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Abstract

Deep stormwater drainage tunnels are increasingly being used to mitigate urban flood‑
ing, but in‑tunnel sediment deposition reduces their discharge capacity and complicates
their maintenance. With direct field observation constrained, numerical simulation is es‑
sential, and river‑based total sediment load formulas require reassessment for use in deep
tunnels. The three‑phase (air–water–sediment) CFD solver SedInterFoam is first validated
against a benchmark open‑channel suspended sediment experiment, and is then applied
to a horseshoe tunnel under a fixed design discharge for multiple inlet sediment concentra‑
tions spanning urban stormwater conditions. Four classical formulas (Yang, Shen–Hung,
Ackers–White, Engelund–Hansen) are evaluated at the CFD‑resolved hydraulic state; Tof‑
faleti is omitted because its zone‑based formulation is incompatible with the partially filled
horseshoe geometry. The CFD consistently shows persistent retention of a substantial frac‑
tion of the inlet sediment load, whereas the transport capacity‑limited interpretation of the
classical formulas predicts near‑complete sediment throughput—indicating structural in‑
adequacy for the dilute, supply‑limited regime typical of urban stormwater. A Universal
Soil Loss Equation (USLE)‑style dimensionless deposition formula is therefore proposed,
with inlet sediment loading as the explicit independent variable and a tunnel correction
factor Ktunnel absorbing the geometric, hydraulic, and sediment variations. Its regression
yields an almost linear scaling and a nearly constant deposition ratio, while analysis of the
internal flow and concentration fields shows that the retained sediment is strongly concen‑
trated near the bed and that near‑bed turbulent mixing weakens moderately with a rising
inlet concentration. While calibrated for a single non‑cohesive settleable sand fraction, the
frameworkprovides a transferable basis for inlet‑loading‑dependent deposition prediction
in deep stormwater drainage tunnels, and subsequent extension of Ktunnel to broader sed‑
iment conditions with field‑based validation is expected to enable maintenance planning,
dredging volume estimation, and sediment retention risk assessment.

Keywords: deep stormwater drainage tunnel; SedInterFoam; sediment transport; sediment
deposition

1. Introduction
Urbanflooding is increasinglymotivating the construction of deep stormwater drainage

tunnels in dense urban areas where conventional surface‑based flood control measures are
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difficult to implement. Conventionalmeasures, such as levee reinforcement and river expan‑
sion, are often constrained by limited surface space; therefore, deep stormwater drainage
tunnels are increasingly being used to bypass and drain large flood volumes. These tunnels
are characterized by rapid head changes, large diameters, long flow distances, and intermit‑
tent operation. Similar operational characteristics have been documented in international
deep storage tunnel systems, including the Chicago Tunnel and Reservoir Plan (TARP) and
DCWater’s deep tunnel system, where the transient flow regimes between free‑surface and
pressurized states have been identified as recurring design challenges [1].

Under these operating conditions, settleable sediment can progressively accumulate
in the central tunnel and outlet sections, reducing the discharge capacity and increasing
maintenance costs [2,3]. Sediment management in deep stormwater drainage tunnels is
particularly difficult because the tunnel depth, length, limited access, and high dredging
costs restrict direct inspection and dredging operations. These constraints highlight the
need for predictive tools that can estimate sediment transport and deposition before main‑
tenance problems develop. Because field observation alone is limited by spatial accessi‑
bility, safety concerns, and the cost of long‑term monitoring, numerical models that can
resolve the free‑surface multiphase flow can provide a practical alternative for predicting
sediment behavior in inaccessible tunnel environments.

Previous sewer flow studies have demonstrated that computational fluid dynamics
(CFD)‑based models can reproduce free‑surface sediment transport, deposited bed evolu‑
tion, and particle–flow interactions [4–6]. However, these studiesmainly targeted sewer or
partial‑flow pipe systems rather than large‑scale deep stormwater drainage tunnels with
intermittent operation, rapid hydraulic transitions, and limited field accessibility. The
studies specifically addressing deep stormwater drainage tunnels have mainly focused on
system optimization, inflow capacity, route planning, air entrainment, and ventilation un‑
der water–air two‑phase flow conditions [7–9]. Sediment‑related design studies have also
examined non‑deposition or self‑cleansing thresholds [10], but few studies have directly
linked three‑phase CFD results to tunnel‑specific deposition rate prediction, particularly
under partial‑throughput conditions in which only part of the inlet sediment load exits the
tunnel while the remaining fraction is deposited within the tunnel reach. This gap moti‑
vates the use and validation of a three‑phase CFD solver capable of simultaneously resolv‑
ing the free‑surface motion, sediment suspension, deposition, and near‑bed transport.

During a flood event, the main‑line tunnel evolves from a partially filled Free stage
to a Transition stage and eventually to a Submerged stage as the downstream head rises
(Figure 1). In the Free stage, the tunnel behaves as an atmosphere‑vented open channel,
and sediment is transported primarily in suspension. This study focuses on the Free stage
because it provides the most appropriate conditions for comparing CFD‑predicted sedi‑
ment throughput with total sediment load formulas. The computational domain is there‑
fore interpreted as a representative straight segment of the main‑line tunnel under Free
stage operation.

In addition to the lack of three‑phase tunnel‑scale deposition modeling, another key
issue concerns the total sediment load formulas traditionally used to estimate transport ca‑
pacity in sewer and tunnel design. These formulas were originally developed for natural
alluvial rivers with mobile beds, bed forms, and simplified laboratory channel geometries.
Applying such formulas to concrete‑lined, fixed‑bed, non‑rectangular deep stormwater
drainage tunnels by simple variable substitution can be physically inconsistent unless the
underlying assumptions are reformulated. Beyond these geometric and boundary con‑
dition differences, the operational sediment supply regime of deep stormwater drainage
tunnels also differs fundamentally from that assumed in classical river formulas. Even af‑
ter formula‑specific adaptation of river‑based assumptions to tunnel‑consistent variables,
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the governing framework of these formulas remains problematic for deep‑tunnel opera‑
tion. Classical total sediment load formulas predict a single transport capacity indepen‑
dent of inlet sediment loading, under the implicit assumption that the imposed sediment
supply approaches or exceeds the capacity. This condition is referred to here as the trans‑
port capacity‑limited regime. However, the sediment supply entering deep stormwater
drainage tunnels during urban runoff events is generally far below such a capacity‑limited
condition. The event‑mean suspended solids concentrations in Korean urban road runoff
have been reported to be on the order of 30–130 mg/L, with the first‑flush peaks occasion‑
ally reaching 1000–1500 mg/L [11–13]. Under these dilute, supply‑limited conditions, de‑
position is expected to scale with inlet loading rather than with the formal transport capac‑
ity. The classical transport capacity‑limited framework is therefore structurally inappro‑
priate for the operational concentration range of deep stormwater drainage tunnels, and
a deposition rate formulation that takes inlet sediment loading as an explicit independent
variable is required.

Figure 1. Evolution of hydraulic states in the main‑line of a deep stormwater drainage tunnel.
(a) Free stage: Partially filled open‑channel flow; sediment carried in suspension (present study’s
scope). (b) Transition: Rising downstream head forms a hydraulic jump that migrates upstream.
(c) Submerged stage: Free surface is suppressed; settling and bottom deposition dominate (outside
the present scope).

Accordingly, the present study is structured around three coupled contributions.
First, the OpenFOAM‑based SedInterFoam solver is validated by reproducing the Cole‑
man [14] benchmark open‑channel suspended sediment laboratory experiment. The loga‑
rithmic velocity distribution, Rouse‑type concentration distribution, andMeyer–Peter and
Müller [15] bed load prediction are used as quantitative benchmarks, providing a physi‑
cally grounded basis for applying the same solver to tunnel domains. Second, five classical
total sediment load formulas [16–20] are reviewed by examining their underlying assump‑
tions; four of them are then evaluated at the non‑uniform partially filled hydraulic state
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measured from the CFD simulation. The Yang, Ackers–White, and Engelund–Hansen
formulas are quantitatively compared with the CFD outlet sediment flux, whereas the
Shen–Hung is treated as a calibration envelope diagnostic and Toffaleti is excluded from
the quantitative comparison because its vertical‑integration structure is not directly appli‑
cable to a partially filled horseshoe cross‑section. Through this comparison, the transport
capacity‑limited framework underlying the classical formulas is shown to be structurally
inadequate for the realistic operational concentration range.

Third, the validated solver is applied to a horseshoe‑shaped cross‑section represen‑
tative of deep stormwater drainage tunnels operating in South Korea. The simulations
use DT = 10 m, S = 0.004 (0.4%), a fixed discharge of Q = 100 m3/s, and eight inlet
sediment concentrations ranging from 100 to 12,500 mg/L. Based on the resulting deposi‑
tion data, a Universal Soil Loss Equation (USLE)‑style [21] dimensionless deposition for‑
mula is proposed with inlet sediment loading as the explicit independent variable. In this
study, “USLE‑style” refers only to a dimensionless, multiplicative correction factor struc‑
ture; it does not imply process equivalence with hillslope rainfall erosion. This structure
was selected because the simulated tunnel deposition behaves as a supply‑limited partial‑
throughput process: deposition should vanish when inlet sediment loading vanishes and
should increase monotonically with imposed loading. Normalizing both the inlet and de‑
posited sediment fluxes by a common reference flux makes the relation dimensionless,
while a multiplicative correction factor provides a practical way to incorporate the future
effects of tunnel geometry, hydraulic state, and sediment properties. This multiplicative
form naturally satisfies the zero‑loading condition and supports straightforward physical
interpretation, which additive or higher‑order polynomial alternatives do not provide as
directly. The proposed formula is therefore presented as a reference envelope deposition
relationship for the simulated tunnel condition; its broader application requires calibration
of the tunnel correction factor for other hydraulic, geometric, and sediment conditions.

2. Numerical Model
2.1. SedInterFoam Solver

The numerical model used in the present study is OpenFOAM® (Open Field Opera‑
tion and Manipulation; v1912, OpenCFD Ltd., ESI Group; https://www.openfoam.com),
an open‑source computational fluid dynamics (CFD) framework that provides C++ li‑
braries for solving partial differential equations. The OpenFOAM environment allows
users to select, modify, and extend solvers according to the target physical processes. Sev‑
eral OpenFOAM‑based solvers have been developed for sediment transport applications,
including sedFoam, twoPhaseEulerSedFoam, and SewerSedFoam. Solvers such as sed‑
Foam and twoPhaseEulerSedFoam are suitable for modeling fluid–sediment interactions,
including drag, lift, and added‑mass effects, within a Eulerian–Eulerian framework. How‑
ever, they are either limited when explicitly tracking the free surface or restricted to two‑
phase configurations. SewerSedFoam was developed to simulate sediment behavior in
sewer flows, but it was not primarily designed to represent the large‑scale open‑channel
conditions of main‑line deep stormwater drainage tunnels, where free‑surface variations
are important.

