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Abstract
Underground constructions can cause lowering of the groundwater table, due to
groundwater leakage into the structure. To minimize the risk of drawdown, artifi-
cial infiltration can be implemented which can maintain or raise the groundwater
table to a desired level. Water can be infiltrated either in rock or soil, and observa-
tion data has shown that the two materials exhibit different responses. In literature,
limited amount of research has been conducted comparing the responses between
rock and soil infiltrations and it was therefore of interest to investigate this further.

This thesis aimed to compare the responses obtained from rock and soil infiltration
using numerical finite difference modelling. To enable a systematic comparison be-
tween the different approaches two types of models were created, using Excel and
GMS MODFLOW. Consequently the thesis also resulted in a comparison between
the models, to conclude which model approach could simulate the observed data but
also to see how the characteristics of the models affected the results. In addition,
a risk object, which in this case is a building sensitive to groundwater fluctuations,
was included to exemplify the results obtained from the models by suggesting the
most suitable infiltration approach. The comparison was applied to a stretch of
the Västlänken project, which is a railway tunnel currently being constructed in
Gothenburg, Sweden.

The results from both models show that the response generated from rock infiltra-
tion have more of a linear response, compared to soil infiltration which demonstrated
an exponential trend. The results from the Excel model were correlated to the ob-
served data when it comes to the propagation of the responses, indicating a more
diffusive response in rock compared to soil. The GMS MODFLOW model however,
did not show this type of pattern. Both numerical models managed to simulate the
differences in responses, but to which extent the results coincide with the observed
data varied. For the risk object, it was suggested that rock infiltration might be the
best option since a more linear response makes it easier to predict how much the
levels will be raised. Further, the exponential response from a soil infiltration would
require the infiltration facility to be located close by, which might be difficult since
the area is densely built.

Keywords: Artificial infiltration, Underground constructions, Numerical modelling,
Spreadsheet application, GMS MODFLOW, drawdown.
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1
Introduction

When constructions underground are built the natural groundwater flows are altered
and leakage into the construction will occur (Axelsson & Follin, 2000). This water
which flows into the constructions below the groundwater table, can result in sub-
sidence due to groundwater drawdown (Yoo, 2016). This subsidence can damage
buildings, municipal piping, or surrounding vegetation for example. To minimize
the damage caused by the lowering of the groundwater table, artificial infiltration
can be used to counteract the drawdown (Fetter, 2014). Artificial infiltration can be
defined as non-natural infiltration of water into an aquifer which results in a raise
of the groundwater table.

In recent years, artificial infiltration has been implemented in several underground
constructions in Sweden, and one example is the Västlänken tunnel which is cur-
rently being constructed in Gothenburg (Vestin et al., 2016). Further, the tunnel
will be constructed in both rock and soil, as can be seen in the figure 1.1, and will be
built beneath areas in the city were buildings with sensitive foundations are located.

The Swedish Transport Administration [Swedish: Trafikverket] has gathered ground-
water data since 2012 to monitor the groundwater levels before and during the con-
struction of Västlänken (Trafikverket, 2019). This data is gathered to understand
how the groundwater levels naturally fluctuate but also how the construction will
impact the groundwater table in the city. Consequently, this information is used to
establish action levels, which states how much the groundwater surface can fluctu-
ate before possible damage can be expected (Vestin et al., 2016). The action levels
are connected to risk objects, which can be for example a certain building with a
foundation sensitive to groundwater fluctuations. The Swedish Transport Adminis-
tration has decided to use artificial infiltration in addition to grouting and sealing,
to maintain the groundwater levels impacted by the Västlänken tunnel.
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1. Introduction

Figure 1.1: Map of Västlänken in Gothenburg, with abbreviations of the different
stretches of the project. Modified from Trafikverket (2016c).

Artificial infiltration is applicable for both shallow and deep aquifers (Zhang et al.,
2017). Depending on the subsurface characteristics at the site, water can be infil-
trated at different elevations e.g. at ground level or from the underground construc-
tion, and in different types of materials such as soil and rock (Lindström & Kveen,
2005). The approaches for infiltrating water in these materials differ, infiltration
into the soil layer is usually done from the ground level where water is directly in-
filtrated into the aquifer using a well (Vägverket, 2000). In rock however, water
can be infiltrated from inside the construction into the rock through a borehole,
which reaches the aquifer through the fractures in the rock (Olofsson & Palmgren,
1994). Further, when infiltrating water in urban areas, such as Gothenburg, it is
important to take into account both the groundwater lowering that infiltration aims
to mitigate, but also the risk of local peaks near the infiltration point (Vestin et al.,
2016). This must be carefully considered since exceeding the lower level can result
in subsidence, and on the other hand exceeding the upper level can cause damages
such as flooded basements.
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1. Introduction

Since the Västlänken tunnel is constructed in both rock and soil it makes it possible
to infiltrate water by using previously described approaches. When looking at ob-
served data from infiltration tests preformed in rock and soil, the responses from the
infiltrations vary, seen in figure A.1. As the tunnel stretch includes risk objects and
strict action levels, it is appropriate to know which type of responses are generated
from rock and soil infiltrations, as the properties and preconditions differ between
them.

Previous studies have been performed examining different aspects of artificial infil-
tration in relation to underground constructions (Phien-wej et al., 1998; Yoo, 2016;
Zhang et al., 2017; Zheng et al., 2019). However, only a few studies such as Olofsson
and Palmgren (1994) and Vägverket (2000) mention the differences between rock
and soil infiltrations but do not perform a systematic comparison of the obtained
responses. Due to the lack of literature comparing artificial infiltration in rock and
soil, it is of interest to investigate how the responses vary between these materials.
In this thesis, four infiltration sites will be analyzed; two infiltration tests in soil and
two permanent infiltrations in rock. The comparison will be performed by creating
two numerical models, which are solved using the finite difference method. The first
model has a simpler approach using a spread sheet created in Excel and the second
is created in GMS, which runs MODFLOW to solve the groundwater flow equation.
It was of interest to see how well the results correlate to the observed data, and
to see if both models are capable of distinguishing the responses in rock and soil
infiltrations. To give the comparison a context, the study will also investigate the
most suitable approach for a case area in Gothenburg with a risk object, which is a
building with timber foundation sensitive to groundwater fluctuations.

3



1. Introduction

1.1 Aim and Research questions
The thesis aims to investigate and systematically compare the responses obtained
from rock and soil infiltrations by utilizing observed groundwater data and two dif-
ferent numerical modelling approaches. Two type of models are used to enable a
comparison of the results, different approaches and to be able to verify obtained
responses in rock and soil. The primary location of interest for this study is the
stretch from Centralen to Haga in the Västlänken project, where both infiltrations
in soil and rock have been executed. The area can be seen in figure 1.1, and is re-
ferred to as CH in the map. In the area, a block called Residenset is located, which
includes a risk object with a sensitive foundation for changes in groundwater levels.
Hence, a reasoning about the most suitable approach for maintaining a constant
groundwater level, will be conducted based on the obtained model results.

1. What distinguishes the groundwater response between rock infiltration and
soil infiltration?

2. How do the results from GMS MODFLOW and Excel differ between each
other?

3. Based on these findings, which infiltration method is the most suitable for
infiltrating water at Residenset?

1.2 Scope
In this study only the area around Residenset will be of interest, which limits the
type of hydrogeology and geology investigated in the models. In the area a hydro-
geological conceptualization has already been performed. Consequently this thesis
will not focus on developing site characteristics for the mentioned area, but instead
add to the already developed conceptualization.

The models constructed are simulated as steady-state, thus not taking into account
any temporal disturbances in the area. Examples are the Västlänken tunnel which is
currently being built and the leakage into the Göta tunnel. Additionally, the models
are simplified and constrained to the data available for the infiltration facilities.

4



1. Introduction

1.3 Methodology - Research questions
The method of how the three research questions listed in section 1.1 will be an-
swered, can be seen in figure 1.2. As mentioned previously, the study will focus
on constructing two different numerical models with varying complexity, which will
be based on literature findings, study area, observed data and calculated hydroge-
ological parameters. The results from the models will be used to answer the three
research questions. Research question (1) covers the comparison of rock and soil
responses, and will be answered using graphs of the response curves from the infil-
trations. Next, the differences between the two models, Research question (2), will
be evaluated based on how reliable the models are in comparison to the observed
data. Finally, the findings from questions (1) and (2) will be used together with
the site description presented in chapter 3, to discuss research question (3) which
includes a suggestion of the most suitable infiltration method for the risk object at
Residenset.

Figure 1.2: Flowchart displaying how the research questions will be answered.

5



2
Artificial infiltration

As mentioned in chapter 1, underground constructions can cause non-natural fluc-
tuations in the groundwater table. To minimize and control groundwater drawdown
due to constructions, artificial infiltration can be implemented in the area that is
influenced by the construction (Cashman et al., 2020). Artificial infiltration is a
technique where the ground water level is raised by either induced percolation from
the ground surface or when water is directly infiltrated in the aquifer through either
a well or borehole. This chapter will cover the specifics and differences of two sepa-
rate techniques, artificial infiltration into crystalline rock through boreholes drilled
in the inner surface of an underground construction, and artificial infiltration into
soil from a well constructed at ground level. These types of infiltrations will be
referred to as rock infiltration respectively soil infiltration in this study.

2.1 Groundwater in rock and soil
Groundwater generally flows from high situated areas to low lying areas according
to Darcy’s law (Fetter, 2014). Flow paths within the ground vary depending on
the characteristics of the material. In a porous media groundwater flows in voids,
contrary to crystalline rock, where water flows in fractures. Regarding rock, the
permeability is often larger in the shallow rock closest to the soil layer compared to
the deeper rock mass (Gustafson, 2009; Kvartsberg et al., 2021).

