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ABSTRACT
Local scour is an important problem for hydraulic structures. The local scour in the downstream of dams causes 

problems such as the damage of the dam body stabilization, erosion of the slopes, and the submergence of the turbines. 
There are many studies investigating the local scour prediction of the downstream of the hydraulic structures, but in 
recent years, these studies have been replaced by studies of local scour reduction. The new idea of confining the bed 
materials using the geocell is becoming a popular solution. This solution can be especially used for the reinforcement 
of the soils. In this study, the preventability of the local scour downstream of chute channel by cellular confinement 
system, also known as geocell, was investigated. As a result, in case of using geocell, percentage reduction of the 
maximum scour depth up to 40.63% was observed.
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INTRODUCTION
The scour downstream of the hydraulic structures is an important problem in terms of material damage and fatal 

accidents. In particular, the scouring downstream of the dams can seriously compromise the dam stability. For this 
reason, local scour of the hydraulic structures had been widely investigated (Borghei & Sahebari, 2010; Coleman et al., 
2003; Farhoudi & Shayan, 2014; Pagliara et al., 2011; Tuna & Emiroglu, 2011). These researches presented various 
equations about the depth and location of the maximum local scour value (Balachandar et al., 2000; Champagne et al., 
2017; Hoffmans & Pilarczyk, 1995; Mason & Arumugam, 1985; Nik Hassan & Narayanan, 1985; Palermo & Pagliara, 
2018). In particular, the scouring downstream of the stilling basins had been investigated using the parameters, with 
and without a sill, different stilling basin geometry, and wide flow pattern (Farhoudi & Shayan, 2014; Champagne et 
al., 2017; Palermo & Pagliara, 2018; Koochak & Bajestan, 2016; Oliveto & Comuniello; 2009). 

In recent years, several studies have been done to prevent the scouring downstream of the hydraulic structures 
(Amini et al., 2017; Heibaum, 2000; Khosravinia et al. 2018; Kim et al., 2000; Korkut et al., 2007; Li et al., 2006; 
Li et al., 2005; Radice & Davari; 2014; Bejestan et al., 2015; Zarrati et al., 2010). When these studies are examined, 
it is observed that the idea of placing a bed sill into the bed material is a good solution (Ben Meftah & Mossa, 2006; 
Grimaldi et al., 2009; Hamidifar et al., 2017). 

On the other hand, geotextile usage is gradually increasing. Yun and Kim (2018) presented scour characteristics of 
artificial reef with different geogrid and soil type. The idea of confinement of the sediment into cells was revealed by 
the bottom grid structure (BGS) (He & Marsalek, 2013). Cellular confinement cells (geocell) were developed by the 
US Army Corps of Engineers Caltrans (Caltrans, 2006) to provide soil stabilization, which is a much different solution 
from BGS presented by He et al. (2014). Simpson et al. (2018) prevented the amount of resuspended sediment by 
using cellular confinement cells, one of the specific geotextile products, of different sizes in their study. 
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When the literature is examined, no studies have been encountered on the prevention of local scour with geocell. In 
this study, the effect of geocell on the scouring was investigated for the first time. This investigation aims to measure 
the effectiveness of a geocell as a means to prevent scour in downstream of the spillway. The honeycomb shape 
characteristic of geocell was used for experiments. Experiments were conducted for three different cell depths, four 
different flow rates, and two different tailwater levels. Also, the temporal scour was also investigated.

DIMENSIONAL ANALYSIS
As shown in Figure 1, equilibrium phase depth of the scour (Zmax) can be written as a function of cell depth (H), 

width of chute channel (by), width of apron (B), tailwater depth (htw) mass density of the water (ρ), mass density of 
the bed material (ρs), average velocity of flow at downstream end of chute channel (U ), streamwise distance from the 
stilling basin end of the maximum scour (Xs), median grain size (d50), flow depth at downstream end of chute channel 
(h0), and the gravitational acceleration (g).

                                                 (1)

In sediment-water interaction, it is appropriate to represent the independent parameters g, ρ, and ρs as a combined 
parameter, modifying gravitational acceleration Δg (Oliveto & Comuniello; 2009).

