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Abstract
Rivers are one of the main sources to supply sand and gravel for construction projects. Depending on river morphology and 
hydraulic characteristics, its sediment transport capacity, and mining operation method, the extraction of river bed materials 
may affect its ecosystem through bank and bed erosion. To advance the mechanisms of river pit infilling, the effects of various 
parameters (i.e., the distance between pits, the pit plan shape, the pit depth, sediment size, and approaching flow velocity) on 
pit infilling volume are investigated in this research. The results of this research show that infilling volume of upstream pit 
is insignificantly affected by the distance between the pits, and it is completely refilled for different distances. However, the 
infilling volume of downstream pit decreases by increasing the distance between the pits. In addition, by reducing the ratio 
of pit length to its width (pit shape extension in spanwise direction), the pits can be excavated in a shorter distance from each 
other; when this ratio decreases by 15%, the infilling volume increases up to 30%. Subsequently, as a cost-effective option, 
the pit distance can be reduced up to 50% in these conditions. According to the obtained results, although the sediment size 
has negligible effect on infilling volume in the studied range, the infilling volume increases up to 20% by an increase of 8% 
in the approaching flow velocity. Increasing the ratio of pit length to its width (pit shape extension in streamwise direction) 
highlights the effectiveness of smaller depths, so that the infilling volume increases up to 20% by a decrease of 20% in the pit 
depth. In this regard, it is recommended that the pit depth be restricted to 70% of the channel flow depth to have a complete 
pit refilling.

Keywords Sand mining · Pit infilling · River bed material · Morphology

Introduction

One of the key parameters affecting the final cost, duration, 
and quality of construction projects is providing the appro-
priate material. Due to easy access, river sand and gravel 
have been used extensively in construction projects. Depend-
ing on the mining operation method as well as hydraulic and 
morphologic characteristics of the river, sand mining may 
cause bed and bank erosion or other negative consequences 
for the river ecosystem. Therefore, it is necessary to conduct 
appropriate studies to explore sustainable and cost-effective 
methods for river mining.

Some effects of sand mining on river mechanisms have 
been evaluated in the different series of field, experimental, 
and numerical studies. According to previous field stud-
ies, in the nickpoint (attachment region of the sediment 
bed and the pit), the bed slope increases suddenly. This is 
known as the head cutting process, in which an erodible 
region moves upstream (Collins and Dunne 1989; Surian 
and Rinaldi 2003; Marston et al. 2003). In addition, as the 
flow passes the downstream edge of the pit, the hydraulic 
flow condition and channel geometry tend to the ones in 
the upstream of pit. Hence, the sediment transport capac-
ity of the flow increases; as a result, erosion will occur in 
the downstream region. In the other hand, the sediments 
deposition (occurred inside the pits and in their edges) 
makes hungry water, which increases the sediment trans-
port capacity of the flow. (Rinaldi and Simon 1998; Kondolf 
1997; Erskine et al. 1990). Downstream river bank heights 
are thereby increased, which threats the river through its 
bank collapse (Sreebha and Padmalal 2011; Padmalal et al. 
2008; Rinaldi 2003; Batalla 2003). According to Erskine 
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et al. (1985), the river bed material mining decreases the 
thickness of the large-sized sediments bed layer (thinning of 
armor layer), and, subsequently, increases the bed erosion. 
The pit proximity and merging (due to upstream and down-
stream erosion) decreases the sediment bed elevation (Calle 
et al. 2017; Padmalal et al. 2008) and changes the bed and 
suspended loads (Ferguson et al. 2015; Bayram and Önsoy 
2015; Ashraf et al. 2011). In addition, an excess river mate-
rial mining affects insects and invertebrates, which breed 
in aquatic environments (Padmalal and Maya 2014). Sunil-
kumar (2002) showed that sand and gravel mining impacts 
aquatic organisms severely as it destroys the spawning area 
and food source for fish (Padmalal and Maya 2014; Ambak 
and Zakaria 2010). In addition, sediment reduces the river 
water quality by increasing the concentration of the heavy 
metals and decreasing water transparency (Bayram and 
Önsoy 2015).

