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Simulating long term discolouration behaviour in
large diameter trunk mains

Iftekhar Sunny, Stewart Husband * and Joby Boxall

Simulating the long term discolouration behaviour of large diameter trunk mains can aid water utilities to

understand and pro-actively manage these critical assets and mitigate a key source of customer

dissatisfaction. Validation of such modelling capability is presented for the Variable Condition

Discolouration Model (VCDM). This is based on over a year's field data from three similar physical and

hydraulically operated trunk mains supplied from the same source that undergo different planned hydraulic

maintenance regimes. In single long-term simulations, measured turbidity responses are reproduced with a

general accuracy of ±0.25 NTU with comparable model parameters empirically calibrated for the range of

managed and unplanned hydraulic events. Validation of long-term capability supports the concepts of

continuous material mobilisation and accumulation processes and that accumulation can be modelled as

occurring simultaneously for all wall-bound material shear strengths, critical for quantifying how

discolouration potential changes. Benefits from understanding and having the tools to track this behaviour

include informing operational risk assessment, evidencing hydraulic management strategies, resilience and

scenario planning and optimising network maintenance.

Introduction

Water supply systems are designed to ensure drinking water

is safe for human consumption and compliant with stringent

regulatory standards. Drinking water is not sterile, so even

after high quality treatment, particles and soluble organic

and inorganic material remain in the bulk water. During

transport through the drinking water distribution systems

(DWDS) these materials can and do accumulate on pipe

walls. This accumulated material results in discolouration

incidents when mobilised due to system, primarily hydraulic,

disequilibrium. Discolouration is the most apparent water

quality failure reported around the world, with customer

contacts often used as a key performance indicator by the

water authorities and their regulators.1 Discoloured water

samples can also breach other quality parameters, for

example iron and manganese.2

Discolouration events are sporadic in nature, and of

relatively short duration (up to a few hours) as causes are

mostly short term hydraulic disturbances, e.g. valve or hydrant

operation or burst. As a result, they are unlikely to be captured

by regulatory network sampling. Discolouration events from

large diameter transmission (trunk) mains are a particularly

significant risk as they can supply large downstream

populations, potentially millions of people for a single event.3

Although customer observed events are typically recorded as

occurring in downstream distribution areas, 30–50% of

discolouration events in the UK have been identified as

originating from the upstream trunk main, highlighting the

criticality of trunk main discolouration maintenance.4

To improve water quality and reduce the number of

discolouration contacts, the water industry requires tools to

predict long-term discolouration processes so that risks can

be strategically managed and maintenance interventions

planned and optimised. A discolouration model that can

therefore track long term discolouration potential is needed.

While one such model has been proposed, the lack of long-

term continuous water quality data that includes distinct

hydraulic events and resulting turbidity responses has

Environ. Sci.: Water Res. Technol.This journal is © The Royal Society of Chemistry 2023

Department Civil & Structural engineering, University of Sheffield, S1 3JD, UK.

E-mail: s.husband@sheffield.ac.uk

Water impact

The paper presents validation of a modelling approach that is transforming how UK Water Utilities manage discolouration risk in water distribution

systems delivering significant efficiencies, savings and service improvements. The ability to simulate, and therefore plan and mitigate, long term

discolouration behaviour is demonstrated, providing a key reference that underpins the impact and highlights the capability to a global audience.
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prevented validation of the underpinning discolouration

material behaviour concepts and hence the long term

modelling.

Background
1. Discolouration processes

Discolouration was traditionally conceptualised as the re-

suspension of gravity-driven sediments. Study of

discolouration particle size distribution and density analysis

revealed that the particles responsible are small in size,

between 2–50 μm.5–7 Hence self-weight effects are small and

when re-suspended, they only settle due to gravitational

effects during prolonged quiescent conditions.5

Discolouration events are typically observed following

hydraulic disequilibrium.8,9 Flushing fieldwork has

demonstrated that each step increase in shear stress releases

additional material, suggesting the accumulated material

exhibits cohesive strength properties.3,5,10 In contrast, if

material was accumulated by sedimentation processes, all

material (of a given particle size) would release

instantaneously once critical thresholds are exceeded. A

number of investigations have demonstrated particle

mobilisation in response to velocity and shear stress and

concluded that particles cannot bind in non-cohesive

conditions unless the peak velocity remains sufficiently

low.6,11 This indicates that accumulating materials have

cohesive properties, a result consistent with findings from

full scale temperature controlled experimental pipe

facilities.12,13

In repeated flushing trials to investigate temporal

behaviour, the return of discolouration material has been

observed with similar response patterns, indicating a

consistent process of accumulation occurring on pipe

surfaces.2,14–16 Repeated flushing trials have also showed the

amounts of accumulated material mobilised was similar

irrespective of seasonal influences, suggesting material

accumulated linearly over time.2,17

Repeat flushing trials in different parts of the UK using

an increasing stepped flow profile demonstrated similar

turbidity responses correlating to shear stress increases

with the initial flushing trial.15 This repeating turbidity

response supports material accumulation and mobilisation

processes occurring simultaneously and with defined shear

strength characteristics. This behaviour has also been

recorded in laboratory trials in full-scale temperature

controlled pipe facilities.13 From these studies, a continual

and simultaneous mobilisation–accumulation cycle is

highlighted that exhibits consistent patterns across the full

shear strength range induced by hydraulic forces.

Combined with the ever-changing conditions within

distribution networks, this leads to complex material

conditions on pipe walls with varying amounts of material

and with different cohesive shear strengths being present

at any given time.

