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Abstract  13 

Stepped spillways can be defined as human-made hydraulic structures constructed to monitor and control flow 14 

release and attain high energy dissipation. Such spillways are commonly used in embankment dams, however it is 15 

important that a sufficient chute length is provided to develop the required aerated flow, the point at which this 16 

occurs is known as the inception point. This paper focusses on the influence of the non-uniform geometry of gabion 17 

stepped spillways (GSS) on the inception point. A numerical investigation using the Reynolds Averaged Navier 18 

Stokes (RANS) approach with the software NEWFLUME was adopted to examine the flow over the GSS. The 19 

inception point location suggested by the numerical models was compared to the location predicated in the existing 20 

formulae available the literature. The data from the model was then used to generate two novel empirical equations. 21 

The equations were based on non-linear multiple regression (NMR) and evolutionary polynomial regression (EPR) 22 

approaches to deliver improved results for non-uniform gabion stepped spillways. The developed EPR correlation 23 

respectively scored R2 (determination coefficient) and MAE (Mean Absolute Error) values of 0.93 and 1.66 for the 24 

training data and 0.83 and 2.7 for the testing data. In the NMR approach, a reduced R2 value of 0.91 was obtained. 25 

The outcomes of this study revealed that the numerical model proposed was able to capture the flow characteristics 26 

over the GSS accurately. Additionally, the empirical equations developed in the current investigation yielded better 27 

predictions of the inception point location compared to existing equations. Consequently, the findings of this study 28 

can be used to improve the future design of GSS.  29 

Article Highlights 30 

• A validated RANS-based numerical code adopted to model flow over the spillways 31 

• The impact of non-uniform geometry of gabion stepped spillways on the non-aerated zone explored 32 

• Empirical equations developed with an improved level of accuracy over current equations for prediction of 33 

inception point 34 

Keywords: stepped spillways, inception point, non-aerated zone length, computational modelling, evolutionary 35 

polynomial regression 36 
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1. Introduction and overview  45 

For more than 3,500 years, stepped weir systems have been used to raise the energy dissipation rate on spillway 46 

chutes, thereby decreasing the size and expense of the stilling structure downstream [1,2,3]. A 'stepped spillway' is 47 

where the spillway's face has steps starting from the crest to the toe. Besides, this layout can help decrease the risk 48 

of cavitation -compared to smooth spillways- by expanding the length of the self-aerated flow zone [4,5,6]. The 49 

spillways can have different layouts depending on their use, such as downward inclined steps, non-uniform steps 50 

and pooled steps. Moreover, the stepped spillway system is well-suited to modern construction techniques, e.g., 51 

roller compacted concrete (depending on step size), pre-cast concrete and hydraulic gabion structures [6]. 52 

The step configurations of stepped spillways can be either uniform where the step dimensions are consistent 53 

over the spillway chute or non-uniform, where the lengths and heights of the steps continuously change. Previous 54 

studies have revealed that the step configurations can significantly impact such spillways' design parameters, 55 

including energy dissipation, pressure distribution and the inception point location. To date, there have been 56 

minimal studies investigating the flow effects where non-uniform stepped spillways are used. One of the first 57 

attempts to study the effect of non-uniformity of the step heights was by Stephenson [7], who investigated the 58 

energy dissipation. The main finding was an increase of 10% in energy dissipation versus that from the uniform 59 

steps. Conversely, Felder and Chanson [8] examined the effect of non-uniformity of the spillway step heights 60 

experimentally and reported no significant difference between the two layouts. A more recent study by Li et al. [9] 61 

investigated experimentally and numerically the effect of the step height non-uniformity on the generated energy 62 

dissipation for curved spillways. The results revealed that the water flow between the concave bank to convex bank 63 

could raise the energy dissipation by around 66% compared to the smooth spillway. Ashoor and Riazi [10] explored 64 

the energy dissipation rate effect on different configurations such as convex, concave, random, and semi-uniform 65 

step arrangements using a numerical solver InterFOAM, available in the OpenFOAM package. The results showed 66 

that the semi-uniform configuration produced the best performance in regards to energy dissipation. The disparity of 67 

findings between the previous studies is related to issues including differences in the adopted methodology, i.e. 68 

experimental or numerical, the examined flow rates, the scale of the models and finally, differences in the examined 69 

step configuration. This highlights the need for further investigation better to understand the flow effects for 70 

different spillway layouts.  71 



One of the simplest and most cost-effective construction forms for stepped spillways is gabion stepped 72 

spillways (GSS) (see Fig 1). This system is formed by gathering several rectangular shaped baskets (usually formed 73 

from a galvanized steel wire mesh) filled with different sized angular rocks and connected at the edges. Gabions are 74 

commonly used in low to medium-head stepped spillway applications and carry the advantages of being low cost 75 

and easier to construct than alternative forms such as in-situ concrete as well as having superior flexibility and noise 76 

abatement characteristics [1]. However, one of the shortcomings of the GSS system is that the maintenance cost 77 

after overtopping events can be high [11]. Therefore, it is critical to understand the effect on both the flow and 78 

energy dissipation patterns across gabion stepped chutes. To date a very limited number of studies have been 79 

performed to explore the flow characteristics and the construction parameters of GSS. For instance, the design of 80 

