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Abstract

In analysing the stream—aquifer interactions and riverbank filtration (RBF) systems, it is very crucial to determine the vertical
riverbank and streambed hydraulic conductivity. The riverbank and streambed focused in this investigation are a riverbank
of six layers with depths of 38 m and streambed with depths of 9 m connected layers of sediments at 22 test locations and 4
test wells in the Muda River, Malaysia. In the analysis, there were a few tests involved to determine riverbank and hydraulic
conductivity of vertical streambed, such as analysis of grain size, pumping test and in situ falling head standpipe perme-
ability tests. The approximate K values of 114 samples and 15 samples taken from riverbanks and streambeds, respectively,
were then calculated by employing empirical equation methods [Hazen, Hazen K (cm/s) =d10 (mm), Terzaghi, Beyer, Sli-
chter, Sauerbrei, Kruger, Kozeny—Carman, Zunker, USBR, Zamarin, Barr, Alyamani and Sen, Chapuis, and Krumbein and
Monk]. The geometric mean of K for six layers, namely the sandy silt (8.30 m/day), silty sand (47.66 m/day), gravelly sand
(150.24 m/day), sandy gravel layer (418.48 m/day), gravelly sand (151.09 m/day) and silty clay (9.36 m/day) as identified
characteristics by using grain-size analyses, was greater than the K of pumping test (geometric mean) (31.10 m/day) and the
mean obtained from K of permeability tests (7.03 m/day). In general, the K values of upper layer of sediments of streambed
were recorded to be larger in comparison with their respective lower layer of sediments. The K value for the upper layer of
sediments from all tests located at the left, right and middle parts of the river ranged from 7.56 to 54.77 m/day for upper layer,
from 39.80 to 128.40 m/day for middle layer and from 9.11 to 49.92 m/day for lower layer, as described by the grain-size
analysis. The value of K ranges based on permeability test indicated that the value of K was from 0.036 to 1.09 m/day for
the upper layer and 0.16 to 0.68 m/day for the lower layer of hyporheic sediments zone. Based on the acquired results, the
conclusion that the aquifer of the focused area shows possibility for RBF and has the potential to improve the water quality
and quantity is referable.

Keywords Grain-size analysis - Streambed - Riverbank - Hydraulic conductivity - Riverbank filtration - Malaysia

Introduction chemical processes are the factors affected the interaction

between the two types of water in the hyporheic zone (Win-

Hyporheic zone is the transition zone between groundwater
and surface water where it is mixed and exchanged in this
zone (Brunke and Gonser 1997; Winter 1998; Smith 2005;
Hester and Gooseff 2010). Hydrological, biological and
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ter 1998; Bencala et al. 2011; Bruno et al. 2009; Gariglio
et al. 2013; Winter 1998; Kennedy et al. 2009; Binley et al.
2013). Thus, obtaining the intelligence of their interaction
is very essential to investigate the feasibility site for river-
bank filtration (RBF). RBF can be described as the transmis-
sion of river water through aquifer alluvium that allows the
pumping test wells of the public water supply with higher
quality as compared to river water (Shamsuddin et al. 2014).
To determine the development and management of ground-
water resources, the hydraulic parameters such as hydraulic
conductivity (K), transmissivity (7), storativity (S) and spe-
cific storage (S,) must be firstly identified. The vertical
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hydraulic conductivity (K) of riverbank and streambed is a
key important parameter in the analysis of performance of
RBF. In broader term, a porous medium ability to transmit
water through its interconnected voids is defined as hydrau-
lic. Establishing the K parameter of riverbank and streambed
is very essential in quantifying the flow and magnitude of
fluxes exchange in hyporheic zone and water exchange
degree and contamination transfer between surface water
and groundwater. This parameter plays even greater role in
the design of RBF, particularly in the aspects of conjunctive
use of groundwater and surface water. As for this study, the
inconsistency in K’s estimations derived through different
methods such as grain-size analysis, pumping tests and per-
meability tests became a challenge in evaluating the most
representative value of the suitable field conditions. To
develop and provide the fundamental data for numerical
modelling, the K estimates were firstly identified from these
experiments before comparing them to the data from pump-
ing test, permeability test and grain-size analysis (Shamsud-
din et al. 2015). The outcomes from pumping tests often
show valid K values, but only with the presence of precise
data of hydraulic boundaries and aquifer geometry (Uma
et al. 1989). In comparison, Landon et al.’s study (2001)
stated that Hvorslev permeameter test is significantly estab-
lished in providing K value than grain-size tests, as the for-
mer is field-test-oriented and does not rely on the empirical
relationship between K and grain size. However, the results
from Cardenas and Zlotnik (2003)’s investigation which uti-
lised multilevel slug test and grain-size analysis conducted
in sandy streambeds provided reasonably similar K esti-
mates. The small-slug test was conducted to obtain K value
of a streambed containing of sand (Hinsby et al. 1992). Next,
other methods employed in this paper were the flood wave-
response technique and numerical modelling to confirm the
aquifer parameters and to apprehend the interaction of aqui-
fer stream in a gravel of aquifer (Reynolds 1987). Addition-
ally, Jha et al. (2004) also utilised the method of the flood
wave-response technique in an alluvial aquifer, river-level
fluctuate data and corresponding groundwater-level data to
calculate T and hydraulic diffusivity. In comparison, to
obtain the suitable solution for stream depletion in nearby
wells, Sophocleous et al. (1995) and Spalding and Khaleel
(1991) adopted numerical modelling approaches in their
studies. To be simply put, there were numerous previous
studies that discussed a various of approaches and tech-
niques to determine the value of streambed K, which include
the permeability test, slug and bail tests, grain size analysis
and pumping test (Hvorslev 1951; Chen 2000, 2004, 2005a,
b, 2007; Landon et al. 2001; Genereux et al. 2008; Kennedy
et al. 2009; Springer et al. 1999; Ryan and Boufadel 2007;
Leek et al. 2009, Chen 2000; Kelly and Murdoch 2003). Due
to factors such as measurement scale and field conditions, it
should be considered that each method has its own limitation
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(Kalbus et al. 2006). For example, the results from slug and
bail tests can only provide streambed horizontal hydraulic
conductivity (K} ) values, while grain-size analysis test is
unable to assess the anisotropy of K values because the sedi-
ment structure is destroyed during sampling (Chen 2000;
Kalbus et al. 2006; Cheng and Chen 2007). It has been sug-
gested that permeability tests can produce more accurate
streambed K values than grain-size analysis and required less
cost compared to pumping tests. The K values will able to
produce from grain-size analyses either horizontal or verti-
cal aquifer properties, but sedimentary formations or other
thin depositional layers are destroyed during sediment sam-
pling. Besides, distortion of the texture of the in situ medium
which occurred in grain-size analyses causes the outcome to
be less authentic than pumping tests (Uma et al. 1989). Nev-
ertheless, this method is still able to economically determine
K values. There have been several grain-size methods origi-
nally proposed by Hazen (1893), Beyer (1964), Schlichter
(1899), Kozeny (1927), Sauerbrei (cited in Kasenow 2002)
and Shepherd (1989). In the study conducted by Indelman
et al. (1999), the K estimation for sand layers at the Chalk
River site, Ontario, Canada, was obtained by using grain-
size methods, by which the result was then compared with a
radiotracer test. Their research revealed that the differences
between the tracer test and K estimates of grain-size analysis
were rather insignificant. Interestingly, Boadu (2000)
adopted a different approach to estimate K by utilising the
methods of grain-size distribution, entropy of distribution
and fractal dimension, soil density, porosity and fine grain
content. The numerical modelling has been frequently
employed in various investigations to estimate groundwater-
level fluctuation that serves for abundant of purposes such
as the development of groundwater, prevention of the decline
of groundwater level and predicting outflow in tunnels or
underground storage caverns. Thus, the importance of this
tool for groundwater management is undebatable particu-
larly in predicting groundwater level and storage changes
(Senthil Kumar and Elango 2001). Researcher Mayer et al.
(2002) also developed numerical models that served for two
main purposes: to identify the storage coefficient in manag-
ing the interaction of surface water—groundwater during
rapid river-stage fluctuations and to investigate how the stor-
age coefficient affects groundwater contamination scenarios.
Even though there are many available methods in identifying
the hydraulic conductivities of unconsolidated sediments,
there is none that provides unlimited application of mean,
median and effective diameter (Kasenow2002). Nonetheless,
grain-size methods are often preferred by researchers due to
the low cost and less reliance on the hydraulic and geometry
boundaries of the streambed, the qualities that significantly
distinguish them from other methods (Alyamani and Sen
1993). Since the information regarding the characteristic
properties of sediments is more attainable, sediments from
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grain-size distribution were estimated for hydraulic conduc-
tivity which is commonly favoured by researchers. Further-
more, streambed K is anisotropic which is well known (Chen
2000; Landon et al. 2001). The vertical hydraulic conductiv-
ity (K,) and horizontal hydraulic conductivity (K},) can also
be measured using appropriate tests (Chen 2000; Landon
et al. 2001). Nonetheless, the setback in conducting the
investigation is that the original sediment structure of the
streambed is inevitably destroyed during sediment sampling.
It is unfortunate that the grain-size analysis methods provide
neither K horizontal (K,) nor K vertical (K,), and they also
preclude any evaluation of anisotropy and/or differences in
directional K (Chen, 2000). Therefore, the values of stre-
ambed K determined from grain-size analysis are bound to
be significantly distinctive from either K, or K, values
obtained from the use of other methods, such as permeability
tests. To solve this, a number of researchers prioritised the
measurement of K, of streambed rather than K, of riverbank.
In this paper, the combination of K|, of riverbank and K|,
from streambeds was employed to obtain the hydraulic con-
ductivity of sediments derived from grain-size distribution.
The focus of this paper is centred mainly on the distribution
pattern of K, on the riverbank and streambed. As to reach
the objectives, riverbank and streambed permeability tests
and grain-size analyses were managed in the hyporheic zone
of the Muda River with depth. The aim of this study was to
(1) investigate the unevenness in vertical hydraulic conduc-
tivity of riverbank and streambed (K) with depth at small
scale, (2) to analyse the empirical methods used individually
in estimating the hydraulic conductivity (K,) from riverbank
and streambed sediments (Kys) and differentiating the esti-
mated values with measured values from pumping test (K,)
and permeability test (K, and (3) to study the correlation
between the distribution of sediment grain size and vertical
hydraulic conductivity of the riverside alluvium in the Lower
Muda River Basin RBF area located near to the Muda River.