For thesereasons, SedInterFoam(open‑source; https://github.com/SedFoam/sedInterFoam,
accessed on 11 June 2026) was adopted in this study. SedInterFoam extends the Eulerian
two‑phase sediment transportmodel sedFoamby incorporating theVolume of Fluid (VOF)
free‑surface treatment and the Multidimensional Universal Limiter for Explicit Solution
(MULES) scheme used in interFoam [22]. It explicitly tracks the air–water interface and
includes inter‑phase momentum exchange terms and solid‑phase stress models, enabling
simultaneous simulation of air, water, and sediment phases.
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This capability is essential for the present study because the target problem involves
coupled free‑surfacemotion, sediment suspension, near‑bed deposition, and resuspension
in a large‑scale open‑channel tunnel flow. In SedInterFoam, the incompressible continuity
and momentum equations for the fluid phase are coupled with the volume fraction con‑
servation and momentum equations for the sediment phase. Turbulence is treated using
the Reynolds‑Averaged Navier–Stokes (RANS)‑based twoPhaseKEpsilon closure, as de‑
scribed in Section 2.2. This formulation allows for the free‑surface dynamics, turbulence,
and sediment transport to be considered within a single numerical framework.

A key methodological advantage of using SedInterFoam is that the same governing
equations, inter‑phase momentum exchange terms, turbulence closure, and sub‑models
described in Section 2.2 can be used for both the open‑channel validation case in Section 3.1
and the deep‑tunnel application case in Section 3.2. The validation case therefore provides
a physically grounded baseline for applying the solver to the tunnel simulations. Accord‑
ingly, the formula–CFD discrepancies discussed in Section 4 are interpreted in relation to
both the assumptions of the empirical formulas and the uncertainty inherent in numerical
modeling of large‑scale tunnel flows.

2.2. Governing Equations
2.2.1. Continuity Equations

The continuity equation of the model is expressed in an incompressible form consid‑
ering the volume fractions of the fluid and solid phases, as shown in Equation (1):

∂

∂xi

[
(1 − ϕ)u f

i + ϕus
i

]
= 0 (1)

where ϕ is the sediment volume concentration, u f
i is the velocity component of the fluid

phase, and us
i is the velocity component of the solid phase.

The phase‑wise mass conservation equations for the solid, liquid, and gas phases are
written as Equations (2), (3) and (4), respectively [22]:

∂ϕ

∂t
+

∂

∂xi
[ϕus

i ] = 0, (2)

∂

∂t
[γ(1 − ϕ)] +

∂

∂xi

[
γ(1 − ϕ)ul

i

]
= 0, (3)

∂

∂t
[(1 − γ)(1 − ϕ)] +

∂

∂xi

[
(1 − γ)(1 − ϕ)ug

i

]
= 0 (4)

Here, us
i , u

l
i , and ug

i denote the velocity components of the solid, liquid, and gas phases,
respectively. The variable γ is the fluid indicator function, defined as the ratio of the water
volume to the total air–water volume in a computational cell. Thus, γ = 1 corresponds to
water, γ = 0 corresponds to air, and 0 < γ < 1 represents the air–water interface. This
indicator is also commonly referred to as the Volume of Fluid (VOF) function following
Hirt and Nichols [23].

The fluid‑phase velocity is defined as the liquid–gas mixture velocity, as shown in
Equation (5):

u f
i = γul

i + (1 − γ)ug
i (5)

Combining the phase‑wise mass conservation equations gives the conservation equa‑
tion for the fluid indicator function γ, as expressed in Equation (6):

∂γ

∂t
+

∂

∂xi

(
γu f

i

)
− γ

(
∂u f

i

)
∂xi

= 0 (6)
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Equation (6) represents the transport equation for the fluid indicator function γ, which
is solved to track the air–water interface. In the numerical implementation, SedInterFoam
solves this equation using the VOF method with the Multidimensional Universal Limiter
for Explicit Solution (MULES) algorithm. To reduce numerical diffusion and maintain
a sharp air–water interface, an additional interface compression term ∂

∂xi

[
γ(1 − γ)ur

i
]
is

introduced only in the interfacial region (0 < γ < 1), where ur
i is the artificial relative ve‑

locity used to compress the interface. This formulation enables the model to track the
air–water free surface while maintaining the mass conservation of the solid, liquid, and
gas phases.

2.2.2. Momentum Conservation

The conservative momentum equations for the solid phase and air–water mixture
fluid phase can be expressed as Equation (7) and Equation (8), respectively. Here, Σk

ij de‑
notes the effective stress tensor, gi is the gravitational acceleration, fi represents the exter‑
nal force or driving term, Mi is the inter‑phase momentum exchange term, σ is the surface
tension coefficient, and κ is the air–water interface curvature.

∂

∂t
[ρsϕus

i ] +
∂

∂xi

[
ρsϕus

i us
j

]
=

∂

∂xi
∑s

ij +ϕρsgi + ϕ fi + Mi, (7)

∂
∂t

[
ρ f (1 − ϕ)u f

i

]
+ ∂

∂xi

[
ρ f (1 − ϕ)u f

i u f
j

]
= ∂

∂xi
∑

f
ij +(1 − ϕ)ρ fgi + (1 − ϕ) fi − Mi + σκ ∂γ

∂xi

(8)

The effective stress tensors are decomposed into pressure and shear stress compo‑
nents by Equation (9), and the corresponding fluid‑ and solid‑phase shear stress tensors
are given by Equations (10) and (11), respectively.

∑k
ij = −Pkδij + Tk

ij(k = f , s), (9)

T f
ij = ρ f (1 − ϕ)[

(
νmix + ν

f
t

)∂u f
i

∂xj
+

∂u f
j

∂xi
− 2

3
∂u f

k
∂xk

δij

− 2
3

λ f δij], (10)

Ts
ij = ρsϕ

[
(νs + νs

t )

(
∂usi
∂xj

+
∂usj
∂xi

− 2
3

∂us
k

∂xk
δij

)
− 2

3
λsδij

]
(11)

where Pk is the pressure of phase k, Tk
ij is the shear stress tensor, δij is the Kronecker delta,

and k = f , s denotes the fluid and solid phases, respectively. In Equations (10) and (11), ρ f

and ρs are the fluid‑ and solid‑phase densities, νmix is the mixture viscosity, νs is the solid‑
phase viscosity, ν

f
t and νs

t are the fluid‑ and solid‑phase eddy viscosities, and λ f and λs

are the fluid‑ and solid‑phase bulk viscosities, respectively. The fluid density and viscosity
are evaluated as ρ f = γρl + (1 − γ)ρg and ν f = γνl + (1 − γ)νg, respectively, where ρl

and ρg are the liquid‑ and gas‑phase densities, and νl and νg are the liquid‑ and gas‑phase
viscosities. The mixture viscosity is taken as νmix = ν f . Air and water are treated as
Newtonian fluids with constant viscosities. The solid‑phase viscosity νs, solid‑phase bulk
viscosity λs, and solid pressure Ps are modeled using either the kinetic theory of granular
flows (KTGF) or the µ(I) rheology. For turbulence modeling, the present study adopts the
two‑phase k–ε closure implemented as twoPhaseKEpsilon within the Reynolds‑Averaged
Navier–Stokes (RANS) framework.
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2.2.3. Inter‑Phase Momentum Exchange Term Mi

The momentum exchange term Mi between the fluid and solid phases is defined as
Equation (12) and consists of buoyancy (Bi), drag (Di), lift (Li), added mass (Ai), and
unresolved fluid–particle interaction forces (Ii). The mathematical expressions for these
constituent terms are presented in Equations (13)–(17).

Mi = Bi + Di + Li + Ai + Ii, (12)

Bi = −ϕ
∂P f

∂xi
, (13)

Di = ϕ(1 − ϕ)K
(

u f
i − us

i

)
, (14)

Li = ϕ(1 − ϕ)Clρ
m
∥∥∥u f

i − us
i

∥∥∥ϵijk

(
∂um

k
)

∂xj
, (15)

Ai = ϕ(1 − ϕ)Caρ f [
∂u f

i
∂t

+
∂u f

i u f
j

∂xj
−
(

∂us
i

∂t
+

∂us
i us

j

∂xj

)
], (16)

Ii = −SUS(1 − ϕ)Kυ
f
t

∂ϕ

∂xi
(17)

Here, Bi, Di, Li, Ai, and Ii denote the buoyancy, drag, lift, addedmass, and unresolved
fluid–particle interaction terms, respectively. The newly introduced variables and coeffi‑
cients in Equations (13)–(17) are defined as follows: K is the drag parameter; Cl is the lift
coefficient; Ca is the added‑mass coefficient; ϵijk is the Levi‑Civita symbol; and SUS = 1/Sc

is the inverse turbulent Schmidt number, where Sc is the turbulent Schmidt number. The
mixture velocity and mixture density appearing in Equation (15) are defined as Equations
(18) and (19), respectively:

um
i = ϕus

i + (1 − ϕ)u f
i , (18)

ρm = ϕρs + (1 − ϕ)ρ f (19)

where um
i and ρm denote themixture velocity component andmixture density, respectively.

In Equation (15), um
k is the k‑direction component of the mixture velocity.

In the general SedInterFoam formulation, the lift and added‑mass contributions are
controlled by Cl and Ca, respectively. When nonzero values are assigned to these coef‑
ficients, the corresponding terms Li and Ai are included in the inter‑phase momentum
exchange. Conversely, setting Cl = 0 or Ca = 0 removes the lift or added‑mass contri‑
bution from Mi. Thus, the actual contribution of these terms depends on the coefficient
values specified in the numerical setup.

The drag parameter K is calculated from the particle response time ts. In SedInter‑
Foam, ts is evaluated using the Ding–Gidaspow combined drag law, which applies the
Ergun equation for high sediment concentrations (ϕ > 0.2) and the Wen–Yu correlation
for low sediment concentrations (ϕ < 0.2). The unresolved fluid–particle interaction term
Ii is relevant to Reynolds‑Averaged Navier–Stokes (RANS) simulations because it repre‑
sents the turbulent suspension flux associated with concentration gradients.

3. Materials and Methods
3.1. Experimental Setup for Model Validation
3.1.1. Description of Experimental Setup [14]

In this study, the open‑channel suspended sediment experiment conducted by Cole‑
man [14] was numerically reproduced to validate the capability of the OpenFOAM‑
based SedInterFoam solver. This experiment provides measured velocity and suspended‑
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sediment concentration profiles in a fixed‑bed rectangular flume under steady discharge
and controlled sediment supply. Although the flume geometry differs from that of a deep
stormwater drainage tunnel, this case serves as an ideal fundamental benchmark to verify
whether the solver accurately captures the core hydraulic and sediment transport mecha‑
nisms under free‑surface flows.

The experiment was performed in a recirculating rectangular flume with a width of
0.356 m and a length of 15 m. The discharge was maintained at Q = 0.064 m3/s. The
velocity and sediment concentration profiles were measured at the channel centerline sec‑
tion located 12 m downstream from the inlet. The channel bottom shear velocity U∗ was
obtained from the calibration relation proposed by Coleman [14] as U∗ = [gyt(Se − Sw)]

1
2 ,

where g is the gravitational acceleration, yt is the total flow depth, Se is the energy gradient,
and Sw is the portion of the energy gradient attributed to head losses associated with the
side walls and the off‑centerline regions of the channel bottom.

The specific experimental conditions used for the numerical validation cases are sum‑
marized in Table 1. In the table, yt is the total flowdepth, T is thewater temperature, “Sand”
is the total supplied sediment mass, δ is the boundary layer thickness, U∗ is the channel
bottom shear velocity, Se is the energy gradient, D50 is the median sediment particle size,
and Q is the discharge.

