pipe depos# showed a weaker
upper layer transitioning to a stronger underlying layemnwas later observed also verifiedby
Schellartet al (2005)and Secet al (2014a),that the organic content, oxygen availability and length

of the consolidation period hawn influence on the subsequent erosion resistance of the deposited
layers.The sketch inFig. 4shows the variation of the erosional resistance with depitofusivelike
sediment depogt At the upper layer, the erosional strength increases in depth from a surface
erosional strengthrd) until a value of deposit strength. Once the thickness of the upper layd) (

is exceeded and the lower layer is reached, the deposihl@sostuniform resistance to erosion.



248  Skipworth et al. (1999) propsed a powetaw shown inequation (2) that represents thdepth

249 variation of the shear stress necessary to erode the upper weak layer.

1
ay /i ’
T = [(E) b (tew — Tcs)] + T for 0<d<d (2)

Te = Tey for d>d'
250 Whered is the cumulative depth of erosiafi,represergthe thickness of the upper lay&id. 4), b is
251 a calibration parameter which describes the rate of change in bed strength withrdegfactoM is
252  also amodelcalibration parameter. Due to the high dependency on the sediment bedigspphe
253 values ofM, b, d’', zcs and zcy must be empirically determined to obtain a realistic prediction of

254  sedimenerosion andransport.

255 Coupling of a sediment transport model and SWMM5

256 In order to analyse the performance of thizdeli for predicting sediment release in a combined sewer
257 network under timearying hydraulic conditions, the erosion relationship of Skipworth was coded
258 using MATLAB and then coupledith a sediment transport network model also coded in MATLAB.
259 This code was based on the concept of a model previagsigby Schellartet al (2008a) which

260 simulates the transport of sediment eroded fromipe deposits, based on hydraulic parameters
261 simulated by a uncoupledhydrodynamic sewer network modend assuming conservation of
262 sediment masbetweensediment advectigrreleased sedimeand the sediment stored in thepipe

263 deposits.Predictions from the calibrated SWMM5 hydrautiwodel were used as inputs for the
264 sediment erosion and transport model coded in MATLAB. lirtked modelling structure is shown in

265  Fig.5.

266 Performance evaluan criteria

267 The goodness of fit between observed and simulated suspended sé@8jemincentration values
268 was evaluated by using the following criteria: the sum of squared S8E¢Eqg. (3));the percent
269 peak erroiPE (Eqg. (4));and the Nasisutcliffe efficiency (NSE) Eq. 5) whereCss m,i Csssare theSS
270  concentration measure and simulated at timmespectively, andCsspeakiS the concentration peak,

271 defined as the maximu®Sconcentration value of the event.
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NSEvalues rangbetween 1 for a perfect fit ang.

n

z 3
SSE = Z(Css,m,i - Css,s,i)

i=1

PE = (CSS,m,peak - CSS,s,peak) 100 @)
CSS,m,peak
2
NSE =1 — Z?:l(css,m,i - Css,s,i) —1_ SSE ®)
= A = _
Z?:l(css,m,i - Css,m,l) z:?:1(655,711,1' - Css,m,t)

RESULTSAND DISCUSSION

Assessment and optimization of transport parameter s based on laboratory results

Thevalues of the calibratioparameters of the equation proposed by Skipworth 1Emnd 2 can be

derived fromanalysis of the databtained from laboratory erosion tests.

The determination of the erosional strength with depth is derived frontieaebkte application of
increased shear stress linked with shebleSSconcentration measure@ds ) atthe end okachtime
step. Theaelationship between applied shear stress and erosion rate is sheigroirfor tests carried
out under aerobic conditions and for different durations of antecedemtedither period. The errors
in the determination of the applied shear stress (x OI0W) derived from the erosionmeter
calibration process were also represented (refer to &eab (2014a)for more detail). Though a

regression analysis a series of best fit trend functions were obt&ige6) (

Assessment of parameters tcs, T, d”and d’

At the end of each time step during the erosion test, the mass of seditagredirom theSSsample
concentration can be translated to a sediment erosion digpthnd so it is possible to link the deposit
properties to the applied shear stresy (The bulk density of théedformed bycollected sewer
organiceohesive sedimeris of 1310 kg/m (+ 146 kg/n). Sediment beé densitywas assumedo

remain constant during the testce the duration of the erosion test is relatiwblgrt compared to any
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consolidation processthat can produce significant changes in density of the depasitisedue to

excess pore water effects
The applied shear stress against the depth of erosion is sh&wgnin

During the antecedeMWP simulated in the tests, the erosion meter was set to #xe@.15 N/nt
on the sediment bed. Thigy value was estimated by examination of the bed shear stress valae at th

outlet pipe predicted during DWR thecase studyetwork.

