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Abstract
Rockfill structures in river training projects, such as detention dams, gabions, and levees, play a
significant role in flood control. One of the common types of these structures is porous flood
mitigation dams. This research investigated the surface flow profile by developing an analytical
model based on specific energy relationships and Wilkins pore velocity and employing
numerical methods based on estimation and correction methods. In order to examine the
efficiency of the presented models, experiments were performed both with and without buried
inside walls through rockfill media. The results show the accuracy and efficiency of analytical
and numerical methods for calculating the water surface profile. The numerical estimation-
correction method is used to estimate the passing flow profile through the rockfill media. In
order to apply these methods in the experiments including buried curtain, the profile is divided
into two parts, and the computations were done by considering two boundary conditions at the
outlet and the buried wall position. The flow profile was calculated by the least square curve
fitting method, and the ¢ and d coefficients were extracted by taking into account the influencing
factors, including the rockfill media diameter, the length of the porous medium, and operated
flow rate for a specific diameter. Moreover, the results indicate the appropriate correlation
between the laboratory data and analytical and numerical solutions in the experiments, including
wall. Quantitatively, the root mean square error (RMSE) ranged from 3 to 5.5 mm, with a
relative error between 3 and 9.3%. The relative error increased with higher core heights,
particularly downstream of the core due to local flow acceleration and significant flow curvature.
At a flow discharge of 0.19 I/s, the relative error was 3%, rising to 8% at higher flow rates. It
was also observed that with the increase of the entrance flow discharge, the profile estimation
accuracy decreased, and curvature in the water surface profile was observed.
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1. Introduction

In large porous media, flow can occur in different ways depending on the characteristics of
the medium. In some cases, when the fluid velocity increases or the pore size decreases, the flow
behavior can deviate from Darcy flow. This is known as non-Darcy flow and is characterized by
inertial, viscous, or turbulent effects, which can result in a non-linear relationship between flow
rate and pressure gradient. Understanding and predicting the flow through large porous media is
crucial in many fields, including hydrology, geology, environmental science, and petroleum
engineering. It helps in determining the movement of contaminants in groundwater, designing
efficient drainage systems, optimizing oil and gas recovery, and modeling the transport of
pollutants in the subsurface. Rock embankments are used as a crucial part of gravel structures.
Unlike the concrete and earth dams built through river reaches, gravel structures have much
lower costs compared to them. One of the most important advantages of these structures is their
use as flood mitigation structures. These detention structures are usually built in series. By
forming small reservoirs through the river, they cause flood storage through the river reaches.
The passing flood through large porous media has a high pore velocity and is therefore known as
None-Darcy flow. By increasing the flow velocity inside the pore system, the inertial force
gradually overcomes the viscous force, and consequently, the turbulent None-Darcy flow occurs
[1-3]. Non-Darcy flows can be classified into two categories: parallel flows and radial flows.
Parallel flows are commonly observed in scenarios involving gravel dams, gabions, and other
similar structures. In these cases, the streamlines are nearly parallel, and the flow can exist in
both pressurized and free-surface modes. On the other hand, radial flows are encountered in
situations such as wells drilled in coarse-grained alluvial beds. These flows require specialized
analysis technigues to understand their behavior and impact on hydraulic structures [4-6].

Buried streams, which are often formed due to mining or roadway operations near rivers,
present unique challenges in hydraulic engineering. These streams can alter the flow regime
from open channel flow to non-Darcy inner flow, making it essential to accurately predict and
simulate the flow patterns. Gradually-varied flow algorithms offer a practical and cost-effective
approach to studying the flow in buried streams, providing valuable insights for design and
operational considerations [7-9]. The gradually-varied flow theory is a widely used approach in
analyzing and simulating flow in non-Darcy porous media. This theory requires less data
compared to solving complex equations such as the Parkin equation, making it more practical
and cost-effective. By applying the gradually-varied flow theory, researchers have successfully
calculated water surface profiles in various scenarios, including radial non-Darcy flow with a
free surface [10-13].

