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Abstract

Land subsidence caused by the extraction of groundwater is a well known problem
that could cause large and costly damages to the built infrastructure. This mas-
ter’s thesis explores the land subsidence resulting from reduced pore pressure due
to local groundwater extraction in Gothenburg, Sweden. The study employs 1D
and 2D consolidation models to simulate the effects of groundwater withdrawal on
subsidence, providing a comprehensive analysis of vertical displacements and soil be-
havior. By integrating geotechnical site characterization with hydrogeological data,
the research validates the predictions of the model against field measurements. The
findings highlight that the 1D analytical solution correlates well with both the 1D
Plaxis model and the field measurements. In addition, the results suggest that the
extraction rate is the governing factor for the magnitude of land subsidence at close
distances to the pumping well; meanwhile, the clay thickness is the governing factor
at further distances from the well. The findings also indicate that the reduction
in pore pressure will extend further in the soil profile for thicker clays, resulting
in a larger land subsidence over longer periods of time. Furthermore, the findings
highlight the need for validation with field measurements and the difficulties of mod-
eling groundwater extraction and predicting subsequent land subsidence using an
axisymmetric Plaxis 2D model.

Keywords: pore pressure, land subsidence, groundwater extraction, Plaxis 2D, ana-
lytical modeling, settlements, drawdown, aquifer, soft soil.
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Creep parameter
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Modified swelling index
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1

Introduction

In this chapter, relevant background information on land subsidence is presented
along with the aim, limitations, and research questions of the thesis.

1.1 Background

Land subsidence is a phenomenon in which the land surface sinks gradually or sud-
denly (Esteban et al., 2024). There can be many causes for subsidence, both natural
and anthropogenic (Galloway and Burbey, 2011). A common cause of subsidence is
the extraction of fluids in the soil such as natural gas, crude oil, or most commonly
groundwater. Groundwater is extracted from the ground for several different rea-
sons. The most well-known reason is to use it as raw water for drinking water supply
and irrigation, but groundwater is also frequently extracted during the construction
phase of underground projects. Land subsidence could, for example, lead to surface
cracking, pipe breaks, differential settlements, and subsequently leaning buildings
or even damage to the building structure and other costly damage to infrastructure
(Cigna and Tapete, 2021).There are many examples in which groundwater draw-
down induced subsidence has had severe consequences (Merisalu et al., 2023).

It has long been known that land subsidence is related to the removal of fluids in the
soil. One of the first observations was made in the 1920s by two American geologists,
Pratt and Wallace (1926). In Sweden, groundwater was first suspected in the 1960s
to have a great impact on subsidence (Lindskoug and Nilsson, 1974). In 1925 Karl
Terzaghi introduced the principle of effective stress (He et al., 2020). This principle
explains that a reduction in the pore pressure in a soil leads to an increase in the
effective stress. This increase can cause the aquifer (and the adjacent soil skeleton)
to compact, resulting in land subsidence.

Three important and related topics on anthropogenic land subsidence are geome-
chanical and hydraulic properties, numerical solutions, and monitoring techniques
(He et al., 2020). Geomechanical and hydraulic properties can differ considerably
between sites, due to the stress history at the site, which can greatly impact impor-
tant parameters such as the compressibility and creep of soft clays (Wikby et al.,
2023). Since pore pressure in soft soils has a direct correlation with effective stresses
and subsequently the magnitude of land subsidence, it is crucial to understand the
mechanisms of change in pore pressure when extracting groundwater (He et al.,
2020). Numerical modeling supported by laboratory tests and field analyses is a
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powerful tool to understand changes in pore pressure. The modeling of these kinds
of problem is best achieved by using advanced constitutive models (Wikby et al.,
2023). To verify and ensure reliable results from the use of an advanced constitutive
model, it is important to perform a sensitivity analysis (Tahershamsi and Dijkstra,
2021; 2022). Previous studies have shown that some parameters are more sensitive
to change than others in similar numerical models.

Although numerical modeling is a powerful tool, the results must be verified with
real-life data. In recent years, many monitoring tools have been developed to mea-
sure the magnitude of land subsidence worldwide (Gambolati et al., 2006). InSAR
(Interferometric Synthetic Aperture Radar) and DGPS (Differential Global Posi-
tioning System) are examples of monitoring tools that can measure land subsidence
from space, which can act as a replacement for the old spirit leveling tools.

1.2 Aim

The aim of this master thesis is to describe the reduction in pore pressure and the
ensuing subsidence in a layer of clay when groundwater is extracted from an un-
derlying confined aquifer. Furthermore, this master thesis aims to examine how the
relationship between the depth of the clay layer and the duration of groundwater
extraction affects both the proportion and the time perspective of the dissipation of
pore pressures and the subsequent subsidence. This will be performed by conducting
a literature study, modeling the problem in the Plaxis 2D computational software
in both 1D and 2D, as well as using an 1D analytical solution. The consolidation
process after a pump test within the Hamnbanan railway project in Gothenburg,
Sweden, will be modeled using the computational software Plaxis 2D and a 1D an-
alytical solution. The performance of the different approaches will be assessed and
discussed by comparing the results with the measured field data.

