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Abstract

Reliable estimates of aquifer properties are needed for groundwater resources management
and for engineering applications. Pumping tests conducted in fractured aquifers using
an open borehole may not produce a proper characterization of the aquifer properties
leading to the failure of engineering solutions. In this work, we apply a radial flow model
to reproduce the time drawdown curves recorded at an observation borehole instrumented
with multi-level piezometers drilled in the Permo-Triassic sandstone, which is a complex
fractured hydraulic unit. The radial flow model and the optimization code PEST are used to
estimate the aquifer hydraulic parameter values. The model is then used to investigate the
implications of replacing the multi-level piezometers with an open borehole. The results
show that the open borehole does not only significantly alter the groundwater head and
flow patterns around the borehole, but the analysis of the time drawdown curve obtained
would produce estimates of aquifer properties that bear no relationship with the actual
hydraulic properties of the aquifer. For engineering control studies, the pumping test must
be carefully designed to account for the presence of fractures, and these must be represented
in the analysis tools to ensure the correct characterization of the hydraulic system.

Keywords: groundwater; pumping test; open borehole; radial flow modeling; fractured
aquifer; Permo-Triassic sandstone

1. Introduction

Reliable estimates of aquifer properties are needed to inform a range of groundwater
activities, including sustainable groundwater abstraction, management of aquifers, engi-
neering applications and others. Urban construction activities, which can be affected by
shallow groundwater, is an example where groundwater control may need to be put in
place to allow the engineering activities in the short term and to prevent the long-term
problem of groundwater flooding. For example, dewatering schemes, involving pumping
water out of the aquifer are used to minimize the groundwater effects on structures and
to create dry excavation pits at construction sites [1,2]. The design of these schemes is in-
formed by detailed conceptual models of the groundwater system, which provide estimates
of groundwater levels and flows, the hydraulic characteristics of the aquifer, especially
spatial heterogeneity of transmissivity and storage, and recharge and discharge to and from
the aquifer [3,4].
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One method to acquire values of porosity and permeability to inform a conceptual
groundwater model is by the laboratory analysis of core plugs taken from cored boreholes.
However, these small-scale experiments yield results that are representative of the sample
location only. Down-hole geophysical techniques, on the other hand, provide indications
of the flow mechanism but do not yield precise quantitative data [5]. Other experiments,
for example, the use of saline tracer tests allow the determination of the location of in-
flowing and out-flowing fractures inside a borehole [6]. Pumping tests, when undertaken
in conjunction with suitable measurements, can test the response of the aquifer over larger
rock volumes. However, interpretation and analysis of pumping test data in complex,
fractured aquifers is not straightforward and simple analytical solutions that assume
aquifer homogeneity are not applicable [7-10]. Furthermore, understanding how pumped
and observation boreholes interact with the hydrological system is key as open boreholes
may act as a large fissure and disturb the groundwater regime [11]. The instrumentation
of observation boreholes, therefore, with isolated piezometers installed along the depth
of the borehole can provide key information that allow the construction of an accurate
representation of the flow pattern across the hydrogeological system [12]. The challenge,
however, is to interpret the test results while capitalizing on the large amount of field data
collected at these piezometers.

Several methods are used to interpret pumping test data and can be divided into two
methods to solve the radial flow equations: analytical or exact solutions and numerical
methods or numerical approximations [13,14]. While several analytical methods have
been developed to deal with complex pumped borehole and aquifer hydrogeological set-
tings, e.g., the methods incorporated in the AQTESOLYV software [15], these methods rely
on a simplified conceptualization of the hydraulic system. These simplifications include
the representation of the internal and external boundary conditions and the assumption
of homogeneous hydraulic properties. Ref. [16] discusses state-of-the-art methods used
for the interpretation of pumping test data obtained from fractured aquifers and based
on analytical solutions and type curves. Numerical methods, even though they do not
provide a continuous solution across the hydrogeological domain like analytical solu-
tions, they account for more complex boundary conditions and vertical and horizontal
heterogeneity [17]. Most importantly they allow the calculation of fluxes across the domain,
which can inform the conceptual model.

