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Abstract: The evaluation of saturated hydraulic conductivity (Ks) constitutes an invaluable tool
for the management and protection of groundwater resources. This study attempted to estimate
Ks in the shallow aquifer of Kabul City, Afghanistan, in response to the occurring groundwater
crisis caused by overexploitation and a lack of an appropriate monitoring system on pumping wells,
based on datasets from well drilling logs, various analytical methods for pumping test analyses,
and laboratory-based methodologies. The selection of Ks estimation methods was influenced by
data availability and various established equations, including Theis, developed by Cooper–Jacob,
Kruger, Zamarin, Zunker, Sauerbrei, and Chapuis, and pre-determined Ks values dedicated to
well log segments exhibited the highest correlation coefficients, ranging between 60% and 75%,
with the real conditions of the phreatic aquifer system with respect to the drawdown rate map.
The results successfully obtained local-specific quantitative Ks value ranges for gravel, sand, silt,
clay, and conglomerate. The obtained results fall within the high range of Ks classification, ranging
from 30.0 to 139.8 m per day (m/d) on average across various calculation methods. This study proved
that the combination of pumping test results, predetermined values derived from empirical and
laboratory approaches, geological description, and classified soil materials and analyses constitutes
reliable Ks values through cost-effective and accessible results compared with conducting expensive
tests in arid and semi-arid areas.

Keywords: saturated hydraulic conductivity; pumping test; well drilling log; sieve analysis; Afghanistan

1. Introduction

Saturated hydraulic conductivity (Ks) is one of the most important soil physical charac-
teristics and quantifies the flow of water through porous media under a hydraulic gradient
as specified by the Darcy equation for saturated conditions, introduced for the first time in
1956 by Henry Darcy [1–6]. A precise determination of this parameter is of great importance
in hydrogeological and hydrological studies, designing drainage systems, recharge, and
pollutant transport studies. The estimation of hydraulic conductivity Ks is thus crucial
for the area, which has a limited groundwater resource and an unfavorable balance be-
tween water demands and availability. This parameter serves as a fundamental indicator
of the area’s potential to manage its groundwater resources. Accurate characterization
and prediction of Ks values usually require an accurate parameterization of soil hydraulic
properties (i.e., water retention curve of soil) [7–9]. Moreover, although the outcomes of
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direct measurements such as pumping tests play an important role in assessing hydraulic
conductivity, the results often entail substantial costs for groundwater systems, and the
process is time-consuming and labor-intensive. However, the field methods are often
limited by the lack of precise and detailed parameters of the aquifer system [10]. Hence,
considering several methods could be a reliable process to obtain optimum estimates of
Ks and quantify its uncertainties to protect and manage the aquifers [11]. Based on the
available data on the aquifer system, numerous empirical [12–15], semi-physical [16], and
physical [13] approaches have been introduced.

On one hand, a few low-cost methods based on the well log data and characteristics
of soil types and conventional methods such as pumping well tests have been frequently
implemented in the literature. The most conventional methods for evaluating unconfined
aquifer parameters are Neuman, Theis, and Cooper–Jacob equations based on pumping
test data [17,18]. On the other hand, the laboratory approaches are implemented by using
soil samples, which frequently include Hazen, Kozeny–Carman, and Terzaghi equations. In
addition, a few empirical equations also suggest a correlation between Ks and particle sizes
of materials, void ratio, effective porosity, and groundwater temperature. Although the
determination of the particle size of unconsolidated sediments is difficult and, subsequently,
no reliable porosity and tortuosity data are obtained based on the particle size, most of
the empirical equations are still based on these characteristics of soil [19,20]. Furthermore,
the literature states that using a large number of equations leads to a positive correlation
between Ks values and the scale of measurement. In other words, as the amount and com-
plexity of input parameters of data in computational methods for hydraulic conductivity
increase, the resulting values of hydraulic conductivity also tend to be greater, providing a
range of uncertainties among the mathematical methods for estimating Ks [21,22].

The groundwater overexploitation and lack of a proper monitoring system on pump-
ing wells, including unknown well constructions and poor estimation of the actual ab-
stracted volume, and, at the same time, the growth of urban sprawl in the shallow aquifer
of Kabul, Afghanistan, have caused a crisis in the groundwater system in this region. It
seems that evaluating Ks using indirect methods (e.g., empirical equations) constitutes
an alternative to helping in the reliable management of the Kabul aquifer and preventing
the further degradation of the aquifer system. In this regard, all the available data have
been gathered to obtain a reliable dataset. The objectives of this study are (1) estimating
and predicting Ks using pumping tests, geological well logs, and grain-sized distribution
based on conventional approaches; (2) validating and comparing the results obtained from
these methods; and (3) reviewing and suggesting a low-cost and accessible approach to
obtain Ks.

2. Study Area

Kabul City is located in the middle part of the Kabul Plain, the capital of Afghanistan,
and is between 69◦02′08′′–69◦22′27′′ E longitude and 34◦25′36′′–34◦36′13′′ N latitude with
a 329 km2 coverage (Figure 2). The urban population grew approximately from 1 mil-
lion in the late 1990s to 5.38 million in the current era. The decrease in fresh water and
the consequent decrease in water quality have caused major social and health problems,
including increased migration as a result of rising desperation and the occurrence of water-
related diseases in recent years [23–27]. The city is split by steep metamorphic mountain
ranges into two plains, in which the dividing mountain ranges are the Asmai and Shir
Darwaza mountains, the eastern part is bounded by the Kohe Safi mountains, and the
western part is surrounded by the Paghman mountains, reaching approximately 2770 m,
3000 m, and 4400 m in altitude, respectively [28,29]. Both plains are filled by Neogene and
Quaternary deposits.
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2.1. Climate

The study area is characterized by an arid and semi-arid climate, and based on data
calculations of four synoptic stations, Naghlo, Payin-i-Qargha, Qala-i-Malek, and Tang-i-
Sayedan, the air temperature is in the range of −7 to 32 ◦C. The winters show a decrease to
−7 ◦C, and the summers a rise to 32 ◦C. The mean annual precipitation is 330 mm [29].

2.2. Geological and Hydrogeological Setting

The metamorphic mountain ranges include Amphibolite, Gneiss, and Schist types;
moreover, sedimentary rocks such as Limestone and Dolomite have also been recognized
around the study area [30–32]. The expletive sediments have originated from mountain
and river sediments, which are generally composed of sand and grain-sized gravel with a
mixture of clay and silt, which are covered by slightly loose deposits in the upper part.

