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The main challenge of water resource management in high-stress regions,

especially in developing countries, is in adopting non-traditional methods to

obtain safe drinking water in desired quantities. In Egypt, the riverbank filtration

(RBF) system is one of the most common solutions to solve rivers’water quality

issues. Several sites have been investigated, and the system has demonstrated

tremendous potential. The drinking water plant in Embaba, Giza, Egypt, is

considered in this study to improve the quality of the abstracted water

through the vertical well system. The numerical code of MODFLOW and

MT3D is used to simulate the impact of using the emplacement of the

gravel-pack filter (GPF). Three different scenarios were investigated: the first

consists of vertical GPF; the second is horizontal GPF for different geometries,

depths, widths or thicknesses, lengths, and permeability of the filter material;

and, the third is drilling a pipe filter through the riverbed for different pipe

numbers, depths, and thematerial’s hydraulic conductivity. The results revealed

that the riverbank filtration sharing (RBFS) rate was increased by increasing the

filter width or thickness at the riverside, the filter pipe numbers, the length of the

horizontal filter, and the permeability of filter material. At the same time, the

thickness of the river bed decreased by increasing the filter width at the

groundwater side. Also, the RBFS was increased by increasing the filter width

or the thickness in the two directions and the pipe length. However, it returned

to decrease again due to groundwater sharing. Thus, the RBF design should

carefully consider the gravel-pack, pipe filter geometry, and permeability

impact rate of RBFS.
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1 Introduction

Water is an essential element that touches every aspect of our

lives, from public health to safety and our economy’s foundation.

It is also the key component for human use, such as energy,

industry, agriculture, and livestock (Hoff, 2009; Abd-Elaty et al.,

2022a). Over three-quarters of Earth is water, but less than 3% is

fresh water. In the last century, the population of the Earth has

more than tripled, accompanied by a large increase in water

demands, which has led to a large gap between the available and

required quantities (Abd-Elaty et al., 2022b; Salehi, 2022).

According to UNICEF, at least two and half billion people

lack adequate sanitation, and more than a billion live without

a potable water supply (Andrés et al., 2021).

The RBF technology has been utilized in Europe for decades,

beginning in the 1870s in Germany to supply drinking water to

cities along the Rhine, Elbe, Danube, and Seine rivers. In

addition, the RBF remained one of the most efficient ways of

providing high-quality drinking water following World War II,

when rivers were extensively polluted (Ray et al., 2003; Ray, 2008;

Abd-Elaty et al., 2021d; Poojitha et al., 2022). Many authorities

worldwide have just begun assessing RBF’s water treatment

potential, especially in some developing countries like India,

Jordan, and China (Abdalla and Shamrukh, 2010). It is a low-

cost water treatment process that involves filtering the drinking

water obtained from abstraction wells located near rivers, lakes,

or ponds using existing geologic formations around rivers, lakes,

or ponds. The bed and bank sediments filter the water bodies,

eliminating pollutants. The procedure could produce potable

water or serve as a reasonably basic pre-treatment for water to be

further purified later. The obtained water is often of much higher

quality than the raw surface water (Ray, 2011). The bank

filtration is affected by geohydrologic conditions where the

permeability of the sediment affects seepage velocity. Often,

internal clogging is connected with sediments having low

hydraulic conductivity and small vertical gradients. However,

sediments with high conductivity will not be efficient in

removing contaminants. There is an increasing interest in

applying RBF because it can remove contaminants from

surface water in low-cost processing technology as carried out

in upper Egypt, particularly in Assiut Governorate since 2004,

Sodfa city for 60 thousand inhabitants (Abdel-Lah and

Shamrukh, 2006).

In that study and after 3 months of monitoring, RBF showed

satisfactory chemical and microbial measurements. Turbidity,

chemical species, alkalinity, hardness, and TDS readings were

within allowed limits. For microorganisms, the efficiency of RBF

in removing pathogens is noticeable. The capital and operational

cost of this RBF compared to those of conventional water

treatment plants are relatively low (Abd-Elaty et al., 2021d).