                                                             (2)

where Fd is densimetric Froude number. Applying the Buckingham π theorem, dimensionless equations in 
functional forms can be obtained as follows:

                                                           (3)

Figure 1. Experimental setup (not to scale).

MATERIAL and METHODS
MODEL SETUP

The experiments were conducted at the Hydraulic Laboratory of Inonu University, using a 2.5 m head (Hs) and 
0.4 m width of the ogee crest shaped chute channel (by). The flowing water in the chute channel (Figure 1), with an 
angle of 50° to the horizontal plane, transmitted a 0.40 m extended (lx) 1 m width (B) into an apron. Dimensions are 
selected so that there is no scale effect. Arkon flow system, an electromagnetic flow meter with an accuracy of ±2%, 
was used to measure discharge. The water depth on the ogee crest and maximum scour depth were measured by point 
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gauge, Mitutoyo brand, with accuracy to the nearest millimeter. The water cycle is provided by the centrifugal pump, 
with a power of 7.5 kW. 

The bed material was nearly uniformly graded sandy soil; the values of geometric standard deviations begin less 
than 1.4. The bed material median grain size d50=2.41 mm and sediment gradation =2.18. The particle 
size distribution of the sandy soil is shown in Figure 2. The characteristics of the sandy soil determined through testing 
program that consisted of a combination of laboratory tests were given in Table 1.

Figure 2. Particle size distribution for sandy soil.

Table 1. The characteristics of the sandy soil.

Parameter Symbol Unit Value

Specific gravity Gs - 2.55

Maximum dry unit weight γkmax kN/m3 18.47

Minimum dry unit weight γkmin kN/m3 15.89

Angle of internal friction at dry state ϕ Degree 29.8

Angle of internal friction at saturated condition ϕ Degree 28.2

D10 - mm 0.53

D50 mm 2.41

D60 - mm 2.55

D85 - mm 3.35

D90 mm 3.63

Uniformity coefficient Cu - 4.81

Coefficient of curvature Cc - 1.66

Soil Classification - - SP

The raw material of geocell has high density polyethylene, and the polymer density is between 0.935 and 0.965 
g/cm3. Geocell thickness is 0.2 m, and tensile strength and seam strength are 12 kN/m. The properties of the geocell 
used for the strengthening of the ground are supplied by the manufacturer (Geoplas). The geocell used in experimental 
studies has a total width of 1 m and a total length of 2 m. The weld interval range of geocell with honeycomb geometry 
is 25 cm.
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EXPERIMENTAL MEASUREMENTS
All experimental runs, a total of 24, are reported in Table 2. Experiments were conducted for four different flow 

rates, three different geocell depths, and two different tailwater levels. Each test was run for six hours, which was 
sufficient for most of the tests to reach an equilibrium phase of scouring. All the surveys were performed after the flow 
was ended and drained. Tailwater depths were measured at about 2.5 m downstream of the apron. Geocell with a depth 
of cell 5, 10, and 15 cm is shown as H5, H10, and H15, respectively. 

The maximum depth of the scour (Zmax), the nap height on the ogee crest (h0), and the distance of the scour from 
the apron (Xs) were measured for each series of experiments. Because optimum results were obtained for geocell, 
which has a cell depth of 15 cm, the experiments at H15 cell depth were conducted for up to 72 hours, and the time-
dependent scour changes were examined. Also, at this cell depth, depth and location of scouring were investigated 
with two different tailwater depths. 

To conduct unreinforced test, firstly, a scour tank with a bed material of 50 cm depth was formed. Following the 
control of bed material level and surface slope, unreinforced tests were conducted. Secondly, a scour tank with a total 
depth of 50 cm depth (the depth of the bed material was selected for three different geocell depths) was determined 
for reinforced tests. 

The geocell elevation was the same as the apron. Also, geocell is horizontal and has zero slope. After the geocell was 
placed, the cells were filled with bed material. After filling each cell with bed material and checking all parameters, the 
tests were carried out (Figure 3). In all of the experiments, it was noted that the bed material had the same compression 
ratio. 