GSS, energy dissipation over the gabion steps and the seepage interactions with a free-surface flow are discussed 81 

and reviewed by Chanson [1]. Reeve et al. [12] explored GSS numerically with various step layouts (i.e. normal, 82 

inclined, overlapping and pooled steps). The step height of the impermeable steps in these layouts was constant. The 83 

main finding was that normal steps could dissipate more energy than the other layouts under the same flow rates. 84 

Three types of flow regimes could be anticipated over GSS systems: nappe, transition and skimming flow [13]. 85 

Nappe flow is a series of small water jet-falls which can be achieved for low discharges. While skimming flow is 86 

when the water flows towards the toe of the spillway as a coherent free-stream gliding over the pseudo-bottom 87 

created by the steps' outer edges. The pseudo-bottom line starts from the outer edge of the first step to the outer edge 88 

of the last step. As skimming flow occurs when the water flow rate is high, the characteristic feature is represented 89 

by a high turbulence level [14,15,16]. Skimming flow is associated with the turbulence's recirculation in the step 90 

cavities, retained by the shear stress transmission from the free stream. Lastly, transition flow was initially presented 91 

by Ohtsu and Yasuda [17] and can occur when the water flow rates are in the intermediate range among the nappe 92 

flow and the skimming flow regimes [18,19]. 93 

The turbulent boundary layer in the skimming flow will trap the natural air entrainment, which initiates a point 94 

between the aerated and non-aerated zone described as the 'inception point' (see Figure 1). In the case of high 95 

discharges, aeration might not appear along a stepped chute, therefore the boundary layer might not get to the step 96 

surface. This is important in the case of small to medium dams running with high discharges [20]. Therefore, the 97 

lack of self-aeration would cause the spillway to be susceptible to cavitation damage [21]. The occurrence of 98 

cavitation damage is often observed in concrete stepped spillways over the non-aerated zone steps [21]. 99 

 100 

Fig. 1. 2D schematic view of flow over gabion stepped spillways   101 



2. Problem definition  102 

From the literature, both normal and gabion stepped spillways have significant advantages in preventing cavitation 103 

damage and controlling the inception point location's length (i.e. non-aerated zone). Furthermore, the inception point 104 

has a substantial influence on the energy dissipation performance. Nevertheless, there are currently very limited 105 

studies investigating GSS with a non-uniform step layout. Finding the optimum GSS layout is essential to improve 106 

future designs. Consequently, this study investigates the impact of the step length non-uniformity on inception point 107 

locations. Different GSS layouts are explored, these being random length distribution of the steps, semi-uniform 108 

distribution of the step length, a convex configuration with longer steps at the beginning where the length of step 109 

decreases gradually toward the end of the spillway and a concave configuration having smaller steps in the start then 110 

gradually increasing the step length towards the end of the spillway. A numerical flume model was adopted to 111 

examine the GSS system performance. The results obtained in this study are used to estimate the inception point 112 

location. Finally, two novel equations are proposed to predict the non-aerated zone length for non-uniform GSS. 113 

3. Numerical modelling approach  114 

In this paper, a numerical flume (two-dimensional) model is used to examine flow behaviour over different non-115 

uniform GSS. The numerical flume, NEWFLUME [22], is an open-source code based on the Reynolds-averaged 116 

Navier-Stokes approach (RANS) which adopts a volume-of-fluid capturing scheme. The adopted scheme allows 117 

accurate simulation of significant deformations of the water surface. NEWFLUME computes the water-free surface 118 

and the turbulent flow by splitting the model's flow into two main components: the turbulent fluctuations and the 119 

mean flow. The equations describing the mean flow contribution to the fluctuating turbulent flow and the solution 120 

technique to understand the numerical code performance are described in the following section.  121 

The formulae used for capturing water flow out of the porous media are; 122 
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where 〈ui〉 refers to the mean velocity in direction i in units of m.s-1; 〈p〉 is the mean pressure in units of kN.m-2; 𝛒 is 123 

the density of the fluid in units of kg.m-3;  gi is the acceleration in direction i in units of m.s-2; 𝛍 is the molecular 124 

viscosity in units of m2.s-1; and 〈 uʹiuʹj〉 represents the Reynolds stress in units of kN.m-2. 125 

The mean viscous stress calculation is defined as follows:  126 
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Meanwhile, for the viscosity, a non-linear eddy model was implemented to determine the Reynolds stress. That 127 

model has used turbulence kinematic energy (k), mean velocity and dissipation rate of turbulence (ɛ). The transport 128 

equation (k-ɛ) was applied to compute both k and ɛ, as described in Lin and Liu [22]. Thereby the porous media 129 

mean flow is dominated by the following formula  130 

∂u̅i

∂xi
= 0                                              (4) 