Table 1. Experimental conditions of Coleman [14] used for numerical model validation.

Case yt T Supplied
Sand δ U* Se D Q

1 172mm 21.1 ◦C 0 kg 132mm 0.041m/s 0.0020 0.105mm 0.064
m3/s2 170mm 23.9 ◦C 17.27 kg 126mm

Case 1 represents a clear‑water condition without sediment inflow and was used to
validate the velocity profile in the absence of suspended sediment. Case 2 involves sedi‑
ment injection with a total supplied sediment mass of 17.27 kg and was used to validate
both the velocity and concentration profiles under sediment‑laden flow conditions. For
the inlet boundary condition in Case 2, the inlet solid volume fraction, denoted as αsolid,in,

was calculated from the sediment mass injection rate as αsolid,in =
.

Ms/ρs

Q , where αsolid,in

corresponds to the inlet value of the sediment volume concentration ϕ in the governing
equations,

.
Ms is the sediment mass injection rate, ρs is the sediment density, and Q is the

discharge. The sediment density was determined using the specific gravity of quartz sedi‑
ment, Gs ≈ 2.65. The total supplied sediment mass of 17.27 kg was converted to

.
Ms using

the experimental injection duration before calculating αsolid,in.

3.1.2. Computational Domain and Boundary Conditions

The computational domain was constructed as a rectangular open channel with a
width of 0.356 m and a length of 15 m, as shown in Figure 2. The domain consisted of an
inlet, an outlet, an atmospheric top boundary, and solid wall boundaries along the channel
side walls and bottom.

Figure 2.Computational domain and boundary conditions for model validation.

To reproduce three‑dimensional flows involving a free surface, a structured hexahe‑
dral mesh was applied to the entire domain. The resultingmesh comprised approximately
648,000 cells and 700,074 nodes. Themeshwas refined near the bed and free surface, where
relatively large velocity and concentration gradients were expected, and was used as the
baseline resolution for the validation simulations.
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The boundary conditions were established to reproduce the experimental setup sum‑
marized in Table 1. The top boundary was set to an atmospheric condition to allow pres‑
sure variations due to the free‑surface fluctuations. The inlet boundary was separated into
an inlet for the water–sediment mixture and an inlet for the air phase. The inlet discharge
was assigned according to the experimental conditions listed in Table 1. ForCase 2, the inlet
solid volume fraction αsolid,in was calculated from the supplied sediment mass in Table 1
using the relation described in Section 3.1.1. The water–sediment mixture was supplied
through the inlet region corresponding to the initial water depth, while the upper inlet
region was assigned to the air phase. A zero‑gradient condition was applied to the outlet,
while a no‑slip condition was enforced at the channel walls and bottom.

The initial conditions were set tomatch the experimental water depth and hydrostatic
pressure distribution. The initial solid volume fraction was set to zero throughout the
domain, αsolid(t=0s) = 0, so that sediment was introduced through the inlet after the start
of the simulation.

The specific physical sub‑models were configured according to the kinetic theory of
granular flows (KTGF), following the SedFoam configuration of Chauchat et al. [24], as
summarized in Table 2.

Table 2. Sub‑models used in the validation simulation.

Model Type Model

pp Model Frictional Stress Model
Drag Model (solid, fluid) Gidaspow–Schiller–Naumann

Viscosity Model Garzo–Dufty Model
Conductivity Model Garzo–Dufty Model

Radial Model Chialvo–SundaresanFric
Granular Pressure Model Lun
Frictional Stress Model Srivastava–Sundaresan

For the inter‑phase interaction, the Gidaspow–Schiller–Naumann drag model was
applied. The viscosity and conductivity of the solid phase were modeled using a mod‑
ified Garzó–Dufty equation, while the granular pressure was represented using the
Lun et al. [25] model. The Srivastava–Sundaresan model for frictional stress and the
Chialvo–SundaresanFric model for the radial distribution function were employed for the
frictional stress and radial distribution sub‑models, respectively.

For the inter‑phase momentum exchange terms, the lift and added‑mass coefficients
were set to Cl = 0, Ca = 0. While nonzero values around Cl = Ca = 0.5 are commonly
adopted in dispersed multiphase modeling following the inviscid‑flow formulation of
Auton et al. [26], the present validation simulation excluded the lift and added‑mass con‑
tributions in Section 2.2.3. This setting was adopted because the validation case focused
on reproducing the velocity and suspended‑sediment concentration profiles in a dilute
sediment‑laden open‑channel flow, for which the inter‑phase momentum exchange was
represented using a drag‑dominated closure. In addition, activating the lift and added‑
mass termswould have required additional coefficients that were not separately calibrated
for the present validation condition.

As shown in Table 3, the turbulence was modeled using the two‑phase k–ε clo‑
sure implemented as twoPhaseKEpsilon within the Reynolds‑Averaged Navier–Stokes
(RANS) framework. This setting is consistent with the turbulence formulation described in
Section 2.2.2 and was applied to both phases in the validation simulation.
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Table 3.Turbulence model used in the validation simulation.

Properties Model

Turbulence Properties (both phases) RANS—twoPhaseKEpsilon

3.2. Diagnostic Evaluation Framework for Classical Sediment Load Formulas
3.2.1. Selection of Classical Formulas and Tunnel‑Consistent Evaluation Strategy

The deep stormwater drainage tunnel considered in this study is structurally a closed
conduit with a horseshoe‑shaped cross‑section, but it operates as a free‑surface open‑
channel flow during the Free stage because drainage is driven primarily by gravity. Un‑
der this hydraulic condition, sediment transport may include both the suspended‑load
and near‑bed transport components. Therefore, classical total sediment load formulas pro‑
vide a relevant starting point for evaluating the sediment transport capacity under tunnel
flow conditions.

Table 4 summarizes the previous evaluations of sediment transport formulas based
on field data comparisons, laboratory and field datasets, comprehensive reviews, and ap‑
plicability analyses. Based on these studies, Yang [16], Shen and Hung [17], Ackers and
White [18], Engelund and Hansen [19], and Toffaleti [20] were considered as candidate
formulas in the initial review. Yang was repeatedly ranked highly in previous field and
quantitative comparisons, while Ackers and White and Engelund and Hansen were in‑
cluded because of their broad use in total load estimation. Shen and Hung’s work was
also considered because of its high ranking in previous quantitative assessments, although
its empirical nature requires caution when it is applied outside the range of the original
regression data.

Table 4. Comprehensive summary of accuracy rankings and evaluations of sediment transport for‑
mulas from previous studies.

Study Category Researcher Data Source/Evaluation Method Key Findings & Rankings

Field Data
Comparison

Colby & Hembree [27] Niobrara River (Nebraska)
1. Yang [16]

2. Einstein [28], Toffaleti [20],
Laursen [29]

Hubbell & Matejka [30] Middle Loup River (Nebraska) 1. Yang [16], Mod. Einstein [27]

Jordan [31] Mississippi River (Missouri) 1. Yang [16], Laursen [29]
2. Mod. Einstein [27]

Nordin [32] Rio Grande (New Mexico) 1. Yang [16], Laursen [29]

Quantitative
Accuracy Yang & Stall [33] 1274 sets of Lab & Field data

1. Yang [16]
2. Shen & Hung [17]
3. Ackers & White [18]

Comprehensive
Review

American Society of Civil
Engineers, ASCE [34] 40 Field & 165 Lab datasets

Rank 1: Yang [16]
Rank 2: Laursen [29]

Rank 3: Ackers & White [18]
Rank 4: Engelund & Hansen [19]

Applicability
Analysis

Alonso et al. [35] Evaluation across a wide range
of sizes

Best for Total Load: Yang [16]
Best for Bed Load: Meyer‑Peter &

Müller, MPM [15]

Yang & Wan [36] Comparison considering the
grain size ratio

Yang [16]
(Highest Overall Accuracy)

Among the candidate formulas, Toffaleti has a more geometry‑dependent formula‑
tion than the others. It estimates the total sediment load by dividing the flow depth into
vertical transport zones, based on the framework of Einstein and Chien [37], and integrat‑
ing the zone‑dependent transport components. This procedure is closely related to the
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vertical distribution of velocity and sediment concentration in relatively simple alluvial
channel sections. In contrast, deep stormwater drainage tunnels generally have closed,
non‑rectangular cross‑sections, such as circular or horseshoe‑shaped sections, and may
operate under partially filled conditions with fixed concrete boundaries. For such geome‑
tries, the vertical‑zone framework of the Toffaleti formula cannot be directly transferred
without additional assumptions regarding the representative flow depth, cross‑sectional
subdivision, and vertical concentration distribution. Therefore, the tunnel condition evalu‑
ation in this study focuses on formulas that can be appliedmore consistently using section‑
averaged hydraulic quantities: Yang, Shen and Hung, Ackers and White, and Engelund
and Hansen.

The retained formulas preserve their original transport capacity structures, while the
hydraulic variables required by each formula are defined using quantities that are mean‑
ingful for the simulated tunnel flow. Classical river formulas generally assumemobile allu‑
vial beds, bed form‑related hydraulic resistance, and quasi‑equilibrium sediment supply.
Deep stormwater drainage tunnels, by contrast, have fixed concrete‑lined boundaries, no
autonomous bed evolution, and intermittent sediment inflow during flood events. These
differences affect the formula evaluation in terms of cross‑sectional geometry, boundary
resistance, and sediment supply condition.

The geometric and boundary‑resistance differences can be reflected by using tunnel‑
consistent hydraulic quantities, such as the wetted area, wetted perimeter, hydraulic ra‑
dius, mean velocity, wall shear stress, and shear velocity. The sediment supply difference
cannot be resolved by variable substitution alone because the classical formulas estimate
thee transport capacity, whereas the tunnel simulations represent supply‑limited partial
throughput. Therefore, the comparison with CFD aims to examine whether the transport
capacities estimated by the classical total sediment load formulas can represent the sedi‑
ment throughput predicted under tunnel flow conditions.

The retained formulas require hydraulic input variables, such as wetted area, hy‑
draulic radius, mean velocity, shear stress, and shear velocity. For the formula evaluations,
the shear stress is estimated using the hydraulic radius relation τw,T = ρgRhS0, where S0 is
the geometric longitudinal bottom slope of the tunnel. The wetted area, wetted perimeter,
hydraulic radius, andmean velocity are obtained from theCFD‑resolved partially filled hy‑
draulic state, while S0 is retained as the geometric (design) slope rather than aCFD‑derived
value.