A series of laboratory experiments have been also con-
ducted to determine the effects of different parameters on 
the pit migration velocity. According to Lee et al. (1993), 
pit deformation and migration include two periods. In the 
first period (convection period), the upstream slope of the 
pit gradually moves in streamwise direction and reaches the 
downstream slope of the pit. However, the maximum depth 
of the pit is almost constant during this period. In the sec-
ond period (diffusion period), the pit depth decreases during 
the time, so that the pit eventually fills by sediments. Sedi-
ments are deposited in the pit, which migrates downstream 
with constant slope. Thus, increasing the migration velocity 
improves the pit filling rate (Jang et al., 2015). According to 
Barman et al. (2017) and Li et al. (2013), upstream edge ero-
sion is less than the downstream edge as the bed load causes 
the pit to migrate downstream. In addition, the pit migra-
tion velocity depends on its geometry (length and width). 
The effect of the pit length on pit migration speed is more 
significant than that of pit width (Yuill et al. 2016; Salehi 
Neishabouri et al. 2002). Recently, Haghnazar and Saneie 
(2019) experimentally investigated the effects of distance 
between pits for l/b = 1.28.

With recent significant advances in Computational Fluid 
Dynamics (CFD) algorithms and computing power, various 
numerical packages (e.g., CCHE2D and HEC-RAS software) 
have been applied to simulate the flow features and sedimenta-
tion transport around river pits. Chen et al. (2010), for exam-
ple, stated that in the simulation of flood and river geomor-
phology variations, CCHE2D gives better results as compared 
to HEC-RAS. According to Chen and Liu (2009), HEC-RAS 
overestimates the head cutting due to the presence of some 
errors in the velocity prediction in the upstream section of the 
pit. Using CCHE2D, they also found that the streamlines of 
passing flow approach to the pit upstream corners, and then, 
obviate from its downstream corners; this phenomenon can 
dramatically change the flow structure. This software package 

presents downstream pit erosion and sediment deposition in 
the pit upstream edge in more detail. Chen (2011) used Lee 
et al.’s (1993) experimental data along with CCHE2D software 
to simulate flow structure in the presence of a mining pit. The 
results showed that the software can predict the ensuing bed 
change with acceptable accuracy (having R2 = 0.77).

The conducted literature review shows that the assess-
ment of behavioral differences between a single pit and a 
pair of pits, the effects of pit plan shape, the interaction of 
plan shape with the distance between pits, and the capabil-
ity of numerical models in describing river tow-pit behavior 
merit more investigations. In this study, the effects of differ-
ent parameters (including the distance between the pits, the 
pit plan shape, the pit depth, sediment size, and approaching 
flow velocity) on the pit infilling and replenishment pro-
cess are investigated using both experimental models and 
numerical simulations (conducted by CCHE2D). The spe-
cific objectives of the present study are:

• to evaluate the ability of CCHE2D software in predict-
ing the pit infilling process (using a comparison with the 
collected experimental data);

• to gain new insights about flow behavior and sediment 
transport around river pits (based on both experimental 
and numerical models); and

• to propose practical recommendations for the extraction 
method of river bed material.

Materials and methods

To gain new insights about flow features and sediment 
transport around river mining pits, the effects of five dimen-
sionless parameters on the pit infilling and replenishment 
processes are investigated in this study. These parameters 
include the ratio of the distance between pits to approaching 
flow depth (L/y), the ratio of pit length to its width (l/b), the 
ratio of pit depth to approaching flow depth (H/y), the ratio 
of median sediment size to approaching flow depth (d50/y), 
and the ratio of approaching flow velocity to sediment criti-
cal velocity (U/Uc). In the experimental tests, the effects 
of L/y are investigated, while other parameters are kept 
constant. The effects of other above-mentioned parameters 
are investigated using numerical simulations. In addition, 
the results of laboratory experiments are used to verify the 
numerical simulations.

Experimental method

Experimental setup characteristics

Experiments were conducted in a recirculating laboratory 
channel with 14 m length, 1.5 m width, and 0.5 m height. A 
schematic view of the channel along with the mining pits is 
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presented in Fig. 1. Before each experiment, the sediment 
bed was leveled, and the metal molds were located in given 
positions to form mining pits (Fig. 2). The initial volume and 
side wall slope of all mining pits were set to V0= 6515 cm3 
and θ = 30.7°, respectively. In all experiments, the length, 
width, and depth of the mining pits were, respectively, con-
sidered as 46, 36, and 9.5 cm (corresponding to the fixed 
value of l/b = 1.28).

Relatively uniform sediments with d50 = 1  mm and 
σg = (d84/d16)0.5 = 1.46 are used as sediment bed material 
(di = the diameter that is larger than the diameter of i percent 
of sediments by weight; σg = the standard deviation of the 
sediment diameters). In all experiments, the sediment layer 
thickness and flow depth were 15 and 6 cm, respectively. 
According to Sangsefidi et al. (2020), viscosity effects are 
insignificant at high enough Reynolds number in which the 
flow is turbulent. In addition, in Froude-scaled models, the 
surface tension effects are negligible when the flow depth 
is greater than 0.025 m. According to Table 1, these recom-
mendations have been satisfied for all the conducted experi-
ments (having Re = ρUy/μ = 22896 and y = 6 cm).

