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ABSTRACT

Urban drinking water distribution networks are critical infrastructure increasingly exposed to meteorological hazards, such as extreme 

temperatures, floods, and droughts, which are likely to intensify under climate change. Given the urgency of this challenge, this paper pre

sents a state-of-the-art review of 29 peer-reviewed studies (selected from an initial 226 studies) that systematically examine the relationship 

between climatic variables and pipe failures, including efforts to predict failures under future climate-change scenarios. The review reveals 

that, despite growing research interest, only six studies explicitly incorporate climate-change projections, underscoring a critical gap in cur

rent research. It also identifies several overlooked factors, such as soil temperature, and outlines clear directions for advancing the field. 

Additionally, to ensure that the review reflects real-world needs and emerging concerns, a global survey conducted by the lead author cap

tures perspectives from water professionals on the impacts of future climate change on drinking water networks and their practical 

experiences with pipe failures. By combining a comprehensive literature analysis with practitioner insights, this paper provides the most 

up-to-date assessment of the field, highlights key research gaps, and establishes priorities for improving failure prediction, ultimately 

supporting efforts to enhance the climate resilience of water distribution networks.
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HIGHLIGHTS  

• Provides insights from a global survey on expert perspectives linking climate change and water infrastructure.

• Synthesises how climate-driven meteorological factors affect the structural integrity of drinking water mains.

• Identifies key weather-related stressors, such as extreme temperature and precipitation, and their influence on pipe failures.

• Outlines research gaps to guide future strategies for infrastructure resilience and adaptation under climate-change scenarios.

1. INTRODUCTION

Drinking water distribution networks (DWDNs) are critical infrastructures, supplying about 50% of the global population in 
2012, increasing to around 74% in recent years, with higher coverage in urban areas (Savic et al. 2013; Rajapakse et al. 
2023). Failure of the DWDN can result in economic losses such as the loss of treated drinking water, and social issues, 
such as the outages of service (Almheiri et al. 2020; Khashei et al. 2024). Despite the DWDN being buried and designed 
to withstand several different loads during its lifespan, unexpected variations may lead to failures in its structural integrity 
(Wols & van Thienen 2016). Meteorological factors such as floods, droughts, heat waves, cold snaps, soil moisture loss, 
freezing/thawing processes, and others, worsened by climate change, may speed up pipe deterioration, causing damage 
to infrastructure and unplanned service outages (Wols et al. 2014; Ahmad et al. 2023; South East Water 2023; Khashei 
et al. 2024; Żywiec et al. 2024).
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However, despite growing research interest, only a small number of studies explicitly incorporate climate-change projec
tions, revealing a critical gap in current research. Several important factors, such as soil temperature, soil moisture, and 
groundwater conditions, have been largely overlooked in previous analyses. In addition, real-world needs and emerging con
cerns are rarely captured through systematic surveys with water professionals, meaning that practical perspectives, climate- 
related risks to drinking water networks, and utility-based experiences with pipe failures remain underrepresented in the 
literature.

To address these gaps, this paper identifies key concerns regarding the future impact of meteorological events on drinking 
water pipelines by combining two complementary approaches: a survey of water sector professionals and a targeted review 
of the scientific literature. Together, these methods constitute a qualitative approach aimed at providing a clearer under
standing of current challenges, practitioner perspectives, and knowledge gaps. The survey captures insights from 
professionals working in the water sector, while the literature review synthesises current scientific knowledge on climate- 
related impacts on drinking water infrastructure. In particular, the literature review highlights existing modelling approaches 
and analytical methods that can support future efforts to quantify the impacts of different climate projections on drinking 
water pipelines.

The structure of this paper is as follows. Section 2 presents the survey and its results. Section 3 details the procedure used 
to identify relevant literature through search engines, and delivers an overview of the state-of-the-art. Section 4 provides the 
conclusions, covering insights from the survey, the search methods, and the literature review; this section also outlines the 
identified gaps in current research.

2. SURVEY

In 2024, the first author conducted an online survey to gather qualitative insight from professionals in the water sector. The 
survey was distributed through the authors’ professional and academic network, including contacts within Dutch drinking 
water utilities and water-related organisations across several countries. This purposive sampling approach was adopted to 
capture expert perspectives on DWDN, climate-related risks, and future challenges facing water infrastructure. The 
survey was exploratory and qualitative in nature, aiming to identify emerging concerns, practitioner experiences, and 
knowledge gaps, rather than to produce statistically representative results.

The survey consisted of two main questions, addressing concerns over two future horizons: 10–30 and 50–100 years. It 
was distributed among people working in the water sector worldwide, across different positions, institutions, and aimed 
at various levels of experience. The goal of the survey was to complement the information available in the scientific literature 
by gathering the perspectives of practitioners and researchers on the future challenges for DWDN. People’s opinions share a 
common concern regarding the ageing and condition of DWDN and the impact of increasing temperatures.

The survey collected responses from 64 participants, representing 21 nationalities from Europe, South America, Africa, 
Australia, and Asia. They are working in 13 countries across the water industry (mostly in Europe), including water utilities, 
academia, and research institutions. These individuals have been working in the water sector for periods ranging from 6 
months to 41 years, holding positions such as managers, consultants, contractors, and researchers.

The survey included two main questions. Question 1 asked: ‘Which factors do you believe may impact water distribution 
systems over two future time horizons (10–30 years and 50–100 years)? Considering factors such as: temperature increases, 
temperature extremes (maximum and minimum), precipitation patterns (including extreme events), floods, droughts, 
changes in snow patterns, soil conditions, land use changes, sea level rises, wildfires, and any other relevant factors’.

Summarising the answers for question 1: For the 10–30-year time horizon, 70% of respondents identify droughts as the 
primary concern. Extreme events and changes in precipitation patterns rank second, cited by 52% of respondents. In 
third place, with slightly more than 50%, are rising temperatures and flood events. For the 50–100-year time horizon, the 
main concern is sea level rise (36%), followed by prolonged droughts (34%). Continued temperature increases rank third, 
with nearly 30% of respondents expressing concern. Overall, the results show a shift in the relative importance of concerns, 
from droughts and extreme events in the 10–30-year time horizon to sea level rise and prolonged changes in the 50–100-year 
time horizon.

To better understand the real-world challenges already faced by water utilities, respondents were also invited to share con
crete examples of how climatic factors have affected DWDN in their regions. The examples presented below reflect the 
experiences and observations reported by survey participants and are intended to illustrate the range of climate-related 
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impacts currently encountered by drinking water utilities. Respondents in the Netherlands reported that soil settlement has 
led to ground movement, causing leaks and main bursts (Wols et al. 2014). Participants from the UK highlighted the 2022 
freeze–thaw event (South East Water 2023), which resulted in severe outages and economic losses. They also noted that 
droughts and reduced soil moisture have led to soil movement and pipeline bursts, while extended warm periods have 
led to restrictions on water usage. In contrast, heavy rainfall (Holley et al. 2022) has raised groundwater levels, affecting 
parts of the DWDN.

