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issues encountered by hydraulic engineers. In this paper, an experimental investigation was performed
to evaluate the reduction in the maximum volume of the scour hole due to the concurrent use of the
six-legged concrete elements (A-Jacks) and rip-rap materials in different hydraulic conditions. These
elements were placed in the downstream of the ski-jump spillway. The experiments included a single
size of concrete element and two sizes of rip-rap with five flow discharges and three tail-water depths.

The change in tail-water depth resulted in the spillway having free, semi-submerged and submerged Kevwords:
conditions. The results were showed that as scour depth increased, the scouring rate is significantly Y )

. . . . Economic Comparison
reduced. By simultaneous usage of concrete elements and rip-rap materials, the maximum scour volume

decreased up to 100% in different hydraulic conditions as compared to the control tests. In addition, ~Scouring

the results showed that the use of a rip-rap layer is about 80% cheaper than the coating with six-legged Six-Legged Elements

elements, which this difference is reduced by increasing the thickness of rip-rap layer.

Ski-Jump Spillway
Rip-Rap Layer

1. INTRODUCTION

Scour is considered as a complex hydraulic phenomenon
and it is one of the most important problems leading to such
major structural hazards as the failure of the main structure
[1]. One of the important parts where the scouring control
is crucial is the downstream of ski-jump spillways. Over
the mid-1930s, the ski-jump spillways were introduced in
the Dordogne Hydraulic Project in France as a successful
hydraulic project [2]. The ski-jump energy dissipaters is one
of the energy-dissipating systems of the flow. In this system,
the high energy of the flow at the downstream of the spillway
or flood drainage of the dams is dissipated at various stages.
Because the air entertainment into the flow may reduce the
energy per unit area of the flow, it will result in high energy
dissipations.
In the ski-jump spillways, the inflow water is dispersed in the
air as a high energy free jet and impacts the bed surface far
away the dam and causes to scouring. Although some part
of the supercritical flow energy is dissipated in the air, the
jet still has the ability to destruct the downstream bed. The
most common method for dissipating the kinetic energy and
reducing the scour hole dimensions is to create a plunge pool
at the jet impact area with the river bed. This requires the
accurate estimation of the scour hole dimensions [3].
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the use of rip-rap has many problems such as instability of
stones against high flow velocity (due to action of single
stones), lack of access to suitable materials with large diameter,
and consequently economic problems caused by carrying it to
the site of the projects. By choosing improper rip-rap size or
incorrect length of the rip-rap layer, there is a possibility of
instability and failure in rip-rap layer at the presence of the
turbulent flows; therefore, the rip-rap will practically lose its
effectiveness and protection role. Due to these problems, it is
necessary to cover this structure with a protective layer on it
to improve its performance. Some researchers have studied a
type of materials, including the use of Tetra Hadron by Wang
et al. [4]. In this study, the new six-legged concrete elements
(SLCE) (A-Jacks) were used to control the scouring at the
downstream of vertical jets, particularly, the ski-jumps to
evaluate their performance.

In the present study, the rip-rap and SLCE was simultaneously
used for the bed protection. The reason is that the rip-rap is
one of the materials that are available in smaller dimensions.
On the other hand, the SLCE are more stable with a high
roughness factor has the ability to eliminate the weaknesses
of rip-rap. In addition, the simultaneous use of the SLCE and
the rip-rap can reduce the size of the stones.

2. MATERIALS AND METHODS
In the laboratory, these elements were designed by
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Table 1. Number of experiments conducted in this study

. Number of
Type of experiment .
experiments
Control (unprotected bed) 15
SLE and 9 mm rip-rap 15
SLE and 20 mm rip-rap 15

Spillway

Fig 1.The protected bed with SLC and rip-rap materials

Table 2. Cost of the Rip-Rap and SLCE in an area of 100 m2

Type of Cover Price (Rial)
Rip-Rap 35484372
SLCE Layer 36831605

AutoCAD software, with a scale of 1:12 made of concrete. In
order to evaluate the effect of concurrent use of rip-rap and
six-legged elements in the scouring phenomenon downstream
of ski-jump spillways, the experiments were carried out as
Table 1.

