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Abstract
Subsurface constructions, such as tunnels, create hydrogeological challenges in
mitigating risk of subsidence due to groundwater drawdown. Presenting readily made
precautionary mitigation plans, such as strategically planned artificial recharge
applications, can help effectivise the mitigation process.
The Bypass Stockholm project comprises of several subsurface
constructions which may lower the surrounding groundwater level through tunnel
leakage. Risk of land subsidence persists in the nearby urban area of Vinsta, Stockholm,
where a groundwater drawdown may cause the clays in the area to experience land
subsidence. A hydrogeological modelling approach was used in the area to create
strategic artificial infiltration plans that could be employed as a mitigative response to
the drop in groundwater head.
In order to simulate the potential tunnel drainage, a steady state
hydrogeological model was built using MODFLOW. A 220 l/s tunnel leakage was then
simulated. Four different artificial groundwater infiltration scenarios were then
conceptualized and simulated to observe effects on groundwater heads.
The groundwater levels of the baseline model of the area fit the calibration
targets with average absolute deviation of 0.18 m. The tunnel drainage scenario lowered
the groundwater level in the till aquifer and bedrock by 0 - 1.5 m and 0.5 - 5 m
respectively, with higher drawdowns observed closer to the tunnel. The infiltration
scenarios mitigate the groundwater drawdown with different efficacies; proximity to the
recharge point, and discharge into the till aquifer were observed to have the highest
effect on groundwater recharge in the model. The model could have been improved by
improving the data quality surrounding the hydraulic conductivity of the bedrock, as it
had the highest effect according to the parameter sensitivity analysis.

Keywords: tunnel induced groundwater drawdown, MODFLOW, artificial recharge,
land subsidence
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Sammanfattning
Konstruktioner under mark kan skapa hydrogeologiska utmaningar, såsom
sättningsrisk orsakade av grundvattenavsänkning. Ett sätt att effektivisera
åtgärdsprocessen är att förbereda för eventuell artificiell grundvatteninfiltration.
Vägprojektet Förbifart Stockholm innefattar konstruktioner under mark
och riskerar, genom inläckage, att sänka grundvattennivån i omgivningen. Ett
potentiellt problemområde är stadsdelen Vinsta, delar av vars är byggd på
sättningskänslig lera som kan påverkas av en grundvattenavsänkning. För att kunna
motverka en grundvattensänkning i Vinsta har hydrogeologisk modellering utförts för
att strategiskt planera artificiell grundvatteninfiltration.
Ett tunnelläckage på 220 l/s har simulerats genom en hydrogeologisk
steady state-modell i MODFLOW. Fyra olika scenarier för grundvatteninfiltration har
konceptualiserats och simulerats för att observera påverkan på grundvattennivån.
Den spatialt variabla grundvattennivån i grundmodellen nådde
kalibreringsmålen med en genomsnittlig absolutavvikelse på 0,18 m. Modellen för
tunnelläckage resulterade i att grundvattennivån i moränakvifären och berget sjönk
med 0 – 1,5 resp. 0,5 – 5 m, med större grundvattensänkning närmare tunneln.
Scenarierna för infiltration motverkade grundvattensänkningen i olika grad. Närhet till
tunneln, eller platsen för inläckage, samt den hydrauliska konduktiviteten mellan
infiltrationen och akvifären visade störst påverkan på resultatet för att motverka
grundvattensänkningen. Känslighetsanalysen för parametrarna i modellen visade att
berget och dess hydrauliska konduktivitet hade störst påverkan på resultatet. Tillgång
till bättre data för berget möjliggör förbättrat modelleringsresultat.

Nyckelord: grundvattenavsänkning, tunnel inläckage, MODFLOW, infiltration,
sättning
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Introduction
Modern-day urban hydrogeology applies conceptual approaches and monitoring
programs in devising precautionary strategies to reduce impacts caused by the
anthropogenic alteration of the groundwater environment. The precautionary aspect is
increasingly being represented in environmental law in developed countries due to the
perceived costs of repair and compensation of high value cityscape environments where
subsidence occurs. The term land subsidence describes the downward shift of land in
response to the movement of underlying earth materials. The risk of land occurs when
initiating various earthwork practices (for example, cut-and-cover, boring machine
drilling, and shaft setup) to initialize a construction project with a subsurface
component. Land subsidence can cause damage to overground properties due to the
uneven shift of the land mass underlying the property. The repair costs are often very
high and such (Cashman and Preene, 2002).
Communications and subsurface infrastructure

Subsurface infrastructure can be described as the "engine of a city", allowing for
unobtrusive expansion of a city’s public services, such as drawing power lines, sewage
networks, and tunnel communications (van de Ven et al., 2016). In expanding cities
where the average proximities to urban nodes and grid networks are increasing, the
theme of subsurface infrastructure and its values are becoming increasingly relevant.
Investing in subsurface communications infrastructure to mitigate urban sprawl
capitalizes on lack of surface space in the surrounding high value cityscapes and can
contribute to urban sustainability efforts (Bobylev, 2016). The drivers of subsurface
infrastructure are numerous; in certain parts of the world, such as the Nordic countries,
the favorable bedrock properties and need to mitigate harsh winter conditions drives
development as well as legislation within subsurface development. In other areas,
subsurface construction affect relevant urban planning issues including but not limited
to sustainability planning (Sterling et al., 2012), resilience planning (Makana et al.,
2016), climate change adaptation, smart city, and public space design (Bobylev, 2016).
Aligning the local hydrogeological conditions and subsidence risk
management with long term urban sustainability goals can contribute to congruous
planning benefits in areas where underground construction is geologically,
economically, and socially favorable (Broere, 2016). Sustainable urban planning should
therefore involve specific long-term plans for managing changes in the hydrogeological
environment caused by subsurface constructions during their development, as well as
during the operational phase, where preparing targeted emergency response measures
can be preemptively prepared.
Preset workflows for identifying areas at risk

Applications of devised workflows for managing targeted risk areas can prove to be
economically favorable in the stead of poorly planned emergency responses.
Precautionarily categorizing areas at risk and providing alternatives are staples of
environmental impact assessments, and can align well with quantitative aspects of risk
management strategies, such as subsidence magnitudes, mitigation costs, and
identifying riskier stages (Sundell et al., 2015). These risk management strategies in
conjunction with quantitative models could synergistically provide security to the
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relevant impacted areas and in cityscapes with a high proportion geological foundations
sensitive to subsidence (Sundell, 2016).
Hydrological and hydrogeological models are not without their flaws,
particularly in geologically complex areas where the subsurface tend to be heterogenous
in their geological and hydrogeological characteristics. Parameterization is limited by
the quality and quantity of the point observations, and the amount of observations
needed for complex hydrogeological environments limits the application of distributed
hydrogeological models. Drawing conclusive statements based on overparameterized
models can lead to decision support that erroneously applies type 2 errors (Barnett et
al., 2012) which can lead to infrastructure damage and high repair costs.
Land subsidence and mitigation