These benefits from the RBF in the Nile Valley in Egypt make it a

promising way to supply water without any prior treatment or

treatment for high water quality. There are water quality issues in

the Nile Valley with natural groundwater flow into the RBF wells.

Therefore, the treatment and biochemical reactions occurring in

this plant are unclear due to the interference of natural

groundwater.

Further work is needed to identify guidelines for design

considerations such as distance from Nile bank and pumping

rate of wells. Traditional water purification plants failed to meet

pressing environmental burdens despite the high cost. Initial

processing is always insufficient (Mara et al., 1989). Water

treatment plants face the following problems that greatly

affect the quality of water produced, including the relatively

high levels of alum dose and related problems concerning

aluminum residues in water and the appropriately high costs

of treated water. Moreover, relatively high levels of chlorine are

added to raw water (i.e., pre-chlorination) to reduce the

concentration of bacteria and fungi and similarly chlorine

added to filtered water (i.e., post-chlorination). This increase

in chlorine dose leads to an increased concentration of

chlorinated organic compounds known as carcinogens

(Sharma et al., 2021). The current water treatment processes

are ineffective in removing pesticide residues and organic

pollutants (Chaturvedi et al., 2021).

Moreover, they are insufficient to remove parasites, viruses,

and other non-parasitic microorganisms. As a result, residual

chemical and biological contaminants may remain in drinking

water (Abdel-Shafy and Aly, 2002; Chaturvedi et al., 2021). Raw

water with high levels of biological and chemical contaminants

imposes a heavy burden on the efficiency of sand filters that block

and develop microbial colonies, such as larvae of nematodes that

may not be completely removed (Abdel-Shafy and Aly, 2002).

The filter pack surrounding the screen of pumping wells has

an essential benefit, which is used to decrease the losses and

increase the hydraulic efficiency of the well. For well

construction, the filter zone is developed to remove fine

particles, creating a turbulent flow zone and optimizing the

efficiency, specific capacity, and safe yield of the pumping

well. The gravel pack filter (GBF) surrounding the well screen

may be provided in two ways:

The first is a naturally developed filter produced by removing

the fine sand and silt from the aquifer material, bringing these

fines through the well-screen openings by surging and bailing.

The second is the artificial pack type. An envelope of

materials with a coarser uniform grain size than the aquifer is

mechanically placed around the screen to filter the finer

formation particles. Smith (1954) and Walton (1962)

described the design criteria for either type based on the

effective size, uniformity coefficient, and other grain-size

distribution considerations determined from the mechanical

analysis of the aquifer material.

Several methods have been suggested to determine the gravel

pack grain sizes. All these are based initially on sieve analysis of

the aquifer—the design filter based on (Terzaghi, 1943) following

formula (ASTMD5447-17), Eq. 1.
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D15 f ilter

D85 aquifer
< 4< D15 f ilter

D15 aquifer
. (1)

A common consensus is that a gravel pack will normally perform

well if the uniformity coefficient based on the grain size distribution

curves of the filter pack and the aquifer material is similar to that of

the aquifer. The grain size of the aquifermaterial should bemultiplied

by a constant of approximately with an average value [4], Eq. 1, to

create an envelope defining the filter grading.

Horizontal aggregation wells developed infiltration water

supplies in the 1930s after oil engineer Liu Rani found that lower

oil prices made the directly drilled horizontal wells less cost-effective

(Tang et al., 2021). This method was modified from drilling

horizontal wells in oil-bearing rock formations to hydraulic lifting.

Perforated pipes are installed in underground water layer formations

uncovered by sand and gravel. His theory, for both oil and water, was

that if you could put the wells (i.e., open or sorting wells) in a

horizontal configuration, you could expose the well to form the

product, thereby developing higher returns for every single well as

could be with one vertical well.

By 1953, an artificial gravel-pack filter was installed around the

well screens of laterals in a horizontal collector well in Germany to

accommodate fine-grained formations. A solid pipe is also projected

full-length into the formation in this technique. The pipe is fittedwith

a particular well screen, and gravel materials are pumped into the

annulus between the projection pipe and the screen, while the

projection pipe is retracted. An artificial gravel-pack filter provides

a transition between fine-grained formation deposits and more

efficient screen openings.