A respondent from Sydney indicated that the 2017–2020 drought and the 2019–2020 bushfires (Jackson et al. 2024), fol
lowed by extreme rainfall events in 2021–2022 (Visual Stories Team & Gilmore 2022), have severely degraded raw water 
quality. Furthermore, low soil moisture has contributed to an increase in pipe breaks, while increasingly hot summers 
have raised water demand and placed additional pressure on the DWDN, leading to leaks and failures.

In Cochabamba, Bolivia, a respondent highlighted the Misicuni multipurpose project (Hoogendam & Boelens 2019), 
which includes a drinking water and hydropower dam, as well as planned pipelines for DWDN and irrigation. The project 
has been implemented to enhance water supply reliability in response to recurring service outages and water scarcity, driven 
by declining precipitation and prolonged droughts, and anticipated future climate impacts. Similarly, a respondent in La Paz 
noted that heavy rainfall has damaged public water infrastructure (Hardy 2009) and triggered flash floods and landslides 
across the city (Associated Press 2024). In some areas, the absence of sewer systems has further exacerbated slope instability, 
as wastewater infiltration weakens the soil, particularly in hillside zones. As a result, entire residential areas and associated 
water supply infrastructure have been lost due to landslides. These events have increased in frequency in recent years and are 
expected to intensify under future climate-change scenarios.

Conversely, respondents from Argentina and Peru highlighted historical drought crises along the Paraná River 
(Meteorological Organization 2021), as well as prolonged dry spells in Tayacaja – Huancavelica province of Peru 
(Observatorio CEPLAN 2023). These conditions have prompted efforts to identify new water sources, thereby increasing 
the need for adaptations for (DWDN), such as the expansion of transmission mains, changes in supply configurations, 
and the integration of alternative sources. Collectively, these examples underscore the perceived urgency of implementing 
adaptive strategies to mitigate the impacts of climate change on water systems.

The second question of the survey focused on the water infrastructure itself: ‘Based on your working experience, which 
factors (water availability, changes in water demand, the age and condition of the water infrastructure, and water treatment 
and disinfection) will be most affected in the water supply networks in urban areas? Considering both future time horizons: 
10–30 years and 50–100 years’.

Summarising answers for question 2: For the 10–30-year time horizon, respondents identified water infrastructure age and 
network condition (66%) and water demand changes (66%) as the most affected factors, followed by water availability 
(59%), while water treatment and disinfection were considered less critical (44%). For the 50–100-year time horizon, con
cerns shift slightly, with water availability and infrastructure condition receiving the highest responses (both >30%), 
whereas water demand and treatment-related issues were reported less frequently (just over 20%). Overall, response 
levels for the 50–100-year time horizon are lower than for the 10–30-year horizon, showing reduced perceived urgency 
and uncertainty regarding longer-term impacts. The same factors are identified across both time horizons, with differences 
mainly in their relative importance.

Comments from the respondents were also collected in the survey. Several critical concerns were highlighted related to 
ageing infrastructure in DWDN. The issues of ageing, deterioration, and a lack of past investment emphasised the urgent 
need for increased funding and infrastructure renewal. Responses to each factor appear strongly influenced by the respon
dent’s country of origin. For example, a participant from the UK noted that, given a low replacement rate (0.4% per annum), 
existing systems may take several centuries to be fully renewed, highlighting the need for water companies to accelerate infra
structure replacement.

Specific material concerns were raised regarding the use of asbestos cement (AC), brittle PVC, and cast iron (CI), all of 
which require timely replacement. Additionally, today’s demand profiles have revealed inefficiencies in the design of 
many existing networks. Rising maintenance costs, driven by reactive approaches and periods of underinvestment, further 
exacerbate the situation. Looking ahead, respondents also expressed concerns about increasing deterioration rates, insuffi
cient funding, and worsening leakage levels in water distribution systems.

The survey comments also referred to changes in water demand driven by various factors. Respondents from the UK noted 
that changing the behaviour of users influences water-use patterns, contributing to a general increase in demand. 
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Post-COVID-19 shifts have altered user expectations and water consumption habits, while weather-related demand fluctu
ations, such as those caused by heat waves, have further increased water demand. Additionally, respondents from the 
Netherlands noted the scarcity of water supply and groundwater resources, as well as population growth, as major chal
lenges, leading to rising water demand and highlighting the need for adaptive management strategies.

Water availability emerged as a major concern due to the impact of climate change, which in some countries has led to 
more frequent droughts and declining aquifer levels. In Scotland, growing awareness of water scarcity has initiated discus
sions about historical perceptions and the need for environmental regulations, such as restrictions on abstraction licenses to 
safeguard resources. Quality concerns were also highlighted, with issues related to nitrates and treatment costs affecting 
overall water quality. Respondents emphasised the importance of viewing water as a precious resource, drawing a compari
son with the situation in Australia. Extreme climatic events (including droughts, bushfires, and intense rainfall) have affected 
water availability and raw water quality in Australia, as well as increased stress on DWDN. Worldwide, future availability 
remains uncertain, as population growth and the need for substantial infrastructure investment threaten the long-term 
reliability of supply. Additionally, the preservation of drinking water sources is essential, as there are indications of a decline 
in their quality and availability.

Finally, there were comments about the challenges in water treatment and disinfection. For instance, the need for more 
advanced treatment technologies in Australia emerged from extreme weather and bushfire incidents, increasing raw water 
pollution (sediment, nutrients, organic matter, ash and charcoal from burned catchments, PFAS, and microplastics). UK 
respondents noted that issues such as blue-green algae require continuous pilot testing and real-time water quality monitor
ing to adjust treatment processes.

The survey provided a valuable and up-to-date perspective on current concerns regarding future climate impacts. Two key 
findings emerged: (i) the critical role of ‘Water Infrastructure Age and Condition’ and (ii) the increasing relevance of climatic 
factors such as ‘Extreme Temperatures’, ‘Droughts’, and ‘Floods’. Based on these insights, the literature review focuses on 
identifying and analysing studies that examine climate variables and climate-change scenarios, and their relationship to 
failures in DWDN.