Study area

The focused area in this paper, Muda River Basin, takes
place in the north-western part of Peninsular Malaysia. The
upper and middle river basins belong to the State of Kedah,
and the downstream part of the river marks the border of the
States of Kedah and Penang. Throughout the years, the river
has been utilised as a valuable water resource for agriculture
and water supply for Kedah and Penang states as both states
have the rights to use water from the Muda River. The study
area lies between 5°31'30" and 5°35'30" north latitude and
100°29'0"E and 100°33"30"E east longitudes, which in total
covers an area of 150 sq.km (Fig. 1). The basin is of tropi-
cal climate, and the area receives rain under the influence
of two typical monsoons, namely the south-west monsoon

(May—August) and north-east monsoon (November—Febru-
ary). During this period, the studied area gets the heaviest
annual rainfall precipitation. In addition, both states have the
average temperature of 27 °C. It is known that both Kedah
and Penang are the states with important agricultural area in
Malaysia, as they are widely acknowledged as the country’s
rice bowl. Hence, agriculture becomes their most significant
economic activity, with paddy as the chief crops. It has the
largest double cultivation paddy field which is the main food
source among Malaysians. The Muda River basin meander
is located between the states of Kedah and Pulau Pinang
with a length of 180 km and a catchment area of 4210 km?
beginning from the Muda Dam and flows across the districts
of Baling, Sik and Kuala Muda. This stream serves as the
water supply for the industry, agriculture, services, tour-
ism and paddy planting for both Kedah and Pulau Pinang.
However, during the rainy season, which takes place in Sep-
tember—November and April-May every year, the basin is
often flooded. The casualties caused by the flood worsen
each year, namely the erosion of riverbank, reduction in
water resources and river pollution. As of now, the flood
occurred in October 2003 was dubbed as the worst one yet
in comparison with previous events in 1988, 1995 and 1998.
Nonetheless, this basin is still the crucial water supply for
water consumptions, agriculture and industries for the resi-
dents of Kedah and Pulau Pinang states. It is also a source
of fresh water, where there are 17 water intake schemes in
four districts of the basin.

Geological of the study area

The Muda River meanders from east to west, crossing the
northern boundary of RBF site. The site focused in the
study is generally located in a Quaternary deposit area.
The alluvial layers in the study area are composed of upper
layer of fine sands and lower layer of a highly conductive
sandy gravel layer. By analysing the sample data from bore-
holes MW1-MW22 (riverbank), RBI-RB3, RVB1 and
RVB?2 (streambed) and the drill data from pumping wells
TWI1-TW4, the alluvial layers were then identified. The
pumping wells and piezometer were screened at the sandy
gravel layer to the bottom. The identification of the pro-
file of the alluvial layers relied heavily on the data from
piezometers BH1-BH22. The sandy gravel layer that is the
main aquifer has an average thickness of 24 m. Since the
upstream of Muda River is placed on continental deposit, the
stream’s parent’s materials largely made up of clay, silt, sand
and gravels (Fig. 2). These unconsolidated sediments in this
area are usually associated with traces of sand and organic
matter and generally thicken seawards. The downstream area
of Muda River, situated in the northern part of Muda River,
is located in meta-sedimentary rocks and was reported to
be of the Ordovician—Silurian age. It consists of phyllite,
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Fig.1 Geology and location of the study area located at two states Penang and Kedah

slate and schist with minor intercalation of sandstone form-
ing a thin layer. These meta-sedimentary rocks are formed
subsequently after the mild and regional metamorphic event
towards the original formation. As an outcome, this pro-
cess results in the reformations of shale to schist/phyllite/
slate. The sequences of metamorphic rock from low to high
metamorphic grade are in the order of slate, phyllite and
schist. The higher grade of metamorphic rocks indirectly
indicates greater changes in mineral composition and orien-
tation, in addition to the decrease in the material’s strength.
The same action has caused mica minerals to be oriented
in one direction and formed as weak planes. The schist is
quite complex in nature with respect to inhomogeneous and
treacherous weathering profile. These high-grade metamor-
phic rocks provide weak foliation planes, which are nor-
mally not parallel to the bedding planes. Commonly, these
foliation planes control the discontinuities in meta-sediment
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rocks. Nonetheless, there is no major fault detected along the
Muda River area based on the geological map of Peninsular
Malaysia.

Materials and methods
Sediment sampling and grain-size analysis

In order to firstly establish the geological profile of an aqui-
fer system, 129 different soil samples were extricated from
test holes during an ongoing drilling project. The samples
were collected from the cuttings and were sent to the labora-
tory for further analysis. Afterwards, all the samples were
tested and experimented for grain-size distribution using the
standard procedures of BS1377. Samples with coarser par-
ticles were analysed by using the dry sieve analysis which
operated on a series of sorted BS sieves. On the other hand,
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Fig.2 Schematic hydrogeological cross sections, illustrating the riverbank and streambed in Muda River Basin

hydrometer method was utilised to observe the finer sam-
ples. This test is important as to pinpoint the percentage of
different grain sizes contained from BHI1 to BH22, TW1
to TW4 and riverbed soil (right river, middle river and left
river). On that note, it should be mentioned that the methods
and analyses performed in this investigation closely followed
the British Standard 1377: Part2: 1990. Generally, the sieve
analysis or mechanical analysis is commonly performed to
ascertain the distribution of the coarser, large-sized particles,
while the hydrometer method is employed to identify the
distribution of the finer particles. As to get more accurate
analysis, the study continued with the measurement of the
initial mass of the soil in the container before it was soaked
in distilled water for 24 h. After that, the soil was washed
using 63-um sieve until the water was clear. The remaining
soil on that sieve was dried in the oven for 24 h and weighed
again before the sieve analysis was employed. In this obser-
vation, the sieves were fixed in the order of 114 mm, 10 mm,
6.3 mm, 5.0 mm, 3.35 mm, 2.0 mm, 1, 18 mm, 600 um,
425 pm, 300 um, 212 pm, 150 um and 63 um. Subsequently,
the weight of the retained soil on each sieve was measured
after completing the shaking process in 10 min (63 um).
The soil was collected and gone through the hydrometer
test, using a 1000-ml measuring cylinder and sodium silicate
(Na,Si0;) as a dispersing agent. The test was performed
based on the British Standard 377: Part 1990:9.6.

