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Abstract

Estimating scour depth and location at the outlet is critical for culvert safety design. Since the processes involved in local
scour at culverts are complex, it is difficult to create a general empirical model that can reliably predict scouring. In this study,
the performance of numerical models in predicting scour depth and its location downstream of a box culvert was investigated
using FLOW-3D software and surrogate models employing the Box-Behnken method. Three parameters related to the culvert
design, namely flow discharge, culvert slope, and soil material size, were considered. The results of the surrogate models were
compared with the numerical results, which showed reasonable agreement, with a coefficient of determination of 0.93 and
0.96 for the maximum depth of scouring and its location, respectively. The comparison reveals that the surrogate modeling is
a strong tool for predicting the responses of a box culvert for scouring prediction downstream of culverts. The sensitivity of
the parameters with respect to the structural responses was determined, which demonstrated strong potential for considering
the adopted parameters in the successful design of box culverts with minimal downstream scouring.
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1 Introduction

Culverts are typically used to direct the flow of water from
one side of a highway, railroad, or road to the other side. In
order to control or move traffic and ground runoff beneath,
outside, and along the ground, this form of hydraulic system
may also be used to build a bridge structure. Because of
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several shortcomings in its design, scouring can take place
below the outlets. One of the main problems in the culvert
design process is the estimation of the maximum scour depth
and its position (Sorourian 2015). For the prevention of
structural failure as a result of damage, precise dimensional
predictions for the scour at the hydraulic system are needed
(Amini and Solaimani 2018). The formulas and techniques
used for the estimation of local scour in culverts are based
primarily on numerical simulation and laboratory studies.
Abt et al. (1985) observed that the outlet scour depth is
influenced by the culvert slope (S), and for a steep culvert,
the average scour depth is increased by 10—-40% over the
scour dimensions. Wang et al. (2018) performed experi-
mental research on local scour at submerged weirs on dif-
ferent upstream slopes. Results revealed that the upstream
depth was greatly decreased by reducing the upstream
slope. Ahmad et al. (2017) investigated the influence of the
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formation of scouring hole and sediment coarseness at a
wide-pier local depth of scouring. As a result, the relative
scour depth was found to decrease when the sediment size
increased. Elsebaie (2013) studied scour pattern and overall
depth along with the culvert's cross and longitudinal lines.
He reported that the average scour depth greatly depends
on flow discharge (Q), duration, and changes in proportion.
Taha et al. (2020) investigated the effects of different inlet
blockage and submergence ratios on culvert efficiency and
scour hole depth at the culvert outlet under various con-
ditions and rates of flow. They found that increasing the
submergence ratio increased the flow rate, and the maxi-
mum scour depth was decreased. The relative energy loss
is also greater in the non-blocked case. For blockage cases,
by increasing the blockage ratio, as the densimetric Froude
number increases, the relative maximum depth increases.
Galan and Gonzalez (2019) analyzed the relationships and
the variables affecting culvert scour. The most prominent
considerations were the wings with a floor at the inlet and
outlet obstruction (B), the shape of the culvert, and the depth
of the tail water (Y,).

