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Extended Abstract
Introduction

Local scour downstream of hydraulic structures is an important concern in the design and long-term
safety of spillways and energy dissipation systems. High-velocity flow issuing from ski-jump buckets
interacts with the downstream water and movable bed, resulting in the formation of scour holes. The
characteristics of these scour holes depend on hydraulic conditions, sediment properties, tailwater depth, and
bucket geometry. Among these factors, bucket geometry can influence the measured scour response
downstream. Although numerous studies have investigated scour downstream of ski-jump buckets,
comparative experimental studies focusing on different bucket geometries remain limited. Therefore, the
present study investigated the influence of circular and triangular ski-jump bucket geometries on downstream
scour characteristics. The main hypothesis of this study was that changing the bucket geometry under similar
hydraulic and sediment conditions could significantly modify the downstream scour response. Accordingly,
the objective was to experimentally compare the effects of circular and triangular ski-jump buckets on the
maximum scour depth (ds) and the distance from the bucket to the location of maximum scour (LS). In
addition, power-law regression models were developed to predict these scour characteristics.
Materials and Methods

A series of physical model experiments was conducted using circular and triangular ski-jump buckets
under controlled laboratory conditions. The experimental program included different hydraulic and geometric
conditions and consisted of 108 experimental runs. A movable sediment bed was used to evaluate the
downstream scour response. The maximum scour depth (ds) and the distance to the location of maximum
scour (Ls) were considered as the principal dependent variables. The effects of discharge, tailwater
conditions, and characteristic geometric parameters of the buckets were investigated. Dimensional analysis
was used to identify the governing dimensionless parameters. Based on the experimental data, separate
multivariable power-law regression models were developed for each bucket geometry and scour parameter.
The performance of the proposed models was evaluated using the coefficient of determination (R?), Nash—
Sutcliffe efficiency (NSE), root mean square error (RMSE), mean absolute error (MAE), and mean absolute
percentage error (MAPE). One-to-one plots and residual analyses were also used to assess the agreement
between measured and predicted values and to identify possible systematic errors. Furthermore, statistical
tests were performed to evaluate the significance of differences between the scour characteristics produced
by the two bucket geometries at a 5% significance level. Each experimental condition was conducted once,
and independent repeated tests were not performed for all conditions. Consequently, between-run variability
could not be directly quantified. However, the sediment bed was prepared and leveled before each
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experiment, and the hydraulic and geometric conditions were controlled according to the experimental
design.
Results and Discussion

The results showed that discharge was one of the principal parameters affecting downstream scour
development. Increasing discharge generally increased both the maximum scour depth and the distance to
the location of maximum scour for both circular and triangular buckets. Comparison of the two geometries
revealed clear differences in their measured scour responses. Within the investigated range of experimental
conditions, the triangular ski-jump bucket produced a lower average maximum scour depth than the circular
bucket. The average reduction in maximum scour depth was approximately 11%. The distance to the location
of maximum scour also differed between the two configurations. The triangular bucket increased this distance
by approximately 40% compared with the circular bucket. Therefore, under the investigated laboratory
conditions, the maximum scour occurred farther downstream when the triangular configuration was used.
Statistical comparisons confirmed that the differences between the circular and triangular buckets were
significant at the 5% significance level for both maximum scour depth and the location of maximum scour.
These results indicate that bucket geometry has a significant effect on the measured scour response. The
proposed power-law regression models provided satisfactory predictions within the range of the experimental
data. The statistical performance indices showed good overall agreement between measured and predicted
values. In addition, the one-to-one plots demonstrated that the predicted values were reasonably distributed
around the line of equality. Residual analyses also supported the overall adequacy of the proposed models.
The residuals were generally distributed around zero, with no pronounced systematic pattern. However, the
normality assumption was not equally supported for all models. Therefore, model performance was assessed
using a combination of statistical indices and graphical analyses. The results provide direct experimental
evidence that bucket geometry affects downstream scour characteristics. However, hydraulic variables such
as velocity distribution, residual jet energy, pressure distribution, and bed shear stress were not directly
measured. Therefore, the detailed hydrodynamic mechanisms responsible for the observed differences cannot
be confirmed directly and require further investigation.
Conclusions