Grain-size analysis from empirical formulae
To identify the hydraulic conductivity from grain-size analy-

sis, the investigation was heavily based on empirical equa-
tions that depended largely on the parameter of diameter of

sediment grains and other parameters such as the viscos-
ity of water, porosity and sorting coefficient. A number of
researchers (Kozeny 1927; Uma et al. 1989; Vukovic and
Soro 1992; Kasenow 2002; Carrier 2003; Cheong et al.
2008; Eggleston and Rojstaczer 2001; Rosas et al. 2014)
have all attempted to establish the correlations between these
parameters which resulted in various estimations of hydrau-
lic conductivity from the grain-size analysis. Such equations
and their range of application are summarised in Table 1.
The hydraulic conductivity (K) can be estimated by analys-
ing the particle size of the sediment of interest, using empiri-
cal equations relating to seize property of the sediment. In
the literature written by Vukovic and Soro (1992), several
empirical methods from former studies were summarised,
and a universal, general formula is deduced as follows:

K = 2.Cfnd (1)

where K =hydraulic conductivity; g=acceleration due to
gravity; v=kinematic viscosity; C=sorting coefficient;
Jf(n)=porosity function and d, =effective grain diameter.
The kinematic viscosity (v) is related to dynamic viscosity
(1) and the fluid (water) density (p) as follows:

V=0 @)

The values of C, f(n) and d, are dependent on the dif-
ferent methods used in the grain-size analysis. According
to Vukovic and Soro (1992), porosity (n) may be derived
from the empirical relationship with the coefficient of grain
uniformity (U) as follows:

n=0.255(1+0.83)Y 3)
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Table 1 (continued)

Applicable conditions

Function of porosity  Relevant parameter

Constant dependent on characteristics of porous
medium

Type

Name

0.10<d;(,<2.0 mm

Unspecified
03<n<0.7
2<U<12

0.2937¢)
2

10(0-5504—

ol

n

1

]01429915—046435

¢

Empirical

Chapuis (2004)

dy/ds<14

Natural sands with lognormal

grain-size distribution

)

6 +dsop+dsag

3

?

o(-131x0y)

7.501x107°

Empirical

Krumbein and Monk (1942)

dyyy—dep

Og =

dysy—dsy

6.6

where U is the coefficient of grain uniformity and is given
by:

U6O
U=-2 4
Umo “)

In this study, the empirical methods [Hazen, Hazen K
(cm/s)=d,, (mm), Slichter, Beyer, Terzaghi, Sauerbrei, Kru-
ger, Kozeny—Carmen, Zamarin, Zunker USBR, Barr, Aly-
amani and Sen, Chapuis, and Krumbein and Monk] were
used to determine K. The summary of these formulas and
their application domain of sediment particle size is outlined
in Table 1. The results by which hydraulic conductivities
were calculated using the twelve empirical formulae and
symbols as explained are presented in Table 2. Since the
kinematic coefficient of viscosity is also necessary for the
estimation of hydraulic conductivity, a value of 0.0722 m?/
day derived for a water temperature of 28 °C was used in
this study.

Riverbed sediment sampling

The riverbed drilling was carried out using boring machine
and accessories that floated in the river by using approxi-
mately 16 square metres of pontoon. In order to avoid bore-
hole walls from collapsing, steel casting HW size 114.3 mm
0O.D. and NW 88.9 mm O.D. was used. The boreholes were
then washed by circulating water from drilling pump. After-
wards, the necessary soil samples were collected for visual
examination and laboratory testing. In addition, the drilling
process had been carried out in accordance with good prac-
tice as described in ASTM D2113-14 (2014). The drilling
focused on obtaining the core samples by penetrating the
full depth of the strata. In order to get to that point, the
non-retractable core barrels with 54.0 mm (N size) of core
diameter were operated. In comparison, the sediment sam-
pling method utilised a special sand bit of 30 mm diameter
and 0.5 m length, connected to steel rods that used for drill-
ing. The bit was driven into soil manually at certain depth
through the river water level of 4.5 m. The method is also
suitable to be conducted on self-supporting ground without
hard obstructions or gravel-sized to boulder-sized particles.
Subsequently, the sandy material trapped inside the bit was
taken out from the drilled hole and kept in poly bags before
sending in for laboratory test. As for this study, the standpipe
method has been chosen to determine the riverbed perme-
ability of Muda River Basin as it can be performed directly
in river and produces adequate outcomes to measure in situ
aquifer. Furthermore, the method is suitable to observe the
key parameters involved in evaluating riverbank filtration in
this study which are the riverbed permeability, the aquifer
transmissivity and the hydrogeological setting. The method
was firstly conducted by operating the in situ standpipe

Piedlae clodl ayao .
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test at the location. Two standpipes of uPVC material with
75 mm and 100 mm (D) diameter were carefully inserted
into the river streambed to minimise any disturbance on the
hyporheic layer. The standpipe of 117 mm depth (L,) was
then vertically inserted into the riverbed. Streambed sedi-
ment of 150 mm height (L,) was expected to fill the bottom
part of the pipes. The pipe was in vertical position, while the
river water is pour into the standpipes. The changes by which
the levels drop to the surface water level (A, and £,) and the
time taken (¢, and t,) each drop were measured, respectively.

In situ permeability test

As described by Chen (2000, 2004), the falling head stand-
pipe permeability test was conducted to measure streambeds
K. A transparent polycarbonate tube, 147 cm in length and
5.1 cm in diameter, was pressed vertically into the streambed
sediments to a depth of around 50-70 cm below the river
surface. Then, a column of unconsolidated river sediments
was collected in the tube. This thin wall, which was about
one millimetre thick, was very functional to minimise the
compaction of streambed sediments during penetration.
Afterwards, water was added from top opening of the tube
and hydraulic head measurements were collected in a time
period. Finally, the streambed K values for the tested loca-
tions are calculated using the equation of Hvorslev (1951):

zD
—+L h
K= “m—vln<_1> )
(h—n) \h
where L, is the length of sediment core in the tube; /| and
h, are hydraulic head inside the tube measured at times ¢,
and ,, respectively, D is the interior diameter of the tube,

and m % K, is the horizontal hydraulic conductivity of

the streambed sediment around the base of the sediment core
(Fig. 3).

Hydraulic parameters by pumping tests

To establish the hydraulic parameters of the alluvial lay-
ers, four pumping tests (TW1-TW4) were conducted. The
pumping rates were fixed constant for every different well
with a pumping duration shown in Table 3. The Papadopu-
los—Cooper method and the Theis method were chosen to
identify S and T as their methodology fits the water-level
data and field hydrogeology the most. The Papadopu-
los—Cooper method which fits the corrected drawdown on
the pumping well data and the Theis method with corrected
drawdown on the observation well data were utilised to ana-
lyse the outcomes of the pump tests. Based on the observa-
tion of the data at for TW1-TW4 relative to each pumping
well, the values of T and S were then deduced. Value of K

Table 2 List of symbols Symbol Denotation
N Constant dependent on characteristics of the porous medium
@(n) Function of porosity
T Water temperature
g Acceleration of gravity
p Volumetric mass density
U Dynamic viscosity
T Ratio of a circle’s circumference to its radius,
n Porosity as fraction of aquifer volume
df The maximum grain diameter in fraction i
d,‘.i The minimum grain diameter in fraction i
dy Grain size (cm) corresponding to 10% by weight passing through the sieves
dyy Grain size (cm) corresponding to 20% by weight passing through the sieves
dsq Grain size (cm) corresponding to 50% by weight passing through the sieves
U= % Coefficient of grain uniformity
Ag; Weight of the ith fraction
dgg Grain size (cm) corresponding to 60% by weight passing through the sieves
Aw, Fraction of total weight of sample with fraction identifies ‘i’
d; Mean grain diameter of the fraction i
di Mean grain diameter of the fraction / in phi units

x-intercept (grain size) of a per cent grain retention curve plotted on arith-
metic axes and focussing on data below 50% retained
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was calculated by dividing T by the thickness of the sand/
gravel layer. Based on the calculations, it was discovered that
to consider a constant head boundary with a partial penetra-
tion to the aquifer was more realistic than the previously
mentioned methods for interpreting the pumping test. The
solution proposed by Hunt’s (1999) that took into account
the streambed clogging and partial stream penetration was
more general as compared to Hantush’s (1965) approach,
which considered a fully penetrating streambed lined with
semi-pervious material. It was also broader than the solu-
tions of Theis (1941) and Glover and Balmer (1954), which
assumed a fully penetrated stream was adjacent to a homoge-
neous aquifer. The model of Fox et al. (2002) was perceived
to have more accuracy than Hunt’s (1999) solution it took
into account the width of the stream. Fox et al. revealed
that the deviations in the predicted drawdown between the
two models may range between 10 and 20% when the ratio
of the distance between the stream and the aquifer to the
stream was greater than 25 m with a dimensionless time
at 100 m. Additionally, a model proposed by Butler et al.
(2001) which accounted for a partially penetrating stream
with a finite width and an aquifer of limited lateral extent
can also be considered. However, all numerous researchers