Relative to the experimental approach, however, numeri-
cal simulation has other benefits, including time savings, low
operational costs, greater convenience, and the achievement
of experimental performance (Bui et al. 2020). Mehnifard
et al. (2015) used FLOW-3D software and examined the
potency test with the submerged horizontal jets of a local
scour platform. The findings showed about 11% variation in
the experimental model. In a box culvert with unsteady flow,
Giinal et al. (2019) investigated the blockage ratio effects on
the scouring process. The results showed that the two models
had closed outcomes when compared to the numerical simu-
lation by the FLOW-3D model based on the renormaliza-
tion group (RNG) and k-¢ turbulence scheme technique with
observed data in the laboratory. Othman et al. (2021) inves-
tigated the performance of numerical models in predicting
scour depth and its location downstream of box culverts in
unsteady flow conditions. It was found that the numerical
model was in good agreement with the experimental data.
The scour depth increased with the increase of discharge
in the rising limb of the hydrograph, whereas in the fall-
ing limb, the scour depth decreased. In order to forecast the
scour depth downstream of culvert outlets, Najafzadeh and
Kargar (2019) used gene-expression programming (GEP),
model trees (MT), and evolutionary polynomial regression
(EPR). The outcomes of the study showed that the MT and
GEP, EPR delivered the lowest level of precision for predict-
ing local scour depth at culvert outputs. Najafzadeh (2016)
investigated the prediction of the maximum scour depth at
equilibrium downstream of culvert outlet structures. Further-
more, the neuro-fuzzy group method with particle swarm
optimization (NF-GMDH-PSO) was compared to gene-
expression programming (GEP) and traditional equations.

. @ Springer

The NF-GMDH-PSO network produced a lower error in
predicting maximum scour depth than the other models. A
sensitivity analysis method was also used to determine the
most effective parameter on the maximum scour depth at
equilibrium.

Many investigations have been conducted to predict the
responses of structural systems in the civil engineering field
by utilizing the Box-Behnken method. This is an alternative
optimization method that works well and is used to build
surrogate models of any system. Hariri-Ardebili et al. (2018)
investigated the hybrid dam-reservoir foundation system by
selecting four material properties as random variables, and
the efficient Box-Behnken design was adopted. Their find-
ings support the high precision of the methodology sug-
gested in the quantification of substance uncertainty. Klun
et al. (2016) studied hydraulic systems and found that the
response surface method (RSM) is an effective and reliable
technique that uses different points to estimate the response
function using a polynomial expression. Based on the esti-
mated response, the state of a dam can be accurately calcu-
lated throughout its life.

Culverts suffer from weak design in relation to scouring
problem in the outlet region due to improper study of the
factors which are involved in occurring of the scouring. In
this research, FLOW-3D and surrogate numerical modeling
were utilized to predict and optimize the response of the
design by targeting the scouring depth and location down-
stream of the culvert. The Box-Behnken method was dedi-
cated to considering main parameters of the culvert design.
Optimization was conducted utilizing factorial arrangements
for the maximum depth of scouring (Y,,) and the distance
of the maximum depth from the culvert outlet (X,,,). The
optimized values of the studied parameters can be used to
control the design of the culvert against scouring. The com-
bined use of surrogate models and numerical simulations
has been investigated in this study. Studying scouring can be
recognized as a new coupled method to study the scouring
of culvert outlets without needing to proceed with practical
tests on the scouring. It has many benefits in decreasing the
consumed time of the study, decreasing the cost of the study,
and controlling the design of the culvert system during the
design and after construction stages.

2 Material and Methods
2.1 Numerical Model

This investigation used the FLOW-3D computational fluid
dynamics (CFD) model. The CFD is quickly becoming a
dominant flow analysis technique, and the FLOW-3D simu-
lator, which is part of hydraulic engineering software, pro-
vides a significant association with simulation (Kocaman



Iranian Journal of Science and Technology, Transactions of Civil Engineering

2014). For the model based on transients, the Reynolds-aver-
aged Navier—Stokes equations, which are the fundamental
governing equations, are used to estimate the interval stress
except for turbulence parameterization (Falconer 1991).

2.1.1 Governing Equations

In the current research, FLOW-3D was used to simulate flow
fields to evaluate its capabilities. The Reynolds-averaged
Navier—Stokes equations are provided in the following for-
mat in this software for 3D analysis for the incompressible
fluid state with Cartesian coordinates (x, y, z) (Amini and
Parto 2017):
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where w, v, and u are components of velocity; A,, A;and A,

are fractions of area related to the current; G, G, and G,
are accelerations of mass; f,, f} and f, are accelerations of
viscosity in the x, y and z directions; p is the fluid density,
Rgop 18 the source term, V. is a volume fraction related to
the current, and P is the pressure.