3. LITERATURE REVIEW

3.1. Search settings and results

To examine the current state of the art of understanding how climatic variations affect drinking water mains and associated 
failures, a literature review was conducted using two search engines: Scopus and Connected Papers. Scopus enabled a sys
tematic review (Elsevier 2025), while Connected Papers provided an AI-driven, visual citation-based exploratory search 
(Eitan et al. 2020). An advanced Scopus search using terms such as ‘drinking water main failures’, ‘climate change’, and ‘cli
mate variability’ initially identified 226 documents. After refining with additional keywords (e.g., drought, floods, rainfall, 
adaptation, soil moisture), the list was narrowed to 31 documents.

Connected Papers complemented the literature search by generating a graph based on a seed paper addressing pipe fail
ures and climate-related variables. The generated network highlighted the relationships among relevant studies and 
identified the most strongly connected papers within the research field. This process yielded 41 related documents, which 
were combined with the initial search results (Scopus list), and after removing duplicates, 67 papers remained.

Finally, after a manual review applying selection criteria (excluding studies lacking meteorological variables and focusing 
solely on greenhouse gas emissions or failure-based machine learning models), the final literature set includes 26 relevant 
papers and 3 previous studies. Figure 1 shows the described process in a flowchart.

In the present review, a clear distinction was made between climate-related studies and climate-change scenario studies. 
Climate-related studies are defined as those that incorporate observed or historical climatic variables (e.g., temperature, pre
cipitation, and related climate-derived variables) as explanatory variables in pipe-failure analyses. In contrast, climate-change 
scenario studies are defined as those that explicitly use projected future climate information, such as Representative Concen
tration Pathways (RCPs), SSPs, national climate scenarios, or climate model projections, to estimate future pipe-failure 
behaviour.

3.2. Literature overview

Among the 29 documents that were identified, three are literature reviews published in 2019, 2023, and 2024.
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Figure 1 | Literature identification, screening, and selection procedure.

Journal of Water and Climate Change Vol 17 No 8, 2359

Downloaded from iwaponline.​com/​jwcc/​article-pdf/​17/​8/​2355/​1634408/​jwc2026231.​pdf
by Delft University of Technology user
on 01 October 2026



The present review differs from previous literature reviews not only in the studies included (Table 1 shows that two of 
these six analysed studies were not considered in the three earlier reviews) but also, more importantly, in its analytical 
focus. Dawood et al. (2019) primarily concentrated on pipe deterioration and risk-of-failure modelling, in which climate vari
ables were treated as only one of several explanatory factors, and climate-change scenarios were not explicitly incorporated 
into the reviewed predictive models. Ahmad et al. (2023) examined the influence of climatic conditions on pipe deterio
ration and failures, but did not systematically analyse the climate projection adopted in the underlying studies. Żywiec 
et al. (2024), in contrast, addressed broader climate-change impacts on water supply systems, water quality, emerging pollu
tants, infrastructure resilience, and water demand, while studies explicitly focusing on scenario-based pipe-failure prediction 
constituted only a minor component of their review.

In contrast, the present review specifically focuses on how future pipe failures are predicted under explicit climate-change 
scenarios. To achieve this, the review provides a structured comparison of key dimensions across studies, including climatic 
variables, pipe-failure datasets, soil properties, pipe materials, climate projection frameworks, and prediction methodologies 
(e.g., statistical models, hydraulic simulation, and machine learning approaches). Furthermore, the review systematically 
examines the types of climate-change scenarios, distinguishing between single-model, multi-model, and multi-scenario pro
jections. Therefore, the contribution of this review extends beyond simply updating the literature by providing a coherent 
and comparative framework that explicitly links climate-change scenarios, projection approaches, and predictive method
ologies in the context of pipe-failure assessment.

Overall, these three existing literature reviews provide a useful initial overview of how climatic factors are related to pipe 
failures, while also revealing clear limitations. Notably, none of them offers a detailed or systematic examination of how cli
mate-change scenarios are incorporated into pipe-failure predictions. In several cases, the classification of studies as ‘climate- 
related’ does not accurately reflect how climate data are used analytically. Collectively, these reviews indicate that a limited 
number of studies employ climate-change projections to assess future pipe-network integrity, highlighting that this area 
remains relatively underdeveloped.

Applying the classification framework described in Section 3.1, only six studies were identified as explicitly incorporating 
climate-change scenarios into future pipe-failure prediction. This finding underscores that many studies previously labelled 
as climate-related rely solely on historical climatic observations rather than forward-looking projections, reinforcing the 
novelty and necessity of a more structured and scenario-focused analytical approach.

Table 1 | Comparison of previous literature reviews and the current study

Review Main objective
Studies using climate-change scenarios for 
pipe-failure prediction

Relation to the six studies analysed in 
the present review

Dawood 
et al. 
(2019)

Review of water pipe deterioration and 
risk-of-failure prediction models, 
focusing on predictor variables and 
modelling approaches.

None of the reviewed studies explicitly 
assessed future pipe failures using 
climate-change scenarios. Climate was 
treated as an explanatory variable in 
only three studies.

None of the six climate-scenario 
studies analysed in the present 
review were included.

Ahmad 
et al. 
(2023)

Review of climatic impacts on water main 
deterioration and failures, including 
climate-related factors affecting pipe 
performance.

Wols & van Thienen (2016), Bruaset & 
Sægrov (2018), and Żywiec et al. 
(2019)

Included three of the six studies 
analysed in the present review.

Żywiec 
et al. 
(2024)

Review of climate-change impacts on 
water supply systems, with emphasis on 
water quality, emerging pollutants, 
infrastructure resilience, and climate- 
related challenges.

Wols & van Thienen (2016), Bruaset & 
Sægrov (2018), Żywiec et al. (2019), 
and Fan et al. (2023)

Included four of the six studies 
analysed in the present review.

Present 
review

Assessment of how climate-change 
projections are incorporated into pipe- 
failure prediction studies.

Wols & van Thienen (2016), Bruaset & 
Sægrov (2018), Żywiec et al. (2019), 
Bondank et al. (2022), Fan et al. 
(2023), and Khashei et al. (2024)

Provides a detailed 
methodological assessment of 
all six identified climate- 
scenario studies.
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The six papers are examined in detail in the following section, comparing their input data, methodological approaches, 
and use of machine learning and climate-change scenarios to identify methodological gaps and opportunities for future 
research. The remaining 20 papers rely solely on historical or meteorological variables and are briefly reviewed to illustrate 
how existing work has incorporated climatic information into pipe-failure analysis without explicit future climate 
projections.

3.3. Synthesis of the relevant six papers

Table 2 shows a summary of the six papers that examine the relationship between pipe failures and meteorological variables, 
including the use of data coming from climate-change scenarios in their analysis. The table shows the authors, year of pub
lication, the climatic variables used, whether a historical record of pipe failures was available, whether soil properties, pipe 
materials, and climate-change scenarios were considered, and the methodological approach that was used.