Water level of the river [~

Fig.3 Schematic diagrams showing an in situ permeameter test to
determine streambed K

Table 3 Pumping rate for 3 days for test wells at the study area

mentioned the solutions that already presumed the exist-
ence of an isotropic aquifer, which is not appropriate for
this study area since the aquifer system is composed of six
layers (upper fine sand, medium sand, lower fine sand and
sand/gravel layers). Therefore, this study opted to operate the
pumping test, which can account for a complex field site. In
the field, the hydraulic conductivity and other soil properties
can be determined by several methods that produce minimal
disturbance to the soil and hence may provide more accurate
measurements.

Results and discussion
K, and K, values using the empirical formulas

In Table 4, the calculated Kg and Kgs values from the results
of the grain-size analysis are presented. Values identified
from twelve formulas are plotted in graph plots, indicating
the layer 1 to layer 6 for riverbank sediments and streambed
sediments. The K value from grain-size analysis for K,
(grain size) and Kgs (hydraulic conductivity streambeds) was
identified from the twelve (12) empirical grain-size meth-
ods with depth until 30 m with 144 samples and streambed
with 21 samples up to until 9 m. The 12 empirical grain
sizes are listed as Hazen, Hazen (Simplified (Freeze and
Cherry 1979), Slichter, Terzaghi, Beyer, Sauerbrei, Kruger,
Kozeny—Carmen, Zunker, Zamarin, USBR, Barr, Alyamani
and Sen, Chapuis and Krumbein and Monk. The estimated
hydraulic conductivities for the samples of both riverbank
sediment and streambed sediment (Fig. 4), which employed
the 12 methods without any statistical adjustments and a
measured values and geometry mean of K, and K, are all
presented in Table 4. In Table 5, the range and average val-
ues of K, and K, identified by the 12 empirical formulas are
summarised. The key properties of the grain-size distribu-
tion, including d10, d17, d20, d50, d60, hydraulic conductiv-
ity, porosity, and mean K, for all samples are also listed in
Table 4. In all the analysed samples (Table 5), it was discov-
ered that layers 1-6 exhibited the highest values of hydrau-
lic conductivities which were obtained by the Hazen, Sli-
chter, Terzaghi, Beyer, Sauerbrei, Kruger, Kozeny—Carmen,

Wellld X Y Elevation ~ Pumping start date ~ Pumping end date ~ Pumping rate (m%/h) Pumping
rate (m’/
day)

TW 01 278,133.7950  616,761.6355  4.9233 10/10/2014 13/10/2014 —43.92 —1054.08

TW 02 278,427.1747  616,179.0141 5.4211 14/10/2014 17/10/2014 —-51.609 —1238.62

TW 03 284,943.8415  614,169.9044 10.9730 11/8/2015 13/8/2015 —36.961 —887.064

TW 04 280,623.4251 615,753.4388  9.4880 15/8/2015 17/8/2015 —60.056 —1441.34
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Zunker and Zamarin, USBR, Barr, Alyamani and Sen,
Chapuis, Krumbein and Monk method. Interestingly, the
Hazen, Terzaghi, Beyer, Sauerbrei, Slichter, Barr, USBR,
Krumbein and Monk methods provided the lowest estima-
tions of K, and this group of data were statistically different
from all of the others (with significant difference). The Beyer
and Hazen and Sauerbrei and USBR, Barr, Alyamani, and
Sen, Chapuis and Krumbein and Monk methods also gave
very similar values as the outcomes. These values differed
greatly depending on the individual methods. Furthermore,
the Kozeny method yielded the highest values of hydraulic
conductivities for layer 2 and layer 3, and the K, values cal-
culated by the Slichter, Terzaghi, Barr and Chapuis meth-
ods were lower than those derived from the other empirical
grain-size methods. This is not unusual as some authors also
agreed that the methods of Hazen, Terzaghi and Beyer tend
to produce very similar results. Interestingly, Song et al.
(2009) discovered that the lowest values were actually pro-
duced by the USBR method. Chua et al. (2007) observed that
K, estimated from the Hazen and Beyer methods agreed rea-
sonably well. Moreover, the streambed sediments consisted
mostly of gravel and some sand in the Muda River. There
were more than 70% of weight percentages of the sediments
observed in this investigation fell in the category of sand
with ranging between 0.05 and 2 mm of particle diameter.
Most of the sediment samples are in categories of silt and
clay (particle diameter < 0.06 mm) representing less than 7%
of the total weight. Based on these grain-size distribution
plot and curves, the results indicated that the streambed of
sediment RB2 was coarser than those in sediments RB1 and
RB3 (Table 6). According to the domain of applicability of
the empirical methods (Table 1), sediment samples from
RB2 were not applicable to undergo Sauerbrei method due
to the theories and fact that the grain diameters of d17 were
greater than 0.05 mm. The d10, d17, d20, d50 and d60 and
the porosity of the grain size of sediments for the three loca-
tions of sample borehole are listed in Table 4. It should also
be considered that geochemical, biological activities and gas
produced by redox process exchange greatly affected the K|
values in a streambed of sediments, as mentioned by Song
et al. (2007). The invertebrate bioturbation and gas bubble
ebullition (mainly from bacterial and invertebrate activities)
could loosen the sediments, resulting in an increase in stre-
ambed K. Therefore, it cannot be ignored that biological
activities may also have partially contributed to the greater
K, of streambed. However, this effect of biological activi-
ties may have been restricted only to the thick of top layer of
streambed as the number of invertebrates decreased dramati-
cally in lower layers.

Pielase clla)l auan .
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K value from pumping test

As previously described, the pumping tests were conducted
on four pumping wells (TW1-TW4) and were monitoring
wells MWS8, MW3, MW 17 and MW22) as to establish the
value of hydraulic conductivity parameters of the alluvial
layers. The pumping rates were put constant for different
wells by using a pumping period and monitoring wells, as
shown in Table 3. In order to determine the value of T and
S, the methods chosen were the ones that deemed as the
best fit the field hydrogeology and water-level data. Next,
to evaluate the pump tests, the Theis and Theis recovery
methods with corrected drawdown on the observation well
data were applied. Values of T and S were determined from
the observed data at wells TW1-TW4 relative to each
pumping well. The value of 7 ranged from 5.70x 10! to
1.22x 10* m*day (Table 7), while S ranged from 1.00x 1077
to 3.18 x 107", K value was calculated by dividing T by the
thickness of the sand/gravel layer at the pumping wells.
The calculated estimates for K ranged from 1.48x 10! to
8.09x 10" m/day.