In the United Kingdom, the Permo-Triassic sandstone aquifer is a major aquifer that
provides important groundwater resources for large-scale public and industrial water
supply, with the Sherwood Sandstone Group forming the most important aquifer [18].
Although often considered a largely homogeneous aquifer, the complex hydrogeological
nature of the Permo-Triassic sandstone was recently highlighted by the work of [19] through
the analysis of groundwater hydrographs recorded at boreholes drilled in the Penrith Sand-
stone and the St. Bees sandstone. Their analysis of aquifer property data showed extensive
variation in porosity and permeability with depth. The Penrith Sandstone, for example,
shows a complex layering of interbedded hard silicified materials comprising friable beds
and coarse beds of sandstone. The impact of geological heterogeneity on the groundwater
system within the sandstone aquifers had been previously underestimated, for example,
the aeolian facies of the Penrith Sandstone have been hypothesized as homogeneous [19].
Averaging the permeability and groundwater flows vertically across the aquifer, therefore,
is not always a valid assumption.

In 1978, a five-year program of investigation was initiated by the North West Water
Authority in England to address the management options to protect the Permo-Triassic
aquifer against saline intrusion and connate saline groundwater problems [20]. A range
of techniques, including pumping tests, laboratory tests, packer testing, and piezometer
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tests, were employed to understand the groundwater dynamics of the system and to
assess aquifer properties. A pumping test was carried out at Kenyon Junction, situated
on the Sherwood Sandstone aquifer in north-west England, with an observation borehole
instrumented with multi-level piezometers. The Kenyon Junction pumping test results
demonstrate the complexity of the hydraulic system in the Sherwood Sandstone Group
and how results obtained from open observation boreholes can be misleading.

Ref. [20] provide a permeability profile of the aquifer at the Kenyon Junction borehole
using differential temperature, with distinct horizons representing fissured zones contribut-
ing to the flow in the borehole. Ref. [12] analyze the results of the Kenyon Junction pumping
test using a numerical model consisting of two layers. The upper layer represents the water
table, and the lower layer represents the average drawdown in the aquifer. The model is
based on the approach detailed by [14], where they use an exponential mathematical equa-
tion to represent the delayed yield of water from the phreatic surface [21,22]. However, the
use of the delayed yield approach is superseded by the work of [23] who demonstrates that
the process of delayed response in a pumped homogeneous anisotropic unconfined aquifer
can be reproduced by using constant values of specific storage and specific yield [24]. In
addition, the model used by [14] falls short from using all the piezometer data and relies
on averaging the permeability over the depth of the aquifer, yielding limited information
on the vertical permeability profile.

Studies that use boreholes equipped with multi-level piezometers to explore ground-
water flow movement and estimate aquifer characteristics include [25] who presented a
methodology based on the use of a multi-level sampling well in conjunction with a series
of short pumping test to create a hydraulic tomography of the aquifer. Ref. [26] developed
a numerical model based on the Galerkin finite-element approach to solve axisymmetric
flow problems involving pumping from multi-layered aquifers. Ref. [27] employ a hybrid
genetic/Levenberg-Markardt algorithms alongside Neuman and Witherspoon model to
estimate the hydraulic parameters of multiple alternating aquifers and aquitards in Tianjin,
China. Ref. [28] analyzed pumping test results at multi-level piezometers for groundwater
flow control using a cutoff wall in a large-scale excavation site in Tokyo, Japan. They
applied an axisymmetric finite-element groundwater model to evaluate the hydraulic
parameter values and develop an understanding of the correlation among the cutoff wall
length, discharge and drawdown and highlight the effectiveness of using multi-aquifer
pumping test to produce the aquifer hydraulic parameter values across the aquifer lay-
ers to allow groundwater flow control. Ref. [29] used the numerical model MODFLOW
and multilayer analytical approaches (see [30]) to highlight how multi-depth pumping
tests have the capability to estimate aquifer characteristics and resolve uncertainties for
groundwater management and exploration, a practice that is not being used regularly
by hydrogeologists.