1.3 Limitations

1. This study is limited to existing data; that is, no additional measurements of
soil or hydraulic properties will be carried out.

2. The heterogeneity of geological and hydrogeological characteristics within the
soil has been abstracted. The parameters were selected following a rigorous
analysis of test data to represent reality.

3. The effect on the reduction of the pore pressures of aquifer recharge has been
simplified. Infiltration from the ground surface and recharge within the aquifer
have not been evaluated in this thesis.

4. The 2D Plaxis models have been constructed with axisymmetric assumptions
based upon a selected cross section, representing a rudimentary approximation
of the majority of real-world scenarios.
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1.4 Research questions

1.

How does the pore pressure reduction and the subsequent land subsidence
develop over time?

Is there a viable analytical solution to predict land subsidence due to a uniform
extraction of groundwater?

. How do the thickness of the clay and distance from the pumping well affect

the consolidation process that follows a groundwater extraction?

. How can a local groundwater extraction be modeled in Plaxis 2D?
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Theoretical background

In this chapter, a theoretical background is provided on the relationship between
groundwater extraction and land subsidence. In addition, there is an introduction
to an analytical solution for the consolidation process of a 1D soil column subject
to drawdown.

2.1 Relationship between groundwater extraction
and land subsidence

When extracting groundwater from a confined aquifer, there will be a decrease in
water level and the upward pressure produced by the fluid will decrease and cause
the soil skeleton to experience higher pressure (Sun et al., 1999). The soil skeleton
of the aquifer and the confining layer is non-rigid and when it experiences a load
greater than the preconsolidation stress, the soil can undergo extensive irreversible
compaction (Galloway et al., 1999). Both the aquifer and the confining soft soil will
experience deformations when extracting groundwater, but to various degrees.

When extracting groundwater, the pore pressures in the aquifer will decrease and
the effective stresses will increase provided that the downward pressure of the un-
derlying soil and the loads on the surface remain constant (Shen et al., 2004). The
reduced water level or pore pressures in the aquifer will lead to drainage from the
confining layer to the aquifer to even out the pressure differences. Together, this
will eventually lead to the dissipation of pore pressures and increase the effective
stresses in the confining layer as well. Drainage of pore fluids out of the confining
layer is irreversible, which means that the volume of pore space available to fluids
will permanently decrease with drainage and lead to compaction of the soft soil,
that is, land subsidence (Galloway et al., 1999).

Due to infiltration from surface water, for example, rainfall or snowmelt, the pore
pressures in the soil close to the surface will not change as much as further down in
the soil profile (Shen et al., 2004). Consequently, there will be a difference in total
head both between the aquifer and the overlaying soil, as well as within the soil layer
itself, which will cause a flow of water from the ground surface towards the aquifer
(Sun et al., 1999; Shen et al., 2004). There are differences between consolidation
due to surcharge loading and due to groundwater extraction. The ultimate stage
of consolidation caused by the surcharge loading is the full dissipation of excess
pore pressures and a zero water flow rate, while the ultimate stage of consolidation
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caused by groundwater extraction is steady-state water flow (Shen et al., 2004). If
the clay layer is relatively large, it can take up to 30 years for excess pore pressure
to dissipate (Broms et al., 1976) .

Studies have been made on the pore pressure distribution in western Swedish clays,
while subject to drawdown in a lower aquifer. A study conducted by Berntson (1983)
examined two sites with a clay thickness of 10 and 20 meters respectively. The sites
were subject to a drawdown of 15 kPa in the lower boundary during a period of
three months. Berntson found that the pore pressure distribution in the 10 meters
thick clay was impacted throughout the whole profile. However, in the 20-meter
thick clay, some parts of the pore pressure distribution remained unaffected after
three months subject to the drawdown. Another study by Blomén (2017) show that
in a typical western Swedish soil profile, it can be assumed that the uppermost 5
meters of clay are not affected by a drawdown in the lower aquifer. This means that
the pore pressure distribution in the upper part of the clay will remain hydrostatic.
Blomén’s findings were based on field measurements at two sites, where the pore
pressures were monitored for 1.5-3 years.

2.2 1D analytical solution

Xie et al. (2012) proposed an analytical solution of a one-dimensional consolidation
analysis due to a reduction in groundwater level for an aquitard in a leakage system.
The authors present analytical solutions for the compression, the average degree
of consolidation, and the pore pressure distribution for the aquitard at any given
time. The equations used in this thesis are presented in Equations 2.1 - 2.6. Their
results showed that the increase in effective stress is the central mechanism for the
compression of the aquitard, which is caused by and directly proportional to the
change in pore pressure. Ten assumptions were made for the proposed analytical
solution (Xie et al., 2012). The assumptions are as follows:

The soil is completely saturated.

The soil is homogeneous.

The soil particles and pore water are incompressible.

The deformation from consolidation in the soil is small.

The seepage in the soil obeys Darcy’s law.

The deformation and seepage in the soil is one-dimensional.

The vertical conductivity and compression coefficient of the soil are constant

during consolidation.

ho is the initial head of all soil layers.

. The water head loss Ah due to extensive pumping of water in the aquifer
occurs instantly and remains constant.