The primary climatic variable considered in the studies is temperature, while some studies also considered precipitation 
(used to identify droughts). Most studies rely on historical failure records, while a few also incorporate soil properties such as 
type, density, or soil deformation properties. Moreover, studies cover a variety of pipe materials, including CI, AC, polyvinyl 
chloride (PVC), ductile iron (DI), polystyrene (PE), and steel (ST).

The reviewed studies covered regional variations, but all climate scenarios come from global circulation models (GCMs), 
mainly from European models (e.g. UKESM1-0-LL from the UK, CMCC-CM2-SR5 from Italy, EC-Earth3 from the Nether
lands, etc.). Only one of the six studies applied a wider approach using multiple GCM products (Fan et al. 2023), including 
MIROC (developed in Japan) and CanESM (from Canada). These GCMs are part of international modelling efforts like the 
Coupled Model Intercomparison Project (CMIP6), which uses the Shared Socioeconomic Pathways (SSPs), a newer set of 
scenarios that supersede the older RCPs used in CMIP5. National climate scenarios also evolve alongside these global 
efforts. Several studies applied region-specific climate-change scenarios. For instance, the Dutch KNMI’06 scenarios are 
based on CMIP3, but the recent version, KNMI’24, is based on CMIP6, and it has not been widely applied yet. Although 
scenarios will inevitably be updated over time, they are not revised annually; for instance, the RCPs used in CMIP5 
guided climate studies for more than a decade, and the Dutch KNMI scenarios were updated only after about 17 years 

Table 2 | Summary of the six papers using climate change in the context of pipe failures (sorted from newest to oldest)

Authors Year Climatic variables Pipe failures
Soil 
properties Pipe material Climate-change scenarios Approach or model

Khashei, Dziedzic, 
Roshani

2024 Air temperature, 
precipitation

Historical records No AC, CI SSP1-2.6, SSP2-4.5, 
and SSP3-8.5

LSTM

Fan, Zhang, Yu, 
Speitel, X.Yu

2023 Air temperature, 
precipitation

Historical records No CI, DI, 
unkonwn

CESM2, CanESM5, 
MIROC6, SSP1-2.6, 
SSP3-7.0, and SSP5- 
8.5

Universal Krigging

Bondank, Chester, 
Michne, Ahmad, 
Ruddell, Johnson

2022 Air temperature Failure probability 
from EPANET +  
reliability model

No PVC, CI RCP4.5 and RCP8.5 Probabilistic 
model +  
hydraulic 
simulation

Zywiec, Piegdo, 
Tchrzewska- 
Cielak

2019 Air temperature Historical records No CI, ST, PE, 
PVC

RCP4.5 and RCP8.5 Statistical 
correlation and 
Linear 
regression

Stian Bruaset, 
Sveinung Sægrov

2018 Air temperature Historical records No CI, PVC, 
AC, PE, 
ST

Norwegian Climate 
Scenarios (2070)

Linear regression

Wols, van Thienen 2016 Air temperature, 
precipitation 
(droughts)

Historical records Yes, soil 
type

AC, PVC, 
CI

KNMI 2006 for the 
Netherlands

Probabilistic 
model

Abbreviations: AC, asbestos cement; CI, cast iron; DI, ductile iron; ST, steel; PE, polyethylene; PVC, polyvinyl chloride; SSP, Shared Socioeconomic Pathway; RCP, Representative 

Concentration Pathway; CESM2, Community Earth System Model Version 2; CanESM5, Canadian Earth System Model Version 5; MIROC6, Model for Interdisciplinary Research on 

Climate Version 6; KNMI, Royal Netherlands Meteorological Institute; LSTM, long short-term memory.
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(from KNMI’06 to KNMI’23). Therefore, the issue is not the timing of updates, but the fact that current pipe-failure studies 
use a narrow selection of climate scenarios, often without exploring how the scenario choice affects the results.

The six reviewed studies adopted a range of climate projection approaches. Khashei et al.(2024) employed CMIP6-based 
climate projections under multiple SSP scenarios (SSP1-2.6, SSP2-4.5, and SSP3-8.5), representing a multi-scenario 
approach, although further details of the climate models used were not reported. Fan et al. (2023) adopted a multi- 
model, multi-scenario framework based on three CMIP6 climate models (CESM2, CanESM5, and MIROC6) and three 
SSP scenarios (SSP1-2.6, SSP3-7.0, and SSP5-8.5). Similarly, Bondank et al. (2022) employed a multi-model ensemble 
and multi-scenario framework based on CMIP5 projections, incorporating 19 climate models with 42 simulation runs for 
RCP4.5 and 20 climate models with 41 simulation runs for RCP8.5. Żywiec et al. (2019) used temperature projections 
from the CHASE-PL dataset under RCP4.5 and RCP8.5 scenarios, evaluating impacts for both mid-century (2036–2050) 
and end-of-century (2086–2100) periods. Bruaset & Sægrov (2018) adopted a multi-scenario approach using RCP2.6, 
RCP4.5, and RCP8.5 pathways derived from downscaled Norwegian climate projections and assessed impacts using low 
(10th percentile), median (50th percentile), and high (90th percentile) temperature increases for 2070. Finally, Wols & 
van Thienen (2016) applied the KNMI’06 G (moderate warming), G+ (moderate warming with changes in atmospheric cir
culation), W (warm scenario), and W+ (warm scenario with stronger changes in atmospheric circulation) pathways for 2050 
and 2100 using national climate-scenario outputs.

Overall, all six studies adopted multi-scenario frameworks; however, only Bondank et al. (2022) and Fan et al. (2023)
explicitly incorporated multiple climate models, with Bondank et al. (2022) employing the largest climate-model ensemble. 
The remaining studies relied on aggregated projection products or national climate scenarios without explicitly analysing 
individual model outputs. While some studies addressed uncertainty within their pipe-failure prediction models, none expli
citly quantified or analysed uncertainty associated with the climate projections themselves.

Table 2 shows the six studies that used climate-change scenario dataset apply a range of analytical methods, from linear 
regression and probabilistic models to more advanced machine learning techniques like long short-term memory neural net
works (LSTM) (Khashei et al. 2024) and Universal Kriging (Fan et al. 2023), aiming to predict pipe failures under climate- 
change conditions.

3.4. Synthesis of common findings across the remaining 20 relevant papers

Supplementary Table S2 presents the 20 remaining relevant papers identified in this review, excluding the six scenario-based 
studies shown in Table 1 and the three literature review papers.

The reviewed literature consistently demonstrates that meteorological conditions are a key driver of pipe failure, with the 
underlying mechanism being soil movement induced by moisture variations (Gould et al. 2011; Hu & Vu 2011; Wols & van 
Thienen 2013). Across studies conducted in Australia, Europe, and North America, several similarities appear. These can be 
summarised into three findings regarding the influence of climatic conditions on pipe-failure mechanisms.