The aim of this work is to explore the behavior of the sandstone aquifers by revisiting
the pumping test conducted at Kenyon Junction site using techniques that exploit recent ad-
vances in numerical modeling. We illustrate how detailed piezometric data can be analyzed
using complex numerical models to characterize the hydraulic properties of the aquifer at
different depths. We use optimization tools to estimate the hydraulic parameter values, a
task that is difficult to achieve considering the number of parameters involved [31]. This
methodology may prove essential for the analysis of the hydrogeological results obtained
from complex field experiments such as those produced by the new NERC/UKRI research
facility on the Sherwood sandstone in Cheshire, called the Cheshire Observatory [32,33].
Finally, we apply the developed numerical model to demonstrate the importance of using
multilevel piezometer boreholes to characterize complex hydrogeological systems. A the-
oretical scenario is considered where the observation borehole is assumed to be an open
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borehole and in connection with the different layers within the aquifer. We contrast the
differences between data obtained from the open borehole and those obtained from the
borehole with multi-piezometers to illustrate the errors resulting from this simplification
when determining the aquifer properties and the consequent adverse impact this may have
on conceptual understanding of the aquifer, for example, for construction dewatering in
urban development projects.

2. Study Area and Conceptual Model

The pumping test was conducted at the Kenyon Junction in the Permo-Triassic Sand-
stone aquifer of the Lower Mersey Basin in northwest England (Figure 1). The Sherwood
Sandstone Group, which reaches a thickness of 500 m locally, is a fine to medium-grained
sandstone and forms the major aquifer in the area [20]. The intergranular permeability and
fissure development make the potential of groundwater flow within the aquifer [12].
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Figure 1. Abstraction and observation boreholes at Kenyon Junction site in northwest England.
‘Contains OS data © Crown copyright and database rights 2025’.

The pumped and observation boreholes are 34.5 m apart [12]. The pumped borehole
is drilled to a depth of approximately 91.5 m and has multiple sections with different
diameters. The upper section is cased and just meets the rest water table as illustrated
in Figure 2. The average diameter of the remaining sections of the pumped borehole is
approximately 60 cm. The observation borehole, which is equipped with seven piezometers
as shown in Figure 2 is 100 m deep. The piezometers are 25 mm in diameter and have short,
screened sections of 1 m in contact with the aquifer [12]. The positions of these piezometers
are shown in Figure 2. The upper piezometer is very close to the position of the rest water
table and groundwater heads recorded at this piezometer are assumed to represent the
water table elevation with time.

The pumping test consists of a pumping phase lasting one day with an abstraction rate
of 1619 m3/day followed by a recovery phase. The test results from the pumping phase are
used in the analysis presented in this work.
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Figure 2. Conceptual representation of the hydrogeological layered system and the corresponding
numerical discretization.

The right illustration in Figure 2 shows the observation borehole drilled from ground
surface down to 100 m together with the pumped well, the seven piezometers, and the
rest water depths from the ground surface. The piezometers in this figure are labeled
from P1, the deepest piezometer to P7, the shallowest one. The conceptual model of the
hydrogeological system consists, therefore, of seven saturated horizons, the depths of which
are determined in such a way that the piezometers occupy the middle of these horizons.
One extra layer is added at the base to represent the part of the aquifer that is not in contact
with either the pumped or the observation boreholes. The pumped borehole occupies the
center of the aquifer in the model and is in contact with the upper six geological layers as
shown in Figure 2.

The physical information available indicates that the pumped borehole partially pen-
etrates the aquifer, and the solid casing is just below the rest water level. The pumped
borehole can be assumed open to the full saturated thickness and the solid casing impact
can be ignored. No internal boundaries restricting the movement of the groundwater
are believed to exist, and the aquifer system is not receiving water from any adjacent
aquifer. The outer boundary is set as a no flow boundary 10 km away from the center of
the pumped borehole to minimize its impact on the simulated drawdown response. The
aquifer is assumed to receive no recharge during the test duration and that there are no
adjacent pumping affecting the test results. Initial runs include the radial symmetry as-
sumption as no hydraulic property variations are recorded across the horizontal dimension
of the aquifer. The model is first used, therefore, in a two-dimension vertical slice setting.
The third dimension is included when the open borehole impact on groundwater flows is
studied. Piezometers P1 to P7 are represented by Nodes N1 to N7 as shown in Figure 2
(Left illustration).

