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Article Info ABSTRACT

Article type: Research Article 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
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Revised: May. 12, 2026 15-m laboratory flume. The results showed that for upstream head ratios (H/P) greater than
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rectangular PKW (RPKWS5), with a relative error lower than +2%, indicating a genuine
synergistic interaction between the two geometric parameters. Moreover, the discharge

Keywo_rd_s: efficiency of TPKW5 was about 5% higher than that of RPKW5. These findings suggest that
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EXTENDED ABSTRACT

Introduction

Piano Key Weirs (PKWs) have emerged as one of the most innovative spillway configurations developed
in recent decades to enhance the discharge capacity of dams without requiring a substantial increase in crest
width. The concept of PKWs evolved from labyrinth weirs, but their distinctive geometry—characterized by
alternating inlet and outlet keys with overhangs—allows for a considerable increase in effective crest length
within a compact footprint. This characteristic makes PKWs particularly attractive for upgrading existing dams
whose spillway capacity is insufficient to safely pass extreme flood events.

Increasing flood magnitudes and changing hydrological conditions, often associated with climate
variability and land-use changes, have intensified the need to improve the safety and hydraulic capacity of
spillways. In many existing dams, structural limitations prevent significant widening of the spillway crest or
the installation of large gated systems. In such cases, PKWs offer a practical and cost-effective solution for
increasing discharge capacity while minimizing structural modifications.

The hydraulic performance of PKWs is influenced by several geometric and hydraulic parameters. These
include the crest height, the ratio of upstream head to crest height, inlet and outlet key widths, key overhang
lengths, wall thickness, and the slope of the keys. The complex geometry of PKWs produces intricate flow
patterns that differ significantly from those observed in conventional linear weirs. As water approaches the
structure, the flow is distributed among multiple inlet keys, accelerates over the crest edges, and subsequently
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, humerous experimental and numerical investigations have attempted to
guantify 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 between geometric
parameters. Instead of considering each parameter independently, the study examines whether the
simultaneous variation of parameters produces combined effects that influence the discharge coefficient in a
non-linear manner.

In addition, the study aims to compare the experimental results with data reported in previous studies in
order to evaluate the reliability and consistency of the obtained findings. Statistical error indicators and relative
error calculations are used to assess the agreement between the present results and reference data available in
the literature.

Method

The research was conducted through a controlled experimental program using a physical model installed
in a laboratory flume. The experimental setup consisted of a recirculating hydraulic channel equipped with a
flow regulation system, a measurement section, and a downstream tailwater control system. The flume was
designed to ensure uniform approach flow conditions upstream of the tested structure.

A physical model of the Piano Key Weir was fabricated using rigid materials with precise geometric
dimensions to accurately represent the desired configuration. The model included alternating inlet and outlet
keys arranged along the spillway crest. The geometry of the structure allowed the effective crest length to be
significantly greater than the channel width.

During the experiments, different upstream flow conditions were generated by adjusting the inflow
discharge. For each experimental run, the upstream water level above the crest was carefully measured once
steady flow conditions were achieved. The corresponding discharge passing over the weir was recorded using
calibrated flow measurement devices.

The discharge coefficient was determined using the standard weir discharge equation:

Q=Cd x L xV(2g) x H* (3/2)

where Q represents the measured discharge, Cd is the discharge coefficient, L is the effective crest length,
g is the gravitational acceleration, and H is the upstream head over the crest.
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The measured data were processed to calculate discharge coefficients for the different flow conditions.
Dimensionless parameters such as the ratio of upstream head to crest height were used to analyze the hydraulic
behavior 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 increases in head. This
behavior is consistent with the hydraulic characteristics observed in other studies of PKWs and labyrinth weirs.

The results also show that the geometric configuration of the weir plays a critical role in determining the
magnitude of the discharge coefficient. Variations in geometric parameters influence the distribution of flow
across the keys, the acceleration of water over the crest edges, and the interaction between adjacent flow
streams.

Analysis of the experimental data indicates that the combined influence of certain geometric parameters
may produce interaction effects in the discharge behavior. In particular, when parameters such as head ratio
and crest geometry vary simultaneously, the resulting change in discharge coefficient does not always
correspond to the simple additive effect of each parameter considered separately. Instead, the hydraulic
response reflects a coupled behavior arising from the interaction between the governing variables.

The comparison with previously published datasets revealed good agreement between the present results
and those reported in the literature. The computed statistical indicators demonstrate that the differences
between the datasets are relatively small. The calculated relative error of the discharge coefficient was
consistently below £2 percent, indicating that the experimental measurements and analytical calculations
provide a reliable representation of the hydraulic performance of the tested configuration.

The findings of this study highlight the importance of geometric design in determining the hydraulic
efficiency of Piano Key Weirs. The increased crest length provided by the PKW configuration allows a greater
discharge capacity compared with conventional straight weirs of similar width. However, the hydraulic
efficiency of the structure depends strongly on the arrangement and proportions of the keys.

The observed variation of the discharge coefficient with upstream head ratio reflects the complex flow
processes occurring over the crest and within the keys. At lower heads, partial submergence and localized flow
separation may reduce discharge efficiency. As the head increases, these effects diminish and the flow becomes
more uniformly distributed across the crest.

The interaction effects identified in the analysis suggest that PKW design should consider the combined
influence of multiple parameters rather than optimizing each parameter independently. Because the hydraulic
performance 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 multiple design
variables.

The comparison with previously published results showed good agreement, and the calculated relative
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error of the discharge coefficient remained below %2 percent. These findings confirm the reliability of the
experimental results and support their relevance for improving the understanding of PKW hydraulics.

Overall, the study contributes to the ongoing development of design knowledge for Piano Key Weirs and
provides additional experimental evidence that may assist engineers in optimizing spillway configurations for
improved flood discharge capacity and dam safety.
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