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ABSTRACT

Objective Thizs study aims to develop and svzluate two machine learning madels,
namely Extreme Learning Machine ( ELM ) and eXtreme CGradient Boosting ( XCBoost),
mcorporating Bayesian COpbtmization and cross-validation technigoes. for the
prediction of the discharge coefficient {Cd} of semicircular side wairs.

Method: The modeling process-is based on a dataset comprising 233 experimantal
observations scurced from two ndependent studies, encompassing both geometiric

and hydrzulic parameters. Bavesian Optimization was implemented using five-rold
cross-validation on the training set, For each parameter combination, the root mean
square emror (RMSE) was computed, and ance the objective function (RMSE) reached
a satisfactory threshold, the corresponding paramater set was selected as the final
maodel structure: The optimized model was sibseguently validated using the test
detaset. =nd its predictive performance was compared against baseline maodeaiz.

Results: The results indicsted that the XCBoost model achieved higher predictive
accuracy with a coefficient of determination (R*) of 0.99 forthe training setand 0.9z
for the test st ocutnerforming the ELM model, which yielded R! values of 5.91 and
0.87g for the resgective datasets. Sensitivity analvsis using Sobol, Morris, Entropy-
based, and SHAP methods consistently identified the HT/F ratio [hydraulic head to
weir height) as the most influential input parameter in predicting Cd. Specitically,
Sobol analysis revealed that nearly the antire variance in the model ocutgput could be
attriputed to thiz single parameter, with negligible interaction effect=-from other
varizables,

Conclusions: All sensitivity analvsis. techmigues confirmed the robustness and
relizbility of the developed models. The integration of maching leeming algorithms
with Bavesian Dptimization proves to be an eftective and powaerful framework for
tlow modeling in hydraclic systems.
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Introduction

Dams, as critical hydraulic structures, consist of key components including the dam body,
drainage systems, and most notably, spillways, which serve as primary outlets for flood
discharge. When the capacity to release floodwaters is limited, the choice of spillway type
pecomes essential to optimize both discharge efficiency and construction costs. Among the
various options, l[abyrinth spillways—with non-linear crest geometries—have proven to be

highly effective in enhancing discharge capacity while managing upstream water levels during
flood events. By significantly increasing the effective crest length over a fixed width, these
geometries, such as triangular, trapezoidal, semicircular, and polygonal plans, outperform
traditional linear (rectangular) spillways.

Recent research efforts have Tocused on understanding the influence of hydraulic and
geometric parameters on discharge coefficient (Cd) and velocity distribution in these
structures. Numerous machine learning approaches have been employed to predict Cd, with
Support Vector Machines (SVM), Artificial Neural Metworks (ANN), and Extreme Learning
Machines (ELM) demonstrating promising accuracy and adaptability. In particular, studies

have shown the superior predictive performance of nybrid models such as 5VR-I5ADE,
GASVM, and ANFIS-FFA compared to classical regression methods. The semicircular labyrinth
weir (SCLW) is of particular interest due to its high energy dissipation and superior discharge
capabiiities—achieving up to 4.5 times the efficiency of linear weirs. Sensitivity analyses

across multiple studies have highlighted the hydraulic head-to-weir height ratio (HT/P) as the
most influential parameter affecting Cd. Despite the complex physical behavior of SCLWs,
data-driven and Al-based models have shown remarkable precision in Cd estimation.

This study develops novel predictive models for the discharge coefficient of harmonic

semicircular [abyrinth welrs using XGBoost and Extreme Learning Machines (ELM). It further
guantifies the effect of non-dimensional variables on Cd and aims to bridge existing research

gaps by integrating and analyzing experimental data from two previous investigations.

Method
in this study, a comprehensive modeling framework is developed to predict the discharge
coefficient (Ca) of semicircular labyrinth weirs using advanced machine learning technigues

and sensitivity analysis methods. The first stage involves dimensional analysis and data
compilation. The discharge coefficient is calculated from physical experiments using

dimensional parameters such as the number of weir cycles (N), radius of curvature (R), crest
height (P}, and channel width (B). The effects of fluid density, viscosity, and surface tension
are deemed negligible due to turbulent flow and sufficient hydraulic head, following

guidelines by Rao & Shakla {1971). Using dimensional analysis, the governing relationship is
simplified to a functional form involving non-dimensional parameters: H/P, L/P, B/P, R/P, and
M. A dataset of 233 experimental results was compiled from prior studies (Namazl &
Mozaffari, 2023; Yildiz et al., 2024), covering multiple configurations of weir height and the
number of cycles. 75% of the data was used for training and 25% for testing the machina
learning models, Descriptive statistics and histograms of input variables confirm weak linear

