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Technol. 2026, 12, 920 functionality of pit latrines and septic systems
across 12 countries
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Pit latrines and septic systems are widely used in low-income countries across sub-Saharan Africa. Despite
their critical role in providing basic sanitation, these systems face challenges in maintaining functionality
due to issues such as overflowing and leakage, posing significant public health risks. This study examined
operations and maintenance (O&M) factors affecting the functionality of on-site sanitation systems,
focusing on overflow and leakage patterns, and explored strategies to enhance system performance. Data
from 18 534 sanitation facilities across 12 countries, comprising 94% pit latrines and 6% septic systems were
analyzed. Using a Bayesian Belief Network analysis, the analysis identified factors influencing system
functionality, including desludging frequency, structural damage, and flood risk. Among the systems
analyzed, 28% showed evidence of overflowing (29% pit latrines, 17% septic systems), and 24% showed
evidence of leakage (24% pit latrines, 14% septic systems). Including flood risk in the model increased
overflow rates by 1% and leakage rates by 4% in high-risk flood-prone areas. System performance was
primarily influenced by desludging frequency, floor and structural integrity, and the availability of
Received 19th September 2025, maintenance personnel. Simulations indicated that uniformly implementing frequent desludging across the
Accepted 22nd December 2025 network had the greatest influence, reducing overflow rates by 72% and leakage rates by 17% relative to
DOI: 10.1039/d5ew00920k current conditions. These findings suggest that post-construction support, such as regular desludging and
access to qualified repair personnel, could substantially improve system reliability, particularly in high-risk

rsc.li/es-water flood-prone areas, and should be prioritized in sanitation policy and infrastructure design.

Water impact

Safe sanitation protects water resources and public health, yet common on-site systems frequently leak or overflow, contaminating surface and
groundwater. A Bayesian network analysis of 18534 facilities across 12 countries shows that post construction support, particularly timely desludging and
repairs to slabs and superstructures, is critical for sustaining functionality, reducing contamination risks, and ensuring climate-resilient sanitation services.

Introduction construction, and even well-constructed infrastructure will
eventually fail without proper maintenance.®> The

The primary function of sanitation systems is to collect and consequences include non-functioning systems that harm the

remove human waste from living areas, reducing the risk of o ironment and threaten public health. Unsafe sanitation is

responsible for approximately 432000 diarrheal deaths
annually, along with substantial burdens of other diseases.*”

The term ‘O&M’ encompasses distinct functions across
the sanitation value chain.® Operations refer to daily activities
for managing infrastructure, including the collection,

spreading fecal pathogens." Maximum benefits are achieved
only when facilities are continuously operated in accordance
with acceptable standards.”> Accordingly, operations and
maintenance (O&M) must be carried out effectively. In
practice, O&M receives less attention than design and

treatment, and disposal or reuse of excreta or wastewater.”
Maintenance involves technical tasks to keep systems
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unclogging, desludging, or pump fixes; and (3) crisis
maintenance, undertaken in response to breakdowns, natural
disasters, or user complaints, including major repairs,
rehabilitation, system expansion, and new connections.®
Maintenance requires skills, tools, and spare parts.
Inadequate O&M has long been recognized as a barrier to
sustainable water and sanitation services. For example, 30—
60% of rural water systems fail due to insufficient O&M.’
While there are few comparable data for sanitation systems,
failure rates are likely similar.

Effective O&M is essential for the long-term functionality
and sustainability of sanitation systems. Well-maintained
systems have a longer infrastructure lifespan, fewer repair
needs, and lower recurrent costs.” They foster
acceptance and protect public and environmental health.
Davis et al® found that improved use and maintenance
enhanced system functionality, reduced odors, ensured
cleanliness, supported effective waste treatment, and
decreased open defecation while increasing user perceptions
of safety and dignity. Successful O&M models include trained
personnel maintaining public toilets in Austria, private-sector
management of UDDTs in Kenya, and user training with clear
responsibility assignment in Ugandan schools, all of which
improved efficiency, resource recovery, acceptance, and
sustained usage.’® Conversely, many sanitation failures are
linked to poor management, inadequate planning, and
insufficient funding, contributing to persistently high failure
rates."’ In Kenya, O&M of resource-recovering systems
involved multiple stakeholders, and 86% were willing to use
a facility without bearing responsibility for its maintenance,
highlighting the need for solutions beyond households.>

