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Abstract The domain of hydraulic structure operation and intelligent monitoring has
persistently confronted the challenge of processing complex uncertainties inherent in
massive, multi-source monitoring data. Particularly in evaluating the canal seepage
safety of large-scale pumped-storage hubs, breaking through the limitations of
traditional static models to construct a dynamic evolution tracking mechanism under
multi-environmental factor coupling remains a critical scientific imperative for
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enhancing the long-term operational reliability of major infrastructure. To address this, the
present study introduces the Cloud Model theory—a nonlinear mathematical tool—aiming
to formulate a dynamic grading standard framework for seepage safety that profoundly
integrates qualitative state perception with quantitative indicator mapping. Drawing upon
long-term engineering monitoring practices at the Tai'an Pumped Storage Power Station,
this research systematically collected and processed multidimensional time-series data,
encompassing canal water levels, bidirectional temperature fluctuations, pore water
pressures, and structural settlements. Methodologically, this study delineates the unilateral
and bilateral risk-inducing mechanisms of environmental and characterizing factors. By
employing forward and backward cloud generator algorithms, three core numerical
characteristics—expectation, entropy, and hyper-entropy—are extracted, thereby
transforming complex compound uncertainties into visualized pan-normal distribution
representations. Findings indicate that the dynamic standards, established based on the 3En
rule, can accurately partition the system safety state into four hierarchical intervals (ranging
from 0%~25% to 75%~100%) with exceptionally high resolution. Quantitative results
demonstrate that for environmental indicators such as water level (mean 405.32 m) and
temperature (configured upper limit 41.50 °C, lower limit -15.60 °C), the model
successfully outputs adaptive early-warning boundaries. Regarding the core characterizing
indicators, the model effectively reduces the dimensionality of both the seepage pressure
uncertainty at monitoring point PB1 (expectation value 328.37, entropy 0.12) and the
settlement characteristics at point LDB3, translating them into highly interpretable dynamic
risk threshold intervals. Ultimately, this study constructs a three-dimensional synergistic
evaluation model that integrates state, risk, and regularity dimensions. This paradigm not
only offers a highly robust, quantitative diagnostic tool for canal seepage safety but also
establishes an interdisciplinary theoretical reference and practical foundation for the
intelligent management and risk early-warning of water conservancy hubs empowered by
digital twins.

Keywords: Canal seepage safety; Dynamic evaluation; Cloud model; Grading standards;
Uncertainty analysis
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