correlations with Cd, justifying the use of nonlinear models such as Extreme Leamning
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Machine (ELM) and XGBoost. The ELM model, comprising an input layer, hidden neurons with
random weights, and a single output node for Cd, was trained with Bayesian Optimization to

identify optimal structure (number of neurons and activation function). Conversely, XGBoost
builds an ensemble of regression trees sequentially, where each tree reduces the residuals

of the previous one, The model’s objective function incorporates both prediction loss and a
regularization term to avoid overfitting. For feature importance assessment, four global
sensitivity analysis technigues were implemented. The Morris methed computes mean

absolute elementary effects to detect influential variables. Sobol’'s method decomposes
output variance into first-order and total sensitivity indices. Entropy-based analysis calculates

mutual information to evaluate nonlinear dependencies. Lastly, the SHAP method applies
coocperative game theory to quantity each input's contribution to model prediction.

Results

Results consistently identify HT/P (relative total head to crest height) as the most
influential parameter across all sensitivity methods. Sobol indices indicate that nearly all
output variance is explained by HT/P alone. The entropy method assigns HT/P a normalized

importance of 0.87, and the Morris u* score further supports its dominant role. This multi-
method framework demonstrates the potential of hybrid machine learning and dimensional

analysis to model compiex hydraulic behaviors in [abyrinth weirs, offering reliable predictive
tools Tor engineering design.

Conclusions

Accurate prediction of the discharge coefficient (Cd) in semicircular harmonic weirs is
crucial for the optimal design and performance of hydraulic systems. Due to the complex
relationship between Cd and its influencing parameters, empirical equations face limitations.
In this study, two hybrid machine leaming models—ELM and XGBoosti—were developed and
optimized using Bayesian Optimization to model Cd. Feature importance analysis was
conducted using four sensitivity methods to determine the relative influence of input
variables. Among the approaches, combining XGBoost with 5HAP-based sampling
demonstrated the most stable and precise Cd predictions, offering narrower uncertainty
bands and greater resistance to noise. However, despite XGBoost's advanced structure and
tunable parameters, ELM outperformed it in terms of accuracy. The Taylor diagram showed
greater distance of XGBoost from the reference point compared to ELM in both training and
testing sets, highlighting its lower prediction precision. These results can guide model
selection and sensitivity analysis in future uncertainty-based studies.
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ABSTRACT

Objective:r Thiz study develops and evaluates models to =mulate moisture

distribution in btwodaver soile under surface drip irrigaton to mprove optimzl
Irrigation system design.

Method: A transparent phy=ical mode! made of plexiglass was used to conduct the
experments. Six two-layer soil profiles were tested: L1 (medium-heavy), Lz
(medivm-light), L3 (heavy-medium], L4 (heavy-light), Ls (light-medium), and L&
(ight—heavy). Monlimear regresion meodels were developed considering the
hydraulbic properties of tnie soil and the operational characteristics of the emitters to
simulate moisture movement in both horizontal and vertica] directions:

Rasults: A comparison of sististical parameters between messured and simulated:
data showed that the proposed models performed with high accuracy in simutating:
the initial moisture distribution phase, with correlation coefficients of 0.85 and 0.88
for the horizomtal ang vertical directions, respectively, However, during the
redistribution phase, particulariy in the horizontz! direction, modeal accuracy declined
slightly (comelation cosfficients of o.52 and o,79). The root-mean-square error
(RMEE] for predicting moisture distribution was 5.95 ©m (harizontzl) and 4.66 cm
(wertical )y and Tor redistribution was estimated at .87 om and 8.03 oy, respectively.
Adotionally, the models showed a tendency to overestimste values in the horizonta
direction and underzstimate them in the vartical direction.

Conclusions: The propozed models demonstrated acceptable accuracy in simulating
moisture distribution patterns in two-layer sois under drip irrigation. However,
reduced accuracy during the redistribution phase—particularly in the horizontsi
direction—and the toward oversstimation
underestimation indicate the pressnce of systemabtic errors in the modeling

approach. ldantifving and cormecting: these errors can significantly enhance the
predictive capsbility of the models.
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Introduction

NMumerical modeling of water flow in dual-layered soils is a strategic tool for optimizing
water respurce management, especially in arid and semi-arid regions. This is crucial for

enhancing irrigation efficiency and reducing water losses. The inherent heterogeneity of
dual-layered soils, resuiting from differences in texture, structure, and hydraulic properties,

poses significant challenges in accurately simulating soil moisture behavior, This research
aimed to evaluate the ability of various empirical models to precisely predict moisture

distribution and redistribution phases in dual-layered soiis under surface drip irrigation with
continuous flow. The study alsc sought to determine the interactive effects of soil paramiters

and irrigation conditions on model prediction accuracy to improve irrigation system design
and sustainable water management in areas with layered soils.