2. Factors influencing material accumulation

Research has been conducted into how bulk water quality

influences material accumulation. Husband and Boxall

(2011)15 observed complete re-accumulation of material on

distribution pipe walls ranging from 1.5 to 4.0 years

depending on source waters. In trials in the Netherlands even

with the use of ultra-filtration (0.1 μm), material

accumulation was still evident but at a much reduced rate as

measured by turbidity responses to specialised flushing

trials.18 Similar percentages of metal concentrations have

been reported in samples collected from flushing at different

velocities (and hence pipe wall shear stress), indicating

uniform inorganic composition across the accumulated

material and cohesive shear strengths.2 Discolouration

samples are also observed to include significant organics,19

and the significance of biofilms has been identified.20,21

No correlation has been found between pressure and

discolouration risk,22 although hydraulic transients may

contribute to material mobilisation.23–25 Material

accumulation, and hence discolouration risk, have been

reported to be influenced by daily hydraulic conditions,2,11,26

pipe material15 and water temperature.16,27 While some

studies have showed temperature and microbial influence on

discolouration risk,16,27–29 the variation of accumulation

processes and rates seasonally has not yet been rigorously

demonstrated.

3. Modelling discolouration processes

Various discolouration models exist which attempt to

describe material mobilisation. These include the particle

sedimentation model,7 artificial neural network model,30

discolouration risk model,31 discolouration propensity

model32 and the PODDS (Prediction of Discolouration in

Distribution Systems) model.8 The PODDS model uses excess

shear stress criteria for mobilisation, verified from extensive

flushing and laboratory trials.15 Unlike other discolouration

models, PODDS also included an integrated material

accumulation function. This was coded as the reverse of the

mobilisation process, hence describing material

accumulation as occurring from strongest to weakest shear

strength material. This however does not describe the

accumulation processes observed from the laboratory13 and

field observations that indicates accumulation occurring

simultaneously across all shear strengths.33

In 2014 a revised version of the PODDS model was

proposed to describe discolouration behaviour as observed

from laboratory and field data, known as the Variable

Condition Discolouration Model (VCDM).34 The model

captures key mechanisms which govern discolouration by

incorporating the following:

a) The model assumes that wall bound cohesive layers are

defined by prevailing (conditioning) hydraulic shear (τc).

b) Material at the pipe wall accumulates over the full

range of layer strengths of applied shear stresses (τa) < τc.
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c) Material is mobilised from the pipe wall and entrained

and completely mixed within the bulk water due to imposed

excess shear stress (τa–τc) when τa > τc. In this context, the

VCDM retains the same mobilisation mechanism as the

verified PODDS model.

d) The model represents the relative amount, or condition,

or the stored pipe wall material by dividing the shear

strength range into bands and for each tracking

simultaneously mobilisation and accumulation processes.

e) The model assumes material adheres uniformly across

pipe walls.

f) The model assumes a linear accumulation rate when τa

< τc.

The model tracks pipe wall condition with respect to

discolouration material using a relative material quantity φ

(τ, t), a unitless parameter that is bound between 0 and 1,

where 0 represents no material and 1 maximum

accumulation.34 The VCDM simulates discolouration using

two validated mobilisation parameters (βe and α; a rate term

and a scaling factor respectively), initially tested through

synthetic data and then successfully calibrated for small

diameter pipes and a single trunk main.35 The calibration

results demonstrated that the VCDM retains the mobilisation

functionality of the PODDS model, with comparable quality

of fit to measured data. A third parameter is a linear

accumulation rate. To aid user understanding and

application this rate is input as an accumulation period (βr),

the time required for φ to go from 0 to 1 if no intervening

mobilisation (i.e. τa < τc for the duration). Due to limited

long-term hydraulic and turbidity datasets with multiple

turbidity events to facilitate extended period calibration, the

accumulation mechanism of VCDM remains to be validated.

The aim of this paper is therefore to assess if the VCDM

can simulate the long-term turbidity behaviour observed

from multiple independent operational trunk mains with

similar characteristics but different hydraulic management

regimes by tracking both mobilisation and the observed

accumulation behaviour. If validated, this model could

provide a valuable tool to inform management options to

mitigate discolouration risk.

Methods and materials
1. Experimental design

In order to assess the VCDM's ability to simulate long-term

material mobilisation and accumulation behaviour, hydraulic

and turbidity time-series data is required. To facilitate model

calibration, this must include observable turbidity responses

due to atypical hydraulic changes interspersing normal and

stable operation. While unplanned hydraulic events may

occur creating a discolouration response, there is no certainty

or control. Hence an experimental design was implemented

involving periodically imposed excess shear stress events.

Termed flow conditioning,20,36 controlled hydraulic increases

enable management of the location, time and critically

magnitude of turbidity responses. Delivery of this strategy at

this site and the impact on material loading was reported in

Sunny et al. (2020).33 In this work the long-term hydraulic

data is used to calculate shear stresses as the VCDM input

variable with turbidity data facilitating model calibration and

hence concept validation.

A key assumption of the VCDM is that cohesive layers

accumulate with varying strengths simultaneously. If valid,

this attribute would allow the model to simulate

discolouration behaviour across a range of events and site

conditions. In order to validate this, it is necessary to repeat

the imposition of different magnitude hydraulic events and

measure the associated turbidity. Two different magnitude

flow conditioning events were therefore planned and

implemented in two operationally and compositionally

similar trunk mains; one with high imposed excess shear

stress events, termed normal flow conditioning, and another

with relatively lower events termed passive flow conditioning.

For each type of operation, a quarterly return interval was

planned to allow investigation of accumulation rates. A third,

and again similar, trunk main, was used as a control with

flow conditioning operations only at the start and end of the

investigation period and no quarterly interventions. Fig. 1

shows the different flow conditioning interventions

implemented on the three trunk mains to provide the range

of events and across different strength profiles. Target shear

stress for initial and final flow conditioning was the same for

all three trunk mains. The initial shear increments were

planned to ensure equivalent layer conditions at the trial

outset whilst the final conditioning would allow investigation

of the long-term effects on higher shear strength material

following the different interventions. While natural hydraulic

events may also occur, these planned events with managed

conditions ensured that necessary data would be available for

model validation.