Based on previous studies, the geological setting strongly constrains the hydrogeology,
where water bodies are associated with distinct geological units over the area; therefore,
the sediments have formed a phreatic aquifer (named as an unconfined or shallow aquifer)
in the Quaternary age with a thickness of up to 80.0 m and also a deep aquitard (named as
a confined or deep aquifer) based on the lower Neogene deposits, and there is an upper
Neogene aquiclude, where, lately, Landell Mills represented it as an aquitard (named also as
confining layer) between the two aquifers. The thicknesses of three layers are approximately
45.0–80.0 m, 260.0–360.0 m, and 160.0–255.0 m [25,29,33]. After the shallow aquifer, the
depth of the upper Neogene varies and starts from 0.1 to 400.0 m from the ground surface,
and similarly, the lower Neogene has been recognized to be in the range of 90.0–700.0 m to
the metamorphic bedrock from the ground surface. The lowest permeability is related to
the upper Neogene layer, which has outcrops in the Bibi Mahro and Kart-e-Now areas. Well,
logs, and outcrops have shown that the upper Neogene layer consists of conglomerates,
sandstone, mudstone, and consolidated clay. The permeability rates indicate that the upper
Neogene has no potential to be an aquifer [25]; hence, in this study, it is considered a
confining layer. This study focuses on the shallow aquifer.

Four rivers are present in the study area: Kabul, Logar, Golkhana, and Paghman
Rivers. The general direction of the Paghman River is from the western to the eastern parts
the Kabul Plain. The Kabul River first flows north, and then joins Paghman in entering
the eastern plain. The Logar River flows from south to east and, together with the Kabul
and Paghman Rivers, they form the surface water of the eastern plain of the study area.
The riverbeds have the highest permeability and represent the main recharge sources of
the shallow aquifer, which has a huge drainage catchment area before entering Kabul City.
The fluctuation of the groundwater level and discharge has proved that there is a direct
relationship between them (Figure 1). The highest discharge rates of all the rivers are
observed in April, whereas the lowest discharge rates are observed in July to September.
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and the urban sprawl, thousands of hand-dug water wells have been installed in the last 
decades, and most of them have not been detected and monitored yet. Furthermore, it is 
worth mentioning that the abstracted volume is unknown and cannot be calculated ex-
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According to Bakh (1971) [35], 84.5% of the recharge rate and, according to the JICA
(2011), 85.2% of the shallow aquifer of Kabul are related to the recharge from the rivers. Due
to overexploitation, the overall water balance of shallow aquifers is extremely negative [33].
Moreover, the rate of river discharge represents the amount of rainfall during the time
period. As Figure 1 shows, the discharge rates of rivers were 6.4 meter3/second (m3/s),
4.3 m3/s, and 2.0 m3/s in 2017, 2018 and 2019 on average, respectively, declining contin-
uously, showing climate changes (appearance of drought period) in the catchment areas
of the rivers entering Kabul City. Since the main recharge source of a shallow aquifer is a
river, decreasing discharge rate leads to the depletion of the groundwater level. The impact
of this cycle, along with overexploitation, has caused a severe drawdown. The drawdown
rate in the weighted average hydrograph of the shallow aquifer of Kabul was detected
to be up to 7.3 m in 3 years from the water year 2016 to 2019 (Figure 1). The weighted
average hydrograph has been calculated from 70 monitoring wells by using the Thiessen
polygon method in the GIS environment. Due to the lack of proper monitoring and the
urban sprawl, thousands of hand-dug water wells have been installed in the last decades,
and most of them have not been detected and monitored yet. Furthermore, it is worth
mentioning that the abstracted volume is unknown and cannot be calculated exactly.

Both plains have almost similar general groundwater flow, which is from the west
and southwest toward the east. The groundwater temperature varies, changing within the
range of 10–26◦ during the year, and the mean groundwater temperature is considered to
be approximately 16 ◦C all over the study area.

3. Materials and Methods
3.1. Data Used

The available data are described in detail in Table 1 and Figure 2. This study is based on
two datasets: (1) descriptive well log data from pumping wells and observation wells and
(2) quantitative data from pumping tests, storage capacity of wells, and reported hydraulic
conductivity from previous studies. This study has a scope of 362 wells, including 20, 38,
169, 29, 23, and 83 wells, the dataset names for AL-LG, piezometers, old wells, PW, Danish
Committee for Aid to Afghan Refugees (DACAAR), and monitoring wells, respectively. To
understand the hydrogeological setting of the study area, by using shallow and exploration
well logs, a simplified conceptual model has been created (Figure 3). By reclassifying the
well log data, the thickness of each class of well logs has been used to obtain a general
sight of the Ks values and understand the role of aquifer particle size. As Table 2 illustrates,
the aquifer has a complicated matrix, which could have resulted in various Ks values.
Moreover, based on the particle size of aquifer media, including 20.5%, 14.8%, and 22.2% of
gravel, sand, and silt, respectively, it is expected that the Ks values would be in the medium
to high ranges. All data used are provided by the Ministry of Energy and Water (MEW),
2019. The data on AL-LG, piezometric, PW, DACAAR, old, and monitoring wells were
collected in 2008–2010, 2018–2019, 2018–2019, 2011, 1980s, and 2007–2020, respectively.

Table 1. Available datasets in the study area.

Well’s Name Count Pumping Test Well Log Soil
Sieve Analysis

Constant Step Drawdown Geological
Unit

US Soil
Classification Count Well Count

Analysis

Alauddin Wells (AL) 10 10 10 10 10 3 7
Logar Wells (LG) 10 10 10 10 10 9 18

Piezometer 38 - - 38 38 - -

Old Wells 1980s
(data are old) 169

169, just values of Q,
drawdown, specific

capacity, and thickness
of aquifer

- 169 - - -

Pumping wells (PW) 29 - - 29 - - -
DACAAR Wells 23 23, just value of Ks - - - - -

Monitoring wells 83 - - - - - -

Total 362 20 20 256 58 12 25
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Table 2. Classified datasets according to the availability of well log data.