3. Materials and Methods

The pumping test results were previously published in the work of [12] and in the work
of [11] and revisited here for analysis with more sophisticated numerical tools. However,
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we use the time drawdown data of the pumped phase of the pumping test only in our
analysis. These field data show different starting piezometric levels of the curves recorded
at the piezometers. The starting elevation of the curve at the uppermost piezometer is
higher than the starting elevation of the curve at the lowermost piezometer indicating a
downward pre-test regional groundwater flow. The impact of regional groundwater flow
is removed from the time-groundwater level curves by subtracting the groundwater level
values at time zero of each curve from the corresponding subsequent groundwater levels.
This is deemed acceptable as the impact of pumping on groundwater flows and heads can
be superimposed on the regional flows in the aquifer. The field data used in this work,
which are converted into time drawdown data, are a modified version of those published
originally by [11,12] due to this adjustment.

The numerical model employed to simulate the groundwater heads, and referred to as
COOMPuTe (Cylindrical Object-Oriented Model for Pumping Test), is a radial flow model
that solves the finite difference equation (Equation (1)) using a cylindrical grid [34]. In
this model, the pumped borehole occupies the center of the numerical grid. Horizontally,
the grid nodes are distributed along the radial directions with a resolution that decreases
away from the center of the grid. Multiple layers of numerical nodes can be created to
represent vertical heterogeneity. This produces a two-dimensional vertical slice model that
is often used when hydrogeological radial symmetry is assumed within the aquifer. A
three-dimensional representation of the hydrogeological system can be created by dividing
the domain horizontally using multiple vertical slices at equal angular spacing. The grid
nodes in this case are connected in the radial, circumferential, and vertical dimensions as
per Equation (1):

K,oh o oh 10 (Kyoh 0 oh\ _ oh
ra1f+ar<Krar) +r89(r89> *&(KZaJ =Sy N @

h(r,0,z) is the hydraulic head [L] at a point at grid with coordinates (7, 6, z)

where

S; is the specific storage L]

N is a sink-source per unit volume term [T-1]

Ky, Kp, and K; are the hydraulic conductivity values [L T1 along the (7,6, z) coordi-
nates, respectively.

In this application, the numerical model is built as a vertical slice with eight hydro-
geological layers representing the saturated part of the aquifer as shown in the left-hand
schematic of Figure 2. The numerical grids occupy the center of these hydrogeological
layers; however, there is an additional numerical grid at the top of the uppermost layer that
simulates the movement of the water table. The conductance values between the nodes
representing the water table are calculated using the hydraulic parameter values of the
layers they are located in. In total, nine numerical grids are used but piezometer locations
coincide with seven of them only. The uppermost numerical grid represents the water table
and sits initially at the top of the top hydrogeological layer (Layer 1). All other numerical
layers occupy the center of the hydrogeological layer at the onset of pumping. The lowest
hydrogeological layer (Layer 8) is added at the base of the model to represent the remaining
part of the aquifer that may contribute to the pumped water.

The time drawdown data recorded at the seven piezometers within the observation
borehole are used to calibrate the model and estimate the hydraulic parameter values of
the eight hydrogeological layers. The calibration involves the adjustment of the values of
25 parameters. These are the horizontal and vertical hydraulic conductivity values as well
as the specific storage values of the layers, plus the value of the specific yield used to set
the storage coefficient value at the nodes representing the water to table. Due to this large
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number of parameters that need to be estimated, the parameter estimation code PEST [35],
is used to optimize the solution. The objective function used for this optimization is the
root mean square error between the observed and simulated drawdown values at the
seven piezometers.

4. Results and Discussion

Given the likelihood of vertical variation in hydraulic parameters in the aquifer, while
the model consists of eight layers, it is highly likely that some layers have the same hydraulic
characteristics if they are not affected by processes leading to different hydraulic parameters,
e.g., fracturing. To address this, the PEST software is applied repeatedly with increasing
complexity of model setup. The first model setup (model M1) assumes that all the layers
have the same hydraulic characteristics, which required the optimization of four hydraulic
parameter values by PEST. The match between the observed and simulated drawdown
curves highlights the layers with hydraulic parameter values that do not conform with the
values of other layers. In the second and third PEST runs, the hydraulic parameter values
of the upper layer (Model M2) and the fourth and eighth layers from top (Model M3) are
included as separate variables and optimized. The sum of the squared residuals (¢) used
by PEST as the objective function improved with the increased model setup complexity.
Table 1 shows the values of ¢ decreasing from a value of 102.4 m? in Model 1 to 10.46 m? in
Model 3. While the match between the observed and simulated time drawdown curves was
satisfactory using the optimized hydraulic parameter values for Model 3, it was decided to
undertake a fourth run (Model 4) where the hydraulic parameter values of all layers are
optimized by PEST. This run yielded a ¢ value of 2.59 m? with an almost perfect match
between the observed and simulated time drawdown curves as shown in Figure 3.