With respect the hydrogeology, land subsidence often occurs due to the compaction of
unconsolidated material following the over-abstraction of groundwater in confined
aquifers. As the fluid pressure of the sedimentary material pores reduces, the effective
stress increases on the skeleton which subjects it to consolidation (Hashemi, 2013). In
a hydrogeological context, subsidence is often caused by groundwater drawdown due to
overabstraction, leading to dewatering of the aquifer and thus a reduction of the pore
pressure, which reduces the total mitigating stress (Terzaghi, 1925).
Due to the heterogeneity of the sedimentary material, the gradual
deformation is rarely uneven and can cause damages to overlying and embedded
infrastructure, such as pipeline and power grids, properties and infrastructure, and
roads. The repair costs of the damages are often relatively high in comparison to the
initial investment costs of the infrastructure; damages to culturally landmarked
properties tend to be difficult to estimate, if possible at all due whilst retaining cultural
value (Cooper, 2008).
Mitigating groundwater drawdown induced land subsidence is often a
precautionary measure that is often applied in the form of leakage limits in subsurface
constructions, and creating building foundations on stable, impervious bedrock
whenever possible. In cases where groundwater drawdown is already observed,
subsidence can be mitigated by artificially recharging the impacted aquifer through a
variety of infiltration strategies (Foster et al., 1998).
Impacted groundwater systems

Groundwater recharge occurs naturally through processes such as infiltration of
precipitation, ponds, losing streams and watercourses, and interaquifer flows;
groundwater recharge can also be applied artificially through pond infiltration, induced
and urban recharge, and deep well infiltration. Estimating the amount of groundwater
recharge a system receives as a part of a conceptual model requires data on the geology,
topography, local and regional climate, and the vegetation (Lerner, 1990). When
estimating groundwater recharge in urban or otherwise anthropogenically modified
areas, data is required on the local land use, infiltration parameters, drainage, and other
sources of artificial recharge. A natural system can have an artificially increased
groundwater drainage by factors such as cut-and-cover earthworks, tunnel excavation,
and other subsurface infrastructure. The built-up nature of the same areas leads to
impervious areas where the surface runoff is partly routed through stormwater systems
rather than recharge the underlying groundwater, increasing the groundwater deficit of
2

the area (Lerner, 1990). Blasted tunnels used as infrastructure in the bedrock would
increase this groundwater deficit by introducing a drainage in the bedrock in the form
of a hollow tunnel, where the groundwater may leak and subsequently be removed. The
leakage rates would in this scenario be highly dependent on the interaction between the
primary aquifer and the underlying bedrock.
Artificial recharge

Employing long-term artificial recharge solutions is an established method to mitigate
groundwater drawdown induced subsidence (Olofsson and Palmgren, 1994). Allowing
water to infiltrate to the deep coarse-grained aquifer layers or the superficial fractured
bedrock maintain the piezometric head to prevent the dewatering of the overlying soil
material. Historically, artificial recharge has been employed through methods that can
be broadly grouped as deep infiltration, surface infiltration, and increasing infiltration.
In cityscape environments, deep infiltration has been preferred due to the latter two
being unsuitable as restrictions on land use limit effectiveness (Shi et al., 2016). Deep
injections can be applied unobtrusively with regards to the local cityscape environments.
Various types of deep injection, such as a long term deep injection wells in
soil or fractured bedrock aquifers, artificial recharge tunnels, and underground
boreholes (Olofsson and Palmgren, 1994). Long-term deep injection wells can be
installed during the construction and drift phase and involves continuously supplying
an aquifer with a steady discharge from using local water resources, such as municipal
water supplies or nearby surface water. Deep injection wells in soil or fractured bedrock
aquifers are drilled to the confined aquifer or bedrock, with the injected aquifer
encompassing the filter and filter pack. Infiltration wells are designed similarly to an
abstraction well, but with considerations to the filter pack used depending on the
sortation of the penetrated aquifer (Olofsson and Palmgren, 1994).
An infiltration tunnel built in bedrock allows deep groundwater recharge
through a difference in piezometric heads by pumping water into the tunnel from the
surface at a higher piezometric head than the surrounding aquifer. The method is
increasingly effective when constructed through highly permeable fracture zones in
bedrock, or connected to them through a series of underground boreholes. The
infiltration and subsequently recharge then occurs throughout a large continuous zone
rather than at a point. It can usually be built in conjunction with the main drawdown
inducing tunnel by isolating a conjoined temporary tunnel, or boring out a secondary
tunnel in conjunction with the main tunnel.
The main drawdown inducing tunnel can also be used to infiltrate the
surrounding bedrock by pumping the water further out into the bedrock after
infiltration, either by reusing the infiltrated water or by utilizing already drawn
municipal water lines that run through the tunnel. The surrounding bedrock is
penetrated by drilling several boreholes far out into the tunnel, thus allowing a
continuous and wide infiltration spread (Olofsson and Palmgren, 1994).
Planning these infiltration measures requires foresight and the right
conditions. Induced groundwater leakage is increasingly common in any infrastructure
project, but the leakage conditions set by the country administrative boards are rarely
exceeded to the point where artificial recharge stations have to be planned. This is not
the case for large infrastructure projects such as tunnel highways and underground
powerlines, where the induced groundwater leakage occurs diffusively on a large scale.
Should the leakage be significant even with the precautionary waterproofing of the
3

tunnel, the environmental impacts of induced groundwater drawdown tend to occur on
a long timescale (5-30 years) (Shi et al., 2016) and can go relatively unnoticed if
precautionary review of the situation does not identify the risks. Traditionally, the
response to this impact is to employ an emergency infiltration measure, where an
infiltration well is installed in an area where it is perceived to have good contact with the
affected aquifer. Whilst these emergency measures are effective, they are also
reactionary and time-limited if there is any evidence of land subsidence. Effectivizing
the planning of the mitigation measures may provide more effective land subsidence
mitigation whilst avoiding the costs associated with the reactionary planning.
Computational hydrogeological modelling