This study experimentally investigated the influence of circular and triangular ski-jump bucket
geometries on downstream local scour characteristics. The results demonstrated that discharge and bucket
geometry significantly affected the maximum scour depth and the location of maximum scour. Increasing
discharge generally increased both scour depth and the downstream distance to the location of maximum
scour. Within the investigated experimental range, the triangular bucket reduced the average maximum scour
depth by approximately 11% compared with the circular bucket. In contrast, the distance to the location of
maximum scour increased by approximately 40% for the triangular configuration. Statistical analyses
confirmed that the differences between the two geometries were significant for both investigated scour
parameters. Furthermore, the proposed multivariable power-law regression models showed satisfactory
predictive capability within the range of the experimental data. The combined use of statistical performance
indices, one-to-one plots, and residual analyses supported the overall applicability of the developed models.
Overall, the findings confirm that ski-jump bucket geometry is an important factor influencing downstream
scour characteristics. Under the laboratory conditions investigated, the triangular bucket showed more
favorable performance in terms of reducing maximum scour depth while shifting the location of maximum
scour farther downstream. The absence of repeated tests and the lack of direct measurements of jet
hydrodynamic characteristics are limitations of the present study. Future investigations should include
repeated experiments under representative conditions and direct measurements of flow characteristics to
provide a better understanding of the mechanisms governing downstream scour.
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Fig. 2- Laboratory flume, experimental equipment, and testing procedure.
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Fig. 7- Variation of maximum scour depth with

discharge for triangular flip buckets with different
chord lengths.
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Fig. 9 - Variation of the distance to the maximum scour
depth with discharge for triangular flip buckets with
different chord lengths.
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Fig. 8 - Variation of the distance to the maximum scour
depth with discharge for circular flip buckets of
different radii.
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Fig. 11 - Comparison of the variation of the
dimensionless distance to the maximum scour depth
with discharge for circular and triangular flip buckets.
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Fig. 10 - Comparison of the variation of the
dimensionless maximum scour depth with discharge for
circular and triangular flip buckets.
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Table 2. Regression equations and statistical performance of the proposed models

Flip ] , MAPE RRMSE
Bucket Equation R RMSE MAE % NSE %)
d q 0.690 0.185 R -0.131
Circular 7= 2.026( 3) (y ) (y—) 0949 0.191 0.116 893  0.949 7.11
t th t t
Triangul d q 0.745 0.260 L —0.239
. o 1.703( 3) (y ) (y—) 0990 0084 0062 506  0.990 6.76
t th t t
) Lg B q 0.404 H 0.396 R .072
Circular = 4963 : m . 0994 0253 0.198 3.12 0994 387
t gyt t t
. L 0.524 H 0.734 L —-0.407
Triangul - L _ . 784< d > (—t) (—) 0977 0969 0714 840 0977 9.32
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Fig. 13 - Evaluation of the regression model for the
dimensionless maximum scour depth of circular flip
buckets: (a) one-to-one plot and (b) residual plot.
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Fig. 12 - Evaluation of the regression model for the
dimensionless distance to the maximum scour depth of
circular flip buckets: (a) one-to-one plot and (b)
residual plot
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Fig. 15 - Evaluation of the regression model for the
dimensionless of the maximum scour depth of triangular
flip buckets: (a) one-to-one plot and (b) residual plot
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Fig. 14 - Evaluation of the regression model for the
dimensionless distance to the maximum scour depth of

triangular flip buckets: (a) one-to-one plot and (b)
residual plot
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Table 3. Results of statistical tests for the residuals of the proposed regression models

il 905

o905 o905 Y Sile ko ol g9
AT .
T pp-value pp-value o il ] "
Breusch-Pagan  Shapiro-Wilk pp-value Ead 29 [
9 1 gm0 (SS9 395 o
o5 25 5 il ly el 0.078 <0.001 0.738 0.0088 T e
; (ds) il
o9 Jloy
9 Mocsine (65 g0 95 Joee alols
g Jlop iy Gluanl 0.094 0.763 0.898 0.0045 eI oyl
AL, (L) Lialoyp
5 Joisine (555 g0 O955 o
Geos Sl g
92 Jlo (ol ly Sluanl 0.800 0.479 0.835 0.0024 - it
. (ds) Lisleyd
L5,
9 1 e (5 S gm 295 oo s
9 Jlay il Sluwonl 0.598 0.112 0.423 0.1068 Sls Lo
AL ) (Ls) Lialoyd

9 Lmb.,\Jla.le LY JLo); ) ‘5‘).: ShaperfWilk U?A)’l AJ.))f |)>| Lmn.,\JLmSlJ » t_igw d)jy.u d9>9 (ow )y dl)’ ).ﬂ..o L)‘ﬂi"\':"’ U?")I' W‘DDLL*

G me g )3 o o yh by (glp (B oyl aales 340 ,Silo P>0/05 jlade by 5 4 il g Sluwed )0 sl Breusch—Pagan (g0