System flow, pressure and pipe properties are required for

accurate hydraulic representation within VCDM, with

headloss and pipe diameter then used to determine shear

stress. Turbidity data is then used to calibrate the

discolouration functionality. Collecting the data for such

calibration purposes is effective during both planned flow

conditioning events and unplanned hydraulic events (e.g.

bursts). The periods between planned and unplanned events

are different and unknown, hence full duration high

temporal logging was required to capture system behaviour

throughout the trial period. Flow, pressure and turbidity

monitoring equipment was therefore deployed for continuous

data capture, facilitating single long-term simulations and

calibration to assess model capability to track long-term

discolouration behaviour.

As bulk water quality, hydraulic conditions and pipe

material can all influence material accumulation rates, for

scientific rigour it is important to minimise variables.

Therefore the three trunk mains were selected with similar

physical properties and pipe material, supplied from a single

water source and having similar hydraulic operating

conditions (including shear stress and Reynold numbers). No
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effect of pressure on discolouration has been identified and

hence ensuring a similar pressure regime in the selected

trunk mains was not considered a constraint during site

selection.

2. Site details and treated water quality

The three independent trunk mains identified were all

supplied from a single water treatment works (WTW). Fig. 2

presents a schematic of these with key monitoring points

indicated. The three trunk mains normally operated

independently. TM-2 and TM-3 run parallel to each other over

much of their investigated length, serving separate

downstream distribution zones. Cross connections between

the mains were closed, other than during an operational

response to a burst event. The trunk mains are mostly in

semi-urban non-paved areas with moderate vegetation.

Table 1 summarises the details of the three trunk mains and

PRV settings.

Inlet and outlet monitoring points were selected such that

each of the trunk main lengths could be assessed as separate

single pipe lengths with consistent physical properties. The

inlet point ensured no additional water mixing from other

sources except the treated water. The outlet was selected such

that there were no significant intermediate connection points

or take-offs so hydraulic conditions remained consistent over

the pipe lengths. The trunk mains are gravity fed from the

WTW, directly supplying downstream distribution zones.

Normal daily flow followed demand driven diurnal patterns.

Planned hydraulic events were achieved by opening existing

fire hydrants to increase flows at peak times, minimising the

additional demand required to achieve target flows. Data was

collected continuously and during trials at hydrant flushing

locations.

The WTW is supplied from an upland surface water

reservoir and uses a ferric based coagulant as part of the

treatment process that has seen no changes in operation

during the periods reviewed in this work. Access to data from

January 2013 to May 2017 and plotted in Fig. 3 presents key

regulated water quality parameters of the final treated water

which could affect accumulation rates; Total Organic Carbon

(TOC), water temperature and metal concentrations (Fe, Al

Fig. 1 Schema of planned hydraulic events for the three trunk mains.

Fig. 2 Schematic of the three trunk main system studied, showing

monitor and control asset locations.

Environmental Science: Water Research & TechnologyPaper
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and Mn). From Fig. 3 it can be observed that higher

inorganic (Fe and Al) and organic (TOC) content was found

in the treated water during the warmer months indicating

higher bulk water loading in the summer season. The low

background concentrations of manganese do not appear to

demonstrate seasonal variation.

3. Hydraulic conditions within the trunk mains

The trunk mains were selected to have comparable hydraulic

performance. Fig. 4 presents the hydraulic conditions in each

of the three trunk mains for a typical sequence of 6 days

showing repeating comparable conditions. Pressure is

different between the trunk mains, but has been shown not

to be associated with discolouration processes. The pressures

were controlled by the PRVs as shown in Fig. 2 and Table 1.

TM-1 was pressurised for the full monitoring length, TM-2

had partial pressure reduction, TM-3 had pressure reduction

over the entire monitoring length. For experimental

purposes, the three trunk mains are considered as having

similar physical, chemical and biological properties that

facilitate comparison of turbidity result for model validation

in response to different imposed hydraulic regimes.

4. Fieldwork procedure and timeline

The flow conditioning trials were designed using the PODDS

model,8 identifying stepped increases in flow to create

controlled turbidity responses not exceeding 1.0 NTU, thereby

minimising discolouration risk. Initial PODDS model

parameters were taken from calibration in a similar

network.20 TM-1 was designed with a 40% shear stress

increase above the normal daily peak shear stress, applied in

multiple steps to avoid excess turbidity response, at quarterly

intervals. TM-2 had 40% stepped shear stress increase above

the peak shear for initial (time zero) and final trial (12

months) and single 15% increases in shear stress at quarterly

intervals. TM-3 was designed as a control with no quarterly

interventions and only the 40% stepped shear stress increase

above peak flows for initial and final trial assessment (see

Fig. 1). To maintain trial and data integrity, all flow

conditioning work was undertaken under similar conditions,

i.e. the same time of day and using the same equipment.

Additional demand for flow conditioning were implemented

at the time of morning peak (Fig. 4) to minimise flushing

discharge rate and volume.

5. Data monitoring during flow conditioning

The turnover or transit time for water to travel the length of

each trunk main is approximately 3.5 hours. As a result, 15

minute sampling resolution was considered acceptable to

define the expected turbidity responses due to the flow

conditioning. Continuous data (both flow and turbidity) was

measured at a 15 minute sampling frequency to maintain

consistency with trial data. Flow increases were monitored

and controlled by purpose built Langham hydrant standpipes

with electromagnetic ABB Aquamaster 3 flow meters with

±5% reading accuracy and maximum working pressure of 12

bar. Turbidity responses during flow conditioning were

measured by ATI NephNet instruments using an infrared (IR)

nephelometric measurement process with functioning range

limited to 0–4 NTU for high resolution with ±0.001 accuracy.

Turbidity was spot checked with discrete samples tested

using a 2100Q Hach handheld instrument which was

laboratory calibrated using multiple turbidity standards and

set to 0–100 NTU range with ±2% reading accuracy.