Infilling tests

In the present research, the sediment bed critical veloc-
ity (Uc) is determined empirically, since there are some 
discrepancies among existing formulas in the literature 
for evaluating this parameter. At the beginning of experi-
ments, the sediment bed was leveled, and the flow depth 
was regulated (set to 6 cm) using a downstream gate; then, 
the flow discharge was increased gradually. According to the 
experimental observations, the sediment movement starts 
when flow discharge reaches Q = 28.62 l/s (corresponding 
to Uc = 0.318 m/s). While U/Uc= 1.2 in all experiments, dif-
ferent values of U/Uc (= 1.15, 1.2, and 1.25) were consid-
ered in numerical simulations to evaluate the effects of this 
parameter on the pit infilling volume.

At the beginning of each test, a very low discharge was 
released to prevent sediment transport commencing imme-
diately. According to the test procedure, when the channel 
was submerged, the discharge was increased gradually to 
reach the desired value while the flow depth was regulated to 
6 cm. Then, by removing metal molds from the channel bed, 
the test was started. The test was completed after 1 h, and 
then, the channel was drained for doing the measurements. 

Fig. 1  A schematic view of the channel: a plan view; b section view 
A–A; c section view C–C

Fig. 2  Metal molds for the formation of mining pits

Table 1  Experimental details Exp. no. Pit numbers L/y l/b H/y d50/y U/Uc

1 1 – 1.28 1.59 0.016 1.2
2 2 8 1.28 1.59 0.016 1.2
3 2 12 1.28 1.59 0.016 1.2
4 2 16 1.28 1.59 0.016 1.2
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To determine the bed topography around the pits, the sedi-
ment bed levels were measured at 285 different points using 
a point gauge (having ± 0.1 mm accuracy).

Flow velocity test

In one experiment (mentioned in Table 2), the longitudinal 
and transverse components of mean velocities were meas-
ured using a 2D electromagnetic velocimeter. To prevent 
the bed material from movement, the flow depth was set to 
y = 11 cm in flow velocity tests (y = 6 cm in the infilling tests 
having movable bed materials). The flow velocities were 
measured at 384 different points at z = 6.6 cm. A calibrated 
rectangular weir and the mentioned point gauge were used 
to measure flow discharges and depths, respectively.

Numerical method

CCHE2D software package

In this study, CCHE2D software (as a two-dimensional 
depth-averaged CFD package) is used to simulate flow char-
acteristics and sediment transport process around river pits. 
This software solves the depth-averaged RANS equations 
using the finite-element method (Papanicolaou et al. 2008). 
In addition, the models of parabolic eddy viscosity, mixing 
length, or k−ε can be used for turbulence closure. The sedi-
ment transport model of the software can simulate the bed 
and suspended loads in both steady and unsteady conditions 
considering cohesive and non-cohesive sediments.

Governing equations

According to Zhang (2005), In Cartesian coordinates, the 
depth-averaged momentum and continuity equations for a 
turbulent flow can be expressed as:

(1)
�Z

�t
+

�(hu)

�x
+

�(hv)

�y
= 0

(2)

�u

�t
+ u

�u

�x
+ v

�u

�y
= −g

�Z

�x
+

1

h

(
�h�xx

�x
+

�h�xy

�y

)
−

�bx

�h
+ fcorv

(3)

�v

�t
+ u

�v

�x
+ v

�v

�y
= −g

�Z

�y
+

1

h

(
�h�yx

�x
+

�h�yy

�y

)
−

�by

�h
+ fcoru,

where t = time, u and v = depth-averaged streamwise and 
spanwise velocity components, g = gravity acceleration, 
z = water surface level, ρ = flow density, h = local flow 
depth, fcor = Coriolis acceleration coefficient, τxy, τxx, τyy, and 
τyx = depth-averaged Reynolds stress components, τbx = shear 
bed stress in x direction, and τby = shear bed stress in y direc-
tion. The convection–diffusion equation of K and ε are 
expressed in Eqs. (4) and (5):

where µt = turbulent viscosity and G = energy turbulent 
generation; and they can be determined by the following 
equations:

In addition, we have Eq. (8) for the parameter C∗
2�

:

According to Wu (2001), the sediment transport models for 
the bed and suspended loads are based on the continuity and 
depth-averaged convection–diffusion equations, respectively, 
as follows:
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Table 2  Details of the flow 
measurement experiment