In addition to experimental approaches, numerical methods have also been employed to
estimate water surface profiles in buried streams. Researchers have utilized techniques such as
finite differences, finite elements, and finite volumes to solve the equations governing radial
non-Darcy flow. These numerical methods require extensive data and computational resources,
but they provide valuable insights into the behavior of flow in porous media [14].
One-dimensional analysis using the gradually-varied flow theory and two-dimensional analysis
using the Parkin equation have been extensively used in studying non-Darcy flows. However,
the gradually-varied flow theory offers advantages in terms of data requirements and
computational complexity. The water surface profile obtained from the gradually-varied flow
theory can serve as a crucial boundary condition for solving the Parkin equation, simplifying the
overall analysis process [15, 16].
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The equations that relate the velocity and hydraulic gradient to each other are in two general
forms: quadratic and power. In order to more successfully model the turbulence in the pore
system, Forchheimer added a quadratic term to Darcy's Equation to model both turbulent and
viscous flow efficiently. In other words, if any of these two mechanisms are powerful, the
corresponding coefficients would be more prominent. The equation's general form is according
to Eq. 1 [10].

i=aV+b.V? (1)
In which iis hydraulic gradient, Vis flow velocity and a, bare equation parameters.

Eg. 1 has two coefficients, and Egs. 2 and 3 are presented for its parameters using
dimensional analysis for one-dimensional [17, 18].
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As a result, if Forchheimer's Equation is rewritten using mentioned coefficients, the following
relation can be obtained.
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In which p is the dynamic viscosity, g is the acceleration of gravity, k is the intrinsic
permeability, V is the apparent velocity, p is the fluid density, and c is the experimental constant
coefficient.

In previous studies, it is typical to use the actual pore velocity instead of the average velocity.
Therefore, by using it and defining the j function as Eq. 5, Eq. 6 can be extracted.
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In Egs.5 and 6, ¢’ and k' are similar parameters to ¢ and k, and they can be obtained better by
applying the actual velocity (V) instead of the average velocity (V). However, in the Darcy
flow, the equality j = k is valid [19-21].

The next group of equations that relate the hydraulic gradient to the pore flow velocity are
power-form equations, and one of the most widely used equations is presented by Wilkins
(1956) [20] as Eq. 7.

V, = Cu®mPi® (7
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Where: V,, is passing pore velocity, C is an experimental constant that can be determined
according to the shape of the particles, p is the dynamic viscosity of water, and a, b are
coefficients that are determined experimentally and using laboratory data.

Wilkins calibrated and validated the general form of Eq. 7 by conducting experiments on
coarse-grained materials, and consequently, Eq. 8 is obtained.

V, = Wm®3i%5%, i = Cvd (8)

Wm?® is assumed as the hydraulic conductivity of the porous media and the value of 0.54
was estimated as the power of the hydraulic gradient because of turbulent flow conditions [22].

Heydari et al., [23] discussed the longitudinal profile of the non-Darcy flow using the finite
element numerical method and presented an equation for the flow rate. Using experimental data
and their analysis, Sedeghi Asal et al., [22] indicated that in horizontal and gentle slopes, the
passing flow through large porous media follows the gradually varied flow theory. In contrast, in
the steep slopes, The gravity force in the flow direction is higher; consequently, uniform flow
forms. Salahi et al., [24] based on a laboratory study on different types of crushed and angular
rock materials in a wide range of Reynolds numbers, presented values for the power of the
Wilkins equation. The results of their research showed that the velocity power in the Wilkins
relation fluctuates in the range of 1.6 to 1.8 depending on the grain size characteristics. Asiban et
al., [25] calculated the longitudinal profile of the flow using the direct step-by-step method,
mostly used in subcritical flows. As a result, the relative error percentage for profile estimation
was calculated as 17.6%.