  
1+CA

n
 
∂u̅i

∂t
+

u̅j

n2

 ∂u̅i

∂xj
= −

1

ρ

 ∂p̅

∂xi
+ gi +

ν

n

∂2u̅i

∂xj ∂xi
− gapu̅i − gbp√u̅ku̅ku̅i           

(5)                                                                                                                     

where: u̅i can be defined as the i-th the mean velocity component; for porous medium, n is the porosity; CA, ap and 131 

bp are the coefficients; and the subscript K is the sum of velocities in two directions i and ii. The required  132 

 coefficients are described by Lin and Liu [22] as 133 
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The volume of fluid technique (VOF) was applied as free surface tracking was assumed. The approach was initially 138 

proposed by Hirt and Nichols [23] and was subsequently revised by Kothe et al. [24]. The VOF equation for an 139 

incompressible flow is:   140 
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where, F is the fluid function volume. This refers to the fraction fluid in the cell. For example, when F=1, this 142 

reveals that the cell is full, however the cell would be empty when F=0. It is important to highlight that the fluid 143 

surface lies in the cell when F is between 1 and 0. 144 

All partial differential equations were estimated using the finite-difference approach. The Navier-Stokes equation 145 

solver, RIPPLE established by Kothe et al. [24], has been applied to calculate the mean flow outside the porous 146 

medium. The momentum equations were resolved by applying a finite-difference technique that implemented a two-147 

step projection. Thus the discrete equation, 148 
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is split into two steps, i.e., step 1: 149 
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and step 2, 150 
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In this method, the velocity is estimated in the first step without the pressure gradient term, however the velocity is 151 

altered in the second step using the updated pressure field: 152 
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The equations that control the flow inside the porous media are similar to the RANS equations. Nevertheless, the 153 

linear and non-linear friction terms have been applied to replace the Reynolds stresses. For the flow computation 154 

inside the porous media, two-step projection method was also applied. The pressure and velocity continuity was 155 

fulfilled over the interface of the porous media and the outside flow. The central difference method has been applied 156 

to discretise the stress gradient and pressure. The upwind scheme is merged with the central difference to discretise 157 

the k-ɛ transport equations and the advection terms. Lin and Xu [25] demonstrated the capability of NEWFLUME 158 

by performing a detailed analysis of different case studies involving several turbulent free-surface flows. The 159 

numerical model using NEWFLUME was validated against a set of experimental data for gabion stepped spillways 160 

by Zuhaira et al. [26] and Reeve et al. [12]. According to Reeve et al. [12], the values of gravel porosity and gravel 161 

diameter size used in the experiments should be reflected in the numerical model to achieve a reasonable agreement 162 

with experimental data.  163 

Due to the limited experimental data for gabion stepped spillways, validation is conducted in the present work 164 

by simulating one of the normal stepped spillway cases tested experimentally by Felder [27]. Felder’s [27] 165 

experiment was performed in a facility equipped with a flat uniform step. The experiment consists of a stepped 166 



spillway model with a step height (10cm) and a slope of 26.6°. The range of discharges examined were nappe, 167 

transition and skimming flows. Flow pattern discharges were recorded to be 0.004 ≤ q ≤ 0.262 m2/s per unit width 168 

and the Reynolds numbers were found to be between 1.6 × 104 ≤ Re ≤ 1.0 × 106. A broad crested weir section was 169 

tested with a length of 0.62 m and a height of 1.0 m with ten similar rigid steps with a length of 0.2m and a height of 170 

0.1m, see Figure 2.  171 

The same boundary conditions and geometry were created in the model domain, with a mesh size selected to be 172 

0.012m and 0.005m in the x-direction and y-direction respectively, to replicate the experiment. The mesh density 173 

was selected following previous work by Zuhaira [28], who conducted a wide range of numerical studies using 174 

NEWFLUME to investigate different geometries of normal stepped spillways and GSS. The present mesh density 175 

values were chosen due to the similarity of the flow regime to that investigated by Zuhaira [28] where it was found 176 

that the optimum number of cells in both directions should be around ~35 to capture the behaviour accurately and 177 

efficiently. The initial depth of water was taken as 1.6m to get the necessary discharge. The discharge has been 178 

computed by establishing the critical section using the Froude number. In the models, the initial time step was 179 

selected as 0.0001 sec to guarantee numerical stability and the total time for the simulation was taken as 20 sec. All 180 

boundaries were assumed to be closed in the experimental works except the right boundary which was assumed to 181 

be open. The time required to achieve the skimming flow was 5.58s. Seven different discharges were used for 182 

comparison. The discharge value was calculated by multiplying the water's depth by the critical section's velocity 183 