Groundwater systems are inherently complex and heavily affected by
development and climate change. Modelling groundwater systems allows an
approximation of a more complex reality, aiding the decision-making process when the
subject matter is change in hydraulic head, or solute transport (Barnett et al., 2012). The
accuracy of any hydrogeological model is directly related to the availability of calibration
and observation data, and the application of aforementioned data in constructing a
model. A well-constructed hydrogeological model that presents realistic interpretations
of the target area can subsequently be used to construct predictive scenarios in which
certain parameters or boundary conditions are altered (Barnett et al., 2012).
Industry standards in computational models derive from finite element or
finite difference models; the choice of which type of model to use is broad, and detailed
explanation can be found in Simpson & Clement, 2003. The further development of the
open-source MODFLOW (McDonald and Harbaugh, 1998) engine by the USGS has
made MODFLOW and its graphical user interfaces, such as Groundwater Modelling
System (GMS) by Aquaveo, industry standard modelling tools.
Traditionally, subsidence amount can be calculated using various models as
a function of, for example, permeability, effective pressure, and a compression modulus
amongst others (Fryksten, 2016). However, a large driver of subsidence in areas with
compressible layers of silt and clay are drops in hydraulic head. Modelling the effects of
an anthropogenic groundwater drawdown can predict possible subsidence risk by
observing areas where the groundwater drawdown may lead to the consolidation of the
foundation material. Dewatering of aquifers underlying soils through overabstraction or
otherwise induced dewatering may cause the overall hydraulic head to drop
significantly, causing dewatering and subsequently consolidation of the overlying soils
(Chen et al., 2014). Observing change in hydraulic head using predictive scenarios that
simulate groundwater drawdown, such as tunnel induced groundwater drawdown, can
in such cases give indications of areas and extent of where subsidence risk may be likely,
without detailing the magnitude of such subsidence. This can be observed in developed
areas where there are compressible silts or clays, where the soils may have dried out or
dropped in hydraulic head in transient or steady-state solutions. In certain national
environmental legislature, such as the Swedish environmental code, subsidence as an
impact of a nearby groundwater operation is not tolerated of any magnitude
(Regeringskansliet, 1999).
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Groundwater head modelling in MODFLOW

MODFLOW is a three-dimensional finite difference modelling software in order to
calculate the flow direction, discharge, and the groundwater table in and between cells
that are hydrogeologically characterized with parameters, such as hydraulic
conductivity (K), anisotropy, and porosity, in an XYZ-grid. MODFLOW is based on
Darcy’s law (1), where the change in head over a certain distance describes the
movement of water through a certain mediums of various cross-sectional areas.
𝑑ℎ

Where

𝑄 = −𝐾𝐴 𝑑𝑙

(1)

Q is the groundwater discharge [m3/s]
K is the hydraulic conductivity [m/s]
A is the cross-sectional area[m2]
h is the piezometric head, or groundwater head [m]
L is the distance in the x-dimension between two points [m]

After defining boundary conditions that create set assumptions in the modelled area
(such as defining a specific groundwater head, or defining an area of no flow)
MODFLOW solves the following mass balance equation (2) (Harbaugh et al., 2000)
throughout each cell of the XYZ-grid, to determine the flow between the modelled cells.
𝛿
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) + 𝑊 = 𝑆𝑠 𝛿𝑡

(2)

Kx, Ky och Kz is the hydraulic conductivity in the x, y, and zdimension [m/s].
W is the volumetric change per unit head, where W = 0
describes a system in balance [1/s]
Ss is specific storativity, or the capacity of the aquifer to
release water [1/m]
t is time in seconds [s]

The software can be customized with various packages that simulate various forms of
recharge, evapotranspiration, and drainage in both steady-state and transient solutions.
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Case study: Stockholm Bypass
Subsurface expansion is heavily favored in Stockholm, ranging from stormwater
tunnels, sewage plants, transportation links, and underground storage (Persson, 1998).
The case study was centered on the subsurface extension to the E4 highway in
Stockholm, Sweden known as Förbifart Stockholm (Stockholm Bypass). The 25.5 km
highway extension, where 18.5 km is subsurface, was proposed to provide a way for
motorists to bypass the Stockholm traffic network when traveling laterally through the
county. It currently has a projected completion year of 2026. The tunnel has been
planned to extend the E4 highway at Kungens Kurva south of Stockholm, and extend
upwards through lake Mälaren and the Lovö island into the northern suburbs Vinsta,
Barkarby, and finally connecting with the E4 at Hjulsta in the north (Figure 1).

Figure 1: Map detailing planned (blue) surface (solid line) and tunnel highways (dotted
line) with respect to the Stockholm bypass (red) and existing highways (black).
Retrieved from Trafikverket (2014).
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Figure 2: Cross-section of the complete tunnel stretch detailing depth to tunnel and
location of tunnels (Swedish Transport Administration, 2014).
The two tunnels comprising the majority of the project (Figure 2) will be drilled and
blasted through the bedrock, reaching a maximum depth of approximately 60 meters
below sea level. Several tunnels will also be drilled allowing access to the main tunnel,
both during the construction phase and the operational phase (Trafikverket, 2011).
The tunnels are projected to be adequately tightened and waterproofed against
groundwater drawdown induced tunnel leakage. The tunnel leakage limits have been set
for various stretches by the county administrative board in the official hydrogeological
memorandum (Trafikverket, 2011).
The stretch of tunnel pertaining to the scope of the project is the area surrounding the
Vinsta interchange, as outlined in Figure 3. As part of the environmental impact
assessment conducted for the project, subsidence vulnerable objects have been
identified in order to monitor damage. Examples of these objects can be buildings or
roads with foundations on geology sensitive to soil consolidation i.e. clay based soils.

Figure 3: Geological map of the Vinsta area, with modelled area outlined in green.

7

Figure 4 shows the tunnel going through a stretch of surveyed bedrock and till, and
intersecting various confined aquifers as interpreted by state hydrogeologists at SGU.
The area can be hydrogeologically compartmentalized through the certain and uncertain
groundwater dividers. The clay areas presented in Figure 4 can be compared to the
subsidence risk map as seen in Figure 5, which present the risk of subsidence to the
infrastructure in the various highlighted areas, as determined geotechnically through
the compressibility of the soil and the risk objects underlying foundations.