O&M of sanitation systems faces persistent challenges.
Variability in system types, construction quality, desludging
practices, and usage complicates maintenance. Manga et al."?
reported that system performance is closely linked to facility
ownership and users’ understanding of the technology.
Financial and technical constraints in low-income countries
frequently impede sustained O&M, resulting in unsafe
infrastructure and service failures.'® Different steps along the
sanitation value chain require distinct skills, resources, and

user

responsibilities, often  fragmented among multiple
stakeholders, with roles often not clearly delineated.®
Funding mechanisms and responsibilities remain

unresolved, with many toilet operators unpaid and critical
expenses, such as desludging, rarely budgeted for.>'*
Consequently, users and service providers often favor low-
maintenance technologies that demand minimal routine
upkeep.”> Moreover, costs vary widely across technologies,
ranging from 6% to 60% of total lifecycle costs,"* and social
or cultural factors further influence effectiveness.'® Taken
together, the evidence indicates that weak O&M - driven by
unclear roles, limited funding, or low technical capacity -
undermines sanitation investments and service reliability.
Despite the recognized importance of O&M, research has
largely focused on select technologies or contexts, leaving
critical knowledge gaps. Prior studies have concentrated on
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resource-oriented sanitation systems® or the allocation of
roles, responsibilities, and funding mechanisms.”'® Research
on school Water, Sanitation, and Hygiene (WASH) programs
has addressed role assignment,®'”'® technical capacity and
expertise,” economics of O&M," and the availability of
supplies.'”® Many of these studies are qualitative, rely on
expert opinion, and involve small sample sizes. Empirical
studies quantifying the relative importance of O&M tasks for
improving sanitation system functionality remain rare.
Without robust evidence on which management approaches
are most effective in specific contexts, decisions risk being
made on uncertain grounds, potentially leading to the
adoption and scaling of inappropriate solutions.

To address evidence gaps, this study applied Bayesian
belief network (BBN) models to analyze, predict, and rank
O&M strategies using a large cross-sectional dataset. BBNs
are well-suited for modeling uncertainties in complex
environmental systems and have been increasingly applied in
environmental and climate research.?*">® The study leveraged
BBNs to estimate the relative contributions of different
management strategies to improved sanitation system
functionality, while accounting for variations driven by
weather events, seasonality, country-specific
conditions, and other contextual factors. Results will provide
actionable insights for policymakers and practitioners
seeking to develop effective sanitation management strategies
and to ensure sustainable service delivery, particularly in the
context of climate change.

Bayesian belief networks (BBNs) provide a flexible
probabilistic framework for representing dependencies and
uncertainty in complex environmental systems. They have

been increasingly applied in water and sanitation research to
24,25,29,30

extreme

evaluate service continuity,”® contamination risks,
and adaptation options under climate stressors.** BBNs are
particularly well-suited to this study because they can
integrate diverse data sources, capture interactions among
operations and maintenance tasks, and quantify the relative
contribution of multiple factors to system functionality. The
study applied BBNs to identify and rank O&M strategies that
improve the performance of pit latrines and septic systems
across varied climatic and programmatic contexts.

Materials and methods
Data

This study involved a secondary analysis of survey data
collected to evaluate World Vision's WASH programs across
12 sub-Saharan African countries: Ethiopia, Ghana, Kenya,
Malawi, Mali, Mozambique, Niger, Rwanda, Tanzania,
Uganda, Zambia, and Zimbabwe. World Vision selected these
countries because they featured ongoing large-scale WASH
programming, operational feasibility for standardized data
collection, and sufficient geographic and contextual diversity
to support cross-country analysis. The authors did not select
the countries; rather, the study involved secondary analysis of
this harmonized dataset. The sampling strategy has been
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described in detail elsewhere.*” Briefly, primary sampling
units (PSUs) were defined using administrative clusters and
divided into areas with active WASH programs and
comparison areas. Fifty-six clusters were randomly selected
per group using probability proportional to size. Large PSUs
were split into secondary sampling units (SSUs), and one SSU
was randomly selected. Within each cluster or SSU, 25
households were randomly sampled. In Tanzania and
Zimbabwe, districts with active programs were first
identified, and comparison administrative units without
programs were randomly selected; clusters were then
sampled using the same PPS approach. Household surveys,
administered to female heads of households, covered water
sources, sanitation practices, and demographics, and
combined structured interviews with direct observation.
Survey data were collected by experienced in-country
supervisors and enumerators. Surveys were translated, locally
verified, and collected via the mobile platform mWater to
ensure real-time data entry, quality control, and data
integrity.

Flood data were obtained from the World Resources
Institute (WRI) Aqueduct Global Water Risk Mapping Tool,
an established global dataset that estimates riverine flood
hazard at approximately 1 km?> resolution using hydrologic
and hydraulic modeling combined with climate and socio-
economic projections.*® The dataset provides modeled flood
return periods ranging from 2 to 1000 years, generated using
the CaMa-Flood global hydrodynamic model, combined with
CMIP6 climate projections and socioeconomic scenarios, to
estimate global riverine flood hazard. In the current study,
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each sanitation facility was first spatially joined to the
underlying flood-hazard raster in ArcGIS using point-to-raster
analysis, thereby enabling the extraction of the corresponding
flood-return-period value for each facility. Next, to convert
these continuous return-period values into analytical
categories, we then applied a quantile classification in ArcGIS
to generate four risk levels—low, medium, high, and very
high. Quantile classification is widely used in hazard
mapping because it produces balanced categories and
enhances comparability across heterogeneous geographic
settings.