Table 1 Trunk main properties and pressure reducing valve (PRV) settings

Trunk
main

Pipe Ø
[mm] Pipe material

Study
length [km]

PRV setting

Inlet [m] Outlet [m]

TM-1 305 Unlined CI (30% lined) 6.4 97.0 19.0
TM-2 407 Unlined CI 5.6 44.0 20.0
TM-3a 305 Unlined CI 5.9 38.0(a), 79.0(b) 19.0(a), 16.0(b)

a TM-3 had two PRVs with a = nearer to the WTW and b = nearer to the downstream monitoring point.

Fig. 3 WTW outlet treated water quality from discrete samples,

January 2013 to May 2017 a) TOC and temperature b) iron, aluminium

and manganese.
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6. Long term continuous data monitoring

Aquamaster 3 flow meters were installed at the inlet of each

trunk main prior to the investigation to capture long-term

flow data. Upstream treated water turbidity was monitored by

a Sigrist Aquascat 2 WTM turbidity meter at the treatment

outlet. This uses IR nephelometric measurement and has an

operating range was 0–4 NTU with reading accuracy of ±0.001

NTU. To capture the long term impacts of the trunk mains

on turbidity, including in the case of any unplanned event

(e.g. burst), there was continuous downstream turbidity

monitoring on each of the three trunk mains. From October

2015 to February 2016 these were ATI NephNet instruments

set to a 0–4 NTU range. After February 2016, Evoqua

Hydraclam instruments were deployed which use the same

IR nephelometric measurement, a range of 0–10 NTU and

accuracy of ±5% of reading. Continuous data was planned to

be spot checked every two weeks using the same laboratory

calibrated 2100Q Hach handheld instrument as used during

the flow conditioning events, although changes in equipment

suppliers and network events meant some periods of missing

data occurred.

To calibrate pipe roughness, up and downstream pressure

data was collected using Syrinix Transientminder at 15

minute sampling frequency for each of the three trunk

mains. The pressure logger range was 0–20 bar with an

accuracy of 0.1% of full-scale output.

7. Data processing and analysis

Optic lens fouling can occur causing drift in turbidity

measurements over time.22 To reduce potential drift effects,

ATI NephNet lenses were planned to be cleaned on-site

fortnightly during its deployment period (from October 2015

to February 2016). No drift and good agreement with spot

checks were observed following this procedure. Hydraclam

turbidity loggers were deployed after February 2016 with any

potential drift adjusted using a patented proprietary Evoqua

post-processing algorithm. Results again demonstrated

agreement with on-site handheld spot checks. The Aquascat

2 WTM turbidity logger maintenance was conducted

regularly as part of regulatory work and no significant

issues reported.

Noise was observed in the continuous downstream

turbidity data with relatively lower signal to noise for the ATI

compared to the Hydraclam instruments. One cause could be

the sampling protocol with the ATI using a continuous 0.5 l

min−1 sample flow versus the Hydraclam using a purging

method (no fixed sample flow) with a 6 litre discharge just

prior to measurement every 15 minutes. As the turbidity

instruments were attached directly to the trunk main via a

hydrant riser, it is possible that effects within the riser may

have contributed to the noisy signals observed, with greater

impact arising from the purging process. The 6 litre purge

volume was selected based on hydrant chamber drainage to

avoid potential flooding. To reduce the impacts of noise in

the turbidity data, a 1 hour rolling mean was applied.

Different rolling means were investigated with 1 hour

window selected based on minimising the signal to noise

effects while retaining the measured behaviour. Fig. 5 shows

a rolling mean sensitivity study for typical turbidity data

measured from TM-2.

Turbidity measured during the planned flow

conditioning operations did not exhibit noise as

conditions were well mixed by the higher continuous flow

through the hydrant and hence no filtering was applied to

this data.

Fig. 4 Hydraulic conditions in the three trial trunk mains.
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8. VCDM process for the investigated trunk main

It was anticipated that the trunk main with the highest

periodically imposed shear stress would produce the most

distinct turbidity responses. Therefore, calibration of TM-1

was undertaken first to assess the VCDM simulation

performance and then explore parameter transferability on

the other two trunk mains.

Prior to VCDM simulation, hydraulic representation of

each trunk main was calibrated for normal daily hydraulic

conditions. Accurate simulation of headloss is required as

the VCDM uses this to calculate the imposed shear stress.

The pipe roughness (ks) boundary condition required to

calculate headloss was determined from measured pressure

differences, and internal diameter (ID) was estimated from

the concept of a 1 mm ks reduces effective ID by 2 mm.37

Hydraulic parameters were identified using PEST calibration

software38 in conjunction with EPANET39 model to select

unique paired (ks and ID) values where calibrated ID was

constrained by the ID in the water companies GIS records.

Zero leakage was considered for hydraulic calibration.

Table 2 presents the optimised hydraulic properties where

the three trunk mains were modelled as single pipe lengths

with no changes in ID or branches (offtakes).

Calibration of hydraulic models and pipe wall material

conditions were established with an initial 9 months of data

with then a further 12+ months data used for turbidity model

calibration. Model calibration was undertaken by manually

tuning the three parameters (βr, βe, α) with initial values

extrapolated from previous findings.35 Manual calibration

enabled understanding of the effects of the parameters on

simulation behaviour. The measured treated water turbidity

was used to confirm that there were no turbidity events

originating from the WTW that could be erroneously

attributed to the pipe network with the result incoming

turbidity was set as zero in all simulations. WTW turbidity is

included in later plots to enable visual assessment of this

simplification. The quality of the model fit was quantified by

Nash–Sutcliffe Efficiency (NSE), widely used to describe both

hydraulic and hydrological model performance. It assesses

the quality of the model fit relative to the average of

measured data (values can range from −∞ to 1 with NSE = 1

corresponding to a perfect match, NSE = 0 indicates model

predictions are as accurate as the mean of the observed data

and NSE < 0 when the observed mean is a better predictor

than the model40). NSE is sensitive to outliers and mean

values, hence it was assessed for both the full simulation

period, dominated by general low background turbidity, and

hydraulic events with periods of elevated turbidity.