Aquifers are geological units made of porous media or rock, where water can flow
and be extracted in sufficient amounts (Fetter, 2014). Further, the aquifers can
vary in characteristics and either be unconfined, leaky or confined. The latter one is
sealed by a confining layer with a low permeability. However, in many aquifers the
overlying layer is often leaky and water is slowly seeping through the confining layer.

6



2. Artificial infiltration

2.2 Infiltration in soil
Artificial infiltration in soil is here defined as a pipe well which has been drilled
from ground level down into an aquifer located in soil (Olofsson & Palmgren, 1994).
According to Olofsson and Palmgren (1994), water flows horizontally from the well
into the soil and the infiltration flow is regulated by the properties of the soil. Fur-
thermore, to determine the infiltration flow and the most optimal location for a well,
information about the geological and hydrogeological characteristics in the area need
to be studied. An advantage with this type of soil infiltration is that the well can
precisely infiltrate water into an aquifer, and avoid layers with poor infiltration ca-
pacities (Cashman et al., 2020). An additional advantage according to Olofsson and
Palmgren (1994), is that soil infiltration is easier to implement as a quick temporary
measure, compared to rock infiltration.

The first step to design an infiltration well is to determine at which depth the well
will be situated, which depends on the depth of the water bearing layer (Phien-wej
et al., 1998). Secondly, the diameter of the borehole needs to be determined, which
is related to the intended infiltration flow. Figure 2.1 shows an example of a well
used for soil infiltration. The Well casing has to be robust enough to keep the well
open and prevent the borehole from collapsing due to the acting pressure on the
pipe (Ahmed et al., 2014; Cashman et al., 2020; Olofsson & Palmgren, 1994). On
the outside of the well casing, the well screen is mounted (Cashman et al., 2020).
This part of the well is permeable with openings, whereupon the infiltration water
is able to flow out from the pipe into the surrounding filter pack. The openings in
the well screen have different shapes and sizes, and depends on the coarseness of the
surrounding filter pack (Ahmed et al., 2014).

Figure 2.1: An example of a soil infiltration well. Modified from Cashman et al.
(2020).
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2. Artificial infiltration

According to Cashman et al. (2020), almost every well is prone to clogging. Clogging
can occur due to the direction of the water flow. As water is pumped down into
the well, suspended solids, particles, biological growth and air bubbles can be trans-
ported with the flow to the lower part of the well. Further, these clogging agents
may get stuck either on the inside or the outside of the well and block openings
and voids, thus restricting paths water can flow through. Hence, clogging leads to
a reduction in infiltration efficiency and can be anticipated for all infiltration wells
in soil. Another existing problem regarding infiltration wells in soil is piping (Olof-
sson & Palmgren, 1994). This problem occurs if too high water pressure is applied
resulting in water flowing alongside the well casing. However, if the pressure is too
low the responses in the surrounding area will decrease and a higher risk of clogging
will occur.

2.3 Infiltration in rock
Infiltration in rock can be applied for different reasons such as poor infiltration ca-
pacity from soil infiltration or lack of space e.g. in an urban city. Infiltrating water
from an underground construction into the bedrock or shallow rock has proven to be
a good approach in several projects to both maintain and restore groundwater lev-
els (Olofsson & Palmgren, 1994). In addition, according to Olofsson and Palmgren
(1994) this type of method has proven to be particularly successful when the rock
is covered with clay and no intermediate friction soil layer exists. Furthermore, the
method includes less risk of long-term problems such as clogging compared to soil
infiltration, but on the other hand contain more uncertainties in the earlier phases
when constructing the infiltration (Olofsson & Palmgren, 1994). These problems at
an earlier stage are mostly related to the position of the boreholes, which may have
been incorrectly assessed in regard to the heterogeneity of the rock.

The borehole is drilled from the inside of an underground structure, with a borehole
length either reaching the shallow rock or the soil layer on top of the rock (Olofsson
& Palmgren, 1994). After the borehole has been drilled, a sealing packer is installed
in the borehole to prevent the water from flowing back into the construction. The
borehole and packer can be seen in figure 2.2.
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2. Artificial infiltration

Figure 2.2: Rock infiltration performed inside an underground construction.
Modified from Olofsson and Palmgren (1994).

When the borehole is drilled to the shallow rock, it is important to reach a water
bearing fracture, so that the water can be transported further to the permeable soil
layer (Olofsson & Palmgren, 1994). When water flows through the fractures in the
rock it will spread quantities of water over a larger area in the aquifer. Groundwater
flows in all fractures but the flow differ in magnitude depending on the resistance
in each individual fracture (Gustafson, 2009). Further, the flow resistance is pro-
portional to the aperture of the fracture itself. When infiltrating water through a
borehole, the water pressure must always be higher than the current pressure in the
aquifer to enable a successful infiltration (Olofsson & Palmgren, 1994). However,
if the water pressure is too high this can instead result in that the overlaying soil
layers becomes disrupted, which causes a change in permeability. In addition, a too
high pressure can also lead to unwanted channels in the overlying soil layer.

9



3
Study area

This study will focus on the stretch of Västlänkstunneln from station Centralen to
Haga, see figure 1.1. The area contains both infiltration facilities in rock and soil,
where some of them are today used permanently while others were constructed on
a test basis. The stratification in the area has been conducted through sampling
and testing, executed in both rock and soil (Trafikverket, 2016b, 2016c). The study
includes already existing underground constructions such as Götatunneln. Those
constructions affect the groundwater level in the area significantly, where drawdown
have been observed in the lower aquifer in connection to the structures (Trafikverket,
2016d). As mentioned earlier, it is important to prevent and restrict groundwater
lowering since buildings with sensitive foundations are located in the area. One such
example is the building located in the block referred to as Residenset, which will be
described later in this chapter.

3.1 Hydrogeological conditions
The hydrogeological conditions in the area vary spatially in both rock and soil.
Different investigations have been carried out to establish the general hydrogeological
settings, and the construction of Västlänken have been adjusted to adapt to these
conditions. Due to the close proximity to Götatunneln, many hydrogeological tests
have been performed previous to the commencement of the Västlänken project. This
data has then been used together with data gathered for the Västlänken project, to
form a conceptual model about the hydrogeological conditions at the site.

3.1.1 Hydrogeological conditions - in soil
The data to establish the hydrogeological conditions in soil for Västlänken have
been gathered through probings, well measurements, pore pressure readings, pump-
ing tests and pulse tests (Trafikverket, 2016c). Both sieve analysis and pulse tests
have been conducted recently for the Västlänken project. Additionally, infiltration
tests and pump tests have been performed due to the construction of Götatunneln
close by. Wells in the area are both constructed to measure groundwater levels but
also to define the hydrogeological conditions for the site, such as the stratification
of the soil layers and their respective hydraulic conductivity.
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3. Study area

Investigations have shown that the area generally consists of bedrock covered by
friction soil, clay and fill material, in varying thicknesses over the area, see figure 3.1
(Trafikverket, 2016c). The thickness of the friction soil varies between 0.5-3 meters,
and increases approaching the Göta älv and Stora Hamnkanalen, which can be seen
in figure 3.2. In terms of type of soil material the sieve analysis shows that the fric-
tion soil generally consist of relatively well sorted sand. Around the rocky outcrops,
seen in figure 3.2, the friction layers are often thinner, closer to 0.5-1 meters, and can
also be found at surface level. In the northern part of the area, the clay depths can
reach around 100 meters and the thickness of the clay layer is decreasing towards the
south, where maximum clay depths around 30 meters are more common. Closest to
the surface, a fill material can be found which both varies in thickness and type of
material.

Figure 3.1: General stratification in the area. Modified from Trafikverket (2019)
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3. Study area

Figure 3.2: Soil map of the studied area, including Västlänkstunneln in rock and
soil and Kämpebron. Modified from Trafikverket (2016c).

Hydraulic parameters have been assessed from the performed pump and infiltration
tests at Kämpebron, which can be seen in figure 3.2 (Trafikverket, 2016c). The
results from the tests can be found in table 3.1.

Hydrogeological Parameter Values
Hydraulic Transmissivity, Tlocal 1.5E-0.4 m2/s

Hydraulic Transmissivity, Tregional 1.3E-0.5 m2/s
Influence radius, Re (flow 6.5 l/min) 150-200 meters

Table 3.1: Hydrogeological parameters from pumping and infiltration tests at
Kämpebron.
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3. Study area

In the study area a widespread lower confined aquifer in the friction soil has be iden-
tified (Trafikverket, 2016c). The upper unconfined aquifer is less connected and can
most commonly be found in the overlying fill material. The upper and lower aquifers
can be hydraulically connected at the recharge zones, which is where the friction soil
or fill material emerge at the surface and where the clay layer is missing (Trafikver-
ket, 2017a, 2017c, 2017e, 2017f). The recharge zones can generally be found close
to the rocky outcrops where the friction soil is visible, which can be seen in figure 3.2.

In the studied area two separate rocky outcrops can be found, Kvarnberget in the
north and Otterhällan in the south (Trafikverket, 2016b). On the east side of Ot-
terhällan the groundwater flow is generally to the east and the flow is the opposite
on the western side (Trafikverket, 2017a, 2017d). The same pattern can be found
around Kvarnberget (Trafikverket, 2017e, 2017f). Additionally, the groundwater
levels are generally the lowest closet to the river and then increase in the eastern
direction. The water levels in the Göta älv varies between -0.2 to +0.4. The up-
per aquifer is at some locations hydraulically connected to the Göta älv and Stora
Hamnkanalen, which can most clearly be seen in the groundwater wells nearby and
to the north of Stora Hamnkanalen (Trafikverket, 2017a, 2017e, 2017g, 2017h). The
lower aquifer is generally not considered to be in contact with the Göta älv or Stora
Hamnkanalen. However, what has been seen is that some wells close to the river
follow the same fluctuations in groundwater level as the Göta älv, which indicates
that hydraulic contact may be present to some degree.