Flow depth (cm) Flow discharge (l/s) Pit numbers L/y l/b H/y d50/y

11 28.62 2 12 1.28 1.59 0.016
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where k = sediment size class, pʹ = porosity of the sediment 
bed, cbk = bed load sediment concentration in the bed load 
region,  = thickness of the bed load layer, qbkx and qbky = rate 
of sediment bed load in x and y directions, Zb = bed eleva-
tion, Ck = suspended sediment concentration, and εs = sedi-
ment eddy diffusivity, which can be determined by:

where υt = kinematic eddy viscosity (or the turbulent dif-
fusion coefficient of momentum of clear water flow) and 
σs = Schmidt–Ptantle number. Also, Ebk = the sediment 
transport rate from the bed load region to the suspended 
load region and Dbk = the sediment deposition rate at the 
interface between the bed load region and suspended load 
region. We have:

where α = the nonequilibrium adaption coefficient for sus-
pended load, ωsk = the terminal fall velocity of the sediment 
size class, and C*k = the sediment concentration in equilib-
rium condition (sediment capacity).

Numerical simulation of flow field and sediment transport

At the first step of the numerical simulation, flow field is 
simulated, and then, the sediment transport simulation is 
conducted based on the simulated flow field. According to 
Table 3, three different mesh sizes were used to evaluate the 
effect of the mesh size on the results.

The inlet (having a specific discharge) and outlet (having 
a specific flow depth) boundary conditions were applied in 
the upstream and downstream sections, respectively. A solid 
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wall was used as the boundary condition for the channel 
side walls (Sangsefidi et al. 2019). However, an erodible 
bed was considered for the bottom boundary. The roughness 
coefficient was applied using the Strickler (1923) equation, 
and K−ε model was employed for turbulence closure. The 
other characteristics of the numerical models (i.e., median 
sediment size, bed roughness coefficient, sediment-specific 
gravity, bed layer thickness, and simulations time) are pre-
sented in Table 4.

Results and discussion

Upstream pit (Pit A)

The effects of the distance between pits are evaluated by 
considering different values of L/y = 0, 8, 12, and 16 while 
l/b = 1.28, d50/y = 0.016, H/y = 1.59, and U/Uc = 1.2. At the 
beginning of the experiments, the sediments mobilize from 
upstream sections and deposit near the pit upstream edge. 
This process forces the pit upstream slope to move toward 
the downstream, and the pit depth decreases. In addition, at 
this stage of the experiments, by eroding the downstream 
edge of the pit, the sediment moves in streamwise direction 
toward the downstream sections. After excavating mining 
pits, the flow velocity decreases in this location; thus, sedi-
ment can fall and deposit into the pit. As a result, the erosion 
capacity of passing flow increases in the downstream of the 
pit. Figure 3a–c illustrates the longitudinal bed profiles in 
the centerline of upstream pit (pit A) for different values of 
L/y. Figure 3d presents a single pit infilling for making a 
comparison. From Fig. 3, as expected, the pit bed level rises 
with respect to the time. However, at a given time, the longi-
tudinal bed profiles in pit A are approximately the same for 
different distances between the pits. These profiles are also 
similar to that of the single pit. Hence, the effects of down-
stream pit (pit B) on the behavior of pit A can be neglected.

Figure 4a–c shows the sediment bed topography around 
pit A for L/y = 8, 12, and 16 at t = 3600 s. Figure 4d also pre-
sents the bed topography around the single pit for a compari-
son. Since the sediment deposition rate on the pit upstream 
corners is more than that of the upstream edge middle part, 
their shapes change from sharp corners to round ones. The 

Table 3  Different mesh 
characteristics

Mesh name Cell 
dimen-
sions (cm)

M-0.5-0.5 0.5 × 0.5
M-1-1 1 × 1
M-2-2 2 × 2

Table 4  Details of the parameters used in sediment transport modeling

Numerical simulation Median sediment 
size (mm)

Bed roughness 
coefficient (m)

Sediment-specific 
gravity (kg/m3)

Bed layer thick-
ness (cm)

Simula-
tion time 
(s)Sediment size 

effects
Other param-
eter effects

Verification

■ ■ ■ 1 0.0150 2650 15 3600
■ □ □ 0.8 0.0144 2650 15 3600
■ □ □ 0.6 0.0138 2650 15 3600
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deposition and erosion processes occur near the upstream 
and downstream edges of the pit, respectively. In addition, 
based on qualitative comparisons, the shape of pit A does 
not change significantly in different L/y values; thus, the 
effects of the distance (or existence) of pit B on the deposi-
tion and erosion processes of pit A are negligible.