First, pipe failures are mainly triggered by external stresses associated with soil movement. These movements are driven by 
fluctuations in soil moisture content, which are in turn controlled by climatic variables such as temperature and precipi
tation (Friedl et al. 2012; Kakoudakis et al. 2018; Shi et al. 2020). Rather than direct climatic variables, many studies 
rely on derived indicators (such as evaporation, antecedent precipitation, freezing index, and rainfall deficit), as proxies 
for soil moisture conditions (Gould et al. 2011; Laucelli et al. 2014; Wols et al. 2019).

Second, the influence of climatic conditions depends on pipe material. CI pipes are consistently identified as highly vul
nerable to low temperatures and freeze–thaw cycles, whereas AC and steel pipes are more sensitive to high temperatures and 
soil shrink–swell processes (Rajani et al. 2012; Wols & van Thienen 2013; Barton et al. 2019).

Third, failure patterns show seasonal and regional variability. In colder climates, such as Canada, Austria, and the Nether
lands, failure rates peak during winter due to freezing conditions (Friedl et al. 2012; Żywiec et al. 2021). In contrast, warmer 
and drier regions, such as Australia, show increased failures during summer, primarily linked to soil moisture loss (Gould 
et al. 2009, 2011). These findings highlight the importance of local climatic and geotechnical conditions in shaping failure 
mechanisms.

To clarify these processes, Figure 2 presents a conceptual diagram illustrating how meteorological variables may contrib
ute to pipe failures. The left side of the figure focuses on temperature-related mechanisms, while the right side focuses on 
precipitation-related mechanisms.
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With respect to temperature, extreme cold events such as cold snaps can cause soil moisture to freeze, resulting in soil 
expansion. Where the groundwater table is shallow, freezing may also extend below the surface through frost penetration. 
These freeze-related processes can induce soil movement, which may result in pipe failures. Subsequently, when tempera
tures rise above 0 °C following a prolonged cold period, the frozen soil moisture thaws. This freeze–thaw cycle causes 
repeated expansion and shrinkage of the soil, causing soil movement and settlement that may further contribute to pipe fail
ures. Conversely, extreme high-temperature events, such as heat waves, reduce soil moisture due to evaporation, potentially 
creating voids and leading to soil settlement, which also increases the likelihood of pipe failures.

With respect to precipitation, excessive rainfall or flooding can saturate the soil. Depending on the soil type, this may lead 
to soil expansion and associated soil movement, which can contribute to pipe failures. In contrast, prolonged periods of low 
precipitation may result in drought conditions, reducing soil moisture and causing soil shrinkage. This process leads to 
ground settlement, which may also increase the risk of pipe failures.

3.5. Identified research gaps and future directions

From the literature review, several remaining gaps in understanding the relationship between climate and pipe failure were 
identified.

3.5.1. Inclusion of future climate scenarios

A major limitation is the lack of integration of future climate-change scenarios into failure prediction models. Most studies 
focus on historical relationships and remain diagnostic rather than predictive, with only a limited number incorporating 

Figure 2 | Conceptual framework illustrating the influence of temperature and precipitation on pipe failures.
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climate projections (Wols & van Thienen 2016). This is partly due to challenges in obtaining suitable climate projections at 
the required spatial and temporal scales, as well as difficulties in linking these projections to pipe-failure mechanisms. As a 
result, the ability to assess long-term infrastructure vulnerability under changing climatic conditions remains limited.

3.5.2. Standardisation of methodologies and variables

In addition, there is considerable variability in methodologies, climatic indicators, and modelling approaches across studies. 
A wide range of techniques, including regression models, Bayesian networks, and machine learning, are applied using differ
ent temporal resolutions and climatic indices, making direct quantitative comparison between studies challenging (Demissie 
et al. 2017; Kakoudakis et al. 2018). While general qualitative trends can often be identified, the diversity of approaches and 
the context-specific nature of many models make it difficult to determine which methods are most robust or transferable 
across different regions and conditions. This reflects the emerging nature of the field and highlights the need for further 
research to evaluate and compare modelling approaches.

3.5.3. Quantification of soil–pipe interaction

There is a limited quantification of soil–pipe interaction mechanisms. While soil movement is widely acknowledged as the 
primary driver of pipe failures, most studies rely on statistical correlations rather than physically based models. Recent work 
incorporating direct monitoring of soil conditions and pipe deformation highlights the potential for more mechanistic under
standing, but such approaches remain scarce (Shi et al. 2020; Latifi et al. 2026).

3.5.4. Limited availability of covariate data

Important non-climatic variables (such as construction quality, operational practices, and external loads) are often excluded 
due to data limitations, despite their recognised influence on failure processes (Martínez García et al. 2018). Among the six 
climate-scenario studies reviewed, only one study (17%) (Wols & van Thienen 2016) explicitly incorporated soil-related fac
tors, while none (0%) considered construction quality, operational practices, or external loading conditions.

3.5.5. Expansion to other climate hazards

The research has predominantly focused on temperature and precipitation-driven mechanisms, while other climate-related 
hazards (such as flooding and groundwater changes) remain underexplored. Emerging studies suggest that these factors may 
significantly affect network vulnerability, indicating the need for broader hazard assessments (Mahdaoui & Tahiri 2021).

4. CONCLUSIONS AND DISCUSSION

4.1. Main findings

The combined analysis of the survey and literature review shows that both water professionals and the existing research body 
identify ageing infrastructure and climate-related stressors as important drivers of pipe failures in DWDNs. Although respon
dents’ perspectives were influenced by their geographical location, professional experience, and local infrastructure 
challenges, common concerns emerged regarding droughts, temperature extremes, and the deteriorating condition of exist
ing assets. These concerns are consistent with the literature, which indicates that climatic variables, particularly temperature 
and precipitation, affect pipe failures primarily through their influence on soil behaviour.

Based on the six reviewed climate-related pipe-failure studies discussed, all include a temporal component. However, only 
two explicitly integrate this with spatial or network information. Therefore, integrated spatiotemporal approaches account 
for approximately 33% of the studies. Examples include Bondank et al. (2022), who coupled a hydraulic network model with 
time-dependent temperature-driven component failures to estimate service outages, and Fan et al. (2023), who combined 
GIS-based pipe and failure locations with dated failure records and climate variables. In contrast, other authors (Wols & 
van Thienen 2016; Bruaset & Sægrov 2018; Żywiec et al. 2019; Khashei et al. 2024) mainly focus on temporal climate-fail
ure relationships, material or age cohorts, or system-level predictions, with limited explicit spatial analysis.