3.1.2 Hydrogeological conditions - in rock
Sampling and rock mapping have been carried out in the area to investigate the
properties of the rocks (Trafikverket, 2016a). Based on the results from the investi-
gation, it was determined that both Kvarnberget and Otterhällan are gneiss with a
distinct foliation, but with differences in rock composition (Trafikverket, 2016a). In
the area an interpretation of fractures zones has been conducted in the Västlänken
project, based on a bedrock model created on behalf of The Swedish Transport
Administration (Trafikverket, 2016b). Figure 3.3 shows a map outlining fracture
zones in the area and it can be seen that the area consists of two different types of
fractures, steep fractures and fractures with a dip towards west. Further, at Otter-
hällan the fractures in north-south (N-S) and east-west (E-W) directions have been
determined to be water bearing (Trafikverket, 2016b). According to Trafikverket
(2016a) the fracture set striking in E-W direction, located in the northern part of
Otterhällan are regarded as highly permeable due to erosion. Furthermore, the rock
is also heavily foliated with one of the main fracture sets being parallel to the folia-
tion and several steep and open fractures can be found at Otterhällegatan striking
in E-W direction.
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3. Study area

To determine the rock conductivity at Otterhällan, water loss tests on existing
boreholes have been conducted (Trafikverket, 2016b). These tests were performed
in three different segments for each borehole and resulted in rock conductivities
approximately between 1E-08 to 2E-07 (Trafikverket, 2016b). As mentioned in
2.1, the hydraulic conductivity can be anticipated to be higher in the shallow rock
(Kvartsberg et al., 2021). This is based on that shallow rock tends to contain
more fractures, thus generating a higher conductivity. In addition, the hydraulic
conductivity alternate more frequently in shallow rock compared to uniform rock
masses.

Figure 3.3: Fracture map for Gothenburg and the studied area. Modified from
Trafikverket (2016b).
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3. Study area

3.2 Case Study - Residenset
Within the study area, a smaller block called "Inom Vallgraven 53" can be located.
The block can be seen in figure 3.4, and will be referred to as Residenset in this
study. Within the block, the county administrative board of Västra Götaland re-
sides. Västlänkstunneln will be constructed beneath the block and Götatunneln is
situated to the east, which can be seen in figure 3.4 as a black shade and blue lines
respectively. In the area, Otterhällan can be found to the south, with emerging
friction soil close to the surface (Trafikverket, 2017b). Hence, recharge zones can be
located in the area, possibly hydraulically connecting the lower and upper aquifer.
In general, Residenset follows the same stratification as the larger study area, with
bedrock and shallow rock, followed by friction soil, clay and fill material closest to
the surface. In the fill material a local upper aquifer can be found and in the friction
soil a confined lower aquifer has been identified.

Figure 3.4: The area of Residenset.

Within the area of Residenset the building marked in red, see figure 3.4, is con-
sidered as sensitive for groundwater fluctuations in both upper and lower aquifers
(Trafikverket, 2017b). This is due to its foundation is partly built with timber.
When the groundwater in the aquifer is lowered the timber is exposed to oxygen
which results in that the material can be decomposed, and the building can subside.
The other buildings in the neighbourhood is built upon the bedrock and therefore
not defined as sensitive to groundwater fluctuations.
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Due to the sensitive foundation of the building, action levels have been defined for
high and low groundwater levels. The lower action levels for the underlying con-
fined aquifer are due to preventing subsidence of the overlying clay layer. Further,
the low action levels for the upper unconfined aquifer exists to prevent the wooden
foundation from being exposed to oxygen. Table 3.2 shows the low action levels for
the upper and lower aquifers in the groundwater wells connected to the risk object.
The table also shows high action levels, for the upper aquifer. This is of concern
since when infiltrating water in the lower aquifer, the pressures increase and may
cause flooded basements in the area if the upper and lower aquifer are connected.

Well Aquifer Action level - Low 1 Action level - Low 2 Action level - High
GW1916A Lower +0.94 +0.64 -
CH4817O Upper +0.89 +0.66 +1.72

Table 3.2: Action levels for Residenset. "Action level - Low 1" refers to when the
cause of the drawdown should be investigated, while "Action level - Low 2" refers
to a critical groundwater level where measures must be taken immediately. The

reference system RH 2000 is used.
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4
Method

The method and workflow is schematically described in figure 4.1. The general
conceptualization was based on chapter 3 and describes the assumptions made in
the area to construct the models. Subsequently, the observed data was gathered
for the rock and soil infiltration sites that will be investigated in this study. This
was thereafter used to analytically calculate the hydrogeological parameters needed
for the models. When all data was gathered and the parameters were calculated,
the models were created. Model calibration was performed based on observed data.
Lastly, the results were processed into change in head plots, response curves and
modelled data tables.

Figure 4.1: The Work flow of this thesis illustrated in a basic flowchart.
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4.1 General conceptualization of the area
The boundary conditions chosen for the area are based on the conceptualization
presented in chapter 3. As mentioned, the stratification have been generalized to
include fill material, clay, friction soil, shallow rock and bedrock, which can be seen
in figure 4.2. Further, the dominating direction of fractures at Otterhällan have
been interpreted to be E-W direction. Additionally, as stated in chapter 3, these
fractures are considered to be water bearing, which was an assumption for the frac-
tures simulated in this study.

Figure 4.2: Conceptualization of the stratification with the five layers. Figure is
taken from a conceptualization in GMS MODFLOW provided by Bergab.

The outcropping bedrock can be seen in figure 4.3. Surrounding the outcrops the
recharge zones can be found, seen as dashed zones. These zones are the only loca-
tions in the model where recharge is considered to take place, due to impermeable
surfaces such as roads and buildings, which generally covers the remaining area. The
average annual precipitation was calculated to be 950 mm/year. This number was
estimated based on precipitation data between 2017-2020 for Gothenburg (SMHI,
n.d). According to Haan et al. (1994), all the precipitation will not become ground-
water. The natural groundwater recharge may vary between negligible amounts up
to 50 percent depending on the conditions. The lower aquifer is assumed to be in
contact with Göta älv, since the wells located at the riverbed and the level in the
river largely follows the same fluctuations. Contrarily, Stora Hamnkanalen, which
flows through the area, is considered not to be in contact with the lower aquifer due
to the fact that the canal is located in the overlying clay layer. The river is therefore
considered as a constant locked level, since it influences the wells in connection to
the river.

18



4. Method

Figure 4.3: Map showing the recharge zones, rocky outcrops and water bodies in
connection with the area of study. Modified from Trafikverket (2020).

The figure 4.3 displays the existing Götatunneln, described by two white lines, and
Västlänken, seen in red and purple, which will be constructed in the area. As men-
tioned in the introduction, underground constructions result in water leaking into the
tunnel, even though measures such as sealing or grouting have been performed. That
is why permanent rock infiltrations in Götatunneln have been installed. Based on
data obtained from TMO, which is the Swedish Transport Administration’s database
with measured data for projects such as Västlänken, a comparison was conducted
of the quantities of water leaking into Götatunneln and the quantities of water infil-
trated in 2019. The comparison and calculated values can be found in appendix B.1.
The comparison showed that the leakage was slightly larger. However, to simplify
the models the infiltration have been assumed to equal the leakage into the tunnel,
even though this will not be true for all locations in the area.
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4.2 Observed infiltration data
As mentioned in chapter 1, four infiltration sites were investigated, two soil infiltra-
tions tests, Hovrätten and Lilla torget, and two permanent rock infiltrations, Göta
tunnel IB23 and IB41. These four sites can be seen in figure 4.4, together with three
other infiltration sites in Götatunneln, which had to be included in the calibration
of the Excel model. The soil infiltrations were only implemented during a limited
time frame to investigate the response, while the rock infiltrations are permanently
installed to maintain the groundwater levels in the area. The observed infiltration
data were gathered from TMO and the reference system used was RH2000. The
observation wells chosen for all four infiltrations were spread out geographically in
the area, see figure 4.5. However, if data was available, wells were prioritized in the
direction of Residenset since this would be of interest in the study. The number of
observation wells chosen for each site were governed by the availability of data for
that site and time frame. The change in groundwater level in the observation wells
were all chosen as close as possible to the actual time frame of the infiltrations. The
condition of the observation wells are commented on for all infiltration sites and
describes the how quick a change in groundwater level can be observed in the well.
Further, the average infiltration flows for the infiltrations were calculated based on
volume of water used during the test divided by the time it took to perform the test.
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Figure 4.4: The locations of the chosen infiltration wells and boreholes. Eniro
(2021)

Figure 4.5: The locations of the chosen observation wells. Eniro (2021).
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4.2.1 Soil infiltration - Lilla torget
The soil infiltration at Lilla torget took place between the 18th of May 10:10 to the
23rd of May 10:15 2017. Figure 4.4 and 4.5 shows the location of the observation
wells and infiltration well. The infiltration well for Lilla torget is called CH4286B and
the average flow is 5.45 l/min. Table 4.1 shows information regarding the infiltration
well and observation wells. Further, the response, seen from the observed data,
generated from the infiltration test was interpreted as poor. However, this location
was still chosen to be included in the study, due to it is close proximity to Residenset.