2.1.2 Solution Method

In FLOW-3D software, the Navier—Stokes equations are
solved on a displaced network for finite volume simulation
of the fluid area. The TruVOF technique in FLOW-3D was
used to model the free surface. By using Eq. (5), F in a free-
surface cell is calculated as the control volume (Amini and
Parto 2017).

oF 1 0 0 0
StV (5= (Fua,)) + 55 (FA,) + 5 (Fwa) =0
(%)
where if F=0, the cell is air-filled, and if F =1, the cell is
water-filled. The RNG model describes high-shear regions
and low-intensity turbulence flows with the current condi-
tions. RNG turbulence models are recommended for mode-
ling turbulence. A robust turbulent model, normal for scour-
type simulations, should be chosen during non-laminar flow;

in a first attempt, the use of the RNG model is suggested
(Flow Science 2012). Therefore, in this research, the RNG
turbulence model was used for all cases to perform the CFD
via FLOW-3D. The riverbed is not flat naturally. Related to
the angle of repose, we modified the critical Shields param-
eter in the case of sloping surfaces (Soulsby 1997).

cos y sin f\/cos? f tan? @ — sin®  sin? f

0 =0
r tan @

(6)

where f=the bed slope angle, ¢ =sediment angle of repose,
and y=the angle between the upslope direction and flow.
The local bed shear stress is calculated using the formula
below:

t=0gd(p,—p) )

where §=the Shields parameter and d =the particle diam-
eter. Meyer-Peter and Muller presented the dimensionless
bed-load transport rate of sediment and can be applied
through Eq. (8) (Dey 2014).

o= (0-0,)" ®

Equation (9) is used to calculate the volumetric bed-load
transport rate (g,):

omef (2]

where d=the diameter of sediment and in the case of associ-
ated turbulence. Types of volume fractions include the frac-
tional area obstacle representation method (FAVOROTM)
and volume of fluid (VOF). The region is first modeled to
control volumes or other specific grid elements in these
methods. It is convenient to add a quantity F that records a
portion of the volume of the component that is filled with
liquid (Flow Science 2012). This function represents the
VOF per unit volume and satisfies the following equations:
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dp 0 d
Vieo + a(pqu) +Ra—y(vay)
. il (12)
+ a_Z(PwAz) +¢ P Rpir + Rsor

where Fqp is the time at which the fluid fraction associated
with the mass source varies in the fractional volume avail-
able to flow, Fyp is a diffusion term that is different for two
fluid mixings, RgpR is a mass source, and Ry is a term of
turbulent diffusion. A, in the x-direction is the fractional area
open to the flow, and Ay and A, are similar area fractions for
flow in the directions of y and z. The components of velocity
(u, v, w) are in the directions of coordinates (x, y, z) or (7,
Rgors 2), respectively.

Table 1 Box-Behnken—parameters and outputs

Cases QO (I/s) S () dso (mm) Y, (cm) Xy (cm)
1 5 0.08 1.45 5.70 9.00
2 5 0.12 1.45 7.94 9.00
3 10 0.08 1.45 10.75 5.00
4 10 0.12 1.45 12.63 5.00
5 5 0.1 0.9 7.54 9.00
6 5 0.1 2 11.088 5.00
7 10 0.1 0.9 13.70 0

8 10 0.1 2 12.12 9.00
9 7.5 0.08 0.9 12.01 5.00
10 7.5 0.08 2 6.81 9.00
11 7.5 0.12 0.9 6.11 5.00
12 7.5 0.12 2 10.60 5.00
13 7.5 0.1 1.45 7.58 9.00
14 7.5 0.08 1.45 7.25 9.00
15 5 0.08 2 4.90 5.00
16 5 0.12 2 6.70 5.00
17 7.5 0.12 1.45 7.89 9.00

1

2.2 The Data

In the present study, a 3D numerical model was simulated
using 17 different situations related to sediment scour.
Table 1 shows the maximum scour depth (Y,,,) and location
of maximum scour depth (X,,), as well as the classifica-
tion of cases into three major parts: flow rates (Q), median
sediment sizes (ds), and slopes (S). The numerical model
was run until the equilibrium scour depth was achieved in
the flume.

