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Abstract

Long utility records support renewal screening when failures, durations and exposure
use consistent definitions. An audit covered 4885 water-supply failures in a major city in
south-eastern Poland (2004-2025); 4859 had a valid repair duration and 4832 had a valid
service-interruption status/duration. Events and annual exposure used the same diameter-
based functional classification. Material was identified for 4824 events; 4806 events formed
14 material-function groups. The core CRITIC-TOPSIS model combined exposure-
normalised failure rate, mean repair time and mean interruption time; 2000 event-level
bootstrap replicates quantified sampling uncertainty. Network length increased by about
84.4%, while failure rate decreased (Spearman p = —0.911, p < 0.001). Mean repair and
interruption times were 7.96 and 2.43 h; 64.2% of repairs equalled 8 h. Galvanised-steel
service connections ranked first (CC = 0.819; P(rank 1) = 0.800; P(top 3) = 1.000), followed
by steel and asbestos cement distribution pipes. Product-containing structures and the
strict >8, >10 and >12 h threshold variants selected asbestos cement distribution pipes,
whereas the inclusive >8 h and positive-only SIT variants retained galvanised-steel service
connections. The result is a group-screening signal, not a renewal prescription; hydraulic
consequence, customers affected, condition and cost remain necessary for segment deci-
sions. Beyond the case study, the workflow provides a transferable, low-data screening
approach for directing limited maintenance and renewal resources while accounting for
water-service accessibility; numerical priorities should be recalculated using local exposure,
operational conditions and decision thresholds.

Keywords: water distribution network; repair duration; service interruption; pipe
rehabilitation; CRITIC-TOPSIS; bootstrap uncertainty; resource allocation

1. Introduction

Drinking-water distribution systems are expected to provide continuous service while
their buried components age under incomplete information. A pipe failure is therefore
both a physical event and an operational episode: crews must locate and repair the defect,
and users may experience an interruption with a duration that does not necessarily equal
the repair duration. Service-quality and utility-management standards consequently treat
continuity as an explicit performance dimension rather than an incidental by-product of
maintenance [1,2].

Research on water-pipe deterioration has developed from statistical break models to
machine learning, survival and probabilistic frameworks. Reviews identify material, diam-
eter, age, pressure, soil, climate, installation and prior failures as relevant predictors [3-5].
The predictor sets and data requirements summarised in recent reviews [6,7], together with
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probabilistic analysis [8], show that model results depend on the content and consistency
of the available records. These advances are valuable for failure prediction, but they do not
by themselves translate a routine repair log into a transparent operational priority list.

Rehabilitation research generally combines likelihood and consequence. Risk-based
and hydraulic criticality methods can identify pipes whose failure would reduce pressure
or supply [9,10]. Graph-theoretic and minimum-pressure rankings add topology and
resilience information [11,12]. Their practical strength is also a limitation for utilities
without a calibrated hydraulic model, complete customer-demand allocation or reliable
segment-condition data. A complementary first-stage screen can instead use routinely
recorded occurrence, repair and shut-off information, provided that exposure denominators,
missingness and uncertainty are handled explicitly.

From a resource-management perspective, water-pipe failures affect more than the
physical condition of buried infrastructure. Recurrent failures mobilise maintenance labour,
equipment, repair materials and financial resources, while service interruptions temporarily
restrict users’ access to treated drinking water. Maintenance and renewal planning therefore
involves the allocation of limited operational and capital resources among competing
parts of the network. A screening framework that combines exposure-normalised failure
occurrence with repair and service-interruption duration can support resource stewardship
by identifying pipe groups in which recurring failures generate the greatest operational
and service burdens.

The primary CRITIC-TOPSIS model therefore used three non-redundant criteria:
exposure-normalised failure rate, mean repair duration and mean service-interruption
duration. A six-criterion formulation that additionally included a repair-time threshold
and two deterministic products, the Repair Burden Index (RBI = failure rate X mean repair
duration) and Service-Interruption Burden Index (SIBI = failure rate x mean interruption
duration), was evaluated only as a structural sensitivity variant. Event-level bootstrap
resampling provided probabilities and intervals for ranks and scores.

The aim is to develop and test a reproducible operational screening framework for
pipe function-material groups using a 22-year failure register.

The specific objectives are to:

Audit all source records and report outcome-specific denominators;

Assess temporal comparability, network exposure and repair-time heaping;
Compare statistically defined pipe, material, diameter and cause groups;
Evaluate criterion dependence and ranking sensitivity;

Quantify priority uncertainty and temporal stability.

The methodological contribution is the integration of these audit, uncertainty and
sensitivity steps around established CRITIC and TOPSIS procedures.

2. Literature Review
2.1. Pipe Failure, Criticality and Rehabilitation

Failure modelling and rehabilitation prioritisation answer related but different ques-
tions. Failure models estimate the probability or timing of an event from pipe and op-
erational predictors [3-5], with recent work extending the evidence on data quality and
probabilistic factors [6-8]. Rehabilitation models additionally require consequence, feasi-
bility and budget information. Raspati et al. combined break probability with inability to
supply water [9], whereas Prasad used supply shortage, pressure decline, energy loss and
hydraulic uniformity to identify critical pipes [10]. Pagano et al. aggregated graph-theory
indicators through a Bayesian belief network [11], and minimum-pressure analysis has
recently been used to rank individual critical pipes [12]. These methods show why a high
failure rate alone is not an adequate proxy for consequence.
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Operational group screening has a different resolution. It identifies material-function
classes that repeatedly consume repair resources or generate interruptions, after which the
utility can inspect the individual segments within those classes. Group results cannot repro-
duce hydraulic connectivity, isolation-valve configuration or the number and vulnerability
of users affected. Their role is therefore to reduce a large asset portfolio to a documented
investigation list, consistent with risk-based rehabilitation practice but not equivalent to
segment-level risk.

2.2. Repair Duration and Service Interruption

Repair duration is sensitive to its operational definition. Notification-to-restoration
time, crew work time and excavation-to-completion time are not interchangeable. Recent
studies have used machine learning to predict supply-interruption duration [13], while
resilience-based assessment has been used to evaluate water-supply safety [14], and mon-
itoring research has shown that the waiting component can materially affect MTTR [15].
This study uses the recorded repair work window.

Service-interruption duration is analysed separately. An eight-hour repair can occur
without a shut-off, and a shorter technical intervention can interrupt many users if isolation
is hydraulically consequential. Hazard-assessment research similarly treats interruption of
water supply as one element of wider waterworks-system risk and operational security [16].

An earlier article analysed repair and restoration times for the same local system in
2004-2007 [17]. The present study extends observation through 2025, re-audits the event-
level intervals, aligns occurrence with annual material-function exposure, separates repair
from service interruption and adds adjusted, uncertainty and sensitivity analyses.

Earlier repair-time research identifies diameter, material, damage type, pavement,
repair-team capacity and concurrent failures as potential determinants of the time required
to restore a water-supply pipe [18]. These factors support the covariate and limitation
framework used here, but most are not consistently available in the historical register.

2.3. Multi-Criteria Prioritisation and Uncertainty

Across roughly two decades, MCDA sorting, method comparison, and analytical-
network procedures have been applied to pipe rehabilitation [19-21]. Engineering guidance
and integrated asset-management frameworks place these rankings within staged investi-
gation and investment decisions [22,23], while a recent qualitative risk model addresses
unreliable operational data [24]. These perspectives differ in scale and data availability, but
all distinguish portfolio screening from a final intervention decision.