Measurement of permeability from falling head
permeability tests in boreholes

As to adhere the procedures provided in BS 5930, the in situ
falling head permeability tests were conducted at regular
intervals in eleven boreholes down to a depth of 30 m and
four of boreholes near riverbank and riverbed sediment to
a depth of 8 m. The test was performed by filling the cas-
ing with water which was firstly seeped into the soil. The
water depth inside the casing was measured at specific time
intervals from the start of the test. These measurements were
recorded until a sufficient number of readings were obtained
or when the rate of drop was very small, as to accurately
determine the permeability. The field falling head tests were
preferred because they provided more reliable data com-
pared to laboratory tests as this method avoided soil distur-
bance and managed to test a relatively larger volume of soil.
In comparison with pumping tests, the falling head test was
only able to measure the permeability of a limited volume
of soil, but it produced a more detailed profile of the perme-
ability versus depth. Figure 5 shows the measured values of
permeability versus depth at three boreholes. Based on the
outcomes, it can be observed that the measured permeabil-
ity varied between 5.13 x 10~ and 8.60x 10~® m/s with an
average value of approximately 8.73 x 10~ m/s. Most of the
values lied between 5x 1077 and 1% 10™* m/s, which were
within the typical range of permeability of very fine sands,
medium sand and gravelly coarse sand. As for the riverbed
and riverbank sediments, most of the values lie between
1.26x 107> and 4.25x 10" m/s which fell within the typical
range of permeability of medium sand and gravelly coarse
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Fig.4 Estimated hydraulic
conductivity using the empiri-
cal methods for six layers for
22 boreholes (symbols) with
geometric mean (blue line). (a)
Layer 1, (b) Layer 2, (c¢) Layer
3, (d) Layer 4, (e) Layer 5 and
(f) Layer 6
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sand (Table 8). Comparison between the results of the fall-
ing head permeability test and the values obtained from
pumping tests was then made. Both tests exhibited similar
trends with the measured permeability decreasing along with
depth. Pumping test exhibited a coefficient of permeability
that was slightly higher than the values obtained from the
falling head test. On the other hand, the permeability values
obtained from pumping tests compare well with the values
measured from the falling head test. This highlighted the fact
that the permeability of the soil depends on a good aquifer

p}_le:Lu: ¢lallauae @

KACST3.060lq oglell 22 Springer

Boreholes Samples

capacity. According to the results of the soil’s permeability,
it is reasonable to classify this soil as gravel and medium
sand. Based on the observations made, it could be con-
cluded that the aquifer in the study area has indeed shown a
potential for riverbank filtration (RBF), and there are bright
chances to increase the water quality and water quantity of
the studied area.

A comparative analysis of K, values was performed to
gain intelligence on the spatial variation of streambed K.
The hydraulic conductivity of the environment sediment



Page130f22 8

Applied Water Science (2019) 9:8

0 soy w0 €T IST €T 6L0  YLO 190 001 009 08°LL 06°CI 000 1c LA9HY
Se0 €0 €00 ¥00 €00 100 100 100 08°0 010 or'l 000 000 Cl yAoH4d
65°81S 6£0 681 I¥c 061 <TOT €60 <TLO 0¥'0 08'Y 08'Ly oy oy 000 9 caoHd
S1°o €0 €00 ¥00 €00 100 100 100 0c¢ 080 or'l 00 000 € 1aosHd
14\ €0 €00 ¥00 €00 100 100 100 081 010 09°0 00 000 LT 6dsHA
1eve 920 €0c  LE8 P9 €90 O0V0  LIO 08°L 00°¢ 0101 05°8¢ 0S'1¢ Ic LASHY
Ss6l 920 €S’ vI'e 681 €€0 STO0 900 01’8 oLel orel 09°¢¢ 06°CI 81 9dsHd
£€’0 PE0 €00 ¥00 €00 100 100 100 00'1 08°0 0Tl 0T'1 000 1! ydsHd
L9'8 1€°0 L9°0 SOT IL0 LTO $2TO0 €10 0Tyl 0e¥e oL’ 1Y 0911 000 9 casHd
(N0 8C°0 L000 9T°0 900 €00 <200 100 08°0¢ 0081 0c0 0c0 000 € 1dsHg
ceo €0 €00 v00 v00 100 100 100 00°L 090 080 oL 000 T 8ayHd
(A 970 90C T6'S €6t 90 IT0 900 0¢'8 09y 00°¢l 08v¢ 05'8¢ 1T LayHd
¥ 0S 9C°0 oge 656 10L 180 8¥0 £€C0 00°L 0¢9 0¢'6 oLee 0¥'8¢ 81 oarHd
8¥'ee 9C°0 T L09 OI'v 650 S¥0o 810 0r's 0T'L 0961 001y orerl 9 SarHd
€e0 €0 €00 v00 €00 100 100 100 080 090 00T 00 000 9 arHd
810 €0 €00 v00 €00 100 100 100 or'e o'l 090 000 000 € 1arHd
(48! €0 LT'O ¥£€0 920 00 €00 <200 0v'ce 0r'0¢ oyl 080 000 104 8dcHY
e0S 9C°0 gee 988 S99 980 €S0 IT0 069 0¢'s 0601 0¢9¢ 08'v¢ 1T LAcHd
Iy 9T0 S0 6I'T  6L0 900 SO0 €00 or'6 09°¢l 09v¢ 00°0¢ 000 Sl cdcHd
170 8C0 800 SI'0 900 o0 <CO0 100 09°LT 09°61 00° 1T 00C 000 [4! yacHd
ve1cl LEO yor  vSr €€ 0L0  v9°0  S€0 00°S 09°¢ 0€°L9 OL'LT 000 6 cdcHd
870 6C0 0oro 81o ¢Ssro 0o €00 200 00°6S 08t 0¢0 0€°0 000 € [d¢Hd
SIo €0 900 900 ¢S00 <0 <o 100 0991 09°%1 09°1 000 000 LT 6dcHd
9¥°081 6¢0 90T I¥FL 0Tl 650 +S0 ¢v0 06'¢ 091 09°L9 0511 000 1T LdcHA
SL'LSE 6£0 L9T  ¥6'1  L9T 980 8L0 850 091 0g'L OL'IS 08°LE 000 Sl SacHd
91’0 €0 €00 00 €00 100 100 100 08y 0r°0 00°L 0¥'0 000 6 ¢dcHd
1€°01 8C0 €90 801 LLO TTO 6I'0 600 00°LT 0T'81 01'9% 09°6 000 € IdcHY
[1°1¢ 8¢0 0s0 LSO ¥¥0 <CCO 0C0 SI0 01'9¢ 05°0¢ 0eve 0S¢ 000 8¢ clarg
(444 6£°0 6’0  6¥0 O0v¥0 €0 0¢0 vI0 09v¢ 0L°8¢ 0L'¥C 0€'9 000 LT 6dIHg
167069 170 81T 86T ¥LT  TOT ¥6'0  LLO 00 00C 00'8S 0T'6¢ 000 1T LAIHY
1S°0 8C0 o ¢co LI'0O €00 €00 200 0c0 00T 00'8S 0T'6¢ 000 SI SdAiHg
€081 6C0 980 9¢'IT LOT €0 LTO €10 00°0T1 0¢'ST 09°8¥% oL’LT 000 6 ¢dIHg
9L'¢ 6C0 oo LLO  I¥0  ¥I'0 TI'0O LOO or'ee 00°¢r 00'6¢ 08¢ 000 € 1arHd
pues oul{  pUBS WNIPI[A|  PUBS ASTEO))  [0ABIS QUI{  [OABIS WNIPOJA
UMD gop  ogp Ozp  LIP 0IP  WWGTO-€900 WWEO-STO  WWZG( ww g—g ww 9[-8
Syueow  poyndwod u (W) SI9joWRIp UTRIS QAT oidwesur 9, ydoQg

sordwes [[e 10J a3ejuedrad pnuwr pue sanfeA p ‘sjuswiowt [eonsnels ‘Asoiod ‘ANANONPUOD JINBIPAY PAINSLI]N  d|qel