(assumed to be over the broad crested weir [29]). Moreover, a comparison of the flow rate results was conducted 184 

between the numerical model and the experimental results. The results indicated that there is a reasonable agreement 185 

with the experimental work with a relative error of 0.5556%, as tabulated in Table 1.   186 

 187 

Fig. 2. The geometry set-up of Felder (2013) with the grid distribution over the steps   188 

According to Husain et al. [30], the inception point location may be estimated from the free surface water and 189 

the location of a point intersection, that has a velocity about 99% of the maximum velocity over the pseudo-bottom. 190 

It can also be referred to as the point where the depth of the turbulent boundary layer equals the water depth. 191 

Therefore, the inception point represents the point where the turbulent velocity near the flow surface is high enough 192 

to eject water droplets into the air [31]. 193 

Table 1. Experimental and numerical discharge values 194 

Measurement Time (s) 
Experimental discharge 

(m2/s) (Felder, 2013) 

Numerical 

discharge (m2/s) 
Relative Error (%) 



1 6.53 0.227 0.2278 0.3524 

2 7.50 0.202 0.2027 0.3465 

3 7.68 0.180 0.1790 -0.5556 

4 7.84 0.161 0.1606 -0.2484 

5 8.03 0.143 0.1432 0.1399 

6 9.42 0.116 0.1159 -0.0862 

7 9.70 0.095 0.0947 -0.3158 

 195 

Chanson [32] demonstrated that the non-aerated zone length could be affected by three important factors: 196 

discharge, step height and chute slope. André [31] argued that one of the important benefits of using steps is to 197 

increase the spillway roughness, which would accelerate the turbulent boundary layer growth, allowing closer 198 

inception points to the upstream weir. Minimising the non-aerated zone length is significantly important as that will 199 

reduce the probability to achieve cavitation damage which might be observed due to the absence of air entrainment. 200 

The experiments are summarised in Table 2, the numerical results reveal good agreement with the experimental 201 

work. For context, previous work by Zuhaira [28], which used NEWFLUME revealed an 8% relative error in the 202 

prediction of the inception point compared to the corresponding experimental work by Meireles and Matos [20]. 203 

   204 

Table 2. Comparison of experimental and corresponding numerical results for the inception point location 205 

Measurement Time (s) Discharge (m2/s) 
Inception point location 

Felder (2013) 

Inception point location 

(Numerical model) 

1 6.53 0.2278 Step 10 Beginning of step 10 

2 7.50 0.2027 Step 9-10 End of step 9 

3 7.68 0.1790 Step 8 Step 8 

4 7.84 0.1606 Step 7-8 Beginning of step 8 

5 8.03 0.1432 Step 6-7 End of step 7 

6 9.42 0.1160 Step 6 End of step 5 

7 9.70 0.095 Step 5 Beginning of step 5 

4. Exploration of the Effect of Step Configuration 206 

The validated numerical model is now used to explore the impact of different geometries on skimming flow over 207 

GSS, particularly at the non-aerated zone where the air entrainment is absent. Step widths were set to different 208 

values to achieve non-uniform gabion steps [10]. All the models that have been numerically examined are described 209 

in Table 3. The average spillway slopes ranged from 22° to 27°. It is important to highlight that both porosity and 210 

the grain size (D50) of the gabion steps were fixed to 0.325m and 0.017, respectively. These values have been 211 

selected in agreement with the range of the granular material that was used in the experimental studies of Wüthrich 212 

and Chanson [33], which focused on uniform step arrangements. The selection of these values provides a range of 213 

physical characteristics that replicate gabions in practice. A dam-break condition was adopted in all models to 214 

achieve the typical high flow discharge that might be expected during flood events (Figure 3). 215 

Table 3. Proposed configurations of the stepped spillways  216 

 Steps configuration 



Steps 

height for 

all cases 

Steps width 

Semi-

Uniform 
Concave Convex Random 1 Random 2 Random 3 

Gabion 

box 
L (m) L (m) L (m) L (m) L (m) L (m) L (m) 

1 - 0.1 0.1 0.35 0.2 0.25 0.1 

2 0.1 0.3 0.125 0.325 0.2 0.2 0.35 

3 0.1 0.1 0.15 0.3 0.3 0.1 0.125 

4 0.1 0.3 0.175 0.275 0.1 0.35 0.325 

5 0.1 0.1 0.2 0.25 0.25 0.2 0.15 

6 0.1 0.3 0.225 0.225 0.35 0.225 0.3  

7 0.1 0.1 0.25 0.2 0.1 0.2 0.175 

8 0.1 0.3 0.275 0.175 0.25 0.35 0.275 

9 0.1 0.1 0.3 0.15 0.3 0.1 0.2 

10 0.1 0.3 0.325 0.125 0.2 0.2 0.25 

11 0.1 0.1 0.35 0.1 0.2 0.25 0.225 

12 0.1 0.3 0.35 0.1 0.2 0.25 0.225 

The average slope  26° 22° 27° 24° 24° 23° 

 217 
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                                               (b) 