It was noticed that during all DWP testadearconstant and thin surficial layer was eroded at the end

of the consolidtion period. The depth of this eroded layer can be assessed from the samele of th
sediment concentration at the endDVP (Eq. (6)), which allowsestablisiment ofthe value of a
parameted” as the observed value 1.25 mm (standard deviation SD = 0.13 mm). There were no
significant changes observed in the depth of the eroded layedifférentDWP durations. Henget

is assumed that the value of the critical shear stress at the surfaceslegerbe considered equal to

the applied shear stress during the antecedéf (0.15 N/n%). This means that thes andd” can be
considered independent the length of thdOWP when consolidation of theediment deposit takes

place.

V. 1
d, = (css.A—S).p— ®)
S S

Following the profile of sediment resistance against erosion shotig.id, the value of., would be
obtained when the resistance strength becomes uniform with depth. The erpatests however,

did not achieve aompletelyuniform resistance against erosion. Therefore, the thicknebe afpper

layer of sedimentsd() is estimatedby assuning that a gradient of BQzwy/4d) practicallymarks the
transition betweethe upper layer ') andthelower more uniformlayer.Fig. 8 (8 shows the values

of d’ and ., estimatedfrom the erosion tests performed after differenhsolidation periodsa dot
marks theestimatedransition pointoelow which thercis assumedo be sensiblgonstant. IrFig. 8a,

the errors in the assessment of the sediment depth of erosion (x 6 ming¢ aeduracy of the applied
shear stress (+ 0.07 N7after, Secoet al. 2014a) are indicated by shaded error bands. From this plot it
can beobservedhatafter 24 hours of consolidation, the increase in the resistance against erosion of

the sediment bed is not significant.
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Determination of the values adopted by the model parameters b and M

In order to apply Eq. 1 andq. 2, the values of the parametéisandb need to be determined. An
optimization for calibration parametebsandM is therefore performed by comparing the calculated
erosion rateée; against measured erosion r&g given the applied shear stressThis @timization
was carried out by varying both parameters at the same time, in order to obtaimarmvalue for

the root mean square erRMSE(Eq. (7)).

RMSE = \J(E. — Ep)? Q)

The ranges in which the values of the paramdieasdM were varied during the optimization were
initially assumed to be those determined by Skipworth and Rushforth asdnped inTable 5
However, this did not lead to a minimum, hence the range of variatiorhdds-parameter was
increased to 0.025 and 1 (with increments of 0.025), and fovl4barameter varying from 0.05 and 2

(with increments of 0.05).

The optimization results proded a narrow range of values for(Fig. 9 @ where the meamalue
obtained isb = 0.125 (SD = 0.071). Regarding the value of the paranvtehe variation is wider
(Fig. 9 b). However, a relationship between the value adopted btparameter and thepplied
shear stress for each test could be observed, and this trend changes Wéihgth of theDWP
analysed. Thus, it can be suggested thaweak relation exists between the duration of the
consolidation period and the paramde(coefficient of proprtionality between 0.51 and 0.74he
optimised values fob and new ranges found fdvl and the other parameters involved in the

calculation or erosion rate are included able 5

Fig. 8 indicatesthat after 24 hours of consolidation the resistancenaparosiorthroughout thelepth

of the deposistabilized Based on that finding, the values of the sediment transport paraimatets

M thatwereused for the network sediment transport madedethose average values obtained in the
tests withDWP longer than 24 hours. A linear relationship (E@)) was implemented for the
evaluation of thévl-parameter for each applied shear streggl(ringthe simulatios, valid for values

of w higher than 0.40 N/fmFor lower values of, the value oM wasconstant and equal to 0.05.



M =0.725.7, — 0.0487 ; 1), > 0.40 N/m? 6)

342 Modelling Sediment Transport in the Case Study Catchment

343 Hydrodynamic predictions were obtained from the calibrated SWMM5 modehédiour rainfall

344 events 1 to 4 fronTable 2 Thesepredictionswere input into the sediment transport model using

345  Skipworth’s erosion relationship calibratedith the case study sediment. Initial conditions for the
346 available inpipe sediment deposits were set to a 5 cm deep sediment deposit, as this allowed for
347 analysis of sediment transport not to be limibgctheavailabiity of sediment in the simulationg«.

348  after all the simulations there was still sediment left in each pie9.ensured that the initial model

349 boundary conditions did not impact on the model predictidnselection of computation tirrgteps

350 were exarmed and were seen to influence imulatederosion rate. A time step higher than 1 minute

351 started to reduce the peak values of sediment concentiatioce a timestep of 20 seconds was used.