AHP and its network extension elicit relative importance through pairwise judge-
ments, whereas TOPSIS ranks alternatives by distance from ideal and anti-ideal profiles.
Fuzzy TOPSIS represents linguistic or imprecise judgements with membership functions
and has been applied to water-supply alternatives [25,26]. The present data are observed
numerical event records. Sampling uncertainty is addressed directly by event-level boot-
strap resampling. CRITIC derives objective weights from criterion contrast and con-
flict [27], and conventional TOPSIS supplies the relative closeness score [28,29]. These
procedures do not remove the analyst’s responsibility to define non-redundant criteria and
meaningful alternatives.

TOPSIS ranks can change with uncertain inputs, thresholds, weights or the alterna-
tive set. Robustness, uncertainty and sensitivity should therefore be treated as distinct
questions [30]. In the present study, model comparisons address structural dependence,
alternative repair-time thresholds address definitional sensitivity, minimum group size
addresses representation, three-subperiod reranking addresses temporal stability, and non-
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parametric bootstrap resampling [31] propagates sampling variation through both CRITIC
weights and TOPSIS scores.

Recent targeted reviews and data-driven condition models further emphasise vali-
dation, uncertainty and the difference between group screening and pipe-level condition
scoring [32-34]. Consequence-oriented studies show that affected service, road-network
disruption and spatial clustering can materially change renewal priorities [35-37]. Asset-
management and isolation-valve analyses likewise place screening within a broader work-
flow of system modelling, field verification and intervention planning [38,39].

3. Materials and Methods
3.1. Study Area

The analysis concerns an anonymised urban water distribution system in the Sub-
carpathian region of south-eastern Poland (Figure 1). The system is operated by a municipal
waterworks company, and the analysed network length has increased by approximately
84.4% from almost 600 km in 2004 [40].

iz

Subcarpathian Voivodeship
Figure 1. Location of the Subcarpathian Voivodeship in Poland and Europe.
Figure 1 shows the regional setting of the study area.

3.2. Source Records

The source material comprised a database consisting of 22 annual failure registers
covering the period 2004-2025 provided by the municipal waterworks company [40].
The resulting record flow is summarised in Table 1.
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Table 1. Record flow and outcome-specific analytical denominators.

Stage n

Numbered source events 4885

Repair duration calculable 4859

Service-interruption status/duration calculable 4832

Explicit ‘no shut-off’ 1039

All numerical zero interruptions 1044

Unique material identified 4824

Pipe function classified 4876

Unique material and pipe function 4817
Primary MCDM set 4806 in 14 groups

3.3. Technical Classification and Temporal Comparability

Material labels were harmonised to cast iron, steel, galvanised steel, PVC, PE and
asbestos cement (AC). To align every numerator with its exposure denominator, an an-
alytical pipe-function proxy was assigned solely from the diameter for every event and
every single-diameter inventory row: service connections, distribution pipes and mains.
Failure descriptions were assigned once to the mutually exclusive classes corrosion, leaky
socket, loss of tightness, crack, mechanical damage and other/unclear, and the same rule
was used for the all-event occurrence analysis and every outcome-specific subset. Rare
technical-wear and breakage entries were included in other/unclear.

Annual total, function-specific and material-diameter lengths were available through-
out 2004-2025. The same diameter boundaries were applied to the material-diameter
inventory. Cross-source reconstruction identified one harmonised material for 4824 of
4885 events (98.75%); 48 remained unknown and 13 were explicitly mixed. Of all events,
4817 also had an unambiguous pipe function. The primary material-function decision
matrix used the full 20042025 period, with numerator and exposure years aligned.

Cause-by-function occurrence analysis retained all 4885 numbered events. For each
cause and pipe function, A was calculated using Equation (1) and the 2004-2025 cumulative
exposure of the corresponding functional class. Nine events without a usable diame-
ter were retained in the all-event cause totals but were excluded from function-specific
failure rates.

3.4. Variables and Descriptive Analyses

Annual and period-specific rates used corresponding annual exposure. Arithmetic
means are reported with non-parametric 95% bootstrap confidence intervals; medians
and interquartile ranges (IQRs) describe the strongly heaped duration data. Temporal
monotonicity was assessed using Spearman’s p and Kendall’s 7, and Theil-Sen slopes
describe annual change. Kruskal-Wallis tests compared repair and interruption distribu-
tions across pipe function, full-period material, diameter class and failure cause. Tests are
global and do not imply causality. The three analysis subperiods—2004-2010, 2011-2017
and 2018-2025—divide the 22-year record into approximately equal intervals. They were
defined for the revised analysis, rather than preregistered, to retain sufficient observations
in each interval and limit sensitivity to single-year fluctuations. Statistical analyses were
performed using STATISTICA version 13.3 (TIBCO Software Inc., Palo Alto, CA, USA).

3.5. Operational Indicators

For a material-function group g in the full 20042025 period, the exposure-normalised
failure rate was:
Ao = g 1
8§ T y205 1
Li=2004 Lyt
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Mean repair duration and mean service-interruption duration used their own

valid denominators:
Ngr T ]
Zizl repair,g,i

MTTRg = e 2)
Z;‘qﬁ Ts1q,i

The dependent burden indicators were retained for sensitivity analysis, not as inde-
pendent primary evidence:
RBIg = Ag x MTTR, 4)

SIBIy = Ag x SIT, (5)

Repair-time threshold sensitivity was defined as:

n(Trepair > T)

P(Trepair > T) = "
8T

,T€ {8h,10h,12h} (6)
In Equation (6), the group-specific denominator g, is the number of valid repair
durations rather than the occurrence count used in Equation (1). Threshold indicators were

not included in the primary core model after the empirical correlation audit showed near
redundancy with MTTR.

3.6. CRITIC-TOPSIS Models

Alternatives were material-function groups with at least ten events in 2004-2025. All
criteria were benefit-type in the priority sense: a larger value indicated a greater need
for investigation. The primary core model comprised A, MTTR and SIT. Six structural
sensitivity models were also calculated: positive-SIT core (A, MTTR and the mean con-
ditional on SIT > 0); threshold-augmented (core + P(Trepair > 8 h)); burden (RBI, SIBI and
P(Trepair > 8 h)); full (all six); no-RBI; and no-SIBI. This design tests both interruption coding
and the effect of deterministic products rather than assuming independence.

For CRITIC, each criterion was min—-max-scaled. Its information content combined
contrast (standard deviation ¢;) with conflict (Pearson correlation pj), and weights were
normalised to sum to one:

q
G = 1 (1 - o) )
S ®)
Z17‘:1 C]-

In Equations (7) and (8), g is the number of criteria and is distinct from the event

wj

count . TOPSIS used vector normalisation and Euclidean distances D;" and D;” from the
positive and negative ideal profiles. The complete normalisation, weighting, ideal profile
and distance equations are reported in Appendix A.3. The relative priority score was:
ccC =1 )
' Df+D;
Scores are relative to the alternatives in the decision matrix and are not probabilities,
risk values or universal intervention thresholds. No arbitrary high/medium/low classes
were imposed.

https:/ /doi.org/10.3390/resources15090114


https://doi.org/10.3390/resources15090114

Resources 2026, 15, 114

7 0f 23

3.7. Uncertainty, Sensitivity and Adjusted Modelling

The core ranking was first bootstrapped 2000 times with a fixed random seed by
sampling the 4806 eligible pooled events with replacement. Failure rate used all sampled
events, whereas MTTR and SIT used their own sampled valid-outcome counts; a missing
duration never entered a sum or denominator. Group exposure remained fixed, and
CRITIC weights and TOPSIS scores were recomputed in every replicate. All 2000 replicates
contained at least one valid repair and interruption value for every alternative. Reported
outputs are the median and 95th percentile interval for score and rank, P(rank 1), and
P(rank < 3). The conventional event-level scheme treats registered events as exchangeable
and conditionally independent; it does not retain within-year clustering or dependence
from repeat failures of the same segment.