Study outcomes and variables

Following established modeling practices,® variables
influencing sanitation system functionality were identified
through a three-step process that combined a literature
review, expert consultation, and empirical evidence. We
focused on two primary indicators of sanitation system
functionality - overflow and leakage - each treated as a
binary outcome. Overflow occurs when inflow exceeds the
containment capacity, resulting in backups or surface spills,
whereas leakage denotes structural failure that allows excreta
to escape into the environment.’

Guided by prior research and expert judgement, the study
hypothesized that functionality is shaped by three O&M
domains: emptying practices, cleaning and hygiene
management, and structural repair and maintenance. Twelve
variables were selected to represent these domains (Table 1).
Indicators related to emptying practices included observed

Table 1 Definitions and states of variables included in the Bayesian network analysis of sanitation system functionality

Nodes
(short name)* Description of variable Output states
Overflowing  Evidence of facility being full and discharging waste onto the ground Nol/yes
Leaking Evidence of waste escaping via structural defects, regardless of fullness No/yes
Flood risk Likelihood of flooding based on historical flooding frequency in the area Low/medium/high
Facility fee Whether users pay a fee to use the facility No/yes
Cleaning Refers either to a hired caretaker responsible for cleaning shared facilities or, in the case of Nol/yes
person single-household latrines, to a household member identified as responsible for routine cleaning
and maintenance
Repair person Availability of a skilled person to repair the facility. This typically includes masons, carpenters,  No/yes
or local artisans who can repair slabs, walls, pedestals, or superstructures
Desludging Facility requires desludging due to accumulated waste Nol/yes
needed
Emptied once Facility has been emptied at least once in the past Nol/yes
Structural Repairs needed on superstructure (cracks, pedestal/slab damage) Nol/yes
damage
Floor Condition of the floor or slab Severely damaged/moderately
condition damaged/good
Visible Presence of urine or feces on the floor Nol/yes
excreta
Cleanse Users employ appropriate cleansing materials (toilet paper or water) Not available/available
material
Sharing Facility shared with other households or public No/yes
facility

Water supply Continuous water availability at the facility

“ Short names as used in the Bayesian network analysis program.
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need for desludging and reported history of emptying.
Cleaning practices were assessed by the presence of a
designated cleaner, visible fecal contamination on floors or
walls, the availability of water for cleaning, and the use of
appropriate cleaning materials (e.g., water, toilet paper).
Structural integrity was assessed by the condition of the
superstructure (e.g., cracks or pedestal damage), floor
condition, availability of skilled repair personnel, and
whether users paid a fee for access. Flood hazard was
included as a separate contextual variable, expressed as a
standardized index derived from modeled flood frequency.

A detailed justification for each variable is provided (Table
S1). To corroborate the selected variables using empirical
data, we first conducted bivariate and adjusted logistic
regression analyses to assess associations between the
candidate variables and the two functional outcomes.
Variables with statistically significant associations (p < 0.05)
were retained for inclusion in the BBN model, ensuring the
model is grounded in both conceptual knowledge of relevant
domains and empirical evidence.

Bayesian belief networks

Bayesian belief networks (BBNs) are probabilistic graphical
models that represent uncertainty in complex systems.
Originating from artificial intelligence, they combine
probability theory and graph theory to model dependencies
between variables based on Bayes' theorem of conditional
probability. A BBN consists of a directed acyclic graph (DAG)
where nodes represent variables, and directed edges indicate
probabilistic ~ dependencies.  Conditional  probability
distributions define the strength of these relationships,
allowing BBNs to manage uncertainty effectively.
Conditional probability functions parametrically determine
Bayesian networks. Generally, those parameters are specified
in a conditional probability table (CPT). The CPT contains a
set of probability values for all possible combinations of
parent and child node states. The probabilities or parameters
are the materials on which the Bayesian theorem operates
and provide evidence to inform the model. In a typical BBN
structure, parent or originating nodes are linked to child or
receiving nodes through arrows, signifying that the parent
node's factor directly affects the child node's outcome. This
directional description of a probabilistic network enables
consideration of the relationships between factors and
consequences, thereby identifying important variables and
pathways to outcomes.

Model construction, parametrization, and evaluation

Good model practices were followed.>® The model was
designed using evidence and expert judgment to compile a
comprehensive list of O&M tasks essential for maintaining
sanitation infrastructure. Several notable publications
contributed to developing the BBN model, including a
training package for implementing effective operation and
maintenance of rural water supply and sanitation services in

This journal is © The Royal Society of Chemistry 2026
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low- and middle-income countries,”'® and the World Health
Organization Guidelines on Sanitation and Health.>® The
referenced WHO Guidelines for Sanitation and Health
(Geneva) are global guidelines applicable across all countries,
including those in sub-Saharan Africa. They are not country-
specific but serve as the international standard for sanitation
safety planning. The cleaned datasets for each country were
exported from Stata and imported into the Netica software.?”
The study used two separate case files randomly divided from
the original dataset. The first case file was a training set (n =
17221; 80%) for learning the model. The second case file
constituted the testing data (n = 4306; 20%).