352 In this studypased on previous reseaféhyerre and Chebbo 2002; Gromalertz et al 2001; Tait
353 et al 2003a)it was hypothesised that tlsediment transpoiinside pipes due to incoming rainfall
354 runoff does not include significant sediment wa$hfrom catchment surfacesnd thatthe main

355  source of suspended sediment is re-erosion of previously deposiipe isediments.

356  Sensitivity analysis

357 A sensitivity analysi®f some parameters of the erosion model was carried out by applying eahtroll
358 variations of their values in a valid rage. In particulbg éffectand influenceof the bed porosity and
359 the bulk densityvere estimatedPorosity and bulk densityereboth included irthe model in order to
360 calculatethe volumeof eroded sediments/hich enablesin update othe remaining sediment deposit
361 depth available for erosioforosity of the sediments was initially assumed as Ba2@d on initial
362 measurements (p = 0.215 + 0@&formed by desiccation of fresh samples at 105°C during 24)hour
363 Duringthesensitivity analysis, the porosity vakmsere changed ovéhe range 0.10 to 0.30, as sewer
364 deposits with fats and greases have been observed to have porosity ranging fren® @4@Keener
365 et al. 2008) No significant influence on theroded sedimendepth evolutionwas observed under

366 porosity variation Results obtained by using the event ID 2 are shown as an exankide 10 (a).
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Less than 8% of variation in sediment concentration peak and aroundolih sediment mass

mobilized was simulated, compared to simulation results obtainegwith20.

The effects of changes in the sediment bulk density in the assessedfraag@tion for the local
sediments (1066 1458 kg/n; average 1310 kgfnhwere also verifiedFig. 10 (b)). For event ID 2
shown asan example, variation from values calculated with the average sediment bulkydeess
found between 1.5 to 6.4% regarding maximum sediment concentration, and between 9.4 and 16%

regarding total mass of sediment mobilized.

The greatestinfluence on the sediment transport loads is exerted by the hydraulic eoadlthe
remobilization of sediments is directly related te thydraulis that determind the boundary shear

stress values.

Model results and performance

The performance of the coupled SWMMS5 ahd calibratedSkipworth model Fig. 5) wastested by
comparing measured versus modelled sediment peak concentratiossle@rdting NSE Eq. 5.
Performance of the sediment transport model was analysed in the periodscfoB&hboncentration

was measurednd the obtained values are showitafle 6

Unfortunately,the total masof sediment could not be considered for testing model performance
becauseof the adopted samplingtrategy, ddressednainly to collect the first flustoy including a
sampling collection for a total of 120 minutes which in most cegesredthefirst partof therainfall

event duration.

Fig. 11 shows the sediment transport loads evolution assessed by the proposed/muidéd based
on the relationship of Skipworth with calibrated parameters. SBeoncentration values obtained
were represented as anesage value over the pumping inter¢gplmpingeleaning cyclen sample

collection).

During the rain event 1F{g. 11 a), the first phase of runoff arriving to the outlet of the catchment
generates an increase in water depth that was lower than the thrgatediepth established for the

start of the operation of the automatic sampling collection. Thufir¢h8S pak that can be observed



393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

in the modelling results (Fig. 1layere not covered by the measur8& data Collected SS
concentratiordata corresponds insteadth a secongimulatedpeakwhengreaterflow rates triggered

the collection of sampledt can be oberved that there is a slight delay (6 minutes) between the
sediment concentration peak time measured and simulated during the eeantbi hypothesised
that this could be due to the 4 minutes delay between observed and measured pe@kefldw.
minutes delay observed &lig. 11 (b) between simulated and measu@gfor the event 2 might also

be linked with delays in the hydrodynamic results (8 minutes delay betvserved and measured

peak flow from Table 4).

Both the NSEvaluesand visual analysisf the pollutographg¢Fig. 10) indicateda good fit between
simulated and observed data for events 1 and 2, a reasonablesfiefr3 and a poor fit for event 4.
Lower total precipitation antbwer rainfall intensity for the event4d might influence the prediet
resultssincethe lower shear stresses generateth@8WMM model are very close to the anticipated

surface threshold shear stress of the water sediment interface.

Fig. 12 showsthat for the events 1 and 2 the applied bezhsistresszf) observed at the outlet of the
analysed sewer system reaches values higher than the critical value of the dgepéf.).
Meanwhile much lower values of applied shear stress are observide fevents 3 and 4. In these
events the shear stress does not even reach the level at which the superficidl)lsyé&illy eroded.
This indicatel that for rainfall events in which the shear stress is bvd forthin surface layers in
which the shear stress threshold changes quickigh calibrated modelstruggle to accurately

simulate erosion rates.