Table 2. Experimental Conditions.

Test 
No

H
(cm)

Q
(lt/s)

h0

(cm)
htw

(cm)
Xs

(cm)
Zmax

(cm)
1 15 20 6 - 114 11.55
2 15 5 2.2 - 30 8.05
3 15 15 4.7 - 90 9.55
4 15 10 3.5 - 17 9.05
5 10 10 3.5 - 18 10.05
6 10 20 6 - 28 12.05
7 10 5 2.2 - 29 9.45
8 10 15 4.7 - 29 9.65
9 5 20 6 - 90 16.05
10 5 15 4.7 - 35 9.45
11 5 10 3.5 - 36 6.55
12 5 5 2.2 - 25 6.05
13 0 20 6 - 140 18.15
14 0 15 4.7 - 134 16.20
15 0 5 2.2 - 53 10.05
16 0 10 3.5 - 84 11.10
17 15 20 6 15 2 10.05
18 15 20 6 20 9 9.95
19 15 15 4.7 15 2 9.55
20 15 15 4.7 20 25 8.75
21 15 10 3.5 15 18 7.55
22 15 10 3.5 20 25 6.65
23 15 5 2.2 15 15 6.05
24 15 5 2.2 20 15 4.75
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(a) (b)

Figure 3. Experimental setup before (a) and after the local scour (b).

RESULT and DISCUSSION
The idea of placing a geocell reinforcement into the bed material was investigated for local scour protection. In 

addition, the cycle movement of sand grain within the cells was observed in detail. The maximum local scour depth 
with flow rate changes for unreinforced (UR) and reinforced (RF) condition is shown in Figure 4. 

For all experimental series, the use of the geocell reduced the maximum local scour depth. Especially, in smaller flow 
rates, the geocell with H5 depth showed the best performance. The horizontal movement of geocell was observed at the 
geocell with H5 for 15 and 20 L/s. No horizontal movement of geocell occurred for all flow rates at H10 and H15. 

Figure 4. The maximum local scour depth with flow rate change for unreinforced (UR) and 
reinforced (RF) conditions.
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The effect of tailwater on geocell reinforced bed material is shown in Figure 5. The tailwater provided a linear 
change of the maximum scour depth. In addition, the tailwater significantly reduced the maximum scour depth. 

Figure 5. The maximum local scour depth with flow rate for different tailwater.

Figure 6 shows that the number of Fd is not proportional to the change of relative scour depth. In particular, H10 
and H5 geocells show the same performance for Fd=0.363883. Although H values increase at the same rate, maximum 
scour values are distributed evenly for Fd=0.4000272 only. 

Figure 6. Relative maximum scour depth for varying densimetric Froude number (Fd).

TEMPORAL SCOUR VARIATION
The most optimal results in all flow values, the H15, were maintained for up to 12 hours. It is seen that the time 

with 6h is the equilibrium phase for all the flow rates. The time-dependent scour change is shown in Figure 7. 
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Figure 7. Temporal the extreme scour variation.

DISSIPATION EFFICIENCY
Scour phenomenon is directly related to the energy that water has. Geocell placed on the bed significantly limits 

the moving of the bed materials. The velocity vectors that move into the cell provide movement of the grains. When 
the energy of the water enters each cell, it decreases slightly (Figure 8b). 

In the conducted experiments, different scour geometries were observed in each cell. The slope in the cell is seen 
to increase from the upstream to the downstream. Geocell placed on the ground served as a reinforcement of the bed. 
In case of unreinforced condition, it was observed that the scouring topography was formed at certain points, but when 
geocell was reinforced, it was observed that a uniformly scouring topography was formed in all cells (Figure 8a). 

(a) (b)

Figure 8. Definition sketch: (a) local scour geometry and view of the scour of the slope in the different 
spatial cell for H15; (b) scour mechanism in the cell.