The control experiments were first performed in an
unprotected bed conditions. Then, for the main experiments,
the rip-rap and the six-legged elements were placed in the
downstream of the spillway so that a layer of rip-rap was
poured over the bed with a length of the maximum scour
length obtained from the control experiments; then, the six-
legged elements with a density of 100%, were locked together
and placed on a screen mesh( Fig 1.)Results and Discussion
During the scour tests, first, due to the impact of ski-jump
on the surface of the sediments, considerable scouring occurs.
After collision of the vortices due to jet impact to the bed,
the sediments slide back and forth and the sediment move
in such a way that at high tail-water depths, the effect of
impact of a ski-jump is reduced, the roller waves may create
a considerable scouring, and by applying the SLCE and rip-
rap, the jet impact caused by ski-jump and scouring can be
significantly reduced.
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Economic comparison

As previously mentioned, the use of new materials is
recommended for projects where the access to large-size
stone materials is not possible or it is necessary to provide
from a long distance. Therefore, an economic comparison is
provided for a project in the downstream of the Bahmanshir
River (Khuzestan province, Iran). Although this study was
merely to introduce a new type of material under different
flow conditions (flow discharges and tail-water depths), as well
as various rip-rap materials, and the results were extracted as
dimensionless parameters. Therefore, it could be a suitable
model for economic comparison for various materials.

In order to estimate the cost of protecting the bed with two
methods of rip-rap and six-legged element, first, according to
the dimensions of the laboratory element, the area and the
volume of the element were calculated by AutoCAD software.
Then, in order to calculate the volume of the element on an
actual scale, the calculated volume was 12 times. Considering
the specific gravity of the concrete (2400 kg/m3), the weight of
actual element was calculated. This weight equals the weight
of a piece of stones. The equivalent diameter of the stone was
calculated according to the specific gravity of the stone (2650
kg/m3). To ensure, the diameter of the stone was increased by
20% and the weight of the stone was re-calculated. According
to the calculations and obtained dimensions, the number of
six-legged elements needed to cover the area of 100 m2 (10 *
10 m) and the number of stones needed to cover this area were
calculated. Since the average distance for carrying the stone in
the projects is about 400 km and the distance from the nearest
site to the construction of concrete materials is about 100
km, the calculations in each structure for bed protection are
conducted. In addition, all calculations are made for an area
of 100 m?(10 * 10 m). Due to the number of concrete elements
and rip-raps, the cost of bed cover with two structures of the
six-legged elements and rip-rap is as follows (Table 2)

3. CONCLUSIONS

In the present study, the effect of concurrent use of SLCE
and rip-rap was experimentally studied in five flow discharges
of 5, 10, 15, 20 and 25 lit/s and three tail-water depths of 10,
20 and 30 cm on the reduction in the scouring downstream of
the ski-jump spillway. The results indicated that by increasing
the flow discharges, the scouring downstream of the spillway
is increased; instead, increasing tail-water depths the scouring
is reduced. In addition, with increasing Froude number, the
maximum scour hole depth increases. The use of a protective
layer as combination of two coating methods of SLCE and rip-
rap on the bed has the ability to control scouring completely
or to a large extent, which is of higher importance in high
flow discharges and low tail-water depths. For example, in a
flow discharge of 20 lit/s and a tail-water depth of 10 cm, the
maximum scour volume was reduced by 89 percent for the 9
mm rip-rap and SLCE and by 99 percent for the 9 mm rip-rap
and SLCE. The results of economic comparison between the
use of rip-rap and SLCE, due to the existence of limitations for
the construction of SLCE and their step-by-step construction,
assuming that 10% of the elements are formatted daily, the
cost of bed cover with a rip-rap layer is the same as the cost
of covering with SLCE. However, the technical advantages of
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SLCE and its main feature, i.e. locking and grid performance, [2] M. Mehri, Simulation of hydraulic behavior of water flow on
can be considered in the desired options for hydraulic Balarood Dam spillway by using a small scale physical model,
engineers. In addition, if the thickness of stones is increased, Thesis, University of Shahid Chamran, Ahvaz, (2007). (In
the use of SLCE will be more cost-effective as a grid with Persian)