Based on the literature, a conceptual model outlining
potential factors influencing the functionality of sanitation
systems was developed, with evidence of overflow and
leakage as the primary outcomes. The conceptual model
comprised 12 nodes classified into clusters of cleanliness
tasks, repair and maintenance tasks, and emptying practices.
The Netica software estimates the CPT values using the
expectation maximization (EM) algorithm. The training
dataset was entered into the model as findings, and the EM
algorithm was applied to generate the CPT values used by
Netica. The unit of analysis was the sanitation facility.
Although 18536 households were surveyed, households
served to identify and describe the facilities they used. Thus,
while households provided the data, all statistical analyses
were conducted at the level of the sanitation facility. The
CPTs for each node were derived empirically from the
observed dataset. For each combination of parent-node
states, conditional probabilities were estimated as the relative
frequencies of the child-node states (ie.,, maximum-
likelihood estimates). This empirical approach was chosen
due to the large sample size and to avoid introducing
subjectivity from expert expectations, which may vary by
context.

The effect of each predictor variable was evaluated by
comparing the prior probability of a sanitation system being
functional (determined from raw data) with the posterior
probability, which represents the conditional probability of
the target given each predictor node's values. This
assessment does not imply causation but instead quantifies
the strength of the association while accounting for other
variables in the network. The reduction in uncertainty
between the prior and posterior states of the target for each
predictor, known as mutual information, shows the most
influential predictive variables.*®

The model's performance was assessed using ten-fold
cross-validation, measuring the area under the receiver
operating characteristic (ROC) curve. This curve illustrates
the relationship between the actual and false positive rates
across varying probability thresholds for -classifying the
binary outcome—in this case, whether a toilet is functional
or nonfunctional. A ROC score of 1 signifies a model with
perfect discrimination between outcomes, whereas a score of
0.50 indicates that the model's predictive ability is no better
than random chance.?® Predictive inference was conducted to
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find influential nodes that help us prioritize O&M actions to
improve sanitation system functionality. This was done by
setting the state of a specific node to 100% and observing the
resulting change in the posterior probability of the outcome
node. For example, to examine the influence of pit latrine
emptying history on functionality, the state emptied once
(indicating that a facility had been emptied at least once
since it's construction) set to 100%, and the
corresponding updated probability of detecting overflows or
leakages was assessed. This was done for all states in all
nodes. Other model assessments conducted were logarithmic
loss, quadratic loss, and spherical payoff.

was

Ethics statement

The UNC-Chapel Hill Institutional Review Board (IRB #23-
1944) approved the use of the data for analysis. All
procedures were conducted in accordance with ethical
standards to protect participants' rights and confidentiality
throughout the study.

Results
Descriptive results for functionality and associated factors

Data from 18534 on-site sanitation facilities were analyzed,
consisting of 94% pit latrines and 6% septic systems
(Table 2). Overall, 28% of facilities exhibited overflowing, and
24% exhibited leaking. Both conditions were more common
in pit latrines than in septic systems (overflows: 29% vs. 17%;
leakages: 24% vs. 14%). Fewer than 1% of facilities required
users to pay an access fee, and 73% had skilled maintenance
and repair personnel available.

Structural conditions varied: 28% of facilities exhibited
visible structural damage, while floor condition ranged from
moderately damaged (46%) to severely damaged (42%), with
only 12% in good condition. Approximately 6% of the
facilities had been emptied at least once, although 7% were
full and required immediate desludging.

Cleanliness and maintenance indicators
widely. A designated cleaning person was present in 74% of
facilities, and excreta was visible on slabs or walls in 46% of
facilities. Flies were observed in 61% of facilities. Appropriate
cleansing materials were available in 17% of facilities, and
only 20% had a continuous water supply; the remaining 80%
relied on intermittent sources.

Approximately 21% of facilities were shared with other
households or the public. With respect to service quality,
65% of facilities met the criteria for improved sanitation,
whereas 35% were classified as unimproved.

also varied

Bayesian network analysis

Two BBN models were developed for the primary outcomes:
evidence of overflows and evidence of leakages (Fig. 1 and 2).
Each model shows state beliefs for all nodes, with belief bars
indicating the most likely outcome states. The black bars
represent the initial probability distributions (prior,
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Table 2 Descriptive statistics of 18534 surveyed pit latrines and septic
systems