Time (days) Time (days) Time (days)
.001 0.01 0.1 1 0.001 0.01 0.1 1 0.001 0.01 0.1 1
Piezometer 1 Piezometer 2 Piezometer 3

Piezometer 4

——

Piezometer 5 Piezometer 6

Piezometer 7

Figure 3. Observed (dotted) versus simulated (continuous) time drawdown curves at the piezometers
(Observed data after [11,12]).

Table 2 shows the hydraulic parameter values of all layers as optimized in Model 4.
The specific yield value of the upper layer is only reported as the water table remains within
this layer during the pumping duration. The low specific yield value estimated by PEST is
of concern here as it does not represent the specific yield values usually used in sandstone
aquifers. Ref. [12] indicate, however, that the regional aquifer response over a long time
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period indicated a specific yield of 10% to 15%, but pumping test analysis estimate much
smaller storage coefficient values in the range of 0.0004 to 0.01.

Table 1. Model setups and corresponding sum of squared residuals (¢) calculated by PEST.

Model Model Complexity @ (m?)

M1 All layers have the same hydraulic parameter values 102.4
Upper layer has hydraulic parameter values different

M2 21.34
from other layers
Upper layer, fourth layer from top and lowest layer have
M3 hydraulic parameter values different from other layers 10.46
and different from each other
M4 All layers have different hydraulic parameter values 2.595
Table 2. Hydraulic parameter values of all layers optimized by PEST in Model 4.
Layer Number Piezometer Number Thickness (m) K, (m/day) K, (m/day) Ss (m~1) Sy ()
Upper layer (1) P6/P7 (Water table) 16 0.175 0.203 1.58 x 1075 0.01
2 P5 8 0.284 0.0063 326 x10°¢ -
3 P4 6 1.176 0.014 1.27 x 1072 -
4 P3 8 2.207 1.4 1.36 x 107° -
5 P2 10 0.196 0.199 1.21 x 107° -
6 10 1.683 0.072 5.12 x 107° -
7 P1 10 1719 1.04 7.17 x 1073 -
Lower layer (8) 100 3.207 3.21 5.61 x 1074 -

Comparing the results in Table 1 to those reported in the literature (Table 7.5.2 in [18])
for the area shows that medium to coarse (2049 mD or 1.3 m/d) comparable with the more
permeable layers 3, 4 and 6-8. The lower permeability layers (1, 2 and 5) are comparable
with medium grain materials (629 mD or 0.4 m/d). This shows that the model does
produce realistic values for the area. Ref. [12] reports the values of 1.2 m/d for horizontal
hydraulic conductivity and 0.4 m/d for vertical hydraulic conductivity for the lower layer
representing responses in P2-5. This is using a two-layer model and ensuring that the
results from the lower layer fit between the drawdown plots for P4 and P5. Whilst not a
direct comparison, the average from the work reported here is close to these values when
averaging the same interval analyzed by [12] (K}, average of 1.3 m/d and K, average of
0.4 m/d; layers 2 to 6; equivalent to P2-P5). However, the approach reported in [12] does
not allow the vertical variation in hydraulic conductivity to be determined.

Figure 3 shows the simulated time drawdown curves compared to the observed ones
at the seven piezometers plotted on a horizontal logarithmic time scale and a vertical
arithmetic scale. The observed time drawdown curves follow the S-shape curves typically
observed in unconfined aquifers and related to whether the pumped water is released from
borehole storage, the part of the aquifer between the pumped borehole and observation
borehole, the elastic (specific) storage, or the specific yield of the aquifer [36]. The simulated
time drawdown curves reproduce this behavior and match the observed curves almost
perfectly. The only main discrepancy that can be identified is the match at piezometers P3
and P4. The observed drawdown values recorded at piezometer P4 are higher than those
recorded at the lower P3 piezometer, a behavior that could not be reproduced by the model
even with the manual tuning of the hydraulic parameter values. The simulated drawdown
values at P3 are always greater or very close to those simulated at P4.