The common tunnel‑consistent hydraulic quantities used in the formula evaluations
are summarized as

Rh =
A
P

, τw,T = ρgRhS0, u∗,T =
√

gRhS0 (20)

Here, Rh is the hydraulic radius, A is the wetted area, P is the wetted perimeter, S0

is the geometric longitudinal bottom slope of the tunnel, τw,T is the representative tunnel
shear stress estimated from Rh and S0 for the diagnostic formula evaluation, and u∗,T is the
corresponding tunnel‑consistent shear velocity. This formulation allows for the classical
total sediment load formulas to be evaluated using the same cross‑sectional hydraulic state
as the CFD simulation while retaining a slope variable that is directly available in design
practice. The resulting comparison evaluates the correspondence between the transport
capacities estimated by the classical formulas and the CFD‑predicted outlet sediment flux
and partial‑throughput behavior under tunnel flow conditions.
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3.2.2. Yang’s Formula (1973) [16]

Yang’s dimensionless unit stream power equation for sand transport was used in the
tunnel condition evaluation and is expressed as Equation (21) [16]:

log Ct = 5.435 − 0.286log ωd
ν − 0.457log U∗

ω

+
(

1.799 − 0.409log ωd
ν − 0.314log U∗

ω

)
log
(

VS
ω − VcrS

ω

) (21)

where Ct is the sediment concentration in ppm byweight, ω is the particle fall velocity, d is
the particle diameter, ν is the kinematic viscosity of water, V is the section mean velocity,
S is the slope term in the unit stream power expression, U∗ is the shear velocity, and Vcr is
the critical velocity term in Yang’s original formulation.

In the present tunnel condition evaluation, the original functional formof Yang’s equa‑
tion was retained. Following the common hydraulic quantities defined in Section 3.2.1, the
slope term S was represented by the geometric tunnel bottom slope S0, and the shear ve‑
locity was evaluated as u∗,T =

√
gRhS0. The velocity V, wetted area A, wetted perimeter

P, and hydraulic radius Rh were obtained from the CFD‑resolved partially filled hydraulic
state. The critical velocity term Vcr, originally introduced for incipient motion over an al‑
luvial bed, was retained as the threshold term in the original Yang equation. However,
because the tunnel bottom is a fixed concrete‑lined boundary rather than a mobile alluvial
bed, Vcr was not interpreted as the initiation threshold of bed mobility.

Using these tunnel hydraulic variables, the concentration estimated fromYang’s equa‑
tion and the corresponding sediment mass flux are defined as Equations (22) and (23).

Ccap, Y = FY

(
V, ω, d, VS0, u∗,T , Vcr,T

)
(22)

.
Mcap,Y = QCm

cap,Y (23)

where FY(·) denotes Yang’s original functional form evaluated with the tunnel hydraulic
variables. The concentration Ccap,Y, originally expressed in ppm by weight, was converted
into themass concentration Cm

cap,Y before calculating
.

Mcap,Y. The resulting transport capac‑
ity estimate was then compared with the CFD‑predicted outlet sediment mass flux.

3.2.3. Shen and Hung’s Formula (1971) [17]

Shen andHung developed an empirical regression formula for total sediment concen‑
tration using 587 laboratory datasets. Instead of deriving the sediment transport from a
single dominant hydraulic parameter, such as the Reynolds number or Froude number,
the formula relates the total sediment concentration to a regression variable Y, which com‑
bines the unit stream power term and the particle fall velocity. The original formula is
expressed as Equations (24) and (25) [17]:

logCt = −107, 404.459 + 324, 214.747 × Y−326, 309.589 × Y2 + 109, 503.872 × Y3, (24)

Y = [
VS0.57

ω0.32 ]
0.0075

(25)

where Ct is the total average sediment concentration, V is the section mean velocity, S is
the slope term in the regression variable, and ω is the particle fall velocity.

Because the Shen–Hung formula is entirely regression based, it was not reformulated
as a tunnel‑specific transport equation. Its original functional form was retained, and the
tunnel hydraulic variables defined in Section 3.2.1 were used only to calculate the corre‑
sponding regression variable. Specifically, the slope term S was represented by the geo‑
metric tunnel bottom slope S0, and the velocity V was obtained from the CFD‑resolved

https://doi.org/10.3390/app16126016

https://doi.org/10.3390/app16126016


Appl. Sci. 2026, 16, 6016 13 of 35

partially filled hydraulic state. The regression variable used for the tunnel condition eval‑
uation and the corresponding sediment mass flux are defined as Equations (26) and (27):

Y = [
VS0

0.57

ω0.32 ]

0.0075

(26)

.
M

(T)
cap,SH = QC(T)

cap,SH (27)

where YT is the regression variable evaluated using the tunnel hydraulic variables, and
C(T)

cap,SH is the concentration obtained from Equation (24) using YT . The Shen–Hung equa‑
tionwas therefore used as a regression‑based reference estimate rather than as a physically

reformulated tunnel transport equation. The resulting estimate
.

M
(T)
cap,SH was compared

with the CFD‑predicted outlet sediment mass flux, and its interpretation was limited to
assessing whether the regression‑based estimate was consistent with the tunnel flow con‑
dition considered in this study.

3.2.4. Ackers and White’s Formula (1973) [18]

The Ackers and White formula is a classical total sediment load formula developed for
alluvial channels. It relates the sediment transport to a dimensionless mobility parameter
and a sediment transport parameter. In the original formulation, the sediment transport pa‑
rameter X and the grainmobility parameter Ggr are expressed as Equations (28) and (29) [18]:

X =
Ggrsd

D(u∗/V)n , (28)

Ggr = C
(

Fgr

A
− 1
)m

(29)

where s is the specific gravity of sediment, d is the particle diameter, D is the effective flow
depth, u∗ is the shear velocity, V is the mean velocity, and n is the transition exponent.
In Equation (29), Fgr is the grain mobility parameter, and AAW , C, and m are empirical
coefficients in the original Ackers–White formulation.

For the tunnel condition evaluation, the original functional structure of the Ackers–
White formula was retained. However, some variables in the original alluvial channel for‑
mulation require careful definition in a fixed, non‑rectangular tunnel section. The effective
depth D in the original equation was represented by the hydraulic radius Rh, which is con‑
sistently defined for the partially filled horseshoe‑shaped section. The shear velocity was
evaluated using the tunnel hydraulic quantities, defined in Section 3.2.1 as u∗,T =

√
gRhS0,

where S0 is the geometric tunnel bottom slope. The mean velocity V and hydraulic radius
Rh were obtained from the CFD‑resolved partially filled hydraulic state. Using these tun‑
nel hydraulic variables, the Ackers–White parameters used in the present evaluation are
written as Equations (30)–(33):

XT = FAW,X(s, d, Rh, u∗,T , V, n), (30)

Ggr,T = FAW,G(s, d, Rh, u∗,T , V, n) (31)

Ccap, AW = FAW,G
(
XT , Ggr,T

)
(32)

.
M

(T)
cap, AW = QCm

cap, AW (33)

where FAW,X(·), FAW,G(·), and FAW,C(·) denote the original Ackers–White functional re‑
lationships evaluated with the tunnel hydraulic variables. The concentration Ccap,AW
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was converted to the corresponding mass concentration Cm
cap,AW before calculating the

sediment mass flux. The resulting estimate
.

Mcap,AW was compared with the CFD‑
predicted outlet sediment mass flux to examine whether the Ackers–White transport ca‑
pacity estimate is consistent with the sediment throughput predicted under the tunnel
flow condition.

3.2.5. Engelund and Hansen’s Formula (1967) [19]

TheEngelundandHansen formula is a classical total sediment load formula basedon the
relationshipbetween the friction factor, dimensionless sedimentdischarge, anddimensionless
shear stress. The original form used in this study is expressed as Equations (34)–(37) [19]:

f Φ = 0.1θ5/2 (34)

f =
2gSD

V2 (35)

ϕ =
qt

γs
[(

γs − γ

γ
)gd3]

−1/2
(36)

θ =
τ

(γs − γ)d
(37)

where f is the friction factor; Φ is the dimensionless sediment discharge; θ is the dimen‑
sionless shear stress; g is the gravitational acceleration, S is the slope term; D is the rep‑
resentative flow depth; V is the mean velocity; qt is the total sediment discharge per unit
width; γs and γ are the specific weights of sediment and water, respectively; d is the parti‑
cle diameter; and τ is the bed shear stress.

In the tunnel condition evaluation, the original Engelund–Hansen functional relation
was retained, while the hydraulic variables were defined consistently with the partially
filled tunnel section. The representative depth D in the original formulation was repre‑
sented by the hydraulic radius Rh, which is well defined for the non‑rectangular wetted
section. The slope term S was represented by the geometric tunnel bottom slope S0. The
mean velocity V and hydraulic radius Rh were obtained from the CFD‑resolved partially
filled hydraulic state.

Using these tunnel hydraulic variables, the wall shear stress, dimensionless shear
stress, friction factor, and unit‑width sediment discharge used in the Engelund–Hansen
evaluation are defined as Equations (38)–(41):

τw,T = ρgRhS0, (38)

θT =
τw,T

(γs − γ)d
(39)

fT =
2gS0Rh

V2 (40)

qt,T = KT FEH(θT , fT , d, s) (41)

where FEH(·) denotes the original Engelund–Hansen functional relation evaluated with
the tunnel hydraulic variables, and s = γs/γ is the relative specific weight of sediment.
The corresponding sediment mass flux is calculated as Equation (42):

.
M

(T)
cap,EH = ρsBTqt,T (42)

where ρs is the sediment density and BT is thewater surface topwidth of the partially filled
tunnel section. The resulting estimate

.
Mcap,EH was compared with the CFD‑predicted out‑
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let sediment mass flux to examine whether the Engelund–Hansen total load relation can
represent sediment throughput under the tunnel flow condition considered in this study.

3.3. Numerical Configuration and Simulation Scenarios

The numerical domain for the comparative analysis of total sediment load formulas
was constructed using geometric and design parameters representative of deep stormwa‑
ter drainage tunnels operating in South Korea [2,9,38]. The tunnel has a horseshoe‑shaped
cross‑section with an internal height/diameter scale of DT = 10.0 m, with the design pa‑
rameters adopted within the range reported for representative Korean operational facili‑
ties [39,40]. The total length was set to L = 500 m (i.e., L/DT = 50) to provide a suffi‑
cient flow development length, and the geometric longitudinal bottom slope was set to
S0 = 0.004 (i.e., 0.4%).

To reproduce the horseshoe geometry and free‑surface flow, a structured hexahedral
mesh was applied to the entire domain, as shown in Figure 3a. The resulting mesh com‑
prised approximately 484,725 cells and 504,879 nodes, with refinement concentrated near
the bed and free‑surface regions, where relatively large velocity and concentration gra‑
dients were expected. The mesh resolution was selected based on the grid convergence
analysis and results summarized in Appendix A. This mesh was used as the baseline res‑
olution for the comparative simulations. The boundary conditions were established for
the partially filled tunnel flow simulation, as illustrated in Figure 3b. The upstream cross‑
section was not assigned as an inlet over the entire tunnel area. Instead, a water–sediment
mixture inlet patch was defined only in the lower part of the upstream cross‑section, cor‑
responding to the prescribed initial water depth. The downstream end of the tunnel was
assigned as the outlet, and all remaining boundaries, including the tunnel wall and the
non‑inlet portion of the upstream cross‑section, were treated as wall boundaries. At the
inlet patch, the velocity and sediment concentration were imposed as fixed‑value condi‑
tions for each scenario. A zero‑gradient condition was applied at the outlet. For the ini‑
tial conditions, a prescribed water depth was set within the tunnel domain at the start of
the simulation. The present simulations considered sediment transport under continuous
free‑surface flow conditions rather than the initial filling process of a dry tunnel. The ini‑
tial solid volume fraction was set to zero throughout the domain, αsolid(t=0s) = 0, so that
sediment was supplied through the inlet after the start of the simulation.