This study presents a numerical assessment of RBF in the arid

region of Cairo, Egypt, to improve drinking water quality and

minimize treatment costs. The study was developed to simulate

drinking water quality for RBF at the Embaba waterworks. Three

potential scenarios to enhance the drinking water quality were

simulated; the first is using a vertical gravel filter, the second is a

horizontal gravel filter surrounding the RBF well, and the third is

placing a pipe filter at the river’s bed. In addition, the research

provides simulation for a future RBF design to improve quality

and reduce costs. The remainder of the study is structured as

follows: Section 2 provides background information on the study

case, including geological formation and water quality data, as

well as a description of the methodology used; Section 3 presents

the main findings and discusses their relevance and the

effectiveness of the RBF technique. Finally, in Section 4, the

main results from this study are presented.

2 Materials and methods

2.1 Study area

Nile Delta is about 2.8% of Egypt’s area; the agricultural land

presents about 67%, while the population is 63% of Egypt’s

population (Abd-Elaty et al., 2020). It is one of Egypt’s

significant oil- and gas-producing regions, also chemical

industries, which is the main source of dangerous waste and

water pollution in Nile branches and lakes due to agricultural

pesticides, sewage, and effluents in urban and industrial areas (El-

Sheekh, 2009; Abd-Elaty et al., 2022c). The case study lies in Giza

Governorate, Egypt, between latitudes of 31° 4\ to 31° 16\ N and

from 30° 4\ to 30° 12\ E. as shown in Figure 1.

Cairo has average temperatures in winter and summer

between 12° and 31°C, respectively. So, the Nile Delta region

is a warm zone and is generally dry, with an annual rainfall of less

than 40 mm. The moisture ranges from 45 to 84%, while water

evaporation rate is between 2.5 and 15 mm (El-Arabi et al., 2013;

Alhejji et al., 2021).

2.1.1 Geological formation
The research area is in the southern section of the Nile Delta

aquifer, which has been explored at various levels (RIGW, 1989,

1992; Said, 2012), and the Nile Delta area is covered with

Quaternary deposits of Nile silt, clay, sandy clay, sands, and

gravels. The Quaternary and Tertiary deposits, the top formation,

are the two primary geological units in this region (Figure 2). The

Holocene and Pleistocene sediments were found in the

Quaternary deposits. Dunes, coastal deposits, sabkha deposits,

and silty clay sediments cover the floodplain in the Holocene. At

the same time, desert crusts, kurkar ridges, graded sand, and

gravel surround the primary water-bearing structure in the

Pleistocene. The Quaternary aquifer is around 100 m thick in

Cairo and is 1,000 m thick along the shore. The Tertiary deposits,

including Pliocene, Miocene, Oligocene, Eocene, and Paleocene

sediments, make up the lower formation (Abd-Elaty et al., 2021f).

The Pliocene is the major water-bearing formation’s lower limit.

The Miocene deposits have a thickness of up to 2,000 m

beneath the surface. However, the Oligocene and Eocene are not

hydro-geologically significant since their groundwater

contribution may be overlooked. However, it operates as a

semi-constricting layer overlying the main aquifer. It is also

quite productive, with an average thickness of 150 m and

hydraulic conductivity ranging from 2.9104 to 1.1103 m/s

(Kashef (1983).

2.1.2 Surface water quantity and quality
Surface water in Egypt is represented by the Nile, the main water

supplier in Egypt. After the Nile Water Agreement in 1959 and the

completion of the Aswan High Dam in the late 1960s, Egypt’s share

of the Nile’s waters stabilized at 55.5 billion m3 annually. While the

actual discharge of the Aswan High Dam is roughly constant,

irrigation needs are the main reason for the differing water

discharge behind the dam, which fluctuates from 800 to 2,760 m3/

s during the winter and summer, respectively (El-Fadel et al., 2003).