The location of the test section was 3.25 m from the inlet
of the flume, and the same numerical model was used for
all cases. Figure 1 illustrates the detail of the culvert model.

The test section was a sand basin 6 m long and 0.15 m
deep, with the same width as the flume, and the sand was
leveled in the outlet and inlet of the culvert. The barrel
length of the culvert was 1.0 m, and the culvert openings
were 0.2 X 0.2 m with 30° flared transitions located at the
outlet and inlet of the culvert.

2.3 Grid Construction and Boundary Conditions

Grid spacing is an important factor in the simulation (Koca-
man 2014). Separating meshes into smaller parts after trial
and error is used to obtain the meshing measures. The accu-
racy was checked, and the best size was selected. The mesh
downstream of the culvert has been decreased to retain an
appropriate number of cells within a non-uniform meshing
to allow a clearer view of the scour production and obtain
precise performance. As the flow near the outlet is more
affected by the existence of the culverts, mesh planes x and
y were placed in a culvert downstream to enhance the preci-
sion of the model. The mesh size was specified at 0.5 cm for
refined areas and 1 cm for other areas (Xiong et al. 2016).
Figure 2a, b represents the model coordination and geometry
meshing. The flow was modeled in a flume with a length of
6 m in this study to create a profile of the developed flow

l

6.000m |
0.700m

Origin_point j

fe—=— 0.500m

0.150m ——l |~—

l———l— 0.500m
A

F=— 1.000m —=|

Fig. 1 Culvert model: a side view, b top view ¢ section
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7
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Y

(a)

Fig.2 Geometry meshing with coordination of model: a plan, b side view and ¢ boundary conditions

rate. The flow profile was then used as the channel with
the input boundary state of the culvert. Figure 2¢ shows the
boundary state of the scour model, which shows the flow
rate at the inlet, outlet, top, right, and left sides, as well as
the bottom, which is called the wall boundary (Giinal et al.
2019).

2.4 Box-Behnken Method

The Box-Behnken method was used to determine the rela-
tionship between the response of maximum depth and
location of culvert scouring and flow discharge, culvert
slope, and soil material size. The Box-Behnken method is a

X3

Fig.3 Box-Behnken method (Nariman et al. 2019)

rotatable second-order set based on three-plane incomplete
parameter sets, as shown in Fig. 3. The special arrangement
of the set planes permits the number of set points to increase
at the same rate as the number of polynomial coefficients.
For three parameters, the sets can be established as three
regions of four experiments containing a full two-parame-
ter factorial set with the plane of the third parameter to be
assigned zero.

For the three-plane and three-parametric Box-Behnken
set, a total of 15 numerical models were dedicated as shown
in Table 2. The surrogate model is of the following equation:

@ Springer
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Table 2 The planes of parameters for the Box-Behnken set

Parameter Symbol Parameter level

Minimum Center Maximum

-1 0 +1
Discharge, Q (I/s) X, 5 0.08 09
Slope of culvert, S (°) X5 7.5 0.1 1.45
Median material size, dsy, X3 10 012 2
(mm)
2 2
Y = fy+ BiX\ + BoX, + B3 X5 + B X + P X (13)

+ ﬁ33X§ + P12 X1 X5 + P13 X 1 X5 + B Xo X

where Y is the response predicted, f3 is regression model
constant; X, X,, and X; are independent parameters; /3, f,,
and f; are linear regression coefficients; f3,, ;3 and f,;
are cross-product regression coefficients and f3,;, f,,, and
B3 are the quadratic regression coefficients. All the regres-
sion coefficients have been calculated using the least-squares

method and special codes from MATLAB software (Kincl
et al. 2005; Pasma et al. 2013).