Sarvarian et al., [26] in their study optimized the location and arrangement of rockfill dams in
Taleghan basin using both economic and hydraulic criteria. The study employed the "BRM"
model (Basin Routing Model, a program developed in Matlab to calculate flow through rockfill
dams and estimate the outlet hydrograph of a basin) and the NSGAIl method (Non-dominated
Sorting Genetic Algorithm 1, a multi-objective optimization algorithm used in the study) for
optimization. Results showed a 74.4% cost reduction and a 64.9% peak discharge reduction
compared to alternative scenarios. Most dams were placed upstream and on the main river to
enhance flood control efficiency [26].

Zhang et al., [27] discussed the analytical treatment of non-Darcian flow near a non-uniform
flux well face, highlighting limitations in the linearization method for turbulent flow. Their study
emphasized no direct analysis of datasets.

Chabakpour and Amiri [3] investigated the application of the GVF flow equation for profile
estimation of passing flow through the porous media using direct numerical methods. For this
purpose, numerical methods of Euler, modified Euler, and 4th-order Range-Kutta were used, and
the results were compared with the experimental data. It was concluded that the Euler method
has low accuracy and is unsuitable for flow profile calculation. Also, the 4th-order Range-Kutta
method is more accurate than the modified Euler method. Furthermore, the ¢ and d coefficients
were considered equal to 22.5 and 2, respectively, indicating a completely turbulent flow.

Considering previous studies, it can be seen that the hydraulic investigations of passing flows
through large porous media have been of interest to many previous researchers, and the operated
numerical methods have had favorable results. However, due to the nature of gravel dams (for
flood mitigation), they differ somewhat from the investigated cases. In order to increase their
applicability, concrete or clay, buried curtains are placed inside their body. These walls, whether
vertical or inclined, affect the profile of the upstream return flow and practically divide the
longitudinal profile into two different parts. For this reason, this research attempted to
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investigate the issue in more detail by building a laboratory model, extracting analytical
relationships, and using numerical methods. The analysis can also include comparing the
performance of detention structures with and without buried walls in term of water surface
profiles. Additionally, physical or laboratory experiments can be conducted to investigate the
effect of buried walls on the water surface profile. These experiments can involve constructing
scaled-down models of the detention structure, including the buried walls, and measuring the
resulting water surface profiles under controlled flow conditions. Overall, investigating the effect
of buried walls through rockfill detention structures on the longitudinal water surface profile
requires a combination of hydraulic modeling, empirical analysis, and physical experiments.

2. Materials and methods
2.1. Laboratory apparatus

The current study used a laboratory flume with a length of 180 cm, width of 20 cm, and
height of 70 cm (Fig.1). The flume has a horizontal bed, and different hydraulic gradients were
created by flow variation at the porous media entrance. For this purpose, the flow profiles inside
the porous medium were determined by operating three entrance discharges of 0.19, 0.26, and
0.37 (I/s). Glass sheets with heights of 10, 20, 30, 40, and 50 cm were used to create an
impermeable core. The sheets with a height of 10, 20, and 30 cm were operated as vertical cores
at distances of 45, 68, and 90 cm (from the media entrance). On the other hand, the sheets with
heights of 40 and 50 cm were operated as inclined cores with slopes of 1:3, 1:2, and 1:1. It
should be noted that each of the mentioned cores with heights of 10, 20, and 30 cm (shown with
the letters S1, S2, and S3) can be positioned at places of 1, 2, and 3 (which are displayed with
the letters P1, P2, and P3). Also, S4 and S5 cores were installed in P4 and P5 positions (Fig. 1).
Rockfill materials with an average diameter of 1.8 cm and a uniformity coefficient of 1.4 were
used to operate the experiments. In Table 1, the different characteristics of experiments are
presented at a flow discharge of 0.26 I/s.