10. The groundwater level layer remains unchanged due to natural recharge.

N Tt

© o0

B Ahz 2 29,AR el . MTZ e
U= Yyp(ho + 2 7)—%”12::1 - (—1)™ Fsin( = Je (2.1)
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A 29w A —1)m-t
Ay = _’ythz + %;T " mzz:l (=1 sin(mgz)e_m2”2T“ (2.2)
Aol = —Au (2.3)
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Methods

In the following chapter, the methodology of the thesis is described in detail. Ini-
tially, a literature study was conducted to acquire valuable information on the sub-
ject and previous studies conducted to familiarize the Hamnbanan rail project, de-
cide on a cross section subject to numerical modeling, and collect the data and tests
needed for further analysis. After the literature study, the three different Plaxis
models were created and the modeling approaches decided. Furthermore, the writ-
ing of the code for the analytical solution suggested by Xie et al.(2012) was initiated.
The data and tests collected in the case study were then evaluated to obtain the
soil and aquifer properties, which was used as input and to refine the Plaxis models,
as well as to adapt and compute the analytical solution. The results of the three
different Plaxis models and the analytical solution were analyzed and conclusions
were drawn. An overview of the methodology is shown in Figure 3.1.
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Figure 3.1: Summary of the thesis methodology.



3. Methods

3.1 Case study

The area subject to the case study is part of the Hamnbanan rail project in Gothen-
burg. Hamnbanan is an existing railway line that connects the port of Gothenburg
to the national railway (Swedish Transport Administration, 2022). The construc-
tion phase of the project began in 2020 and is expected to be completed in 2024.
The purpose of the project is to enhance the railway capacity to transport goods
by replacing certain sections of the current single track with a double track. The
section of the project that will be subject to the case study is located just north of
the Eriksberg area on the island Hisingen in Gothenburg, Sweden. The approximate
area is highlighted in Figure 3.2.

Figure 3.2: Approximate location of the area subject to the case study. Back-
ground map retrieved and modified from Lantmateriet.se. ©Lantmaéteriet.
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3. Methods

Several geotechnical and hydrogeological investigations have been conducted pre-
viously within the Hamnbanan project. Data from boreholes, wells and soil tests
within the scope of the investigations have been used to assess the geotechnical and
hydrogeological situation within the case study area. The investigations used are
listed below.

o Hamnbanan Goteborg, dubbelspar Eriksberg Polsebo, Vattenverksamhet, PM,
Séttningsrisker pa grund av grundvattensédnkning (Swedish Transport Admin-
istration, 2018a).

« Markteknisk undersokningsrapport (MUR), Hydrogeologi (Swedish Transport
Administration, 2015a).

o Markteknisk undersokningsrapport (MUR), Hydrogeologi (Swedish Transport
Administration, 2018b)

« Projekterings PM, Geoteknik (Swedish Transport Administration, 2015c).

» Projekterings PM - Hydrogeologi (Swedish Transport Administration, 2015b).

o Teknisk handling Geoteknik (Swedish Transport Administration, 2015d).

The case study area is located to a large extent in a valley between the two mountains
Krokéngsberget and Bratterasberget. The level of the ground surface varies between
+7 and +10 (RH2000) within the area, where the highest areas are found along the
edges of the mountains. The soil strata in the area generally consist of 1-3 m of fill or
dry crust, followed by a layer of clay, with varying thicknesses from 1-12 m. The clay
contains silt, and there is occasionally also the presence of sand and shells. Below
the clay, there is a frictional soil with thicknesses ranging from 10 to 30 m, which
overlays the bedrock. The highest soil depths are found in the center of the area,
and the lowest depths are found along the edges of the mountains. The frictional
soil is part of an aquifer that is in hydraulic contact with the river Gota Alv, which
the groundwater flow in the aquifer is directed (Lang, 2009). An overview of the
soil types and soil depths in the area is shown in Figures 3.3 and 3.4.
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Figure 3.3: Map showing the soil types in the case study area. Yellow indicates

clay and red bedrock. Background map retrieved and modified from Lantmateriet.se.
O©Lantméteriet.
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Figure 3.4: Map showing the soil depths in the case study area. Background map
retrieved and modified from Lantmateriet.se. © Lantméateriet.

Rambdll conducted a pump test on behalf of the Swedish Transport Administration
during February-March 2018, within the case study area. The pump test started on
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3. Methods

February 26 and ended on March 26. The pump was installed in borehole VD4767 at
a depth of approximately 13 meters. During the course of the test, the groundwater
level was monitored in the pumping well and in 17 observation wells. Furthermore,
BAT sensors monitored the pore pressure at varying depth in the overlaying clay
layer in 4 wells. The pump flow was initially measured at 216 m3/day, but after
1.5 hours it was changed to 190 m?/day to obtain a more stable flow of water. The
measurements during the test showed rather constant flow, with variations between
184-191 m?/day. The location of the pumping well and relevant observation wells
are shown in Figure 3.5.
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Figure 3.5: The location of the pumping well and relevant observation wells.
Background map retrieved and modified from Lantmateriet.se. ©Lantméteriet.