a single layer. Obviously, before implementation, further [3] M.R. Vesalian, M.H. Jahromi, M. Shafai Bajestan, Scouring
research is needed, especially regarding the weight and caused by rectangular jets in downstream of Ski jump spillways
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Fig. 4.A) Longitudinal section B) Laboratory flume plan
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Fig. 5.A) Materials used in the bed, B) Granulation curve of bed materials
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Fig. 6.Scouring in unprotected bed
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Table 2.Number of experiments performed in this study
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Fig. 7.Protected bed by A-Jacks and Riprap
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Table 3.Percentage of scour control in the presence of Six-legged elements and Riprap
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Fig. 8.Scour volume at different discharges under three bed conditions (Cm?)
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Fig. 9.Changes in the maximum depth of the erosion pit at the depths of the downstream, (A) 10 cm , (B) 20 cm and (C) 30
cm, versus the Fr,
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Table 4.Weight and volume calculations of six-legged element and single stone
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Table 5.Price analysis of Riprap coating in 100 m? (based on the price list of dam construction 1397)
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Table 6.Price analysis of Six-legged concrete element coating in 100 m? (based on the price list of dam construction 1397)

(Jby) ke Lt o jd 1 Ny
12667322 060102 F2 con G
13861000 070301 11 o3, o
5901780 073603 5 £55 oloses s
402198 100101 SoskS 75 530 51 losw Jo
150556 100102 eslS 150 575 5 ologs o
011302 20500 5 olile S llas
400115 70200 2 ol Koo o o
yogks 10 G
011307 10 ,; olile Koo s
3448634 A9 ol R e o
Sl o5k 10 4o (slj) 4 ook
36831605 JS e

YooV



Yore 51220 doio DY Jlo A oyleud DY 093 ¢S ol (lpes i 4yl

35550 Ll b i by, 5 4l b slo ol b s
Oy Sl eolewl Gl aSS 50 0 0g dlym LSS Ly
oolazwl &y (pl 10 puled oolaiwl e S 4Y ais 5l (S

wolaidl azgr 5l e S blie o al b sl oLl

Sy algz 1o ,95 5 (6 g

S5 Az -F

S ol e 4y (S sl S Ll U ol e o
AR ULLMMBMLf,JYan' NN D &0 T2
G o Sed Gl (Sl JalS e lo Yo oY
@l 85 H1E i 050 BRaLGT oo ST 4 (S
e oyl Sl ke oo il b oS el o 51 S
B lade cpl posials ole L Gee Gl g e o) e
Al Ges JSlas bgaw 59,8 dae (il b uses 090 c0
O by 99 5l (Bl Gide olml sl oo Sl cdale 9
JoB S 2l s 59, 2 o S g b 2 Gl
2 E305e l a5 ajls | (Sl o2 Glie 5l g0l b L
4 Sl Gloye5 1 6 YL Coedl 5l oS CLL Gas L YL gla oo
antile Vo Obl Bas g adl 5 2 Ve (o0 0 e aSy b
q Qﬁ&»l{&&%d‘ﬁm)b/\ﬁ wTWfS‘»
@ oS b gy sl 900 A% 5 b 28 Gledl g el
28l Gl b b ledl s edle Yo b

O slayledl g e Sl oolazwl b (golazll anslio o
oldl cals gl (25 sle Cudgasme 99 g 4 axgi b S 4l
oy Ve o B o8 Ll gl Al e cdle g b id sle
Oz S Y SO b i iy a3e calliy) Ojso 4 o Glall
S92y (nl b g walsm plp 4l Al slo Ll b (digy anza b
a8 o Ll ol (S 9 (o ab b el (33 sblie Sl
A3 3550 438 Cll o il oo sl (6l aSts o Shoe 5 Saigds
ORI D9 )3 rizres 1S )8 4z 95 0 )90 Sy o (it
Gl s sla Gl sleslaiul ¢ e S Jidigy Y Cwls
g dalyS 5430 4 (g,ke Y Sy b O )jg0