Piezometry board il ()

180 cm

:QQ(

" S0-0-0-0=1 el ww? {x

70 cm

Outlet Flow
Pump Tank
Inlet Flow [ L
L]
Position] Position2 Position3 Position4 Position5

00 em T Bi=18.5°, 26.5°, 45°
Figure 1. General schematic of the laboratory flume and the placement of glass plates through
rockfill media, a) Laboratory flume, b) Position of S1, S2, and S3 as vertical cores, c) Position of S4

and S5 as inclined cores

SPRING 2024, Vol 10, No 2, JOURNAL OF HYDRAULIC STRUCTURES

Shahid Chamran University of Ahvaz



6 J. Chabokpour, O. Minaei

Table. 1. General characteristics of the conducted experiments at a flow rate of 0.26 I/s

Dovgnstream flow fLIJo?;tQSz;E Core angle Cc_)r_e h(é?grr? t Core Experiment

epth (cm) (cm) (degree) position (cm) NO.
1 11.9 90 P1 10 S1 1
11 12.4 90 P2 10 S1 2
14 13.1 90 P3 10 S1 3
15 21.7 90 P1 20 S2 4
2.2 22.1 90 P2 20 S2 5
11 22 90 P3 20 S2 6
1.8 31.6 90 P1 30 S3 7
11 314 90 P2 30 S3 8
11 31.5 90 P3 30 S3 9
1.8 17.8 18.5 P4 40 S4 10
2 214 26.5 P4 40 S4 11
2.2 31.8 45 P4 40 S4 12
3 16.9 18.5 P5 40 S4 13
3.2 21.5 26.5 P5 40 S4 14
2.8 30.9 45 P5 40 S4 15
2.1 20.5 18.5 P4 50 S5 16
2 25.5 26.5 P4 50 S5 17
2.6 38.4 45 P4 50 S5 18
3.2 19.3 18.5 P5 50 S5 19
3 24.6 26.5 P5 50 S5 20
2.8 34.6 45 P5 50 S5 21

2.2. Analytical solution extraction

In large porous media, the flow behavior can vary depending on factors such as the size and
connectivity of the pores, the fluid viscosity, and the presence of any obstructions or impurities
within the media. Generally, the flow tends to be slower in larger pores with higher permeability,
while smaller pores or obstructions can hinder the flow or lead to channeling effects. The
gradually varied flow equation in rockfill media is an equation that is used to calculate the
variation of water depth and velocity in open channel flow through a rockfill material. It takes
into account the hydraulic resistance and roughness characteristics of the rockfill material. This
equation is based on the principles of conservation of mass and momentum in open channel flow
and is used to analyze and design rockfill channels, such as those found in dams or spillways. It
allows engineers to determine the water depth and velocity under different flow conditions,
which is important for ensuring proper functioning and stability of the rockfill media. It is
possible to use fractional and power equations, especially the Wilkins pore velocity relation.
Using power form equations simplifies the integration and is more acceptable in practice.
Assuming uniform flow formation, the specific energy equation can be written as Eq. 9 [28].

q? 9
PR 9)

V2
E—y+£—y+

Where E is the specific energy, y is the flow depth, n is the porous media porosity, and q is the
flow rate per unit width. By differentiating both sides of Eq. 9, Eq. 10 can be obtained.
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dE _ Q<1 q° ) (10)

dx ~ dx - gn2ys3

The power form of hydraulic velocity and gradient in non-Darcy flows is also according to Eq.
11, and Eq. 12 is obtained by taking the derivative of specific energy with respect to longitudinal
distance.

i = a(:—y)b (11)
Z_i == a(‘:_y)b (12)

Also, Eqg. 13 can be achieved by integrating Eq. 12.

yyl(yb‘ L )y = [7 a@)Pdx (13)

gn2y3-b

Finally, the result of integration can be shown as Egs. 14 and 15.

yl+b_yl+b B q2 b-2 b2y _ q b _
1;rb gnzz(b—Z) (v yno)=a (n) (= x1) , o (14)
1+ b +
y q b-2y _ (1 _ _ T o p2 N 15
1+b+gn2(b—2)(y ) a(n) (x xl)-l_gnz(b—Z)y1 +1+b (15)

If the values of a, b, n, and g are known, the water surface profile can be calculated using Eq. 15
by applying exit flow depth from the porous media as downstream boundary conditions. Eq. 15
can be operated as the method of calculating distance in terms of depth or depth in terms of
distance. For turbulent flow, which is typical to large porous media, by assuming b coefficient
equal to 2 in the Wilkins equation, Eg. 15 is rewritten to the simplified form of Eq. 16.