Piezometers AL-LG Wells Old Wells Average

Count 38 Wells 20 169

Particle Size
Total

Thickness
(m)

Thickness %
Total

Thickness
(m)

Thickness %
Total

Thickness
(m)

Thickness %
Total

Thickness
(m)

Thickness %

Rock 51.5 2.61% 349.2 31.39% 948 17.74% 449.6 17.25%
Clay 573.1 29.07% 101.5 9.12% 1996 37.34% 890.2 25.18%
Silt 910.9 46.20% 228 20.49% 0 1 0.00% 1 379.6 22.23%

Sand 224.9 11.41% 131.3 11.80% 1139 21.31% 498.4 14.84%
Gravel 211.1 10.71% 302.5 27.19% 1262 23.61% 591.9 20.50%

Summation 1971.5 100% 1112.5 100% 5345 100% 2809.7 100%

1 The old well log data provided a general classification without further detailed description.
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shallow aquifers, confining layer, hard bedrock, rivers, land, and topography [29].

Regarding the classification of wells, three approaches—including field, empirical,
and laboratory—were considered, engaging the pumping test and specific capacity data,
soil and geological descriptions of wells, and soil analysis from AL-LG and old, PW, AL-LG,
old, and piezometric, and AL-LG wells.

3.2. Methodology

To evaluate the saturated hydraulic conductivity Ks, the datasets were classified
according to the availability of a pumping test and well log (geological unit and US soil
classification) data. Based on the results shown in Table 1, the complete datasets are related
to AL and LG wells, where data, including two types of pumping test based on the type
of aquifer and two categories of well log data based on laboratory and field observations
and also sieve analysis of the wells soil, are available. Hence, all the Ks calculations for
the AL and LG wells were performed by considering four steps; the first one consists in
the determination of Ks values from constant and step-drawdown pumping test data. The
second step is based on comparing pumping test results with the reported Ks values in
the literature for the geological units; a value of Ks for each segment of well logs was
calculated. The third step was extended by assigning and averaging obtained Ks values
from the previous step for each segment of US soil classification (SCU) for well logs. Finally,
the fourth step allowed us to obtain Ks values from the sieve analysis based on 15 different
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methods. In addition to the five calculation methods mentioned (including constant and
step-drawdown pumping tests, Ks values from the sieve analysis methods, and Ks values
from simplified geological units and each segment of US soil classification (SCU)), this
study also compares Ks calculations derived from the aquifer’s storage capacity using old
well data (169 wells) and reported Ks values from previous studies (23 DACAAR wells)
with the results obtained. The theories and basic details are mentioned in the following
section. Figure 4 represents the methodology flowchart of this study.
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3.2.1. Field Methods

The solution methods used for calculating Ks in this section are divided into four parts,
offering equations for (i) confined and (ii) unconfined aquifers, (iii) recovery data, and (iv)
specific capacity data.

This method has been frequently used to calculate hydrogeological parameters of an
aquifer, derived from an unsteady flow for a confined aquifer and lately developed for a
variable rate pumping test with recovery data (Supplementary Equations (S1)–(S4)) [36].
The step-drawdown pumping test is more suitable for a single-well pumping test under
variable discharge rates in a confined aquifer. The most common computation method is the
Theis solution, but it is assumed for an unsteady flow in a confined aquifer (Supplementary
Equations (S5)–(S8)) [36]. The Cooper–Jacob solution (1946) [37], developed by Birsoy
and Summers (1980) [38], allows for estimating the hydrogeological properties of aquifers
under variable discharge rates (Supplementary Equations (S9)–(S13)), considered for both
constant-rate and step-drawdown rate pumping tests. It is noteworthy that each step of the
step-drawdown rate pumping test was engaged as a separate constant rate pumping test.

The solutions for unconfined aquifers are more complex. The Neuman solution has
been selected, presenting a homogeneous, anisotropic unconfined aquifer with delayed
gravity response (Supplementary Equations (S14)–(S18)) [39,40]. Unlike the Neuman
method, the Tartakovsky–Neuman solution for an unconfined aquifer considers non-
instantaneous drainage to the saturated zone. Additionally, it has a parameter (kD) that
represents an unsaturated medium (Supplementary Equations (S19)–(S27)) [41]. The Theis
(1935) and Cooper–Jacob (1946) [36,37] solutions can be used on unconfined aquifers
through the correction of drawdown data (Supplementary Equation (S28)) [42].

To calculate storativity and transmissivity (T (L2/T)) from a recovery database on both
the Theis and Cooper–Jacob solutions, Birsoy and Summer (1980) [38] proposed that the
calculation of residual drawdown after N constant rate steps in a pumping test is useful
(Supplementary Equations (S29)–(S35)).

The last equation used in this section is the empirical equation of Razack and Huntley,
rearranged and developed by the Theis method, to calculate transmissivity from specific
capacity [43,44] (Supplementary Equation (S36)).

3.2.2. Laboratory Methods

Almost all of the laboratory methods’ aim is to quantify hydraulic conductivity, and
in this regard, a huge effort has been applied in developing a variety of equations. Most of
these efforts have focused on the correlation between the grain size of materials and the Ks
value, and due to having unreliable factors or factors with uncertain values and nature and
even lack of accurate values, such as grain shape, porosity, and pore-water pressure, it is
not surprising that there is a failure run in applying them as a full representation of the Ks
value. In other words, the limitations of Ks calculation from grain size have caused the use
of a package of methods. Based on the availability and economical methods [2,12,45–57],
Devlin (2015) [58] developed a package on the Microsoft Visual Basic® code based on the
reports of Vukovic and Soro (1992), named HydrogeoSieveXL, which works on an Excel
environment, including 15 mentioned methods in this part. The HydrogeoSieveXL validity
results showed that the Ks values are perfectly matched with those of Vukovic and Soro
(1992) and Odong (2013) [50,59]; moreover, Maurya (2018), Cormican et al., (2018), Lin
(2021), and Lévy (2022) [60–63] have successfully applied this package in their studies. The
details of the methods are represented in Table S1. In this study, the HydrogeoSieveXL tool
was used to obtain a reliable Ks value for the alluvial aquifer and match the results with
other methods in Sections 3.2.1 and 3.2.3 of the methodology.

3.2.3. Empirical Methods

In this case, countless attempts have been made, and the concept of these methods has
relied on numerous parameters, such as drawdown rate, particle size, genus of lithological
units, and tectonic effects, among others. A database was developed by the StructX website
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to determine soil properties, particularly Ks values. The data are mainly extracted from
the studies of Seth (1998), Lewis et al., (2006), Hwang et al., (2017), Duffield (2019) [64–67],
and the United States Department of Agriculture, Natural Resources Conservation Service
(USDA NRCS) (n.d.) [68]. Hence, the section for hydraulic conductivity and permeability of
various soil types (structx.com), combined with reported results by Widido et al. (2017) [69],
has been used to obtain and allocate Ks value ranges for soil material and, in some cases of
geological units, to compare with other mentioned methods.

