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ABSTRACT: The piano key weirs are a novel type of non-linear, labyrinth weir. The high discharge
efficiency of these structures, however, necessitates an investigation of the resulting local scour and
the development of effective countermeasures. In the present study, blocks with different geometries
were installed in the tunneled outlet keys of a type B rectangular piano key weir. The weir model was
0.20 m high and consisted of three cycles (three outlet keys, two inlet keys, and two inlet half-keys).
Blocks with rectangular, trapezoidal, and cylindrical cross-sections were placed in each outlet key
of the weir, specifically on the tunnel structure. This tunnel structure prevented the mixing of flows
exiting the inlet and outlet keys. The blocks redirected the flow and shifted the location of maximum
scour depth further from the weir toe; they also acted as a barrier, reducing the velocity of the outflow
from the keys. Positioning the maximum scour depth farther from the weir toe reduces the risk of weir
overturning. Among the configurations tested, the rectangular blocks resulted in the greatest reduction in
maximum scour depth and placed the scour hole farthest from the weir toe. Additionally, the maximum
scour depth was found to increase with higher particle Froude numbers, higher flow rates, and lower
downstream depths. In the present study, the densimetric Froude number ranged from 0.43 to 0.55.
Finally, dimensional analysis was employed to develop an empirical relationship for predicting the
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maximum scour depth.

1- Introduction

Piano key weirs (PKWs) are a novel type of non-linear
weir that offers a higher flow capacity than conventional weir
designs. Consequently, numerous studies have investigated
the factors influencing local scour downstream of these
structures. Research has primarily focused on three areas:
the effects of hydraulic parameters (such as flow rate), the
characteristics of the bed material (specifically particle
diameter), and the geometric configuration of the weir
itself. More recently, investigations have explored the use of
additional structural elements to mitigate scour. For instance,
Rdhaiwi et al. (2023), Fathi et al. (2024), Abdi-Chooplou
et al. (2024), Mshali et al. (2024), and Fathi et al. (2025)
examined the effectiveness of aprons, steps, baffles, flow
splitters, and hydraulic jumps in type A and C piano key weirs
[1-5]. Their findings indicate that aprons effectively reduce
the maximum scour depth by dissipating the energy of the
jets issuing from the weir’s inlet and outlet keys. Similarly,
incorporating steps or fixed-geometry baffles within the
outlet keys was found to decrease flow velocity and weaken
vortex formation, thereby reducing scour. The inclusion of a
hydraulic jump in the outlet keys serves a different purpose: it
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projects the falling jet further downstream, shifting the point
of maximum scour away from the weir toe and reducing
the risk of structural undermining. Finally, the use of flow
splitters, while reducing the effective crest length, also directs
the flow further downstream, resulting in a shallower scour
hole located at a safer distance from the weir. The present
study introduces, for the first time, the use of various block
geometries—specifically rectangular, trapezoidal, and
cylindrical cubes—installed on the tunnel structure within
the outlet keys of a type B rectangular piano key weir. The
experimental investigation was conducted under varying
hydraulic conditions, including three flow rates and three
tailwater depths, using a gravel bed. The tunnel structure
geometry remained constant throughout the experiments to
isolate the effect of the block shapes on scour dynamics.

2- Dimensional Analysis

Equation (1) presents the parameters influencing local
scour downstream of a type B rectangular piano key weir
equipped with various block geometries on the tunnel
structure within its outlet keys. In Eq. (1), Z represents
the maximum scour depth, X denotes the distance of the
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maximum scour depth from the weir toe, £, is the specific
energy of the upstream flow, Er is the relative energy, Fr,
is the densimetric Froude number, and “7Type” refers to the
configuration of the weir: simple weir, tunnel weir, or weirs
with blocks on the tunnel structure.
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3- Materials and methods