Figure 4: Tunnel highway with respect to the mapped geology, fracture zone, aquifers,
and hydrogeological boundaries of the area.
The subsidence risk maps present a 30-year scenario of the subsidence risk in the area.
The maps have been developed as part of a memorandum to the risk assessment of the
area and present the expected subsidence of the maximum groundwater drawdown in
the targeted areas. If hypothesized that the tunnel induced groundwater drawdown is
the driving force of the subsidence risk, then a systematic method of predicting and
modelling the groundwater drawdown based on the hydrological, geological, and
hydrogeological observations of the area can be evaluated.
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Figure 5: Subsidence risk maps as presented by the Country Administrative board. The
boxes juxtapose a projected groundwater drawdown to the maximum subsidence
magnitude within 30 years (in parentheses) of the yellow shaded areas. (Swedish
Transport Administration, 2011)
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Methodology
The mathematical, or procedural model, was built using MODFLOW (Harbaugh et al.,
2000) as built into the graphical user interface Groundwater Modelling Systems (GMS)
version 10.2.4, developed by Aquaveo.
Data

The data used in the parameters, assumptions, and overall construction of the model
was taken from the hydrogeological pre-investigation of the Bypass Stockholm project
conducted by Trafikverket as a part of the environmental impact assessment presented
to Länsstyrelsen (Trafikverket, 2011a). In this pre-investigation, the conditions of the
tunnel construction and operation stages with regards to the affected area, tunnel
leakage, position, and infiltration are detailed. The raw geological and hydrogeological
data, such as the underlying geology, hydrogeological dividers, estimated aquifers, and
positions of major fracture zones were taken from Geological Survey of Sweden (SGU)
map generator for the area. The groundwater level data was taken from historical and
current measurements for the listed wells in the area, as currently managed by
Trafikverket and measured by the consultant company GeoSigma. The specified time
period was selected to be October 2016, before the start of any construction and after a
relatively dry summer. The precipitation data was taken from the Swedish
Meteorological & Hydrological Institute (SMHI). The meteorological time period from
which precipitation data taken was an average of the whole month October 2016.
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Conceptual model
Model area

The area to be modelled is based on delineating the hydrogeological basin area through
the groundwater dividers, as seen in Figure 6. The modelled area is conceptualized as
the area up to and including the potential hydrogeological dividers as drawn by SGU in
both longitudinal and lateral extent. Certain boundaries were adjusted after analyzing
the geotechnical investigations in the area and drawing a more suitable boundary.

Figure 6: Overlay of modelled area on geological and detailed map of the tunnel.
Certain boundaries lacked clear hydrogeological or topographical dividers
and were instead drawn with the intention of setting a fixed flow boundary condition.
The boundaries were drawn perpendicular to the estimated direction of the
groundwater flow in the primary aquifer, as estimated by the gradient of the hydraulic
heads seen in the historical observation well data (appendix B).
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Model geometry

The model was constructed as an XYZ-grid. The model grid was constructed in 8 layer
cells in the Z dimension, and initially contained an arbitrarily high number of cells in
the X and Y dimension, forming a square grid with a 20x20m resolution. The model was
then fit to the set boundary conditions of the conceptual model, inactivating out-ofbound cells in the X and Y-dimension, and morphing the top layer cells to fit the digital
elevation model (DEM). The active model area is 1.05 km2 (Figure 7).

Figure 7: Overlay of modelled area on geological and detailed map of the tunnel. Model
cells are shaded to represent elevation differences.
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Geological model

The geological model was conceptualized as a stratigraphic model, where the geology
has been assigned various layers in the order as seen in Figure 8. In this stratigraphic
model, materials such as bedrock, clay, or till can overlay several layers and expose itself
in the top layer (L1) depending on the geometry of the respective solids. The fractured
bedrock and solid bedrock remain in L4 through L8 due to the hard application in the
geological model.
The procedural geological model was based on a geostatistical interpolative
composite of SGU’s geological map of the area, and local geotechnical analysis (SGU,
2017). The 2-dimensional geological map of the area, as seen in Figure 9, is based on the
field observations and estimating the geological extents of the observations. The field
observations are point-based, initially determined using aerial photography, and then
visually using hand-excavation tools (SGU, 2017).

Figure 8: Stratigraphic representation of how the model cells in the Z-axis (L) were
assigned materials when building the model grid.
The SGU map was used as a basis for the geostatistical approach. Due to the
longitudinally geological heterogeneity in the area, the areas where the bedrock reached
ground level were taken as observed data of the height of the bedrock. Interpolating the
areas between the tops of the bedrock surfaces were done by plotting estimated
centerlines representing the depth to the surface of the bedrock in the valleys. Figure 10
conceptualizes the function of the additional geotechnical investigations utilized in the
centerlines.
The depth to the surface of the bedrock was then interpolated at a 10x10
meter resolution using geostatistical kriging between the valleys and the observed
surface bedrock.
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A number of historical geotechnical observations composed the various center-lines
between the bedrock outcrops and were used to promote a natural representation of the
bedrock in the interpolative surface. A triangular irregular network surface (TIN) was
produced from the interpolative coverage representing the top of the bedrock surface.
In order to differentiate the top 5 meters of the bedrock from the rest of the solid
bedrock, a duplicate of the TIN layer was created with a Z-offset of -5 meters, building
on the assumption that the bedrock is more fractured on the surface, and less fractured
as it goes deeper.

Figure 9: Geological map of the model area, displaying mapped fractures, the extent of
the bedrock, and clay and till deposits.
The same methodology was applied to characterize and map the geological
deposits in the valleys. Three distinct geological layers were identified in the numerous
geotechnical investigations conducted and retrieved from archives in conjunction with
the preparation for and during Bypass Stockholm project, where a drilling rig has been
used to confirm the stratigraphy of the soil layers by logging the soil depths and depth
to confirmed bedrock. The coverage of geotechnical investigations allowed an
interpolation of points that resulted in two separate 10m x 10m TIN layers representing
the depth to clay layer and the depth to the till layer. The depth to the clay layer was also
used to calculate a TIN layer representing the thickness of the filling material (topsoil)
by subtracting the clay layer from the digital elevation model (DEM).
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The TINs were subsequently imported into GMS and converted to solids using the builtin tool called "Horizons to Solids" tool. The Horizons to Solids tool accepts the TIN
layers and creates a 3D model based on the stratigraphic assignment of each TIN layer
to geologic layer. An upper and lower limit are assigned as the model boundaries, where
the DEM assigned as top layer, and a flat plane at Z = -100 meters was used as the bottom
layer.

Figure 10: Comparing two scenarios where the bedrock is interpolated between two
points (yellow line) and the interpolation with two additional points (red line) derived
from geotechnical investigations containing stratigraphy data and depth to bedrock
(blue verticals) (Sundell, 2016).
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Figure 11: Birds eye view of the constructed mesh showing the extents of the geological
layers (1), topsoil removed (2), and clay removed (3).