As a dependence sensitivity analysis, a second set of 2000 calendar-year block boot-
strap replicates sampled 22 years with replacement. Every selected year contributed all
of its eligible events and the corresponding annual material-function exposure; outcome-
specific missingness rules were retained, and CRITIC weights and TOPSIS scores were
recomputed. This preserved within-year event clustering and the coupling between annual
failures and exposure. Both bootstrap analyses remain conditional on the observed material
and diameter assignments and do not propagate classification or inventory error.
Sensitivity analyses varied:

Interruption representation through positive-only SIT;
Criterion structure;

Repair threshold (>8, >8, >10 and >12 h);

Minimum group size (10, 20, 30 and 50 events);

The same three analysis subperiods used for descriptive comparison.

For subperiod stability, the core ranking was recomputed within 2004-2010,
2011-2017 and 2018-2025 among groups with at least ten events in all three intervals.
CRITIC weights and TOPSIS normalisation were re-estimated within each subperiod;
Spearman rank correlation against the full-period core ranking and maximum absolute
rank change summarised agreement.

To examine whether material differences persisted after observed confounding, log
repair duration was regressed on year, log diameter, material, pipe function and grouped
failure causes for 4792 complete full-period events. Ordinary least squares coefficients were
reported as multiplicative effects after exponentiation, with HC3 heteroscedasticity-robust
confidence intervals. PE, distribution pipes and corrosion were reference categories. This
model is explanatory and not a validated failure-duration predictor.

Service interruption was also analysed with a two-part adjusted model using the same
covariates and reference categories. The first part used logistic regression for a recorded
shut-off /restoration interval versus an explicit ‘no water shut-off” entry; the second used
HC3-robust log-linear regression among positive recorded durations. Effects are reported
as odds ratios and multiplicative duration ratios, respectively. The complete-case set
contained 4765 events: 3739 recorded interruptions and 1026 explicit no-shut-off entries.
Of these records, 3736 had a positive duration and 1029 were non-positive; only positive
durations entered the second part.

Figure 2 summarises the analytical sequence from operational evidence to screening
priorities. Annual registers undergo outcome-specific validation and technical classification.
Temporal and distributional analysis, adjusted models and group-indicator construction
then lead to CRITIC weighting, TOPSIS ranking, event-level bootstrap uncertainty and
sensitivity analyses.
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I. Input data and validation

1 Operational evidence
Annual failure registers and network inventories, 2004-2025

A d
2 Outcome-specific validation
Separate valid datasets for failure occurrence, repair durationand SIT
|
v are .
3 Technical classification
Material and pipe-function harmonisation with aligned annual exposure

]

IL. Statistical analysis and indicator construction

4 Temporal and distributional analysis
Annual trends and three prespecified subperiods

|
v
5 Adjusted analyses
Bootstrapintervals, group comparisons and covariate-adjusted models
|

v
6 Group decision matrix
Failure rate, MTTR and mean service-interruption time

]

II1. Prioritisation and robustness assessment

7 CRITIC weighting

Objective criterion weights from contrast and inter-criterion conflict

|
v
3 TOPSIS ranking and uncertainty
Closeness scores, event-level bootstrap and sensitivity analyses
¥
v
9 Operational screening output
Relative priorities for mains, distribution pipes and service connections

Figure 2. Analytical workflow from operational evidence to uncertainty-aware pipe-group screening.

4. Results
4.1. Data Completeness and Network Evolution

The source-level audit retained 4859 valid repair durations totalling 38,663.25 h and
4832 valid service-interruption values totalling 11,751.70 h. Outcome-specific denominators
are used throughout, and no missing outcome is estimated.

Historical technical sources supplied a unique, source-supported material for
4824 events (98.75%); 48 records remained unknown and 13 were mixed. After also requir-
ing a diameter-based function, 4817 events entered candidate material-function groups
and 4806 in 14 groups met the primary n > 10 rule.

During the analysed period, the total network length increased by 480 km. The annual
event count fell from 307 to 158, so exposure-normalised failure occurrence fell more
sharply, from 0.539 to 0.150 failures/(km-year). Failure rate had a strong negative trend
(p = —0.911, p < 0.001; Theil-Sen slope: —0.016 failures/(km-year) per year, 95% CI: —0.020
to —0.013). The failure rate trend should not be interpreted as a treatment effect because
network renewal, expansion and asset mix changed concurrently.

4.2. Temporal Patterns

Table 2 compares event counts, cumulative pipe-length exposure and outcome-specific
time summaries across the three analysis subperiods.

MTTR varied within a comparatively narrow range (7.61-8.21 h), and the annual
MTTR trend was not significant (o = 0.264, p = 0.236). Mean service-interruption duration
was lowest in 2011-2017 (1.68 h) and highest in 2018-2025 (3.44 h). Its annual increasing
trend was statistically detectable (o = 0.560, p = 0.007) (Table 2). The annual mean repair
duration and mean service-interruption duration for 2004-2025 are presented in Table 3.
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Table 2. Subperiod comparison with outcome-specific denominators.
. Exposure A MTTR Median Mean SIT
Subperiods Events (k}:n~yr) (Failures/(km-year) ~ "repair (h) R e([I’giIr{)(h) ngIT (h)
2004-2010 1718 444458 0.387 1693 7.61 8.00(2.00) 1673 241
2011-2017 1797 5597.72 0.321 1796 8.21 8.00 (0.00) 1791 1.68
2018-2025 1370 8015.02 0.171 1370 8.06 8.00 (0.00) 1368 3.44
Table 3. Annual mean repair duration and mean service-interruption duration, 2004-2025.
Repair Duration Service Interruption
Mean Repair . Mean .
Year Durati 95% Bootstrap CI Service-Interruption 95% Bootstrap CI
uration, MTTR .
(h) (h) Duration (h)
(h
2004 6.75 6.39-7.11 2.99 2.68-3.34
2005 7.60 7.08-8.15 3.22 2.65-3.82
2006 7.34 7.02-7.70 1.95 1.68-2.22
2007 7.86 7.55-8.19 2.14 1.88-2.40
2008 7.73 7.52-7.95 2.35 2.16-2.54
2009 8.18 7.92-8.47 2.13 1.86-2.42
2010 8.17 7.96-8.40 2.06 1.86-2.28
2011 8.24 7.99-8.49 1.39 1.21-1.62
2012 8.21 7.93-8.49 1.40 1.25-1.54
2013 8.47 8.18-8.77 1.55 1.40-1.71
2014 8.14 7.81-8.47 1.62 1.41-1.84
2015 8.03 7.76-8.31 1.58 1.40-1.77
2016 8.02 7.73-8.33 2.36 2.13-2.63
2017 8.37 8.03-8.73 2.04 1.74-2.36
2018 8.29 7.91-8.69 297 2.64-3.31
2019 8.28 7.95-8.62 3.56 3.26-3.89
2020 8.09 7.67-8.52 3.49 3.22-3.76
2021 7.53 7.20-7.86 3.24 3.00-3.49
2022 8.00 7.61-8.41 3.85 3.59-4.13
2023 8.09 7.79-8.40 3.24 2.95-3.53
2024 7.85 7.53-8.17 3.42 3.17-3.70
2025 8.18 7.80-8.59 3.89 3.57-4.22

4.3. Repair-Time Distribution and Group Differences

Across 4859 valid observations, mean repair duration was 7.96 h (SD 2.58 h), median
was 8.00 h and IQR was 7.50-8.00 h. The distribution was dominated by recording heaping
(Figure 3): 4444 values (91.5%) were whole hours and 3118 (64.2%) were exactly 8 h. Exact
counts at 6,7, 12, 16 and 24 h were 204, 220, 43, 77 and 4, respectively. Consequently, the
distinction between strict and inclusive thresholds was material: 525 repairs (10.8%) were
>8 h, whereas 3643 (75.0%) were >8 h. The proportions were 9.5% for >10 h and 7.4%
for >12 h.