 

                                     (c)  

 

                                        (d) 



 

                                           (e) 

 

                                        (f) 

Fig. 3. Geometric configurations of non-uniform GSS: (a) Concave, (b) Convex, (c) Random 1, (d) Random 2, (e) Random 3 

and (f) Semi-uniform  

In the numerical model, gabion stepped spillways with 0.1m step height were located at 7.8m and the weir was 218 

placed at 6.8m. The length of the weir crest is 1.0m (Figure 4). Based on the recommendations which have been 219 

mentioned earlier regarding the critical depth over the weir crest, the crest length was set to 1.0m. The initial water 220 

depth was 0.5m above the weir crest, so the upstream tank's content was adequate to reach the expected discharge. 221 

The initial time step is selected to be 0.0001s to fulfil the Courant stability criterion for all cases. The Courant 222 

number depends on the time step, cell-size and velocity. The Courant number value should be less than or equal to 223 

0.3 for cells in the computational domain to achieve numerical stability. Thus, in this model, the mesh size were set 224 

to be 0.012m and 0.005m in the x- and y-directions, respectively. In this simulation, the total time was taken as 15s. 225 

Closed boundaries were applied for the numerical model domain apart from the right-hand one that was set to be 226 

open mainly to allow the water flow to escape the numerical flume (Figure 4). 227 

 228 



 229 

Fig. 4. Mesh distributions: (a) around the entire area of the GSS and (b) for the first two steps.230 



5. Determination of the onset of  skimming flow  231 

As mentioned earlier, all the experiments have been conducted under dam-break conditions, therefore different flow 232 

patterns can occur over the non-uniform gabion steps such as nappe flow, transition and skimming flow. It is 233 

essential to emphasize that identifying the onset of skimming flow is critical in these cases. Skimming flow 234 

conditions are more dangerous than the nappe and transition flow, especially at the non-aerated zone where issues 235 

can occur due to the absence of air.  236 

Under dam-break conditions, jet forms could be noticed at the first stage due to the spillway steps' flow. The jet 237 

forms are dictated by the nature of the flow in turn governed by the total upstream head at the weir crest. The lower 238 

mainstream jet can impact the horizontal step face due to the water flows. This kind of flow can cause vortices over 239 

the horizontal steps and flow backwards against the step vertical face, i.e. the riser. However, the porous media can 240 

play a vital role here as the flow will try to seep inside the gabion between the particles and significantly reduce the 241 

vortices. When the porous media is almost completely saturated in water, these vortices may circulate within a 242 

triangular zone approximately  one-third of the step length, whereas its height is almost equivalent to the step. The 243 

vortices will be ejected back into the main flow due to the direction of the main flow stream and the porous media 244 

flow. Coherent streamflow can be captured over the steps indicating skimming flow conditions over the GSS in line 245 

with the findings of Wüthrich and Chanson [33] who  investigated a uniform GSS with a 26.6° slope. 246 

It is important to highlight that skimming flow should be determined at the time when all the air pockets vanish 247 

inside and outside the gabion under the water free surface. However, in some cases, air pockets were observed 248 

during the whole simulation time due to the porous media's presence and the bottom chute slope's effect (Figure 5). 249 

Water load is significantly important as it can control the amount of water that can seep inside the porous media and 250 

influence the air pockets' availability due to the applied forces. Consequently, it is vital to observe the flow during 251 

different stages of the onset of skimming flow conditions to understand the effect of the porous non-uniform steps 252 

and the slope of the spillways (Figure 6). As shown in Figures 6 and 7, the air pocket at the first step in the concave 253 

case always occurred, while that was not achieved in the convex case. The reason for that is due to the shape and the 254 

slope of the spillway, which had a significant effect on the skimming flow.     255 

 

                                           (a) 

 

                                               (b) 



 

                                     (c)  

 

                                        (d) 

 

                                           (e) 

 

                                        (f) 

Fig. 5. Skimming flow conditions over non-uniform GSS: (a) Concave, (b) Convex, (c) Random 1, (d) Random 2, (e) Random 3 

and (f) Semi-uniform  

  

  



  

 

Fig. 6. Visualization of flow over the concave configuration of GSS at different times  

     256 

  

  



  

 

Fig. 7. Visualization of flow over the convex configuration of GSS at different times 

6. Inception point locations 257 

As discussed earlier, the inception point position is significant for designers to determine the non-aerated zone 258 

where there is no air entrainment. In addition to the previously mentioned definitions, the inception point is also 259 

defined by Boes and Hager [5] to be the point when the air concentration reaches 1%. The inception point can be 260 

determined in experimental work by visual observation where the white water starts to appear due to air 261 

entrainment. However, determining the location of the inception point visually could have inherent inaccuracies. For 262 

numerical models, the definition of the inception point proposed by Chanson's [32] is more appropriate. Chanson's 263 

definition has represented the inception point as the point between the water free surface and the developed 264 

thickness of the turbulent boundary layer caused by the weir's upstream face (Figure 8). 265 