Figure 3. Computational domain and boundary conditions for the tunnel simulations: (a) mesh
generation on the horseshoe‑shaped cross‑section; (b) boundary conditions and flow direction in
the three‑dimensional domain, shown with the initial fluid indicator field γ at t = 0 s.

The simulation scenarios for the comparative analysis with the total sediment load
formulas were established as summarized in Table 5. To examine the response of the
tunnel flow simulation and the sediment load formula estimates under varying inlet sedi‑
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ment loads, eight cases were designed by increasing the inlet sediment concentration from
100 mg/L in Case 1 to 12, 500 mg/L in Case 8. For the numerical implementation, the inlet
solid volume fraction αsolid,in was calculated by converting the sediment mass flow rate
corresponding to the target inlet concentration of each case.

Table 5. Sediment concentration and physical properties for the tunnel simulation scenarios.

Scenario D50
(mm) Gs Inlet Sediment Concentration (mg/L) αsolid

1

0.5 2.65

100 3.77 × 10−5
2 225 8.49 × 10−5
3 500 1.89 × 10−4
4 1125 4.25 × 10−4
5 2500 9.43 × 10−4
6 5000 1.89 × 10−3
7 10,000 3.77 × 10−3
8 12,500 4.72 × 10−3

In all scenarios, the sediment properties were kept constant to isolate the effect of in‑
let concentration. The specific gravity was set to GS = 2.65, corresponding to quartz sand.
The median grain size was set to D50 = 0.5 mm, which was selected as a representative
value for the settleable non‑cohesive sand fraction considered in the tunnel simulations.
This value is consistent with the dominant coarse sand class identified from the grain‑size
information for underground stormwater tunnel and sewer systems [41]. Therefore, the
present tunnel simulations should be interpreted as representing the transport and depo‑
sition behavior of the settleable non‑cohesive sand fraction, rather than the full range of
urban stormwater suspended solids. Finer cohesive particles, which may settle and floc‑
culate through different mechanisms [42], are outside the scope of the present simulations.
The particle size used in the tunnel simulations differed from that in the Coleman valida‑
tion case, D50 = 0.105mm. TheColeman casewas used to validate the solver configuration
for free‑surface suspended sediment transport under a well‑characterized open‑channel
benchmark, not to calibrate the model for a single grain size. The tunnel simulations with
D50 = 0.5mmremainedwithin the non‑cohesive quartz sand range andwere treated using
the same governing closures for granular stress and fluid–particle drag. Thus, the differ‑
ence in particle size was addressed by the particle size‑dependent terms in the governing
closures, while the interpretation of the tunnel results was limited to the non‑cohesive,
settleable sand fraction considered here.

All eight scenarios were simulated until the outlet sediment mass flux reached a sta‑
tistically steady condition. A statistically steady outlet condition was identified when the
moving average outlet sediment mass flux over the final 30 s varied by less than 3%.

Only this statistically steady portion of the time series was used for the formula–CFD
comparison in Section 4.2.

4. Results and Discussion
4.1. Validation Against Experimental Data
Numerical Simulation Results and Comparative Validation

The total simulation time was set to 200 s. An adaptive time‑stepping technique was
employed, starting with an initial time step of 1.0 × 10−4 s and limiting the maximum
time step to 0.05 s. The maximum Courant number for the fluid region and the interface
was set to 1.0, so that Co ≤ 1 and the interface Courant number also remained below one
throughout the simulation. The simulation results showed a slight tendency to underes‑
timate the flow velocity near the free surface. However, the overall shape of the vertical
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velocity profile, the magnitude of the velocity gradient across the flow depth, and the near‑
bed logarithmic‑layer behavior characteristic of turbulent open‑channel flow were repro‑
duced in reasonable agreement with the experimental data, as shown in Figure 4a,b. For
the suspended‑sediment concentration distribution, the simulated vertical profile repro‑
duced the characteristic Rouse‑type pattern, with a relatively high near‑bed concentration
and a decreasing concentration toward the upper flow region. The transition between the
near‑bed high‑concentration region and the upper dilute region was also consistent with
the measured profile, indicating that the solver captured the coupled effects of turbulent
diffusion and gravitational settling under the validation condition, as shown in Figure 4c.

Figure 4.Comparison of measured and simulated vertical profiles for flow velocity and suspended‑
sediment concentration: (a) measured and simulated velocity profiles for Case 1; (b) measured and
simulated velocity profiles for Case 2; (c) measured and simulated concentration profiles for Case 2.

The quantitative error analysis presented in Table 6 further supports the profile com‑
parison. For the velocity profiles, the RMSE valueswere 0.036m/s in Case 1 and 0.049m/s
in Case 2, with corresponding R2 values of 0.94 and 0.98, respectively. For the concentra‑
tion profile in Case 2, the RMSE was 0.0020 and the R2 value was 0.92. These results indi‑
cate that the numerical model reproduced the overall magnitude and vertical distribution
of the measured velocity and suspended‑sediment concentration profiles.

Table 6.Model validation results.

Case Value RMSE R2

1 Velocity 0.036 m/s 0.94

2
Velocity 0.049 m/s 0.98

Concentration 0.0020 0.92

Case Value Theoretical Value (MPM) Numerical Value

2 Bed load transport rate 0.084 kg/(m·s) 0.085 kg/(m·s)

To further examine the near‑bed sediment transport behavior, the mass transport rate
per unit width, qb, was compared with the value estimated from the Meyer‑Peter and
Müller (MPM) formula. The theoretical value was calculated by substituting the bed shear
stress derived from the experimental condition, corresponding to U∗ = 0.041 m/s in the
Meyer–Peter & Müller (1948) [15] formula. The numerical value was obtained by integrat‑
ing the sediment mass flux within the near‑bed saltation layer, taken as approximately
5D50 above the bed. As shown in Table 6, the theoretical value of 0.084 kg/(m · s) and
the numerical result of 0.085 kg/(m · s) are of the same order and very close to each other.
This comparison supports the near‑bed sediment transport behavior predicted under the
present validation condition.
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4.2. Comparative Analysis of Total Sediment Load Formulas in Deep‑Tunnel
Operational Conditions
4.2.1. CFD‑Measured Hydraulic State of the Simulated Tunnel Flow

Across all eight scenarios, the simulated tunnel flowdeveloped as a non‑uniform, par‑
tially filled free‑surface flow. Because only the inlet sediment concentration Cin was varied
while the inlet water boundary condition was held fixed, the steady hydraulic state was
nearly common to the eight cases. The measured outlet section hydraulic state is summa‑
rized in Table 7, together with the Manning normal depth values that would have been
used if a uniform‑flow assumption had been adopted in the design stage.

Table 7. Hydraulic state of the simulated tunnel flow: comparison between the Manning normal
depth assumption and the CFD‑measured partially filled state.

Variable Manning Normal Flow CFDMeasurement Notes

V (m/s) 5.23 2.10 Manning reference

Awater
(
m2) 19.1 47.5 Water area

ywater (m) 1.91 4.7 Effective depth

Fill (%) 24.5 60.0 A f ull = 78.06 m2

Rh (m) ‑ 1.58 Awater/Pwet

S0 0.004 0.004 Formula slope

Qwater
(
m3/s

)
100 100 Mass check

The departure from the Manning normal depth condition is interpreted as the com‑
bined outcome of the imposed inlet flow rate, the prescribed initial water depth used to
initialize the continuous free‑surface flow, and the zero‑gradient outlet condition. These
conditions produced a backwater‑influenced steady state with a deeper and slower flow
than the formal normal depth solution. Therefore, the simulated hydraulic state was inter‑
preted not as aManning normal‑depth uniform‑flow reference state, but as a non‑uniform,
partially filled Free‑stage flow condition formed under the present tunnel geometry, inlet
depth condition, imposed discharge, and downstream boundary condition.

The CFD‑measured mean velocity was approximately 2.10 m/s, the partially filled
water area was approximately 47.5 m2, and the effective water depth was approximately
4.7 m. These values differ markedly from the Manning normal depth values of 5.23 m/s,
19.1 m2, and 1.91 m, respectively, indicating that the simulated tunnel flow does not sat‑
isfy the uniform‑flow assumption. The outlet water discharge also remained close to the
imposed inlet discharge, with Qin and Qout both approximately 100 m3/s. This provides a
mass conservation check for the subsequent sediment flux and deposition analyses.

Accordingly, the classical sediment load formulas in Sections 3.2.2–3.2.5 were evalu‑
ated using the CFD‑resolved partially filled hydraulic state, including Awater, Pwet, Rh, and
V, while the slope term was assigned as the geometric longitudinal bottom slope of the
tunnel, S0, as defined in Section 3.2.1.

4.2.2. Inadequacy of Adapted Capacity Formulas in the Operational Range

The adapted formulas in Sections 3.2.2–3.2.5, evaluated using the CFD‑resolved par‑
tially filled hydraulic quantities and the geometric longitudinal bottom slope of the tunnel,
S0, predicted the representative transport capacities summarized in Table 8. The Yang for‑
mula yields a capacity of approximately 702.25 kg/s, which is slightly higher than the max‑
imum CFD outlet sediment flux observed in this study, of 656.75 kg/s. The Ackers–White
formula yields a capacity of approximately 258.63 kg/s and therefore becomes capacity‑
limited from intermediate inlet loadings, whereas the Engelund–Hansen formula yields
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a capacity of approximately 530.06 kg/s and becomes capacity‑limited only under high
inlet loadings. Accordingly, the Yang, Ackers–White, and Engelund–Hansen formulas
were used for the quantitative comparison under the conventional capacity‑based min‑
rule,

.
M

cap
out = min

( .
Min,

.
Mcap

)
. The Shen–Hung regression was retained as a calibration

envelope diagnostic because the evaluated regression condition fell outside the range of
the original calibration data under the present tunnel hydraulic state; therefore, it was not
included in the same quantitative min‑rule error comparison. Based on the applicability
limitations discussed during the formula‑screening stage, the Toffaleti formulation was
not retained for the quantitative comparison in this section.

Table 8. Representative transport capacities of the adapted total sediment load formulas evaluated
using the CFD‑resolved partially filled hydraulic state.

Adapted Formula Representative Capacity
.
Mcap (kg/s) Role Min‑Rule Result

Yang 702.25 Quantitative C1–C6:
.

Min; C7–C8:
.

Mcap
Shen–Hung Out of range Diagnostic Check only
Ackers–White 258.63 Quantitative C1–C5:

.
Min; C6–C8:

.
Mcap

Engelund–Hansen 530.06 Quantitative C1–C6:
.

Min; C7–C8:
.

Mcap
Toffaleti Not retained Excluded Screened out

The representative capacities in Table 8 are not interpreted with respect to being in
direct agreement with the CFD outlet flux; rather, they indicate whether the min‑rule pre‑
diction is given by

.
Min or limited by

.
Mcap for each inlet‑loading case.