Well ID Distance from infiltration well [m] Change in level [m] Condition
CH4286B (infiltration well) 2.65 N/A
CH4218U 0.60 2.58 OK, Fast
GWI101 39.90 0.11 OK, Slow
GW1916A 51.42 0.05 Not OK

Table 4.1: Well ID, distance from infiltration well and the change in groundwater
level during the infiltration test for the observation wells chosen for Lilla torget.

4.2.2 Soil infiltration - Hovrätten
The soil infiltration at Hovrätten took place between the 7th of March 10:58 to the
9th of March 12:41 2020. Figure 4.5 and 4.4 shows the location of the observation
wells and infiltration well, and Table 4.2 lists the distance from infiltration well,
change in level and condition of the observation wells. The infiltration well for
Hovrätten was CH4337B and the average infiltration flow was 3.68 l/min.

Well ID Distance from infiltration well [m] Change in level [m] Condition
CH4337B (infiltration well) 2.40 N/A
CH4336U 6.76 1.57 OK, Fast
GW1914 21.23 0.86 OK, Slow
CH4267U 118.05 0.17 OK, Fast
CH4218U 159.3 0.06 OK, Fast

Table 4.2: Well ID, distance from infiltration well and the change in groundwater
level during the infiltration test for the observation wells chosen for Hovrätten.
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4.2.3 Rock infiltration - Götatunneln
The rock infiltration in Götatunneln is a permanent active infiltration facility. How-
ever, there were operational issues with the facility during the fall of 2018 (Trafikver-
ket, 2020). Between the 16th to 27th of November 2018 the last period of operational
issue was observed, during which time the infiltration was interrupted. The period
directly after the operational issues was therefore chosen, since it shows the re-
sponse in the surrounding wells when the infiltration facility was later turned on
again. The chosen period lasted between the 27th of November 2018 until the end
of February 2019, at where it was assumed that the aquifer was in equilibrium again.

In Götatunneln, there are currently six points of infiltration, but only five within
the study area, and the whole infiltration facility is controlled by the same pump. In
this study two of the infiltration boreholes were investigated, IB23 and IB41. These
boreholes were selected both since they are situated in close proximity to Residenset
and because the infiltration flow in these boreholes are significantly larger compared
to the other boreholes in Götatunneln. Further, figures 4.4 and 4.5 show the location
of the infiltration wells and chosen observation wells.

For the calibration model constructed in Excel, five of the infiltration boreholes in
Götatunneln were included in the model. In GMS however, only IB23 and IB41 were
included, since the other infiltration wells in Götatunneln was not needed for the
calibration. This is connected to the assumption that the leakage into Götatunneln
is canceled out by the infiltration in the tunnel, mentioned earlier in section 4.1.
table 4.3 shows information regarding the infiltration flows and table 4.4 displays
the distance from the infiltration well, change in groundwater level in the well and
condition about the observation wells.

Infiltration Infiltration Direction/Dip angle Borehole
borehole ID flow [l/min] length [m]

IB23 3.06 N110/45 25
IB41 1.65 N95/0 28
IB55 0.055 N180/5 60
IB61 0.40 N140/10 40
IB64 0.26 N185/0 45

Table 4.3: Infiltration borehole ID, infiltration flow, direction, dip angle and
length of the borehole for the infiltration boreholes in Götatunneln.
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Well ID Distance from wells (IB23/IB41) [m] Change in level [m] Condition
GW1918 88.72/4.64 1.70 OK, Fast
GWI113 49.01/110.60 1.57 OK
CH4286B 21.68/96.32 0.39 N/A
GW1915A 101.40/189.37 0.48 N/A
GW1914 159.11/231.15 0.14 Ok, Slow

Table 4.4: Well ID, distance from infiltration wells and the change in groundwater
level during the infiltration test for the observation wells chosen for Götatunneln.

4.2.4 Observed groundwater levels
In GMS MODFLOW the annual average groundwater level had to be used instead
of the change in groundwater level, when calibrating the model. Table 4.5 shows
the average annual level (RH2000) for all ten observation wells in 2019. This year
was selected since no infiltration tests or disruptions were conducted. However,
for GW1916A and CH4336U data from 2016-2018 respectively 2020-2021 were used
instead, since no data was available in 2019 and an annual average of the available
data from these years were used instead.

Observation well Annual average level [m]
GW1918 3.50
GWI113 1.41
CH4286B 2.04
GW1915A 1.28
GW1914 0.94
GW1916A 1.30
CH4267U 0.29
GWI101 2.93
CH4218U 2.03
CH4336U 1.04

Table 4.5: Annual average groundwater levels for the observation wells used in
this study. The reference year used is 2019, for all wells except GW1916A and

CH4336U, where an average of several other year were used instead.
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4.3 Analytical Calculations
To generate input data different types of analytical calculations were used. These
calculations are presented below and will be referred to in the description of models
in the following section. The calculated parameters will be presented in chapter 5.

4.3.1 Transmissivity
Transmissivity was calculated by using observed data in section 4.2 for the Cooper-
Jacob method (4.1) and Thiem’s equation (4.2), for both of the soil infiltration sites.
However, due to the lack of continuous data from the rock infiltrations, only Thiem’s
equation could be used for the infiltrations in Götatunneln.

T = 2.3 · V̇
4π · ∆hs

(4.1)

Where,

T = Transmissivity [m2/s]
V̇ = Abstraction rate [m3/s]
∆hs = Change in drawdown over a logarithmic decade [m]

T = V̇

2π · ∆hs

· lnr2

r1
(4.2)

Where,

r1, r2 = radial distance from pumping well to the observation wells [m]

4.3.2 Radius of influence
In order to determine at which distance no change in water head can be observed,
the radius of influence was used. The equation was obtained by rearranging equation
(4.2), which then results in equation (4.3). The radius of influence was calculated
for each observation well that was used in the separate infiltration models.

r0 = r1 ∗ exp (h1 ∗ 2π ∗ T
V̇

) (4.3)

Where,

r0 = Radius of influence [m]

Another method to determine the radius of influence is by plotting the drawdown
versus the distance from the pumping well over a period of time (Fetter, 2014; Zheng
et al., 2019). Further, by using a linear regression to fit a line to the drawdown data,
this results in an estimated radius where the drawdown is equal to zero. Additionally,
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a weighted curve was plotted based on observed data and the conditions of the wells,
which can be seen in section 4.2. A well defined as fast will show a quick response
and will therefore be more reliable when weighting the curve.

4.3.3 Natural groundwater recharge
The natural groundwater recharge was calculated using equations 4.4 and 4.5. This
was based on the annual precipitation in Gothenburg, which was described in section
4.1. Noticeable, this approach results in the largest possible natural recharge, but
due to soil and surface properties a limited amount of the recharge will actually
become groundwater. This aspect will be accounted for later in the models.

W = Pave

1000 ∗ 24 ∗ 3600 (4.4)

Qw = W ∗ A (4.5)

Where,

W = Groundwater formation [m/s]
Pave = Precipitation rate [mm/day]
A = Cell area in Excel [m2]
Qw = Groundwater flow [m2/s]

4.4 Numerical models
Numerical models are suitable for complex problems, which cannot be solved us-
ing analytical equations (Anderson et al., 2015). Instead, numerical methods are
used in a iterative process to get approximate answers in order to solve the complex
problems. A numerical model generates a solution that is discontinuous in space
and time, thus the model uses approximations of flow equations to calculate e.g.
the change in head. The purpose of creating the models are that they can give
an overall conceptualization of how groundwater moves in soil and rock (Fetter,
2014). This can be difficult to comprehend and create by just observations and
calculations. However, it is important to be aware that numerical models includes
simplifications and assumptions, and therefore only displays an approximation of
the truth. In this thesis, two models were created, Excel and GMS MODFLOW.
These models were based on the groundwater flow equation, see equation 4.6, which
where solved by the finite difference method, see equation 4.7, which is displayed
in the x-direction. (Anderson et al., 2015). However, the practical application of
the finite difference method differs between the models since they vary in complexity.
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Where,

Kx,y,z = Hydraulic conductivity in x,y,z-directions [m/s]
W = Flow input [m3/s]

δh

δx
= hi+1,j,k − hi−1,j,k

2∆x (4.7)

Where,
∆ = distance between rows, coloumns and layers in x,y,z-directions.
i,j,k = Node indices.

The first model was created in Excel, and is a spreadsheet application in two dimen-
sions. The model only includes one uniform layer which is the friction soil layer. The
rocky outcrops in the model were assumed to be impermeable and the friction soil
layer was also assumed to be confined both by the clay layer on top and the shallow
rock beneath. This type of model is appropriate to use to get an understanding how
boundary conditions and hydraulic parameters impact the groundwater level in an
aquifer (Gustafson, 2009). Further the Excel model is centered block i.e. the water
level in the cell represent the average head in the entire cell.

The second model created with GMS used the MODFLOW algorithm to construct a
three dimensional model (Aquaveo, n.d-b). This resulted in a more detailed model
with multiple layers and a defined topography. Further, assumptions regarding
impermeable outcrops and confined layers made in Excel could be avoided as the
approach made it possible to use a more detailed conceptualization. As the GMS
MODFLOW model had several layers, groundwater was able to flow in both hori-
zontal and vertical directions (Aquaveo, n.d-a). The multiple layers also generated a
three dimensional visualization of the model, where the change in water level could
be observed in all layers. Similar to Excel, GMS MODFLOW is a block centered
numerical model using the finite-difference method to solve the numerical calcula-
tions (Fetter, 2014). The position of the nodes in the grid system is described by
indexes i,j and k, which corresponds to rows, columns and layers.
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4.4.1 Excel model

Three different Excel models were created, one for each soil infiltration site and one
for the rock infiltrations. The first step is to decide the size of the models. The
parameter used to determine the size was the radius of influence, since no changes
in water level were expected beyond this distance. The result from section 4.3.2
showed a variation in radii, where some results were interpreted to be more accurate
compared to other. The size of the model were always chosen to be larger than the
average calculated radius of influence and the shape of the model was determined
to be quadratic.