 266 
(a) 267 



 268 
(b) 269 

Fig. 8. The non-aerated zone length and inception point location estimations for: (a) Convex and (b) Semi-uniform 270 

configurations 271 

The inception point definition proposed by Chanson’s was adopted in this study to establish the inception point 272 

location. The discharge is calculated in the same way as that conducted previously in the validation cases over the 273 

critical section located by testing the Froude Number. Therefore, when the Froude Number is equal to 1.0, the 274 

critical section's corresponding location can be anticipated to be over the broad crested weir. Meanwhile, the crest of 275 

the broad weirs' length must be sufficient to allow the crest's streamlines to exhibit parallel flow. Five different 276 

discharges have been selected to establish the inception point location. The selected discharges' values were picked 277 

to achieve various ranges of water flow, i.e. from high to low discharges (Figure 9).  278 

 279 

Fig. 9. Free-surface profiles for various flow rates above a broad crested weir. 280 

It is complicated to calculate Li, which represents the non-aerated zone length measured from the outer edge of 281 

the first step up to the inception point. This is due to the non-uniformity of the steps' geometry, which clearly affects 282 

the pseudo-bottom line as the line will not hit the outer edges of all steps as it does in the uniform steps' case. 283 

Therefore, to establish the pseudo-bottom over the non-uniform steps, the line starts from the outer edge of the first 284 

step and it terminates at the edge of the last step, neglecting all the steps in between (Figure 10).   285 



 286 

(a) 287 

 288 

(b) 289 

Fig. 10. 2D schematic illustrating the non-aerated zone length (Li) for different configurations   290 

The computational results for the non-uniform GSS with five different flow rates of 0.282, 0.227, 0.182, 0.139 291 

and 0.1m2/s revealed that the gabion steps' geometry could impact the inception point location and non-aerated zone 292 

length significantly, as shown in Table 4. 293 

 294 

Table 4. The non-aerated zone length (Li) at different flow rates for the non-uniform configurations   295 

Discharge 

(m2/s) 

Li (m) 

Semi-uniform Concave Convex Random 1 Random 2 Random 3 

0.282 2.5080 2.5375 2.3879 2.1474 2.3170 2.7815 

0.227 2.0571 2.5164 2.3914 2.1949 2.1585 2.5375 

0.182 1.1789 1.7984 2.0106 1.9572 2.0438 2.2947 

0.139 1.0483 1.5367 1.6386 0.9260 1.1488 2.2023 

0.100 0.5627 0.3256 0.9167 0.9163 0.4400 0.6125 

 296 

From Table 4, the inception point location is anticipated to be near the weir crest's downstream side once the 297 

discharge is increased. It can be noticed that the non-aerated zone length raises with increasing the unit discharge as 298 

increasing the flow rates could lead to a rise in the flow depth and velocity values for the water. The increase in the 299 

flow depth might raise the boundary layer length required to develop an intersect surface with the free water profile. 300 

For a particular discharge case, the point location changes then shifts over the steps due to the steps' geometry non-301 

uniformity. This could be related to the fact that the shape and the bottom chute slope of the stepped spillways can 302 

both have substantial impacts on the inception point location and the non-aerated zone length. The results showed 303 



that the semi-uniform and the random1 geometries produced the best performance in terms of the non-aerated zone 304 

length for different discharges (Figure 11).    305 

 306 

Fig. 11. The non-aerated zone length (Li) at different flow rates for the non-uniform configurations   307 

Following the past studies and to justify the previous conclusions on the effect of geometry, Figure 12 shows 308 

the computational results of Li/ks from the present work, calculated with different values of discharges against 309 

corresponding roughness Froude number values (F*). In this Figure, Li represents the non-aerated zone length 310 

measured from the first step's outer edge up to the inception point, ks is the roughness calculated from multiplying hs 311 

(the step height) by cosθ (θ is the average chute slope). Furthermore, the Froude number (the roughness) can be 312 

calculated from: 313 

F∗ =
q

√g∗sinθ∗k𝑠
3
     314 

Where q is the discharge per unit width and g is the gravitational acceleration. 315 

 316 

Fig. 12. Computational results of the free surface aeration location 317 

As can be seen from Figure (12), some cases do not follow a clear trend due to the undulating free surface or the 318 

humps of water that can be observed over the gabion due to the seepage flow inside the porous media. The 319 

spillways' geometry could influence seepage flow, therefore that effect could accelerate the intersection between the 320 

free surface and the turbulent boundary layer or it could delay it depending on the circumstances. 321 
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7. Development of New Correlations  322 