Variable n %

Sanitation technology type

Pit latrine 17404 93.9
Septic system 1130 6.1
Evidence of overflowing

Yes 5161 27.9
No 13373 72.2
Evidence of leaking

Yes 4369 23.6
No 14165 76.4
Facility fee

Paid 147 0.8
Not paid 18387 99.2
Availability of skilled repair personnel

Yes 13466 72.7
No 5068 27.3
Evidence of structural damage

Yes 5215 28.1
No 13319 71.9
Condition of the floor

Severely damaged 7775 42.0
Moderately damaged 8570 46.2
Good condition 2189 11.8
Emptied at least once in the past

Yes 1057 5.7
No 17477 94.3
Desludging needed

Yes 1355 7.3
No 17179 92.7
Availability of a designated person to clean the facility

Yes 13797 74.4
No 4737 25.6
Excreta visible on the slab and walls

Yes 8565 46.2
No 9969 53.8
Presence of flies in the facility

Yes 11229 60.6
No 7305 39.4
Availability of appropriate cleansing materials

Yes 3196 17.2
No 15338 82.8
Continuous supply of water

Yes 3769 20.3
No 14765 80.0
Sharing facilities with other households or the public

Yes 3797 20.5
No 14737 79.5
Flood risk

Low risk 3871 20.9
Medium risk 4057 21.9
High risk 10606 57.2

conditional, and posterior) derived from the training dataset
and reflect the factors influencing sanitation system
functionality.

In the Bayesian network with evidence of overflowing as
the outcome, the most influential predictors were desludging
need, emptying frequency, structural damage, and prior
emptying history. Continuous water supply, user fees, and
cleansing material use showed minimal influence. Sub-
analyses restricted to pit latrines and septic systems
identified similar influential variables for pit latrines. In
contrast, flood risk emerged as a stronger predictor for septic

This journal is © The Royal Society of Chemistry 2026
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variables based on conditional dependencies identified in the Bayesian analysis.
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Table 3 Factors influencing evidence of overflowing in 18534 sanitation systems across 12 sub-Saharan African countries, as identified through
Bayesian network analysis. The most influential variables include desludging need, emptying frequency, structural damage, and prior emptying. In
contrast, access to a continuous water supply, user fees, and the use of cleansing materials had the least influence on the occurrence of overflows

Node Mutual info Percent Variance of beliefs
Overflowing 0.86755 100 0.2055185
Desludging needed 0.15768 18.2 0.0456229
Emptied frequently 0.00920 1.06 0.0029444
Structural damage 0.00267 0.308 0.0007743
Emptied at least once 0.00065 0.0745 0.0001773
Flood risk 0.00060 0.0695 0.0001705
Visible excreta 0.00032 0.0364 0.0000902
Repair person 0.00003 0.00374 0.0000093
Flies present 0.00001 0.0016 0.0000040
Shared facility Negl® 0.000376 0.0000009
Cleaning person Negl 0.000252 0.0000006
Floor condition Negl Negl 0.0000002
Cleansing material Negl Negl 0.0000002
Facility fee Negl Negl 0.0000001
Water supply Negl Negl Negl

“ Negl means the value is small and negligible.

systems, with its influence increasing by an order of
magnitude compared with the full model. The reduction in
uncertainty between prior and posterior probabilities for each
predictor further illustrates which variables were most and
least influential in predicting overflows (Table 3).

In the second model, with evidence of leakages as the
outcome, the factors that most strongly influenced the
probability of leakages were desludging need, floor condition,
flood risk, structural damage, and the availability of a repair
person. In contrast, facility fees, the presence of a cleaning
person, and the presence of flies had minimal influence on
leakage rates (Table 4). The relative importance of these
predictors was consistent for both pit latrines and septic
systems.

3.3 Model performance

Model predictive accuracy was evaluated using both the full
dataset and a 20% hold-out testing dataset (n = 3707

observations). The overflows model achieved an area under
the ROC curve (AUC) of 66.2% in the full dataset, indicating
fair predictive performance.®® By contrast, the leakages
model reached an AUC of 58.6%, reflecting weaker
predictive capability (Fig. 3). Stratifying the dataset by
sanitation technology improved model performance, with
the AUC increasing by 0.7 percentage points for pit latrines
and six percentage points for septic systems. These metrics
indicate that the models distinguish between functioning
and non-functioning systems better than chance (in
approximately 87% of cases), though performance is
stronger for overflows than for leakages." Confusion
matrices and additional performance diagnostics are
provided in the SI (S1 File).