nger

g rluw @ SPr

lase &
ST5 00

\
i



Applied Water Science (2019) 9:8

8 Page 140f 22

020 €0 800 900 €00 <CO0O TOO0 100 00'6 00°LT 08°CI 00°1 000 Cl ydcIHg
81°0 €0 €00 ¥00 ¥00 100 100 100 ory 00C 09°¢ 0CC 000 € IdciHd
LSV 920 60 ¥80 TVO SO0 +00 TO0 (U491 09°S1 0¥ 91 0¥'9¢ 000 Lt 6dITHd
89'6eTl 010 L9T 6£€ 66T 691 CST CI'I 000 010 09°v¢C 0SvL 000 1c LAlTHY
Level €e0 er'e €Sy ov'e  8I'T €01 890 or'c (Y 00'8¢ 0gce 0¢'1e SI SariHg
0 €0 €00 ¥00 €00 100 100 100 081 00T 0Tl 000 000 6 ¢dITHg
o €0 €00 ¥00 €00 100 100 100 08’1 000 000 000 000 € 1arrHd
1s¢ 920 9¢'0 090 L£O SO0 t+00 <TO0 0981 00v1 091 08°¢c 000 0¢ O0IdoIHg
Y609 6£°0 Ire o6Lc¢ ¢€Cc¢c SI'T 90T €80 000 0L'T oLecy 0TS 000 LT 6d0THA
90°€IL LEO 69'c  9SYv €8¢  L9T L¥'T 101 09°1 00C 0¢'1¢ 0029 00°¢l 1c LAOTHE
€r'o LT0 cro 610 900 o0 <0 100 0cs 08¢ 08'8¢ 009 000 81 9d0THA
Sv'o €0 €00 v00 €00 100 100 100 0¥°0 000 000 000 000 6 £doITHd
00 8C°0 800 9I'0 600 €00 <CO0 100 08'8¢ orel 0Tl 00°1 000 € 1doTHg
Sro €0 €00 ¥00 €00 100 100 100 009 0¥°0 000 00 000 0¢ 01deHd
09 LT0 00 €80 ¢SS0 810 SI'0 SO0 0T8I 09°¢cc 0y'8¢ 008 000 ¥C 8d6HY
16°€€01 6£0 19C Lge 96T 091 ¢v'l €01 000 0L0 0L¥C 06'CL 000 1C LA6Hd
Sv'ey 6C0 So'r 161 LST LSO 6¥0 810 01'e 0¢'6 oL'1v 0¢'LE 000 Sl SdeHd
vy 0¥°0 Ier 81 9¢'l 690 T90 610 00C 09°¢l 0529 0r'1c 000 6 £doHd
09°01 8C°0 9’0 960 6¥0 <CC0 910 <SO00 06°01 08¢y 0L°0¢ 081 000 € IdeHd
9I'¢ 90 S0 €T 6¥0 900 SO0 €00 or'6l (aq! 08¢l ov'ce 000 LT 6d8HA
ggreeel 0¥°0 08C L¥e 60¢ 061 691 0TI 090 0L°0 01°0C 0S'8L 000 1c LA8HY
98°0¢8 6£0 Sy'c e LLT Tl 8TT 960 090 or'l 0¥°0¢ 0€°L9 000 81 9d8Hd
1ecL 6£0 L0 S60 890 80 S€0  LTO orer (%3 08°IS 0Tl 000 ! Yd8H4
wyy €0 LTT 9T €T €0  8¢0 970 0¢0I1 08°81 orey 01°¢C oL'e 9 ¢dsHd
<o €0 ¥00 <00 ¥00 <CO0 100 100 0y SI1 09°1 08¢ 0Tl 000 € 1d8Hd
81°0 €0 €00 v00 %00 <CO0 100 100 or'v 00C 00y 09°¢ 000 L 6dLHA
oL SI1 920 9I'c I8L 8¢¥ LTO 1T0 900 0001 ov'11 0001 09°¢C 0Lee ¥C 8dLHY
£6°C1 970 vLL LY 68C 9¢0 920 900 069 09°6 0S°'LT 08¥S 000 81 9dLHY
8¢€°CS 1€°0 §¢'1 €It 9T LSO 8¥0 STO 06y 0L'6 0L’LE or'LE oLe ST SALHd
€0 €0 €00 v00 €00 100 100 100 081 000 00°0 000 000 6 ¢dLHY
o €0 €00 v00 €00 100 100 100 0ce 000 000 000 000 € 1aLHd
(44 E0 §00  S00 %00 <CO0 100 100 0ce 091 09°¢ 086 000 0¢ 01d9H4
S8'611 I¥°0 LET 6T OFI  I80 9.0 T90 0¢'l 09 08°'IL 0c6l 00°0 LT 6d9H4d
pues oul{  pUBS WNIPS[A|  PUBS ASIEO))  [oARIS QuUI{  [0ABIS WNIPOJA
UMD gop  0gp Ozp  LIP 0IP  WWGTO-€900 WWEO-STO  WWZ-G( ww g-g ww 9[-8
Syueow  pondwod u (W) SI9joWRIp UTRIS QAT oidwesur g,  ydoQg

(ponunuoo) ¢ sjqey

pringer

[@m@s

KACST a.0141lg oglel)

Pielase &

> 4



Page150f22 8

Applied Water Science (2019) 9:8

8T8LY 8¢°0 @c 9LcT 9I'c SOT  S60 ILO 00'1 (Y (V% 0Lcs 000 1c Ld8THY
8708 6£0 6CcCc S0t 9¢C  LTT  9I'T 880 0€0 0€'e 009¢ 0€'19 000 SI SAsIHA
§9°0 920 yI'o 620 0C0 €00 <00 100 0991 00°€C or'el 09T 000 6 €d8IHY
el geo €Sl ¥81T  9ST CTLO €90 LEO 09°¢ 0L 01°0s orve 000 9 casiHgd
9LC €e0 oy0 €0 LTO 910 €I'0 SO0 0S¥ 0991 0C0I1 0L ST 000 81 9dLIHA
96'C 0€°0 0c0 ¥€0 620 <TI0 900 €00 0L've 0¥'9¢ 0L9 oLe 000 SI SALIHY
€691 Seo 0s0 TS0 €0 0 TTo 0I'0 0s'1¢ 06°LE 09°6¢ 06'1 000 6 ¢dLIHY
S1°0 €0 €00 ¥00 ¥00 100 100 100 006 000 000 000 000 € 1dL1Hd
§9°'0 620 [ro 0c0 910 %00 €00 <TO0 0r'6S 0C'8 000 0c0 000 Ic LA9THA
120 €0 600 900 <00 <CO0 <CO0 100 00°CI 0r'9 00°¢l 09°¢ 000 Sl SA9THA
Y1°0 €0 ¢0'0 S00 ¥00 <C00 <To 100 09°0¢ 00°¢ or'e 000 000 6 £d9THd
16C 9¢'0 LT'0O C¢C¢0 0C0 II'0 600 €SO0 08'vL 00CI 0€0 000 000 € 1d91HA
€r'o 09°0 L0  ¥0'0 €00 100 100 100 0r'6 000 0¥'0 000 000 0¢€ 01dsTHY
LS8EY 170 LS yLT CTSTT L8O 080 S90 or'e 0Ty or'v9 06'LC 000 LT 6dSTHY
£6'0vc 0¥°0 9¢'T  LL'T €51 T80 GLO LSO or'e 0¢'8 06'8S 0c0¢ 000 1c LASTHE
£8°¢8C 170 yI'r o't vor 140 990 TS0 0r'c 08°01 0c'6L 0T'L 000 Sl SASTHA
I8 1€l 8¢°0 yiI'r - ev't STl vS0 0SS0 8¢ or's 06°LT 09°LS 0061 000 € €dsiHg
18°0 LT0 9Io c¢co0 ¥Cco0 ¥00 +00 <200 08°LC or-¢se 0r'9 00°1 000 € 1dsiHg
70 6C0 oro 81o ¥Iro €00 €00 <00 08°8Y 09°¢ 09°¢ 00°¢ 000 14 6dvIHA
0¢'se 90 19¢ 8¢9 ¢L'e LSO €0 TTO 0C'9 0C'8 0L°0C 0CT'6C 05°6C 1c LAvIHA
88°9L 90 €8¢ LSL 0€9 6C1 €60 6C0 00°¢ 00'Y 08°1T1 or-es 06°0¢ 81 odvIHd
08°LE 8C°0 6L’ 1 €Tt  S¥c 190 8Y0 0 099 06°L or've 08°SS 000 Sl cariHg
ge0 €0 €00 v00 €00 100 100 100 08°0 09°0 00°1 0c0 000 6 ¢dviHg
LT0 €0 €00 v00 €00 100 100 100 091 09°0 000 000 000 € IdyIHg
1444 €0 €00 v00 %00 100 100 100 0’6 0ce 0Tl 010 000 €¢  11delHd
LTTT 970 Ire  €9°¢ ¢y 050 920 SO0 ore 0ce 0r'6 0T’1S 0181 L 6dcIHA
0sve 0 €T W1 Il yo o 120 0e’L 08l OLvv 08°LT 000 ¥C 8d¢IHA
98¢l 970 880 9¥'I II'T 8CT0O IT0 900 0001 097l 09°6¢ 08'v¢ 000 81 9de¢THA
€0 €0 €00 v00 €00 100 100 100 081 or'l 00°1 or'1 000 6 cdcIHE
10781 0 €01 L OoI'T  TPr0  9¢0  0T0 089 09°0¢ 067y 00°1¢ 000 9 ¢delHd
€10 €0 §0'0 900 SO0 <CO0O <COO0 100 0TSt 08°01 010 000 000 € 1deIHg
$S9 LT0 o0  SS0  L¥O 910 800 +00 09°¢l 0r9¢ 0C91 0S°LI 000 LT 6dc¢IHA
9¢°90¢ 010 YO'r el 9I'l 790 950 vr0 0ce 0e°SI 0S°'LL or'e 00°0 81 9d¢IHA
pues oul{  pUBS WNIPS[A|  PUBS ASIEO))  [oARIS QuUI{  [0ABIS WNIPOJA
UMD gop  0gp Ozp  LIP 0IP  WWGTO-€900 WWEO-STO  WWZ-G( ww g-g ww 9[-8
Syueow  pondwod u (W) SI9joWRIp UTRIS QAT oidwesur g,  ydoQg