3.3. Map Generation

Geographic Information Systems (GISs) are essential for spatial analysis, especially
in interpolation methods that estimate unknown values from known data points. Among
these methods, Inverse Distance Weighting (IDW) is straightforward, while Kriging offers
a more sophisticated approach by incorporating both distance and variation among data
points. IDW assigns weights to sample points inversely proportional to the distance from
the prediction location, influenced by a power parameter [70–72]. Kriging, on the other
hand, integrates spatial autocorrelation to provide the Best Linear Unbiased Prediction
(BLUP), considering both distance and spatial arrangement [73–75]. Spatial structuration
in Kriging involves understanding spatial relationships between data points, including
anisotropy and its orientation, to recognize the range and direction of spatial continuity.
This is done by plotting variograms in different directions to identify the direction with the
greatest range [76]. The experimental variogram, a core tool in Kriging, represents spatial
dependence between sample points by calculating semivariance and modeling variograms.
This process involves computing average squared differences between data values at vari-
ous lag distances and plotting them against the lag distance [77,78], then fitting a theoretical
model, such as spherical, exponential, or Gaussian, to represent spatial continuity [79,80].
This paper uses the application of IDW and Kriging methods in GIS to produce Ks maps,
focusing on data preparation for geostatistical analysis, spatial structuration, anisotropy,
and model fitting to calibrate and validate estimated Ks through various methods that are
mentioned in Section 3.2 of Methodology.

4. Results
4.1. Field Method

Pumping tests are commonly regarded as the primary and fundamental method for
determining Ks values, yet achieving a consistent and reliable outcome poses a challenge;
hence, all methods described in Section 3.2.1 were applied to both step-drawdown and
variable rate pumping tests of AL-LG wells. The results obtained have been utilized in
subsequent sections with detailed explanations of their application. Despite the shallow
aquifer being a phreatic aquifer, the majority of drawdown-time series curves of pumping
test data indicate that the phreatic aquifer is treated similarly as a confined aquifer. This
observation may be related to the high transmissivity (T) (100–1000 m2/d) [81] of the
aquifer media since the drawdown rates, in contrast with aquifer thickness, were negligible
in most tests ((maximum drawdown (sM)/saturated thickness (m)) × 100 < 10 [82,83]
(also see Supplementary Equation (28)). Therefore, by prioritizing, the involvement of
dedicated equations of confined aquifers such as Theis and Cooper–Jacob in obtaining T
and Ks for an unconfined aquifer is allowed [36]. Moreover, there are instances where the
drawdown–time curves exhibit poor congruence with the curves designated by methods
such as Neuman, resulting in outputs that are unsuitable for utilization in subsequent
estimations. All pumping tests were performed by a single-well method, with calculations
carried out automatically and manually using AQTESOLV and Excel software in versions of
4.5 DEMO and 2013 [58,84–87], respectively. It is worth mentioning that the Ks calculations
through a specific capacity are represented in Section 4.2.2. The boundary conditions used
in AQTESOLV were limited to full penetration and a single-well pumping test wizard.
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4.1.1. AL-LG Well Results

Given the at-hand availability of pertinent data from AL-LG wells, they constitute
the primary basis for all comparative analyses. As elucidated by Mohammad Dost et al.,
(2022) [29], a crucial aspect involves evaluating the accuracy of the employed method
compared with prevailing actual conditions. Moreover, while understanding linear equa-
tions is often quicker and simpler than another model, they do not always yield highly
accurate results. All charts in the paper were tested, and the best validation rate (R-squared)
models were chosen. To analyze the validity and accuracy of the AQTESOLV results as
the automatic calculation, the linear correlation between Ks values from AQTESOLV and
manual calculation by the Cooper–Jacob method for an unconfined aquifer based on con-
stant rate pumping tests was calculated, which is 98.9% (Figure 5b). Consequently, the
results obtained from pumping tests can be utilized to validate the outcomes of the next
step, the conventional approach for assigning hydraulic conductivity values to geological
units within a saturated zone. Moreover, Figure 5a,b show that Ks values are in the ranges
of 13.6–786.0 m/d, which indicates the high permeability of the aquifer media. The highest
values are associated with the Logar district located alongside the Logar River as the name
of LG wells and the highest values of AL wells and the name of Alaudin wells are related
to the Kabul riverbed.
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Figure 5. (a) Ks values, (b) linear correlation of AL-LG wells between Ks values from AQTESOLV
and manual calculation by the Cooper–Jacob method.

According to the objectives of this research, identifying the most suitable analysis
and interpretation of the pumping test considering the regional conditions and constraints
inherent in each method is imperative. Hence, from among the AL-LG wells, four wells
were earmarked as indices for the comparative juxtaposition of the mentioned methods in
the methodological section.

As illustrated in Figure 6a, among nine applied methods, the apical values gained
from Theis equation in confined aquifers for the step-drawdown pumping test and the
nadir values corresponding to the Tartakovsky–Neuman and Neuman methods in uncon-
fined aquifers deviated from anticipations. The optimal outcomes were affiliated with
the Cooper–Jacob method in confined aquifers, employing constant-rate pumping tests,
followed by the Theis method in unconfined aquifers from the step-drawdown pumping
test and recovery test method. Despite the lack of notable differences in outcomes between
both confined and unconfined aquifer environments, the findings suggest that the reliability
of results derived from employing these methods is higher in confined aquifers. Moreover,
as evident, the hydraulic conductivity and, consequently, the aquifer’s transmissivity are
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within a high range. Despite the aquifer in the study area being predominantly unconfined,
the majority of drawdown–time curves from conducted pumping tests exhibit low draw-
down rates and characteristics similar to confined aquifers, thus indicating that the notably
high drawdown rates described in the geological section as a result of overexploitation
appear entirely logical.
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Validation results of the Cooper–Jacob, Theis, and Recovery Test methods across
the constant-rate and step-drawdown pumping tests, which demonstrate the highest
compatibility with real aquifer conditions, are illustrated in Figure 7a–d. The correlation
coefficients lie on a good and 68.8%, 71.7%, 61.1%, and 70.5% ranges for the Theis and
Cooper–Jacob methods in the step-drawdown pumping test, Theis with the step-drawdown
pumping test and Cooper–Jacob with a constant rate pumping test, Cooper–Jacob with
the step-drawdown and constant rate pumping test, and Theis and the Recovery Test
method in the step-drawdown pumping test, respectively. These indicate the usability of
the considered methods and the raw data analysis methods. Additionally, the obtained
correlation equations can be locally applied to estimate the value of one method from
another one.
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4.2. Empirical Method

In employing the conventional approach, the allocation of Ks values to geological
and soil materials can predict overall Ks values across the entire well logs. To determine
Ks values for each geological unit and classified soil type, an initial and imperative step
involves the calculation of the overall Ks values via pumping tests. Subsequently, in a
secondary phase, the assignment of Ks values from the existing literature becomes viable.
Hence, as delineated in Section 4.1.1, the computation of the overall Ks values for AL-LG
wells has been conducted, and then, calculations for the Ks values of each geological
unit and classified soil types were initially performed for AL-LG wells, followed by the
application of the obtained results to old, piezometric, and PW wells.