Downstream pit (Pit B)

Figure 5a–c shows the longitudinal bed profiles in the cen-
terline of pit B with respect to time for different values of L/y 
when l/b = 1.28. Figure 5d is also presented for the single pit 
experiment. As shown, sediment deposition decreases by an 
increase in L/y indicating pit A influence on pit B behavior. 
This is because at smaller values of L/y, the eroded sediment 
transports from pit A to pit B in a shorter time. For large 
values of L/y, the process of bed load sediment transport has 
the main contribution in infilling process of the downstream 
pit. This is because the eroded sediment from the upstream 
pit mostly deposits at the distance between the pits, and it 

cannot reach downstream pit to contribute in its infilling 
process. Consequently, one can conclude that at large values 
of L/y, the infilling process of the downstream pit tends to 
the single pit infilling process.

In Fig. 6, the sediment bed topography around pit B is 
presented for t = 3600 s and different L/y values. Accord-
ing to the laboratory observations, the transported sediment 
diverges from the two sides of the pit. Therefore, the sedi-
ment erosion occurs across the entire channel width, and 
the sediment transport region expands, which is in agree-
ment with Barman et al.’s (2018) results. In addition, pit B 
receives less sediment by getting away from pit A (higher 
distance between the upstream and downstream pits). 
Table 5 shows the infilling volume (%) of pits A and B for 
different L/y values (t = 3600 s). From this table, the distance 
of pit B has no significant effect on the infilling volume 
of pit A. However, the infilling volume of pit B increases 
through approaching to pit A. It is worth noting that as the 
pits get away from each other, the infilling volume of pit B 
approaches to that of the single pit (≈ 85%).

Fig. 3  Longitudinal bed profiles in the centerline of pit A for L/y = a 8; b 12; c 16; d) 0 (single pit)
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Verification and evaluation of the numerical model

Figure 7a shows the effects of the simulation time on mean 
flow velocity in the centerline of the pits. Since the veloc-
ity variations are almost the same for t = 200 and 300 s, 
the time duration was set to 200 s in the numerical simula-
tions. The sensitivity analysis of the mesh size, presented 
in Fig. 7b, shows that the mean flow velocities are almost 
the same for M-1-1 and M-0.5-0.5 (having an averaged 
difference of less than 1%). Hence, M-1-1 was selected 
as the appropriate mesh size in all numerical simulations.

Figure 8 shows the mean velocity contours in stream-
wise and spanwise directions from numerical and experi-
mental results. In the upstream and downstream edges of 
the mining pit, the streamwise component of mean veloc-
ity increases due to the local reduction in flow depth. How-
ever, the streamwise velocity decreases inside the mining 
pit as the flow depth increases due to the pit presence. 
The contours of spanwise component of mean velocity 
show that the flow converges at the upstream corner of 
the mining pit, while a flow divergence occurs from its 

downstream corner. Figure 9 shows comparisons between 
the streamwise and spanwise components of mean velocity 
in different longitudinal sections. The mean absolute error 
is 8.72%, and the determination coefficient (R2) is 0.82 
between the experimental and numerical data. Hence, it 
can be concluded that the numerical simulations have an 
acceptable accuracy.

Different sediment transport models such as Wu et al.’s 
(2000) formula, modified Ackers and White’s formula (Prof-
fitt and Sutherland 1983), SEDTRA module (Garbrecht et al. 
1995), and modified Engelund and Hansen’s formula (Wu 
and Vieira 2000) were used to evaluate the capability of the 
numerical model in determination of the sediment transport 
process. The infilling volume is considered as an index to 
determine the numerical model accuracy. The numerical 
and experimental results are presented in Table 6 (having 
l/b = 1.28 and L/y = 16). From this table, Wu et al.’s (2000) 
formula has the most agreement with the measured experi-
mental data; thus, it was chosen as the appropriate sediment 
transport model in the conducted simulations.

Fig. 4  Bed topography around pit A for L/y = a 8; b 12; c 16; d 0 (single pit)
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Previous studies such as Scott and Jia (2005) and 
Plesiński et al. (2015) also reported that CCHE2D overes-
timates the deposition process, which is in agreement with 
the present study results. They emphasized that the disparity 
of the obtained results most likely reflects some simplifica-
tions at defining boundary conditions in CCHE2D model. It 
is worth noting that by considering the 2D depth-averaged 
scheme of CCHE2D, the mentioned differences in results are 
highly acceptable, especially for describing a complex 3D 
flow. Figure 10 demonstrates the experimental and numeri-
cal results of the sediment bed topography around pits A and 
B. Using Wu et al.’s (2000) formula, the sediment deposi-
tion on the pit sides is larger compared to the experimental 
results; therefore, the simulated pit is longer and narrower.