The experiments were conducted in a rectangular flume
measuring 10 m long, 0.8 m wide, and 1.0 m high, with a
zero slope. Three flow rates were tested: 0.030, 0.035, and
0.040 m3/s. Three ultrasonic sensors, connected to the PLC,
measured the water depths: the first sensor was located
upstream at a distance of 4P from the weir centerline, the
second sensor was downstream at a distance of 10P from the
weir centerline, and the third sensor measured the flow depth
directly on the weir crest. Three tailwater depths of 0.05, 0.10,
and 0.15 m were established using an adjustable end valve.
Additionally, the combination of maximum discharge and
minimum tailwater depth was chosen to prevent scour from
reaching the flume bottom. A natural gravel bed material was
used for all experiments. The material had a mean particle
diameter (d,)) of 0.0075 m and a uniformity coefficient of
1.19. To determine the time required to reach equilibrium
scour conditions, a preliminary 16-hour test was conducted
under the most erosive conditions (maximum discharge,
minimum tailwater depth, and without any blocks or tunnel
structures). It was observed that changes in the scour hole
after 9000 seconds (2.5 hours) were less than 0.001 m;
therefore, this duration was considered sufficient for reaching
equilibrium in subsequent tests. A type B rectangular piano
key weir with a height (P) of 0.20 m was used in this study.
The weir had a thickness of 0.01 m. The key dimensions were
as follows: inlet and outlet key widths (W, and W ) of 0.145
m, wall length (B*) of 0.40 m, and upstream overhang length
(B) of 0.13 m. The total crest length (L) was 27.3 m. A tunnel
structure was installed within the outlet keys. This consisted
of a rectangular sheet, 0.30 m long and 0.145 m wide, placed
parallel to the weir floor at a distance of 0.04 m from the
bottom of the outlet keys. The distance from the beginning of
the outlet keys to the leading edge of the tunnel structure (a)
was 0.15 m. The position of the tunnel was optimized through
trial and error to prevent flow reversal toward the upstream
side. Blocks (baffles) of various geometries were installed
on the tunnel structure within the outlet keys. Three block
shapes were tested: rectangular, trapezoidal, and cylindrical.
After each test, once equilibrium was reached, the pump was
turned off and the flume was drained. The resulting scour hole
topography was then measured using a laser meter on a 0.03
m x 0.03 m grid. These measurements were used to determine
the maximum scour depth (Z)) and its corresponding distance
from the weir toe (X). A total of 45 experiments were
conducted. This included 18 tests for control configurations
(simple weirs and weirs with the tunnel structure but no
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blocks) and 27 tests for weirs with blocks installed on the
tunnel structure.