The fertilizers for irrigation water are major groundwater nutrients,

providing about 8% of Egypt’s revenue. On the other hand,

precipitation is a limited water resource, except for the northern
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parts of Egypt, which are subjected to winter rains (Wahaab and

Badawy, 2004; Abd-Elaty et al., 2021b). Pollution from various

sources, including industrial wastewater, oil pollution, native water

pollution (Abd-Elaty et al., 2019), and agrarian pollution, contributes

heavy metals, pesticides, herbicides, and bacteria to the river Nile.

Excess nutrients trigger the blooming of blue-green algae, resulting in

the formation of cyanotoxins, which harm aquatic creatures andmay

poison humans (El-Sheekh, 2009). The Nile’s surface and

groundwater has rapidly deteriorated due to the growing

discharge of filthy home and industrial wastes. Egypt is the Nile’s

most industrial country. The industrial sector’s water requirements

were projected by the Ministry of Water Resources and Irrigation to

be 5.4 BCM of water used by Egypt’s industrial sector each year

(MWRI, 2017), with 85% of the water being released into

drainage systems that flow into the rivers again (Wahaab and

Badawy, 2004).

FIGURE 1
Location of the study case and the observation wells; PW1–PW6 represent the observation wells.

FIGURE 2
Regional hydrogeologic cross-section illustrating the main aquifer of the Nile Delta after Ghodeif et al. (2018).
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2.1.3 Installation of an RBF scheme at Embaba,
Giza

In order to test the viability of using RBF at the Embaba

waterworks to fulfill Cairo’s rising water demand, the Holding

Company for Water and Wastewater drilled a total of six

pumping wells (Figure 2B) parallel to the Nile riverbank.

Wells were drilled [10–15 m] away from the riverside; they

have submersible pumps with a planned average discharge of

150 m3/h, a 400-mm casing diameter, a 450-mm drilling

diameter, and an average depth of 54 m (i.e., 24 m casing,

24 m screen, and 6 m sand trap).

Over 1.5 years, water samples were only frequently taken

because they had to be taken at least once every quarter to meet

specific criteria. Many of the data could not be systematically

analyzed because the RBF wells could not be run continuously or

regularly. Analyses of water quality standards were carried out by

the central laboratory of the Giza Water and Wastewater

Company and the main reference laboratory of the Holding

Company for Drinking Water and Wastewater (Paufler et al.,

2018; Abd-Elaty et al., 2021a).

2.2 Methodology

Figure 3 presents the methodological approach that begins

with assessing previous studies related to RBF technologies and

identifying recommendations that could be potentially tested in

our study case.

Then, we identified a study where the different

recommendations and RBF technologies could be tested.

Afterward, model setup and calibration were carried out,

where several simulations were conducted for three different

filter scenarios. Finally, recommendations were provided

regarding the design and implementation of RBF in arid regions.

2.2.1 Model for simulating groundwater flow and
transport

Numerical modeling is used to simulate the groundwater

flow and solute transport problems (Abd-Elaty and Straface,

2022). The RBF water quality was simulated for the current

situation and three scenarios using a numerical model to examine

the viability of this system. It was simulated first by MODFLOW

for hydraulic and flow simulation. The solute transport model

and the partial differential equation were simulated using the

MT3D code (Javandel et al., 1984), Eq. 2.

z[θCk]
zt

� z

zxi
[θDu

zCk

zxj
] − z

zxi
[θViC

k] + qsC
k
s +∑Rn, (2)

where Ck is the dissolved concentration of species k, MLˉ³; Ɵ is

the porosity of the porous medium, dimensionless; t is time, T;

Du is the hydrodynamic dispersion coefficient, L2 Tˉ1; Vi is the

seepage or linear water velocity, LTˉ1; it is related to the specific

discharge or Darcy flux through the relationship. qs is the

volumetric flux of water per unit volume of aquifer

representing sources (positive) and sinks (negative); [Tˉ1] is

FIGURE 3
Flow chart shows the methodological approach applied in
this study.