% :
y= (y% +3a(2) (- x1)> (16)

2.3. Operated Numerical Solution
The gradually varied flow is dominant for passing through large porous media Eq. 17.

=S = 1_(aBQZ)_ 1—Fr2 (17)
gA3

Where % shows the depth variation rate in the flow direction, S, is the longitudinal slope, S¢

energy line slope, a is the velocity correction factor, Q is the flow discharge, B is the flow width,
A is the cross-sectional flow area, and g is the gravity acceleration.

In Eq. 17, due to the horizontality of the channel bed, the value of S,is equal to zero, and the
value of Sris equal to the value of the hydraulic gradient (i). Also, the i value was extracted
using Eq. 8. Advanced numerical methods are classified into two categories: single-step methods
and estimation-correction methods.
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The current study used the estimation-correction method to estimate the passing flow profile
through the rockfill media. In the estimation-correction methods, an uncertain depth is first
estimated using one-step methods and then corrected to reach the desired accuracy. Then, based
on the resulting corrected depth, the next depth is estimated and then corrected [29]. In the
estimation part, one-step methods can be used. In the present study, Euler's method was used for
this stage as Egs. 18.

Y =y + f(xp y)dx (18)
-S —S¢;
v = fi — fi
f(xu yl) ~ (Bi X QZ) 1— FT'l-z (19)
g x A}
Ax = Xi4q — X; (20)

Using Eq. 18, the first flow depth is estimated. Other parameters of Eq. 18 are also estimated
from Eqg. 19 and Eq.20. The zero power on the left side of the equation represents the first
estimate. Yi is the boundary condition, and laboratory data obtain its value. Considering that the
boundary condition of subcritical flows is downstream, yi in the first estimate was considered
the exit depth from rockfill media. The first estimate is corrected in the next step according to
Eq. 21.

}’51)1 yit [f(xirYi) + f(xi+1,y§2)1)] Ax (21)

The depth modification continues such that the jth modification is according to Eq. 22.

Yo =yi+ [f(xuyl)+f (xm.ym )]Ax (22)

The depth correction continues until the calculated depth difference in correction j and j-1 is
negligible. The flow depth at point xi+2 is calculated and corrected in the next step according to
the above-mentioned method.

2.4. Statistical criteria for validity checking of the employed methods

To compare the experimental and numerical results, statistical methods of root mean square
error (RMSE), mean absolute error (MAE), relative error (RE), and coefficient of determination
(R?) were operated according to Egs. (23-26).

s [Ft=D @

MAE = = Z|X Y| (24)

100
MAPE = —Z ‘ (25)
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2
LX) -Y)

R? =
e T I o

(26)

In the above Eqs, n is the data number, X is the laboratory data, Y is the calculated data, X is the
average of the observed data, and Y is the average of the calculated data.

3. Results and discussion
3.1. Flow profile in non-core states

In order to check the flow profiles by the estimation-correction method and estimate the
appropriate value for ¢ and d coefficients in Eq.8, first, the flow passing inside porous media
without core was investigated. According to the provided range by previous researchers and
using the trial and error method, the values of ¢ and d coefficients were considered equal to 22.5
and 1.62, respectively. The experimental and numerical data comparison is shown in Fig. 2 at
flow rates of 0.26 and 0.37 I/s, and the error criteria can be seen in each figure.

As shown in Fig. 2, the error values are acceptable, and the calculated results are close to the
laboratory data. The RMSE value was calculated between 0.5 and 0.7 cm. Also, the average
value of the relative error for all four tests was calculated to be approximately 7.5%. Fig. 3
shows measured depths versus calculated depths by the estimation-correction method.