3.1.1 Geotechnical site characterisation

The soil test data obtained from the previous investigations presented in Section
3.1 have been compiled and evaluated. Engineering assumptions have been made
to obtain profiles for certain parameters. The evaluation is based on the sound-
ing methods pyramid penetration test (Ir), cone penetration tests (CPT), and ram
soundings (Hfa), as well as vane tests. The piston samples have been tested for
basic parameters, water content Wy, liquid limit W, density p, porosity n, and
undrained shear strength ¢,. In addition, constant rate of strain (CRS) tests have
been performed to evaluate settlement moduli My and M, hydraulic conductivity
k, compression index ¢, as well as pre-consolidation pressure o... Vane tests have
also been performed to further assess undrained shear strength. In addition, the
friction angle ¢ has been evaluated on the basis of the Hfa and the CPT soundings.

13
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The soundings and test data were obtained through Swecos’ borehole database and
from the Swedish Transport Administration.

The soil test data has been evaluated from 14 boreholes, their locations are shown
in Figure 3.6. The piston samples, which have been subject to further testing, have
been taken in 7 boreholes. VD4783, VD4786, VD4788, 4518, 4585, 5006 and 5090.
The test data from VD4783 and 5090 are considered to be of less relevance in the
evaluation of soil parameters, since they are considerably further away from the
cross section, but have still been included in the graphs as references. In the graphs,
their data points are distinguished from the rest by not having a fill color.

g R T
w SETOC
-

Figure 3.6: Location of the boreholes used for evaluation of the soil parameters.
Background map retrieved and modified from Lantmateriet.se. ©Lantméteriet.

To create a general soil profile in the area of the case study, soil parameters were
evaluated against depth to take into account the variation in ground surface level.
The clay has been evaluated to consist of two layers, the first at a depth of 2-6 me-
ters, and a more dense and compact layer at a depth of 6-12 meters. As mentioned
above, the thickness of the dry crust varies from 1-3 meters. This entails some devi-
ating values for some boreholes between 2-3 meters, which has been disregarded for
the evaluation of the clays’ properties, but included in the evaluation of the dry crust.

The data compiled and evaluated for density and undrained shear strength are pre-
sented in Figures 3.7 and 3.8. The undrained shear strength has been corrected
against the liquid limit according to equations 3.1 and 3.2, which is obtained from
the Swedish Geotechnical Institutes information report Soil properties (2008). The
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evaluated data for the liquid limit are presented in Appendix A, together with the
evaluated water content.

Cu = % Ty (3.1)
p= (T (32)
L
Density Undrained shear strength
p [t/m?] ¢, [kPa]
1 15 2 25 20 40 60 80 100
0 0
2 I 2 L J
@ 29 [ ] VDA4783,cone
VDA4783 ® VDA4786,cone
4 8C L ® VD4786 4 ale o VD4788,cone
©® VD4788 4518,cone
o ® 4518 ® 4585,cone
- ® 4585 L ® 5006,cone
Es - Es » °
N ® 5006 ~N 5090,cone
5090 4518,vane
p - evaluated 5090,vane
8 & 8 @ cu - evaluated
10 » 10 @«
P [ ]
12 12

Figure 3.7: Test data and the
evaluated profile for the density p.

Figure 3.8: Test data and the evaluated
profile for the undrained shear strength c,,.

The pore pressure in the clay has been measured over time with BAT-sensors placed
at multiple depths in the four boreholes VD4783, VD4786, VD4788, and 5090. The
measurements were evaluated and an pore pressure profile that represents the area
was chosen. To assign the pore pressure profile, the measured pore pressures were
plotted and evaluated over time for each borehole. The pressure profile was then
validated by plotting it together with the pore pressure measurements on nearby
dates during February 2018 and August 2019, see Figures 3.9 and 3.10. The pore
pressure measurements over time for the four boreholes are presented in Appendix

C.
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Pore pressure measurements, January 2018 Pore pressure measurments, August 2019
u [kPa] u [kPa]
0 20 40 60 80 100 0 20 40 60 80 100
0 0
2 2
O O
4 4
O VDA4783 O VD4783
® VD4786 ® VD4786
_ VD4788 _ ® VD4788
E 6 5090 E s 5090
= - evaluated 9 = - evaluated
P
8 8
o (@)
10 10
(o] ]
[ ] [ ]
12 12
Figure 3.9: Pore pressure Figure 3.10: Pore pressure
measurements in January 2018 measurements in August 2019
compared to the evaluated compared to the evaluated
pore pressure profile. pore pressure profile.

The preconsolidation pressure of the clay was evaluated using data from CRS tests
at multiple depths in seven boreholes. In boreholes where vane tests had been
conducted, the two empirical relations "Hansbos formula" (Equation 3.3) and "the
general soil model" (Equation 3.4) presented by Larsson et. al (2007), was included
in the evaluation of the preconsolidation pressure. The data along with the evalu-
ated profiles are shown in Figure 3.11. The effective stress in the soil was evaluated
using the assigned density and the pore pressure profile. Furthermore, 80% of the
preconsolidation pressure was also included in the graph, which is the pressure at
which consolidation and creep settlements occur, according to Swedish practice.
With the profile evaluated for the preconsolidation pressure and the effective stress,
the overconsolidation ratio OCR and the pre-overburden pressure were evaluated;
see Figures 3.12 and 3.13.

