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In curved channels, secondary flows arise due to the balance between centrifugal and
gravitational forces, causing a vertical redistribution of flow that significantly alters bed shear
stress and sediment transport. The introduction of hydraulic structures such as bridge piers
further intensifies the complexity of flow patterns and local scour processes. This study
investigates the effects of pier placement in a 180-degree bend of a U-shaped channel using
both experimental and numerical approaches. Six angular pier positions (0°, 30°, 60°, 90°,
120°, and 150°) were analyzed, with positions at 60° and 150° used for model validation. The
study employed the finite volume method (FVM) via Fluent software and validated the results
against physical experiments using ADV-based velocity profiling and bed morphology
measurements. Results show that the magnitude of bed material removal is greater within the
bend compared to straight reaches due to intensified helical flows. Notably, the most severe
sediment deposition occurred at 30° and 60°, while reduced scour was observed at 150°.
Based on flow behavior and scour depth analysis, optimal pier locations were identified to be

within 0°-30° and 90°-180°, balancing flow stability and minimizing bed degradation.
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Introduction

Local scour is a significant and persistent challenge in hydraulic engineering, particularly
when it occurs around bridge piers. It is responsible for a substantial portion of structural
failures in bridges worldwide, especially in fluvial environments where dynamic flow
conditions interact with structural elements and sediment transport processes. Studies have
estimated that over 60% of major bridge failures in the United States are related to hydraulic
issues, including general and local scour, long-term bed degradation, and lateral migration.
The presence of a bridge pier in a river alters the flow field by generating complex vortices
such as horseshoe vortices (HSV) and wake vortices that can significantly accelerate sediment
removal near the pier base. Most earlier investigations have focused on pier-induced scour in
straight channels, where flow behavior is relatively simpler to model and predict. However,
in natural rivers and curved artificial channels, the interaction of centrifugal and gravitational
forces gives rise to secondary helical currents, redistributing shear stress across the bed and
increasing the complexity of sediment transport. These secondary flows intensify in sharply
curved bends, such as 180-degree meander loops, where they interact with pier-generated
turbulence to amplify local scour depths. Moreover, the geometry of the pier, its alignment,
and its location along the channel bend play critical roles in determining the extent and
severity of scour. While some studies have examined pier shapes, collars, and protective
measures, the spatial optimization of pier placement within bends remains inadequately
explored, particularly using integrated numerical and physical methods. This research aims to
address this gap by analyzing scour patterns across multiple angular positions of a cylindrical
bridge pier within a 180° U-shaped bend. To accurately capture the interaction between
complex flow structures and sediment dynamics, a hybrid approach combining experimental
flume studies and three-dimensional computational fluid dynamics (CFD) modeling was
adopted. The numerical simulations employ the finite volume method (FVM) and standard
k — & turbulence closure in ANSYS Fluent, validated with velocity and bed morphology data
acquired through advanced laboratory instrumentation. This investigation not only quantifies
scour depth and sediment deposition at various pier positions but also provides practical
insights for optimizing pier placement to enhance structural safety and minimize
environmental impact in channel bends. By integrating experimental validation with advanced
numerical modeling, the study contributes to the growing body of knowledge on hydraulic-
structure interaction in non-uniform channel geometries.

Method

The study involved both experimental and numerical components. In the laboratory, a U-
shaped open channel flume with a central radius of 2.6 meters and a uniform width of 0.6
meters was used to replicate a 180-degree bend. Cylindrical PVC piers of 60 mm diameter
were placed at six angular positions: 0°, 30°, 60°, 90°, 120°, and 150°. A constant flow
discharge of 35 L/s and a depth of 0.2 meters were maintained, and each test ran for two hours
to ensure bedform stabilization. Velocity data were collected using an Acoustic Doppler
Velocimeter (ADV), and bed profiles were measured with a precision rail-guided profiler. For
the numerical simulation, a 3D RANS model was implemented using the standard k — ¢
turbulence scheme. Structured and unstructured meshes were applied with refinements near
the pier to resolve velocity gradients and shear layers accurately. The simulations solved the
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incompressible Navier—Stokes equations, and convergence was confirmed by residuals and
mesh-independence tests. Results from positions at 60° and 150° were used for model
validation, ensuring less than 7.5% error in key variables such as velocity and bed shear stress.
The Mann-Whitney statistical test showed no significant differences between experimental
and numerical results (p > 0.05).

Results

The analysis revealed significant variations in flow structures and scour depths depending on
pier placement. The strongest helical currents and highest bed shear stress occurred near 60°
and 120°, corresponding to regions with intensified secondary flows and velocity gradients.
These conditions promoted deeper and more extensive scour holes, especially on the upstream
side of the pier. Pier placements at 30° and 60°, located in the initial half of the bend, showed
considerable sediment removal due to flow separation and increased near-bed velocities. In
contrast, pier positions at 150°, near the bend exit, experienced significantly reduced scour
depths and sediment disturbances. Velocity contour plots demonstrated that high-velocity
cores shifted outward due to centrifugal forces, creating asymmetric bed stress patterns. This
outward migration of maximum velocity also aligned with observed scour hole orientations.
Furthermore, the vertical velocity profiles indicated that maximum flow velocity zones varied
in depth depending on pier location, influencing the formation and geometry of scour cavities.

Conclusions
The position of a bridge pier within a channel bend plays a crucial role in determining local

scour severity. This study finds that placing piers between 0°-30° and 90°—180° provides
optimal conditions by minimizing local scour without significantly disrupting flow patterns.
Conversely, positions between 30° and 90° should be avoided due to higher scour potential
resulting from secondary flow concentration and increased bed shear stress. Validated
numerical models demonstrated high fidelity in predicting flow fields and sediment behavior,
supporting their use in future bridge design and river engineering applications. The integration
of experimental and numerical methods proved essential for capturing the complex physics of
flow-structure-sediment interaction in curved channels. These findings contribute practical
guidelines for bridge designers seeking to reduce hydraulic vulnerability and improve
infrastructure resilience in curved waterways.
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