10 12
A Experimental Data A Experimental Data
10
8 r —— Predictor-Corrector Method —— Predictor-Corrector Method
B Tg |
&) O
=00 £
& 26
U4 L =
3 @ 24 (b)
w RMSE =0.5cm w RMSE =0.62 cm
2 r | MAE=0.41cm 2 L MAE= 0.48 cm
MAPE= 8.2 % MAPE= 8.2 %
0 L L L L L 0 L L L L L
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Distance (cm) Distance (cm)
10 14
A A . .
A A Experimental Data 12 A A A Experimental Data
. [ A .
8 r —*— Predictor-Corrector Method —*— Predictor-Corrector Method
g 3l
26 = 8t
Qo Qo
3 3
z 4 = 67
3 (c) 3 (d)
v RMSE =0.54 cm L 4 | RMSE=0.70 cm A
2 | MAE=0.46 cm MAE=0.54 cm
MAPE= 8.4 % 2 r| MAPE=6.7%
O L L L L L 0 L L L L L
0 30 60 90 120 150 180 0 30 60 90 120 150 180

Distance (cm) Distance (cm)
Figure 2. Passing flow profile through the without core rockfill media, a) flow rate 0.26 I/s, d50 = 1.8
cm, b) flow rate 0.37 I/s, d50 = 1.8 cm, c) flow rate 0.26 I/s, d50 = 1.1 cm, d) flow rate 0.37 I/s, d50 =
l.lcm
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The coefficient of determination (R-square), which indicates the correlation between the
experimental and numerical data, is equal to 0.98 on average. It can be concluded that the
estimation-modification method computes the overall shape of the flow profile very well. From
the results of the preliminary tests, it can be concluded that the numerical estimation-
modification method is suitable for the flow profile computation. Therefore, it has been used in
cases including impermeable cores inside the aggregate medium.

Lin of perfect agreement

Lin of perfect agreement

Lin of perfect agreement

Lin of perfect agreement

10} () | ® 0] © 101 () (o
R2=0.9745 - L R?=0.9821 A
8 | = £ 10 Re=09776 8 f Re=0.9783 &~ 8 I

Yea (€M)
Yea (cm)
>
Yea (€M)
Yea (€M)

A

2 4 6 8 10 2 4 6 8 10 12 I 2 4 6 8 10 2 4 6 8 10
Yovs (M) Yovs (€M) Yobs (cm) Yobs (cm)

Figure 3. Comparison of observed data and calculation data, a) flow rate 0.26 I/s, d50 = 1.8 cm, b)
flow rate 0.37 I/s, d50 = 1.8 cm, c) flow rate 0.26 I/s, d50 = 1.1 cm, d) flow rate 0.37 I/s, d50 = 1.1 cm.

3.2. Flow profile in the presence of an impermeable core

If impermeable cores are inside the rockfill media, the flow profile should be divided into two
upstream and downstream parts. In both cases, the gradually varied flow regime is dominant,
and only near the core edge, the current overflows from the core, and the curvature of the current
is high. Because these two profiles are individual, the boundary conditions should be
appropriately considered for each. The boundary condition is adopted in the downstream of each
profile. For the downstream profile of the core, the adopted boundary condition is exit flow
depth. On the other hand, for the upstream profile, the boundary condition is set to the edge of
the core. In the following, the flow profiles in different situations have been calculated.

3.2.1. Flow profile in positions P1, P2 and P3

The cores were installed vertically in positions P1, P2, and P3. S1, S2, and S3 cores were
installed separately in each position. In Figs. 4, 5, and 6, flow profiles are shown in positions
P1, P2, and P3, respectively.