Table 4 reports outcome-specific sample sizes, means, uncertainty intervals and distri-
butional summaries by pipe function and material for 2004-2025.

Repairs to mains had the largest unadjusted mean (9.14 h), but their mean interruption
duration was the smallest (1.69 h). This divergence confirms that repair work and user-side
interruption should not be merged into one time variable. AC events had the largest
material-level repair mean (8.47 h; n = 47) and interruption mean (3.66 h), with wide
uncertainty. Global Kruskal-Wallis tests indicated differences across function and material
for both outcomes (all p < 0.001). Diameter classes also differed for both outcomes (p < 0.001),
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while failure-cause groups differed for repair duration (p = 0.002) and service interruption
(p < 0.001; Appendix A). Given the strong heaping, statistical significance should not be
confused with large operational separation. Figure 4 shows the corresponding repair-
duration distributions.

100 ~

90 1

Relative and cumulative frequency (%)

98.07 99.71 99.75 99.79 99.86 99.94 99.96 99.96 99.98 100.00
. O ==l = = = = = =} = =} = = = =0
~ 93.54 o -
91.73 -

90.12
e
1

-——

Il Relative frequency
—0— Cumulative relative frequency

0.04 004 006 0.08 002 000 002 0.02
A R S Y Y . S (A S P
S A A S W N S S S Y I S S S Y
RN N N N R A S AR S S A S 4
Repair-duration interval, Trepair (h)
Figure 3. Repair-duration distribution for the entire water-supply network (2004-2025).
Cause-specific occurrence patterns also differed by pipe function (Table 5). Leaky sock-
ets dominated main exposure (420 failures; 0.2210 failures/(km-year)), whereas corrosion
dominated service connections (1438; 0.2206 failures/(km-year)). In distribution pipes,
corrosion (676; 0.0715 failures/(km-year)) and leaky sockets (674; 0.0712 failures/(km-year))
were nearly equal. Across all causes, the pooled failure rate was highest for mains
(0.3453 failures/(km-year)), followed by service connections (0.2882 failures/(km-year))
and distribution pipes (0.2475 failures/(km-year)).
Table 4. Repair and service-interruption outcomes by pipe function and material (2004-2025).
Repair Duration Service Interruption
Dimension Group . Mean SD 95% CI  Median  Q1-Q3 Mean SD 95% CI ~ Median  Q1-Q3
Nrepair ~ Mg2 it () ) ) ® ) () ()
. . 8.87- 8.00- 1.49— 0.00-
Function Mains 648 9.14 327 9.40 8.00 .00 645 1.69 2.63 1.90 0.00 3.00
. Distribution 7.82- 7.00- 2.48- 1.00-
Function ipes 2328 7.92 2.57 503 8.00 5,00 2314 257 236 67 2.50 550
. ervice 7.48- 7.00~ 2.44- 2.00-
Function ~  “eTViee 1875 7.59 2.16 s 8.00 500 1865 252 1.94 S 2.00 500
. . 8.04- 7.50~ 2.10- 0.00-
Material Cast iron 1868 8.17 2.79 630 8.00 500 1852 221 247 53 2.00 500
. 7.90- 8.00- 2.08- 1.00-
Material Steel 1174 8.05 2.60 821 8.00 8.00 1170 2.19 1.92 530 2.00 3.00
. Galvanised 7.42— 6.50— 2.63— 2.00-
Material gk 881 7.57 226 o 8.00 %00 875 278 233 503 2.50 500
. 7.44- 7.00- 2.88- 2.00-
Material PVC 305 7.72 244 500 8.00 500 303 313 230 Vi 3.00 o0
. 7.47- 8.00- 2.46- 2.00-
Material PE 523 7.64 2.06 e 8.00 00 524 261 1.84 5o 2.50 35
. 7.63- 7.00- 3.07- 2.00-
Material AC 47 8.47 3.16 533 8.00 500 47 3.66 211 108 3.00 < on
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Figure 4. Repair-duration means and dispersion ranges by (a) pipe function, (b) failure cause and
(c) material (2004-2025).
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Table 5. Failure occurrence and exposure-normalised failure rate by cause and pipe function
(2004-2025).

Distribution Service Unknown

Failure Cause Mf‘i}? s Pipes Connections Cla.ssiﬁed Total Function All Events
n; A 1 A n; Pooled A n n
Corrosion 144; 0.0758 676; 0.0715 1438; 0.2206 2258; 0.1263 3 2261
Leaky socket 420; 0.2210 674, 0.0712 15; 0.0023 1109; 0.0620 6 1115
Loss of tightness 72; 0.0379 312;0.0330 246; 0.0377 630; 0.0352 0 630
Crack ) 8; 0.0042 144; 0.0152 107; 0.0164 259;0.0145 0 259
g/g‘;fl};ggmal 1; 0.0005 12; 0.0013 8; 0.0012 21; 0.0012 0 21
Other/unclear 11; 0.0058 523; 0.0553 65; 0.0100 599; 0.0335 0 599
Total 656; 0.3453 2341, 0.2475 1879; 0.2882 4876; 0.2727 9 4885
4.4. Adjusted Repair and Interruption Models
The complete covariate-adjusted repair-duration model is reported in Table 6.
Table 6. Complete adjusted log repair-duration model (1 = 4792).
Term Multiplicative Effect 95% HC3 CI p
Year (per year) 1.006 1.005-1.008 <0.001
log(diameter/100 mm) 1.072 1.038-1.107 <0.001
Material: PVC 1.024 0.979-1.071 0.299
Material: Cast iron 1.112 1.056-1.170 <0.001
Material: Steel 1.087 1.023-1.155 0.007
Material: Galvanised steel 1.061 0.998-1.129 0.057
Material: AC 1.145 1.025-1.278 0.017
Function: Service connections 1.046 1.001-1.091 0.043
Function: Mains 1.063 1.014-1.115 0.011
Cause: Leaky socket 0.944 0.904-0.985 0.008
Cause: Loss of tightness 1.036 0.978-1.096 0.229
Cause: Crack 1.011 0.951-1.074 0.729
Cause: Other /unclear 0.959 0.914-1.006 0.084

After adjustment, cast iron was associated with an estimated 11.2% longer repair
duration than PE (95% CI: 5.6-17.0%; p < 0.001), steel with an 8.7% longer duration (95% CI:
2.3-15.5%; p = 0.007) and AC with an 14.5% longer duration (95% CI: 2.5-27.8%; p = 0.017).
PVC was not statistically distinguishable from PE, and galvanised steel narrowly missed
p <0.05 (p = 0.057). A one-unit increase in log(diameter /100 mm) was associated with a
7.2% longer repair; repairs to service connections and mains were 4.6% and 6.3% longer
than repairs to distribution pipes after adjustment. The small R? (0.053) indicates that
the measured covariates explain little individual-duration variation; it does not identify
the source of the unexplained remainder or validate material as a stand-alone causal
decision rule.