Combining the six principal studies incorporating climate-change projections with the remaining 20 additional studies, a 
total of 26 studies investigating climate impacts on water pipe failures were identified. The review reveals several methodo
logical gaps that remain insufficiently addressed in the literature. Although temperature was considered in approximately 
92% of the studies, only 69% incorporated additional climate drivers, such as precipitation, drought indicators, rainfall 

Journal of Water and Climate Change Vol 17 No 8, 2364

Downloaded from iwaponline.​com/​jwcc/​article-pdf/​17/​8/​2355/​1634408/​jwc2026231.​pdf
by Delft University of Technology user
on 01 October 2026



deficits, soil moisture, or evapotranspiration, suggesting that the combined influence of multiple climate stressors is still 
underexplored. Furthermore, while 62% of the studies considered soil-related properties, their integration with climate vari
ables was often limited to explanatory analyses rather than fully coupled modelling frameworks. A strong reliance on 
statistical and regression-based approaches was observed (approximately 58% of the studies), whereas machine learning 
techniques accounted for only 19% and physics-based approaches for around 12%, indicating that advanced hybrid model
ling frameworks remain relatively uncommon. In addition, despite the growing availability of geospatial infrastructure 
datasets, only around 12% of the studies incorporated explicit GIS-based spatial analyses, and fewer than 10% combined 
both spatial and temporal dimensions in an integrated spatiotemporal framework. Finally, future climate projections were 
incorporated in only about 23% of the reviewed studies, highlighting that long-term climate adaptation remains underrepre
sented relative to historical climate-failure analyses. Overall, these findings indicate the need for future research to prioritise 
integrated spatiotemporal modelling frameworks that combine climate projections, multiple hydro-meteorological variables, 
soil conditions, asset deterioration processes, and advanced machine learning or hybrid physics-informed models, to better 
support climate-resilient water infrastructure management.

An important observation is the gap between research and practice. While practitioners increasingly recognise the poten
tial impacts of climate change on network performance, the incorporation of climate information into asset management 
and failure prediction remains limited. In particular, soil-related processes are widely acknowledged as critical factors in fail
ure mechanisms, yet they are not consistently represented in existing analytical frameworks.

4.2. Discussion

The reviewed literature indicates that climatic factors rarely act as independent causes of pipe failures. Instead, failures typi
cally result from the interaction between environmental stressors and pre-existing infrastructure vulnerabilities, including 
pipe age, material properties, corrosion, soil conditions, and accumulated structural degradation. While numerous studies 
have identified direct statistical relationships between climatic variables (particularly temperature, precipitation, drought 
conditions, and failure occurrence), suggesting that climate-related factors can act as immediate triggering factors (Rajani 
et al. 2012; Bruaset & Sægrov 2018; Żywiec et al. 2019), growing evidence indicates that climatic stressors primarily amplify 
underlying deterioration processes. For example, freeze–thaw cycles may accelerate damage in corroded metallic pipes, 
whereas drought-induced soil shrinkage can disproportionately affect older AC or CI pipes. Consequently, pipe failures 
are often the result of the combined effects of infrastructure ageing and climate-related stresses rather than either factor 
acting in isolation (Bondank et al. 2022; Fan et al. 2023; Khashei et al. 2024).

4.3. Recommendations for future research

Based on the findings of this review, several recommendations for future research can be identified.
First, future studies should investigate the combined effects of climatic stressors and infrastructure deterioration processes 

rather than considering these factors independently. Understanding how temperature extremes, droughts, freeze–thaw 
cycles, and precipitation interact with pipe ageing, material degradation, corrosion, and soil conditions would improve 
the understanding of failure mechanisms and long-term system vulnerability.

Second, there is a need to develop predictive models that integrate climate-change projections with historical pipe-failure 
data and infrastructure characteristics to assess future failure risks under different climate scenarios. Such models would 
support long-term asset management and adaptation planning.

Third, future research should more comprehensively incorporate soil–pipe interaction processes, including soil tempera
ture, soil moisture, shrink–swell behaviour, frost action, and differential settlement, as these factors play an important role in 
the relationship between climate variability and pipe deterioration.

Fourth, comparative studies are needed to evaluate the performance of different modelling approaches, including statisti
cal, machine learning, and physics-based methods, to identify frameworks that are both robust and transferable across 
diverse climatic regions and water distribution systems. This should include care in the choice of climate models, scenarios, 
ensembles, and treatment of uncertainty to ensure compatibility and traceability when comparing different studies.

Fifth, future research should expand the geographical coverage of studies investigating climate-related pipe failures. The 
concentration of studies identified in this review in Europe, North America, and Australia reflects the current availability 
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of published research rather than an intentional exclusion of studies from Asia, Africa, or other regions. To improve the gen
eralisability of findings, future investigations should account for the specific characteristics of different ecoregions, including 
climatic conditions, soil properties, and water management, among others. These factors may influence both pipe deterio
ration processes and the effectiveness of adaptation strategies. Consequently, the relationships, vulnerabilities, and 
adaptation measures reported in the existing literature may not fully represent conditions in underrepresented regions. 
The lack of studies from Asia and Africa, therefore, highlights an important research gap for further investigation.

Finally, future research should further explore integrated spatiotemporal approaches that combine climate, infrastructure, 
and failure data to improve predictions of where and when pipe failures may occur. Such approaches could support water 
utilities in planning maintenance activities, developing adaptation strategies, and enhancing the resilience of water distri
bution systems under future climate conditions.

FUNDING

This work was supported by the European Research Council (ERC) under the European Union’s Horizon 2020 research and 
innovation programme, Grant Agreement No. 951424 (‘Smart Water Futures: Designing the Next Generation of Urban 
Drinking Water Systems’).

DATA AVAILABILITY STATEMENT

All relevant data are included in the paper or its Supplementary Information.

CONFLICT OF INTEREST

The authors declare there is no conflict.

REFERENCES

Ahmad, T., Shaban, I. A. & Zayed, T. (2023) A review of climatic impacts on water main deterioration, Urban Climate, 49, 101552. https:// 
doi.org/10.1016/j.uclim.2023.101552.

Almheiri, Z., Meguid, M. & Zayed, T. (2020) An approach to predict the failure of water mains under climatic variations, International 
Journal of Geosynthetics and Ground Engineering, 6 (4), 54. https://doi.org/10.1007/s40891-020-00237-8.

Associated Press (2024) Heavy Rains in Bolivia Cause Landslide in La Paz, Destroying Homes; 1 Missing. USA: VOA. Available at: https:// 
www.voanews.com/a/heavy-rains-in-bolivia-cause-landslide-in-la-paz-destroying-homes-1-missing/7875654.html?utm_ 
source=chatgpt.com [Accessed 11th June 2026].