(ponunuoo) ¢ sjqey

nger

g rluw @ SPr

lase &
ST A

\
e



Applied Water Science (2019) 9:8

8 Page 16 0of 22

91’0 €0 900 900 <00 <Co0 <0 100 08°0¢ 0cy 00°¢ 00°¢ 000 IC LATCHE
€8'L 90 Icr eL¢ 9I'c ¢1'0 0I'0  +00 0L91 0€9 09° 11 01°LE 06°¢l 81 9dccHA
€10 €0 §0'0 S00 ¥00 <TO0 <To0 100 00vc 0r'e or'l 000 000 Sl SdceHd
8L¢l 8C°0 980 8¢T L80 9T0 <TC0 ¢TI0 0€91 09°0¢ 09°LC 08°LT 000 6 cdccHd
L9°0 870 SI'o v¢o 8I'0 ¥00 €00 <200 00°LE or' el 0’6 009 000 1C 9dIcHY
€10 €0 §0'0 S00 %00 <TO0 <TO0 100 09°9¢ 09°0 0¥°0 000 000 Sl cdicHd
wrSL 8C0 6¢c I¥y IT¢  LLO 650 v€0 0S¢ 0L'8 09°CC 0T°09 000 6 cdicHd
§To 670 800 SI'0 600 €00 <CO0 100 000 09°IS 09C 090 000 € 1dIcHd
STIvL 0¥°0 €6’ Ly €6l 901  L60  LLO 010 0re 08y ov'Ly 000 Cl Yd0cHd
Lo 970 610 I¥0 0CT0 €00 ¢€00 <00 09°¢1 0’6 (8 0ce 000 6 £docHd
oLe 970 60 ¥60 ¢SO0 00 00 <00 0811 08°¢l 0r've 09°1¢ 000 € 1dOoCHA
S1'o 970 9I'0 €20 900 <o0 <o0 100 098 0Ty 00°CI 09°Cc 000 IC LA6THA
Y1°0 €0 §0'0 900 SO0 <CO0O <COO0 100 09°9¢ 08°0 000 000 000 81 9d6THA
o'Ll €e’0 90 I80 €60 ST0 €0 €10 0L°LT 0T°0¢ 0€'8¢ 0091 000 6 cd6IHY
910 €0 900 <00 <00 <00 <0 100 00°LT 009 08'v 0cc 00°0 € 1d6THE
pues oul{  pUBS WNIPS[A|  PUBS ASIEO))  [oARIS QuUI{  [0ABIS WNIPOJA
UMD gop  0gp Ozp  LIP 0IP  WWGTO-€900 WWEO-STO  WWZ-G( ww g-g ww 9[-8
Syueow  pondwod u (W) SI9joWRIp UTRIS QAT oidwesurg,  ydog

(ponunuod) ya|qel g

pringer

[@m@s

KACST a.0141lg oglel)

jellate ¢

1)



Applied Water Science (2019) 9:8

Page170f22 8

Table 5 Values of geometry

mean of Kv (in m/s) for methods Method Layer 1 (m/day) Layer?2 Layer3 Layer4 Layer5 Layer6
used by grain-size analyses for Hazen 8.42 5508 19071  364.18 188.37 4.49
sixlayers in Lower Muda Basin -y o g cm/s)=d10 (mm) 6,51 4479 13335 26315 133.59 5.51
Slichter 2.32 16.72 62.07 120.44 64.89 1.17
Terzaghi 3.95 28.79 107.90 209.93 11341 1.90
Beyer 7.71 48.00 158.44 29747 150.88 3.99
Sauerbrei 10.86 46.63 166.89 31297 178.82 5.06
Kruger 2315.94 15,287.42  2678.15 665.02 598.07 4984.30
Kozeny—Carmen 3876.01 24,246.99 4588.60 1111.44 962.63  8627.88
Zunker 2337.85 14,874.59  2737.50 644.55 587.59  5153.38
Zamarin 2845.10 18,454.65 3308.32 79176 711.55  6191.28
USBR 13.03 57.07 163.70 359.99  193.49 35.21
Barr 2.99 22.81 88.08 171.99 95.07 1.49
Alyamani and Sen 1.74 21.57 110.24 335.92 421.96 277.94
Chapuis 4.07 43.73 170.90 390.24  218.66 1.94
Krumbein and Monk 17.66 80.93 228.67 445.60  230.50 38.42
Table 6 Mean of K, value from empirical data for streambed (right, left and middle of river) until 8 m depth
Depth (m) 2-8mm 0.5-2mm 0.25-0.5mm 0.063-0.25 mm Effective grain diameters (mm) n mean K,
d10 dl7 d20 d50 d60 geometric mean
RBI1
4 9.12 17.71 14.80 54.19 0.08 0.11 0.12 022 032 031 0.38 7.56
5 56.59 31.55 7.04 3.97 050 088 1.05 239 298 203 0.34 12847
6 12.80 53.91 18.49 13.67 021 033 037 110 136 0.88 033 2558
7 4.88 68.72 13.06 10.77 023 041 047 111 131 091 034 44.19
8 13.93 46.20 15.32 17.46 0.10 020 024 08 1.11 0.68 029 1241
RB2
4 42.220  37.950 9.660 8.850 0.295 0.496 0.606 1.689 2.132 1414 0.32 5477
5 12.450  53.170 20.710 8.010 0212 0.353 0402 1.035 1.302 0.874 0.34  39.88
6 13.250  41.600 18.750 23.340 0.110 0.163 0.197 0.744 1.042 0.598 0.30 9.8
7 17.240  59.710 11.620 8.170 0.265 0.455 0.527 1271 1493 1.078 034 64.03
8 38.560  37.690 12.070 11.450 0264 0.420 0499 1.613 1.951 1.368 032 49.92
RB3
4 44.050  25.640 15.350 13.080 0.194 0.331 0.378 1.696 2.306 1.347 028 3225
5 46.040  33.270 9.350 10.330 0.249 0.447 0.571 1.838 2.313 1471 030 523
6 35250  33.570 14.960 14.070 0.180 0.312 0.359 1.427 1.815 1.116 029 29.11
7 8.840  59.480 17.990 10.110 0212 0.375 0436 1.080 1.316 0.888 0.34 3567
8 9.280  44.400 18.250 23.230 0.102 0.157 0.196 0.707 0.997 0.568 0.30 9.11
RVBI1
3 14.000  22.200 22.400 32.000 0.069 0.136 0.160 0.381 0.528 0.449 0.32 3.24
6 16.000  53.600 25.200 4.300 0.370 0.459 0490 1.112 1.373 0.999 0.38 150.35
9 45.300  49.800 4.000 0.500 0.743 0940 1.024 1.868 2.353 1.888 040 671.52
RVB2
3 1.600  12.200 16.800 18.800 0.012 0.021 0.025 0.062 0.158 0.089 0.28 0.13
6 0.200 1.200 0.600 1.600 0.007 0.011 0.013 0.033 0.039 0.027 0.34 0.31
9 1.800 8.400 3.600 4.000 0.008 0.013 0.015 0.038 0.046 0.043 0.34 0.23
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Table 7_ Re§ults of . Well Type Analysis T (mz/day) K (m/day) Storativity (S)
transmissivity (7), hydraulic
conductivity (K) and storativity TWI Pumping test Theis 2.42% 10> 2.42%10' 3.18%x 1077
g?siziﬁiginsgﬁf test and Theis recovery 3.30%10? 3.30% 10!
MW8 Observation well Theis 2.44% 107 2.44x 10! 1.17x107°
Theis recovery 3.30x 10 3.30x 10!
TW 2 Pumping test Theis 1.22x10° 4.86x 10! 1.00x 1077
Theis recovery 7.91x10% 3.17x10!
MW3 Observation well Theis 5.30x 10? 2.12x 10! 1.00x 1077
Theis recovery 7.73% 102 3.09x 10!
TW3 Pumping test Theis 4.53x10% 1.89% 10! 1.00x 1077
Theis recovery 3.54x 10? 1.48x10!
MW17 Observation well Theis 7.47x10% 3.11x10! 1.00x 1077
Theis recovery 1.19x 10° 4.97x10!
TW4 Pumping test Theis 1.20x 10 5.01x 10! 1.00x 1077
Theis recovery 1.94x 10 8.09x 10}
MW22  Observation well Theis 5.70% 10! 2.38x 10! 1.00x 1077
Theis recovery 5.75%10? 2.40x 10!