Figure 12: Birds eye view of the constructed mesh showing the extents of the geological
layers (1), topsoil removed (2), and clay removed (3).
16

Each solid is delineated by the boundary TINs at the top and at the bottom. The top TIN
was specified as the top of the filling material, and the top of the clay layer represented
the bottom of the filling material, and so forth (See Figure 8). Once rendered and applied
to the model area, the model cells adapt the geological material specified in the
respective solid, and the lateral output i.e. a cross-section of the finished geological
model can be seen in Figure 12.
Hydrological model

The area receives a precipitation of approximately 600 mm/yr. As the area is considered
to be effectively drained due to the existing stormwater infrastructure, a groundwater
recharge term was used instead of gross or effective rainfall. The groundwater recharge
is an estimation of the precipitation, permeability of the underlying material, runoff,
drainage, and the evapotranspiration. Reference values were used from the Rodhe et al.
(2004) to estimate the groundwater recharge.
The net groundwater recharge varied spatially with respect to the
underlying geology. The recharge was parametrized for areas where the top layer is
bedrock, and areas where the top layer is till. The clay layer was assumed to have no net
groundwater recharge or evaporation. The topsoil was assumed to not affect the
groundwater recharge due its high permeability and low retention time, and therefore
the parametrization did not take the topsoil layer into account.
Table 1: List of geological materials and reference values derived from Trafikverket
(2011)
Material

K (m/s)

Vertical anisotropy

Topsoil

1.0 x 10-6

1.0

Horizontal
anisotropy
1.0

Clay

1.0 x 10-9

1.0

1.0

0.01

1.0 x 10

-6

1.0

1.0

0.3

1.0 x 10-6

1.0

10.0

0.05

1.0 x 10-8

1.0

10.0

0.05

1.0 x 10-5

1.0

10.0

0.05

1.0 x 10-4

1.0

10.0

0.05

Till
Upper
bedrock
Lower
bedrock
Fracture
(inner)
Fracture
(outer)

Porosity
0.3

Hydrogeological model

The hydrogeological model assigned specific hydraulic conductivity (K) values to each
of the materials listed in the geological model detailed in Figure 8.
Hydraulic conductivities were assigned for each of the material based on observed and
reference values (Table 2). The model differentiated between the upper, more fractured
bedrock, and the lower less fractured bedrock. The model also takes into account the
heterogeneity in the permeability between the inner and outer parts of a fracture,
reducing the inner part due to clogging by particles as an inverse function of the distance
from the fracture zone (Earon et al., 2015). The topsoil, clay, and till had no anisotropy,
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whilst the variations of the bedrock had a horizontal anisotropy, where the hydraulic
conductivity was 10 times greater in the horizontal direction than the vertical direction
(Trafikverket, 2011b).
Boundary conditions

Both fixed head and no-flow boundary conditions were assigned to the model. The
boundary conditions were estimated with the help of SGU’s mapped hydrogeological
dividers and the topography. Areas where the model bordered bedrock were assigned a
no-flow boundary condition, and areas with an underlying aquifer were assigned a fixed
head boundary condition, also known as the Dirichlet boundary condition. The
groundwater heads in the fixed head areas were set by assuming the gradients between
two observations in the same aquifer were linear, allowing the extrapolation or
interpolation any groundwater head value. The boundary conditions stay fixed
throughout the rest of the model methodology.
Tunnel drainage

A drainage condition was assigned penetrate the solid bedrock at L7, in order to simulate
the tunnel induced groundwater drainage. The drainage condition was drawn across the
model using geographically accurate markers for the current plans of the Bypass
Stockholm tunnel. A drainage condition was assigned to both the main tunnel as well as
a side tunnel that functions as a highway ramp in the context of the main highway
tunnel. The tunnel stretch was designed to reach a total zone drainage of 210 l/m, which
is within the maximum drainage values that the County Administrative Board set
(Trafikverket, 2011a). The total zone drainage was later divided equally across each cell
that was intersected by the tunnel, so that each cell represented a small part of the
drainage that sums up to 210 l/m.
Procedural model

Various packages were used to build the procedural model in MODFLOW, as listed
below:
Upstream weighting package

The Upstream Weighting (UPW) package is used to specify properties controlling flow
between the cells in the 3D grid, allowing the input of parameters that define the
hydraulic conductivity, anisotropy, and allow convertible confining layers. It differs
from the traditionally used Layer Property Flow package by disallowing cell rewetting
calculations, favoring the method of handling cell rewetting featured in the Newton
solver (Niswonger et al., 2011).
Newton solver

The Newton (NWT) solver is one of the solvers available in MODFLOW, developed to
deal with drying and rewetting nonlinearities. The NWT solver keeps the cell active
throughout the simulation regardless of its WET/DRY status, which is ideal when
modelling infiltration scenarios. Further information regarding the NWT solver can be
found in Niswonger et al. (2011).
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Recharge package

The recharge package (RCH) allows a top side influx of water into the highest active cell
in the 3D grid i.e. the top layer of the grid. The top area of the cell was used to calculate
the volumetric inflow of water using a specified recharge rate parameter (m/s). The RCH
parameter was set after having considered the effects of drains, evapotranspiration, and
hydraulic conductivity of specified cells. Two RCH source parameters, RCH1 and RCH2,
were defined to represent the rate at which the bedrock and till recharge the
groundwater. No RCH source was applied to the clay cells (Harbaugh et al., 2000).
Evapotranspiration package

The evapotranspiration package (EVT) simulates a head dependent flux that is
calculated on a per cell basis, functioning as a sink in the top cells when the groundwater
level respectively reaches the top layer. The package adds an extra sink parameter, EVT,
to the procedural model defined as the evapotransporative flux (m/s), the rate at which
the top cells lose water once multiplied by the top cell area (Harbaugh et al., 2000).
Drain package

The drain package (DRN) simulates a head-dependent drain by defining the location,
the elevation, and the conductance [L2/T] of the drainage system in question. DRN is
used to define the eventual addition of the drawdown inducing subsurface tunnel using
aforementioned variables in addition to calibrating to the upper limit of the mandated
drainage requirements by Länsstyrelsen.
Well package

The well package (WEL) simulates an absolute flux to or from the targeted cells specified
in units length3/time. The flux is set for each cell that the WEL package applies to. The
WEL package is used to simulate an industry standard infiltration well, usually 2" in
diameter with a 1-meter filter length.
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Model calibration

The calibration targets of the model which the automated parameter estimation
converged were set to the steady state groundwater level observations and the observed
hydraulic conductivity values.
Groundwater levels

The calibration targets of the model parameters were achieved with respect to the
groundwater head observations as measured in the preconstruction monitoring
program of the Bypass Stockholm project (appendix B). The monitoring program
consists of wells with historical data ranging from the start of the project in 2014, to in
the 1980s. Where possible, the calibration targets were set to the average groundwater
level of October 2016. Where data was incomplete, the calibration targets were set to
represent each individual time series an attempt to match the precipitation,
evapotranspiration, and perceived groundwater recharge to similar trends seen in the
months surrounding October 2016.
Parameter estimation by sequential testing