4.2.1. AL-LG Wells Results

After obtaining the total hydraulic conductivity values for the entire AL-LG well
column through pumping tests, by referring to the extant references mentioned in the
methodology section, the hydraulic conductivity values for each geological segment of
the wells were determined using a thorough expertise manner. Figure 6b delineates
five cohorts of alluvial aquifer units in the area, including gravel, sand, silt, clay, and
conglomerate, which is hard and porous. For each of them, the proffered maximum,
minimum, and average hydraulic conductivity values by reclassifying and averaging the
all-same segments related to the well logs have been calculated. Given the preponderance
of gravel and sand in the aquifer composition, anticipating high hydraulic conductivity
values in the majority of wells is reasonable. The correlation coefficients of AL-LG wells
achieved a very good category and 71.5%, 75.0%, 72.2%, and 78.8% ranges for the Cooper–
Jacob method in manual and AQTESOLV calculations with a constant rate pumping test,
and Theis and Cooper–Jacob methods with the step-drawdown pumping test in contrast
with the resulting Ks from reclassifying geological units Ks, respectively (Figure 8a–d). The
presented values in Figure 6b were applied to all wells with drilling logs, the results of
which are discussed in detail in the subsequent sections.
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Moreover, as the drilling logs of AL-LG wells also encompassed data on the soil classi-
fication of the US, a reclassification was applied alongside the geological reclassification
on the alluvial aquifer. As presented in Figure 9, 24 categories for the soil type have been
obtained. The range of variations for the reclassification of geological classification and
aquifer soil type spans from 0.3 to 485.1 m per day and 0.006 to 248.1, respectively. To
determine the validity of derived Ks values from both classifications, the values were metic-
ulously reapplied to the respective AL-LG wells. A correlation rate of 70.4% was obtained
between these two types of classification, and a resultant correlation rate for geological
classification, vis-à-vis the recovery test, lay on 63.6% (Figure 8e,f). Therefore, the utilization
of values derived from this method appears suitable for wells without pumping tests.
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4.2.2. Old Well Results

Through the application of a specified numerical range to old well logs in the study
area, average hydraulic conductivity (Ks) values for each well were computed. The wells
also had specific capacity values documented in old reports. Using the Razack and Huntley
(1991) [44] equation, transmissivity (T) and hydraulic conductivity (Ks) were calculated
(Figure 10a,b).

Unfortunately, as shown in Figure 10c,d, the correlation coefficients between the
geological classification Ks and specific capacity and Ks derived from a specific capacity
exhibit notably low values. These differences may stem from hydrogeological changes
over the past 40 years, particularly during the last two decades, indicating significant
stresses on the aquifer. Consequently, these parameters may not show a correlation due to
alterations in the aquifer’s hydrogeological conditions. It is important to note that many
of the mentioned old wells either are now dry or have been developed. Therefore, the
expected consistency of values under current conditions with those from 40 years ago
cannot be guaranteed.

The percentage of gravel across the well column was compared with the transmissivity
values obtained from the Razack and Huntley method, the specific capacity of the wells,
and Ks values obtained from the geological classification method, showing no significant
correlation (Supplementary Figure S1a–d).
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using geological units in contrast with specific capacity; (d) obtained Ks from Razack and Huntley
equation.

4.2.3. Piezometric Well Results

The 2019 piezometric wells in Kabul offer detailed geological and soil data, includ-
ing gravel, sand, silt, and clay percentages in each well segment, enhancing hydraulic
conductivity calculations. To assess the impact of increased detail, hydraulic conductivity
was initially calculated using general geological descriptions of each segment from the
well drilling logs, then recalculated with the inclusion of percentages for each class in
each segment (Figure 11c). Additionally, hydraulic conductivity was determined using
US soil classification data. As expected, the validity increased by 10.7% (from 51.6% to
62.3%) compared with the method using general geological descriptions (Figure 11a,b). The
correlation between calculations using the expanded data volume and initial calculations
was 79.2%, indicating reliable results and improved prediction accuracy with increased
data (Figure 11c).



Water 2024, 16, 2204 16 of 27
Water 2024, 16, x FOR PEER REVIEW 17 of 28 
 

 

  
(a) (b) 

 
(c) 

Figure 11. (a) Relationships between calculated Ks from soil classification of United States and com-
puted Ks through expertise manner using geological units; (b) computed Ks through expertise man-
ner using geological units with allocating percentages of each unit; (c) computed Ks through exper-
tise manner using geological units and with allocating percentages of each unit. 

The analysis examined the trend of hydraulic conductivity changes concerning the 
increase in material percentage in each segment of the geological classification. Further-
more, variations in hydraulic conductivity classes regarding the increase in targeted ma-
terial percentage across the entire well log were investigated. As shown in Figure 12a–d, 
an increase in hydraulic conductivity corresponds to an increase in gravel, sand, silt, and 
clay percentages, with positive correlations of 80.2%, 77.5%, 70.0%, and 54.0%, respec-
tively, falling within the ranges of very good to weak correlation. 

Figure 11. (a) Relationships between calculated Ks from soil classification of United States and
computed Ks through expertise manner using geological units; (b) computed Ks through expertise
manner using geological units with allocating percentages of each unit; (c) computed Ks through
expertise manner using geological units and with allocating percentages of each unit.