3.4 Factors influencing system functionality

Simulation analyses were conducted under best- and worst-
case conditions by specifying the state of each controllable

Table 4 Factors influencing evidence of leaking in 18 534 sanitation systems across 12 sub-Saharan African countries, as identified through Bayesian
network analysis. The most influential variables include the desludging need, floor condition, flood risk, structural damage, and availability of a repair
person. In contrast, facility fees, the presence of a cleaning person, and the presence of flies did not influence evidence of leakages

Node Mutual info Percent Variance of beliefs
Leaking 0.77860 100 0.1772837
Desludging needed 0.00791 1.02 0.0021842
Floor condition 0.00556 0.714 0.0014057
Flood risk 0.00090 0.115 0.0002192
Structural damage 0.00047 0.0604 0.0001167
Repair person 0.00021 0.0276 0.0000532
Emptied at least once 0.00004 0.00474 0.0000092
Visible excreta 0.00002 0.00238 0.0000046
Shared facility 0.00000 0.000216 0.0000004
Flies present Negl” 0.000126 0.0000002
Facility fee Negl Negl Negl
Cleaning person Negl Negl Negl

“ Negl means the value is small and negligible.
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Fig. 3 Receiver-operating characteristic curves showing the performance of the BBN models run in the study. The area under the ROC curve
(AUC) ranges from 0.722 to 0.582, indicating the model has moderate discriminatory ability. While the model outperforms random guessing
(AUC = 0.5), there remains room for improvement in its predictive accuracy.

variable. The best-case scenario assumed: facility requires
desludging (no), structural damage (none), floor condition
(good), repair person available (yes), designated cleaner
available (yes), flies present (yes), visible excreta on slabs
(no), facility emptied at least once (yes), facility emptied
frequently (yes), continuous water supply (yes), and facility
fee collected (yes).

Conversely, the worst-case scenario assumed: facility
requires desludging (yes), structural damage (present), floor
condition (poor), repair person available (no), designated
cleaner available (no), flies present (no), visible excreta on
slabs (yes), facility emptied at least once (no), facility emptied
frequently (no), continuous water supply (no), and facility fee
collected (no).

In the best-case scenario, the predicted likelihood of
leakage decreased from 23% to 18%, whereas under the
worst-case scenario, it increased to 55%. For overflows,
probabilities declined slightly from 28% to 27% under best-
case assumptions but rose sharply to 93% under worst-case
conditions.

Universal simulations of individual variable states
showed that ensuring all containment systems underwent
desludging reduced overflowing by 72 percentage points,
while frequent emptying and prior emptying history reduced
overflowing by 34 and 26 percentage points, respectively
(Table 5). For leakage, the strongest predictors of increased
risk were the need for desludging and severely damaged
floors, which increased leakage probabilities by 17 and 9
percentage points.

This journal is © The Royal Society of Chemistry 2026

Simulated optimal emptying practices, including timely
desludging, frequent emptying, and a history of prior
emptying, resulted in a 7% reduction in overflows and a 2%
decrease in leakages. In contrast, simulating ideal cleanliness
conditions (the presence of a cleaning person, a continuous
water supply, the absence of visible excreta and flies, and the
availability of cleansing materials) produced minimal
improvements: approximately a 1% reduction in overflows
and less than a 1% reduction in leakages.

Actions within the control of users, such as facility fee
collection, the presence of a cleaning staff, and adherence to
cleansing materials, had little effect on overflow or leakage
rates. Although facility fees did not directly predict system
failure, they were associated with better flood conditions,
improved structural integrity, and greater availability of
skilled repair personnel.

Facilities located in high-risk flood zones showed a 1%
increase in overflow rates and a more than a 1% increase in
leakage rates, whereas those in low-risk zones exhibited
reductions of 2% and 4%, respectively.

4. Discussion

The Bayesian network models consistently identified
desludging needs, structural integrity, and flood risk as the
primary determinants of sanitation system functionality,
while factors such as user fees and the presence of cleaning
staff contributed minimally. Although predictive accuracy
varied across outcomes, the models provided a structured
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Table 5 Predicted change in rate of functionality when a positive state finding in the predictive node is made 100%

Scenarios State outputs Model 1: overflowing Model 2: leaking
Predicted Rate % point Predicted % point
(%) change Rate (% change
Desludging needed  Yes 99.3 ﬁ 39.6 ﬁ
No 229 42 21.7 1.3
Evidence of Yes 323 =52 24.8 -1.8
structural damage  Np 25.4 1.7 224 0.6
Emptying done Yes 26.9 0.2 n/a
frequently No 61.1
Emptied at least Yes 27.0 0.1 243 -1.3
once in the past No 53.1 20 230 0.0
Visible excreta on Yes 28.0 —0.9 233 —0.3
slabs and walls No 25.5 1.6 22.8 0.2
Flood risk Low risk 24.8 23 21.2 1.8
Medium risk 259 1.2 21.5 1.5
High risk 27.8 —0.7 243 -1.3
Facility fee Yes 31.1 —4.0 23.0 0.0
No 27.0 0.1 23.0 0.0
Flies present Yes 273 -0.2 23.1 —0.1
No 26.7 0.4 23.0 0.0
Condition of floor Severely damaged 354 -8.3 31.5 _
Moderately damaged ~ 29.7 -1.3 24.1 =Il,1
Good condition 25.0 34 19.5 3.5
Cleaning person Yes 28.3 0.1 23.0 0.0
available No 18.5 —0.1 23.1 —0.1
Sharing facility Yes 28.6 —0.2 232 -0.2
No 28.3 0.1 23.0 0.0
Continuous water Yes 28.4 0.0 n/a
supply No 28.4 0.0
Repair person Yes 28.0 0.4 22.6 0.4
available No 29.4 -1.0 24.2 -1.2
Appropriate Yes 28.5 —0.1 n/a
cleansing materials  No 28.4 0.0