B ol 5o olpaion cpl o ol 51 8 a4 cnl oo

o oyledl o3lail g olal 5 (59 b adasly 40 Logas (5 yuie Sliiss

lona Jolas Sis b (caSia i 1 0,5l YOS ) S
039 9 S8k Gl aeys Ve S jlad pliebl Cga s )S
Slayl g oo plosil Slawloes a4y a5 b .0y )5 dslore lodze S
Colas gy glp 5l 090 aly (b plall slass snsl sy
g Sln psY S sl g (e Ve )3 e Vo) e e Ve
S o alold lawgio a5 Sll 51005 el clins (]
s S S (2S00 alold g eglsS Fe sg0 laojy 5
Slowbre a5 )0 (ol gl S Voo sg0 i Cole wlas
355 o0 plml bl (nl e clidle sloojle 51 S e 5o
# ye) ) ey Voo Colue Gy Olaslrs slod izmen
Y 5l SO e golaidl o9l ploul gz 00,5 o plxl (o V-
LS 00 )T ool YYAY (5l o sl e pd 3l ciidgs sl
sl 0035,8 ) F oz 4 o bl Sl

39 St abY b 4y ligabl oyl dops Yo Jlael b
G azg b wlge Gy 0, S5lS FA ly e TP el a4 Siw
5 JolS &0 4 balall 4S5 50 50 (oxdly Al it Ll ol
Gosgaome ibgy S ledl VT dgum wigl Ji8 oo y0 4l
59530 Sl ;5 baglll (59 4l ;5 Sl p3Y (mpe yie N
WY myatn i 5,5 5 55 1) oy aalS 5 YEIP Jolas
pY S > ieeSe Jleiile e SokS YOl S
ool J13 ae LS L iomes (09 wler S e VANV Jolee
Colun gy o Siw axdad YV & (5 il YP/F S
Sy 5 FABY Joleo o] IS 155 457 05 sl 5L 553
al o ol Sy cals cgr il oyse B ol T s
Vgors 22l slo 039 n 0 0Bl (o0 goye 2o IVAV pl (A3lg
o e uSe by adle dlo oy al> o jgo ) e (o]l
o psl patin by b pldlals cole axs o anle
JS slaws ooy Ve el 2,8 L e Ll el 4 jo ol 04
Corluns 4 )0 040 o plosl oog LS o solel LIB Lo Lol
Sen 55 5 ey y5o YAITVY Jolas sy

a3 o] oy Sow 4 g b slagyledl slows 4 ax g5 L
Joozr Gllae Sow g (G b (i ol ojle g0 b ws (Adg
TN

Siedgy dp3p &5 W0 g o0 7 9 B Jgur mlh 4 4z g L

Yeoh



Vo) B YAA0 dxio YRR Lo A o)loud @Y 0)93 ey el lpes swige 4 s

Evolving Scour Hole Downstream of an Apron, Journal of
Engineering Mechanics 936-927 (2008) (11)134.

[12] J. M. Wang, X. G.Yang, H. W. Zhou, X. Lin, R. Jiang, E.
Q. Lv, Bed Morphology around various solid and flexible
grade control structures in an unstable gravel-bed river,
Water.822 (2018) 10.

[13] M. Zolghadr, M. Shafaei Bajestan, M. Rezaeianzadeh,
Investigating the Effect of Six-Legged Element Placement
Density on Local Scour at Wing-Wall Bridge Abutments,
World Environmental and Water Resources Congress,
(36-28 (2016.

[14] S. Mohammadpour, M. Shafai Bajestan, Investigation of
The Area of Around Bridge Abutment by A-Jacks to Protect
Against Scour, Irrigation Sciences and Engineering, (1)40
35-25(2017). (in Persian)

[15] L. Torfi Salehi, M. Shafai Bajestan, Hydraulic Jump Stilling
Basins Downstream Scour Covered with SixLegs Elements
under Reduction of Basin Length, Irrigation Sciences and
Engineering, 124-109 (2018) (4)40. (in Persian)

[16] A.A. Hossein Reza, M. Shafai Bajestan, M. Ghomshi, M.
Fathi Moghadam, Investigation the Joined Effect of Riprap
and Sixlegged Elements (SLC) Installation on Scour Depth
Mitigation at Vertical Wall Bridge Abutments, Irrigation
Sciences and Engineering Journal, (2019). (in Persian)

[17] G.H. Akbari, M. Kavianpour, E.S. Samani, Experimental
investigation of scouring downstream of ski jump spillway,
Journal of Water Resources Engineering, (64-51 (2014.

