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3D Numerical Simulation of the Combined Effect of Porosity and Aggregate Size
on Energy Dissipation, Aeration, and Flow Turbulence Field in Gabion Stepped
Spillways

ABSTRACT

This study investigates two-phase air—water flow over a ten-step gabion stepped spillway with a 26.57° slope using Flow-3D, the k—¢
turbulence model, Forchheimer equations for porous media, and an air entrainment solver. The numerical model was calibrated against
Wiithrich and Chanson’s (2014) experimental data. A cell size of 0.012 m, comprising 1,477,056 cells, was selected as the optimal
mesh, achieving an R? of 0.954 and an RMSE of 0.15. Nine simulations were performed using three discharge rates (0.018, 0.037, and
0.114 m3/s), representing nappe, transition, and skimming flow regimes, respectively, and three porosities (0.20, 5, and 0.50).
Because porosity and effective aggregate diameter were varied simultaneously, permeability changes were attribut i
87% to porosity and 13% to aggregate diameter. Increasing permeability enhanced interflow and reduced overf]

most sensitive parameter, while air concentration was the least sensitive. Finally, an
achieved a predictive R2 of 0.994 and a mean absolute percentage error of 4.3%.

EXTENDED ABSTRACT

Introduction

Stepped spillways convert a large fraction of a flood's kinetic energ
can be reduced or eliminated. Replacing the impervious steps with

along the chute, so the downstream stilling basin
ets — wire cages filled with graded rock — adds
to a through-flow component that percolates within the
porous matrix and an overflow component that passes over the step edge§and their interaction reshapes the cavity vortices, displaces

the inception point of self-aeration and governs the rate of energy dissipa

Research on impervious stepped spillways has produ nchmarks: geometric appendance elements raised energy
dissipation by 3.2% (Ghaderi and Abbasi, 2021); diferencgs between and pooled layouts range from 5.4% (Li et al., 2019) to
34.7% (Farooq et al., 2024); curved end sills gave a 1. i

gave a 7% gain (Mikalsen et al., 2024).

Evidence on gabion chutes is b
for the gabion structure relativ
opposite was reportedg@rsiort one-
narrow band of 0.35-(° é@ small a ran
height and the cavitationV8&fety i

two-dimensional, so the velocityali

sparser and leSg consiste
(Withrich and Chanson, 2014; Zhang and Chanson, 2016), whereas the
ajaei et al., 2020). Almost all of these studies varied porosity within the
to reveal the shape of the response function. Air concentration — which controls sidewall
as never been quantified as a function of porosity, and most studies are experimental or
entration and turbulence fields have not been retrieved simultaneously.

Objective

The objective of this st
the effect of the porosit
length and
transition al

simulate three-dimensional two-phase air—water flow over a gabion stepped spillway and to quantify
icient on five indicators: velocity profile, mean air concentration, rate of energy dissipation, non-aerated
¢ energy — addressing the direction and magnitude of the effect, whether it is identical across the nappe,
ing regimes, and which indicator is the most sensitive.

Materials a9 Methods

The numerical model reproduces the physical facility of Withrich and Chanson (2014): a 1.0 m high, 0.52 m wide chute with ten steps
of 0.1 m height and 0.2 m length, giving a slope of 26.57° (1V:2H); ten prismatic blocks of 0.30 x 0.52 x 0.10 m were defined as a
separate porous component. The Reynolds-averaged Navier—Stokes equations were discretised with the fractional area/volume obstacle
representation method, the free surface was tracked with the volume-of-fluid technique (Hirt and Nichols, 1981), and closure used the
two-equation k-¢ model. Flow inside the baskets is non-Darcian and was represented by the Forchheimer relation; air entrainment was
computed with the air-entrainment solver (Hirt, 2003) together with the density-evaluation and drift-flux models. Because porosity and
effective grain diameter were varied together, an analytical decomposition of the intrinsic permeability was performed: 87% of the 71-
fold permeability change is attributable to porosity and 13% to grain diameter.