The VCDM tracks the amount of material across a range

of layer strengths with the initial conditions needing to be

defined at the start of a simulation. A nine-month period

prior to the flow conditioning events was used to ensure

accurate estimation of this initial layer state. At simulation

start a layer condition of maximum material (φ = 1.0) was

assumed. This causes initial high modelled turbidity as

weaker material is removed, yet due to the rapid rate of

mobilisation a realistic condition in balance with daily flows

is achieved within a few days. This data is not used for VCDM

turbidity calibration but allows for the effects of historical

elevated flows on layer condition to be accounted for.

The VCDM discretises the shear stress range into

independent bands, considered to be analogous to co-

Fig. 5 Rolling mean sensitivity analysis for turbidity data from TM-2.

Table 2 Trunk main properties

Trunk
main

Internal pipe diameter
[mm]

Roughness, ks
[mm]

Length
[km]

TM-1 303.2 8.50 6.4
TM-2 395.8 10.35 5.6
TM-3 292.3 7.50 5.9

Fig. 6 Sensitivity analysis of model calibration as a function of number

of discrete strength bands tracked within the VCDM.
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existing layers of material with discrete shear strength

properties. How many bands are required is a non-trivial

selection between accuracy and computational expense. To

identify the suitable number a sensitivity analysis was

conducted with increasing numbers of strength bands. Fig. 6

shows the results of this for TM-1. The sensitivity study

showed that 20 or more bands produced a lower error metric

(higher NSE) for TM-1 with little change in computational

time. To ensure accuracy at this stage, the model was set to

simulate the response by dividing the input shear stress

range into 100 discrete strength bands.

Results
1. Long-term data monitoring

Fig. 7 shows the long-term (15 months) measured flow and

turbidity for upstream (post treatment) and downstream in

each trunk main. Fig. 7 y-axis is clipped to 0–1 NTU to allow

visual assessment of the long term responses. While all the

flow conditioning trials (dark blue arrows on Fig. 7) were

initially planned to be undertaken at similar times, TM-3

trials started later due to operational constraints. The data

shows that treated water turbidity was between 0.05–0.2 NTU,

indicating high consistency in water-quality exiting the

treatment works.

A number of burst events (cross-validated with water

company repair and customer contact records) impacted the

flow in the trunk mains during the trial period and these are

indicated with green arrows in Fig. 7. Most of the bursts

occurred in downstream distribution zones. A significant

event impacting TM-2 and TM-3 in May/June 2016 however

was directly on the trunk main. It occurred in TM-3 on 31st

May 2016, 1.3 km from the WTW outlet. Due to the required

repairs, TM-3 demand was added to TM-2 until the first

available cross-connection at 1.7 km from the treatment

works and the resulting additional 40 l s−1 flow at peak

demand in the 1.7 km section of TM-2 led to material

mobilisation and a notable turbidity event. With the cross

connection open, the turbidity could also propagate through

TM-3 and with comparable travel times in both mains, the

response was observed passing the downstream monitoring

stations of TM-2 and TM-3 at similar times. Due to the

complexity and uncertainty of this event it could not be used

for validation. A longer running but less significant TM-3

event in December 2016 was due to a leak on the trunk main

itself that induced an additional 6 l s−1 about 2 km from the

Fig. 7 WTW outlet flow (top) and three trunk mains flow and turbidity. Red lines are measured turbidity, flow is in blue. Dark blue arrows

represent flow conditioning trials and green arrows unplanned burst events with bars highlighting event periods.
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WTW outlet. This was repaired without any rezoning

activities.

2. Trunk main 1

TM-1 VCDM calibration results showing imposed shear stress

with simulated and measured turbidity responses from a

single long term simulation between January 2015 to January

2017 are shown in Fig. 8. The plot includes the nine-months

pre-trial (January to September 2015) used for the model to

develop initial wall state conditions. As expected the model

over-predicts the initial turbidity response in this period as

the starting condition is set with all layers fully developed (φ

= 1). With realistic layer conditions established, the model

was then calibrated for October 2015 to January 2017. The

ability of the model to simulate turbidity events is important,

hence calibration focuses on these periods, with acceptable

values of NSE achieved for all events with a single long term

simulation and parameter values fixed for the full period.

NSE of 0.62 for the complete period is considered positive as

prolonged data with low variation (typical background

behaviour) and the occasional outliers can distort and

dominate NSE calculations.

Fig. 9 presents results for the flow conditioning and burst

event measured and simulated turbidity from TM-1. Fig. 9(a)

shows that the 0.5 NTU measured turbidity response was

simulated successfully following an increase of imposed

shear up to 3.5 N m−2. After three months (February 2016),

the turbidity response indicates the network accumulated

enough material to cause a 0.45 NTU turbidity responses due

to an equivalent 3.5 N m−2 shear stress event with the VCDM

showing a slight over prediction in Fig. 9(b), and

corresponding lower NSE in Table 3. Fig. 9(c) presents the

burst event in TM-1 that occurred in March 2016 where shear

stress increased rapidly up to 5.0 N m−2 (≡60 l s−1) for about

2 hours with a resulting 10.0 NTU observed and simulated.

With a shorter accumulation period after the burst, Fig. 9(d)

presents the conditioning event in May 2016 that produced a

turbidity response of 0.5 NTU, again simulated effectively by

the VCDM. Fig. 9(e) and (f) further demonstrate the ability of

the VCDM by recreating flow conditioning event responses

undertaken in August and October 2016. The simulation

results for all planned and unplanned events from Fig. 8 and

9 show the model simulated peak measured turbidity with an

average accuracy of ±0.2 NTU.