Table 8 Field permeability test from falling head test versus depths
for riverbed and riverbanks from observation wells

Name Depth (m) Permeability test (m/day)
RBI1 3.5 1.09E+00
7.5 1.88E-01
RB2 4 6.62E-01
8 1.55E-01
RB3 4 3.67E-02
8 6.83E-01
RVB1 9 2.85E-01
RVB2 9 2.51E-01
Well name Depth (m) Permeability test (m/day)
Observation wells
MW16 24 6.42E+00
MW17 20.3 3.97E+00
MW18 21.82 2.76E+00
MWI19 21.52 8.64E+00
MW20 14.4 2.85E+00
MW21 194 2.64E+00
MW22 24.29 2.79E+00
MW7 27 7.43E-01
MW15 30 6.05SE-01
MW5 27 4.43E+01
MW6 30 3.80E+00

largely controlled the geology of sediments and thus affected
the overall hydraulic conductivity. However, these physi-
cal, biological and chemical clogging processes (post-dep-
ositional processes) may also had an impact on the altera-
tion of the original K, that then contributed to the variation
of streambed K, (Hancock 2002; Chen et al. 2013). In the

Pielase clla)l auan .
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channel sediments where the flow velocity is generally
higher, a larger K, value may be recorded, since fine-grained
sediments could be washed away by higher flows and caused
them to deposit again in the area with lower velocity (Chen
2005a, b). Meanwhile, silt/clay materials were discovered
to accumulate primarily in the areas of high inflow with
larger water depth (Packman and MacKay 2003), which may
then leading to the smaller K|, in the middle of the river.
Furthermore, in general, any area that is close to the ero-
sional bank has higher possibility to reach higher value of
K, as compared to the depositional bank. Therefore, this
contrasting distribution pattern in K, across the stream was
probably due to the infiltration of fine particles and the bend
of the river channel. There was an interesting finding in the
research conducted by Chen et al. (2013) by which they col-
lected a sequence of cores from sediments below the top
layer to a depth of about 10—15 m and identified the value
of K, for these cores. The research discovered that in the
losing streams, K, increased with the depth of the cores,
while in the gaining streams, K, decreased with the depth
of the cores.

Conclusion

The identification of vertical riverbank and streambed
hydraulic conductivity holds very essential significance in
the analysis of river—aquifer interactions and riverbank filtra-
tion systems (RBF). The grain-size analysis, pumping test
and in situ falling head permeability tests were conducted to
identify riverbank and streambed vertical hydraulic conduc-
tivity (K) of six layers for riverbank with depths of 38 m and
streambed to depths of 9 m of sediments at 22 test locations,
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Fig.5 Estimated hydraulic
conductivity using the empiri-
cal methods for streambeds
(symbols) RVB1 (a), RVB2 (b)
and RVB3 (c¢) with depth and
geometric mean (blue line)

4 test wells (TW1-TW4) in the Lower Muda River Basin.
The K values of 114 samples collected from riverbank and
15 samples from streambeds were then estimated by using
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Alyamani and Sen, Chapuis, and Krumbein and Monk. The
alluvial system in the focused area was composed by six
layers, namely upper sandy silt, silty sand, gravelly sand,
a highly conductivity sandy gravel, gravelly sand and silty
clay at the base. Further observations on the area discovered
that the geometric mean of K, for the sandy silt (8.30 m/
day), silty sand (47.66 m/day), gravelly sand (150.24 m/day),
sandy gravel layer (418.48 m/day), gravelly sand (151.09 m/
day) and silty clay (9.36 m/day) as determined by grain-
size analyses, was greater than the geometric mean obtained
from pumping tests (31.10 m/day). The geometric mean of
K estimates obtained from the performed permeability tests
(7.03 m/day) was one to two orders of magnitude lower than
that of pumping tests and grain-size analyses. As for the K|
values of the streambed for the upper layer of sediments,
the values recorded were generally larger than those in their
respective lower layer of sediments. The individual K|, value
for the upper layer of sediments from all the tested loca-
tions of the left, right and middle rivers ranged from 7.56 to
54.77 m/day for upper layer, 39.8—-128.4 m/day for middle
layer and 9.11-49.92 m/day for lower layer of river, as pro-
duced by the grain-size analysis. Meanwhile, the K, value
ranged based on permeability test showed that the value of
K, started from 0.036 to 1.09 m/day for upper layer and
0.155-0.68 m/day for lower layer of river sediments. To
understand this pattern, it should be firstly established that
the value of K, for streambed depends largely on hyporheic
processes. The inflow and outflow of water through hypor-
heic zone produce more porous and permeable sediments
that will then result in an increase in value of the streambed
K. K estimates derived from the grain-size methods, perme-
ability test and pumping tests were altogether compared in
order to identify the K values for numerical model. Based
on the characteristics deduced from the outcomes, it is rea-
sonable to conclude that the K value of the aquifer in the
focused area has the ideal K value and potential. In addi-
tion, the area is proven to be showing suitable properties for
riverbank filtration method to increase the water quality and
water quantity of Lower Muda River Basin area.

The objective of this study was to compare the commonly
utilised formulas in the establishment of K value obtained
from grain-size data and to evaluate the accuracy of these
methods in predicting K value in a highly deposition sedi-
ment. A large number of empirical and semi-empirical for-
mulas that were initially chosen actually covered a wide
range of different approaches to represent the effective
grain size, shape and porosity functions. The comparison
of 114 samples from riverbank and 15 samples from stre-
ambeds under the grain-size analysis not only prevailed a
high degree of correlation between the tested formulas, but
also highlighted how the calculated min, max and mean K
values may differentiate over several orders of magnitude
between applied formulas. Based on the obtained results, it
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is clear that the outcomes demonstrated the need to test the
reliability of calculated K grain size with directly measur-
ing K values that are obtained with a method that employs
a support volume similar to that of the grain-size analysis.
Therefore, the permeability test and pumping test in situ K
characterisation were performed in the close vicinity of sam-
pling points. There is a high correlation between K value
from grain-size analysis and K value from permeability
test seen for most of the applied formulas. The K grain-
size estimates were in most cases smaller than K value of
permeability test and K value of pumping test estimates. To
explain this, it is safe to say that this trend is attributed to
the anisotropic distribution of K in the sediments and how
it reflects the differences between the measured in situ and
the calculated K. In addition, the presence of isolated low
K layers with limited thickness within a high K sample also
leads to K value of grain-size estimates that were signifi-
cantly below the K value from permeability test estimates.
The calculated K values are influenced by either the har-
monic mean of the grain-size distribution, or certain grain-
size diameter from the grain-size distribution curve. In com-
parison, the K permeability values generally represent the
arithmetic mean of the K distribution within the test interval
or layer. The general K estimates for an initial assessment are
proven necessary and that the calculation of K from grain-
size analysis is shown to be a suitable method. However, in
this study, the value of K grain-size data derived for aquifer
characterisation has proven that it is sufficiently reliable for
an assessment of K variations and fitting to be observed in
comparison with pumping test and permeability tests. With
the publication of the underlying data, additional data from
K value will be provided and using the numerical model-
ling who are interested in developing or further evaluating
methods in this field.
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