The response category under investigation was set to 100% in each scenario. The predicted output rate is the predicted prevalence in each
scenario. The percentage-point change is the difference between the predicted prevalence in each scenario and the existing prevalence in the
actual data (overflowing 27.1%, not overflowing 72.9%, and leaking 23%, not leaking 77%). The percentage-point changes highlighted in green
indicate positive predictors of functionality, whereas those highlighted in red indicate negative predictors. Darker shades of color correspond

to large predictive changes. The color gray represents no change.

basis for evaluating sanitation system functionality and
identifying priority interventions across diverse contexts.

The analysis revealed substantial variation in sanitation
system performance, as reflected in the rates of facility
overflow and leakage. These differences appear to be shaped
by a combination of system characteristics, maintenance
practices, and environmental conditions. Similar patterns
have been documented elsewhere: Peal et al.,*" in a study of
31 cities, reported that 14% of pit and tank contents that
were not emptied overflowed, leaked, or directly discharged
waste into the environment. Additional research reinforces
the influence of geophysical conditions on system
performance. For example, areas with high groundwater
tables or permeable sandy soils often exhibit compromised
structural integrity, leading to increased leakage.”
Conversely, compact soils such as clay and flat terrain have
been shown to enhance the longevity and maintainability of

928 | Environ. Sci.: Water Res. Technol., 2026, 12, 920-933

sanitation structures, as locally available clay bricks reduce
costs and support more durable construction, as observed in
rural Kenya, Zambia, Nepal, and Bhutan.*

Resource availability and fee structures also influenced
system functionality. Revenue from user fees can support
routine maintenance, repairs, infrastructure expansion, staff
training, and hygiene promotion, thereby improving service
delivery and sustainability.*"® However,
settings, fees can pose barriers to access, particularly in
informal settlements.*® Kumar et al.,*” conducted a study in
similar settings in India, highlighting that fees must be
carefully managed to avoid exacerbating inequalities and
hindering access for vulnerable populations.

Desludging emerged as a critical determinant of
sanitation system performance. Facilities that were emptied
regularly had markedly lower rates of overflow and leakage,
underscoring the importance of scheduled maintenance. This

in low-income

This journal is © The Royal Society of Chemistry 2026
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finding is consistent with earlier studies demonstrating that
adequate desludging is central to ensuring system
functionality.>'> Pit latrines were particularly vulnerable to
overflow, whereas septic systems — especially those in flood-
prone regions — were more susceptible to leakage, likely due
to differences in design and site-specific environmental
conditions.*® Evidence from Tamil Nadu, India supports this
pattern: Davis et al*® reported that households typically
desludged only during emergencies, with little advance
planning, resulting in frequent sewer overflows during the
rainy season. A monthly sanitation fee was proposed to fund
and encourage more regular emptying. Similar observations
were made by Lebu et al’>® who found that more frequent
emptying in urban slums reduced the likelihood of overflow
in both pit latrines and septic tanks. The World Health
Organization (WHO) has likewise emphasized that routine
maintenance and emptying are essential for functional
sanitation systems in low-income settings.’

In contrast, inadequate ~ emptying  accelerates
infrastructure deterioration and elevates the risk of overflow
and leakage.”” In Tanzania, Jenkins et al.”> documented that
overfilled pit latrines often discharged fecal sludge to
overflow into neighborhoods and waterways during the rainy
season, creating unsanitary conditions, increasing children's
exposure to vectors, and contributing to groundwater
contamination. The finding that more than 80% of floors
showed moderate to severe damage, yet 92.7% of
respondents reported that desludging was not required,
highlights structural deterioration as a major concern
independent of sludge accumulation. Many pits rely on
infiltration rather than periodic emptying, which can mask
the need for desludging while allowing structural decay to
progress. Addressing this critical red flag requires improved
construction standards, routine structural inspections, user
education, and targeted subsidies or support for facility
rehabilitation.

Study findings highlight the important role of cleanliness
and hygiene in maintaining sanitation system functionality.
Facilities free of visible excreta exhibited lower rates of
overflow and leakage, consistent with earlier work linking
cleanliness to improved performance.">*° Simiyu et al.,>® for
example, found that systems actively cleaned and maintained
by users experienced fewer breakdowns, with the presence of
designated cleaning personnel significantly reducing failure
incidents. In this study, 74% of facilities had a designated
cleaner, suggesting that hygiene practices remain an under
recognized yet critical component of system functionality.
Empirical research on how cleaning practices influence
sanitation performance remains limited.