Method

Laboratory experiments were conducted in the summer of 20159 at the Water Sciences
Research Group, Kurdistan University, to assess moisture distribution and redistribution
phases under soil layering conditions. Experiments were performed on a transparent
Plexigias physical model (Im x 0.5m x 1m)j to investigate the impact of soil layering and
hydraulic parameters on water Iinfittration in drip-irrigated soils. 50il samples with different
textures (meadium, heavy, and light) were collected from specific iocations and placed in the
transparent models, 5ix dual-layered soil profiles were used: L1 (medium-heawy), L2
(medium-light), L3 {heavy-medium]j, L4 {heavy-light), L5 (light-medium), and L6 (light-heawy).
A drip irrigation system was designed using standard emitters and a pump. Nonlinear
regression models were developed to accurately simulate moisture distribution and
redistribution in dual-layered soils under surface drip irrigation with continuous flow. The
ability of these models to predict water movement in both horizontal and vertical directions
in layered soils was evaluated using statistical indices (CRM, RMSE, MAE, and R?).

Results
Calibration and validation results of the nonlinear regression models indicated their
acceptable performance in simulating moisture distribution and redistribution in dual-
layered soils under drip irrigation. Overall, the models demonstrated high accuracy in
simulating the distribution phase (during irrigation) in both horizontal and vertical directions.
The high correlation coefficients [{R®) of 0.85 and 0.88 for the horizontal and wvertical
directions, respectively, in the distribution phase support this claim. Additionally, the RMSE
values of 5.93 ¢m and 6.64 cm for these directions indicated a relatively low model error in
predicting the wetting front, However, in the redistribution phase (after irrigation cessation),
especially in the horizontal direction, the accuracy of the models decreased slightly. The B®
values of 0.52 and 0.72 for the horizontal and wvertical directions, respectively, in the
redistripution phase indicate a decrease in model accuracy. RMS5E values in this phase were
8.87 cmand 0.3 cm Tor the horizontal and veriical directions, respectively. Furthermore, MAE
values in the horizontal and vertical distribution phases were 4.8 and 3.5, and in the
redistribution phase, they were 7.3 and 7 om for horizontal and vertical directions,
respectively. Therefore, the analysis of RMSE and MAE values also shows that the models had
higher errors in the horizontal direction compared to the vertical direction. This indicates that
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the models were less accurate in predicting the lateral spread of the wetting front. Analysis
of the resuits shows that the models tend to overestimate values in the horizontal direction

and underestimate values in the vertical direction in both the distribution and redistribution
phases. This could be due to the complexity of lateral water movement processes in the soil,

soil heterogeneity, limitations of the model in considering all relevant processes, and a |lack
of accurate data at soil depth.

Conclusions
This study aimed to enhance the efficiency of drip irrigation systems and optimize water

resource management by conducting numerical modeling of moisture distribution in dual-
layered soils. The results demonstrated that the developed nonlinear regression models
exhibited satisfactory capability in predicting moisture distribution, particularly during the
distribution phase. However, the models encountered limitations when simulating the
redistribution phase, especially in the horizontal direction. 5oil texture and layering had a
significant impact on moisture distribution and model performance. The findings of this
research can be applied to the optimal design of drip irrigation systems and the precise
determination of crop water requirements. Nevertheless, further investigations are required
to improve model accuracy by considering soil heterogeneity, the influence of environmental
factors, and developing more complex models.
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Introduction
The inflow of dams is one of the main components of the hydrogeoiogical cycle and one

of the required methods of water resources exploitation models. Reliable and complete data
is one of the most important challenges in analyzing the change in inflow to dams in water

resources management. In recent years, differeant numerical models have been used, which
are areliable solution to be considered. These models are able to estimate the inflow to dams

in each region based on data and information, maps, various ground measurements,
boundary conditions, and the use of complex eguations. In the present study, global satellite

data was used in a cheap and affordable way as an aliernative to exXpensive on-site
measurements to predict the inflow to Maroon Dam in Khuzestan.