The two-part interruption model produced different occurrence and duration patterns
(Table A3). After adjustment, each later calendar year was associated with greater odds
of a recorded interruption rather than an explicit no-shut-off entry (OR: 1.107, 95% CI:
1.092-1.123) and a 0.9% longer positive duration (ratio: 1.009, 95% CI: 1.006-1.012). Larger
diameter was associated with lower odds of a recorded interruption (OR: 0.469 per log-
diameter unit) but longer duration when a positive interruption occurred (ratio: 1.153).
Relative to PE, PVC had higher odds of a recorded interruption (OR: 2.476), whereas cast
iron, galvanised steel and AC had 11.8%, 17.4% and 30.2% longer positive durations. These
associations are descriptive: the positive-duration R?> was only 0.057.
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4.5. Criterion Dependence and Point Rankings

Table 7 presents the full-period group decision matrix and the resulting three-criterion
core ranking.

Table 7. Full-period decision matrix and core CRITIC-TOPSIS results (2004-2025).

Exposure A MTTR SIT RBI SIBI

Group @UASIT)  (kmyD  km lyr! () ®  PESMW pkmyn  Wkmyp CoreCC Rank
S-galvanised steel (g g ) 48312 1.757 7.58 2.77 0.071 13.32 486 0.819 1
DP-steel ( 45;‘?259) 293.17 1.569 7.92 2.35 0.107 1243 3.6 0.757 2
DP-AC (444/444) 35.86 1.227 8.50 3.86 0.227 10.43 4.74 0.708 3
DP‘gstleVeal“ised (292/929) 22.90 1.266 7.14 321 0.103 9.04 4.06 0.683 4
DP—cast iron (13;?311357) 1696.08 0.814 7.92 243 0.112 6.45 198 0.437 5
S—cast iron (272/926) 4422 0.656 7.57 2.19 0.074 4.97 1.44 0.343 6
M-cast iron " cors o) 80256 0.588 8.93 159 0.217 5.25 0.94 0.305 7
DP-PVC (213}318) 3646.05 0.060 7.76 3.26 0.087 0.47 0.20 0.207 8
M-PE (373/737) 403.48 0.092 9.05 2.68 0.243 0.83 0.25 0.177 9
M-steel (125({26) 581.79 0.223 9.84 1.66 0.328 2.20 0.37 0.176 10
DP-PE (16;??69) 3736.68 0.045 7.94 2.83 0.101 0.36 0.13 0.164 11
S-PVC (808/079) 533.80 0.150 7.47 2.69 0.063 112 0.40 0.159 12
S-PE (315’}318) 2073.26 0.153 7.32 249 0.031 112 0.38 0.136 13
S-steel (585%85) 3339.37 0.176 7.76 2.18 0.053 1.37 0.38 0.115 14
Within the core model, CRITIC assigned weights of 0.347 to failure rate, 0.366 to MTTR
and 0.287 to SIT. Galvanised-steel service connections ranked first (CC = 0.819), followed by
steel distribution pipes (0.757) and AC distribution pipes (0.708). The first group combined
the largest length-normalised failure rate (1.757 failures/(km-year)) with moderate mean
times. Its point rank was driven mainly by 849 repeated events over 483.12 km-years of
exposure, not by the longest individual repairs; the segments within this class should
therefore be checked for event concentration and coding consistency before renewal action.
The dependence audit was decisive. RBI correlated 0.996 with failure rate, SIBI corre-
lated 0.962 with failure rate, and RBI and SIBI correlated 0.960. MTTR and P(Trepair > 8 h)
correlated 0.944 because of the heaped repair distribution. Accordingly, the threshold and
product criteria were not treated as additional independent evidence in the core model.
Table 8 reports the contrast, conflict, information and point and bootstrap weight
components of the core CRITIC model.
Table 8. CRITIC diagnostics for the three-criterion core model.
Criterion Scaled o Conflict Z(1 — pjx)  Information C; Point Weight w‘:ﬁé‘ﬁfg@ﬁ?ﬁi i::,r;l)
A 0.340 1.985 0.674 0.347 0.355 (0.314-0.407)
MTTR 0.272 2.611 0.710 0.366 0.356 (0.311-0.403)
SIT 0.258 2.157 0.557 0.287 0.287 (0.247-0.329)

Tables 9 and 10 show the complete criterion-correlation matrix and the rank changes
produced by alternative criterion structures.
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Table 9. Criterion correlations.

Criterion A MTTR SIT P(T > 8) RBI SIBI
A —0.22 0.23 —0.06
MTTR —0.39
SIT
P(T>38)
RBI —0.16
SIBI —0.23 0.45 —0.03
where
Value 1.00 0.75 0.50 0.25 0.00 —0.25 —0.50 —0.75 —1.00

Table 10. Ranks under alternative criterion structures.

Positive-SIT Threshold-
Core Augmented

Pipe Group Core Burden Full No RBI No SIBI

S—galvanised steel
DP-steel
DP-AC
DP-galvanised
steel
DP—cast iron
S—cast iron
M-—cast iron
DP-PVC
M-PE
M-steel
DP-PE
S-PVC
S-PE
S—steel

where
Rank 1 2 3 4 5 6 7 8 9 10 11

g =IN-IeREN IC N
—_
o

4.6. Bootstrap Uncertainty and Sensitivity

Table 11 summarises score and rank uncertainty for every alternative across the
2000 event-level bootstrap replicates.

Galvanised-steel service connections led the point ranking and had a bootstrap score
interval of 0.770-0.866, rank interval of 1-2, P(rank 1) = 0.800 and P(top 3) = 1.000 (Table 11).
Steel distribution pipes had P(top 3) = 0.922 and a rank interval of 2—4. AC distribution
pipes had P(rank 1) = 0.138, P(top 3) = 0.603 and a rank interval of 1-4; galvanised-steel
distribution pipes had corresponding probabilities of 0.062 and 0.475. Thus, sampling
variation alone does not make first place certain. These probabilities are conditional on the
audited classification and fixed annual exposure, and are neither hydraulic-consequence
probabilities nor probabilities of future failure.

The calendar-year block bootstrap retained galvanised-steel service connections as the
leading group in 68.4% of replicates and in the top three in 100.0%; their median CC was
0.810 (95% interval: 0.687-0.867) and median rank was 1 (95% interval: 1-3). Corresponding
P(top 3) values were 0.872 for steel distribution pipes, 0.686 for AC distribution pipes and
0.442 for galvanised-steel distribution pipes. The lower P(rank 1) than in the event-level
bootstrap (0.684 versus 0.800) shows that annual clustering adds uncertainty without
changing the leading group.