Figure 4 illustrates the differences in the groundwater flow pattern within each of
the eight layers in the model by plotting the contour lines of the drawdown values and
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the flow vectors calculated at the end of the pumping phase (one day). To produce the
plots in Figure 4, the model is run in three-dimensional mode by introducing vertical grids
that divide the circumferential dimension into eight equal portions. While the drawdown
values at the nodes inside the pumped borehole are the same, the volumes of water released
from the layers into the pumped borehole are different due to the heterogeneity of the
hydraulic system. The flows withdrawn from the layers and calculated at the end of the
pumping duration (Qy,) are also shown in Figure 4 next to the central grid node representing
the abstraction borehole. Comparing the amount of water withdrawn from Layers 4, 5
and 6 for example, shows the contrast between the contribution of these layers to the
pumped groundwater where Layers 4 and 6 contribute 592 and 633 m?/day, Layer 5
contributes 67.4 m3/day only. This shows that altering the hydraulic gradient in a complex
hydrogeological system through pumping or creating other artificial discharge features
such as earth excavations, needs to be studied carefully and the over-simplification of the
hydraulic system can lead to erroneous conclusions.

7+ 7 NetQv=0.49in :
....... e

NN 4
2/ 7 . NetQv=04in

o Qn=00077 7 1 1T T T

Figure 4. Drawdown contours and flow vectors calculated at the end of the pumping duration.
Values in boxes show the volume of groundwater entering the pumped borehole or entering/leaving
the observation borehole in m®/day. Asterisk represents the location of the observation borehole.

The instrumentation of the borehole at Kenyon Junction with multiple piezometers to
record groundwater head response to pumping at an adjacent borehole offers the opportu-
nity to demonstrate the complexity of Permo-Triassic sandstone as an aquifer and which is
usually over-simplified as a homogeneous porous medium. Using an open observation
borehole is a common practice used when conducting pumping tests. However, data
collected at an open observation borehole drilled in a complex layered hydraulic system
like the one discussed in this work can yield misleading results. To illustrate this, we use
the three-dimensional model parametrized with the hydraulic parameter values optimized
for model M4 (Table 2). To represent the observed borehole as an open borehole, we connect



Water 2025, 17, 2338

10 of 14

Drawdown (m)
N o s WN = O

Drawdown (m)
N o b WN = O

No oA WN = Oo

the nodes N1 to N7 in Figure 2 with a high vertical hydraulic conductivity value, which
forces the hydraulic heads simulated at these nodes to be the same during the simulation.

Figure 5 shows the time drawdown curve simulated at Nodes N1 to N7, assuming
that the borehole is open and that water can move vertically freely between nodes N1 to
N7, compared to those recorded on site at Piezometers P1 to P7. The time drawdown
curves simulated at the open borehole are almost identical at each model layer and if these
were used to estimate the hydraulic conductivity and the storage coefficient values of the
aquifer, we would have characterized the aquifer incorrectly. Figure 5 also shows the time
drawdown curves calculated at two sets of grid nodes equivalent to Nodes N1 to N7. Both
sets are located at the same distance from the pumped borehole, but the first set is opposite
to the open borehole across the pumped borehole and referred to as Set A. The second set
is perpendicular to the line connecting Set A to the open borehole and is referred to as
Set B. Noting that the nodes of these two sets are not connected vertically as Nodes N1 to
N7, the time drawdown curves simulated at these sets do not show a perfect match with
the observed curves indicating that the drilling of an open borehole in this heterogeneous
layered system affects the circumferential groundwater flow pattern.

Time (days) Time (days) Time (days)
001 0.01 0.1 1 0.001 0.01 0.1 1 0.001 0.01 0.1 1
W
Piezometer 1

Piezometer 7

"""Xxx\ D e

Piezometer 5 Piezometer 6

x Observed data
——Open borehole
----Set A, opposite the open borehole

——————— Set B, perpendicular to open borehole / Set A

Figure 5. Observed versus simulated time drawdown curves. Solid line (Open borehole), dashed line
(Set A), and dotted lines (Set B) (Observed data after [11,12]).