The analysis examined the trend of hydraulic conductivity changes concerning the
increase in material percentage in each segment of the geological classification. Furthermore,
variations in hydraulic conductivity classes regarding the increase in targeted material
percentage across the entire well log were investigated. As shown in Figure 12a–d, an
increase in hydraulic conductivity corresponds to an increase in gravel, sand, silt, and clay
percentages, with positive correlations of 80.2%, 77.5%, 70.0%, and 54.0%, respectively,
falling within the ranges of very good to weak correlation.
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Figure 12. (a) Correlation rates between average Ks and percentage of particles for each geological
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4.2.4. PW Wells

After assessing the enhanced accuracy achieved by utilizing detailed data from each
drilling log segment in piezometric wells, hydraulic conductivity values from the geological
classification of AL-LG wells were applied to the PW wells. It is important to note that the
aquifer material in this category mainly comprises gravel, sand, and clay, with a limited
presence of conglomerate and silt materials within these wells being more noticeable.
Figure 13a illustrates the correlation between the percentage of geological classes across the
entire well column and the increase in average hydraulic conductivity of the classes. As
evident, the correlation coefficients range from excellent to very good, with values of 93.2%,
92.9%, 85.0%, 75.7%, and 75.1% for conglomerate, sand, gravel, silt, and clay, respectively.
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Additionally, the trend of increasing hydraulic conductivity for each material com-
pared with the overall well column is depicted in Figure 13b. As anticipated, the rising
trend of hydraulic conductivity correlates at 69.7% for gravel material, indicating a positive
association. Conversely, for silt and conglomerate, the increase in hydraulic conductivity is
accompanied by correlation coefficients of 95.9% and 75.6%, respectively, suggesting a no-
tably negative impact of these factors on the overall well hydraulic conductivity. Both sand
and clay exhibit low correlation coefficients and subtle variations in hydraulic conductivity,
but generally, the highest hydraulic conductivity values in the well column are linked to
the lowest hydraulic conductivity values of these two materials. Consequently, increased
mixing of fine and coarse particles leads to uniformity in the hydraulic conductivity of the
entire aquifer media. In PW wells, the increase in hydraulic conductivity aligns with the
predominance of gravel compared with other materials, resulting in a simultaneous rise in
gravel material conductivity.

4.3. Laboratory Methods

Generally, the derivation of hydraulic conductivity through soil grain size analysis is
conducted in the laboratory under saturated conditions. Due to constraints and the lack
of suitable tools and laboratory equipment to estimate hydraulic conductivity, reliance on
equations derived from previous research was prioritized. Grain size analysis was per-
formed on AL-LG wells, and the raw results were processed through the HydrogeoSieveXL
tool version 2.3.9.

The average results obtained are presented in Figure 14, characterizing higher values
due to sampling segments with the highest hydraulic conductivity without considering
aquifer thickness; hence, the results are comparable with transmissivity values in the
segments based on geological classification. Furthermore, correlation rates were calculated
between the average hydraulic conductivity of fine gravel and coarse sand and the overall
average hydraulic conductivity derived from the 15 mentioned methods, resulting in 99.5%
and 60.6%, respectively. The linear and nearly direct correlation trends of fine gravel
suggest the highest impact on the overall Ks, followed by coarse sand. Other particle
sizes showed no significant relationship with the overall Ks (Figure 15). The results show
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that the Kruger, Zamarin, Zunker, Sauerbrei, and Chapuis measurement methods have
correlation rates of 63.4%, 63.4%, 63.1%, 62.6%, and 48.7%, respectively, falling within good
to acceptable ranges (Figure 16b).
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Moreover, the predominant increase in hydraulic conductivity values is related to
the percentage of gravel in the samples, demonstrating a positive correlation, despite the
negative correlation in other particle sizes. After gravel, the percentage of medium sand
exhibits the highest correlation with the decline in hydraulic conductivity, as the reduction
in medium sand percentage is associated with an increase in hydraulic conductivity. Al-
though this reduction is not straight and linear, in the high ranges of hydraulic conductivity,
it has a steep slope. A similar behavior is noted for fine sand, showing a significant impact
at high hydraulic conductivity values. However, the behavior of coarse sand is less clear
due to its low correlation and varied percentages across different hydraulic conductivity
ranges. In conclusion, the complex interaction of various grain sizes, particularly in sand
with different particle sizes, creates heterogeneity in the results. The correlation coefficients
between particle size percentage in the samples and hydraulic conductivity range from
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highest to lowest for medium sand, fine gravel, fine sand, and coarse sand, registering
86.5%, 71.1%, 64.0%, and 35.9%, respectively (Figure 16a).

Water 2024, 16, x FOR PEER REVIEW 21 of 28 
 

 

  
(a) (b) 

Figure 16. (a) The correlation curves between particle size percentage in the samples and average 
hydraulic conductivity of fine gravel, medium, fine, and coarse sand; (b) transmissivity (T) in geo-
logical segments across the derived Ks of Kruger, Zamarin, Zunker, Sauerbrei, and Chapuis meas-
urement methods. 

5. Discussion: Evaluation of the Implemented Methods 
Hydraulic conductivity values were computed for all the mentioned well categories 

based on different approaches. As delineated in Figure 17a, AL-LG wells exhibit the high-
est recorded values, followed by PW and subsequently DACAAR wells, with average val-
ues of 159.7, 115.9, and 104.5 (m/d), respectively. Due to their strategic positioning within 
the vicinity of current riverbeds and providing valuable insights into groundwater dy-
namics, all three categories of wells were selected for hydrogeological investigations. 
From the perspective of the locational wells’ dispersion, piezometric and old wells, with 
average Ks values of 64.3 and 68.4 m/d, respectively, exhibit greater spatial dispersion 
compared with the aforementioned three categories, chosen respectively for monitoring 
both quantitative and qualitative fluctuations of groundwater and groundwater extrac-
tion. Therefore, considering that the infiltration rate and hydraulic conductivity within 
riverbeds significantly exceed those in other parts of the Kabul City plain, it is natural that 
the overall hydraulic conductivity in wells near riverbeds is higher than in other wells. 
Additionally, urbanization and subsequently groundwater extraction from other parts of 
the aquifer have led to a permanent decline in water levels and aquifer compaction. On 
the other hand, the homogeneity and isotropy of the shallow phreatic aquifer in the study 
area are at a very low level, so hydraulic conductivity fluctuations in wells even close to 
each other are not easily recognized. According to the calculations performed on the wells, 
the hydraulic conductivity has been obtained in the range of 8.5–315.2 m/d, and the aver-
age hydraulic conductivity of all wells in the area is 102.5 m/d (Figure 17a). The range 
obtained is significantly influenced by the geological setting. In areas where gravel and 
sand predominate in well logs, Ks values tend to be higher, whereas in areas dominated 
by other geological formations, Ks values are lower. As indicated by the results (Tables 1 
and 2 and Figures 2 and 18a), the thickness of geological unit diversity in the shallow 
aquifer predominantly falls within high ranges. Therefore, it seems logical to obtain high 
ranges of Ks values. 