It is shown that the velocity profile in numerical simu-
lation is underestimated at B = 0. It should be noted that 
although a 3D flow field occurs in the presence of the pits, 
CCHE2D uses the 2D depth-averaged formulation, which 
may be the source of the occurred error in the numerical 
simulation (underestimating the velocity in Fig. 9a). The 
underestimation of the velocity in the numerical simula-
tion causes that the transported sediment from the upstream 

region of the pit settles on the pit edge (sediment deposition 
of Fig. 11a). The accumulated sediment falls into the pit as 
the height of the accumulated sediment increases, and its 
slope reaches the critical value. The collapse of the accu-
mulated sediment, therefore, increases the pit infilling vol-
ume in the numerical simulations. In addition, the pit bed 
elevation is higher in the laboratory tests, which is due to 
the collapse of the pit downstream slope at the beginning of 
the experiments.

Figure 12 compares the infilling volume in the numerical 
simulations and the laboratory tests. From this figure, the 
numerical model has an acceptable accuracy in simulating 
the pit infilling volume (with an averaged error of 11.9%).

Effects of pit plan shape

As shown in Fig. 13, the effects of pit plan shape were 
evaluated by considering different values for the parameter 
l/b (= 0.59, 0.78, 1.28, and 1.68). At the beginning of the 
numerical simulations, all mining pit geometries had a same 
volume. At this section, only the single pit was simulated to 
evaluate the effect of pit plan shape on its infilling volume, 

Fig. 5  Longitudinal bed profiles in the centerline of pit B for L/y = a 8; b 12; c 16; d 0 (single pit)



Environmental Earth Sciences (2020) 79:362 

1 3

Page 9 of 18 362

and then, using the obtained results, the appropriate shape 
for the mining pit was selected. All numerical simulations 
featured d50/y = 0.016, H/y = 1.59, and U/Uc = 1.2.

For l/b = 0.59, the pit fills completely, and the pit bed 
elevation is approximately equal to the upstream bed level. 
However, For l/b = 1.68, the maximum depth of the pit 
is comparable with the pit depth at the beginning of the 
simulation (Fig. 14). Hence, one can conclude that due to 
the replenishment process, the pit bed elevation increases 
by decreasing the ratio of pit length to its width (pit shape 
extension in spanwise direction).

The velocity of nick point migration (Um) is the index 
of the infilling volume rate of the pit. From Fig. 15, the 

pit infilling rate in the diffusion (second) period is around 
two-to-three times greater than that of the convection (first) 
period. Therefore, the diffusion period has an important role 
in the infilling process as it increases the bed elevation of 
the mining pit. It can be also found that by decreasing l/b 
(smaller distances between the upstream and downstream 
slopes of the pit), the convection period diminishes, which 
may lead to an increase in the pit infilling volume (or a 
decrease in the pit depth). The effects of pit plan shape on 
infilling volume are presented in Fig. 16, which shows that 
the pit infilling volume decreases by 30% when l/b increases 
from 0.78 to 1.68. In addition, for l/b < 1.2, the pit fills com-
pletely, and its plan shape does not have significant effects 
on the infilling volume.

Effects of distance between pits

The effects of distance between pits have been investigated 
by Haghnazar and Saneie (2019) for l/b = 1.28. However, in 
the present study, numerical simulations are conducted to 
evaluate the effect of this parameter for different pit shapes 

Fig. 6  Bed topography around pit B for L/y = a 8; b 12; c 16; d 0 (single pit)

Table 5  Infilling volume of pits A and B

Pit type Infilling volume) %)

L/y = 8 L/y = 12 L/y = 16

Pit A 89.02 88.79 87.47
Pit B 64.94 59.03 52.08
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in the range 0.59 ≤ l/b ≤ 1.28, over which there is a high effi-
ciency for replenishment of river mining pits (mentioned in 
the previous section). According to the experimental results, 
the distance between the pits has no significant influence on 
the infilling volume of pit A, while pit B receives less sedi-
ment at higher L/y values. As shown in Table 7, by consider-
ing different values for L/y and l/b, the interaction between 
these two parameters is evaluated in this section. For each 
l/b set, the parameter L/y was studied in a range, beyond 
which the pits behave separately (having no interaction on 

each other). In addition, all numerical simulations featured 
d50/y = 0.016, H/y = 1.59, and U/Uc = 1.2.