Table 3 shows both the coded and actual values of the
parameters related to the 15 numerical models for the simu-
lation of the scouring in the culvert.

3 Results and Discussion

3.1 FLOW-3D

Flow rate is a factor that affects the design of the hydraulic
structure (Hosseini et al. 2018). Most researchers consid-
ered the effect of flow discharge in the formation of a scour
hole (Elsebaie 2013). In this investigation, the cases were
classified into three main categories, including flow rates,
sediment sizes, and slopes. As shown in Table 1, for each
part, minimum, middle, and maximum rates were considered
for revealing the effect of a variable on constant parameters.
Figure 4 illustrates the scour formation profile, depth, and
maximum scour depth location in three cases for flow rates
when slopes and sediment sizes are kept constant. The effect

Table 3 Box-Behnken

. No. Coded level of parameters Actual level of parameters
formulation
X, X, X; Q (I7s) S ds, (mm)
1 -1 -1 0 5 0.08 1.45
2 +1 -1 0 5 0.12 1.45
3 -1 +1 0 10 0.08 1.45
4 +1 +1 0 10 0.12 1.45
5 -1 0 -1 0.10 0.90
6 +1 0 -1 0.10 2.00
7 -1 0 +1 10 0.10 0.90
8 +1 0 +1 10 0.10 2.00
9 0 -1 -1 7.5 0.08 0.90
10 0 +1 -1 7.5 0.08 2.00
11 0 -1 +1 7.5 0.12 0.90
12 0 +1 +1 7.5 0.12 2.00
13 0 0 0 7.5 0.10 1.45
14 0 0 0 7.5 0.10 1.45
15 0 0 0 7.5 0.10 1.45

Fig.4 Scour profile prediction
by numerical model with a vari- 5
able flow rate

Bed level (cm)
(8]
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Fig.5 Scour profile prediction
by numerical model with a vari- 5
able bed slope degree

— & =5=0.1Degree

—X- =S5=0.08 Degree

«o-@-+ 5=0.12 Degree

s

Bed level (cm)
-~
;ié
N

-10 N\

-15

Fig.6 Scour profile prediction
by numerical model with vari- 5
ous sediment sizes |

—>—d50 =0.9 mm

0 40 50 60 70 80 90 100

Distance from culvert outlet (cm)

- B -d50=2mm =—A=—d50=1.45mm

T

A

Bed level (cm)
&

of flow discharge was investigated when the initial flow rate
was 5 1/s and gradually increased to 7.5 I/s and then 10 /s
as a maximum discharge with constant slope and sediment
size of 0.08° and 1.45 mm, respectively.

The results showed that when Q=5 1/s is used,
Yn~0.057 m at X,,~ 0.09 m in the outlet of the culvert.
By increasing the flow discharge to 7.5 1/s as a middle rate
at 0.09 m, Y, ~#0.072 m, and then with a peak flow rate
of 101/s, Y, ~#0.107 m at X, ~#0.05 m in the downstream
of the box culvert. Overall, these different rates showed
that the maximum scour depth is significantly dependent
on flow discharge and their proportional change (Elsebaie
2013).

Figure 5 illustrates the scour formation profile and scour
depth for slope degree with constant flow rates and sedi-
ment sizes as well as the effect of varying the slope degree
starting with 0.08° and gradually increasing to 0.1° and
then 0.12° as a maximum condition with constant 2 mm
and 5 /s for sediment size and flow rate, respectively.

The results showed that for the initial slope degree,
Y,~0.049 m at 0.05 m, and when the rate shifted to the
middle variable, X~ 0.05 m while Y, #0.111 m. For
the maximum rate of the slope, Y, ~0.067 m although
X,,s~0.05 m. Overall, the results showed the effect of dif-
ferent slope degrees on the scour hole in the outlet of the
culvert structure (Wang et al. 2018). Sediment character-
istics, such as sediment size, are one of the factors affect-
ing the scour dimensions (Chiew and Lim 1996). Figure 6
reveals the scour profile, location, and maximum scour
depth versus sediment sizes with a constant slope degree
and flow rate.