Tox = 0. % 0.45W7, (3.3)
r_ Tvb,corr 1/b 4
o= () (3.4)
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Figure 3.11: Effective stress and the evaluated preconsolidation stress plotted over

depth.
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Pre-overburden pressure

POP [-]
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Overconsolidation ratio
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® OCR
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o000 0 000

Figure 3.12

: POP plotted over
depth, along with the evaluated profile.

Figure 3.13: OCR plotted over
depth, along with the evaluated profile.

The settlement moduli My and M} were evaluated using data from CRS tests at
multiple depths for 7 boreholes. The evaluated data are shown in Figures 3.14 and
3.15. There is a large data scatter for the settlement moduli, which is probably due
to the occasional presence of silt, shells, and plant parts in the clay.
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z[m]
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Figure 3.14: Test data and the

evaluated profile for the
settlement modulus M,.

Figure 3.15: Test data and the
evaluated profile for the
settlement modulus M.

The lateral earth pressure coefficient K, was evaluated according to the Swedish
Transport Administration (2011). Equation 3.5 is used for normal consolidated

clays, while 3.6 is used for overconsolidated clays.

As presented in Figure 3.13,

the overconsolidation ratio is at least 1.3 in the profile and therefore is considered
overconsolidated; therefore, Equation 3.6 is used. The evaluated values for K, for

the soil profile can be seen in Figure 3.16.

Ko =0.31+0.71(W,, — 0.2)

KO = KO * OCYRO'E)5
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Lateral earth pressure coefficient

KO [-]
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Figure 3.16: The evaluated lateral earth pressure coefficient Kj.

The friction angle was evaluated on the basis of the ram soundings and cone penetra-
tion tests conducted conducted within the case study area. Equation 3.7 was used
to evaluate the CPTs and Equation 3.8 to evaluate the Hfa soundings, according to
the Swedish Transport Administration (2023). The evaluated data are presented in
Figure 3.17.

¢ =29+ 2.8 % ¢>% (3.7)

[

¢ =29+ 2.3 % (Hfa)4S (3.8)

netto
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Figure 3.17: Evaluated test data and the evaluated profile for the friction angle ¢.

3.1.2 Hydrogeological site characterisation

In the case study area there is a frictional layer that is part of a large aquifer that
is in hydraulic contact with the river Géta Alv, which the groundwater flow within
the aquifer is mainly directed towards (Lang, 2009). The aquifer has been evaluated
to consist of sand, silty sand in the first few meters that transitions to sand and
gravelly sand at depth. The thickness of the aquifer varies between 12 and 35 meters
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in the case study area and follows the same general pattern as for the depth of the
soil, see Figure 3.4.

The groundwater head in the aquifer has been measured in the long term on behalf
of the Swedish Transport Administration, which spans over the course of the pump-
ing test. The measurements were done both manually and with divers in several
wells in proximity to the investigated cross section. Figure 3.18 shows the ground-
water head in the boreholes of interest during the pumping test and approximately
6 weeks before and after.

The hydraulic conductivity of the aquifer was evaluated when the pumping test was
conducted in the GW4767 well. The response in several observation wells was mea-
sured and the hydraulic conductivity was calculated. The hydraulic conductivity
calculated in the pumping well and the observation wells is presented in Table 3.1
together with the average value used for the upcoming calculations.

Table 3.1: Hydraulic conductivity in the frictional soil.

Borehole Hydraulic conductivity [m/s]
GW4509 1.4*10~%
GW4516 6+ 107°

GW4517B 3.4%107°
GW4767 2.3% 1074

GWA4T67 (recharge) 1.2%1074

Average 1.17 % 10~*

Aquifer head
’ [ ]
7 ee © e o o
e v v v ;310 e [,

Groundwater head [m]
w £~y w ()}

[N]

1
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2018-03-11 2018-03-31 2018-04-20

Date

Figure 3.18: Groundwater head in the aquifer during the period January - May

2018.
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3.2 1D consolidation analyses

The consolidation of a 1D soil column due to a drawdown in an underlying aquifer
was analyzed with a Plaxis 2D model (from now on referred to as Plaxis) and the
analytical model presented in Section 2.2. This was done to compare the two differ-
ent approaches for analyzing the consolidation process by investigating deformations
and the reduction of the pore pressure over time.

3.2.1 Input parameters for the 1D Plaxis model

When modeling the 1D model in Plaxis, the constitutive soil model "Mohr-Coulomb"
was used as input for all soil layers. For the clay layer, the unit weights v, and
Ysat Were calculated with Equation 3.9, while the void ratio e;,;; was calculated using
Equation 3.10, both according to SGI (2008). Furthermore, the cohesion intercept
Cro; was calculated using Equation 3.11, according to SGI (2007). The stiffness
parameter E'ref was evaluated based on the oedometer moduli M,. To convert
this value to the E;ef value used as input in Plaxis, Equation 3.12 was used. The
input values needed to calculate Equations 3.9 - 3.11 along with the rest of the clay
parameters were evaluated and are presented in Subsection 3.1.1.