The next step was to decided the size of the cells in Excel. The cell size is desired
to be as large as possible. However, due to the limitations of Excel and the diffi-
culties to manage and operate a too big model, the grid size was limited to not be
more than 40 000 cells. Since the radius of influence varied between the different
scenarios, the grid size for each scenario depended on how large the model had to
be, thus the cell sizes between models differ, see table 4.6.

Infiltration site Grid size [Cells] Cell size [m]
Lilla torget 10 000 2
Hovrätten 10 000 2

Göta tunnel IB23 40 000 3
Göta tunnel IB41 40 000 3

Table 4.6: Name of the models, grid size and cell size for all infiltration models.

The models included three boundary conditions. As previously described, beyond
the perimeter no change in water level is expected to occur, based on the result from
section 4.3.2. The same boundary condition, no change in water level, is applied
for Göta älv according to 4.1. In Excel, this constant locked level boundary was
applied by setting the cell values at the perimeter equal to zero i.e. no change in
water head, see figure 4.6.

The second boundary condition was applied around the rocky outcrops since these
were assumed to be impermeable, which is not the case in reality. Impermeable
boundaries in Excel means that the gradient over the boundary is equal to zero,
which is achieved by mirroring the cell situated next to it, see figure 4.6. The third
boundary condition in the models were applied for the recharge zones. The recharge
in the model was based on the calculations performed in section 4.3.3. The amount
of natural groundwater recharge actually reaching the aquifer is calibrated based on
the range presented in section 4.1.
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Figure 4.6: The boundary conditions and how they are applied in the Excel
models.

The locations of the observation and infiltration wells can be seen in figures 4.5
and 4.4. The cells in the model were ascribed with different equations depending
on whether the cell had any new input, connected to infiltration wells or recharge
zones, or if the cell value only depended on adjacent cells (Gustafson, 2009). For a
cell that is only impacted by adjacent cells, equation (4.8) was used. This equation
is called the difference star without a source term and is derived from equation 4.7.
The principle is displayed in figure 4.7.

h0 = h1 + h2 + h3 + h4

4 (4.8)

Where,

h1,2,3,4 = Water level in adjacent cells [m]
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Figure 4.7: The principle of the difference star without a source term. Modified
from Gustafson (2009).

For cells which were located in the recharge zones or when a general transmissivity
were used for a well, equation 4.8 was applied, but with an additional term for the
source. This resulted in a difference star equation with a source term, see equation
4.9 (Gustafson, 2009). The transmissivity value used for the recharge zones and
Göta tunnel IB55, IB61 and IB64, where the regional transmissivity value listed in
table 3.1. Further, for Göta tunnel IB41 the same equation was applied but instead
of the regional transmissivity an average value of the calculated transmissivities,
seen in section 4.3.1, was used.

h0 =
h1 + h2 + h3 + h4 + W ∗∆2

T

4 (4.9)

Where,

W = Groundwater formation [m/s]
∆ = Area of the cell [m2]
T = Transmissivity [m2/s]

For the remaining wells i.e. Lilla torget, Hovrätten and Göta tunnel IB23, a modified
version of equation 4.9 was used, see equation 4.10. This version of the difference
star equation accounts for different transmissivities in varying directions, see figure
4.8 (Gustafson & Svensson, 1994). The reason why this version could not be used for
Göta tunnel IB41, was because transmissivities could not be calculated in different
directions.
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Figure 4.8: The modified difference star accounting for different transmissivities
in varying directions. Modified from Gustafson and Svensson (1994).

.

h0 = h1 ∗ T1 + h2 ∗ T2 + h3 ∗ T3 + h4 ∗ T4 +Q

T1 + T2 + T3 + T4
(4.10)

Where,

Q = Infiltration flow [m3/s]
T1,2,3,4 = Transmissivity [m2/s]

Table 4.7 shows which wells that were used for each infiltration and in which direction
they are located. For some wells it was not possible to evaluate the transmissivity,
since no observation well with reliable data were located in that direction.

Infiltration site North East South West
Lilla torget-CH4286B GW1916A CH4218U GWI101 Ave
Hovrätten-CH4337B CH4336U CH4218U GW1914 CH4267U
Göta tunnel IB23 GW1915A GWI113 GW1918 Ave (N/S)
Göta tunnel IB41 Ave Ave Ave Ave

Table 4.7: Displays which well that was used in each direction for each
infiltration. Cells marked with Ave (N/S) refers to the average value of the

transmissivities in the north and south directions, and Ave refers to the average of
all calculated transmissivities.
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After this step, the procedure between the soil and rock models diverge due to differ-
ent setups. Since both soil infiltrations only had one infiltration well in each model
the iteration process could start immediately after all the input values were inserted.
The models were iterated until steady state, which was decided to be achieved when
the water levels in the wells were not changing more than 0.001 meter. When steady
state was achieved the models were calibrated. The purpose of the calibration was
to achieve the same order of magnitude for the modelled change in water level and
the measured water level in the observation wells, see section 4.2. This implied that
the modelled values did not have to be exactly the same as the measured values.
The parameters that could be adjusted in the calibration are listed below.

1. Alternate between the two transmissivity values, calculated by Thiem’s equa-
tion 4.2 and Cooper-Jacob equation 4.1, in all directions.

2. It was determined that the recharge zones could vary between 0-50 percent
of the total calculated natural groundwater recharge, based on section 4.1.
Notice that the individual recharge zone must be consistent and have the
same percentage in all Excel models.

For the rock infiltration, both Göta tunnel IB23 and IB41 operate together with
the rest of the infiltration boreholes in the Göta tunnel (IB55, IB61, IB64) and are
supplied by the same pump. Consequently, a different procedure had to be imple-
mented for the rock infiltrations. When the infiltration flow, length and direction for
all boreholes were inserted in the model, a calibration model was created to recreate
the observed values. This was done in order to separate the individual responses for
each borehole, since they are controlled by the same pump. Data on the boreholes
can be found in section 4.2.3. For this model the same assumptions on steady state
and the correct order of magnitude in the wells compared to the observed data, used
in the soil infiltration, were applied. When calibrating the rock model the following
parameters could be adjusted.

1. Same as number two for soil infiltration.
2. The amount of cells assigned a flow term was increased in E-W due to the

previously described dominant fracture pattern. 4.1.
When the calibration model had achieved steady state and the correct magnitude
of the change in head in the observation wells, only one of the simulated boreholes
(Göta tunnel IB23 and IB41) was used at a time. This was done in order to to get
the response from a single borehole.
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4.4.2 GMS MODFLOW model
In GMS MODFLOW, the geological conceptualization of the studied area can be
seen in figure 4.2, and the model is provided by Bergab. The model includes five
layers; bedrock, shallow rock, friction soil, clay and fill material. The conceptualiza-
tion is based on TINs which describe the elevation array of an area, which in turn
have been used to create the solids shown in the figure 4.2 (Aquaveo, 2017). TIN
stands for triangulated irregular network and is described by a set of triangles that
together form a surface. Further, TINs can be translated into a solid model, where
the solids in between the TIN-layer form 3D shapes. When creating the solids in-
terpolation errors occurred and the command "truncate to bedrock" was used. This
command assumes that the base elevation of the bottom layer equals the top of the
cell representing the bedrock.

As opposed to the Excel model, in GMS MODFLOW hydraulic conductivity values
had to be set for the friction soil, as performed in Excel, but also for the other four
remaining layers. The values from these four layers where found in literature and
from borehole investigations performed in the area, see section 3. The hydraulic
conductivity values are presented within a range, which were later used when cali-
brating the model. The values can be found in table 4.8. The hydraulic conductivity
in the friction soil will be calculated by using equation 4.11 and displayed in chapter
5. The average thickness of the friction soil is based on the figure 4.2, and is assumed
to be 2 m.

T = K ∗ b (4.11)

Where,

T = Transmissivity [m2/s]
K = Hydraulic conductivity [m/s]
b = Thickness of aquifer [m]

Since, the formation and deposition of rock and soil results in anisotropic character-
istics, it is of interest to define the variations in hydraulic conductivity in horizontal
and vertical directions. The ratio of the hydraulic conductivity in horizontal and
vertical directions are proportional to the anisotropy. However, due to the lack of
data discussing anisotropy in the studied area, the value were assumed to be one,
assuming a homogeneous material. Consequently this results in that the vertical
hydraulic conductivity will equal the horizontal hydraulic conductivity, since they
are proportional to the vertical anisotropy (Hölting & Coldewey, 2019). The NWT
(The Newton package) solver was picked for the models (Aquaveo, 2011). This
solver was chosen since it better handles drying and rewetting of cells and therefore
may help the model to converge. Further, this results in that the UPW (Upstream
weighting) package was selected by default to describe the material properties using
Material ID:s in GMS MODFLOW.
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Fill material Clay Shallow rock Bedrock
Kh [m/s] 1E-06 - 1E-041 1E-09-1E-062 1E-07 - 2E-063 1E-08 - 2E-074

Table 4.8: Chosen conductivity values for GMS MODFLOW for fill material,
clay, shallow rock and bedrock 1Trafikverket, 2016c, 2Fetter, 2014, 3Trafikverket,

2016b and 4Trafikverket, 2016b.

Since the model was much larger than what was needed in this study, it had to be
cut to the appropriate size. In GMS MODFLOW, one model was constructed for
all infiltration tests, and the size of the model was decided to be larger than the
maximum radius of influence used in Excel. Further, the size of each cell also had
to be decided. The cell size was governed by the fact that using too few cells results
in less accurate results and using too many leads to difficulties making the program
converge into a solution. Consequently the chosen cell size was approximately 10
meters in x-direction and 13 meters in y-direction.