Flow rates of 15-20 L/s and 5-10 L/s showed the same trends. H15 has shown the best performance by reducing 
the scour rate by 40.63% (Figure 9.). The percentage reduction of the scour (PRS) was calculated by equation 4. 
It was thought that maximum scour depth that occurs in unreinforced condition is important for determining the 
geocell depth to be selected. High flow rates represent high densimetric Froude numbers, thus high energy. With 
higher densimetric Froude numbers, the expected maximum scour value is greater. In Figure 9, it can be concluded 
that deeper geocells are suitable for large maximum scour values, and smaller geocell depths are suitable for small 
scour depths. All densimetric Froude numbers were found to perform well at smaller geocell depths. This indicates 
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the strong relationship between the value of the maximum scour depth (Zmax) created by the unreinforced (UR) scour 
requirement and the geocell depth. While the maximum scour depths (Zmax) created by high flow rates are closer to the 
geocell depths, the opposite is true for lower flow rates. This study showed that the depth of geocell should be less than 
the maximum scour value that occurs under unreinforced condition (UR). Also, the pioneer of the scour protection and 
strong cause and effect relationships can be revealed by detailed examination of the velocity fields that may occur in 
the geocells.

                                                                                    (4)

where HUR is the maximum scour depth for the unreinforced ground, and HR is the maximum scour depth for the 
reinforced ground.

 

Figure 9. Percentage Reduction of the Scour (PRS) for varying relative depths.

SPATIAL CHANGE of the LOCAL SCOUR
For reinforced geocell (RF) and unreinforced geocell (UR) experiments, the maximum local scour points were 

determined. These spatial changes are shown for all flow rates (Figure 10.). It is determined that Xs decreases in case 
of reinforcement geocell for all flow values. 

Determining the depth and position of scouring is an important design problem. Nonlinear multiple regression was 
applied to the experimental data to obtain the fit scour depth equation. An equation that gives the scour value according 
to the nap height of the spillway is derived from the experimental data (Equation 5). The correlation coefficient (R2) 
was determined as 0.81. Although the depths of geocell change equally, the median values showed that the scouring 
was concentrated in one part (Figure 11.).

                                                                                  (5)
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(a)

(b)

(c)

Figure 10. Spatial distribution of maximum local scour depth: (a) H5, (b) H10, and (c) H15.
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Figure 11. Relative maximum scour depth for varying relative nap depth.

CONCLUSION
In recent years, climate change ensures that the planning criteria of hydraulic structures remain incomplete. 

Especially, in situations such as overflowing and flood, extremely large scour behaviors can occur. Therefore, the 
protection of the scour downstream of hydraulic structures is increasingly important. The experimental study of the 
countermeasure of the local scour with and without geocell reinforcement led to the following conclusions. 

Use of the geocell reduced local scour in the downstream of the spillways for all of the densimetric Froude • 
numbers. 

The effect of different geocell depths was examined. The strong relationship between geocell depths and maximum • 
scour depth was determined, and the equation was proposed. With the best performance, scouring was prevented 
by 40.63%. The maximum scour depth performance of the geocell with 5 cm depth is extremely good at small flow 
rates, while the 15 cm depth one is good for large flows.

It was thought that maximum scour depth that occurs in unreinforced condition is important for determining the • 
geocell depth to be selected. Deeper geocells are suitable for large maximum scour values, and smaller geocell 
depths are suitable for small scour depths. This indicates the strong relationship between the value of the Zmax 
created by the UR scour requirement and the geocell depth. While the Zmax created by high flow rates are closer to 
the geocell depths, the opposite is true for lower flow rates. This study showed that the depth of geocell should be 
less than the maximum scour value that occurs under UR condition. Also, the pioneer of the scour protection and 
strong cause and effect relationships can be revealed by detailed examination of the velocity fields that may occur 
in the geocells.

The spatial distribution of maximum local scour depth was examined. It was determined that the position of the • 
maximum scour depth in the streamwise is closer to the stilling basin end in the state reinforced with geocell. 

In addition, two different tailwater depth conditions were examined. It was observed that the depth of the tailwater • 
could help prevent scour.
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