Table 9 summarizes the per‑case comparison between the capacity‑based min‑rule
predictions of Yang, Ackers–White, and Engelund–Hansen and the CFD outlet sediment
flux. The relative error is calculated as ϵ =

( .
M

cap
out −

.
Mout,CFD

)
/

.
Mout,CFD × 100. For Cases

1–4, which correspond to the low‑concentration operational and first‑flush range, all three
formulas satisfy

.
Min <

.
Mcap. The min‑rule therefore gives

.
M

cap
out =

.
Min. In contrast,

the CFD results show that the outlet sediment flux remains substantially lower than the
imposed inlet sediment load, indicating sediment retention or depositionwithin the tunnel.
Consequently, the min‑rule predictions of all three formulas overpredict the CFD outlet
flux by approximately 93.85–99.28% in Cases 1–4.

Table 9. Per‑case comparison of capacity‑based min‑rule predictions of three adapted formulas
against the CFD outlet sediment flux.

Case Cin
(mg/L)

.
Min
(kg/s)

.
Mout,CFD
(kg/s)

Yang
(kg/s)

ϵ
(%)

AW
(kg/s)

ϵ
(%)

EH
(kg/s)

ϵ
(%)

1 100 10.00 5.09 10.00 +96.63 10.00 +96.63 10.00 +96.63

2 225 22.50 11.29 22.50 +99.28 22.50 +99.28 22.50 +99.28

3 500 50.00 25.14 50.00 +98.86 50.00 +98.86 50.00 +98.86

4 1125 112.50 58.03 112.50 +93.85 112.50 +93.85 112.50 +93.85

5 2500 250.00 131.03 250.00 +90.80 250.00 +90.80 250.00 +90.80

6 5000 500.00 261.50 500.00 +91.20 258.63 −1.10 500.00 +91.20

7 10,000 1000.00 521.79 702.25 +34.58 258.63 −50.43 530.06 +1.58

8 12,500 1250.00 656.75 702.25 +6.93 258.63 −60.62 530.06 −19.29

The capacity‑basedmin‑rule did not consistently reflect the CFD behavior even in the
high‑loading sensitivity cases. The Yang formula shifted to an

.
Mcap‑limited prediction in
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Cases 7 and 8, but still overpredicted the CFD outlet flux. The Ackers–White came close
to the CFD result in Case 6, but then underpredicted the outlet flux in Cases 7 and 8. The
Engelund–Hansen gave a near‑CFD prediction in Case 7, but underpredicted the outlet
flux in Case 8. These mixed trends indicate that the discrepancy is not simply a residual
calibration error of a single formula. Rather, it reflects a structural limitation of the capacity‑
based min‑rule, in which the outlet sediment flux is determined solely by the smaller of
the imposed inlet load and the formal transport capacity.

Figure 5 visualizes the capacity‑basedmin‑rule comparison summarized in Table 9 and
places it within an operational stormwater concentration context. The formula curves rep‑
resent the conventional min‑rule estimates of Yang, Ackers–White, and Engelund–Hansen,
whereas the black symbols represent the CFD outlet sediment fluxes for Cases 1–8. The dot‑
ted line is the 1:1 no‑deposition reference line, which represents the complete throughput
of the imposed inlet sediment load without deposition. The shaded bands indicate the typ‑
ical event‑mean concentration range of Cin = 30–130 mg/L and the first‑flush peak range
of Cin = 1000–1500 mg/L. The merged plot shows that the formulas–CFD discrepancy is
not confined to the high‑loading sensitivity cases. Case 1 lies within the typical event‑mean
range, and Case 4 lies within the first‑flush peak range, while Cases 2 and 3 occupy interme‑
diate concentrations between these two field‑context envelopes. In these low‑to‑moderate‑
inlet‑loading conditions, the imposed inlet load is smaller than the representative formula
capacities, so the capacity‑based min‑rule predicts

.
M

cap
out =

.
Min.

Figure 5. Capacity‑based min‑rule predictions and CFD outlet sediment flux with operational
stormwater concentration envelopes.

In contrast, the CFD points remain below the 1:1 no‑deposition reference line, indicat‑
ing that part of the inlet sediment load is retained or deposited within the tunnel before
reaching the outlet. Thus, under the present D50 = 0.5 mm non‑cohesive settleable sand
condition, the formal transport capacity is not the binding constraint in the operational
range. This behavior is qualitatively consistent with the noncapacity flow regime previ‑
ously reported for sediment‑laden open‑channel flows by Cellino and Graf [43], in which
the sediment supply rather than the transport capacity governs the outlet flux. Instead, the
outlet sediment flux appears to be attenuated by residence, settling, re‑entrainment, and
downstream release within the partially filled tunnel flow.

Figure 6 shows the dimensionless outlet sediment flux ratio, M∗(t) =
.

Mout(t)/
.

Min,
as a function of dimensionless time t∗ for all eight inlet concentration cases. In all cases, the
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outlet initially remains nearly sediment free. After the sediment front reaches the outlet,
the outlet flux rises rapidly and exhibits transient overshoots. In some cases, M∗ > 1 occurs
temporarily, indicating flush‑out events inwhich the sediment retained or deposited inside
the tunnel is re‑entrained and released as a concentrated pulse. Despite these transient dif‑
ferences, all the cases approach a quasi‑steady plateau of approximately M∗ ≈ 0.50–0.53.
This delayed arrival, transient overshoot, and attenuated steady outlet flux cannot be re‑
produced by a single transport capacity threshold in the min‑rule estimate.

Figure 6. Dimensionless outlet sediment flux ratio as a function of dimensionless time for all
eight inlet concentration cases.

The decisive observation is that the discrepancy between the capacity‑based min‑rule
and theCFD results is largest in the realistic operational concentration range. Cases 1–4 cor‑
respond to the low‑concentration and first‑flush range that may occur in urban stormwa‑
ter drainage, and all the capacity‑based predictions give

.
M

cap
out =

.
Min in this range. By

contrast, the CFD results consistently show an attenuated outlet flux, with approximately
one half of the inlet sediment load passing through the outlet. This suggests that, for the
D50 = 0.5 mm non‑cohesive settleable sand considered in this study, the formal transport
capacity may not be the binding constraint controlling the outlet sediment flux. There‑
fore, the present results characterize the retention, re‑entrainment, and outlet flux atten‑
uation of D50 = 0.5 mm non‑cohesive settleable sand under partially filled tunnel flow,
providing a reference case for future extensions to different grain sizes, discharges, and
tunnel geometries.

4.2.3. Proposed USLE‑Style Dimensionless Deposition Formula

The preceding comparison shows that conventional total load formulas have limited
ability to directly explain the CFD‑based deposition behavior observed in the inlet concen‑
tration range of deep stormwater drainage tunnels. In the present tunnel configuration,
the inlet sediment loading, outlet sediment flux, and bottom‑layer deposition vary simul‑
taneously; therefore, the deposition mass flux cannot be quantified solely by whether the
flow is below or above a formal transport capacity threshold. Accordingly, this section
proposes a USLE‑style dimensionless deposition formula based on the CFD‑derived inlet
and outlet sediment mass fluxes.

The baseline inlet condition was defined using Case 1, with C0 = 100 mg/L and
Q = 100 m3/s, corresponding to a baseline inlet sediment mass flux of

.
M0 = 10 kg/s. The
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normalization basis and reference conditions associated with this definition are summa‑
rized in Table A2.

For each case, the inlet sediment mass flux and the baseline inlet sediment mass flux
were calculated using Equation (43), and theCFD‑based depositionmass fluxwas obtained
from the mass balance in Equation (44):

.
Min = QCin × 10−3,

.
M0 = QC0 × 10−3 (43)

.
Mdep,CFD =

.
Min −

.
Mout,CFD (44)

where Q is the discharge
(
m3/s

)
; Cin and C0 are the inlet and baseline inlet sediment

concentrations (mg/L), respectively;
.

Min is the inlet sediment mass flux;
.

M0 is the base‑
line inlet sediment mass flux;

.
Mout,CFD is the CFD‑derived outlet sediment mass flux; and

.
Mdep,CFD is the CFD‑based deposition mass flux obtained from mass conservation.

Using the quantities defined in Equations (43) and (44), the proposedUSLE‑style dimen‑
sionless deposition formula for the reference tunnel condition is expressed as Equation (45):

.
Mdep,CFD

.
M0

= aD

( .
Min

.
M0

)bD

Ktunnel (45)

where aD is the dimensionless deposition coefficient; bD is the exponent for inlet sediment
loading; and Ktunnel is a dimensionless tunnel correction factor introduced to account for
differences in tunnel geometry, hydraulic conditions, operating conditions, and sediment
properties. Because the present regression was performed for a single tunnel geometry
and a single discharge condition, Ktunnel = 1 was assigned within the reference envelope
of this study. The regression coefficients and error statistics associated with Equation (45)
are summarized in Table A3.

A log–log regression was performed using the eight CFD cases listed in Table 10. The
resulting fitted relationship is given by Equation (46):

.
Mdep,CFD

.
M0

= 0.497 (

.
Min

.
M0

)

0.990

(46)

The regression in Equation (46) yields R2
log = 0.99997, a maximum absolute percent

error of 1.52%, and an RMS percent error of 0.93%, as also reported in Table A3. The high
coefficient of determination mainly reflects the nearly proportional mass balance response
between

.
Min and

.
Mdep,CFD over the tested concentration range. Consistently, the fitted

exponent bD = 0.990 is very close to unity, indicating that the absolute deposition mass
flux increases almost proportionally with the inlet sediment loading under the present
reference tunnel condition. Thus, Equation (46) should be interpreted as a reference en‑
velope relationship for the present tunnel condition, rather than as a universal transport
capacity equation.

Table 10. Per‑case dimensionless regression result of the proposed USLE‑style deposition formula.

Case Cin (mg/L)
.
Min/

.
M0

.
Mdep,CFD/

.
M0 Predicted

.
Mdep/

.
M0 ϵ (%)

1 100 1.00 0.4914 0.4974 +1.21
2 225 2.25 1.1210 1.1102 −0.96
3 500 5.00 2.4857 2.4479 −1.52
4 1125 11.25 5.4465 5.4641 +0.32
5 2500 25.00 11.8974 12.0478 +1.26
6 5000 50.00 23.8496 23.9324 +0.35
7 10,000 100.00 47.8205 47.5405 −0.59
8 12,500 125.00 59.3246 59.2957 −0.05
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Figure 7 presents the fitted relationship in Equation (46) between the dimensionless
inlet sediment mass flux and the dimensionless deposition mass flux for the eight CFD
cases. As shown in Figure 7, all cases are closely aligned with the regression curve, and
the plotted points are located below the 1:1 full‑deposition line. This indicates that the
supplied sediment is not fully deposited within the tunnel; instead, the inlet sediment
load is divided into an outlet sediment flux and a deposited flux. Nevertheless, the nearly
linear scaling in Equation (46) shows that the absolute deposition mass flux is primarily
controlled by the inlet sediment loading under the present reference condition.

Figure 7. Proposed USLE‑style dimensionless deposition formula fitted to the eight CFD cases.

The same relationship can also be expressed in terms of the deposition ratio, as shown
in Equation (47):

RD =

.
Mdep,CFD

.
Min

= 0.497(
Cin
C0

)
−0.0098

(47)

where C0 = 100 mg/L. Because the exponent in Equation (47) is close to zero, the depo‑
sition ratio varies only weakly with the inlet concentration. The CFD results in Table 10
show that RD remains within a relatively narrow range, decreasing slightly from 0.491 in
Case 1 to 0.475 in Case 8. Therefore, increasing the inlet concentration directly increases the
absolute deposited mass flux, whereas the fraction of the inlet load retained in the tunnel
remains nearly constant over the tested range.