4- Results and discussion

Flow from the weir inlet keys is transferred downstream
as a free jet, while flow exiting the outlet keys descends as
an inclined jet. These flows converge at the entrance to the
outlet keys, where a local submerged zone with a higher flow
depth is created. This zone generates a powerful vortex that
propagates downstream and impinges on the bed. Due to its
high velocity, this vortex readily entrains and transports bed
material. To mitigate this, a tunnel structure was installed
within the outlet keys. Its primary purpose was to prevent
the mixing of the outflow from the outlet keys with the flow
entering from the inlet keys. By preventing this mixing,
lateral surface vortices are eliminated, resulting in reduced
sediment transport downstream. Consequently, the outflow
from the outlet keys and the flow exiting the tunnel structure
are conveyed downstream separately. Importantly, the
outflow from the tunnel structure discharges further from
the weir toe, thereby reducing the risk of weir overturning.
The results indicate that both the maximum scour depth and
its distance from the weir toe increase with an increasing
densimetric Froude number. As the unit discharge increases,
the velocity of the falling and inclined jets downstream
of the weir also increases, intensifying flow turbulence.
Conversely, increasing the tailwater depth reduces scour.
As downstream depth increases, the flow downstream of
the weir mixes with the outflow, reducing its velocity. This
decrease in flow velocity lowers the shear stress on the
bed, and scour development continues only until a critical
equilibrium is reached. Furthermore, with greater tailwater
depth, the propagation length of the jets impinging on the
bed increases. As this propagation length increases and the
eddies and jets become shallower, the maximum scour depth
decreases, the scour hole becomes more elongated, and the
hydraulic jump weakens, eventually becoming submerged.
Consequently, the volume of the scour hole decreases, and
its location shifts further from the weir toe. The inclusion
of the tunnel structure and blocks within the outlet keys
consistently reduced the maximum scour depth and resulted
in a shallower longitudinal bed profile. This occurs because
these features reduce the outflow velocity over the tunnel
structure, thereby diminishing the strength of turbulence and
eddies downstream of the weir. Additionally, by preventing
flow mixing, the downstream jets become shallower,
increasing their propagation length and producing a longer,
shallower scour hole. The blocks themselves also generate
a hydraulic jump on the tunnel structure, which projects the
falling jets further downstream while reducing their erosive
power. Compared to a simple weir (N), the average reduction
in maximum scour depth was 10% for the tunnel weir (NT),
14.8% for the weir with rectangular blocks (R), 13.2% for
the weir with trapezoidal blocks (7), and 11.8% for the
weir with cylindrical blocks (C). The superior performance
of the rectangular blocks is attributed to the formation of
additional vortices and hydraulic jumps immediately behind
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these blocks, which further dissipate flow energy. Eq. (2)
is proposed for estimating the maximum scour depth. The
equation yields a correlation coefficient of 98.8% and was
developed using 75% of the experimental data, with the
remaining 25% reserved for calibration. In this equation, the
coefficients K|, K,, and K, are dimensionless parameters that
depend on the weir type; their values are presented in Table 1.

é_s — KI(FI;() Er(KBFrd.))
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5- Conclusion

The tunnel structure alone reduced the maximum scour
depth by approximately 10% compared to a simple weir.
However, due to the absence of a downstream overhang in
the Type B weir, the outflow from the inlet keys remained
close to the weir toe, exacerbating scour in this region.
The inclusion of blocks on the tunnel structure elongated
the scour hole and shifted the location of maximum scour
depth further downstream, thereby reducing the risk of
structural undermining. Among the geometries tested,
rectangular blocks were the most effective, producing the
greatest reduction in scour depth and the greatest shift in its
location. Overall, the combination of the tunnel structure and
rectangular blocks yielded the lowest scour depths, indicating
superior hydraulic performance in mitigating local scour
downstream of the weir.
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Fig. 3. Rectangular type B PKW used in the present study.
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Fig. 4. a) Schematic of the installed tunnel structure in the weir outlet key, and b) different geometries
of the blocks baffles)).
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Table 1. Hydraulic and sedimentary parameters in simple and tunnel PK'Ws.
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Table 2. Range of variation of hydraulic and sedimentary parameters in PKWs with blocks.
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Fig. S. Separation of the current on the output keys by creating a tunnel structure.
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Fig. 6. Flow exiting the outlet keys, tunnel structure, and inlet keys to the downstream bed.
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Fig. 7. Flow created on blocks with different geometry.

dipd S0l il 4l g e plo YYD (lyr oye S2ly
x5k 9 2oy YAE g VA iy 00l 85 5ay5m 50 (Sl Gos
IS5 b il 203 AN 9 B/) ) s iy & S o] gl
I 4 (B) CLb Gos S 4 cond 136w (A) 5 (&)
alolb g (Sl Gos a2 1) (B)) 500 CusdVl 3 0l oo
il o b oS ol e ol o x4 S o
Sl Sob g (g ojl d92g pas 9053 9 46 g caSo yio o/
o2 Sy CandYl 0 by Bes g (20 g Cob 4 ds g b lods
Bos Gl b aimd e o5 1y Cbl Gae JS b S5 1)
b b phals (Stutyl oy lis) 5 (Stud] Gos didi L
Jore Jl et Gl b e Canpml ol bl Ges (I8
O ol g Gl L b Gl ol s 5 00l bl
oj b (o] JolSS g) (Sl g b oo G201y e 59y (b2
Jobo bl o Gl L g e dbnl ey ply (Sl jlade 4 oS
[V e G381 53 A8 (0 3,95 2 s e 4, 85 lacer L]
9 Bl S (4 FGeceS 9 Uil Job (Al L cd aiS oS jolailen
(Stecil 0yis g Woo SRRl (Sl Gas wndy ogse e
bor (Rl 5 (Sgyien (i 0548 9 098 o0 JodnlS g YGesnS
2 Gits |y o lise g 00d jGaseS (Sdopien i o osbey
Stuntsl JBgS w7 bl oo SRl L iz [VV] 285 L
gdie P9y 4y (Sl Goe Sl b el

