The Synergistic Effect of Trapezoidal Geometry and Lateral Slope in Piano Key
Spillways

ABSTRACT

Piano key weirs (PKWs) are efficient hydraulic structures for flood control and water management because they increase the effective crest
length within a limited footprint. Nevertheless, the geometric optimization of these structures remains an important research topic. This
study experimentally investigates the synergistic effect of combining trapezoidal geometry with a global sidewall slope in Type -A PKWs.
Four physical models, including rectangular and trapezoidal weirs with and without a 5° sidewall inclination, were
laboratory flume. The results showed that for upstream head ratios (H/P)greater than 0.12, more than 75% of the cres
engaged in the flow, and the discharge coefficient of sloped models increases noticeably. In addition, the sloped gapezoidal

Keywords: Synergistic effect, Piano key weir, Global sidewall slope, Discharge coeffict
geometry.

Extended English Abstract

Introduction
ovative spillway configurations developed
s without requiring a substantial increase in
crest width. The concept of PKWs evolyed from labyfinth weirs, but their distinctive geometry—
characterized by alternating inlet and outl@ Keys with ov@hangs—allows for a considerable increase in
I acteristic makes PKWs particularly attractive
ity 1s insufficient to safely pass extreme flood events.

for upgrading existing dams whose spillwa

Increasing flood magn‘des and chgnging l§¥drological conditions, often associated with climate
variability and land-use changgs, have 1 ed the need to improve the safety and hydraulic capacity
of spillways. In xisting s, structural limitations prevent significant widening of the spillway
crest or the installa ted systems. In such cases, PKWs offer a practical and cost-effective
solution for increasing di e capacity while minimizing structural modifications.

The hydrauli

of PKWs is influenced by several geometric and hydraulic parameters. These
include the crest , the ratio of upstream head to crest height, inlet and outlet key widths, key
overhang lengths thickness, and the slope of the keys. The complex geometry of PKWs produces
intricate a s that differ significantly from those observed in conventional linear weirs. As water
approache structure, the flow is distributed among multiple inlet keys, accelerates over the crest
edges, and stbsequently merges in the outlet keys before leaving the structure.

Because of these complex hydraulic interactions, the discharge coefficient of PKWs is not solely
determined by a single parameter but rather by the combined influence of multiple geometric and
hydraulic factors. Over the past two decades, numerous experimental and numerical investigations have
attempted to quantify these relationships and develop predictive equations for discharge capacity.
However, despite substantial progress, several aspects of PKW hydraulics remain insufficiently



understood. In particular, the simultaneous influence of multiple geometric parameters and the potential
interaction between them require further investigation.

The primary objective of this study is to experimentally investigate the hydraulic performance of a Piano
Key Weir configuration and to analyze the influence of key geometric parameters on the discharge
coefficient. The study focuses on examining how variations in upstream head conditions and geometric
ratios affect the discharge behavior of the structure.

A specific objective of this research is to explore the potential interaction effects betwe@geometric
parameters. Instead of considering each parameter independently, the study examines
simultaneous variation of parameters produces combined effects that influence the harge coeflicient
in a non-linear manner.

In addition, the study aims to compare the experimental results cviglis“studies in
order to evaluate the reliability and consistency of the obtained fin8ggs. Statistical cforfhdicators and
relative error calculations are used to assess the agreement between the Wggsent results @hd reference data
available in the literature.

Method
The research was conducted through a controlle expe‘ne
in a laboratory flume. The experimental setup cOfgisted of a ulating hydraulic channel equipped
with a flow regulation system, a measurement sectio nstream tailwater control system. The
flume was designed to ensure uniform approach flo ns upstream of the tested structure.

using a physical model installed

outlet keys arranged along the spillway c@est. The geom: of the structure allowed the effective crest
length to be significantly greater than the wid

DimensioNeg parameters such as the ratio of upstream head to crest height were used to analyze the

The me were processed to calculate discharge coefficients for the different flow conditions.
hydraulic b&

avior of the structure and to identify general trends in the variation of Cd.

To evaluate the reliability of the obtained results, the experimental data were compared with results
reported in previous investigations of Piano Key Weirs. Statistical indicators including root mean square
error (RMSE), mean absolute error (MAE), and bias were used to quantify the level of agreement
between the datasets. In addition, the relative error of the discharge coefficient was calculated to verify
the precision of the experimental measurements.



Results & Discussion

The experimental results demonstrate that the discharge coefficient varies systematically with the
upstream head ratio. At relatively small head values, the discharge coefficient increases gradually as the
upstream head increases. This trend can be attributed to the progressive development of flow over the
crest and the reduction of local energy losses as the flow becomes fully established across the keys.

As the upstream head continues to increase, the discharge coefficient approaches a relatively stable range,
indicating that the hydraulic behavior of the structure becomes less sensitive to further incregses in head.
This behavior is consistent with the hydraulic characteristics observed in other studies o
labyrinth weirs.

magnitude of the discharge coefficient. Variations in geometric
flow across the keys, the acceleration of water over the crest edge
flow streams.

Analysis of the experimental data indicates that the combined influe
may produce interaction effects in the discharge behavior. In partic
ratio and crest geometry vary simultaneously, the regl'
always correspond to the simple additive effec
hydraulic response reflects a coupled behavior

variables.

onsidered separately. Instead, the
ksing fro interaction between the governing

The comparison with previously published datasets 1ed good agreement between the present results
and those reported in the literature. The computed statist@al indicators demonstrate that the differences
lative error of the discharge coefficient was
consistently below +2 percent, indicating fat the experim@htal measurements and analytical calculations
provide a reliable representation of the hy: ance of the tested configuration.

ce of geometric design in determining the hydraulic
efficiency of Piano KeyWieirs. The in\geascgffest length provided by the PKW configuration allows a
i ventional straight weirs of similar width. However, the

hydraulic efﬁcienc‘ the struc depends strongly on the arrangement and proportions of the keys.

The observed variation scharge coefficient with upstream head ratio reflects the complex flow
processes occurring ayer {4 crest and within the keys. At lower heads, partial submergence and localized
flow separati e discharge efficiency. As the head increases, these effects diminish and the
flow becomes mor ormly distributed across the crest.

The inteiga cts identified in the analysis suggest that PKW design should consider the combined
influence Itiple parameters rather than optimizing each parameter independently. Because the
hydraulic p@#ormance results from the integration of several geometric features, modifications to one
parameter may alter the hydraulic behavior associated with others.

The comparison with earlier studies confirms that the results obtained in this research are consistent with
established experimental observations. The relatively small error values further support the reliability of
the experimental methodology and the accuracy of the measurements.

Conclusions



This study experimentally investigated the hydraulic performance of a Piano Key Weir configuration in
a laboratory flume. The analysis focused on the influence of upstream head conditions and geometric
parameters on the discharge coefficient.

The results demonstrate that the discharge coefficient varies systematically with the upstream head ratio
and that geometric characteristics significantly influence the hydraulic behavior of the structure. The
experimental observations also indicate the presence of interaction effects between certain geometric
parameters, suggesting that PKW performance is governed by the combined influence of mygi
variables.

owledge for PifhoWey Weirs and
provides additional experimental evidence that may assist en in opfinizing spillway

configurations for improved flood discharge capacity and dam safet
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