For the dry crust and frictional soil, there is a lack of tests conducted to evaluate all
the properties of the soil. Based on the available test data, Yunsar, Vsats c;,ef, and ¢
were evaluated for the dry crust. Meanwhile, only ¢, k;, and &, of the frictional soil
were evaluated. For the remainder of the parameters, empirical and typical values
were chosen. All input data for the soil are presented in Table 3.2.

Y=g*p (3.9)
n

Cinit = 1—n (310)

Crep = 0.1c, (3.11)

vea(1 +V)(1 —2V)

:'ef - (1—v) (3.12)
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Table 3.2: Input data used for the 1D model in Plaxis.

Input data Unit Dry crust Clay Frictional soil
Soil model - Mohr-Coulomb | Mohr-Coulomb | Mohr-Coulomb
Drainage type - Undrained A Undrained A Drained
Vunsat kN/m3 18 17.3 10
Vsat kN/m3 18 17.3 18
Cinit — 0.5 1.3 0.5
Bl kN/m? 5 000 3 600 30 000
v — 0.2 0.2 0.2
Cref kN/m? 6 2 1
10) ° 33 31 35
(0 ° 0 0 0
k. m/day | 0.864 %1073 0.0864 x 1073 10
k, m/day 0.864 * 1073 0.0864 * 1073 10
Ky — 0.4554 0.8 0.4264

3.2.2 1D Plaxis model

In Plaxis a plain strain model with 15 noded elements was studied. The soil section
was constructed as a one-meter-wide soil column with a depth of 30 meters. The
soil stratification considered is 3 meters of dry crust, followed by a 9-meter thick
clay layer on top of an 18-meter thick layer of frictional soil. The mesh quality was
set to very fine with additional local refinements until the results converged. The

geometry of the 1D Plaxis model is presented in Figure 3.19.

E

X

Clay

I Drycrust

Frictional material

Figure 3.19: Geometry of the 1D Plaxis model.
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The hydraulic boundary conditions were set as open in the y direction and as closed
in the x direction to achieve a vertical flow of water. The global groundwater level
was set at the bottom of the dry crust. The head of the aquifer (frictional material)
was set at ground surface, and the pore pressure distribution in the clay was inter-
polated between the two using the "interpolate" function in Plaxis.

The methodology used to simulate a groundwater extraction was to first establish
the initial conditions using the K, procedure and then introduce a pumping phase
in which the head of the aquifer was lowered by 2 meters, followed by several con-
solidation phases of varying duration. The details of the phases are shown in Table
3.3. For the end of consolidation phase (EOC), the loading type "minimum excess
pore pressure' was used and set at 1 kPa.

Table 3.3: Calculation phases for the 1D model in Plaxis.

Phase number Phase Calculation type | Time [Days]
1 Initial phase KO procedure -
2 Pumping Plastic 0
3 Consolidation 1 Consolidation 2
4 Consolidation 2 Consolidation 5
5 Consolidation 3 Consolidation 23
6 Consolidation 4 Consolidation 150
7 Consolidation 5 Consolidation 185
8 Consolidation 6 Consolidation 1460
9 Consolidation 7 Consolidation EOC

3.2.3 1D analytical solution

The analytical solution for the consolidation of a 1D soil column suggested by Xie et
al. (2012) was presented in Section 2.2. The solution suggested by the authors has
been adjusted to manage initial non-hydrostatic pore pressure distributions, where
the pressure level of the underlying aquifer is different from the groundwater level.
The non-hydrostatic conditions are taken into account by adding the extra term uqq;
(Equation 3.13) to Equation 2.1, resulting in Equation 3.14. Figure 3.20 presents a
figure that describes the geometric input data for the 1D analytical solution. Note
that the term z in the analytical solution refers to the depth from the top of the
clay, as shown in Figure 3.20.

wha — Yw(H + h0
uadj=7 FVH< T >z (3.13)

Ahz 270 AR 1.
_1)ym
i) X Ry i

m=

mmz _mQﬂ_QTv]

)e

u = ’7w<h0 +z— + uadj (3.14)
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Figure 3.20: Description of the geometric input data for the 1D analytical solution.

3.3 2D consolidation analyses

In this section, the consolidation process of a two-dimensional cross section was an-
alyzed with two different Plaxis models. A theoretical local groundwater extraction
model was studied to describe how clay thickness and distance from the pumping
well impact pore pressure reduction and soil subsidence over time. In addition, a
model emulating the pump test within the Hamnbanan project was created to study
modeling approaches for a land subsidence problem.

3.3.1 Input parameters for the 2D Plaxis models

In the 2D Plaxis models, the constitutive models "Soft Soil" (SS) and "Soft Soil
Creep" (SSC) were used. In these models, the basic stiffness parameters x* and
A* are used, and for the SSC model, the modified creep index p* is also included.
These parameters were evaluated with Equation 3.15 - 3.17 in accordance with Ols-
son (2010).