Table 12 compares the structural, threshold, minimum-representation and subperiod
sensitivity analyses.
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Table 11. Core-model bootstrap uncertainty (2000 event-level replicates).
Bootstrap 95% Bootstrap Median Rank
Group Observed CC Median CC cC (95% Interval) P(Rank 1) P(Top 3)
S-galvanised 0.819 0819 0.770-0.866 1.0 (1.0-2.0) 0.800 1.000
DP-steel 0.757 0.755 0.691-0.814 2.0 (2.0-4.0) 0.001 0.922
DP-AC 0.708 0.700 0.528-0.891 3.0 (1.0-4.0) 0.138 0.603
DP‘gstlg’ealmsed 0.683 0.679 0.467-0.843 4.0 (1.04.0) 0.062 0475
DP—cast iron 0.437 0.438 0.403-0.475 5.0 (5.0-6.0) - -
S—cast iron 0.343 0.344 0.221-0.478 6.0 (5.0-8.0) - 0.001
M-—cast iron 0.305 0.306 0.273-0.341 7.0 (6.0-7.0) - -
DP-PVC 0.207 0.212 0.157-0.266 8.0 (8.0-10.0) - -
M-PE 0.177 0.185 0.110-0.254 10.0 (8.0-14.0) - -
M-steel 0.176 0.178 0.149-0.209 10.0 (8.0-13.0) - -
DP-PE 0.164 0.169 0.118-0.229 11.0 (8.0-13.0) - -
S-PVC 0.159 0.165 0.117-0.223 11.0 (9.0-13.0) - -
S-PE 0.136 0.142 0.106-0.186 13.0 (11.0-14.0) - -
S-steel 0.115 0.123 0.095-0.161 14.0 (13.0-14.0) - -
Where (-) indicates that the corresponding ranking outcome was not observed in any replicate.
Table 12. Structural, threshold, minimum-representation and subperiod sensitivity.
Sensitivity Specification Top Group Rank Correlation Cﬂ?gig;&r& e
Criterion structure Core S—galvanised steel 1.000 0
Criterion structure Positive-SIT core S—galvanised steel 0.938 3
Criterion structure Threshold-augmented DP-AC 0.921 4
Criterion structure Burden DP-AC 0.754 8
Criterion structure Full DP-AC 0.890 5
Criterion structure No RBI DP-AC 0.899 5
Criterion structure No SIBI DP-AC 0.890 5
Repair threshold >8 h DP-AC 1.000 0
Repair threshold >8h S—galvanised steel 0.921 4
Repair threshold >10h DP-AC 0.982 2
Repair threshold >12h DP-AC 0.982 2
Minimum group n n>10 S—galvanised steel — 14 alternatives
Minimum group n n>20 S—galvanised steel — 14 alternatives
Minimum group n n > 30 S—galvanised steel — 12 alternatives
Minimum group n n > 50 S—galvanised steel — 10 alternatives
Subperiod 2004-2010 S—galvanised steel 0.818 4
Subperiod 2011-2017 DP-AC 0.727 5
Subperiod 2018-2025 S—galvanised steel 0.927 3

Threshold correlations are strictly against >8 h within the threshold-augmented model.
Subperiod correlations are against the full-period core ranking among the 11 groups with
at least ten events in all three subperiods. Criterion structure materially affected the result.
Replacing SIT with the mean conditional on a positive interruption retained galvanised-
steel service connections as the leader (Spearman p = 0.938 versus the core; maximum
rank change = 3). By contrast, the threshold-augmented, burden, full, no-RBI and no-SIBI
models all ranked AC distribution pipes first; their rank correlations with the core model
were 0.921, 0.754, 0.890, 0.899 and 0.890, with maximum individual changes of four to
eight ranks. Under threshold augmentation, strict > 8 h, >10 h and >12 h definitions
selected AC distribution pipes, whereas inclusive >8 h selected galvanised-steel service
connections. Minimum group sizes from n > 10 through n > 50 retained galvanised-steel
service connections as the core-model leader. Structural and representation sensitivities
must therefore accompany, not merely decorate, the point ranking.

Temporal stability was assessed using the same three analysis subperiods as Table 2.
Eleven groups had at least ten events in all three intervals. Galvanised-steel service
connections ranked first in 2004-2010 and 2018-2025, whereas AC distribution pipes
ranked first in 2011-2017. Rank correlations with the full-period core ranking were 0.818,
0.727 and 0.927, with maximum changes of four, five and three ranks, respectively. This
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supports periodic recalculation and shows that leader stability is not uniform across the
full observation period.

5. Discussion
5.1. Interpretation of the Ranking

With one diameter-based function rule applied to both event counts and an-
nual exposure, and dependent criteria excluded from the primary model, galvanised-
steel service connections have the highest point priority, representing 849 events and
483.12 km-years of exposed stock. They remained first at minimum group sizes through
n > 50 and in the positive-only SIT model, but not in every subperiod, bootstrap resample
or structural model.

Steel distribution pipes ranked second in the full-period point model, with a bootstrap
rank interval of 2-4 and P(top 3) = 0.922. AC distribution pipes illustrated a different uncer-
tainty pattern: their rank interval of 1-4 and P(top 3) = 0.603 arose from only 44 observations
on 35.86 km-years of exposure. They led all product-containing structures and the strict
>8, >10 and >12 h threshold variants; the inclusive >8 h variant retained galvanised-steel
service connections. AC distribution pipes ranked fourth in the positive-only SIT model,
showing that a small group can be influential when its repair and interruption means
are high.

The observed rates can also be compared with the literature-based reference cri-
teria. Kwietniewski proposed a general three-class classification in which A < 0.10
failures/(km-year) denotes a low failure rate and high reliability, 0.10 < A < 0.50 a moderate
failure rate and reliability, and A > 0.50 a high failure rate and low reliability [41]. On this
general scale, the pooled function-classified rate of 0.2727 failures/(km-year) was mod-
erate. Rak proposed function-specific reference values of A < 0.30 failures/(km-year)
for mains, A < 0.50 for distribution pipes and A < 1.00 for service connections [42].
The reported function-specific values represent pooled exposure-weighted failure rates
over the entire 20042025 observation period. On this full-period basis, the main rate
(0.3453 failures/(km-year)) exceeded its reference value, whereas the distribution-pipe
(0.2475 failures/(km-year)) and service-connection (0.2882 failures/(km-year)) rates re-
mained below theirs. Considering the most recent annual rates, all three pipe-function
classes satisfy the corresponding reference criteria, indicating an improvement relative to
the long-term pooled assessment.

5.2. Relation to Existing Rehabilitation Research

The results complement rather than replace risk-based criticality methods. Prior
studies identify importance through pressure loss and supply shortage [9,10], as well as
topology and resilience [11,12]. The present indicators instead measure observed opera-
tional recurrence and time. A low-rate main may still be hydraulically critical, while a
high-rate service class can dominate work orders without threatening system-wide supply.
In future work, combining the two layers is therefore preferable: operational screening
identifies where recurring burdens occur, while hydraulic and customer analyses determine
their consequences.

The adjusted model is consistent with earlier local repair-time work identifying mate-
rial, diameter, damage type, pavement, crew capacity and concurrent failures as plausible
determinants [18]. Broader reviews show why heterogeneous records and omitted oper-
ational factors constrain event-level explanation [6,7]. The low R? shows only that the
measured covariates explain little variance; it does not establish which omitted factor
accounts for the remainder. Site access, pavement, excavation depth, fittings, isolation,
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crew availability and concurrent failures should be recorded if repair-duration prediction
is a future objective.