CONCLUSIONS

Transport parameter s assessment

Based on the laboratory findings for the highly organic sewémseds collected in this study, it can

be confirmed that the critical shear stress values can be linked to the sdaohetepth, and hence
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the values of the parametet’s s, 7., b andM, depend on the characteristiof the sediment and on

the structure of the ipipe deposit.

From the analysis of the results obtained regardimggperformanceof the parameters it can be
suggested that the variation of the paramitenight be dependemn other sediment characteristics,
such as the medigrarticle sizgdsg) of the eroded sediments. The range of values adoptbcigM

might be also dependent on the density of the sediment eroded.

The sediment erosion and transport model performed farelihree out of four rainfall eventer
which flow and suspended sediment datxe collected in the case study catchmdnpredicted the
peak SS concentrations in these events with a N&sicliffe efficiency ranging from 0.73 to 0.85.
However, it neds to be stressed that the collection ofsersediment samples for thaboratory
analysis ispractically difficult andassumptions had to be made in the design of the consolidation
periods to simulate deposition conditions in the sewer environment in the lapofédedesign of the
laboratory consolidation conditiommay have aninfluence on theestimation of the values of the
calibration parameters used in the sediment erosion and transport model. Farghéemporal and
spatial variabilityof the sediment characteristia the system might introduce a level of uncertainty
that was not examined, as the laboratory tests were all completedsasipts collectedat a single

location on a single day.

Because of sitgpecific sewer sediment characteristics, the parameters involved in thesrsedim
erosion model must be determined using local sediments. Performing eastioimtthe laboratory
gives the possibility of assessing the necessary parameters to deliver a morepr@ditliion of in

sewer transport and erosion.

Resultsfrom the assessment of the critical shear stress through the erosion t&gtmechb the
structureof the sedimentleposit modeproposed by Skipworth regarding the existence of a weak
upper layeandincreasingesistat erosional strength witlepththroughthe bed. A powelaw trend

was found to describethe variation of the erosional resistance agaihetdepth of the deposit.
Furthermore, the values obtained in the present work for ttieatshear stresg, varying from 0.15

up to 1.4 N/mi(depending on the consolidation period for a deposit of 30mm depth), are antjee r
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found from previous isitu and laboratory work with real sewer sedimeaisied ouby Mclhattonet

al. (2005) and Omest al. (2008) who reported values in the range between 0.15 and 0.85 N/m

The results from erosion tests also suggested that the behaviounypfdepesited surficial sediment
subject todynamic consolidation for up to around 24 hours show an increasing resistance against
erosion, and when the period of consolidation exceeds the 24 hours; theyifigrease in resistance

becomes insignifican&{g. 8).

Furtherresearchs needed to identify a more direct relaship between the parametbrandM with

the sediment characteristics.

Sediment transport modelling application

depositproperties and hydraulic parameters are indeed relevant in thetipredicSSloads released
and mobilized from irsewer pipes during rainfall events. Tlage variation in the nature and
behaviour of the depositegdiment, the higly variablehydraulic conditionsand the complexities of
the processes occurringsewer makes a calibration process and validation against locally measured

data essential.

The predictive capacity of the sediment transport model proposed by Skipetraath(1999)was
verified with NSE between 0.85 and 0.%@ three out of four eventd he indicatedperformance on
the results is direlst relatedto an adequate assessmenttlid values of the transport parameters
considering the local sediment characteristics, tareh adequate calibration tfe hydraulic model

usinglocally measured rainfall and flodata

Following the analysis of the simulation resultscan be observethat the rapid change in SS
concentrations idueto the quick response of the system influenced by a high level of impervisusnes
in the catchments well as thepattern ofrainfall. It was concluded thateducing the sampling
frequency at the beginning of the evéntlesirableso asto beable to capturevith more detail the
highly variable start of the pollutograptSampling interval adjustments will depend on the catchment

characeristics and concentration time the case studyAs an alternative hie online prdbesthat can
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make indirect measurements of the SS concentrationld be used to obtain data with a higher
temporal resolutionThe locally calibrated data can then be diyecompared with the temporal

pattern of the SS concentration prediction.

Improvedfirst flush predictionis requiredto bettermanage the pollutionventson receiving natural
watercourse pollution through CSQO%e sediment modelling provided a befiefor the threelargest
rainfall events, indicating that more research may be needed in defivingxactly the weak layer at

the very top of the isewer deposits erodes.
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FIGURE CAPTION LIST

Fig 1. Location of the study urban catchment (on the &ffpted fom official cartographic data
(Institut Cartografic i Geologic deatalunya 2017and layout of the combined sewer network (on the

right) and catchment subdivision for the hydrodynamic and quality modelling.