/

o) is defined by Olsson (2010) as "the average stress in the range before the pre-
consolidation stress". This stress has been estimated with Equation 3.18. Addition-
ally, Olsson (2010) defines o/, as "The average between the pre-consolidation stress
and the defined stress ¢’". Since the defined stress, or the peak stress, varies in this
category of drawdown problems, ¢ is chosen as the defined stress. The evaluated

profile for £* and A\* can be seen in Figures 3.21 and 3.22.
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The creep parameter o, was retrieved from Table 1 in Prediction of settlements of
embankments on soft, fine-grained soils by Larsson et al. (1997). The value of K{°
is calculated according to Jaky (1944) using Equation 3.19. Furthermore, according
to Karstunen and Amavasai (2017) the value for Poissons ratio for unloading and
reloading v,,, can be assumed to be in the range of 0.1 <v,,< 0.2, hence the value
of 0.2 was chosen in this study. The assembly of all the input parameters needed
for the constitutive models SS and SSC is presented in Table 3.4.

The bedrock was also modeled in the 2D Plaxis models. However, the effect of
bedrock on drawdown and land subsidence is beyond the scope of this thesis. Hence,
the input parameters were chosen so that no deformation would occur in the bedrock.
In addition, the drainage type of the bedrock was set as nonporous. That is, the
bedrock is set as an impermeable hydraulic boundary. The input parameters for the
bedrock were retrieved from (Ma et al., 2006).

20!
Y= 2 3.15
1.10!
A= —" 3.16
-2 (3.10)
o
=33 (3.17)
O_/
r_ Yc 3.18
o= (3.18)
K¢ =1—sin(¢") (3.19)
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Figure 3.21: The evaluated soil test
data and profile for the
modified swelling index x*.

Table 3.4: Evaluated input parameters for clay 1 and clay 2 needed for the Soft

Figure 3.22: The evaluated soil test
data and profile for the modified
compression index A*.

Soil and Soft Soil Creep models in Plaxis.

28

Parameter | Unit Clay 1 Clay 2
Yunsat EN/m? 17.3 18.6
Vsat EN/m? 17.3 18.6
€init — 1.3 1.05
K — 0.024 0.027
A — 0.105 0.125
w* — 0.0043 0.0022
Vyr — 0.2 0.2
Chof kN/m? 2 2.3
0] ° 31 31
() ° 0 0
K{* — 0.485 0.485
k. m/day | 8.64%107° | 4.32% 107°
k, m/day | 8.64%107° | 4.32%107°
Ck - 4.8 4.5
Ko, — 0.8 0.5
Ky, — 0.8 0.5
POP — 38 27.5
OCR — 1 1
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3.3.2 Theoretical local groundwater extraction model

A local drawdown for a theoretical case was modeled in Plaxis, where an axisym-
metric model with 15 noded elements was considered. This model was created for
four different clay thicknesses, 10, 15, 20 and 30 meters, where the thicknesses of
the dry crust and frictional soil remained constant at the assumed thicknesses of 2,
respectively, 20 meters. In the results later on, Section 4.3, 100 meters along the
x-axis will be examined, but the model was built as 200 meters long in the x-axis to
eliminate any possible boundary effects that may emerge in Plaxis. The model with
a 10 meter thick clay layer is presented in Figure 3.23 as an example for the soil
strata and geometry of the models. The input parameters used in the model for the
clay layers are presented in Table 3.4, whereas for the dry crust and frictional layer,
the input parameters can be found in Table 3.2. Additionally, the model mesh was
set to very fine and was locally refined until the results converged.

1 —,
Y_
X
. Dry crust Clay 1 Clay 2 Frictional material . Bedrock

Figure 3.23: Geometry of the theoretical local groundwater extraction Plaxis
model, with a clay thickness of 10 meters.

The hydraulic boundary conditions were set closed in z,,;, and open in the other
directions to achieve a flow of groundwater that resembles reality. The global ground-
water level and the groundwater level of the aquifer were set as the bottom of the
dry crust, 2 meters below the ground surface.

The calculation of the theoretical model began with an initial phase in which the
"KO procedure" was used as the calculation type. Following this, six phases with
different time intervals were modeled. A local groundwater extraction was modeled
using the Plaxis well function. The well extraction rate was set as 190 m?/day,
which was the extraction rate used in the Hamnbanan test pumping (see Section
3.1). The well was placed as close to the x,,;, boundary as possible. Ideally, the
well would have been placed at the boundary of the model. However, since the x,,;,
hydraulic boundary in an axisymmetrical model must be closed, it overrides the
pumping of the well if it is placed on this boundary. In this model, the well was at
a depth of 13 meters, 0.2 meters from the x,,;, boundary.

In addition, the six phases were also calculated without any pumping to isolate the
creep behavior of the model. An overview of the phases can be seen in Table 3.5.
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Table 3.5: Calculation phases for the theoretical model in Plaxis.