o by Cepw g 00,8 oo Bl Wik b Ssly b ealatwl S'gl
Uiyl by Seh cuty )3 ed e 168 gl b oy )l
WS oo G Sl 4 S sh o) 1 Ol e Gl L g 99 e
D00 (B ojle slaoylS 4 (639)9 SlaslS 1 by 4l Jsay
ISR ©ygoa) bawg )3 5 Sobslez 5l (L5 ojlr slao)lS >
‘Lmdjd”‘_')b‘)?ghhgf,b‘ Ol yipe Sy3 (gly b eolail S5l S
A8 axlye (V) IS5 @ alg o
e a1y Fr, i e (rA) S 5 (clA) S5
o S al i3 o LS 52 0 oty 4y Capnd ] gl 5 (Stat]
B gojl de2g pas D503 g epte /0 Sl CLY Bos s
B il Frp (il b culiy &S johilen xload &I)) Sl o
Gl ol W stlo e I e 4o o (sl g (St
2 GBI L cwl e cundVl s by goye sely 3 (0
Gy Condiml & Rle 5 (D) e Cop Ol oy
3 ol b pilazel il e ol Ll @08 g sl i3Sl
b s dlae 2 3)ly oy G5 3,15 by G5 Rl o3k T
ot e i 4y o8 Slo3 b St 5 o il Fr, il
St bl Bos & 35 (o JolSS 5) (Sl JboS by o drogs
Jiie Candyml 4 g ol dtud gy lae Fry ol b o)
chwgio by «Sob g (L5 ojle g joype > (Je (lp N

W N Cand by By Solg 0 (00 (ghoyd YO o VF/Y Ll L

yeve



Yoy U Ye)Y dxaw NF-F Jl.w MY Q)Lo.w QY 0)9d ‘)MS)A—Q‘ L)‘)"& L;“’"\"'Q(" AU)M

0.56

0.55 }
] OFrd = 0.434

OFrd =0.491
OFrd = 0.546

0.54 +

X/,

053 }+

0.52 1 |_|

0.6

0.58 }
] OEr=0.317

OEr=0.432
OEr=0.617

0.56

X/E,

0.54 t

0.52 ] 33 H

0.64 ;
0.62 } ]
0.6 1
0.58 1

0.56 1
0.54 1 H
0.52

ON
EBNT
OR
ocC
aT

X/E,

(5

0.8 1

07 }

OFrd =0.434
OFrd = 0.491
OFrd = 0.546

0.6 +

Z/E,

05 T

03

(a1

0.8 7

0.7 }

OEr=0.317
OEr=0.432
OEr=0.617

Z/Ey

05 F

1 Hl o

(z

0.8 1

BNT
OR

05 g' — DC
04 } H H BT
0.3 : =

(o

0.6 T

ZJE,

gy iy &1 Cod () ool g (Sl (B0 At 2 s (9t (5B ol il A JSS

Fig. 8. The effect of dimensionless parameters on the maximum scour depth and its distance from the weir toe.
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Fig. 9. Observed and calculated maximum scour depth.
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Table 3. The K coefficient values for calculating maximum scour depth.
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Fig. 10. The average scour index
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