Miethod

The study area is the Marun River in Khuzestan Province in southwestern lran. The Marun

River originates from the Nil and 5Sefid Kooh Mountains and Tlows into the Maroon Dam Lake
after a distance of 120 km. Forecasting the inflow to the Marun Damis very important due to
the role of this dam in mesating agricultural, drinking, and industrial demands, as well as
meeting the environmental demands of the 5hadegan Wetland downstream. In this study, the
Markov Chain (MC) method, developed in MATLAB, was used to predict the flow of the Maru
River based on short-term satellite signais. MC is a simple prediction and modeling method
that works based on a stochastic method to describe a sequence of possible events, Then,
considering the much lower computational complexity and limited data required and very low
processing time in artificial intelligence-based methods, the performance of the combined GA-

ANN, ICA-ANN, and ORELM methods was tested in comparison with the conventional Markoy
Chain method.

Resulfs

The results showed that the output of the ORELM model had the best fit to the
observational data with a correlation coefficient of 0.874 in the test phase compared to
models GA-ANN, |ICA-ANN and MC. Also had the best and closest scatter points around the

45-degree line, making it the most accurate model, Instead of using complex models with a
very large data volume and also very time-consuming evaluation and accuracy of the

evaluation init, ORELM methods based on satellite information can be used with confidence.
This greatly helps water researchers and planners to use numerical models with a complex

and time-consuming structure using a combination of artificial intelligence and satellite
systems to predict the inflows to dam reservoirs with high accuracy in dry and wet years.

Conclusions
Regarding the amount of inflow into dam reservoirs as one of the most important sources

of water resources balance, artificial intelligence models can be used in this study for specific
areas of basic statistics or in situations where it is not possible to use mathematical models.
By using satellite data, it is recommended. Based on the results obtained, the models
developed in this study can also be recommended for studies of other areas using the
selaction of dams and rivers. In this case, without the need for complex and time-consuming
relationships and eguations, and only based on satellite maps and at a very low cost, the river
discharge in the study area can be predicted with great accuracy during dry periods.
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Introduction
Floods are among the most significant natural disasters, affecting numerous regions worldwide,

including developed countries. Among all natural disasters, floods cause the most damage to human
populations. Approximately one-third of the damages caused by natural disasters are attributed 1o
floods, and their consequences can directly or indirectly impact two-thirds of the globa! population.
Floods also result in significant loss of life annually. As one of the most critical climate crises, floods

claim thousands of lives each year, inflict substantial damage on human societies and the
environment, and have instilled fear in populations since ancient times. Consequently, effective flood

management and control are of paramount importance, Available evidence and reports indicate that
flood-related damages exceed those caused by other natural disasters.

Arab Khodri (1939) utilized data from 42 hydrometric stations to develop empirical relationships
for estimating maximum floods in areas lacking statistical data. These relationships were based on

factors such as basin area, average annual precipitation, basin diameter, and shape factor, derived
from flood investigations in the northern Alborz watershed. His findings identified the Log Pearson

type 3 distribution as the most suitable regional distribution for the data.
Selajgeh (1994) investigated floods in 38 watersheds, each covering less than 10,000 hectares,

Using the results, he derived coefficients for empirical relationships to pradict floods with return
periods of §, 10, 25, 50, and 100 years.
Nazari {200&6) calibrated Fuller’s empirical relationship for watersheds in Fars Province and

classified the studied watersheds based on their flood potential,

Dasturan et al. (2009) emphasized the importance of studying floods and mudslides in
watersheds, particularly the maximum discharge of river regimes. Their research analyzed
the sensitivity of parameters in empirical relationships used to estimate instantaneous

maximum flow rates. They evaluated ten methods, including Deacon, Krieger, Fuller, English,

Kutan, Meyer, Fanning, Horton, and the United 5tates Geological Survey (U5G5) method. The
results revealed that all methods were highly sensitive to the basin area parameter, especially
in smaller areas. Among the methods, Fuller's approach showed greater sensitivity to

changes in return periods during low-return intervals.