29 Mom-mm T SRy o g ani Sl

Distance from culvert outlet (cm)

Table 4 Predicted and

. . Y., predicted (cm) Y,
numerical outputs for maximum

sm

1 numerical
depth of scouring (cm)
6.79 5.69
7.47 7.93
11.20 10.74
11.53 12.63
7.55 7.53
10.43 11.08
14.35 13.70
12.10 12.11
10.89 12.01
6.36 6.81
6.55 6.10
11.71 10.60
7.57 7.57
7.57 7.57
7.57 7.57

The effect of variability of material sizes when 0.9 mm,
1.45 mm and 2 mm are used for case 11, case 12 and case 17,
respectively, with a constant slope angle of 0.12° and flow
discharge of 7.5 /s is also shown in Fig. 6. The results are
shown for different sediment sizes, Y, ~0.061 m, 0.079 m,
and 0.106 m, while the X, ~0.05, 0.09 and 0.05 m,
respectively.
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3.2 Surrogate Models

A total of 15 numerical models have been used to con-
struct the surrogate models for prediction of maximum
depth of scouring and location of the maximum depth of
scouring for the culvert based on quadratic orders with
interaction terms as shown in Table 4. Figure 7 reveals that
the surrogate models for the output of the maximum scour-
ing depth have a coefficient of determination of R>=0.931,
which represents the predicted system response very well.

The surrogate model for the location of the maximum
depth of scouring has a coefficient of determination of
R*>=0.9689, as shown in Fig. 8, which is a perfect predic-
tion of the structural response of the system. It should be
noted that 0.03% of the predicted response is not quantified,
as shown in Table 5.

@ Springer

Table 5 Predicted and

numerical outputs of location of Xum predicted (em) f;nrlnerical

maximum depth of scouring (cm)
9.12 9.00
8.12 9.00
5.87 5.00
4.87 5.00
9.50 9.00
5.25 5.00
0.24 0.00
8.50 9.00
4.37 5.00
8.62 9.00
5.37 5.00
5.62 5.00
9.00 9.00
9.00 9.00
9.00 9.00
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3.3 Surrogate Model Formulations

The surrogate models for maximum depth of scouring and
the location of the maximum depth of scouring for the cul-
vert have been determined. The following two equations
represent the surrogate models.

Y, =41.68 — 2.309X, — 155.39X, — 29.91X; + 0.31X> — 690.82X>
+5.23X2 — 177X, X, — 0.93X, X; + 220.26X,X;

14)
Y, = —20.84 — 1.38X, + 544.31X, + 13.78X; — 0.18000174X>
15
—2187.47X3 — 7.025X3 — 2.36X, X3 — 90.91X,X; s
Table 6 Sensitivity analysis of parameters
Q (I/s) S ds, (mm) Y, (cm) X, (cm)
5.0 0.08 1.45 5.69 9.00
7.5 0.08 1.45 7.24 9.00
10 0.08 1.45 10.74 5.00
5.0 0.08 2.00 5.00 5.00
5.0 0.10 2.00 11.08 5.00
5.0 0.12 2.00 6.69 5.00
7.5 0.12 0.90 6.10 5.00
7.5 0.12 1.45 7.89 9.00
7.5 0.12 2.00 10.60 5.00

where Y}, and Y, are the predicted responses of maximum
depth of scouring and the location of the maximum depth of
scouring of the culvert, respectively.