This relationship may manifest differently in single-
household latrines than in shared facilities. Most facilities in
the dataset were mnot shared, meaning cleaning
responsibilities typically fell to household members rather
than designated staff. In single-household settings,
cleanliness may serve as a proxy for broader household
maintenance behavior: households that consistently keep

This journal is © The Royal Society of Chemistry 2026
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latrines clean may also be more likely to maintain structural
components, monitor pit filling, and arrange timely
desludging. Conversely, dirty facilities may reflect broader
neglect, increasing the risk of undetected damage, clogging,
or delayed emptying—all of which contribute to overflow and
leakage. Thus, even without shared use or formal cleaning
arrangements, cleanliness remains an indirect but
meaningful indicator of overall maintenance practices in
single-household systems.

Flood risk also had a notable impact on functionality.
Facilities in high-risk flood areas showed a 1% increase in
both overflow and leakage, while those in low-risk areas
exhibited a 2% decrease in overflow and a 4% reduction in
leakage. These findings align with existing evidence
identifying flood-prone environments as particularly
vulnerable to sanitation system failure.*®** Floodwaters can
damage containment infrastructure, compromise systems not
designed to withstand inundation, and disrupt desludging
services, increasing the likelihood of overflow and
leakage.>>>® This reinforces the need for flood-resilient
sanitation design and risk-informed infrastructure planning.

Although groundwater and soil contamination were
beyond the scope of the dataset analyzed in this study, these
pathways are central to understanding the wider
environmental and public health consequences of sanitation
system failure. Multiple studies in sub-Saharan Africa have
documented elevated nitrate and fecal indicator bacteria in
groundwater near pit latrine and septic system installations,
particularly in high water table areas.’”®" Structural
deterioration of on-site sanitation systems has also been
linked to localized soil contamination with enteric
pathogens, contributing to exposure through contaminated
play areas, household compounds, and floodwater.®> These
findings underscore that overflow and leakage are not
isolated facility-level issues but are key drivers of broader
environmental contamination.

These findings carry important implications for
sanitation policy and practice, especially in low-income and
flood-prone areas. Strengthening emptying practices through
timely desludging, routine maintenance, and defined
desludging protocols could substantially reduce system
failures. Model simulations and descriptive data indicate
that approximately 28% of facilities exhibited structural
damage, while 88% had floors that were moderately or
severely damaged, suggesting that a substantial share of
failures could be mitigated through basic structural repairs.
Additionally, 7% of facilities were full and required
immediate desludging, and 40% had never been emptied,
highlighting the potential for improved emptying practices
to significantly reduce the risk of overflow. Overall, routine
maintenance, targeted repairs, and regular desludging could
enhance functionality for an estimated 30-50% of facilities
in this dataset. Complementing these measures with
hygiene promotion and dedicated cleaning personnel may
further reduce leakage and contamination risks. Finally,
integrating flood risk assessments into sanitation planning
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and adopting flood-resilient technologies will be
increasingly important as extreme weather events intensify
under climate change.

4.1 Limitations

This study has several limitations that should be
considered when interpreting the findings. First, the cross-
sectional nature of the data provides only a snapshot of
sanitation system performance at the time of data
collection, preventing any causal inference. Second, the
dataset did not include alternative on-site technologies
(e.g., composting or vault systems), limiting the ability to
assess technology-specific variation beyond pit latrines and
septic tanks. Third, sanitation functionality was assessed
using proxy indicators—overflowing and leaking—that
capture visible signs of system failure but may not reflect
the full spectrum of performance issues, such as
groundwater contamination or subsurface leaching of
excreta. Fourth, several potentially important covariates
were not available in the dataset, including groundwater
table depth, site-specific soil characteristics, and the age
of containment systems. These factors likely influence how
sanitation systems respond to climate-related hazards and
may have strengthened the analysis had they been
included. Finally, the flood hazard data were provided at
a spatial resolution of approximately 1 km? which may
not capture fine-scale topographic variation relevant to
localized flooding. Flood risk classifications represent
long-term modeled hazard levels and do not account for
single extreme flood events, which may cause short-term
impacts not captured in the dataset.

5. Conclusion

This Bayesian network analysis highlights key determinants
of sanitation system functionality in low-resource and flood-
prone settings. Desludging frequency, structural integrity,
and flood risk emerged as the strongest predictors of
overflow and leakage, whereas user fees and the presence of
dedicated cleaning personnel contributed minimally to
system performance. Pit latrines were more susceptible to
overflow, and septic systems - particularly those in flood-
prone areas — were more vulnerable to leakage, underscoring
the need for technology- and context-specific strategies.
Simulations results demonstrate that timely emptying,
routine maintenance, and sound hygiene practices
substantially reduce failure risks, whereas interventions
focused solely on user-controlled factors such as fees or
cleaning are offer limited benefits. These insights provide
evidence-based direction for prioritizing interventions,
designing climate-resilient sanitation systems, and improving
resource allocation to enhance the safety, reliability, and
sustainability of onsite sanitation services in vulnerable
environments.
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