This behavior is consistent with the preceding interpretation that deposition in the
simulated tunnel is governed by the combined effects of sediment loading, residence time,
settling, and turbulent mixing, rather than by a classical alluvial transport capacity thresh‑
old alone. This conceptual picture is qualitatively similar to the classical reservoir trap
efficiency framework [44], in which the retained fraction of inflow sediment is governed
primarily by the ratio of basin storage to inflow rate rather than by a formal transport ca‑
pacity threshold. The proposed dimensionless formula in Equation (45), together with the
fitted form in Equation (46), provides a compact empirical representation of the CFD‑based
mass balance for the reference tunnel condition. However, because Ktunnel is fixed at unity
in this study, as listed in Tables A2 and A3, additional simulations are required to calibrate
this correction factor for other tunnel geometries, slopes, roughness conditions, discharges,
water depths, and sediment sizes.
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4.2.4. Field‑Based Interpretation of Deposition Behavior

The preceding section proposed a dimensionless deposition formula based on the
CFD‑derivedmass balance and showed that the absolute depositionmass flux increased al‑
most linearlywith the inlet sediment loading, while the deposition ratio remainedwithin a
relatively narrow range. To complement this regression‑based interpretation, this section
examines the internal sediment concentration field, turbulent kinetic energy (TKE), and
the relative magnitude of the turbulent velocity scale to the particle settling velocity. The
variables and mass flux quantities already defined in the preceding section are not rede‑
fined here, and the discussion focuses on the field‑based interpretation of the simulated
deposition behavior. First, the spatial location of sediment retention is examined using the
longitudinal concentration field. Figure 8 shows the water‑masked longitudinal side‑view
distributions of sediment mass concentration over the analysis reach (x = 100–499 m).

Figure 8. Longitudinal distribution of water‑masked sediment mass concentration for Cases 1–8.

As shown in Figure 8, the sediment concentration is not uniformly distributed over
the cross‑section, but is concentrated near the bed in all cases. As the inlet concentration in‑
creases, the high‑concentration near‑bed region becomes more distinct and persists along
the downstream direction. This indicates that sediment behavior under the present tun‑
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nel condition is characterized by a near‑bed concentration pattern associated with settling
and residence, rather than by complete cross‑sectional mixing. The near‑bed concentra‑
tion pattern observed in Figure 8 is also supported by the field‑based metrics in Table A4.
Within the analysis reach, approximately 97.9–98.7% of the retained sediment mass is lo‑
cated within the lower 1 m zone above the tunnel bottom. Thus, deposition and sediment
retention in the present simulations cannot be fully explained using the cross‑sectional
bulk quantities alone; they should also be interpreted in relation to the local residence and
turbulent mixing conditions in the near‑bed sediment‑concentrated region.

To interpret the relative suspension maintenance potential of near‑bed sediment, this
study used the ratio between a TKE‑based turbulent velocity scale and the particle settling
velocity, following the conceptual basis of the Rouse number used in suspended sediment
analysis. The suspension potential index Rsus is defined as shown in Equation (48).

RSUS =
u′

k
ws

=

√
2k/3
ws

(48)

In Equation (48), u′
k =

√
2k/3 is the turbulent velocity scale estimated from the TKE, k

is the turbulent kinetic energy, and ws is the settling velocity for the representative particle
size. The index Rsus is not intended as a design formula for directly predicting deposition;
rather, it is used as a field‑based diagnostic index to compare whether turbulent mixing in
the near‑bed region is relatively strong or weak compared with settling.

The concentration‑dependent changes in TKE and Rsus were then examined using the
diagnostic metrics. Figure 9 summarizes the concentration‑dependent changes in the near‑
bed TKE and Rsus. The spatially averaged values represent the overall turbulence level
within the lower 1 m zone above the tunnel bottom, whereas the concentration‑weighted
values more directly characterize the turbulence conditions in the region where sediment
is concentrated.

Figure 9.Near‑bed turbulence characteristics associated with concentration‑dependent deposition.
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In Figure 9, the mean TKE and mean Rsus generally decrease with an increas‑
ing inlet concentration and partially recover in the high‑concentration cases, while the
concentration‑weighted metrics show a clearer decreasing tendency.

As shown in Table A4, the concentration‑weighted mean TKE, kc, decreased by ap‑
proximately 34%, from 1.329 × 10−2 m2/s2 in Case 1 to 8.82 × 10−3 m2/s2 in Case 8. Over
the same range, the concentration‑weighted mean Rsus, denoted as Rsus,c, decreased by
approximately 6.5%, from 1.344 to 1.256. This moderate change does not imply that the
variation in Rsus alone directly explains the increased deposition. In addition, because
Rsus,c remained greater than unity in all cases, the near‑bed region should not be inter‑
preted as a completely stagnant depositional zone. Rather, the moderate decreases in kc

and Rsus,c provide supporting evidence that the relative turbulent mixing and suspension
maintenance conditions in the sediment‑concentrated near‑bed region became somewhat
weaker under higher inlet concentrations.

These field‑based results are consistent with the regression behavior discussed in
the preceding section. The absolute deposition mass flux increased almost linearly with
the inlet sediment loading, while the deposition ratio remained within a narrow range.
Figures 8 and 9 indicate that this trend cannot be interpreted as a result of inlet loading
alone; rather, it occurred under a field condition in which sediment was concentrated near
the bed and the turbulence‑related suspension potential in that region decreased moder‑
ately. Thus, under the present tunnel condition, increased inlet loading governs the in‑
crease in the deposition mass flux, while the near‑bed turbulent mixing and suspension
maintenance conditions provide the field‑scale background that limits a sharp increase in
the deposited fraction. This interpretation is also connected to the comparison with con‑
ventional total load formulas in the preceding section. The transport capacity‑limited min‑
rule approach effectively classifies the response according to whether the imposed flow
condition is below or above a formal transport capacity threshold. In contrast, the CFD
results show that inlet sediment loading, near‑bed residence, turbulent mixing, and parti‑
cle settling act simultaneously within the tunnel, resulting in the persistent retention of a
certain fraction of the inlet sediment load over the entire concentration range. Therefore,
the proposed dimensionless formula should be interpreted not as a direct representation
of a classical transport capacity threshold, but as an empirical design‑oriented relationship
between inlet loading and deposition mass flux for the reference tunnel condition.

Appendix C provides additional field‑based results supporting the interpretation in
the main text. Figures A5 and A6 show the longitudinal distributions of TKE and Rsus

for Cases 1–8, respectively. Table A4 summarizes the field‑based metrics used to interpret
Figures 8 and 9.

5. Conclusions
This study investigated sediment transport and deposition in a deep stormwater

drainage tunnel by combining a CFD‑based numerical simulation, an evaluation of clas‑
sical total load formulas, and a dimensionless empirical deposition formula based on inlet
sediment loading. The analysis identified the limitations of sediment transport formulas
originally developed for riverine or open‑channel conditionswhen they are applied to non‑
uniform partially filled flow in a deep tunnel, and quantified the sediment deposition be‑
havior using CFD‑derived mass balance and internal flow field information.

The OpenFOAM‑based SedInterFoam solver was validated against the Coleman [14]
open‑channel suspended sediment experiment. The comparison with the logarithmic ve‑
locity profiles, Rouse‑type concentration distributions, and Meyer‑Peter and Müller [15]
bed‑load predictions showed that the numerical model reasonably reproduced turbulent
diffusion, particle settling, and near‑bed sediment transport under free‑surface conditions.
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This validation supports the use of the model for sediment transport and deposition anal‑
ysis under the main‑line flow conditions considered in this deep‑tunnel study.

The classical total load formulaswere then re‑evaluatedusing the non‑uniformpartially
filled hydraulic state obtained from CFD. The Yang, Ackers–White, and Engelund–Hansen
formulas were quantitatively compared with the CFD outlet sediment mass flux, while the
Shen–Hung formula was treated as a diagnostic calibration envelope formula. Toffaleti was
screened out before the comparison because its alluvial‑channel zonation requires repre‑
sentative depth and cross‑sectional assumptions that do not match the partially filled horse‑
shoe geometry. The comparison showed that the transport capacity‑limited approach based
on classical formulas tended to predict near‑complete sediment throughput under realistic
operational concentrations, whereas the CFD results indicated persistent sediment reten‑
tion and deposition inside the tunnel. This demonstrated that sediment deposition in deep
stormwater drainage tunnels cannot be adequately interpreted using only a formal transport
capacity threshold.

A dimensionless empirical deposition formula was proposed using the CFD‑derived
inlet–outlet sedimentmass balance. The proposed formulawas nondimensionalized using
the baseline inlet condition of Case 1 and did not use the transport capacity predicted by
any classical total load formula as a reference value. Regression over the eight CFD cases
yielded bD = 0.990, R2

log = 0.99997, a maximum absolute percentage error of 1.52%, and
an RMS percentage error of 0.93%. These results indicate that, under the present reference
tunnel condition, the increase in the inlet sediment mass flux is translated almost linearly
into an increase in the deposition mass flux, while the deposition ratio remains within a
relatively narrow range of approximately 0.47–0.50.

The internal CFD field analysis further supported this regression behavior. Across all
cases, the longitudinal concentration field exhibited a strongly bed‑concentrated pattern
rather than complete cross‑sectional mixing, with roughly 98% of the retained sediment
mass confined to the lowermost 1 m above the tunnel bottom. This shows that the ob‑
served deposition cannot be explained by cross‑sectional bulk quantities alone. The TKE‑
based diagnostics indicated that, with an increasing inlet concentration, the concentration‑
weighted near‑bed turbulent kinetic energy was reduced by approximately one third
(≈34%), while the concentration‑weighted mean of the suspension potential index, Rsus,c,
decreasedmoderately by approximately 6.5%. These changes should not be interpreted as
the sole direct cause of increased deposition. Rather, they provide supporting field‑scale
evidence that near‑bed sediment concentration and moderately reduced turbulent mixing
occurred simultaneously under higher inlet concentration conditions.

Overall, the results show that sediment deposition in a deep stormwater drainage tun‑
nel is not governed solely by the inlet sediment loading or by a formal transport capacity
threshold. Instead, it results from the combined effects of partially filled flow, near‑bed
residence, settling, turbulent mixing, and inlet loading. The transport capacity‑limited
interpretation of conventional total load formulas can underestimate the sediment reten‑
tion inside tunnels under realistic stormwater concentration ranges, whereas a CFD‑based
mass balance approach combined with an internal flow field analysis provides a more ap‑
propriate framework for interpreting deposition in deep‑tunnel conditions.

The proposed dimensionless deposition formula should be interpreted as a reference
envelope relation for the tunnel geometry, discharge, sediment size, and inlet concentra‑
tion range examined in this study, rather than as a universal formula directly applicable to
all deep stormwater drainage tunnels. In the present study, Ktunnel = 1 is defined for the
reference condition. Application to other tunnel diameters, hydraulic radii, filling ratios,
slopes, discharges, Reynolds numbers, grain sizes, settling velocities, and operating con‑
ditions requires additional calibration of Ktunnel . In addition, the sediment considered in
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this study corresponds to a non‑cohesive settleable fraction with D50 = 0.5mm. Therefore,
the proposed relation should not be interpreted as directly representing the full total sus‑
pended solids composition of urban stormwater, whichmay include fine particles, organic
matter, cohesive fractions, and broad grain‑size distributions.