3.4 Sensitivity Analysis

To quantify the sensitivity of each parameter in the variation
of the responses of the culvert with regard to the maximum
depth and location of scouring in the outlet the sensitivity
analysis was performed. It was conducted for each output
by changing the first parameter three times with minimum,
middle, and maximum values while keeping the other two
parameters at constant values. We have determined the mag-
nitudes of each output for each parameter, quantified the
variation, and sketched the relation. In the same way, we
have calculated the outputs for the other two parameters, as
shown in Table 6.

3.4.1 Discharge Variation

When the value of the discharge varied at 5, 7.5, and 10 /s,
output values for the maximum depth of scouring were
obtained as 5.69, 7.25, and 10.74 cm, respectively. The
relation between the input and output parameter is directly
proportional, with an approximately linear pattern, as illus-
trated in Fig. 9. It is apparent that the discharge in the cul-
vert is uncertain due to uncertainty in the amount of water
catchment in the surrounding region. As a result, sensitivity
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Fig.9 Sensitivity analysis of maximum depth of scouring and its location versus culvert discharge
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analysis can be used to predict the scouring in the outlet of
the culvert during the design only by surrogate modeling.

When flow rate values changed (5, 7.5, and 10 1/s), we
obtained different values for the location of maximum depth
of scouring as 9.0, 9.0, and 5.0 cm, respectively. Figure 9
illustrates the relationship between the input parameter and
the output as directly proportional to two stages; the first
is constant, and then the curve decreases non-linearly. It is
shown that the location of the maximum depth of scour-
ing is constant once, and it goes near the outlet point. This
behavior is arbitrary, without a regular pattern, exhibiting
a complex and unrecognized relation, which might be due
to the effect of other fluid dynamics phenomena such as the
generation of eddies in the outlet region.

3.4.2 Slope Variation

When the value of the culvert slope varied at 0.08°, 0.10°,
and 0.12°, the output values of the maximum depth of scour-
ing were recorded as 5.0, 11.08, and 6.69 cm, respectively.
The relation between the input and output parameters is not
proportional, and it shows a non-linear pattern in Fig. 10.
The culvert slope is known due to the certainty of the data
assignment by the designer, where the scouring in the outlet
of the culvert can be controlled during and after the design
stage.

When the slope degree varied at 0.08°, 0.10°, and
0.12°, the same output values were recorded for the loca-
tion of maximum scouring depth as 5.0, 5.0, and 5.0 cm,

respectively. Figure 10 shows the relation between the input
parameters, and the output is directly proportional and
shows full linearity. It shows that there is no sensitivity in
the response of the location of the maximum depth of scour-
ing with regard to the culvert slope, and there is a wide range
of design solutions that can be decided without considering
any risk with respect to the output under study.

3.4.3 Material Size

By changing the size of the streambed sediment to a median
size of 0.9, 1.45 and 2 mm, different output values of the
maximum scour depth of 6.11, 7.89 and 10.60 cm were
obtained, respectively.

The relation between the input and output parameters is
not proportional, but it shows a non-linear pattern in Fig. 11.

When the size of the sediment changed as 0.9, 1.45, and
2 mm, the output values of the location of maximum depth
of scouring were recorded as 5.0, 9.0, and 5.0 cm, respec-
tively. The relation between the input parameter and the out-
put is not proportional, and it shows a non-linear pattern in
Fig. 11. The sensitivity of the output due to the variation of
the material size is not clear and displays an arbitrary pat-
tern. In this case, the design can be controlled during and
after the design stage.
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Table 7 Optimization using Model Discharge  Slope (S) (°) Material size Maximum depth of Location of max. depth
factorial arrangement of models 0 (I/s) (mm) scouring (Y,,) (cm)  of scouring (X,,,) (cm)
1 5 0.08 0.9 9.38 8.08
2 5 0.08 1.45 6.82 8.73
3 5 0.08 2 7.30 6.52
4 5 0.1 0.9 7.55 9.52
5 5 0.12 0.9 5.30 10.17
6 7.5 0.08 0.9 10.76 4.56
7 10 0.08 0.9 15.98 0.26
8 10 0.1 0.9 13.94 1.17
9 10 0.1 1.45 11.50 6.26
10 10 0.1 2 12.10 8.47
11 7.5 0.12 0.9 6.48 6.13
12 7.5 0.12 1.45 7.55 7.04
13 7.5 0.12 2 11.68 5.08
14 7.5 0.1 0.9 8.82 5.73
15 7.5 0.1 1.45 7.51 7.95
16 7.5 0.1 2 9.24 7.30
17 10 0.12 0.9 11.50 1.30
18 10 0.12 1.45 11.44 5.08
19 10 0.12 2 14.43 5.99
20 7.5 0.08 1.45 7.06 8.08
21 10 0.08 1.45 11.14 6.65
22 5 0.12 1.45 7.51 8.21
23 5 0.12 2 12.77 3.39
24 7.5 0.08 2 6.40 8.73
25 10 0.08 2 9.36 10.17
26 5 0.1 1.45 7.37 8.86
27 5 0.1 2 10.24 5.34
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3.5 Optimization