Figure 6 illustrates the impact of the open observation borehole on the contour lines of
the drawdown values and the flow vectors simulated at the end of the pumping duration.
The open observation borehole acts as a conduit that allows the movement of groundwater
flow across the layers. The net vertical inflows to or outflows from the layers (Q,) are
shown next to the open observation borehole (shown as an asterisk) in Figure 6. For this
case study, the drilling of an open borehole through the layers makes the groundwater
discharge from the borehole at Layer 1 (the upper most layer) and Layer 8 (the layer at the
base) and enter all other layers under the influence of pumping at the abstraction borehole.
This is also illustrated with the flow vectors converging to the open borehole at Layers 1
and 8 and diverging out the open borehole at all other layers.



Water 2025, 17, 2338 11 of 14

5 ¢ Llayer7 - AR Layer 8 -
%5 UL &0 o ey A\

N L o oo £
..... S

i ‘

=<5/ - NetQv=3.6in

Figure 6. Drawdown contours and flow vectors calculated at the end of the pumping duration with
the observation borehole assumed to be open and connecting the layers in contact with. Values
in boxes show the volume of groundwater entering the pumped borehole or entering/leaving the
observation borehole in m?/day. Asterisk represents the location of the observation borehole.

5. Conclusions

In this paper we use a radial flow numerical model to simulate the time drawdown
curves recorded at a borehole instrumented with seven piezometers. The numerical model
has successfully produced the observed time drawdown curves aided with a mathematical
tool PEST that is used to optimize the values of the hydraulic parameter values of the hy-
drological layers. The pumping test results demonstrate that the Permo-Triassic Sherwood
Sandstone is a complex heterogeneous layered system with vertical hydraulic gradient
observed across the aquifer and groundwater flow through higher permeability horizons,
where flow is likely concentrated in fissures.

The availability of an observation borehole equipped with multi-piezometers at the
Kenyon Junction site not only provided the opportunity to employ sophisticated numerical
tools to explore the heterogeneity of the Permo-Triassic sandstone but also highlighted the
importance of designing the pumping test and instrumenting the observation boreholes
correctly to reveal the complexity of the hydrogeological system. Here we demonstrate
how an open borehole drilled in a complex fractured system produces field results that
may not bear any relationship to the hydraulics of the aquifer and may produce misleading
information required in engineering applications. We show that the time drawdown curve
obtained from an open borehole is not representative of any of the piezometer observed
data and that the open borehole acts as a groundwater conduit and impact the groundwater
heads in its adjacent area of the aquifer.

In this work, the aquifer is represented as multiple layers of certain thickness and
with different transmissivity values. This is still far from reality where a single fissure
may allow the passage of high volumes of groundwater while the rest materials of the
layer may not be as transmissive. This approach adequately highlights the need to account
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for the complexity of the Permo-Triassic sandstone aquifer and not over-simplifying it
as a homogeneous aquifer. However, more sophisticated approaches, for example, using
stochastic means to represent the fractures in a simulation, may be required to fully cover
the uncertainties related to fracture presence in a hydraulic system.

Finally, aquifer storage can be obtained from the pumping test analysis through
the evaluation of the specific storage parameter, representing the elastic storage of the
aquifer, and the specific yield parameter, representing the amount of water released by
pore drainage. Water resources studies are highly dependent on the estimated storage
coefficient value of the aquifer, and which combines these two parameters. However, for
groundwater controls, it must be noted that significant amount of water can be released
from the aquifer elastic storage into construction works even before the water table has
started to move down. The conceptual understanding of the hydrological system carried out
with a correctly designed field experiment to estimate the hydraulic parameters controlling
the movement of groundwater are of paramount importance for the success of construction
works specifically in urban environments.

This study of the Kenyon junction hydraulic test data highlights the potential com-
plexity of the flow field in the vicinity of pumping wells, and the need for high-resolution
monitoring data to resolve the influence of aquifer heterogeneity. Opportunities for further
research are afforded by a new NERC/UKRI research facility on the Sherwood sandstone
in Cheshire, called the Cheshire Observatory. This combines abstraction and reinjection
boreholes with high-resolution multilevel groundwater monitoring and 3D thermal and
chemical tracer study capabilities. The Observatory, which is operated by the British Geo-
logical Survey is available to the UK science community and provides opportunities for
further research in the characterization of the Sherwood sandstone and the development
and improvement of tools such as the radial flow model applied here for the analysis of the
field results.
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