Figure 17 shows the variations of pit B infilling volume 
with respect to L/y for different values of l/b. From this fig-
ure, when l/b = 1.28, by increasing the distance between 
the pits, the infilling volume of pit B diminishes to a mini-
mum value occurred at L/y = 16 ~ 20. Then, it increases to 
reach the infilling volume of the single pit at L/y ≈ 32. For 
l/b = 0.78 and 0.59, the downstream pit infilling volume is 

Fig. 7  Variation of the mean flow velocity with: a time duration of the numerical simulation; b mesh sizes

Fig. 8  Results of the velocity contours: a laboratory results of streamwise velocity component; b laboratory results of spanwise velocity compo-
nent; c numerical results of streamwise velocity component; d numerical results of spanwise velocity component
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a monotonic increasing function of L/y, and it reaches the 
single pit infilling volume at L/y = 20 and 16, respectively. 
According to economic considerations, the smaller distance 
between the pits is more feasible. Hence, it can be concluded 
that smaller l/b values are more cost-effective if l/b < 1. This 
is because the slope of the infilling volume curve is steeper 
for smaller values of l/b; that is, due to the smaller distance 
between the upstream and downstream slopes, the pits with 
a wider opening in the spanwise direction are more cost-
effective. In the studied domain, the downstream pit infill-
ing volume is least for l/b = 1.28 and L/y = 16–20, and it 
is maximum for l/b = 0.59 and L/y = 16. According to the 
results, the best infilling of the downstream pit occurs in 
following conditions:

Effects of pit depth

From the previous section, the minimum infilling volume 
occurs when l/b = 1.28 and L/y = 16–20. In the current sec-
tion, three simulations (having H/y = 1.25, 1.42, and 1.59) 
were conducted to evaluate the pit depth effects (l/b = 1.28, 

(13)

⎧⎪⎨⎪⎩

L∕y > 16 if l∕b < 0.8

L∕y > 28 if 0.8 ≤ l∕b < 1

L∕y > 32 if l∕b ≥ 1

L/y = 16, U/Uc = 1.2, and d50/y = 0.016). In these simulations, 
the dimensions of the pit surface and bottom were kept con-
stant. Pit A was completely filled in all conducted simula-
tions (H ≤ 9.5 cm or H/y ≤ 1.59), in which the pit upstream 
slope has reached its downstream slope, thereby accelerat-
ing the infilling process, but the variations in the pit bottom 
elevation are not significant. This leads to a slight increase 
in the infilling volume.

Figure 18 demonstrates the effects of H/y on the infilling 
volume of pit B. From this figure, by decreasing the depth 
of pit B from H/y = 1.59 to H/y = 1.25, its infilling volume 
increases up to 20%. Through extrapolating the infilling vol-
ume data, it may be concluded that pit B fills in H/y = 0.7 
completely.

Effects of the sediment size

Considering d50/= 0.01, 0.013, and 0.016, the sediment 
size effects were studied by conducting three numerical 
simulations, in which l/b = 1.28, L/y = 16, U/Uc = 1.2, and 
H/y = 1.59. It should be noted that different critical velocities 
are needed for mobilizing various bed sediment sizes. By 
decreasing d50/y in the three simulations, the flow discharge 
was reduced to get a constant U/Uc value (= 1.2).

Figure 19a shows the effects of d50/y on the longitudinal 
bed profile in pit B centerline. By decreasing the sediment 
size, the migration and the downstream erosion of pit B 

Fig. 9  Variation of the mean velocity in different longitudinal sections: a streamwise component; b spanwise component

Table 6  Accuracy of the 
sediment transport model to 
simulate the infilling volume

Sediment transport capacity equations Estimated values (%) Measured value (%)

Wu et al.’s (2000) formula 62.00 52.08
Modified Ackers and White’s formula (Proffitt and Suther-

land 1983)
67.05

SEDTRA module (Garbrecht et al. 1995) 74.66
Modified Engelund and Hansen’s formula (Wu and Vieira 

2000)
70.10
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Fig. 10  Bed topography around: a pit A-laboratory results; b pit A-numerical results; c pit B-laboratory results; d pit B-numerical results

Fig. 11  Comparison of the pit infilling between: a numerical simulation; and b experimental measurements
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Fig. 12  Infilling volume of the mining pits for l/b = 1.28: a pit A; b pit B

Fig. 13  Different plan shapes of the mining pits with l/b = a 1.68; b 1.28; c 0.78; d 0.59

Fig. 14  Longitudinal bed profiles in the mining pit centerline for l/b = a 0.59; and b 1.68
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intensify. Figure 19b indicates d50/y effects on its infilling 
volume. As shown, by increasing d50/y from 0.01 to 0.016, 
the infilling volume slightly decreases (about 8%).