7.1 Non-linear Multiple Regression approach (NMR) 323 

To  estimate the non-aerated zone length and the inception point location, non-linear multiple regression equations 324 

have been developed for uniform normal stepped spillways by several researchers, including Chanson [34]; Meireles 325 

and Matos [20] and Hunt and Kadavy [35], in addition to uniform GSS explored by Reeve et al. [12]. None of the 326 

previous studies have considered the effect of the step height non-uniformity for GSS on the performance, therefore 327 

the present study's computational results were used to derive a new empirical equation to determine the non-aerated 328 

zone length for non-uniform GSS. Accordingly, Li's values and the corresponding values of F* (obtained from the 329 

different non-uniform steps and discharges tested) were applied to attain Eq. 11. In developing Eq.11 for non-330 

uniform GSS, the equation proposed by Reeve et al. [12] (Eq. 12) for uniform GSS has been used as a basis.  331 

The coefficients of Eq. 11 have been estimated by MATLAB code using the iterative least-squares estimation 332 

routine. The results obtained from numerical models for fitting purposes were divided into two parts. The first part 333 

included 80% of the data and obtained the equation coefficients (training data). The remaining 20% of the data was 334 

used as validation data to validate the equation proposed. It is worth noting that the data was randomly selected.  335 

              
L𝑖

k𝑠
= 5.965 ∗ (sinθ)−0.0019 ∗ (F∗)0.9747            (11) 336 

The value of the R2 factor was 0.9048 (Figure 13). The value of R2 has been used to measure the correlation of 337 

the new equation where the regression line approximates the data. As shown in Figure 13, the R2 value for Eq. 11 is 338 

relatively close to 1.0, indicating that the proposed formula gives a close estimation of the results. These relations 339 

represent the general trend for all the computational data. However, many individual points can be found in the 340 

database showing different performance due to several factors such as the skimming flow conditions, boundary layer 341 

development and geometry.   342 

 343 

Fig. 13. Comparison of Equation 11 with the numerical data 344 

More in-depth comparison has been conducted against different empirical correlations which have been 345 

proposed by Chanson [34], Meireles and Matos [20], Hunt and Kadavy [35] and Reeve et al. [12] (Figure 14). It is 346 

crucial to mention that Eq. 12 was proposed by Reeve et al. [12] for uniform GSS, while the other equations were 347 

developed for various cases of normal stepped spillways, i.e. non-porous steps. This is done to assess the empirical 348 

correlations' applicability to predict the inception point location for both gabion and normal stepped spillways. 349 

The empirical formulae are: 350 

Li

ks

= 2.2281 ∗ (sinθ)−0.3172 ∗ (F∗)1.2486 ∗ (p)−0.2831 ∗ (
D50

hs

)
0.1537

 Reeve et al. (2019)[12]  (12) 

R² = 0.9048
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Li

ks

= 6.1 ∗ (sinθ)0.08 ∗ (F∗)0.86 Hunt and Kadavy (2011)[35]  (13) 

Li

ks
= 5.25 (F∗)0.95                                                          Meireles and Matos (2009)[20]  (14) 

Li

ks
= 9.8 ∗ (sinθ)0.08 ∗ (F∗)0.71                                            Chanson (1994)[34]  (15) 

The results show that Chanson's [34] correlation overestimated the inception point location when F* has a low 351 

value; however the results are closer to the present study once the value of F* starts to increase to more than 4. 352 

Conversely, the Reeve et al. [12] equation returned the present study's closest result when the roughness Froude 353 

number is low. The Hunt and Kadavy [35] and Meireles and Matos [20] equations showed a consistent 354 

underestimation for all points, especially for the high flow rates. It is important to mention that although the Reeve 355 

et al. (2019) equation was developed for various uniform GSS, the results have agreed with the present study only 356 

when F* is low. This is due to the non-uniformity of the gabion steps, which can significantly impact both the 357 

boundary layer growth and non-aerated zone length.  358 

 359 

Fig. 14. Comparison of Equation 11 with other existing equations 360 

Since Eq. 11 is obtained by using a simple non-linear regression following the past studies, another advanced 361 

method, evolutionary polynomial regression EPR, has been applied to find a new correlation to determine the length 362 

of the non-aerated zone over non-uniform GSS.  363 

7.2 Evolutionary polynomial regression approach (EPR) 364 

One of the intelligent regression analysis algorithms currently developed is the multi-objective genetic algorithm 365 

known as evolutionary polynomial regression (EPR). This uses automatic searches to find the best mathematical 366 

model and uses the mathematical model to characterize the relation between input and output variables. The best 367 

correlation's automatic searches can be accomplished by merging the genetic algorithm (GA) with the regression 368 

analysis [36,37]. The methodology of the EPR is based on creating several candidate relations between the input and 369 

output data to develop an evolutionary process guided by the GA. These relations depends on the proposed type of 370 

the dependency complexity for the data, the number of data used in the analysis, the proposed number of terms for 371 

the established new relation and the proposed range of exponents for the developed relationship [38]. 372 