The criterion-dependence result has wider MCDA relevance. Objective weighting
does not make deterministically derived criteria independent. CRITIC down-weights some
redundancy through correlation, but it cannot prevent a concept from entering the decision
geometry twice. The core-versus-burden comparison therefore belongs before, not after,
interpretation. The rank changes observed here are consistent with calls to analyse TOPSIS
robustness and uncertainty explicitly [30].

The practical consequences also span three dimensions that cannot be collapsed
into CC. Technically, recurring repairs consume crews, fittings and isolation capacity.
Environmentally, excavation, leakage, flushing and replacement materials can create water,
energy and material burdens. Socioeconomically, interruption duration interacts with the
number and vulnerability of users, critical facilities, traffic disruption and direct cost. The
present register observes only part of the technical dimension and one duration component
of service consequence, so these wider effects must be added during segment-level appraisal
rather than inferred from the group rank.

5.3. Operational Use
The output should be embedded in a staged utility workflow:

e  Recalculate annual and rolling material-function indicators with outcome-specific
denominators and automated data-quality flags.

e  Review the leading groups for denominator anomalies, repeated addresses, coding
errors and concentration in a small number of segments.

e For verified segments, add age, condition, break history, pressure, valve isola-
tion, customers and critical facilities affected, water not supplied and traffic/
access consequences.

e Compare feasible interventions using life-cycle cost, hydraulic benefit, regulatory
constraints and coordinated street works.

e  Record the decision and subsequent performance so that the screening model can
be recalibrated.

The sequence is consistent with rehabilitation sorting and method comparison stud-
ies [19-21] and with broader asset-management guidance and risk models [22-24]. It
also prevents a group-level closeness coefficient from being mistaken for a segment-level
investment case.

5.4. Resource-Management Implications and Transferability

The proposed framework can be interpreted as a resource-allocation screening tool.
The exposure-normalised failure rate represents the recurrent demand generated by a pipe
group relative to the amount of infrastructure operated. Mean repair duration reflects
the time for which maintenance capacity, equipment and associated operational resources
remain committed to an intervention, whereas service-interruption duration reflects a
temporary reduction in the accessibility of supplied drinking water to users. RBI and SIBI
provide complementary exposure-normalised measures of the accumulated repair and
service-interruption burdens. These indicators therefore connect asset deterioration with
the management of both infrastructure resources and water-service accessibility.

At the portfolio level, the ranking can help utilities concentrate inspection, preventive
maintenance and renewal assessment on pipe groups generating recurrent operational
burdens rather than applying uniform replacement strategies across the network. Such
targeting can support more efficient use of limited maintenance and capital budgets and
may help avoid premature replacement of lower-burden infrastructure.
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The numerical ranking obtained for the analysed system is site-specific, but the analyt-
ical workflow is transferable. Its minimum data requirements are routinely recorded failure
information, pipe classification or diameter, repair duration, service-interruption status or
duration, and corresponding network-length exposure. Other utilities can therefore repro-
duce the procedure using locally defined pipe groups, exposure data and operational or
regulatory thresholds. In this sense, the principal generalisable contribution is not the rank-
ing of individual pipe groups in the case-study network, but a reproducible approach for
converting long-term operational records into an uncertainty-aware resource-management
screening tool.

5.5. Limitations

The study concerns one city and a utility-specific recording process; numerical pri-
orities are not transferable. Although 4824 events received a unique source-supported
material, 48 remained unknown and 13 were explicitly mixed; residual linkage error cannot
be excluded despite retained traceability and verification rules. Exact 8 h and whole-hour
heaping suggests scheduled or rounded recording; threshold results are therefore sensitivity
evidence, not natural risk boundaries.

The analytical pipe-function proxy is based solely on diameter; it may misclassify
assets whose hydraulic or utility role differs from their diameter-defined class. Mean inter-
ruption duration does not quantify customers affected, vulnerable users, critical facilities,
water not supplied, pressure deficit or alternative supply. Group exposure does not capture
entry and retirement dates more finely than annual inventories. The pooled event-level
bootstrap assumes exchangeable, conditionally independent records. The calendar-year
block bootstrap addresses within-year clustering and annual exposure coupling, but it
treats years as exchangeable and cannot model repeat-section dependence without stable
segment identifiers. Bootstrap probabilities and subperiod ranks are therefore conditional
on observed classification and exposure.

6. Conclusions

1.  The audited 2004-2025 record retained 4885 events, with separate valid denominators
for repair (4859), service interruption (4832) and material (4824). Network length
rose by 480 km, while annual failure rate fell from 0.539 to 0.150 failures/(km-year).
Annual MTTR showed no significant monotonic trend (o = 0.264; p = 0.236), whereas
mean SIT increased over time (o = 0.560; p = 0.007) and was highest in 2018-2025
(3.44 h). Because network configuration changed, this was an operational signal rather
than proof of deteriorating customer service.

2. Repair time was strongly heaped: 91.5% of values were whole hours and 64.2%
equalled 8 h. The sharp contrast between >8 h (10.8%) and >8 h (75.0%) means that
repair-threshold results should be treated as sensitivity evidence rather than a natural
risk boundary.

3.  The primary ranking used only failure rate, MTTR and SIT. Galvanised-steel ser-
vice connections ranked first (CC = 0.819), with P(rank 1) = 0.800 in the event-level
bootstrap and 0.684 in the calendar-year block bootstrap; they remained in the block
bootstrap top three in every replicate. They also led all minimum-size variants
and the positive-only SIT model, but not every subperiod. AC distribution pipes
led all product-containing structures and the strict >8, >10 and >12 h threshold
variants, whereas the inclusive >8 h variant retained galvanised-steel service con-
nections; derived RBI and SIBI should not be added to their own components as
independent evidence.

https:/ /doi.org/10.3390/resources15090114


https://doi.org/10.3390/resources15090114

Resources 2026, 15, 114

19 of 23

4. The result is a relative group-level screening signal, not a renewal prescription. Seg-
ment selection still requires hydraulic consequence, users and critical facilities affected,
age, condition, isolation, access and life-cycle cost; environmental and socioeconomic
benefits can be evaluated only after those dimensions are added. Cause-specific fail-
ure rates further support differentiated maintenance: leaky-socket failures dominate
mains, corrosion dominates service connections, and the two mechanisms are nearly
equal in distribution pipes.

5. Beyond the local ranking, this study provides a transferable workflow linking failure
occurrence, maintenance burden and water-service accessibility with infrastructure
resource allocation. The approach can support utilities in directing limited inspection,
repair and renewal resources toward pipe groups generating recurrent operational
burdens, while subsequent segment-level decisions should incorporate hydraulic
consequences, customers affected, condition, life-cycle cost and, where available,
water-loss, energy and environmental indicators.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

AC Asbestos cement

CI Confidence interval

CRITIC Criteria Importance Through Intercriteria Correlation
Dr Distribution pipe

HC3 Heteroscedasticity-consistent covariance estimator
IOR Interquartile range

M Mains

MCDA Multi-criteria decision analysis

OR Odds ratio

PE Polyethylene

PVC Polyvinyl chloride

S Service connection

TOPSIS Technique for Order Preference by Similarity to Ideal Solution
g Pipe-group index

i Event or alternative index, according to context

j k Criterion indices

t Calendar year

q Number of criteria

ng Occurrence count in pipe group ¢

g r Valid repair-duration count in group g

g s Valid service-interruption count in group g

Lot Length of group g in year ¢, km

Trepairyg,i Repair duration for event i in group g, h

Tsy,i Service-interruption duration for event i in group g, h
Ag Exposure-normalised failure rate, failures/(km-year)
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MTTR, Mean repair duration, h

SITg Mean service-interruption time, h

RBI, Repair Burden Index, h/(km-year)

SIBI, Service-Interruption Burden Index, h/(km-year)

T Repair-duration threshold, h

P(Ttepair > T)  Proportion of valid repairs above threshold t

G CRITIC information quantity for criterion j

j Scaled standard deviation of criterion j

Pk Pearson correlation between criteria j and k

w; Normalised CRITIC weight of criterion j

D;* TOPSIS distance from the positive /negative ideal

CC; TOPSIS closeness coefficient for alternative i

m Number of alternatives

Xjj Original value of criterion j for alternative

rij Vector-normalised value of criterion j for alternative i

vjj Weighted normalised value of criterion j for alternative i
A]-jE Coordinate j of the positive/negative TOPSIS ideal profile
Appendix A

Appendix A.1. Diameter and Failure-Cause Outcomes

Table Al provides detailed outcome summaries by diameter class and failure cause,
while Table A2 reports the corresponding global Kruskal-Wallis tests.