Effects of the approaching flow velocity

The effects of approaching flow velocity on the longitudinal 
bed profile and the infilling volume are evaluated consid-
ering different values of U/Uc = 1.15, 1.2, and 1.25 when 
l/b = 1.28, L/y = 16, d50/y = 0.016, and H/y = 1.59. Fig-
ure 20a, b shows U/Uc effects on the longitudinal bed profile 
in pit B centerline and its infilling volume, respectively. By 

Fig. 15  Variation of the nick point migration velocity in diffusion and 
convection periods (single pit)

Fig. 16  Variation of the infilling volume with plan shape (l/b) for the 
single pit

Table 7  Details of the 
numerical simulations to 
study the effect of the distance 
between the pits

Run no. L/y l/b

1 8 0.59
2 12 0.59
3 16 0.59
4 8 0.78
5 12 0.78
6 16 0.78
7 20 0.78
8 8 1.28
9 12 1.28
10 16 1.28
11 20 1.28
12 24 1.28
13 28 1.28
14 32 1.28

Fig. 17  Variation of the infilling volume with the distance between 
the pits (L/y)

Fig. 18  Variation of the infilling volume with H/y for pit B
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increasing U/Uc, both migration and infilling volume of pit 
B increase. As shown, the infilling volume increases by 20% 
when U/Uc increases from 1.15 to 1.25. In this trend, the pit 
experiences the diffusion period, which has a high infilling 
rate (shown in Fig. 15).

Application

Figures 21 and 22 show the illustrative diagrams to dem-
onstrate the effects of various parameters on infilling of 
upstream and downstream pits, and propose guidelines for 
their better replenishment. The important parameters in 
selecting the upstream pit location are the sediment size, the 
approaching flow velocity, the pit depth, and its plan shape. 
The distance between pits is the main parameter in choos-
ing the location of downstream pit. The applicability of the 
diagrams are limited to the mentioned conditions in Table 8.

Conclusions

In this study, the effects of different parameters [including 
the ratio of distance between pits to approaching flow depth 
(L/y), the ratio of pit length to its width (l/b), the ratio of pit 
depth to approaching flow depth (H/y), the ratio of median 
sediment size to approaching flow depth (d50/y), and the 
ratio of approaching flow velocity to the sediment critical 
velocity (U/Uc)] on the mining pit characteristics (i.e., infill-
ing volume, longitudinal bed profile, and bed topography) 
were investigated using both experimental and numerical 
(CCHE2D) models.

The obtained bed topography show that the distance from 
the downstream pit (pit B) does not have a significant effect 
on the infilling volume of the upstream pit (pit A). How-
ever, by increasing the distance between the pits, the infill-
ing volume of pit B decreases. By extending the pits in the 
spanwise direction, the infilling volume of pit B enhances. A 
50% decrease in l/b causes a 30% increase in pit B infilling 
volume. The results also indicate that the river mining pits 

Fig. 19  Effects of d50/y on: a longitudinal bed profile and b infilling volume of pit B

Fig. 20  Effects of U/Uc on: a longitudinal bed profile and b infilling volume of pit B
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completely fill when l/b ≤ 1.2, and the plan shape effects can 
be neglected.

The effect of the pit distance on the infilling volume 
depends on the plan shape. For l/b = 1.28, by increasing L/y, 
the infilling volume of pit B decreases and records a mini-
mum value at L/y = 16-20; then, it increases and reaches the 
infilling volume of a single pit at L/y = 32. For l/b < 1, the 
infilling volume of pit B monotonically increases with the 
pit distance, and it reaches the infilling volume of a single 
pit at L/y = 20 and 16 when l/b = 0.78 and 0.59, respectively. 
By increasing the ratio of pit length to its width (pit shape 
extension in streamwise direction), the pit infilling volume 
decreases. A pit with smaller depth can be implemented as 
an alternative to improve the infilling volume.

According to the results of this study, a 20% decrease in 
the pit depth increases the infilling volume of pit B up to 
20%. For a complete pit infilling, it is recommended that 
the pit depth should be less than 70% of the approaching 

flow depth. In addition, a decrease in sediment size slightly 
increases the pit volume infilling. The longitudinal bed pro-
files show that the migration and the downstream erosion of 
pit B intensify with the sediment size reduction. However, 
U/Uc has a considerable effect on the pit infilling volume 
as the increase of U/Uc from 1.15 to 1.25 causes a 20% 
enhancement in this parameter, while the pit experiences 
the diffusion period. Based on the present study limitations, 
some guidelines are provided for more (or faster) replenish-
ment of river mining pits. Although more data are needed to 
ensure the generality of these guidelines in different condi-
tions, they can be considered as a first-order approximation 
in river mining projects.

Fig. 21  Diagram guidelines 
for better infilling of upstream 
pit (Photos from www.magzt 
er.com)

http://www.magzter.com
http://www.magzter.com
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