FIGURE 4
Study area digitizing and boundary condition: (A) aerial view
and (B) section in X-X direction.
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the concentration of the sources or sinks of species k, ML−3 and

Rn is chemical reaction term, ML−3T.−1

2.2.2 Configuration
The groundwater flow model domain was 300 m2 in size or

300 m in length by 300 m in width. The square mesh size ranges

from 5 m to 25 m2, divided into 60 columns and 60 rows, each

displayed in (Figure 4). Six layers make up the aquifer depth.

While the subsequent layers of the Quaternary aquifer have a

thickness of roughly 42 m, the initial layer represents the clay cap

and is 5 m thick.

2.2.3 Boundary conditions and hydraulic
parameters

The present model’s boundary conditions were established

using a river package, with the Nile River assigned at the east side

and stage starting by [16.17 m] above mean sea level (a.m.s. l) at

the south to (16.15 m), slopes of the Nile River was set to 0‰.

The real slope is estimated to be 0.02‰ (Ghodeif et al., 2018); it is

too small and, as a result, is ignored for modeling at the northern

and southern edges has no-flow bounds. However, a general head

boundary is present along the western model boundary,

i.e., GHB, Cauchy BC represented the affected groundwater

headset 16.18 m (a.m.s.l) at 150 m from the Nile. Figure 4

shows the study area boundary conditions, while the two

sections in the X and Y direction were presented.

Table 1 shows the hydraulic characteristics of the aquifer,

including hydraulic conductivity. [K], storage coefficient [S],

specific storage [Ss], and effective porosity; these parameters

are reported by El-Atfy, (2007); Morsy, (2009); Abd-Elaty et al.,

(2021e).

In contrast to the normal recharge rate of 0.30 mm/day into

the aquifer’s water table, the total abstraction from the current

area reached 50,000 m3/day. A constant concentration of TDS

with a value of 260 ppm was assigned along the river boundary

(Ghodeif et al., 2018), which presents the value of TDS

contamination in the Nile River. The contaminant recharge

and initial concentration were set at 1000 ppm as an initial

value for the TDS concentration in the groundwater.

2.2.4 Model sensitivity
This step involves a perturbation of model parameters to see

how much the model results change. The groundwater flow

model was examined by checking the effect of grid size on the

stability of the model results; also, the uncertainty of parameters

for hydraulic conductivity and porosity was checked.

The current model was digitized by changing the grid size by

20, 15, 10, and 5 cm to examine the stability of the model; the

model results showed that decreasing the model grid size

TABLE 1 Hydraulic parameters of the study area (El-Atfy, 2007; Mabrouk et al., 2018).

Main hydraulic
units

Layer # Hydraulic conductivity Storage coefficient Specific yield Effective porosity

Kh(m
2 day−1) Kv (m

2

day−1)
S (--) Sy (m−1) n (%)

Clay 1 0.25 0.025 3–10 0.1 40

Fine sand with a lens of clay 2,3 5–25 0.5–2.5 5 × 10–3 0.15 35

Coarse sand Quaternary 4,5,6 40–60 4–6 2.5 × 10–3 0.2 25

FIGURE 5
Model sensitivity for (A) grid size and (B) hydraulic
conductivity.
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increased the accuracy of model calibration, as presented in

Figure 5A.

Moreover, the model hydraulic conductivity (Figure 5B) was

checked by changing the values by 0.10 k and 10 K from the basic

values presented in Table 1. The results showed that increasing

the hydraulic conductivity is a more effective parameter in the

calibration process. At the same time, the effect of porosity is very

low and has little effect on model calibration.

2.2.5 Model calibration
The model calibration was started by comparing the

simulated head with the measured data from the observation

wells (Abd-Elaty et al., 2021g). These recorded data were

developed using the Piezometric Contour Map in Greater

Cairo (El-Arabi et al., 2013). Figure 6A shows the difference

between the calculated and observed heads. The root mean

square [RMS] and normalization root mean square reached

0.504 m and 5.54%, respectively.