Calibrating the parameters that composed the procedural model, such as groundwater
recharge, hydraulic conductivity, and drainage was achieved using the built in
Parameter Estimation by Sequential Testing (PEST) tool in GMS. A set of values, such
as a parameter range and an initial parameter value, created several iterations of the
model in order to fit calibration targets set by the observation wells. The hydraulic
conductivity values for clay, till, and bedrock were estimated based on reference values
based on observed values detailed in the hydrogeological memorandum for Bypass
Stockholm.
Table 2: Hydraulic conductivities (K), recharge values (RCH), and drainage rates
(DRN) used as parameter initial values in PEST.
Parameter

Value (m/s)
-6

Minimum
1.0 x 10

-6

Maximum
2.0 x 10-5

K. Topsoil.

1.0 x 10

K. Clay.

5.0 x 10-9

5.0 x 10-10

5.0 x 10-8

K. Till.

4.0 x 10-5

4.0 x 10-7

4.0 x 10-5

K. Upper bedrock.

4.0 x 10-5

4.0 x 10-5

1.2 x 10-4

K. Solid bedrock.

5.0 x 10-9

2.5 x 10-9

7.5 x 10-9

K. Inner fracture zone.

2.3 x 10-6

1.0 x 10-6

6.0 x 10-4

K. Outer fracture zone.

2.0 x 10-4

1.0 x 10-6

6.0 x 10-4

RCH. Bedrock.

3.5 x 10-9

4.0 x 10-10

6.6 x 10-9

RCH. Till.

2.0 x 10-9

4.0 x 10-10

6.7 x 10-9

DRN. Main tunnel in solid bedrock.

8.0 x 10-8

DRN. Main tunnel in inner fracture.

4.6 x 10-5

DRN. Main tunnel in outer fracture.

4.2 x 10-8

DRN. Side tunnel in solid bedrock.

8.0 x 10-8
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Infiltration scenarios

Infiltration scenarios were designed by inserting an inverse well package feature object
penetrating an aquifer cell. The scenarios varied spatially and in rate of infiltrated water.
The infiltration scenarios were then run as steady-state models.
The design of the infiltration scenarios are as follows:
Infiltration scenario A

Infiltration scenario A differs from the rest of the scenarios as it is currently installed. It
is designed to penetrate the aquifer (L3) and discharges 50 l/min.
Infiltration scenario B

Infiltration scenario B employs a hypothetical two infiltration well setup that both
discharge to two separate points over the fracture zone. Each well is designed to
discharge 50 l/min into the aquifer (L3).
Infiltration scenario C

Infiltration scenario C discharges 100 l/min into the outer area of the fracture zone via
a single infiltration well. The infiltration well was set to penetrate both the aquifer (L3)
and the bedrock (L4).
Infiltration scenario D

Infiltration scenario D discharges 50 l/min into the outer area of the fracture zone via a
single infiltration well. The infiltration well was set to penetrate both the aquifer (L3)
and the bedrock (L4).
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Results
Baseline scenario

Figure 13: Top-down view of the model area. The shades contours represents the
groundwater level of the modelled baseline scenario. The candlestick plots report the
deviation from the observed groundwater levels green represents less than one
standard deviation.
As shown in Figure 13, the simulated heads in the baseline model are within 1 standard
deviation of head observations at the discrete points at which they were measured. The
average absolute deviation from calibration targets was calculated to be 0.18m.
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Figure 14: Bar graph comparing unit agnostic parameter sensitivities (dimensionless)
of each of the parameters analyzed during the PEST. Hydraulic conductivity of
geological materials (colored respectively) and recharge (light blue).
The parameter sensitivity analysis (Figure 14) presents a dimensionless index on which
of the model parameters relating to hydraulic conductivity and recharge that affect the
model output. The parameters that represents the hydraulic conductivity of the upper
bedrock has the highest effects on groundwater system, with fracture system aiding in
the groundwater flow toward the southeast boundary condition. The recharge to the
respective aquifers drives the system. Notably the recharge to bedrock has a greater
effect on the model results as per Figure 14, despite being approximately 4 times less.
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Tunnel drainage in bedrock

Figure 15: Top-down view of the model area at layer L4 (bedrock). The shades contours
represents the difference in groundwater level (m) of the modelled drainage scenario
from the baseline scenario. The black dots represent application of the DRN package
i.e. the modelled tunnel drainage.
The highest change in groundwater head can be observed in the section of tunnel that
passes through solid bedrock. The groundwater head change gradient is less
pronounced perpendicular to fracture. (Figure 15)
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Tunnel drainage in aquifer

Figure 16: Top-down view of the model area at layer L3 (aquifer). The shades contours
represents the difference in groundwater level (m) of the modelled drainage scenario
from the baseline scenario. Values represent groundwater drawdown.
A higher change in groundwater head can be observed along the fracture. The greatest
change in groundwater head can be seen where the fracture intersects the tunnel. No
perceivable change in groundwater head in northern half of tunnel.
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Infiltration scenario A

Figure 17: Top-down view of the model area at layer L3 (aquifer). The red shaded cell
represents the application of the WEL package i.e. placement of the infiltration well.
The shades contours represent the groundwater level (m) increase of the modelled
infiltration scenario A from the drainage scenario. Negative values represent decrease
in groundwater drawdown.
The currently planned infiltration scenario plans on discharging 50 l/min into the
aquifer (L3) which is modelled in Figure 17. The dataset shows increase in groundwater
head in comparison to drainage scenario. The groundwater level of the modelled area
increases slightly by 0.1 – 0.3 m, which the groundwater level radially of the infiltration
well increases by 0.7 – 1.3 m.
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Infiltration scenario B

Figure 18: Top-down view of the model area at layer L3 (aquifer). The red shaded cells
represents the application of the WEL package i.e. placement of the infiltration well.
The shades contours represent the groundwater level (m) increase of the modelled
infiltration scenario B from the drainage scenario. Negative values represent decrease
in groundwater drawdown.
Infiltration scenario B employs a two infiltration well setup, each infiltration well
discharging 50 l/min into the aquifer (L3). The dataset shows increase in groundwater
head in comparison to drainage scenario. The groundwater level increases radially
between the two wells by 0.3 – 0.4. The level also increases upstream by roughly 0.1 –
0.2 m. The groundwater level increases downstream more steeply by roughly the same
amount, 0.1 – 0.2 m.
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Infiltration scenario C