The boundary conditions were chosen to be similar to the ones in Excel, and are
described in depth in section 4.1. Around the model a constant head of zero was set,
to simulate similar boundary conditions as chosen for Excel. This is a simplification
of the reality since the groundwater levels vary in the area. However, in order to
be able to make a just comparison between the models, these assumptions had to
be made. Further, the recharge zones were created, having the same shape as seen
in figure 4.3 and calculated using equation 4.5. In GMS MODFLOW a drainage
element was also created, to avoid large amounts of water piling up. The drainage
arcs were located along Göta älv and Stora Hamnkanalen, to simulate naturally
occurring surface discharge to the water bodies. For the drainage element, a con-
ductance value had to be assumed, which can be seen in equation 4.12 (Aquaveo,
2019).

Carc = K

t
w (4.12)

Where,
Carc = Conductance [m/s]
K = Hydraulic conductivity [m/s]
w = Width of the material along the arc [m]
t = Thickness of the material [m]

This value assumed a ratio between the length and height of the water bodies to
be two and used the hydraulic conductivity for the fill material. This value was
assumed to be uniform over the length of the arc and the drainage arcs followed the
elevation of the top surface.
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Finally the observation wells were also added to the model, and the level in each well
can be found in table 4.5. The constant head boundary, recharge zones, drainage
and location of observation points can be seen in figure 4.9. The model was then
calibrated by changing the hydraulic conductivity. The conductivity values were
changed within the ranges presented in table 4.8 and for the hydraulic conductivity
in friction soil, the values were altered between the minimum and maximum values
calculated using Thiem’s equation and Cooper-Jacob method, see section 4.3.1.

Figure 4.9: The boundary conditions chosen for the model, including drainage,
constant head and recharge. The black dots shows the location of the observation

wells.

After the model was calibrated, the infiltration wells were included in separate mod-
els. The same flow and location were chosen as described in the observed data, see
section 4.2. The WEL package was used to include the wells. This package in-
cludes vertical wells, where the coordinates and abstraction rate has to be defined
(Aquaveo, 2018). In soil the wells were added as single points, to simulate a point
source. However, in rock the infiltration flow was equally divided over the entire
length of the borehole plus two additional cells to simulate the fractures in E-W.
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Another alteration that was made was that the borehole was only placed in the
shallow rock, and not in the underlying bedrock as it is in reality. This was done
since the model does not include any fractures which is the dominant flow path in
crystalline rock, described in section 2.1. After the simulation had converged in
GMS MODFLOW, a response curve and a plot showing the change in head were
created for each infiltration.
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5
Results

This chapter displays the results from the Excel and GMS MODFLOW modelling.
Further, to construct the models, the transmissivity values and radius of influence
had to be calculated beforehand, and can be seen in this chapter. Finally, the
modelled data, change in head plots and response curves have been constructed to
show how the change in groundwater levels propagate depending on the type of
infiltration and location.

5.1 Analytical calculations
This section shows the result from the analytical calculations and displays the values
chosen in the models. All the calculated parameters can be seen in appendices C.1.1
and C.1.2

5.1.1 Transmissivity
In table 5.1 the applied transmissivities for all infiltrations in Excel can be found.
The table also includes in which direction the transmissivity was assigned. All
calculated transmissivity values can be found in appendix C.1.1.

Infiltration site North, East, South, West,
T [m2/s] T [m2/s] T [m2/s] T [m2/s]

Lilla torget-CH4286B 3.47E-05 3.68E-04 3.41E-05 1.45E-04
Hovrätten-CH4337B 5.61E-05 4.03E-05 1.87E-05 4.92E-06
Göta tunnel-IB23 1.02E-04 4.14E-06 6.44E-06 5.46E-05
Göta tunnel-IB41 2.60E-05 2.60E-05 2.60E-05 2.60E-05

Table 5.1: The chosen Transmissivity values [m2/s], which were applied in each
direction for the different infiltration scenarios.
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5.1.2 Radius of influence
In this section, the calculated radius of influence values are displayed. Table 5.2
shows the influence radius which were applied in the different models. Further, all
influence radii can be found in appendix C.1.2.

Infiltration site Radius of influence [m]
Lilla torget-CH4286B 100
Hovrätten-CH4337B 108
Göta tunnel-IB23 300
Göta tunnel-IB41 300

Table 5.2: The chosen influence radii for all the infiltration models [m].

5.1.3 Natural groundwater recharge
The natural recharge was calculated using equation 4.3.3 and used the values of
precipitation listed in section 4.1. The number was calculated to be 3.015*E-08
m/s.

5.2 Excel models
In figure 5.1, the propagation of infiltrated water from the soil infiltrations at Lilla
torget and Hovrätten are displayed. Further, figure 5.2 shows the propagation gen-
erated from the rock infiltrations in Götatunneln. In both figures observation wells
are numbered for each infiltration scenario. Further, the calibration of the models
resulted in that the recharge zones north of Stora Hamnkanalen were set to 20 per-
cent of the total amount of the calculated natural recharge, see section 5.1.3, and
the recharge zones south of Stora Hamnkanalen was set to 5 percent.
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Figure 5.1: The propagation obtained from the soil infiltrations at (a) Lilla
torget and (b) Hovrätten. Displayed wells in (a); 1: CH4286B, 2: CH4218U, 3:

GW1916A, 4: GWI101. Displayed wells in (b): 1:CH4337B, 2: CH4336U,
3:GW1914, 4:CH4267U, 5: CH4218U.

Figure 5.2: The propagation obtained from the rock infiltrations at (a) Göta
tunnel IB23 and (b) Göta tunnel IB41. Displayed wells in (a); 1: IB23, 2:

CH4286B, 3:GWI113, 4: GW1918, GW1915A, GW1914. Displayed wells in (b); 1:
IB41, the rest are the same as in (a).
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In order to compare the obtained responses between the different models, the change
in head vs. the distance from the infiltration points can be seen in figure 5.3.
Since Residenset is of interest, an approximate direction towards the risk object was
used. Given that the infiltration flows vary between the different infiltrations, a
normalization of the maximum and minimum change in water level was performed.
The normalization of the change in head plotted against the distance can be seen in
figure 5.4.

Figure 5.3: Change in head [m] vs. the distance from the infiltration point [m]
for Hovrätten, Lilla Torget, IB23 and IB41 in Excel.

Figure 5.4: Normalized change in head [m] vs. the distance from the infiltration
point [m] for Hovrätten, Lilla Torget, IB23 and IB41 in Excel.
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5.3 GMS MODFLOW model
The chosen hydraulic conductivity values used in GMS MODFLOW, can be seen
in table 5.3. They have been chosen within the ranges presented in table 4.8, when
calibrating the model against the measured groundwater levels. To get a range of
the hydraulic conductivity in the friction soil the smallest and largest transmissivity
values, seen in section C.1.1, were chosen. These values where 6.4E-06 m2/s and
3.68E-04 m2/s. Further, to get the hydraulic conductivity, an average thickness of
2 m was assumed for the friction soil and equation 4.11 was used to calculate the
hydraulic conductivities. The range was calculated to be from 3.2E-06 m/s to1.84E-
04 m/s, and these values where seen as the lower and upper limit when calibrating
the model and choosing the final conductivity value for the model.

Fill material Clay Friction soil Surface rock Bedrock
Kh [m/s] 1.0E-05 1.0E-07 3.0E-05 1.0E-06 1.0E-08

Table 5.3: Chosen conductivity values in GMS MODFLOW for all five layers
after calibrating the base model.

The calibrated base model can be seen in figure 5.5. The model was calibrated to
be within one standard deviation from the observed groundwater levels. The value
chosen for the recharge can be seen in section 5.1.3 and the value chosen for the
conductance was 0.0004 m/s, and this was based on the assumptions presented in
section 4.4.2.
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Figure 5.5: Groundwater levels [m] in the studied friction soil layer for the base
model. The model was calibrated to be within one standard deviation of the
measured groundwater levels. Numbered observation wells: 1-CH4336U,

2-CH4267U, 3-GW1914, 4-GW1915A, 5-GW1916A, 6-CH4218U, 7-CH2486B,
8-GWI113, 9-GWI101, 10-GW1918.

Figures 5.6 and 5.7 show the responses of the infiltrations in soil respectively rock,
displayed as change in head. The modelled soil layer is the friction soil layer. The
observation wells in the models can be seen as grey dots, and are the same as the
ones in the base model. The Change in head legend varies from 0-1 meters where
red represents one meter and blue represents 0 meters.
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Figure 5.6: Change in Head [m] responses for the soil infiltration at (a) Lilla
torget and (b) Hovrätten.

Figure 5.7: Change in Head [m] responses for the bedrock infiltration at (a)
Götatunnel IB23 and (b) Götatunnel IB41.
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Figure 5.8 shows the change in head versus the distance from the infiltration point
for all four infiltration sites. Additionally, figure 5.9 shows the normalized change in
head versus the distance from the infiltration point. The direction of the responses
is taken to be arbitrarily in the orientation towards Residenset and the distance of
the responses is taken to be approximately 100 meters. These conditions are the
same as chosen for the Excel models.

Figure 5.8: Change in head [m] vs. the distance from the infiltration point [m]
for Hovrätten, Lilla Torget, IB23 and IB41 in MODFLOW.