[18] C.I. Thornton, S.R. Abt, C.C. Watson, Field Assessment
of A-Jacks Installation, A Case Study of: Brush Creek,
Kansas City, Missouri Powell Creek, Waukegan, Illinois.
Proceedings of the Wetlands Engineering & River
Restoration Conference, Reno, Nevada (2001).

[19] PJ. Mason, Practical guidelines for the design
of flip buckets and plunge pools,Water and Dam
Construction,10/9)45) (1993) 45-40.

[20] B.W. Melvillel, Pier and abutment scour: integrated
approach, Journal of Hydraulic Engineering, 2)123)
(1997) 136-125.

[21] W.C. Little, PG. Mayer, Stability of Channel Beds by
Armoring, Journal of Hydraulic Division, (1976).

Yeoq

PP E O
=l -0

[1] N.A. Amanian, N., Scour Below a Flip Bucket Spillway,
Ph.D. Dissertation Submitted to Utah State University at
Logan, UT, (1993).

[2] M. Mehri, Simulation of hydraulic behavior of water flow
on Balarood Dam spillway by using a small scale physical
model, Thesis, University of Shahid Chamran, Ahvaz,
(2007). (In Persian)

[3] M.R. Vesalian, M.H. Jahromi, M. Shafai Bajestan,
Scouring caused by rectangular jets in downstream of Ski
jump spillways with non-uniform materials, Journal of
Agricultural Science and Natural Resources, (2009).

[4] PJ. Mason, K. Arumugam, Free jet scour below dams and
flip buckets, Journal of Hydraulic Engineering, (2)111
235-220 (1985).

[5] S.Heng, T. Tingsanchali, T. Suetsugi, Prediction formulas
of maximum scour depth and impact location of a local
scour hole below a chute spillway with a flip bucket, WIT
Transactions on Ecology and the Environment, (2013) 172
262-251.

[6] B. Dargahi, Scour development downstream of a spillway,
Journal of hydraulic research (426-417 (2003) 4(41.

[7] H.M.D. Azmathulla, M.C. Deo, P.B. Deolalikar, Estimation
of scour below spillways using neural networks, Journal of
Hydraulic Research, 1)44) (2006) 69-61.

[8] H.M.D Azmathulla, A.Ab. Ghani, and N.A. Zakaria,
Prediction of Scour below Flip Bucket using Soft
Computing Techniques, The 2nd International Symposium
and The 12t International EPMESC Conference, (2010)
1593-1588.

[9] M.K. Ayoubloo, H.M.D. Azamathulla, Z. Ahmad, A.Ab.
Ghani, J. Mahjoobi, A. Rasekh, Prediction of Scour
Depth in Downstream of Ski-Jump Spillways Using
Soft Computing Techniques, International Journal of
Computers and Applications. 1)33) (2011) 97-92.

[10] A.]. Peterka, Hydraulic Design of Stilling Basins and
Energy Dissipators, Engineering Monograph, (7)25
125-91 (1983).

[11] S. Dey, A. Sarkar, Characteristics of Submerged Jets in



Yore 51220 doio DY Jlo A oyleud DY 093 ¢S ol (lpes i 4yl

[24] F. Bhuiyan, R.D. Hey, PR. Wormleaton, Hydraulic
evaluation of W-weir for restoration, Journal of Hydraulic
Engineering, ASCE. 605-596 (2007) (6)133.

[25]S.Y.Lim, J. Nugroho, Observations on Flow Field around
an Abutment in a Two-stage Channel. Proceedings of
the 2nd International Conference on Scour and Erosion,

Singapore 1, (2004) 164-156.

[22] S. Pagliara, M. Palermo, Scour control and surface
sediment distribution downstream of block ramps,
Journal of Hydraulic Research. 343-334 (2008) (3)46.

[23] S.M. Scurlock, C.I. Thornton, S.R. Abt, Equilibrium
scour downstream of three- dimensional grade-control
structures, Journal of Hydraulic Engineering, (2)138

176-167 (2012).

Amirkabir J. Civil Eng., 52(8) (2020) 1995-2010.
DOI: 10.22060/cee].2019.15793.6032

Gh.N.M. Rashki, M.M. Azhdary, M. Shafai Bajestan, M.H. Azamathulla, Effect of Concurrent
Use of the Six-Legged Element and Rip-Rap for Scour Control with Economic Considerations,

o2 glo | Alio ol &y dig

Yoyo