Future work should extend the applicability of the proposed relation by constructing
additional CFD cases covering a wider range of tunnel diameters, cross‑sectional shapes,
longitudinal slopes, filling ratios, and discharge conditions. These cases should be used to
calibrate Ktunnel as a function of tunnel geometry and hydraulic conditions, and to sepa‑
rate the effects of hydraulic radius, mean velocity, wall shear, residence time, Froude num‑
ber, and Reynolds number on the deposition mass flux and deposition ratio. The analysis
should also be extended beyond a single representative grain size to account for broader
grain‑size distributions, settling velocities, particle densities, and both non‑cohesive and
cohesive sediment fractions. Because actual urban stormwater contains fine particles, or‑
ganic matter, cohesive suspended matter, and size‑dependent settling behavior, future ap‑
plications should distinguish the settleable sediment fraction and the grain‑size‑dependent
contribution to deposition rather than treating the entire TSS concentration as a single
equivalent sediment load.

Further investigation of turbulence closure and numerical formulation is also re‑
quired. This study interpreted the near‑bed turbulent mixing and relative suspension
maintenance potential using TKE and Rsus, but the near‑bed turbulence, free‑surface tur‑
bulence, concentration stratification, and turbulence damping in high‑concentration sedi‑
ment layers may depend on the turbulence model. Future work should therefore compare
the present results with k‑ω SST, Reynolds stress models, or LES to evaluate the sensitivity
of near‑bed mixing and resuspension interpretation. In addition, the numerical reliability
should be continuously assessed using sediment transport‑related outputs, such as out‑
let sediment mass flux, retained sediment mass inside the tunnel, near‑bed concentration
patterns, TKE, and Rsus.

Finally, validation and refinement using field observations will be essential. At
present, the field datasets for deep stormwater drainage tunnels, including event‑based
inlet sediment concentration, outlet sediment load, in‑tunnel deposition, dredging vol‑
ume, and maintenance history, are often limited and still being accumulated. Therefore,
at this stage, the proposed relation should be interpreted as a CFD‑based reference enve‑
lope relation for the tested condition. As additional monitoring data become available,
including inlet–outlet sediment mass balance, post‑storm dredging records, and direct in‑
tunnel measurements obtained during scheduled dredging operations, Ktunnel can be cal‑
ibrated for site‑specific conditions and the predictive accuracy of the proposed relation
can be progressively improved. Future studies should also consider unsteady storm in‑
flow conditions, first‑flush concentration peaks, rising and falling hydrograph limbs, and
long‑term deposition–resuspension cycles under repeated storm events. With these exten‑
sions, the reference envelope relation proposed in this study can be further developed into
a practical prediction tool for maintenance planning, dredging‑volume estimation, sedi‑
ment retention risk assessment, and operational scenario evaluation in deep stormwater
drainage tunnels.
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Appendix A. Grid‑Sensitivity and GCI Analysis
Appendix A.1. Mesh Information and Scalar Sediment Flux Response

A grid‑sensitivity analysis was conducted for the Cin = 5000 mg/L case to support
the mesh used in the tunnel simulations. The assessment followed the standard Grid
Convergence Index (GCI) framework based on the Richardson extrapolation proposed
by Roache [45] and the discretization uncertainty reporting procedure summarized by
Celik et al. [46]. Four mesh realizations were prepared and numbered, from the coarsest
to the finest resolution, as M0, M1, M2, andM3. The coarsest mesh, M0, diverged and was
therefore included only in the mesh summary table. The completed meshes M1, M2, and
M3 correspond to coarse, medium, and fine meshes, respectively. The medium mesh M2
was used in the main simulations. For the three‑dimensional tunnel meshes, the effective
grid‑spacing index was defined as h = N−1/3

cell , where Ncell is the total number of compu‑
tational cells obtained from checkMesh. The adjacent refinement ratio was calculated as
r = hcoarser

hfiner
. The scalar grid‑sensitivity analysis used the dimensionless outlet sediment flux

ratio and the corresponding deposition ratio: M∗
out(t) =

.
Mout(t).

Min
, D∗(t) = 1 − M∗

out(t). The
completed meshes produced nearly identical quasi‑steady values of M∗

out and D∗ to the
reported precision. Table A1 summarizes the mesh resolution, effective grid‑spacing in‑
dex, normalized grid spacing, and adjacent refinement ratio for the four mesh realizations.
Figure A1 compares M∗

out(t) for the completed meshes. The three M∗
out(t) curves overlap

almost completely throughout the simulation period, indicating that the integrated outlet
sediment flux response was nearly insensitive to the completed mesh resolutions.

Table A1.Mesh information and effective grid‑spacing ratios for the grid‑sensitivity analysis.

Mesh Description Status Ncell Nnode h=N−1/3
cell h/hM2 γ

M0 Diverged
Coarsest mesh Diverged 293,003 324,375 0.015 1.18 1.040

M1 Coarse mesh Completed 329,791 364,070 0.014 1.14 1.14
M2 Medium mesh Completed 484,725 504,879 0.013 1.00 1.26
M3 Fine mesh Completed 967,754 1,066,336 0.010 0.79 ‑

Appendix A.2. Vertical Profile Comparison

To supplement the scalar response comparison, vertical profiles of velocity mag‑
nitude and sediment mass concentration were compared at five streamwise sections:
s = 100, 200, 300, 400, and 490 m. The vertical coordinate was defined relative to the lo‑
cal bed elevation as zrel = z − zbed, so that zrel = 0 corresponded to the local bed at each
section. At each height, the water region values were averaged in the lateral direction.
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The vertical profile errors of M1 and M3 were additionally evaluated relative to that
of M2. For velocity, the error was summarized using the mean absolute percentage error

of
‾

| U | (zrel). For sediment concentration, the error was evaluated in logarithmic space
because ρsαs varies over several orders of magnitude and approaches near‑zero values in
the upper water column:

RMSElog C =

√
1
n

n

∑
i=1

[
log10(Cmesh(zi) + ϵ)− log10(CM2(zi) + ϵ)

]2,

where C = ρsαs, n is the number of vertical bins, and ϵ is a small positive value intro‑
duced to avoid the logarithm of zero. Figures A2 and A3 show the vertical profiles of
velocity magnitude and sediment mass concentration, respectively. Figure A4 summa‑
rizes the profile error metrics relative to M2. The fine mesh M3 was closer to M2 than the
coarse mesh M1 for both the velocity and sediment concentration profiles. The velocity
profile, MAPEU , of M3 remained approximately 4–7% across the five sections, whereas
that of M1 showed larger deviations, particularly in the upstream sections. The sediment
concentration RMSElog C increased downstream because the upper‑column concentration
became very small and the logarithmic comparison became more sensitive. Nevertheless,
M3 showed lower concentration profile errors than M1 at all sections. These results, to‑
gether with the negligible scalar sediment flux differences shown in Figure A1, support
the use of the medium mesh M2 for the main simulations.

FigureA1.Grid comparisonof thedimensionlessoutlet sedimentflux response, M∗
out(t) =

.
Mout(t)/

.
Min,

for the completed meshes.

Figure A2. Vertical profiles of velocity magnitude at s = 100, 200, 300, 400, and 490 m for the
completed meshes.
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Figure A3. Vertical profiles of sediment mass concentration at s = 100, 200, 300, 400, and 490 m for
the completed meshes.

Figure A4.Vertical profile error metrics relative to M2: (a) velocity profile MAPEU and (b) sediment
concentration profile RMSElog C.

Appendix B
Reference Conditions and Regression Coefficients for the Proposed Dimensionless
Deposition Formula

Appendix B provides the reference conditions and regression coefficients used in the
proposedUSLE‑style dimensionless deposition formula. TableA2 summarizes the normal‑
ization basis used in Equations (43)–(45), while Table A3 reports the regression coefficients
and error statistics associated with Equation (46).

Table A2. Reference conditions and normalization basis used for the proposed dimensionless
deposition formula.

Variable Value Notes

Cross‑section Horseshoe, DT = 10.0 m Mesh‑based tunnel geometry
Design discharge, Q 100 m3/s Fixed for all cases

Reference concentration, C0 100 mg/L Case 1 baseline
Reference mass flux,

.
M0 10 kg/s

.
M0 = QC0 × 10−3

Inlet concentration, Cin 100–12,500 mg/L 8 CFD cases
Median sediment size, D50 0.5 mm Non‑cohesive sediment
Sediment specific gravity, Gs 2.65 Quartz‑density sediment

Tunnel correction factor, Ktunnel 1.0 Reference envelope
Deposition flux

.
Mdep,CFD =

.
Min −

.
Mout,CFD CFD mass balance

Table A3. Regression coefficients and error statistics of the proposed USLE‑style dimensionless
deposition formula.

Parameter Symbol Value Notes

Deposition coefficient aD 0.497 Dimensionless
Inlet loading exponent bD 0.990 Dimensionless
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Table A3.Cont.

Parameter Symbol Value Notes

Tunnel correction factor Ktunnel 1.0 Reference envelope
Coefficient of determination R2

log 0.99997 Log–log regression
Maximum absolute percent error Max absolute error 1.52% 8 CFD cases

RMS percent error RMS (ϵ) 0.93% 8 CFD cases
Reference mass flux

.
M0 10 kg/s Q = 100 m3/s, C0 = 100 mg/L

Reference concentration C0 100 mg/L Case 1

Appendix C. Supplementary Field‑Based Results for
Concentration‑Dependent Deposition
Longitudinal TKE and Rsus Distributions for Cases 1–8

AppendixCprovides supplementary field‑based results supporting the concentration‑
dependent deposition interpretation in Section 4.2.4. The main text presents the longitu‑
dinal sediment concentration distribution and the near‑bed TKE‑based diagnostic results
directly needed for the interpretation, while Appendix C provides the corresponding lon‑
gitudinal TKE and Rsus distributions for Cases 1–8, together with the field‑based metrics
summarized in Table A4.

Figure A5. Longitudinal TKE fields for Cases 1–8. The contours show the water‑masked maxy(k),
with the local bed and free surface indicated by solid and dashed lines, respectively.
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Table A4.Near‑bed sediment retention and concentration‑weighted turbulence metrics for the anal‑
ysis reach (s f low = 100–499 m) .

Case Cin (mg/L) Fret,1m (%) kC (m2/s2) Rsus,c (−)
Case 1 100 98.69 0.01329 1.344
Case 2 225 98.70 0.01299 1.340
Case 3 500 98.68 0.01260 1.342
Case 4 1125 98.59 0.01228 1.340
Case 5 2500 98.43 0.01164 1.329
Case 6 5000 98.23 0.01068 1.304
Case 7 10,000 98.03 0.00926 1.258
Case 8 12,500 97.94 0.00882 1.256

Table note: Fret,1m denotes the fraction of retained sediment mass within the lower 1 m zone above the tunnel
bottom. kc and Rsus,c denote the concentration‑weighted values in the same zone.

Figure A6.Longitudinal Rsus fields for Cases 1–8. Contours show water‑masked maxy(Rsus), where
Rsus = u′

k/ws.
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