The calculated errors show an excellent correlation between the experimental data and the
calculated profiles by the estimate correction method. Also, the root mean square error (RMSE)
for the S1 and S3 cores is calculated as 4.3 and 4.9 mm, respectively, which is acceptable.
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Figure 4. Depiction of water surface profile using experimental data and numerical estimation-
correction method in the case of vertical core in position (P1), a) flow discharge 0.26 I/s, b) flow

16

12

Flow direction (cm)
o

24

18

12

Flow direction (cm)

discharge 0.19 I/s

X X X  x X X Experimental Data
XX x A Predictor-Corrector Method
@) X —3S1-P2

RMSE = 0.33 ¢cm X x "

MAE = 0.28 cm % &
MAPE = 3.4 %

R2=0.99 X
30 60 90 120 150 180

Distance (cm)

X X X X X X X % X Experimental Data
A Predictor-Corrector Method
) —S2-P2
RMSE = 0.48 cm
MAE =0.42 cm
MAPE = 7.1 % % %
R2=0.99 X %
¥ ¢ "
30 60 90 120 150 180

Distance (cm)

Figure 5. Comparison of depicted water surface profile using laboratory data and estimation-
correction numerical method in a vertical core state in position (P2), a) flow rate 0.37 I/s, b) flow

rate 0.19 I/s
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As is shown in Figs. 4, 5, and 6, the numerical estimation-correction method calculates the
surface profile satisfactorily in the presence of vertical cores inside the gravel dam. The root
mean square error (RMSE) ranged from 3 to 5.5 mm, and the relative error was calculated
between 3 and 9.3 %. Also, the error comparison shows that with the increase in the core height,
the error values also increase. This growth is more noticeable downstream of the core. This is
because in the vicinity of the core, the flow has local acceleration, and the curvature of the flow
is more significant.

15 :
_ X X x Xy X Experimental Data
E X oox x A Predictor-Corrector Method
%_ 10 @) e S1 - P3
2 RMSE = 0.41 cm &
2 5 | | MAE=031cm X% &
w MAPE =3.7 %
R2=0.99 X
0 L L L | | L L
0 30 60 90 120 150 180
Flow direction (cm)
35
= 25 X X X X X X X X X X X  Experimental Data
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Figure 6. Depiction of water surface profile using laboratory data and estimation-correction
numerical method in a vertical core state in position (P2), a) flow rate 0.37 I/s, b) flow rate 0.19 I/s

3.2.2. Flow profile at position P4

In this case, the core encounters the flow and forms an acute angle with the horizon surface.
Due to the slope's existence, the current's movement mechanism differs from the vertical core
case. If the flow rate is low, the flow slips slowly with contact with the downstream surface of
the core. However, the flow falls vertically to the downstream profile for higher flow rates. In
Fig. 7, three examples of comparing experimental and numerical results with different flow rates
and geometries can be seen in P4.
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Figure 7. Depiction of flow water surface profile for laboratory data and estimation-correction
numerical method in the vertical core state in position (P4).a) flow rate 0.37 I/s, the angle relative to
the horizon 18.5 degrees, b) flow rate 0.19 I/s, the angle relative to the horizon 26.5 degrees, c¢) flow

rate 0.26 I/s, the angle to the horizon is 45 degrees.

Error analysis reveals that in the case of an inclined core, the estimation-correction method is
less accurate, and the error rate increases with the increase in entrance discharge. It was found
that an increase in flow rate increases the flow velocity and local acceleration, especially at the
separation point of two profiles, where the curvature of the surface profile is seen. Consequently,
the accuracy of the profile computation decreases.

3.2.3. Flow profile at position P5

The inclined core faces the flow at position 5 and forms an acute angle with the horizon in the
counterclockwise direction (Fig. 8). In this case, the geometry of the core does not have a
considerable effect on the upstream flow, but in downstream it has a significant effect on flow
motion pattern inside the rockfill body. This effect is more noticeable at higher flow rates (Fig.

8).
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Figure 8. Depiction of water surface profile for laboratory data and numerical estimation-correction
method in vertical core mode in position (P5), a) flow rate 0.37 I/s, angle to horizon 18.5 degrees, b)
flow rate 0.26 I/s, angle to the horizon 26.5 degrees, ¢) flow rate 0.19 I/s, angle to the horizon 45
degrees