5 (Ls) Galo B iS1as g3 oo dlols o(ds) alw 2
98 dulie a5 el 5l o anslie bl ioley] Lyl
ol 0090 Hblie Sdgyane Lylis il asas
o Sl a0 6)lsdme mhw y0 (295t Ggesl
se3] el ogdle i 4b T IS 4 laailie CESLS]
Shgo eSS 2b5,l Gleieas 58 Wilcoxon (g yil LU
o,

& S Sl Sl des e L () Jgoo
Slyp g VYA L plp Glopls pl> sl il 8 Boas an
oo 51 oolital ol ol sl VYYY bl e ple
WN/B0 Lgio jolS corge gu) 3 90 Lyl o (2o
t o9e)] ls el 0ol ol d e iSTas 4o woyo
Wilcoxon ;9051 3 (t=5/235, p<0/001)  >s;

93y oddodalice OO S o ol (p<0/001)

sl 03 0

il o wnsign o5 (1) s s sl
Sologime DS Jow [z 5l Sz ;o bosiledl
Seiloas (6 35 3o S35 il 45 55 s L (p>0/05)
!y s Breusch—Pagan ;yge;] .cuslas 5l 1ol sixe
U5 T 8l (il 5 59 o sina el s Joe oles
Je ol bais ssslice uibly Sleeal 5429 sl p
Gos S0 Cuoies Jae sl Shapiro-Wilk (yge 5]
o9 Jby (p<0/001)  slopls sl> jo il s
0Py 590 Jae aw o aS Jb sl plas ] beaslendl
A0y g Jbey
9 Glonl Uy slplr o las g ylol aulis

S 8lee Dglis ()bl (I3 Gme (omyp joliieds
Goe Sl polie (e g lopls LUy slapl>

AR



Cowd b Saamniit] Slhadiine y1 b 5 1015 Uy (ol dwsid 51 2Bl oy

Joe Koo il 4 ael Caws L AUVA L ol e
£V Lamgi sty st ol 3 ialai 5hao 58y
@bs el a5 18 bz, dore 5l 5590 woye
Wilcoxon ;9051 g (t5-5/794, p<0/001) =35t ;y50;]
D o o |, S| ol g o ine 35 (p<0/001)

0,8 ol VPR

ol ko amt cpl el o gme )bl Ll ansse
5 walsfa sl pl> j0 iolu 3 Gos jals aS col
5 Dglds 4 Wilgi co g G Wrools Bolas SuusT,

g 00l S b > (655 ma e Beu g A
r:l? )09?/00? L)J‘)J ‘_g‘e).g“») r:l? )») wLw)S J.«S‘A}

o g 510 2ls (U Sl (il Olasuds (5 bl dulis - £ Jgo
Table 4- Statistical comparison of scour characteristics between circular and triangular ski-jump buckets
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Table 5- Selected Empirical Equations for Predicting the Maximum Scour Depth Downstream of a Circular Ski-Jump
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Table 6- Comparison of the Performance of Selected Empirical Equations and the Proposed Equation of the Present
Study in Predicting the Maximum Scour Depth Downstream of a Circular Ski-Jump Bucket

Jlwg Gl o R? NSE RMSE (m) MAE (m) MAPE (%) Bias (m) a3,
Present Study (1405) 0.856 0.844 0.0104 0.0067 10.03 +0.0003 1
Veronese(1937) 0.859  -0.530 0.0325 0.0275 34.71 +0.0193 2
Azamathulla et al.(2006) 0.789  -0.670 0.0340 0.0286 37.87 +0.0280 3
Wu(1973) 0.927  -0.808 0.0354 0.0346 49.76 +0.0346 4
Martins(1975) 0916  -1.985 0.0454 0.0439 59.99 +0.0439 5
INCYTH(1982) 0.928  -4.251 0.0603 0.0594 83.08 +0.0594 6
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Table 7- Comparison of the Performance of an Existing Equation and the Proposed Equation of the Present Study in
Predicting the Distance to the Location of Maximum Scour Downstream of a Circular Ski-Jump Bucket

Jw g @i pU R? NSE  RMSE(m)  MAE (m) MAPE (%)  Bias(m) 4,
Present Study (1405) 0.964 0.923 0.0201 0.0165 4.55 +0.0138 1
Azamathulla et al. (2006) 0.946 -3.003 0.1447 0.1402 37.72 +0.1402 2
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Fig. 17- Comparison of observed and predicted
distances to the location of maximum scour depth using
the proposed equation of the present study and a
selected empirical equation for a circular ski-jump
bucket.
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Fig. 16- Observed—predicted comparison of maximum
scour depth for the proposed equation of the present

study and five selected empirical equations for a circular
ski-jump bucket.
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