Using the surrogate models and the sensitivity of each
parameter on the structural responses to the depth and loca-
tion of maximum scouring from the outlet of the culvert.
We can optimize the design of the culvert against scouring
by utilizing factorial arrangement of a total of 27 models for
all the probable design arrangement of the three parameters.
Table 7 shows the model arrangement for the parameters and
the predicted responses. The optimized case can be iden-
tified by distinguishing the minimum/maximum depth of
scouring and location distance of scouring from the outlet
of the culvert.

The optimized case for Y, is 5.31 cm, which is the
minimum scouring case parallel with minimum values of
discharge, material size and maximum values of slope,
while for X, the optimized case is 10.17 cm, which is
the maximum distance case parallel with two probabili-
ties. The first probability is to assign minimum values for
both discharge and material size and a maximum value for
slope. The second probability is to assign maximum values
for both discharge and material size and a minimum value
for slope. Figure 12 shows the two cases for optimized
responses of the system.

4 Conclusions

FLOW-3D software was used to predict the location and
maximum scour depth, coupled with surrogate modeling,
and was shown to be an efficient tool in predicting the
system's responses; thus it can be exploited to enhance and
control the design of the culverts against scouring. Results
obtained from the prediction models were compared with
numerical results. The most important results obtained
from this research can be described as follows.

1. The surrogate models for the maximum depth of scour-
ing and the location of the maximum depth of scouring
demonstrated strong capability in predicting the actual
scouring depth and location in comparison with the
numerical results of the FLOW-3D program.

2. The optimum values of the involving parameters were
successfully determined which is an excellent step in the
design of culverts to avoid the scouring problem.

3. The efficiency of the coupled method in predicting
and optimizing the performance of the culverts against
scouring problem arranges a firm background in under-
standing the sensitivity of the involving parameters
each of which in the performance of the culverts against
scouring.

4. The optimum (minimum case) was 5.31 cm for the maxi-
mum depth of the scouring. Also, the optimum (maxi-
mum case) was 10.71 cm for the distance, or the location
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of the maximum scouring calculated from the outlet of
the culvert.

This research was designed based on two assumptions for
the flow discharge type and the surrogate model structure,
and it improves the culvert design by better understanding
the outlet scour mechanisms and magnitude. The surrogate
models were constructed using the normal distribution for
all the involved parameters to obtain the most accurate sur-
rogate models. We used the limited construction of the sur-
rogate model using double interaction between the involved
parameters to determine the most accurate surrogate models.
The prediction models and the results of the entire study will
contribute to a better understanding scouring problem in the
culvert outlet.

Different hydraulics conditions are effective in scouring
at a culvert, such as flow regime, dimensions of culvert,
and flow, sediment and river/channel characteristics. In the
presented research, the most important parameters affecting
scouring were investigated. In future studies, more effective
parameters can be considered for numerical modeling by
obtaining more comprehensive data.
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