Fig. 8 shows that at a flow discharge of 0.19 I/s, the relative error is 3%. However, at higher
flow rates, this value reaches 8%. Also, the mean square error in the flow rate of 0.37 I/sis 1.1
cm, and for the flow rate of 0.19 I/s, this value is about 0.5 cm. The experimental and the
computed profiles using the numerical method of estimation correction are compared by
calculating statistical error parameters for all tests (number of tests 63). The detailed results are
illustrated in Table 2. Because the number of tests is large and it is not possible to include all of
them in the table, the average error parameters for different discharge has been computed. For
example, in position 1, the average error of three discharges and three types of core installation
(S1, S2, and S3) is averaged and introduced as the error value in position P1.
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Table 2. Error values for comparison of laboratory data and numerical solution using estimate-
correction method

Core position

P1 P2 P3 P4 P5
RMSE (cm) 0.51 0.41 0.48 0.9 0.85
R? 0.99 0.99 0.99 0.99 0.99
MAPE % 6.4 6.1 6.2 6.6 7.1
MAE (cm) 0.43 0.3 0.32 0.61 0.58

Furthermore, in the extracted analytical relation (Eq. 16), to determine the value of a
coefficient to use in the longitudinal profile calculations, it is necessary to use the laboratory
results to calibrate it and then evaluate its efficiency. For this purpose, its value is extracted
using the least square curve fitting method by taking into account the influencing factors,
including the rockfill media diameter, the length of the porous medium, and the operated flow
rate for a specific diameter. In the next step, other profiles are calculated and compared with the
observed profiles to verify the relationship and obtained value. The comparison results showed
that the value of this coefficient does not change by changing the medium'’s length or the inlet
flow rate. Besides, its value for the medium with a rock diameter of 1.8 cm equals 26.5.
According to the differences in the flow depth on the porous media, the Reynolds number values

(Re = %R) would also be variable. As a result, it is necessary to pay attention to the formation or

non-Darcy turbulent flow along the entire length of the porous media. The range of calculated
Reynolds numbers through longitudinal water surface profiles is 3100 to 11000. It is evident that
all are within the range of turbulent flows, and the assumption of the formation of non-Darcy
flow is correct. It was also observed that the Reynolds numbers become higher with the increase
in discharge and decrease in the porous media length.

4. Conclusion

The application of gradually-varied flow algorithms in simulating buried streams has proven
to be an effective and practical approach. By utilizing experimental data and applying the
gradually-varied flow theory, water surface profiles have successfully been calculated in various
scenarios of non-Darcy flow. In this research, the longitudinal profiles of the water surface were
taken in different conditions by conducting a series of experiments in a laboratory flume.
Furthermore, a new relationship was presented by analyzing the existing relationships to
calculate the flow depth at different longitudinal distances. Coefficients of the presented
relationship were calibrated using part of the acquired experimental data. Then, they were used
for depth calculation for other laboratory conditions. It was found that in addition to the
simplicity of the new relationship, it can be used with acceptable accuracy for predicting the
flow profile. Additionally, the flow profile through the porous medium in the presence of
inclined and vertical impermeable cores was investigated. The laboratory results were compared
with the numerical results, and the error values were calculated. The results showed that the
estimated profile by the numerical estimation-correction method has a very high correlation
(0.99) with the laboratory data. Also, the average calculated errors indicate the high accuracy of
the methods. The computed values for statically RMSE, MAPE, and MAE parameters were
calculated as 6.3 mm, 6.5%, and 4.5 mm, respectively. Moreover, it was found that at higher
flow rates and in the vicinity of the core edge (the point of profile separation), the flow curvature
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was higher, and consequently, the estimation error was higher. In conclusion, the application of
gradually-varied flow algorithms in simulating buried streams offers a practical and cost-
effective solution for analyzing the behavior of flow in non-Darcy porous media. By combining
experimental data, numerical methods, and the gradually-varied flow theory, significant
advancements in understanding the complex dynamics of buried streams would be made. This
knowledge can be applied to various engineering projects, ensuring the optimal design and
operation of hydraulic structures. These findings have significant implications for hydraulic
engineering and the design of structures involving buried streams. The ability to accurately
predict and simulate the behavior of flow in porous media is crucial for ensuring the safety and
efficiency of hydraulic structures.
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