Barton, N. A., Farewell, T. S., Hallett, S. H. & Acland, T. F. (2019) Improving pipe failure predictions: factors affecting pipe failure in 
drinking water networks, Water Research, 164, 114926. https://doi.org/10.1016/j.watres.2019.114926.

Bondank, E. N., Chester, M. V., Michne, A., Ahmad, N., Ruddell, B. L. & Johnson, N. G. (2022) Anticipating water distribution service 
outages from increasing temperatures, Environmental Research: Infrastructure and Sustainability, 2 (4), 045002. https://doi.org/10. 
1088/2634-4505/ac8ba3.

Bruaset, S. & Sægrov, S. (2018) An analysis of the potential impact of climate change on the structural reliability of drinking water pipes in 
cold climate regions, Water, 10 (4), 411. https://doi.org/10.3390/w10040411.

Dawood, T., Elwakil, E., Novoa, H. M. & Delgado, J. F. G. (2019) Water pipe failure prediction and risk models: state-of-the-art review, 
Canadian Journal of Civil Engineering, 47 (1), 1–18. https://doi.org/10.1139/cjce-2018-0678.

Demissie, G., Tesfamariam, S. & Sadiq, R. (2017) Prediction of pipe failure by considering time-dependent factors: dynamic Bayesian belief 
network model, ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems, Part A: Civil Engineering, 3 (4), 04017017. 
https://doi.org/10.1061/AJRUA6.0000920.

Eitan, A. T., Smolyansky, E., Harpaz, I. K. & Perets, S. (2020) Connected Papers. Available at: https://www.connectedpapers.com.
Elsevier (2025) About Scopus.com. Scopus. Available at: https://www.elsevier.com/products/scopus/20-years-of-discovery [Accessed 27th 

January 2025].
Fan, X., Zhang, X., Yu, A., Speitel, M. & Yu, X. (2023) Assessment of the impacts of climate change on water supply system pipe failures, 

Scientific Reports, 13 (1), 7349. https://doi.org/10.1038/s41598-023-33548-7.

Journal of Water and Climate Change Vol 17 No 8, 2366

Downloaded from iwaponline.​com/​jwcc/​article-pdf/​17/​8/​2355/​1634408/​jwc2026231.​pdf
by Delft University of Technology user
on 01 October 2026

http://dx.doi.org/10.1016/j.uclim.2023.101552
http://dx.doi.org/10.1007/s40891-020-00237-8
https://www.voanews.com/a/heavy-rains-in-bolivia-cause-landslide-in-la-paz-destroying-homes-1-missing/7875654.html?utm_source=chatgpt.com
https://www.voanews.com/a/heavy-rains-in-bolivia-cause-landslide-in-la-paz-destroying-homes-1-missing/7875654.html?utm_source=chatgpt.com
https://www.voanews.com/a/heavy-rains-in-bolivia-cause-landslide-in-la-paz-destroying-homes-1-missing/7875654.html?utm_source=chatgpt.com
http://dx.doi.org/10.1016/j.watres.2019.114926
http://dx.doi.org/10.1016/j.watres.2019.114926
http://dx.doi.org/10.1088/2634-4505/ac8ba3
http://dx.doi.org/10.1088/2634-4505/ac8ba3
http://dx.doi.org/10.3390/w10040411
http://dx.doi.org/10.3390/w10040411
http://dx.doi.org/10.1139/cjce-2018-0678
http://dx.doi.org/10.1061/AJRUA6.0000920
http://dx.doi.org/10.1061/AJRUA6.0000920
https://www.connectedpapers.com
https://www.elsevier.com/products/scopus/20-years-of-discovery
http://dx.doi.org/10.1038/s41598-023-33548-7


Friedl, F., Schrotter, S., Kogseder, B. & Fuch-Hanusch, D. (2012) ‘Early failure detection model for water mains due to seasonal climatic 
impacts’, World Environmental and Water Resources Congress 2012: Crossing Boundaries, pp. 3021–3032. Scopus. https://doi.org/10. 
1061/9780784412312.304.

Gould, S., Boulaire, F., Marlow, D. & Kodikara, J. (2009) ‘Understanding how the Australian climate can affect pipe failure’, OzWater’09 
Conference Proceedings, pp. 1–8. Available at: https://eprints.qut.edu.au/75304/

Gould, S., Boulaire, F. A., Burn, S., Zhao, X. L. & Kodikara, J. K. (2011) Seasonal factors influencing the failure of buried water reticulation 
pipes, Water Science and Technology, 63 (11), 2692–2699. https://doi.org/10.2166/wst.2011.507.

Hardy, S. (2009) Granizada e inundación del 19 de febrero de 2002. Un modelo de crisis para la aglomeración de La Paz. La Paz-Bolivia. 
Available at: https://doi.org/10.4000/bifea.2300.

Holley, D., Dent, J. & Clark, C. (2022) Thunderstorms and extreme rainfall in south Norfolk, 16 August 2020: meteorological analysis, 
Weather, 77 (8), 288–295. https://doi.org/10.1002/wea.4038.

Hoogendam, P. & Boelens, R. (2019) Dams and damages. Conflicting epistemological frameworks and interests concerning ‘compensation’ 
for the Misicuni project’s socio-environmental impacts in Cochabamba, Bolivia, Water, 11 (3), 408. https://doi.org/10.3390/ 
w11030408.

Hu, Y. & Vu, H. Q. (2011) Analysis of soil conditions and pipe behaviour at a field site, Canadian Geotechnical Journal, 48 (6), 847–866. 
https://doi.org/10.1139/t11-010.

Jackson, R., Kc, B. K., Li, M., Sathasivan, A. & Senevirathna, L. (2024) The influence of recent bushfires on water quality and the operation 
of water purification systems in regional NSW, Scientific Reports, 14, 16222. https://doi.org/10.1038/s41598-024-66884-3.

Kakoudakis, K., Farmani, R. & Butler, D. (2018) Pipeline failure prediction in water distribution networks using weather conditions as 
explanatory factors, Journal of Hydroinformatics, 20, 1191–1200. https://doi.org/10.2166/hydro.2018.152.

Khashei, M., Dziedzic, R. & Roshani, E. (2024) ‘Framework for predicting water main breaks in the face of climate change’, World 
Environmental and Water Resources Congress 2024, pp. 1326–1338. https://doi.org/10.1061/9780784485477.119.

Latifi, M., Beig Zali, R., Javadi, A. A. & Farmani, R. (2026) Surrogate model for predicting stresses and strains of buried PVC 
pipes in water distribution networks, Journal of Pipeline Systems, 17 (2), 04025120. https://doi.org/10.1061/JPSEA2. 
PSENG-1975.