Figure 16. (a) The correlation curves between particle size percentage in the samples and average
hydraulic conductivity of fine gravel, medium, fine, and coarse sand; (b) transmissivity (T) in
geological segments across the derived Ks of Kruger, Zamarin, Zunker, Sauerbrei, and Chapuis
measurement methods.

5. Discussion: Evaluation of the Implemented Methods

Hydraulic conductivity values were computed for all the mentioned well categories
based on different approaches. As delineated in Figure 17a, AL-LG wells exhibit the
highest recorded values, followed by PW and subsequently DACAAR wells, with average
values of 159.7, 115.9, and 104.5 (m/d), respectively. Due to their strategic positioning
within the vicinity of current riverbeds and providing valuable insights into groundwater
dynamics, all three categories of wells were selected for hydrogeological investigations.
From the perspective of the locational wells’ dispersion, piezometric and old wells, with
average Ks values of 64.3 and 68.4 m/d, respectively, exhibit greater spatial dispersion
compared with the aforementioned three categories, chosen respectively for monitoring
both quantitative and qualitative fluctuations of groundwater and groundwater extraction.
Therefore, considering that the infiltration rate and hydraulic conductivity within riverbeds
significantly exceed those in other parts of the Kabul City plain, it is natural that the overall
hydraulic conductivity in wells near riverbeds is higher than in other wells. Additionally,
urbanization and subsequently groundwater extraction from other parts of the aquifer
have led to a permanent decline in water levels and aquifer compaction. On the other
hand, the homogeneity and isotropy of the shallow phreatic aquifer in the study area
are at a very low level, so hydraulic conductivity fluctuations in wells even close to each
other are not easily recognized. According to the calculations performed on the wells,
the hydraulic conductivity has been obtained in the range of 8.5–315.2 m/d, and the
average hydraulic conductivity of all wells in the area is 102.5 m/d (Figure 17a). The range
obtained is significantly influenced by the geological setting. In areas where gravel and
sand predominate in well logs, Ks values tend to be higher, whereas in areas dominated by
other geological formations, Ks values are lower. As indicated by the results (Tables 1 and 2
and Figures 1 and 18a), the thickness of geological unit diversity in the shallow aquifer
predominantly falls within high ranges. Therefore, it seems logical to obtain high ranges of
Ks values.



Water 2024, 16, 2204 21 of 27Water 2024, 16, x FOR PEER REVIEW 22 of 28 
 

 

  
(a) (b) 

Figure 17. (a) Results of average, maximum, and minimum hydraulic conductivity separated by 
well categories; (b) calculation methods. 

In general, Figure 17b has been created to compare the scale of results obtained from 
different hydraulic conductivity calculation methods. Following the computation of max-
imum, minimum, and average values across all wells in the study area, the impact of scal-
ing the raw data entered into the methods becomes apparent when juxtaposed with the 
hydraulic conductivity values derived from computational methods. In Figure 17b, from 
left to right, the scale of information and raw data entered into the wells increases. In these 
wells, two methods for calculating hydraulic conductivity through specific capacity and 
sieve analysis, respectively, due to the shallowness and high spatial dispersion of the old 
wells, and soil sampling from segments with the highest hydraulic conductivity levels are 
lying on low and high ranges of hydraulic conductivity. Therefore, as mentioned before 
by Nassimi and Mohammadi (2016) [88], these results explicitly indicate that as the scale 
of raw data entered into various computational methods for hydraulic conductivity cal-
culations increases, the resulting hydraulic conductivity values from these methods will 
also be greater. Furthermore, a reliable estimate of hydraulic conductivity for a given 
point is achieved through the utilization of various methods. Each method establishes dif-
ferent rules and constraints along with s low level of the homogeneity and isotropy of the 
aquifer, leading to an approximate estimate of hydraulic conductivity, showing excessive 
scattering between data points in some figures, such as Figures 7d, 11a,b, and 12a. The 
results caution against overlooking the scale at which Ks values are measured when in-
corporating them into numerical models. Failure to consider this scale disparity between 
observation and the model can lead to undefined predictions and decrease their reliabil-
ity. Thus, it emphasizes the importance of accounting for scale differences to maintain the 
accuracy and validity of model predictions [11]. 

Overall computed hydraulic conductivity (Ks) from AL-LG, PW, piezometric, 
DACAAR, and old wells and obtained drawdown rates from monitoring wells in the 3 
years from the water year 2016 to 2019 (Figures 1 and 2) have been imported into the GIS 
environment and interpolated within the study area by Inverse Distance Weighting (IDW) 
and Kriging methods [29], respectively (Figure 18a,b). It is worth mentioning that the in-
terpolation parameters include a pixel size of 12.5m × 12.5m and a search radius of 12 
points. For Kriging, the method used is ordinary Kriging with a spherical semivariogram 
model, while for IDW interpolation, a power of 2 is used. By reclassifying and intersecting 

Figure 17. (a) Results of average, maximum, and minimum hydraulic conductivity separated by well
categories; (b) calculation methods.

Water 2024, 16, x FOR PEER REVIEW 23 of 28 
 

 

these two parameters, the average of the drawdown rate in each class of the overall aver-
age Ks parameter has been achieved. As shown in Figure 18c, the average accuracy of Ks 
is 77.0% for all classes, and when excluding classes C1, C6, and C10, it increases to 97.2%, 
demonstrating the reliability and applicability of the computed Ks. Furthermore, areas 
with high Ks values were found to correspond to zones exhibiting lower drawdown rates, 
indicating the role of the percolation process in declining the tensions on the shallow aq-
uifer. The average value of the Ks map has been obtained as 70.6 m/d, closely approaching 
the average of all methods and the geological classification method based on derived Ks 
from pumping test results in Figure 17b, emphasizing high compatibility with the real 
conditions of the shallow aquifer. 

  
(a) (b) 

 
(c) 

Figure 18. (a) Produced maps of overall computed hydraulic conductivity (Ks) from AL-LG, PW, 
piezometric, DACAAR, and old wells; (b) drawdown rate from monitoring wells; (c) classification 
and validation rate of Ks map by comparison with drawdown rate map. 