Figure 19: Top-down view of the model area at layer L3 (aquifer). The red shaded cell
represents the application of the WEL package i.e. placement of the infiltration well.
The shades contours represent the groundwater level (m) increase of the modelled
infiltration scenario C from the drainage scenario. Negative values represent decrease
in groundwater drawdown.
This infiltration scenario employs one infiltration well discharging roughly 100 l/min
into the aquifer (L3) and outer fracture (L4) combined. The dataset shows increase in
groundwater head in comparison to drainage scenario, with lower up to 0.8m increases
in groundwater head over a large area.
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Infiltration scenario D

Figure 20: Top-down view of the model area at layer L3 (aquifer). The red shaded cell
represents the application of the WEL package i.e. the infiltration well. The shades
contours represent the groundwater level (m) increase of the modelled infiltration
scenario D from the drainage scenario. Negative values represent decrease in
groundwater drawdown.
This infiltration well setup discharges 50 l/min into the aquifer (L3) and outer fracture
(L4) combined. The data set shows an increase in groundwater head of approximately
0.4m in a large area compared to the drainage scenario.
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Discussion
Methodology

The methodology of the modelling required relatively minimal initial data requirements.
Where the model lacked resolution, such as in hydrogeological, geological fractures, and
recharge data, it was compensated with assumptions in order to converge the model and
fit the calibration points for groundwater head data. However, utilizing a steady state
model to emulate a certain hydrologic period creates stability in the model that needs to
be validated. The lack of validation data due to the generally sparse observation well
distribution in the calibration targets increases the uncertainty of the model results.
The spatially sparse distribution of the observation wells is compounded by
the fact that the hydrogeological system is interpolated through a series of clustered
geotechnical points, which may overlook certain geological features that affect the
groundwater discharge – such as actual depth to bedrock and uncertainty in
stratigraphy. The calibration targets combined with a reasonable groundwater recharge
provides for a stable assumption that the model’s results are based in reality.
The lack of seasonal or climactic variations in the steady state model adds
an uncertainty that misrepresents the model in climactic highs and lows as well as
seasonality. However, this was not in the scope of the modelling approach considering
the use of a steady state model rather than a transient model.
Considering that the modelled tunnel drainage scenario overlaps with
current effects of climate change, a sustainable more robust methodology would take
these extreme variations into account. As the model only interprets recharge as a daily
amount recharged to either the aquifer (L3) or the bedrock (L4), the interpretation of
the model is limited due to that model fluxes do not convert into surface runoff. This
likely over or underrepresents the recharge or evapotransporative flux.
Conceptually, the rainfall events may also leave surface water in the urban
areas depending on the efficiency of the stormwater management system. The
resolution of the model doesn’t allow the modeler to represent such discrete features,
but as the entire area was urbanized to some degree, an assumption could be made that
the groundwater recharge was reduced by the stormwater management system or other
effects to groundwater recharge caused by urbanization. This assumption allowed
calibrating the groundwater recharge flux around literature values for urbanized
drainage.
Climactic variations can detract from meeting the calibration targets, as the
modelled groundwater recharge in October 2016 may be affected by increased or
reduced fluxes due to year-to-year climate variations, or as an effect of anthropogenic
climate change. Setting statistical calibration targets from a long data series and
calibrating over a range of typical values may help alleviate the uncertainty.
The historic and future rise of urban development sprawling from the city
plays a role in conceptualizing the model, considering that historic groundwater data
used for calibration or validation may be artificially shortened, or affected by
surrounding urban developments. This is notably an assumption that covers the whole
model area when an automatic parameter estimation is used to meet these calibration
targets. Seeing as the calibration points are point-based anchors, calibrating the model
to their values without characterizing the area in-between with a sufficient accuracy may
lead to drawing conclusions based on type 2 errors.
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Representing the otherwise complex geology that serves as the structural
basis of the hydrogeological system is a difficult task, considering that the spatial
resolution of 20 m x 20 m can cover an area that is highly heterogenous. The assumption
was that the stratigraphy created by the geological model can represent an effective
aquifer layer. However, the assumption that the geological heterogeneity of the area can
be represented hydrogeologically through parametrizing the hydraulic conductivity into
the stratigraphy can be prone to errors.
The methodology avoided overcalibrating the model with pilot points,
which adds a spatial variation based on a 2D point set, each point serving as an anchor
which iterates through various parameter values in each of the areas. Whilst this can be
an effective approach to help converge a model, the risk of overcalibrating the model
without sufficient observations can also lead to type 2 errors. The pilot points would
have been useful in the case of urban area recharge, where different drainage conditions
and infrastructure can shape the urban hydrology of an area, or in the case fracture
zones, where the hydraulic conductivities known fractured area of fractured bedrock can
vary in orders of magnitude, in no discernable pattern.
Model results

The results of can be interpreted as a result of the steady state model, as well as the
subsequent modifications to the model that allowed the procedural design of the
drainage scenario and its mitigative infiltration scenarios.
The baseline scenario showed an expected result of the hypothesized
groundwater flow in the area. The wells used as calibration wells for the steady state
model showed groundwater levels within 1 standard deviation of the head observations.
The average absolute deviation from the calibration targets were 0.18m, suggesting that
the model results fit the calibration targets relatively well. While this does not validate
the model, due to lack of validation data, it suggests that the model and the defined
parameters are reasonable.
The analysis shows that recharge in the bedrock is slightly more significant
in the model than recharge in the till. This may be because the hydraulic conductivity in
the upper bedrock layer has a greater effect on the model output, and therefore
attributes a greater parameter effect to the bedrock recharge parameter. However, the
rate of groundwater recharge to the bedrock is roughly half the amount of the rate of
recharge to the till, as set in the recharge parameters in Table 2. This suggests that the
quantity of water doesn’t dictate the model, but rather the water pathways. This may be
due to the relatively large scale and resolution of the modelled area.
The outer fracture zone showed the second largest effect on the model
output in the area, whilst the inner fracture zone showed little effect on the model
output, signifying that the heterogeneity of the fracture zones is a driver in their
conceptualization. The parameter value of the fracture zone hydraulic conductivity,
whilst estimated and calibrated for, are highly variable and present a complex addition
to the hydrogeological system as it is not easily defined.
The steady state drainage conditions provide a deterministic condition for
the legal limits of tunnel leakage and was designed as a forward model on the basis that
the steady state model presents an accurate representation of the hydrogeological
system. The model results show that the drainage scenario would’ve created
groundwater drawdown that triggers the conditions for all the of the risk zones
presented in the subsidence risk map to varying degrees (Figure 5).
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Considering that this is set to the limits of the County Administrative Board, the model
results present that the tunnel induced groundwater leakage will exceed the expected
groundwater drawdown to cause minor subsidence within 30 years in the risk areas.
The optimal scenarios for emergency infiltration plans can be inferred by
analyzing the infiltration results on the groundwater heads of each scenario differing
from the drainage scenario. The driving factor of setting the optimal scenario is
categorizing the areas that are at risk, as the different infiltration scenarios provide
optimal mitigation for specific areas only. As the infiltration scenarios increase the
groundwater levels locally, a viable approach to mitigating is to plan for the infiltration
scenarios to cover a wide approach as possible, keeping the highest risk areas near the
epicenter of the infiltration wells influence, and the lower risk are further away from the
infiltration, due to how the groundwater flow can flow radially if part of the same
groundwater system.
The distance at which to keep the wells from the areas at risk depends on
the hydrogeological system, such as its geology, fractures, topography, elevation, and
flow direction. Between the four infiltration scenarios, the model showed that
infiltrating into the aquifer at L3 had the highest increase in elevation of groundwater
head in the L3 aquifer, despite having the highest porosity amongst the hydrogeological
materials.
Alternative approaches