Fig 2. Particle size distribution in raw sewage deposited sediments at @ran@pain. PSD
performed with stadard sieve ( >1mm stdample) and laser diffraction analysis (<1mm -sub

fraction).
Fig 3. Comparison between measured and calibrated hydrograph for rain eventsstakemples.

Fig 4. Variation of the erosional resistance of the sediment deposit intla plefile (after Skipworth,

1999).
Fig 5. Scheme of the simplified network sediment transport module coded in MATLAB.

Fig 6. Erosion rate against applied shear stress. Measured data, error in measanehregtression

function found.

Fig 7. Sediment bedlepth strength against applied shear stress. Measured data from trstsi@md

trend.
Fig 8. Bed strength profile in depth of the sediment layer.

Fig 9. Variation on the parameters b and M values against applied shear stress for ail-teziod

tested.

Fig 10. Influence of the variation of characteristic sediment parameters @vdhation of sediment

concentration over time for event ID 2.

Fig 11. Sediment transpt loads evolution. Measured and simulation values based oel#tiemship

of Skipworth (1999) with adapted transport parameters assessed for higl eegiments.

Fig 12. Applied and critical bed shear stress evolution and sediment bed depthioavaluring

erosion process for the different rain events analysed.
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Table 1. General characteristics for the catchment and combined sewer network ofiyhsitstu

catchment combined sewer network

Area 10.1 ha average wastewatfiow at outlet 24 ni/h

surface slopes between 0.5 and 2.15 % total length of pipes 2.2km

% impermeability  between 77 and 93% pipe diameters 300 to 1000 mm
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611

Table 2. Rainfall events registered in the study site and used faettiienent transport modelling validation

antecedent dry

; i i i iy duration

re%lzttzred ID Date té)éalﬂza[lr:‘:ﬂ]l mawamum /lhr]tensny ] weather period length
1 17/09/2010 19.0 36.2 130 28

rainfall, 2 31/05/2011 26.2 33.5 315 16

flow and

quality 3 24/10/2011 6.4 37.0 80 39
4 13/07/2011 11.1 18.2 235 6

rainfall and 5 09/10/2010 33.5 36.6 605 21

flow 6 12/03/2011 71.6 18.2 1130 22
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614

Table 3. Characteristics of sediments used by Skipwetthl. (1999) Rushforth(2001)and(Seco et al. 2014a)
experimentation and in this work.

characteristic sediment  organic conten

sediment type particle sizedso density [%0]
[mm] [kg/m?3]
Sewer sediment from urb: (Seco et al. 2014a) 1310 (£ 146) 74 (VSITSY
: ‘ 0.31( 0.16)
catchment in Granollers. Spa . e in this work) 1313 (+ 95) 95 (VS/TSH+2
Crushed olivestone (Skipworth et al. 1999)and 547 1445 100

(Rushforth 2001)




615 Table4. Relative errors used as goodness of fit measured flow rate with simfldatsciuring rain events.

Calibration events Validation events
Errors Rain event ID 5 Rain event ID 6 Rain event ID 2 Rain event ID 3
09/10/2010 12/03/2011 31/05/2011 24/10/2011
Relative error of total runoff volume [%] 10 % 1% 6 % 5%
Relative error of peak flow [%6] 10 % 2% 7% 8 %
time to 1rst peak error [min] 2 2 8 4

616



617 Table 5. Comparison of the values of transport parameters obtained from @esiqerimental studies

618  (Rushforth 2001; Skipworth et al. 1998)d the values obtained in this study.

= values obtained in this Skipworth et al(1999) Rushforth (2001jvalidation
arameter

study 1:500 slope 1:1000 slope of Skipworth model)

Material used Sewer sediments Crushed Olivestone Crushed Olivestone
M [g/s/n?] 0.5-15 2.0 0.350.65 0.73
[] 0.125 0.45 0.93
d’ [mm] 32-64 7 3.8 7.2
Tcs [N/m?] 0.15 0.20 0.10 0.07
Teu [N/m?] 1.07-1.38 0.50 0.20 0.37

619
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Table 6. Performance evaluation between observed and simulated suspended sealimsgoitttevolution.

Rain event ID1 ID 2 ID3 ID 4
17/09/2010 31/05/2011  24/10/2011 13/07/2011

Relative error of peak in sediment concentratic 14.4% 1.1% 38.3% 89.1%

NSE- NashSutcliffe efficiency 0.80 0.85 0.73 -0.18
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