This study has proven that the consequence of pumping test results, the utilization 
of predetermined values derived from empirical and laboratory approaches, while con-
sidering geological and classified soil materials, is a useful tool to achieve reliable Ks val-
ues through cost-effective and quick results, instead of applying expensive tests in arid 

Figure 18. (a) Produced maps of overall computed hydraulic conductivity (Ks) from AL-LG, PW,
piezometric, DACAAR, and old wells; (b) drawdown rate from monitoring wells; (c) classification
and validation rate of Ks map by comparison with drawdown rate map.



Water 2024, 16, 2204 22 of 27

In general, Figure 17b has been created to compare the scale of results obtained
from different hydraulic conductivity calculation methods. Following the computation of
maximum, minimum, and average values across all wells in the study area, the impact of
scaling the raw data entered into the methods becomes apparent when juxtaposed with
the hydraulic conductivity values derived from computational methods. In Figure 17b,
from left to right, the scale of information and raw data entered into the wells increases. In
these wells, two methods for calculating hydraulic conductivity through specific capacity
and sieve analysis, respectively, due to the shallowness and high spatial dispersion of
the old wells, and soil sampling from segments with the highest hydraulic conductivity
levels are lying on low and high ranges of hydraulic conductivity. Therefore, as mentioned
before by Nassimi and Mohammadi (2016) [88], these results explicitly indicate that as the
scale of raw data entered into various computational methods for hydraulic conductivity
calculations increases, the resulting hydraulic conductivity values from these methods will
also be greater. Furthermore, a reliable estimate of hydraulic conductivity for a given point
is achieved through the utilization of various methods. Each method establishes different
rules and constraints along with s low level of the homogeneity and isotropy of the aquifer,
leading to an approximate estimate of hydraulic conductivity, showing excessive scattering
between data points in some figures, such as Figure 7d, Figure 11a,b and Figure 12a.
The results caution against overlooking the scale at which Ks values are measured when
incorporating them into numerical models. Failure to consider this scale disparity between
observation and the model can lead to undefined predictions and decrease their reliability.
Thus, it emphasizes the importance of accounting for scale differences to maintain the
accuracy and validity of model predictions [11].

Overall computed hydraulic conductivity (Ks) from AL-LG, PW, piezometric, DA-
CAAR, and old wells and obtained drawdown rates from monitoring wells in the 3 years
from the water year 2016 to 2019 (Figures 1 and 2) have been imported into the GIS envi-
ronment and interpolated within the study area by Inverse Distance Weighting (IDW) and
Kriging methods [29], respectively (Figure 18a,b). It is worth mentioning that the interpo-
lation parameters include a pixel size of 12.5m × 12.5m and a search radius of 12 points.
For Kriging, the method used is ordinary Kriging with a spherical semivariogram model,
while for IDW interpolation, a power of 2 is used. By reclassifying and intersecting these
two parameters, the average of the drawdown rate in each class of the overall average
Ks parameter has been achieved. As shown in Figure 18c, the average accuracy of Ks is
77.0% for all classes, and when excluding classes C1, C6, and C10, it increases to 97.2%,
demonstrating the reliability and applicability of the computed Ks. Furthermore, areas
with high Ks values were found to correspond to zones exhibiting lower drawdown rates,
indicating the role of the percolation process in declining the tensions on the shallow aquifer.
The average value of the Ks map has been obtained as 70.6 m/d, closely approaching the
average of all methods and the geological classification method based on derived Ks from
pumping test results in Figure 17b, emphasizing high compatibility with the real conditions
of the shallow aquifer.

This study has proven that the consequence of pumping test results, the utilization of
predetermined values derived from empirical and laboratory approaches, while considering
geological and classified soil materials, is a useful tool to achieve reliable Ks values through
cost-effective and quick results, instead of applying expensive tests in arid and semi-arid
areas. Furthermore, all applicable methods have inherent uncertainties and constraints,
leading to a wide range of results. In this article, only reliable results are presented to
avoid discrepancies with real aquifer conditions or unrealistic outcomes and to adhere to
length circumscription.
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6. Conclusions

Because the study area has been under severe water crisis and stress in the last few
decades, the utilization of indirect methods was deemed necessary to estimate hydraulic
conductivity and prevent jeopardizing the aquifer. The indirect methodology is particularly
useful in regions where there is an unfavorable balance between water demand and
availability, especially in areas where the volumes and seasonal distribution of water
abstraction are unknown. However, the primary objective of this paper is to estimate
reliable Ks through a combination of field, laboratory, and empirical methods applicable
in the region in response to improving the management of groundwater abstraction and
regional-scale overview of Ks. In the field, laboratory, and empirical or manual calculation
methods, the Theis and Cooper–Jacob equations; the Kruger, Zamarin, Zunker, Sauerbrei,
and Chapuis methods; and importing a well log dataset from each segment were in the
good correlation rate ranges (60.0% to 75.0%). Moreover, the estimated Ks values related
to alluvial particle sizes and geological classification were in the ranges of 8.6 × 10−5 to
4320 m/d, from hard conglomerates and shale to coarse gravel genus. As the predominant
hydraulic conductivity of the shallow aquifer media lies within the gravel and sand parts,
the obtained results fall within the high range of Ks classification, ranging from 30.0 to
139.8 m/d across various calculation methods. The impact of scaling was discerned in
the computations, indicating a direct correlation wherein the magnitude of hydraulic
conductivity increases proportionally with the augmentation of the raw data input scale.
The resulting Ks map emphasizes a high accuracy (77.0%) with the real conditions of
the aquifer regarding the drawdown rate map to discover the vulnerable areas. As a
result, obtaining a reliable estimate of hydraulic conductivity requires the utilization of
various methods, which entail the acquisition of extensive datasets. Nonetheless, cost-
effective methodologies can be prioritized in this endeavor due to the lower costs and
quick results. Applying the methods and results of this study to arid and semi-arid areas is
highly recommended because obtaining accurate hydraulic conductivity in these areas is
considered difficult and far from expected due to the endangerment of water resources.
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mdpi.com/article/10.3390/w16152204/s1, Figure S1: Correlation coefficients for (a) the Ks values
ratio obtained from the geological classification method and (b) the percentage of gravel across the
well column; (c) the transmissivity values obtained from the Razack and Huntley method; (d) Ks
values by the specific capacity of the wells (d) showing no significant.; Table S1: The chosen equations
linking hydraulic conductivity, porosity, and effective grain size ex-tended by Devlin, 2015, and
Vukovic and Soro, 1992, [50,88]. References [89,90] are cited in the Supplementary Materials.
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