Laucelli, D., Rajani, B., Kleiner, Y. & Giustolisi, O. (2014) Study on relationships between climate-related covariates and pipe bursts using 
evolutionary-based modelling, Journal of Hydroinformatics, 16 (4), 743–757. https://doi.org/10.2166/hydro.2013.082.

Mahdaoui, K. & Tahiri, M. (2021) Vulnerability assessment of potable water supply network to flood risk in the Grand Casablanca, 
Morocco. In: Ksibi, M., Sousa, A., Hentati, O., Chenchouni, H., Lopes Velho, J., Negm, A., Rodrigo-Comino, J., Hadji, R., Chakraborty, 
S. & Ghorbal, A. (eds.) Recent Advances in Environmental Science From the Euro-Mediterranean and Surrounding Regions, 4th edn. 
Cham: Springer Nature Switzerland, pp. 843–848.

Martínez García, D., Lee, J., Keck, J., Yang, P. & Guzzetta, R. (2018) Hot spot analysis of water main failures in California, Journal – 
American Water Works Association, 110, E39–E49. https://doi.org/10.1002/awwa.1039.

Meteorological Organization (2021) El episodio de sequía extrema de 2019-2021 en la Cuenca del Plata – Un informe conjunto del JRC de 
la Comisión Europea, el CEMADEN, el SISSA y la OMM. Luxembourg: Publications Office of the European Union. https://doi.org/ 
10.2760/346183.

Observatorio CEPLAN (2023) Prolongadas sequías. Sistema Nacional de Planeamiento Estratégico Peru. Prolongadas Sequías. Available 
at: https://observatorio.ceplan.gob.pe/ficha/r4_piu [Accessed 11th June 2026].

Rajani, B., Kleiner, Y. & Sink, J.-E. (2012) Exploration of the relationship between water main breaks and temperature covariates, Urban 
Water Journal, 9, 67–84. https://doi.org/10.1080/1573062X.2011.630093.

Rajapakse, J., Otoo, M. & Danso, G. (2023) Progress in delivering SDG6: safe water and sanitation, Cambridge Prisms: Water, 1, e6. https:// 
doi.org/10.1017/wat.2023.5.

Savic, D., Bicik, J., Morley, M., Duncan, A., Kapelan, Z., Djordjevic,́ S. & Keedwell, E. (2013) Intelligent urban water infrastructure 
management, Journal of the Indian Institute of Science, 93, 319–336.

Shi, F., Peng, X., Liu, Z., Li, E. & Hu, Y. (2020) A data-driven approach for pipe deformation prediction based on soil properties and weather 
conditions, Sustainable Cities and Society, 55, 102012. https://doi.org/10.1016/j.scs.2019.102012.

South East Water (2023) South East Water Freeze Thaw 2022 Incident Report. SEW December 2022 freeze thaw report 280223.docx. Kent, 
UK: South East Water. Available at: https://www.ofwat.gov.uk/wp-content/uploads/2023/05/SEW-December-2022-freeze-thaw- 
report-280223.pdf .

Visual Stories Team & Gilmore, H. (2022) Anatomy of the Lismore disaster [News]. The Sydney Morning Herald. Anatomy of the Lismore 
Disaster. Available at: https://www.smh.com.au/interactive/2022/lismore-flooding/ [Accessed 11th June 2026].

Wols, B. A. & van Thienen, P. (2013) Impact of weather conditions on pipe failure: a statistical analysis, Journal of Water Supply: Research 
and Technology-Aqua, 63 (3), 212–223. https://doi.org/10.2166/aqua.2013.088.

Wols, B. A. & van Thienen, P. (2016) Impact of climate on pipe failure: predictions of failures for drinking water distribution systems, 
European Journal of Transport and Infrastructure Research, 16, 240–253. https://doi.org/10.18757/ejtir.2016.16.1.3123.

Wols, B., Daal, K. & Thienen, P. (2014) Effects of climate change on drinking water distribution network integrity: predicting pipe 
failure resulting from differential soil settlement, Procedia Engineering, 70, 1726–1734. https://doi.org/10.1016/j.proeng. 
2014.02.190.

Journal of Water and Climate Change Vol 17 No 8, 2367

Downloaded from iwaponline.​com/​jwcc/​article-pdf/​17/​8/​2355/​1634408/​jwc2026231.​pdf
by Delft University of Technology user
on 01 October 2026

http://dx.doi.org/10.1061/9780784412312.304
http://dx.doi.org/10.1061/9780784412312.304
https://eprints.qut.edu.au/75304/
http://dx.doi.org/10.2166/wst.2011.507
http://dx.doi.org/10.2166/wst.2011.507
https://doi.org/10.4000/bifea.2300
http://dx.doi.org/10.1002/wea.4038
http://dx.doi.org/10.3390/w11030408
http://dx.doi.org/10.3390/w11030408
http://dx.doi.org/10.1139/t11-010
http://dx.doi.org/10.1038/s41598-024-66884-3
http://dx.doi.org/10.1038/s41598-024-66884-3
http://dx.doi.org/10.2166/hydro.2018.152
http://dx.doi.org/10.2166/hydro.2018.152
http://dx.doi.org/10.1061/9780784485477.119
http://dx.doi.org/10.1061/JPSEA2.PSENG-1975
http://dx.doi.org/10.1061/JPSEA2.PSENG-1975
http://dx.doi.org/10.2166/hydro.2013.082
http://dx.doi.org/10.2166/hydro.2013.082
http://dx.doi.org/10.1002/awwa.1030
https://observatorio.ceplan.gob.pe/ficha/r4_piu
http://dx.doi.org/10.1080/1573062X.2011.630093
http://dx.doi.org/10.1017/wat.2023.5
http://dx.doi.org/10.1016/j.scs.2019.102012
http://dx.doi.org/10.1016/j.scs.2019.102012
https://www.ofwat.gov.uk/wp-content/uploads/2023/05/SEW-December-2022-freeze-thaw-report-280223.pdf 
https://www.ofwat.gov.uk/wp-content/uploads/2023/05/SEW-December-2022-freeze-thaw-report-280223.pdf 
https://www.smh.com.au/interactive/2022/lismore-flooding/
http://dx.doi.org/10.2166/aqua.2013.088
http://dx.doi.org/10.18757/ejtir.2016.16.1.3123
http://dx.doi.org/10.1016/j.proeng.2014.02.190
http://dx.doi.org/10.1016/j.proeng.2014.02.190


Wols, B., Vogelaar, A., Moerman, A. & Raterman, B. (2019) Effects of weather conditions on drinking water distribution pipe failures in The 
Netherlands, Water Supply, 19 (2), 404–416. https://doi.org/10.2166/ws.2018.085.
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