Overall it was possible to calibrate the VCDM model to

represent the turbidity behaviour of TM-1. This supports the

modelling concepts proposed, including simultaneous

accumulation and mobilisation across all layer strengths. In

addition, the use of single values for the three model

parameters over the entire two-year simulation highlights

potential for long-term application including scenario

planning and maintenance scheduling.

3. Trunk main 2

The VCDM mobilisation and accumulation functionality were

further validated for TM-2 using the parameters derived for

TM-1 as initial values. Fig. 10 shows the applied shear stress

of TM-2 from October 2015 till January 2017 including

Fig. 8 TM-1 VCDM results. Top plot: Long-term shear stress profile (green arrows show burst events, blue arrows flow conditioning events with

flow increases highlighted for clarity). Middle and bottom plot: Downstream observed and simulated turbidities. Bottom plot y-axis scale clipped

to 0–1.0 NTU for visualisation purposes.
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upstream-downstream measured turbidity and simulated

turbidity response from a single simulation. The TM-2

simulation was again initialised using shear stress data from

January 2015 till September 2015. This is not presented in

Fig. 10 as there were no measured flow events in this period

and thus in this case a week's flow data would have been

sufficient for estimation of initial model layer state.

TM-2 was the passive flow conditioning main with lower

quarterly shear stress events. Several large burst events,

inducing much higher flows than for the planned trials, were

recorded during the monitoring period. Due to these bursts

mobilising material from the pipe wall none of the planned

events produced significant turbidity responses. As a result,

the bursts that produced notable turbidity were used for

testing VCDM simulation performance. The overall

calibration of +12 months' data is presented in Table 4

indicating a satisfactory but low overall NSE value of 0.44.

Average NSE values for the burst induced responses however

were 0.77, indicating strong event calibration.

Fig. 11 presents results for the burst events with measured

and simulated turbidity from TM-2. Fig. 11(a) shows a burst

event that impacted flow and turbidity for 3 days in February

2016 where maximum measured turbidity response was 0.8

NTU. There was increasing daily maximum shear stress and

repeated turbidity responses. The VCDM simulated events

over these three days generally well, although a slight under-

prediction is noted on the final day (peak measured 0.85

NTU, modelled 0.6 NTU). Fig. 11(b) shows results from a

Fig. 9 TM-1 event results from a 24 month simulation for TM-1. a) Trial 1 b) trial 2 c) burst in March 2016 d) trial 3 e) trial 4 f) trial 5. Each sub

figure top graph shows applied shear and bottom graph the modelled and measured turbidity response.

Table 3 TM-1 NSE model calibration results for overall simulation and the hydraulic events where measured downstream turbidity data was available

Calibration
point

Total
[+12 mos]

Trial

1 2 Burst March 2016 3 4 5

NSE (−) 0.62 0.78 0.63 0.96 0.79 0.80 0.86
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significant burst event in TM-3 in May 2016. As part of

rezoning during the 60 hour repair period, shear stress in

TM-2 was increased up to 4.4 N m−2 (normal preceding peak

shear stress was 1.5 N m−2, effectively 60 l s−1 to 100 l s−1)

leading to a 10 NTU turbidity response. The resulting

imposed excess shear stress during the short period of daily

peak demand was high, but due to the short duration not all

material up to this shear strength was mobilised. As a result,

repeated daily peaks in demand led to a sequential yet

decreasing turbidity response, evidence that a new

conditioned state delivering higher network resilience is

being achieved. The simulation generally captures the four

significant turbidity responses well across the multiple days

of this post-burst rezoning event. Fig. 11(c) show an event

occurring in July 2016 with 0.7 NTU observed, effecting a

single day. Simulation of turbidity is acceptable with a slight

under-prediction during the decay phase, although the

secondary turbidity rise suggests a further increase in

hydraulics that may not have been captured by the 15 minute

flow data.

TM-2 results in conjunction with TM-1 confirms the ability

of the VCDM to simulate observed turbidity behaviour in a

single long term simulation and with fixed parameter values.

The ability of the model to capture accumulation and

sequential mobilisation for larger and multi day events is

also highlighted, highlighting value for risk assessment,

scenario planning and pro-active maintenance strategies.

4. Trunk main 3

The model was further validated using the data collected on

TM-3, assigned as a control with only start and end flow

conditioning events planned. Fig. 13 shows the results of

simulating TM-3 using a single simulation and calibrating to

the same 15 months' period using initial parameter values

established in TM-1 and TM-2. As previously the model was

initially run for nine months (January 2015 to September

2015) to define the material layer conditions at the start of

the period for model calibration, although for this main the

first flow conditioning was delayed. Two burst events

occurred, in June and December 2016 (Fig. 7 and 12),

although the former impacted TM-2 with the response

observed here due to an open cross-connection during

repairs. No significant turbidity response was measured from

the burst in December 2016 due to its low magnitude and

location at the upstream point. The planned trial in January

2016 was therefore the sole event for model calibration and

returned a strong NSE model calibration value of 0.91 (+12

month total NSE value was 0.24). Fig. 13 shows the results

from this flow conditioning where 0.45 NTU turbidity was

Fig. 10 TM-2 VCDM. Top plot: Long-term shear stress profile (green arrows show burst events and blue arrows flow conditioning events with

flow increases highlighted). Middle and bottom plot: Downstream observed and simulated turbidity. Bottom plot y-axis scale clipped to 0–1 NTU

for visualisation purposes.

Table 4 TM-2 NSE model calibration results overall simulation and the burst events where measured downstream turbidity data was available

Calibration point Total [+12 months] Burst February 2016 Burst June 2016 Burst July 2016

NSE (−) 0.44 0.81 0.78 0.72
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observed, demonstrating the good agreement between the

measured and simulated turbidity.

5. VDCM parameters

The calibrated parameters for all three mains were found to

be similar with the mobilisation rate (βe) between 3 × 10–5

and 7.0 × 10–5 N−1 m2 s−1, material release coefficient (α)

between 1.5 and 3.15 NTU m s−1 and the accumulation

period between 1.65 to 1.85 years. The lowest accumulation

period was found in TM-1 of 1.85 years, the partially lined

main, whilst TM-2 was 1.65 years and TM-3 was 1.7 years,

both mains unlined CI.