Figure 5.9: Normalized change in head [m] vs. the distance from the infiltration
point [m] for Hovrätten, Lilla Torget, IB23 and IB41 in MODFLOW.
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5.4 Modelled data vs. Observed data
The modelled and observed change in groundwater level can be seen in figure 5.10.
The graphs show how well the models were able to recreate the measured values. As
displayed in the figure, the results from Excel correlates better the observed change
in water level compared to the results obtained from GMS MODFLOW. This can
also be seen in table 5.4, which shows the Spearman rank order correlation coefficient
for all simulations (Iversen & Gergen, 1997).

Figure 5.10: The modelled and observed change in water level [m] due to the
infiltrations.

Infiltration site GMS MODFLOW Excel
Correlation Coefficient [-] Correlation Coefficient [-]

Lilla torget 1.0 1.0
Hovrätten 0.8 1.0

Göta tunnel IB41 0.6 1.0
Göta tunnel IB23 0.9 1.0

Table 5.4: The Spearman correlation coefficient for all infiltration sites.
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Discussion

This chapter discusses the results obtained in chapter 5. The discussion is divided
into three parts; rock and soil responses, comparison of Excel and GMSMODFLOW,
and suggested infiltration at Residenset. Further, it is important to bear in mind
that the results generated in this study are site specific, since the results have not
been compared with similar studies due to a lack of comparable literature. There-
fore, different results can be obtained for other sites with different hydrogeological
conditions.

6.1 Rock and soil infiltrations
Figures 5.9 and 5.4, show the normalized graphs of the change in head versus dis-
tance from the infiltration well, in GMS MODFLOW and Excel. What can be seen
in both graphs are that the rock infiltrations (Göta tunnel IB23 and IB41) tend to
be more linear compared to the soil infiltration (Hovrätten and Lilla torget). The
soil infiltrations display a quicker drop in the graph between the first and second
measuring point, and the response shows an exponential trend in soil. Further, fig-
ure 5.3, which shows the non-normalized change in head versus distance from the
infiltration point in Excel, displays that 100 meters away from the infiltration point
the rock infiltration shows greater response compared to the soil infiltration. This
response corresponds with the observed data which shows that the rock infiltration
is more diffusive and that the fractures in the rock enables the water to flow further
away from the infiltration point. However in figure 5.8, which is the corresponding
graph in GMS MODFLOW, this pattern does not exist and the soil infiltrations
show greater or equal response in the surrounding area compared to the rock infil-
trations. One possible explanation is that the GMS MODFLOW model is affected
by the location and depth of the infiltration point to a greater extent compared to
the Excel model as the GMS MODFLOW model has multiple layers with a variation
in thicknesses. Further, the GMS MODFLOW model seems to be correlated to the
infiltration flow to a greater extent compared to the Excel model.

The magnitude of the maximum infiltration pressure is limited by local conditions
and varies between rock and soil. For grouting practices in rock, a recommendation
is that the maximum pressure used is limited by the depth of the fractures and
the state of the rock (Rafi, 2014). In Sweden, a general practice can be considered
to be around 1 bar/meter of depth, and varying around this number based on the
condition of the rock. This practice is used to prevent jacking, which is when the
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rock mass is lifted due to the increased water pressure. For soil, if the pressure is
too great piping can occur, which is when channels are formed within the soil which
can occur due to high pore water pressures (Ojha et al., 2003). A limiting factor
is the amount of clay overlying the friction soil and it controls the pressure which
can be applied when infiltrating water. Contrary, a too low pressure may cause
clogging, described in section 2.2. Consequently, this results in that the capacity of
the well itself is limiting and not the infiltration flow. The capacity of the well is
connected to the site specific conditions. Depending on for example the thickness
of the friction soil or to which extent the lower aquifer is connected, the response
from a infiltration facility can vary. For infiltrations in rock, the connectivity of the
fractures play a great role, as mentioned in section 2.3, and also knowledge about
the heterogeneity of the rock.

6.2 Excel and GMS MODFLOW models
As mentioned, in this study two model approaches were created in order to both be
able to validate results, but also to determine how the prerequisites of the models
affects the results. The Excel model is easier to both comprehend and structure, as
basic assumptions and simplifications can be applied more conveniently, thus less
time was needed to create the models (Ankor & Tyler, 2019). However, GMS MOD-
FLOW was created with parameters such as multiple layers, topography and vertical
flows, which all were neglected in the Excel model. Further, these parameters results
in that the confining clay layer are not completely impermeable, and the estimation
of natural recharge for each recharge zone could be omitted. As the purpose of
this study was to compare rock and soil infiltrations similar conditions, inputs and
assumptions were desirable. In GMS MODFLOW more assumptions were needed
to be made, since the model includes more degree of freedom compared to Excel.
This resulted in that it was difficult to implement similar settings in the models,
and consequently, a fair comparison between the models were more challenging to
conduct.

An interesting point regarding the model approaches are whether the GMS MOD-
FLOW model have accomplished more reliable results compared to the Excel model.
The results in table 5.10, show that the observed changes correlate better with the
responses obtained from Excel, in comparison to GMS MODFLOW. A possible rea-
son why the observed response are reflected better in Excel could be that the cell
size in GMS MODFLOW was larger. Since the finite difference method is center
blocked, the average change in head is applied over the whole cell area, thus local
peaks and lows in water level are left out. Another interesting result in table 5.10,
is that the response at Lilla torget is the highest in GMS MODFLOW but the low-
est in Excel. As mentioned GMS MODFLOW accounts for topography which can
increase the propagation for infiltrations located at higher altitude, e.g. at Lilla
torget, as water naturally strives to equalize pressure differences. Further, in GMS
MODFLOW the rock infiltrations are placed in the shallow rock compared to Excel
were the infiltrations are spread out in the friction soil layer according to the inter-
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preted fracture mapping. In table 5.10, the results from GMS MODFLOW is much
lower compared to Excel and observed data, indicating that the connection between
the friction soil and shallow rock in GMS MODFLOW needs to include fractures,
to be able to simulate the responses.

The change in head, seen in table 5.10, are the values obtained from steady-state
conditions. However in reality, the soil infiltrations which were only performed dur-
ing a few days have most likely not reached steady state yet, thus the observed
data is not completely representative. Another point, which can affect the modelled
change in head during the infiltrations, is the infiltration in Göta älv. As described
in section 4.1, the leakage into Göta älv is slightly larger than the infiltrations in
the tunnel, see table B.3, and the modelled data could therefore reach higher levels
compared to the observed data. However, since the models are simulated as steady-
state, this assumption is regarded acceptable.

In this study values of the transmissivity and radius of influence have been calcu-
lated and then later used in the models. As seen in appendices C.1.1 and C.1.2 the
values vary, indicating that the friction soil varies in thickness and properties. Due
to the fluctuating values in transmissivity, the values were decided to be varied de-
pending on the direction in the Excel models. However, this was not possible for all
infiltration models and the regional transmissivity or the average of the calculated
transmissivities were assigned instead. These values were assumed to account for
the differences in the studied area better compared to the local transmissivity, see
table 3.1 in chapter 3.

6.3 Suggested infiltration at Residenset
This study focused partly on Residenset, and the aim was to investigate what type of
infiltration would be the most suitable for the risk object. Soil infiltration has often
been used to raise the groundwater level around buildings, that have a foundation
which is prone to settlements (Olofsson & Palmgren, 1994). This could be an option
for Residenset, and the modelling performed in this study have showed that soil in-
filtration can increase the groundwater level close to the infiltration well. However,
since the area around Residenset is very densely built, there might be issues with
fitting an infiltration facility close by the risk object. Since the soil infiltrations from
the modelling showed a more exponential response, the well would have to be built
close by the building which in this case might not be possible. Additionally, the expo-
nential curve from the soil infiltration, makes it more difficult to predict the increase
in groundwater level since it very rapidly decreases in response. Furthermore, as de-
scribed in section 2.2, a soil infiltration is prone to clogging if the infiltration flow
is too low. Thus, if a soil infiltration was constructed at Residenset and the desired
response required only a minor flow, the risk of clogging would increase significantly.

When looking at rock infiltration as an alternative for Residenset, Västlänkstunneln
will be constructed beneath the building and Göta älv is located to the east. This
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enables implementing rock infiltration in the underground constructions which can
potentially reach the overlying aquifer in the friction soil through the fractures. The
models in Excel and MODFLOW show a more linear response in rock compared to
soil. A benefit from this could be that it is easier to get a response from the rock in-
filtration, even if the infiltration facility is located further away. On the other hand,
a disadvantage might be that the groundwater table will be raised on unwanted
locations.

Taking these views into consideration, infiltration in the underlying rock tunnel
may be the best option. Looking at figure 3.4, it shows the location of the planned
Västlänkstunneln in relation to the risk object, which lies to the east of the tunnel.
As mentioned in chapter 3 the general direction of fractures lies in E-W, enabling
water to be transported in the direction of Residenset. Further, the linear response
might make it easier to adjust and predict the change in groundwater level to stay
within the given action levels, see table 3.2. Since the upper and lower aquifer might
be connected at some locations in the area, a too high pressure in the lower aquifer
can result in raised water levels in the upper aquifer as well, as mentioned in section
3.2. According to figures 5.4 and 5.9 soil infiltration has a greater risk of causing
these type of problems, which may result in leakage into basements. Furthermore,
for soil infiltration the limiting space in the area restricts the implementation of a
new facility. Additionally, the previous soil infiltration in the adjacent Lilla torget
showed poor responses in the surrounding groundwater wells, which suggests that
similar results might be expected at Residenset. A possible explanation is that the
friction soil layer at Lilla torget is less coherent or very thin. However, as stated pre-
viously, when constructing a rock infiltration there might be difficulties connecting
the borehole to a fracture set and getting the desired capacity from it. If this is the
case a soil infiltration could be implemented as a temporary measure if settlements
can be detected at the risk object, since it has shown to be easier to implement
quicker, see section 2.2.
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Constructions underground in urban areas can greatly affect the surrounding build-
ings due to a decrease of pressure in the aquifer during construction. Consequently,
this can lead to drawdown of the water table and ultimately subsidence of adja-
cent buildings in the area. Artificial infiltration can be used as a mean to infiltrate
water directly into the aquifer and thereby maintaining or raising the water ta-
ble. Västlänken, a railway tunnel currently being built in central Gothenburg, is an
example of a construction where this method will be used. This report aimed to
investigate the differences when infiltrating water in soil and rock and to answer the
question of what type of infiltration can be implemented at Residenset, a building
with sensitive foundation located close to the planned Västlänkstunneln. Two differ-
ent numerical tools, Excel and GMS MODFLOW, were used to model the responses
from previously performed soil and rock infiltrations in the area. The main findings
are listed below.