Four cell sizes (0.020, 0.015, 0.012 and 0.010 m, i.e. 310,500 to 2,944,362 cells) were compared against measured velocity and air-
concentration profiles at the edges of steps 8 to 10. The relative change of the velocity RMSE between successive refinements at step
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10 was 37.5%, 15.0% and 5.9%, indicating that the solution had entered the asymptotic range, so a cell size of 0.012 m was adopted.
Of the three closures compared, k-g and k- performed essentially identically (R? difference below 0.002) and only the renormalization-
group model was clearly inferior, so k-& was selected for consistency with the literature on the target quantities (Yalcin et al., 2023).
The porous-medium coefficients were validated indirectly: the computed through-flow capacity of 0.0141 m?/s is 1.47 times the
threshold below which all flow passes through the gabions.

Nine runs were performed: three control runs at the reference porosity of 0.375 and six main runs at porosities of 0.20 and 0.50. The
discharges of 0.018, 0.037 and 0.114 m?3/s correspond to relative critical depths dc/h of 0.50, 0.80 and 1.70 and to roughness Froude
numbers F* of 0.62, 1.27 and 3.91, confirming nappe, transition and skimming conditions. A dimensionless elasticity index — the
relative change of an indicator divided by the relative change of porosity — was introduced to rank the five indicators on a common
basis.

Results and Discussion
All five indicators decreased monotonically with increasing porosity, in every flow regime. Raising the porosity fr

and the turbulent kinetic energy by 40.0%, 45.5% and 30.3%. Lowering the porosity to 0.20 produced in
magnitude, up to 25.5% for energy dissipation and 63.9% for turbulent kinetic energy.

A single causal chain explains these observations. Porosity sets the hydraulic resistan e th‘atio of through-
flow to overflow; a Forchheimer-based estimate gives through-flow shares of 13.7%, 6% i ar‘regime but only
2.2%, 4.4% and 6.3% in the skimming regime for porosities of 0.20, 0.375 and 0.50. Th i ength of the vortices
trapped in the step cavities, which simultaneously determines the turbulent kinetic energ r to the boundary —
from an identical ten-

(Daneshfaraz et al., 2026). The lower air concentration is not necessari®Padverse fQr low. structures: the cavitation index remains

step 26.6° geometry in which seepage reduced the step flow depth hy.8-10% and sh
far above the damage threshold and the required sidewall height falls bé

indicator whose elasticity exceeds unity (mean
1.04), making it the most diagnostic quantity for monitoring poros . dissipation and mean velocity follow with mean

of every indicator falls monotonically as the discharge increases; sipation it drops from 0.60 in the nappe regime to 0.24
in the skimming regime.

squares in logarithmic space: Li/ks = 2.069n(~0-28 1279 with R2 #0.998, RMSE = 0.026 m and a mean absolute percentage
error of 2.7%. Leave-one-out cross-validation gave a pedictiye R? of 0.9948hd a mean absolute percentage error of 4.3%, and bootstrap
confidence intervals exclude zero for both exponents. ive e

Conclusions

Porosity is an effecti i i i spillways, but only within a limited operational window. Reducing basket
porosity simultaneous ? issipation, aeration and turbulence generation, and therefore reduces the required stilling-
basin dimensions. HoweWe®, the apses as the discharge grows: in the skimming regime of the design flood the hydraulic

gain remains below about 8%,
higher load on the wire mesh. Ev
exists.

0 justify the penalties of reduced drainage capacity, greater risk of sediment clogging and
nd was monotonic within the tested range, but three levels cannot establish whether an optimum

Several limitations shou
their combined effect;
neglecting ff

extracted; a
size, extract
pooled geomet

ted. Porosity and effective grain diameter were varied simultaneously, so the reported effect is strictly
eynolds number at the smallest discharge (3.5 x 10%) is below the threshold usually recommended for
e air-entrainment coefficient was left at its default value; no quantitative vortex-identification criterion was
orchheimer inertial coefficient was entered as an isotropic scalar. Future work should decouple porosity from grain
ugh-flow ratio explicitly, refine the porosity increment to about 0.05, and extend the study to steeper slopes and