6. Investigating accumulation behaviour

Previous research suggests that the rate at which material

accumulates may be a function of temperature due to its

influences on microbial and chemical processes. Hence it is

possible that the field data collected here could show

seasonal variation with temperature (Fig. 3). To explore

seasonal variation in accumulation (βr), the model was

calibrated for each quarterly measured period by changing βr

while mobilisation parameters (βe, α) were held constant.

Such seasonal calibration of βr requires distinctive turbidity

responses at approximately quarterly intervals, hence this

was only possible for TM-1. Table 5 illustrates the calibrated

βr results for every three-month period starting from the first

flow conditioning trial. βr was assumed null during first

planned trial response as there was no previous calibration

point available. The improvement in fit can be seen in the

NSE values in Table 5. These are not directly comparable to

the values in Table 3 that are for event duration only.

Quarterly calibration for TM-1 indicate that βr was slower

during the colder months (period for full material

accumulation is greater) and quicker in warmer periods of

the year. The slowest accumulation period of TM-1 was

calibrated at 2.7 years when the average treated water

temperature was 4 °C, and the fastest 1.6 years at 15 °C.

These results support laboratory based observations that

(water) temperature does influence the material

accumulation processes in operational systems.22,41

Discussion
1. VCDM performance

VCDM validation was undertaken using long-term data from

three similar trunk mains that included multiple shear stress

(elevated hydraulic) induced turbidity events. Calibration

results show the model successfully simulated the turbidity

behaviour by tracking continual material accumulation and

mobilisation behaviour as determined by the imposed system

shear stress. High NSE assessment scores, particularly during

events, demonstrated strong parameter calibration in all 3

mains with the model simulating turbidity for both planned

and unplanned events over the range of forces and durations.

The model simulated peak turbidity response within an

average accuracy of ±0.25 NTU using fixed parameter values

for the complete simulation period for each trunk main. One

of the potential applications of the VCDM is to inform

hydraulic management (e.g. flow conditioning) to minimise

future discolouration risk. In the UK the regulatory turbidity

at consumer's taps is 4.0 NTU. With the VCDM accuracy

range identified in this work, it can be a suitable tool to plan

against potential turbidity failures, especially when output

values can be constrained, e.g. to 1.0 NTU.

With multiple planned and unplanned events, the model

is shown through successful calibration capable of

simulating a range of operationally representative shear

stress scenarios. These included relatively low increases in

system shear stress above daily demands, such as the passive

flow conditioning, higher elevations as in the normal

conditioning trials and extreme events such as unplanned

bursts. In addition, with a linear accumulation rate the

model is shown able to account for the varying periods and

hence material layer development between events. These

Fig. 11 TM-2 event results from a 24 month simulation for TM-2. a)

Burst in February 2016, b) burst in May–June 2016 c) burst in July

2016. Each sub figure top graph shows applied shear and bottom

graph the modelled and measured turbidity response.
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results support the validity and application of the VCDM and

the concepts that underpin it. Specifically, that the cohesive

behaviour of material that causes discolouration occurs

across the operational shear stress range and can be

discretised into bands, with accumulation occurring

simultaneously across all shear strengths. The results also

further validate model mobilisation functionality, and that

together with a linear accumulation rate the turbidity

behaviour may be tracked, and hydraulic responses

simulated and therefore predicted, over long and future

periods.

For this study, model calibration was conducted using a

manual search process. The VCDM has three empirical

parameters to calibrate, making it relatively easier than its

predecessor PODDS model with four parameters. While

manual calibration cannot guarantee global minima or

unique solutions with reduced parameter uncertainty, the

parameter transferability found in three trunk mains

provides confidence in model optimisation. An automatic

calibration process could be used to facilitate optimisation.

However, NSE scores also indicated that care is required to

avoid over sensitivity towards outliers or background

turbidity trends when calibrating across long term

monitoring periods.

The study highlighted that the tracked number of shear

strength bands within the VCDM is important for model

accuracy (Fig. 6). It was found that a low number of bands

(<20) produced unacceptable error with the shear stress

range investigated here. Yet with no significant difference in

computational time observed, selecting a higher level of

discretisation was not an issue and hence the 100 bands

selected in this work.

Prior to use for scenario planning and greater

understanding of field calibrated parameters, empirical

calibration is currently essential to develop confidence in

model output. Careful and further investigation is required

for the variety and range of networks to understand the

significance of parameter variance. With greater

understanding, and acknowledging the agreement shown in

parameters calibrated here, it is hoped preliminary

calibration may become unnecessary.

2. Parameters and accumulation

The final parameter calibration results were similar between

the trunk mains for the mobilisation rate (βe) and material

Fig. 12 TM-3 VCDM results. Top plot: Long-term shear stress profile (green arrows showing burst events, blue arrows flow conditioning event

with flow increases highlighted). Middle and bottom plot: Downstream observed and simulated turbidity's. Bottom plot y-axis scale clipped to 0–

1.0 NTU for visualisation purposes.

Fig. 13 TM-3 Trial 1 January 2016, top graph shows applied shear

stress and bottom graph the modelled and measured turbidity

response.
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release coefficient (α). βe is a function of excess shear stress

and α is a scaling factor. The accumulation period parameter

(βr) is the time taken for a material shear strength band to

go from no material to a fully developed layer representing

maximum discolouration risk, and was also found to be

similar in all three trunk mains. It is anticipated that the

model parameters were similar due to the hydraulic, asset

and water quality similarities between the trunk mains (see

Fig. 4). Similar conclusions were suggested from previous

studies.35

The accumulation period parameter value of 1.65–1.85

years found here for trunk mains is comparable with that

estimated previously for pipes in reticulation or local

distribution systems, which found around 1.5 to 2 years in

UK systems with cast iron pipes15 and within 1.5 years in a

network in Netherland.18 Both these studies used

calculations from turbidity data to estimate the accumulation

period, rather than via model fitting as reported here. The

values found are also comparable with previous VCDM

modelling assessment where values were found between 0.5–

5.0 years depending on water source and pipe materials.34,35

However, these previous studies have limited repeated

turbidity mobilisation events and hence low confidence. The

ability to determine an accumulation period, or transition to

maximum risk, by fitting to flow and turbidity data highlights

significant potential for this modelling approach as this

offers the possibility to assess and quantify network

performance and discolouration risk with respect to water

quality. By using this non-invasive approach, operators may

now also investigate factors such as changes in temporal or

spatial performance and the impact of different capital or

operational strategies.