The correlation coefficient reached 0.962. The flow model

was calibrated using MUDFLOW for steady-state by changing

the aquifer hydraulic conductivity by trial and error to match the

model results and piezometric head, as shown in Figure 6B; the

reason for selecting the hydraulic conductivity is based on the

sensitivity analysis which is a critical parameter effect on the

model calibration. The results demonstrate that the river zone

experiences high water levels. At the same time, the westside

neighborhoods of Nadi El Remaya and El Golf Club have low

water levels. The field data from the RBF results were used to

calibrate the solute transport model. In the current simulation,

the total dissolved solid [TDS] as the quality and contamination

parameter was chosen and reported by (Ghodeif et al., 2018;

Paufler et al., 2018; Abd-Elaty et al., 2021c). The results of MT3D

showed satisfactory agreement with the field data (Figure 6C).

2.2.6 Estimation of the hydraulic conductivity of
the filter

To simulate the model’s emplacement of the gravel river pipe,

we changed the hydraulic conductivity value of the model’s cells.

We studied the effect of changing the numbers, the depth, and

the hydraulic conductivity values in the range of filter values.

FIGURE 6
Model results for RBF at the Embaba site: (A) calculated vs. observed head, (B) groundwater head, and (C) TDS distribution.
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Ghodeif et al. (2018) illustrated the results of the grain size

analysis and an assessment of the aquifer’s hydraulic conductivity

in the area of the pumping wells, concluding that an artificial

gravel pack is necessary due to

- first—Uniformity Coefficient Cu= D60/D10 = 0.52/0.22=

2.36 < 3.

- Second—D10 =0.22 < 0.25 mm.

Using the grain size distribution curve (Figure 7), we could

calculate the hydraulic conductivity of the filter from the Hazen

formula, Eq. 3.

KH � CH pD2
10. (3)

Where KH is hydraulic conductivity [cm/s], CH is an empirical

coefficient equal to 100 [cm−1s−1], and D10 is the particle diameter

of the filter at 10% passing measured in centimeter. As reported

by Carrier III, (2003), CH is commonly given as 100. However,

published values range over two orders of magnitude from 1 to

1000 cm−1s−1. The Hazen formula is assumed valid for 0.1 mm ≤
D10 ≤ 3 mm and CU ≤ 5.

The filter was simulated by changing the cells’ hydraulic

conductivity [Kf] around the RBF wells.

2.2.7 Definition of model scenarios
To simulate the emplacement of a gravel pack filter in the

study area of the Embaba drink water plant, the hydraulic

conductivity value was changed for the model’s cells to study

the effect of changing the hydraulic conductivity’s width, depth,

and the range of filter values.

A total of five scenarios were carried out to assign a gravel

filter with RBF technology. The main parameters are filter width

and depth dimensions, hydraulic conductivity with the repetition

of these scenarios on the horizontal filter, and the drilled pipe’s

depth, numbers, and hydraulic conductivity. Table 2 presents the

scenarios applicable to vertical and horizontal gravel filters and

drilled pipes based on the main parameters affecting filter

efficiency.

As shown in Figure 8A, the first is to change the filter width

[W] in the riverside, and the groundwater side increases to 2.5 m

[cell size] from the base case of 10 m.

The second is to change the width of the filter on both

sides by increasing it to 5 m for each side while changing the

horizontal filter depth [D] by 24, 32, 34, 39, and 42 m from

the base case, which is 30 m. Also, the length of the horizontal

filter was changed to 80, 90, 100, 110, and 120 m compared

with 70 m at the base case. The third parameter is the

hydraulic conductivity of the gravel filter [K], which is

changed by 10, 30, 50, 100, and 120 m/day from the base

pack (74 m/day) (Figure 8B). Figure 8C shows the main

parameters to assess the drilled pipe efficiency: pipe

numbers, depth, and hydraulic conductivity of the pipe

material. Table 2 summarizes these scenarios; the numbers

of the river pipe [N] changed with 1, 3, 5, 7, 9, and 11 while

increasing the pipe depth [D] 51, 61, 71, 81, and 91 m,

respectively, from the base case of 41 m. The third

parameter is the hydraulic conductivity of the gravel filter

[K], changing the hydraulic conductivity values by 10, 30, 50,

100, and 120 m/day from the base pack [74 m/day].