1. Both Excel and GMS MODFLOW generally showed linear response when
infiltrating in rock and exponential response when infiltrating in soil. These
findings correspond with observed data. On the other hand, GMSMODFLOW
did not correlate well with Excel and the observed data when it comes to the
propagation of the responses according to the calculated Spearman correlation
coefficient. Both Excel and the observed data displayed that rock infiltrations
propagate further away from the infiltration point, resulting in a more diffusive
response, compared to soil infiltration.

2. Both numerical models can be used to simulate the response from soil and
rock infiltrations. The GMS MODFLOW model is more complex, with several
layers and the option to vary hydraulic and hydrogeological parameters over
the area. Consequently this results in a time-consuming, complex model.
Excel on the other hand, lacks many of GMS MODFLOW’s more complex
characteristics but is more intuitive and easy to use. The results from the two
models indicated that the Excel model corresponded better with the observed
data compared to the GMS MODFLOW model.

50



7. Conclusion

3. For the risk object within the block Residenset, rock infiltration might be a
more appropriate option compared to soil infiltration. This is a result of the
infiltration in rock showing a more linear response with a larger propagation,
and since the tunnel will be built close by, this gives the right preconditions
for rock infiltration. Further, implementing a soil infiltration close to the risk
object might be difficult due to the densely built area. Since the soil infiltra-
tion has showed a more exponential response it would have to be built close
by to raise the groundwater levels sufficiently.

However, what has been observed during this study, is that the infiltrations in both
rock and soil are very dependent on the local site characteristics. Connectivity of
fractures, thickness and extent of the friction soil and lower aquifer, hydrogeological
parameters, are a few examples of factors impacting the results of any infiltration
facility. Consequently, these variables have to be characterised and conceptualized
in order to perform a successful infiltration. This also results in that the findings in
this study might be depending on the local site characteristics, and a similar study
performed elsewhere might show other results.

As a future recommendation, primarily it would be interesting to see a similar com-
parison between soil and rock infiltrations, at another location, to see how site
specific the results in this report are. Also, this thesis have not focused on environ-
mental aspects or economic costs connected to artificial infiltration, such as using
recycled tunnel water. Consequently, this is something that could be investigated
further and can potentially give another perspective to the comparison between soil
and rock infiltrations.
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A.1 Observed data from the infiltration sites

Figure A.1: Plot of observed data from rock and soil infiltrations
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B.1 Götatunneln leakage vs. infiltration 2013 -
2017

In tables B.1 and B.2, data about leakage and infiltration rates for Götatunneln
can be seen. Regarding the leakage measurements, all the measurements south of
the Stora Hamnkanalen, within the study area were selected. By comparing the
total leakage and the total infiltration, it was determined that the leakage rate into
the tunnel is approximately 1.73 l/min higher than the infiltration rate over the
studied stretch. Additionally, leakage measurements not related to Götatunneln
were omitted.

GT B 20/280 GT B4Södra 2/000 GT B4 Norra 21/095 GT B4Södra 2/110
2013 NA 2.61 1.58 1.76
2014 1.20 3.00 1.55 1.70
2015 1.70 2.03 1.35 1.72
2016 1.20 2.03 1.53 1.45
2017 1.20 2.40 1.50 1.85
Ave 1.33 2.42 1.50 1.68
Std 0.22 0.39 0.08 0.14

Table B.1: The leakage rate [l/min] into Götatunneln between 2013 and 2017.

IB23 IB41 IB55 IB61 IB64
2013 2.40 1.65 0.19 0.47 0.40
2014 2.53 1.79 0.18 0.44 0.39
2015 2.52 1.71 0.21 0.50 0.24
2016 2.79 1.72 0.20 0.50 0.25
2017 2.59 1.49 0.15 0.40 0.26
Ave 2.56 1.67 0.18 0.46 0.31
Std 0.13 0.10 0.02 0.04 0.07

Table B.2: The infiltration rate [l/min] in Götatunneln IB23, IB41, IB55, IB61,
IB64 between 2013 and 2017.
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Total rate [l/min]
Leakage 6.92

Infiltration 5.19

Table B.3: The total leakage and infiltration rate [l/min] between 2013 and 2017,
based on the average values in tables B.1 and B.2.
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C.1 Analytical caluculations
This Appendix shows the calculated values of the transmissivity and radius of in-
fluence.

C.1.1 Transmissivity
All the transmissivities for the different scenarios can be found in this section. Num-
bers marked in bold text were either applied in the model or used to calculate an
average hydraulic conductivity described in section 4.4.1.

CH4218U GW1916A GWI101
TT [m2/s] 3.68E-04 3.47E-05 3.41E-05
TC.J [m2/s] 1.89E-05 1.33E-04 6.23E-05

Table C.1: Calculated transmissivity values [m2/s] using the Cooper-Jacob, TC.J ,
and the Thiem’s equations, TT , for Lilla torget.

CH4267U GW1914 CH4218U CH4336U
TT [m2/s] 4.10E-05 4.84E-05 4.03E-05 7.66E-05
TC.J [m2/s] 4.92E-06 1.87E-05 1.50E-04 5.61E-05

Table C.2: Calculated transmissivity values [m2/s] using the Cooper-Jacob, TC.J ,
and the Thiem’s equations, TT , for Hovrätten.

GW1918 GWI113 GW1914 GW1915A
TT [m2/s] 6.44E-06 4.14E-06 4.77E-05 1.02E-04

Table C.3: Calculated transmissivity values [m2/s] using Thiem’s equation, TT ,
for Göta tunnel IB23.
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CH4286B GWI113 GW1914 GW1915A
TT [m2/s] 7.50E-06 7.90E-05 7.70E-05 9.84E-06

Table C.4: Calculated transmissivity values [m2/s] using Thiem’s equation, TT ,
for Göta tunnel IB41.

C.1.2 Radius of influence
In this section the calculated radius of influence can be found. The table for each in-
filtration shows the radius calculated by equation 4.3 and the figure shows a scatter
plot of all observed data used in the model, linear regression analysis and a weighted
curve in accordance with the conditions of the observations wells. Notice, some ta-
bles includes N/A, which is used when the value was interpreted to be uncertain.

Table C.5 shows the results generated by equation 4.3 at Lilla torget.

CH4286B CH4218U GW1916A GWI101
Distance Ref.Well N/A 57.98 [m] 51.71 [m]

Table C.5: Calculated radius of influence for Lilla torget [m].

Figure C.1 shows the results generated from the plotted values and the regression
analysis. The points in the graph corresponds to the values obtained in the observa-
tion wells and the curves describes the obtained result from the regression analysis
and the weighting of the curve due to the condition of the wells. The R-square value
for the regression analysis was 0.96.

Figure C.1: Radius of influence generated by regression at Lilla torget and the
weight curve.
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Table C.6 shows the results generated by equation 4.3 at Hovrätten.

CH4337B CH4267U CH4336U GW1914 CH4218U
Distance Ref.Well 0.27 [m] N/A 0.54 [m] 0.25 [m]

Table C.6: Calculated radius of influence for Hovrätten [m].

Figure C.2 shows the result generated from the plotted values and the regression
analysis. The points in the graph corresponds to the values obtained in the observa-
tion wells and the curves describe the obtained results from the regression analysis
and the weighting of the curve due to the conditions of the wells. The R-square
value for the regression analysis was 0.82.

Figure C.2: Radius of influence generated by regression at Hovrätten and the
weighted curve.
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C. Appendix

Table C.7 and C.8 displays the calculated radius of influences for Göta tunnel IB23
and IB41.

CH4286B GWI113 GW1918 GW1915A GW1914
Distance Ref.Well 28.39 [m] 32.98 [m] N/A 485.77[m]

Table C.7: Calculated radius of influence for Göta tunnel IB23 [m].

GW1918 GWI113 CH4286B GW1915A GW1914
Distance Ref.Well N/A 237.58 [m] 814.71 [m] 264.15[m]

Table C.8: Calculated radius of influence for Göta tunnel IB41 [m].

Figure C.3 shows the results generated from the plotted values. Since the observed
data is scattered and the boreholes used the same observation wells, the regression
analysis generated a low R-square value, thus no reliable regression curve was ob-
tained. The curves in the graph are weighted in relation to the condition of the
observation wells.

Figure C.3: The levels in the observation wells vs. the distance from the
infiltration facilities in the Göta tunnel.
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D. Appendix

D.1 Rock calibration model
In figure D.1 and table D.1, the results generated by the rock calibration model in
Excel can be seen.

Figure D.1: The propagation generated from the rock calibration model in Excel.

Well GW1918 GWI113 CH4286B GW1915A GW1914
Observed value [m] 1.70 1.570 0.47 0.39 0.14
Model value [m] 1.07 0.80 0.717 0.43 0.21

Table D.1: The change in water level when Göta tunnel IB23, IB41, IB55, IB61,
IB64 were applied in the Excel rock calibration model.
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