Method

This study focused on rivers in Semnan Province, including Tash Sefali, Farahzad, Majen,
Abrasaj, and Cheshme Ali Damghan. These rivers originate from the southern slopes of the

Alborz Mountain range and flow north to south inte the desert plains. While the rivers have
clear, fresh water at their sources, they become saline after passing through salt fields and

chalky lands. Due to the short distance between the mountains and plains, these rivers are
typically short in length. To estimate flood magnitudes, empirical methods such as Deacon’s,

Fuller’s, special flood, and Franco-Rodier s were employed

Resulis

Annual fleod statistics from water gauge stations in the study area were collected and
evaluated for accuracy. Initially, the data were visually inspected by comparing flood records
across stations on a year-by-year basis. Subsequently, statistical methods, including
calculations of mean and standard deviation, were used to verify the accuracy of annual flood
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values. Additionally, outlier data tests were applied to assess the reliability of rainfall records
from a hydrological perspective.

The independence (randomness) and homogeneity of the data were also examined. The
run test method was used to evaluate data independence, while the double mass curve test
was applied to assess homogeneity, Table 3 presents the results of the independence test for
annual flood data at selected stations, confirming that the flow patterns are random.
Traditional empirical methods (Deacon, Fuller, special flood, and Franco-Rodier) were used to
estimate flood values. The resuits indicated that:

» The specific flood method was the most accurate for the Tash Sofla River, with a
relative error of 35.63%.
» Fuller s method provided the best estimate for the Farahzad River, with a relative error

of 3.71%.

¢ Deacon’s method was most suitable for the Majan River, with a relative error of
18.83%.

« Franco-Rodier's method yielded the best resuits for the Abersaj River, with a relative
error of 38.91%.

Conclusions

This study evaluated the effectiveness of empirical methods in estimating floods with
varying return periods. The findings revealed that:
e The specific flood method was the most accurate for the Tash Sofla River, despite its
relatively nigh error rate of 35.63%.

« Fuller's empirical method provided the best estimate for the Farahzad River, with a
minimal error of 3.71%.

« [Deacon’s method was most suitable for the Majan River, with an error of 18.83%.

» Franco-Rodier's method yielded the best resulis for the Abersaj River, albeit with a
higher error rate of 38.91%.

The resuits demonstrate that the accuracy of empirical methods varies significantly across
different rivers. Therefore, no single method can be universally recommended for flood
estimation in the study area. Careful consideration of the appropriate method is essential to
minimize errors and ensure accurate flood predictions. For instance, Fuller's method, with an

error rate of 3.71% for the Farahzad River, proved highly effective in estimating maximum
flood magnitudes.
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Introduction

The use of asphalt concrete cores for sealing embankments and rockfill dams is an optirmal
method in the construction of such structures. The self-healing properties of bitumen, ease of
construction in cold and rainy conditions compared to cay cores, flexibility, and effective bonding
with embankment materials are key advantages of asphalt concrete, promaoting its increasing global
adoption. A critical aspect of using asphalt concrete cores is their placement within the dam. This
study investigates the probabilistic impact of the asphalt core's location in rockfill dams on the
reliability of upstream slope stability under rapid reservoir drawdown conditions, Findings reveal that
shifting the core from the upstream to the downstream side reduces seepage flow, the safety factor,
and the reliability of the downstream slope under both static and pseudo-static conditions. Sensitivity
analysis further highlights that the friction angle of the shell materials most significantly influences

downstream slope stability.

Method

The study focuses on the Seydon rockfill dam in Iran, featuring an asphali concrete core.
Five core placement scenarios were analyzed using the probabilistic slope stability software

SlideZ. The dam’'s materials were modeled with unsaturated soil properties to enhance
seepape and stability analysis accuracy. Key parameters, including unit weight, shear strength,
and permeability, were derived from laboratory tests. The analysis incorporated both steady-
state and transient conditions, with a drawdown rate of 3 meters per day. The Latin Hypercube

sampling method was employed for probabilistic analysis, generating 1000 samples to ensure
convergence, The reliability index (Rl) and probability of faliure (PF) were calculated to assess
stability under static and pseudo-static conditions, including seismic effects with a horizontal

coefficient of 0.15.

Results
1. Seepage Analysis: Moving the asphalt core from upstream to downstream reduced

seepage flow, with the most notable decrease observed in Cases 1 to 3.
2. Overall Slope 5tability: The safety factor (F.5) for the downstream slope remained
stable when the core was upstream but decreased when shifted downstream. The reliability

index (Rl) exceeded 3 in all cases, confirming high stability.
3. Minimum Reliability Analysis: This method identified deeper critical slip surfaces with

higher F.5 but lower Rl compared to the overall slope method, emphasizing the need for
comprenensive probabilistic assessment.