The efficiency of using a gravel filter or river pipe on pumped

water quality was calculated using the mean value of TDS

(ASTMD5447-17, 2017) and as shown in Eq. 4:

FIGURE 7
Grain size distribution curve at the Embaba site.
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FE% − RPE% � (TDS)aquifer − (TDS)f ilter−pipe
(TDS)aquifer − (TDS)River , (4)

where FE% is the filter efficiency, RPE% is the river pipe

efficiency, [TDS]aquifer is the concentration of Total Dissolved

Solid in the aquifer around the pumping well, [TDS] filter-pipe is

the concentration of TDS in pumped water due to using a filter or

pipe, and [TDS] River is the concentration of TDS in surface water

or river.

3 Results and discussion

3.1 Effect of filter width/thickness on filter
efficiency

The results of changing the vertical filter width and the

thickness of the horizontal packing filter are shown in Figures

9A,B, where the filter width [W] and thickness [T] in riverside

were increased by 12.5, 15, 17.5, 20, and 22.50 m. The RBFS %

TABLE 2 Different proposed scenarios for filter emplacement.

Case Filter type Description Base case Scenarios #

1 2 3 4 5

Width [m] Vertical River or GW side [W] 10 12.5 15 17.5 20 22.5

Both sides [W] 15 20 25 30 35

Depth [m] D 30 24 32 34 38 42

Permeability [m/day] K 74 10 20 30 50 100

Thickness [m] Horizontal Upward or downward [T] 10 12.5 15 17.5 20 22.5

Both sides [T] 15 20 25 30 35

Length [m] L 70 80 90 100 110 120

Permeability [m/day] K 74 10 20 30 50 100

Number Pipe N 7 1 3 5 9 11

Depth [m] D 41 51 61 71 81 91

Permeability [m/day] K 74 10 30 50 100 120

FIGURE 8
Proposed scenarios for the RBF gravel pack and pipe filter at the Embaba site are (A) vertical gravel filter, (B) horizontal gravel filter, and (C) pipe
filter.
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increased to 74.40, 74.70, 75.40, 76.20, and 77% compared with

73.90% (≈10 m) for the vertical filter at the base case. In contrast,

in the horizontal case, the RBFS % reached 80, 81.20, 81.80, 82.30,

and 83.50% compared with 79.80% at the base case of the

horizontal filter [10 m], which indicates that increasing the

filter width or thickness at the riverside increases the

possibility for high-quality drinking water by the sharing of

the river compared with the groundwater (Figure 9A).

FIGURE 9
Riverbank filtration efficiency for (A) filter width riverside, (B) filter width groundwater side, and (C) filter width both sides and river pipe numbers.
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Increasing the filter width or thickness in the groundwater

side by 12.5, 15, 17.5, 20, and 22.50 m has decreased RBFS to

71.30, 70.80, 70.50, 70, and 68.60%. For the vertical filter, the

RBFS % reached 73.60, 71.50, 69.60, 68.30, and 64.20%,

compared with 73.90% (≈10 m) and 79.80% (≈10 m) for the

vertical and horizontal filter at the base case (Figure 9B),

respectively, which indicated that increase the filter width at

the aquifer side has decreased the RBFS due to the increase in the

groundwater sharing compared with the river water.

Moreover, increasing the filter widths or thickness in both

directions for river and groundwater sides by 15, 20, 25, 30, and

35 m caused the RBFS% to be 74.60, 75.10, 77.70, 76.30, and

73.80% in the vertical filter and 80.60, 81.70, 80.20, 79, and

77.20 for the horizontal filter, respectively. The RBFS at the base

case reached 73.90% (≈10 m) and 79.80% (≈10 m) for the vertical

and horizontal filters, respectively. This indicates that the RBFS

was increased due to the effect of the filter width for increasing

the water quality and increasing the effect of river sharing but

increasing the width or thickness then it was followed by

decreasing the RBFS due to the effect of groundwater

sharing in the aquifer side and subterranean bottom layers

(Figure 9C).