Table Al. Outcome statistics by diameter class and failure cause (2004-2025).

Repair 95% CI . . SIT 95% CI .
. . Repair Median SIT Median
Dimension Group Nyrepai Mean + SD Mean . nsIT Mean + SD Mean -
Diameter <63 1875 7.59 £2.16 7.48-7.69 8.00(7.00-8.00) 1865 252194 244261 2.00 (2.00-3.00)
Diameter (63-100] 637 7.70 £2.35 7.52-7.89 8.00(7.00-8.00) 636 269202 254284  2.50(2.00-3.50)
Diameter (100-200] 1385 7.93 + 2.61 7.80-8.07  800(7.00-8.00) 1374 2554238  243-2.68 2.50 (1.00-3.50)
Diameter (200-250] 306 834 £2.77 8.04-8.67  800(8.00-8.00) 304 2404282  210-2.72 2.00 (0.00-3.08)
Diameter >250 648 9.14 +3.27 8.87-9.40 8.00 (8.00-8.00) 645  1.69 +2.63 1.49-1.90 0.00 (0.00-3.00)
Cause Corrosion 2254 7.91 £ 2.50 7.81-8.01 8.00 (8.00-8.00) 2243 248203  239-2.56 2.00 (1.50-3.00)
Cause Leaky socket 1108 8.16 + 2.74 7.99-8.32 8.00(7.38-8.00) 1106  1.50 % 2.19 1.37-1.63 0.00 (0.00-2.50)
Cause tgﬁ;gis 621 8.05 + 2.40 7.87-8.24 8.00(8.00-8.00) 616  280+£223  2.63-2.98 3.00 (2.00-4.00)
Cause Crack 259 7.71 4 2.44 7.43-8.01 8.00 (7.00-8.00) 257  291+£190  269-3.15 2.83 (2.00-3.50)
Cause Mg;ﬁ;‘glgal 21 6.38 +2.23 5.45-7.31 6.00 (5.00-8.00) 21 267 +1.42 2.08-3.32 2.67 (2.00-3.00)
Cause Other/unclear 596 7.84 £2.76 7.61-8.05 8.00(7.00-8.00) 589 328248  3.09-3.50 3.00 (2.00-4.00)
The all-event cause totals are reported in Table 5. The same mutually exclusive cause
classification is applied to Table Al; consequently, n(repair) and n(SIT) can only equal
or fall below the corresponding all-event count, and differences reflect outcome-specific
missingness rather than reclassification.
Table A2. Global Kruskal-Wallis tests.
Dimension Outcome Groups H p
Pipe function Repair 3 113.28 <0.001
Pipe function Service interruption 3 200.47 <0.001
Material (2004-2025) Repair 6 34.42 <0.001
Material (2004-2025)  Service interruption 6 179.50 <0.001
Diameter class Repair 5 122.87 <0.001
Diameter class Service interruption 5 217.39 <0.001
Failure cause Repair 6 19.08 0.002
Failure cause Service interruption 6 526.84 <0.001
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Appendix A.2. Adjusted Two-Part Service-Interruption Model
Table A3 reports both parts of the adjusted service-interruption model.
Table A3. Complete adjusted two-part model for recorded service interruption.

Model Part Term Effect 95% HC3 CI p
Occurrence OR Year (per year) 1.107 1.092-1.123 <0.001
Occurrence OR log(diameter /100 mm) 0.469 0.358-0.616 <0.001
Occurrence OR Material: PVC 2.476 1.353-4.531 0.003
Occurrence OR Material: Cast iron 1.650 0.980-2.778 0.060
Occurrence OR Material: Steel 0.931 0.524-1.655 0.807
Occurrence OR Material: Galvanised steel 1.179 0.640-2.173 0.598
Occurrence OR Material: AC 1.682 0.386-7.330 0.489
Occurrence OR Function: Service connections 0.792 0.546-1.148 0.219
Occurrence OR Function: Mains 0.898 0.615-1.313 0.581
Occurrence OR Cause: Leaky socket 0.203 0.140-0.296 <0.001
Occurrence OR Cause: Loss of tightness 0.882 0.520-1.499 0.643
Occurrence OR Cause: Crack 2.823 1.406-5.668 0.004
Occurrence OR Cause: Other/unclear 3.483 2.115-5.738 <0.001

Positive-duration ratio Year (per year) 1.009 1.006-1.012 <0.001
Positive-duration ratio log(diameter /100 mm) 1.153 1.087-1.223 <0.001
Positive-duration ratio Material: PVC 1.071 0.993-1.154 0.075
Positive-duration ratio Material: Cast iron 1.118 1.018-1.228 0.020
Positive-duration ratio Material: Steel 0.981 0.882-1.089 0.714
Positive-duration ratio Material: Galvanised steel 1.174 1.054-1.308 0.004
Positive-duration ratio Material: AC 1.302 1.098-1.544 0.002
Positive-duration ratio Function: Service connections 1.007 0.935-1.084 0.853
Positive-duration ratio Function: Mains 0.905 0.810-1.011 0.078
Positive-duration ratio Cause: Leaky socket 0.891 0.818-0.971 0.008
Positive-duration ratio Cause: Loss of tightness 1.063 0.957-1.181 0.256
Positive-duration ratio Cause: Crack 1.027 0.928-1.137 0.603
Positive-duration ratio Cause: Other/unclear 1.052 0.974-1.136 0.200

Appendix A.3. Complete TOPSIS Calculation

For transparency, the TOPSIS steps that precede the closeness coefficient in Equation (9)
are given below. For m alternatives and ¢ benefit-type criteria, x;; denotes the original value
of criterion j for alternative i. Vector normalisation was calculated as:

xij
vy = —F/— (Al)
] m 2
i=1 Yij

The normalised value r;; was multiplied by the CRITIC weight w; from Equation (8):
ij = Wjrij (A2)

Because every criterion was treated as benefit-type in the priority sense, the positive
and negative ideal coordinates were the column maximum and minimum, respectively:

AT = {mlgx(vij)} (A3)

A” = {miin(vij)} (Ad)

Euclidean distances from the two ideal profiles were then calculated as:

DF = Z(UU —Aj*)z (A5)

=1
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(A6)

The distances from Equations (A5) and (A6) were substituted into Equation (9). A
larger CC; therefore indicates that an alternative is closer to the most critical observed
profile and farther from the least critical observed profile.
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