The model results may be improved with an increased vertical resolution in the kdimension to deterministically adjust dry cells based on a limitations or requirements
of maintaining a groundwater level and therefore a precautionary limit for groundwater
drawdown induced subsidence. This increase in the vertical resolution of the model
must match the vertical precision of the underlying data that determines the height of
the geological strata. In practice, allowing the model to visualize and output the specific
cells which are at the highest risk of drying out can give decision makers a tool in the
planning process of any effecting earthworks.
Employing a steady state model helped define a snapshot in time with a
reasonable amount of calibration targets to help steer the model in a reasonable
direction; However, this left the modelling approach without any independent
groundwater data to be used as validation targets. A second iteration of the modelling
approach could be attempted in order to design a workflow to create a transient model
of the same area. A transient model would be able to be used to validate the baseline
conditions of the model by using an infiltration strategy in practice to determine how
well the model responds to the measured groundwater levels after the specified
infiltration rate and volume. A transient model could also be used to extend the model
domain eastwards, in order to incorporate a potential radial drawdown from any
potential aquifers to the east.
A feature that was underutilized in the latest MODFLOW releases is the
ability to overparameterize the model using local pilot points. This approach would
allow for more parameters than observations and introduce a 2D spatial variation which
can help account for the heterogeneity in a hydrogeological setting. Pilot points would
be well utilized with spatially variable data, such as groundwater head readings, and
pumping tests to determine local hydraulic conductivities around each point. In order
to maintain relevance with the defined conceptual model, the pilot points would be
designed in such a way that the outputted values are within a range that can be justified
by actual or archived field observations.
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The focus of the methodology was to develop a strategy to determine the
optimal placement for infiltration wells; however, the same methodology can be applied
to preemptively evaluating infiltration wells that have already been designed and placed
based on geotechnical investigations in the area. While this would come at a later stage
of the development plan, it would guide decision-makers on an optimal location and
design if several are presented.
Finite difference modelling has certain advantages over finite element when
it comes to effectively outputting models where the geology of the area remains relatively
simple, and without complex geological features. MODFLOW was the preferred
groundwater modelling approach in this thesis. However, finite element modelling
could help validate the study by introducing these complex geological features, such as
fractures and faults, into the computational mesh that serves as the basis for FEFLOW's
modelling approach. Observing the differences between each of the modelling
approaches can help determine significant factors in how the results of the modelling
approach is validated.

Conclusion
The model showed that the results of the drainage scenario matched the subsidence risk
maps in terms of the areas affected. However, the magnitude of the groundwater
drawdown did not match the subsidence risk maps presented earlier. The results from
the parameter sensitivity analysis tell us that the driving factor in the model is the
hydrogeology within the bedrock, and that it can steer the groundwater drawdown in
the model with the large effect it has on determining the groundwater pathways in the
area. As the bedrock is relatively high up, any future steady state modelling attempt in
the area should focus on bedrock quality, which may in turn increase the accuracy of the
modelling the groundwater head.
The groundwater modelling strategy proposed in this study can be
improved. For this purpose, the methodology should be improved on by considering
how to validate the results and present confidence to the decision makers. A natural and
quite simple continuation of this study would be to revisit the area of the case study in
the Vinsta and see how the development of the Bypass Stockholm subsurface work has
affected the groundwater levels. The observations would be used to validate the model.
Subsequently, the model could be converted into a transient model coupled with
hydrological and groundwater data. The transient model could measure the response to
an induced infiltration and compare this to the applied artificial recharge in the study
site.
The aim of the study was to propose an idea for a workflow in which
principals of modern hydrogeology and its applications can be applied in precautionarily
planning for subsidence in the face of large-scale underground development. In practice,
groundwater modelling has its drawbacks, most notably when introduced in an area
with complex geological features and several notable aquifers. The uncertainties are
compounded when considering the unaccounted anthropogenically effects, such as
surface and subsurface development that can affect local water flow. However, the aim
of the study was to create a model using minimal resources in order to aid the planning
process and be used as an auxiliary decision-making tool. In this light, the study outlines
a complete methodology in creating a model with essential components for predicting
induced groundwater drawdown, outlining risk areas, and planning mitigation
strategies.
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Appendix A
Baseline scenario
L1-L4

Figure A1: L1 (top-left), L2 (top-right), L3 (bottom-left), and L4 (bottom-right) of the
baseline scenario. A legend of the groundwater level (m) is provided.
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L5-L8

Figure A2: L5 (top-left), L6 (top-right), L7 (bottom-left), and L8 (bottom-right) of the
baseline scenario. A legend of the groundwater level (m) is provided.
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Drainage scenario
L1-L4

Figure A3: L1 (top-left), L2 (top-right), L3 (bottom-left), and L4 (bottom-right) of the
drainage scenario. A legend of the groundwater level (m) is provided.
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L5-L8

Figure A4: L5 (top-left), L6 (top-right), L7 (bottom-left), and L8 (bottom-right) of the
drainage scenario. A legend of the groundwater level (m) is provided.
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Drainage scenario deviation from baseline
L1-L4

Figure A5: L1 (top-left), L2 (top-right), L3 (bottom-left), and L4 (bottom-right) of the
deviation of the drainage scenario from the baseline. A legend of the groundwater level
(m) is provided.
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L5-L8

Figure A6: L5 (top-left), L6 (top-right), L7 (bottom-left), and L8 (bottom-right) of the
deviation of the drainage scenario from the baseline. A legend of the groundwater level
(m) is provided.
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Appendix B

Figure B1: Groundwater well data, showing the groundwater heads (m) utilized in the
model to determine the various boundary conditions.
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