On the other hand, changing the numbers of the river pipe

filter by 1, 3, 5, 7, 9, and 11 shows the effect of using the river pipe

on the efficiency of the RBF system, whereby increasing the river

pipe number effect on the RBFS% recorded 71.53,7 1.92, 72.18,

72.66, 72.71, and 72.76% at 1, 3, 5, 7, 9, and 11, respectively,

compared with 71.47% without using river pipe, indicating a

possibility of obtaining water with high quality by using this

technique (Figure 9C).

3.2 Effect of filter depth and length on RBF
water quality

The scenario was simulated using MDFLOW/MT3D models

by changing the vertical filter depth by 24, 32, 34, 38, and 42 m.

The results show that increasing the filter depth increased the

efficiency of RBFS by 71.30, 75.20, 77.70, 80.30, 75.10, and

73.80%, compared with 71.50% at the base case (≈30 m). This

can be interpreted due to the effect of the clay layer at the top and

the groundwater at the bottom. For increasing the length of the

horizontal filter in river direction by 80, 90, 100, 110, and 120 m,

it recorded an increase in RBFS to reach 79.80, 81, 82.40, 84.50,

and 87.70%, respectively, compared with 79.80% at the base case

(≈70 m). The effect of river seepage can explain this by increasing

the infiltration length, enabling river water to enter directly to the

wells and increasing the sharing of RBF from the river

(Figure 10).

Furthermore, changing the pipe depth from 41 to 91 m by

increasing the depth to 71 m shows an increase in the efficiency

of RBF, reaching 72.65% compared with 71.47% without using

the pipe, which can also be interpreted as the effect of the clay

layer. In comparison, the increase of the depth until 91 m showed

a reduction in RBF efficiency, reaching 72.29% due to

groundwater interference (Figure 10).

3.3 Effect of hydraulic conductivity

As previously stated, Terzaghi’s law (Terzaghi, 1943)

allows us to construct a gravel filter with a wide range of

filter permeability values. The simulation looked at the effects

of altering filter permeability [k] values by 10, 30, 50, 100, and

120 m/day versus 71.50% at this study’s basic condition

(74 m/day). 72.20, 73, 73.60, 74.30, and 74.50% of the

RBFS was altered (Figure 11).

The RBFS for the vertical and horizontal gravel filters was

42.50, 61.90, 76.10, 81.80, and 82.90% compared to 79.80% for

the base case (74 m/day). As for the drilled pipe, the RBF

efficiency increased from 72.25% to 73.46%. The maximum

RBFS was 74.23% at the original k with 100 m/day, but RBFS

decreased again at K=120 m/day. This indicated that increasing

FIGURE 10
Riverbank filtration efficiency for filter depth and length.

FIGURE 11
Riverbank filtration efficiency for filter permeability.
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the permeability of the filter material could increase the RBFS by

the river and decrease groundwater sharing.

4 Conclusion

Using the RBF technique to overcome surface water

problems could be effective. A gravel pack and pipe filter

improved the technique’s efficiency by certain percentages.

MODFLOW software was used to investigate this efficiency

by changing other parameters, including the filter width,

depth, thickness, length, and permeability in vertical,

horizontal gravel, and drilling pipe filters. RBF systems

provide several advantages over traditional surface water

treatment technologies, including a low cost and

reasonably good water quality. However, because the RBF

system is more unreliable than conventional systems due to

its reliance on the natural environment, integrating a filter

with a proposed methodology boosts the method’s potential

and overcomes its challenges.

In this study, increasing the vertical filter width along the

riverside improves water quality, but the filter should be shallow.

Increasing the thickness and length of the horizontal gravel filter

uphill toward the river improves RBFS. Although the

permeability of the two gravel filters was the same, the

horizontal gravel filter’s efficiency improved more than that of

the vertical gravel filter’s, especially when positioned in the well-

screen layer. In addition, increasing the numbers improves the

water quality, but the pipes should be somewhat shallow; yet,

increasing the pipe permeability improved the RBFS. Thus, using

river pipes with this technique increases the potential of this

method and helps overcome the obstacles that may face the RBF

system.
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