In the current study, the data was randomly split into two parts: training and testing data. The training data 373 

consisted of 80% of the whole data, the remaining 20% of the data was used as testing data. The training data has 374 

been employed in the EPR to enable it to learn the correlation, while the testing data was employed to test the 375 

accuracy of the established correlation in computing the Li/ks using data that have not been employed in the 376 
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correlation development. This process is common in soft computing techniques to ensure the developed correlation's 377 

robustness [39,40,41]. Significantly, considerable efforts have been paid in selecting the training and testing data to 378 

guarantee that the testing data is within the training data range. This approach has been deemed necessary to prevent 379 

correlation extrapolation as recommended by several previous studies [42,43]. The statistical indicators of the 380 

training and testing data are shown in Table 5 and Table 6, respectively.  381 

Table 5. Statistical indicators of the training data 382 

Statistical indicator Li/ks 𝐬𝐢𝐧𝛉  F* 

Minimum 3.51 0.37 1.78 

Maximum 30.20 0.45 5.21 

Average 18.85 0.41 3.30 

 383 

Table 6. Statistical indicators of the testing data 384 

Statistical indicator Li/ks 𝐬𝐢𝐧𝛉  F* 

Minimum 6.26 0.37 1.79 

Maximum 27.90 0.44 5.11 

Average 19.88 0.41 3.65 

 385 

Using the training and testing data, trials have been conducted employing the EPR to find the most suitable 386 

mathematical correlation that correlates the non-aerated zone length with chute slope and roughness Froude number. 387 

For each trial, the statistical performance indicators and the correlation's ability to predict the trend of the 388 

relationship between the independent and dependent variables have been carefully examined. Considering the 389 

criteria mentioned, the best correlation obtained from the EPR is shown in Equation 16.     390 

Li

ks
= 89.2902 ∗ (F∗)0.5 − 29.3533 (sinθ)0.5 ∗ (F∗)1 + 94.848 (sinθ)2 − 95.1706                             (16) 391 

Figures 15 and 16 show the developed correlation's statistical performance indicators compared to the other 392 

correlations for both training and testing data. The developed EPR correlation respectively scored R2 (coefficient of 393 

determination) and MAE (Mean Absolute Error) values of 0.93 and 1.66 for the training data and 0.83 and 2.7 for 394 

testing data, indicating a marginal error of prediction. It is vital to highlight that comparing the statistical 395 

performance indicators of the developed correlation with the available correlations, including the one obtained in 396 

this study earlier (i.e. using non-linear multiple regression) demonstrates the improved accuracy of the EPR 397 

correlation. This is because the EPR correlation scored a lower MAE, and higher R2 for training and testing data.  398 
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(a) 400 

 401 

(b) 402 

Fig. 15. Performance indicators of the developed hybrid intelligent correlation compared with the other correlations 403 

for training data 404 

 405 

(a) 406 

 407 

(b) 408 

Fig. 16. Performance indicators of the developed hybrid intelligent correlation compared with the other correlations 409 

for testing data 410 

These empirical equations could help the designers anticipate the length of the non-aerated zone over GSS 411 

under skimming flow conditions with improved accuracy  compared to the current approaches. It should be noted 412 

that both Eq. 11 and 16 are valid for non-uniform step configurations of gabion stepped spillways. Both equations 413 
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have been developed from the computational results of a step height of 0.1 (1.002 ≤ Yc/hs ≤ 2.002). Furthermore, the 414 

proposed equations are only appropriate for porosity values close to 0.325 and D50 around 0.017m. The maximum 415 

discharge applied was 0.282m2.s-1. However, the empirically derived formulae proposed in this study are limited to 416 

the cases explored in this work. 417 

8. Conclusion 418 

In this paper, the effect of step non-uniformity for gabion stepped spillway systems on the inception point location 419 

was numerically explored. Then, the data was used to generate two novel empirical equations based on a non-linear 420 

multiple and evolutionary polynomial regression analysis to predict the non-aerated zone length considering the 421 

impact of the step non-uniformity. The following conclusions can be drawn given the limitations of this work: 422 

- The novel numerical models developed using the NEWFLUME code and validated against the experimental data 423 

presented in the literature showed that the model could capture the behaviour with a relative error of 0.5556%.  424 

- The shape of the steps in GSS had a significant impact on the formation of air pockets within the aerated zone 425 

depending on the spillway slope. 426 

- The inception point location was affected directly by the discharge that correlates with the surface water flow rate. 427 

For instance, higher discharge resulted in moving the inception point location towards the weir crest's downstream 428 

side due to an increase in the flow depth and water velocity. 429 

- Both empirical equations developed in this study achieved better predictions of the non-aerated zone length in 430 

non-uniform GSS compared to existing equations.  431 

The results of this study can be used to help improve the design of GSS in the future. While the work has 432 

demonstrated the potential of the proposed approach, there are limitations in terms of the geometry and flow 433 

characteristics examined. The present work can be extended to explore other geometries and flow regimes found in 434 

practice. 435 
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