Similar accumulation period values found for the three

trunk mains suggests that the variables that were fixed for

this dataset, including bulk water quality, are more

significant for accumulation periods than varying operational

conditions. This finding is significant for network

management as it indicates that irrespective of intervention

e.g. invasive cleaning such as jetting or pigging, new pipe or

lining, discolouration material and hence risk is not

impacted and will regenerate post-event at the same rate. For

managing discolouration risk therefore all cleaning strategies

may be equally effective, with the primary difference being

the amount of wall-bound material that may be removed as

more invasive strategies may remove higher shear stress

material that under normal operational conditions would not

however pose a mobilisation risk. Critically it highlights that

ongoing periodic maintenance is required as one-off

strategies can only deliver short-term value. Knowledge of

site-specific accumulation periods (βr) is therefore a key

move towards developing proactive discolouration

management as risk return and hence maintenance intervals

can be determined that can also help inform Water Safety

Plans and Whole Life Costing models.

The βr parameter was found to be lower (faster

accumulation) in the unlined CI mains (TM-2 and TM-3) than

the partially lined trunk main (TM-1), although the small

differences and limited repeated mobilisation events in TM-2

and 3 limit this finding. Previous research has however

showed that corrosion contributes to discolouration risk.2,3,15

This is consistent with the accumulation period modelling

analysis for the partial unlined pipe. The longer

accumulation period found for partially lined systems

indicates a negative impact to water quality from unlined cast

iron mains. This result agrees with the understanding of

replacing or lining unlined cast iron mains to minimise

discolouration risk.

The changes in TM-1 βr parameter values across different

periods suggests that temperature has an influence on

accumulation processes. This supports the theory that

material accumulation is a biologically mediated process as

higher water temperature is associated with increased

microbiological and therefore biofilm activity.27,29 It would

therefore be expected to observe more material accumulating

during warmer periods, as also seen by Blokker and Schaap.9

Higher material accumulation in the warmer seasons

however could also be linked to the higher treated water

organic and inorganic metal concentrations loadings, as

shown in Fig. 3. Higher temperatures also increase reaction

rates42,43 including corrosion and accelerate disinfection

decay rates, although research has indicated counter-

intuitively that higher chlorine concentrations returned

greater discolouration risk.21 Linking accumulation rates to

biofilms is supported by research suggesting biofilms provide

a surface matrix that captures discolouration particles.44,45

With potentially greater biofilm growth, it can be proposed

more material may trap into the biofilms, elevating the

discolouration risk.13,16,28

The higher βr (slower regeneration) found for cold

temperatures could be an artefact of the dataset as there is

only one cold period analysed. However, considering the

loading variations of organic–inorganic water quality

Table 5 Seasonal effect on VCDM accumulation parameter

Trial/variable

Months

0–3 [FC1] 0–3 [FC2] 3–6 [FC3] 6–9 [FC4] 9–12 [FC5] 0–12

TM-1 βr [years] 2.7 1.75 1.60 1.65 1.85
NSE (−) 0.97 0.92 0.98 0.97 0.62
Temp °C 10 4a 8a 15a 13a 10

a Average treated water temperature: values from rolling mean using Fig. 3(a) temperature data.
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parameters (Fig. 3) and temperature influence on microbial

processes,46 it can be suggested that material accumulation

can vary seasonally as a function of temperature. The

temperature effect is critical for water utilities, especially with

growing concerns about long-term impacts of climate change

on water quality. In the Netherlands, water temperature is

regulated at a maximum 25 °C (ref. 47) to reduce potential

water quality failures that may be associated with

temperature and biological stability. The VCDM could

therefore benefit by having an integrated time variant sub-

accumulation model encapsulating water temperature.48

Adding the sub model, e.g. temperature or biofilm regrowth

model, the time-variant βr would increase modelling

complexity and computational time. However, the current

model simulation performance is satisfactory and this

simplified time-invariant model has been demonstrated here

to produce accurate long-term turbidity simulations.

Conclusions

This paper demonstrates validation of the Variable Condition

Discolouration Model that simulates material mobilisation

and accumulation processes simultaneously with the

resulting capability of tracking long-term turbidity behaviour.

Key findings are:

• The VCDM can track long-term material mobilisation

and accumulation behaviour occurring in large diameter

trunk mains based on imposed hydraulic forces. It is shown

capable of recreating the observed downstream turbidity

responses with an average peak turbidity accuracy of ±0.25

NTU using three fixed empirical parameters.

• Accurate model calibration supports the concepts of:

○ material mobilisation and accumulation occurring

continuously

○ cohesive wall bound discolouration material can be

discretised into independent shear strength bands

○ simultaneous linear accumulation across all layer shear

strengths.

• VCDM calibrated accumulation periods showed

consistency for all mains investigated here, with similar

network characteristics and source water quality, irrespective

of imposed hydraulic conditions or time between events for

accumulation periods.

• Tracking pipe wall layer condition, in particular the

accumulation functionality validated here for the first time

that informs discolouration risk, facilitates pro-active

management for hydraulic based scenarios including

periodic maintenance planning.
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