4. Sensitivity Analysis: The friction angle of the shell materials had the most significant
linear correlation with slope stability, while other parameters showed negligible effects

Conclusions
The study underscores the importance of asphalt core placement in rockfill dams,

demonstrating that upstream positioning enhances stability and reliability. The friction angle
of shell materials Is the dominant factor influencing slope stability. Probabilistic analyses,
including minimum reliability assessment, provide a robust framework for evaluating dam
safety under uncertainty, These findings offer wvaluable insights for engineers and
policymakers in dam design, construction, and maintenance, ensuring sater and more reliable
infrastructure,
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Introduction
Thne global water crisis—particularly acute in arid and semi-arid regions such as lran, where

agriculiure consumes over 90% of renewable water resources—has rendered the efficient
management and enhanced performance of irrigation and drainage networks an urgent

imperative. Yet, in many such systems, actual performance falls considerably short of design
expectations due to a confluence of technical, managerial, and social factors, including

structural deterioration, inefficient pumping stations, wunauthorized diversions, and
inadequate maintenance regimes.

The Bilavar Plain irrigation network, a key agricultural infrastructure in western lran,
exemplifies these challenges, grappling with high conveyance losses, suboptimal pumping

station performance, and limited stakeholder engagement. In response, this research
undertakes a comprehensive operational assessment of the network, aiming to pinpoint

critical technical and managerial constrainis. Building on this diagnosis, the study proposes
targeted interventions to enhance water transmission efficiency, upgrade pumping station
functionality, and refine operation management practices—thereby supporting the long-term

sustainability of agricultural production in the region.

Method

The Bilavar Plain irrigation and drainage netwaork, located in Kermanshah province, is 3

pivotal agricultural water transmission and distribution system in western Iran. Designed o
supply water to regional farmlands and enhance crop productivity, the network comprises
main and branch canals, water regulation and measurement structures, pumping stations, and

both gravity-fed and pressurized conveyance systems. Given the region's semi-arid climate—
where most precipitation occurs during cecoler months—and the agricuitural sector's heavy

refiance onirrigation, optimizing network performance is of critical importance.
To comprehensively evaluate the network's operational status, this research adopted a

mixed-methods approach. Data collection integrated technical and operational assessments
with extensive field inspections of canals, hydraulic structures, and pumping stations,

alongside precise flow measurements using a Seba current meter. The study further assessed
the performance of Nearpeak modules and transmission canals, evaluated pumping station

efficiency, and analyzed socio-economic factors influencing farmer participation through
structured guestionnaires. All spatial data were compiled into a Gi5-based database to

support management and decision-making. This multitaceted framework enables accurate
identification of system bottlenecks and informed formulation of targeted improvement
strategies.

Results
Assessment of the pumping stations reveaied significant discrepancies between pump
selection and actual field requirements for head and discharge. These mismatches have

resulted in reduced operational efficiency, accelerated equipment wear, and hydraulic
imbalances across the network. Additional deficiencies—including leaking connections,
unlevel suction lines, faulty valves, and improper installation—have facilitated air ingress and
precipitated premature mechanical failures. Compounding these technical issues, operators
possess limited technical expertise, and the reliance on ungualified maintenance personne|

has further exacerbated equipment damage and inflated operational costs.
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Evaluation of the BLMC canal indicated that water conveyance efficiency Tell short of design
standards, a shortfall attributable primarily to leakage, unauthorized diversions, canal

degradation, and inadeguate supervisory oversight. Recurring daily power oufages have
compounded these losses by halting pumping operations, which in turn increases seepage and

evaporation losses. To address these challenges, this study proposes two complementary
strategies: utilizing gravity-irrigated lands during power interruptions to maintain supply
continuity, and transitioning from open canals to pressurized pipelines to substantially reduce

conveyance losses and enhance overall network performance.

Conclusions
The findings underscore that improving the Bilavar irnigation network extends well beyond

physical rehabilitation; it necessitates a haolistic strategy that integrates technical upgrades,
operational reforms, sustained maintenance, and robust monitoring and control systems,

Addressing pumping station inefficiencies, minimizing conveyance losses, curbing
unauthorized water use, and optimizing cropping patterns can collectively yield substantial
performance gains. Equally critical, however, are the socio-economic dimensions—enhancing

farmer participation through targeted incentives and capacity-building is indispensable for
achieving lasting operational sustainability. The study concludes that the network's long-term

viability hinges on a triad of interconnected interventions: technical, managerial, and social.
Only through such an integrated approach can the Bilavar Plain network realize its full

potential as a resilient and productive agricultural water system.
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