Phase Calculation type Time [Days]
Initial phase KO procedure
Scenario 1
Pumping 7 days | Fully coupled flow-deformation 7
Pumping 1 month | Fully coupled flow-deformation 21
Pumping 3 months | Fully coupled flow-deformation 60
Pumping 6 months | Fully coupled flow-deformation 90
Pumping 1 year | Fully coupled flow-deformation 187
Pumping 5 years | Fully coupled flow-deformation 1460
Scenario 2
Creep 7 days Fully coupled flow-deformation 7
Creep 1 month Fully coupled flow-deformation 21
Creep 3 months Fully coupled flow-deformation 60
Creep 6 months | Fully coupled flow-deformation 90
Creep 1 year Fully coupled flow-deformation 187
Creep 5 years Fully coupled flow-deformation 1460

3.3.3 Hamnbanan pump test model

The pump test conducted within the Hamnbanan project was modeled in Plaxis,
where a 15-noded element, axisymmetric model was considered. The geometry of
the model was created on the basis of the boreholes along the cross section presented
in section 3.1. The model is presented in Figure 3.24, where the soil strata and ge-
ometry are shown. The mesh quality was set as very fine and refined locally until
the results converged. In this model, the constitutive model soft soil was used for
the clay layers. The creep effects had to be ignored to obtain an operational model.
However, due to the modeling time of 28 days, no substantial creep displacements
that would affect the results are expected to occur. The input data for the dry crust
and frictional soil was the same as in the 1D model and can be seen in Table 3.2,
while for the clay, the input data are presented in Table 3.4.

. Dry crust

Clay 1 Clay 2 Frictional material . Bedrock

Figure 3.24: Geometry of the Hamnbanan pump test Plaxis model.

The hydraulic boundary conditions were set as closed in both z,,,, and ,,;, and
open in the y-boundaries. The decision to close the x,,,, boundary was forced by
software limitations, as Plaxis was unable to run the model while the z,,,, bound-
ary was open. These issues will be discussed further in Section 5.5. The global
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groundwater level was set at 1 meter below the ground surface, according to the
evaluation in Subsection 3.1.1. The groundwater level of the aquifer was based on
the data presented in Figure 3.18. The measurements taken just before the start
of the pumping tests were chosen as input data to better resemble the conditions
during the pump test. These values and the corresponding coordinates in the model
are presented in Table 3.6 below.

Table 3.6: Input data for groundwater head in the aquifer.

Head [m] | X coordinate [m]
5.9 0
6 25
6.2 5
6.6 130
6.7 195
7 220+

The calculation of the Hamnbanan pump test model started with an initial phase in
which "gravity loading" was used as the calculation type. Following this, a 28-day
pumping phase was introduced. The local extraction of groundwater was modeled
in two different ways.

The first procedure was to include a well in the model, as in the theoretical model.
In this model, the placement of the well placement was based on the real location,
which is located at a depth of 13 meters with a filter length of 2 meters described in
(Swedish Transport Administration, 2018b). This corresponds to coordinates (0.2,-
3.8) to (0.2,-5.8) in the Plaxis model. Furthermore, the well extraction rate was set
to 190 m?®/day in the model.

The other method was by introducing a drain to the model, this drain was placed
along the aquifer at the z,,;, boundary. The drain head was set to correspond to
the drawdown measured during the pump test (Swedish Transport Administration,
2018b), which was 6.9 meters or coordinates (0,-1) in the model. The details sur-
rounding the calculation phases for these methods are presented in Table 3.7.

The calculation process for both the well and the drain procedure was repeated for
different model lengths, as this will have a great impact on the total volume of water
in the aquifer, since the x,,,, boundary is closed. The three lengths simulated for
each of the two extraction methods were 230, 500 and 1000 meters.
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Table 3.7: Calculation phases for the well and drain procedure in Plaxis

Phase number Phase Calculation type Time [Days]
1 Initial phase KO procedure
Well
2 Pumping 1 month | Fully coupled flow-deformation 28
Drain
2 Pumping 1 month | Fully coupled flow-deformation 28
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Results

In this chapter, the results of the 1D consolidation analyses, the theoretical local
groundwater extraction model, and the Hamnbanan pump test model are presented.

4.1 Results of the 1D consolidation analyses

The results of the 1D consolidation analysis of a soil column subject to a uniform
drawdown in the underlying aquifer for both the analytical solution and Plaxis are
presented in this section. The models are compared in terms of vertical displace-
ment, pore pressure distribution, and change in pore pressure in the clay.

In Figure 4.1, the distribution of the pore pressure in the clay is presented over time.
As can be seen, the distributions of the pore pressures over time are very similar for
both the analytical solution and the Plaxis model. At the final time step, after 5
years of pumping, it can be seen that both models predict that the end of consol-
idation is reached, or, at a minimum, are nearing completion. This observation is
attributed to the fact that the profiles exhibit near-linear characteristics and have
attained a steady-state condition.

The change in pore pressure in different time steps compared to the initial pore pres-
sure distribution is presented in Figure 4.2. The figure shows a maximum difference
between the models of approximately 1 kPa.

The vertical displacements at the top of the clay for the different models are pre-
sented in Figure 4.3. Since the analytical solution does not calculate the vertical
displacement of the frictional soil, the Plaxis results are shown with and without
the vertical displacement of the frictional soil. As can be seen, the different models
predict similar vertical displacements, with a maximum difference of 0.15 cm after
5 years. The vertical displacements of the frictional soil occur immediately and are
equal to approximately 1 cm.
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Pore pressures, 1D consolidation
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Figure 4.1: Distribution of pore pressure due to a uniform drawdown of 2 meters
for the 1D Plaxis model and analytical solution. Plotted over clay depth for different
pumping durations.

Change in pore pressures, 1D consolidation
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Figure 4.2: Change in pore pressure due to a uniform drawdown of 2 meters for
the 1D Plaxis model and analytical solution. Plotted over clay depth for different
pumping durations.
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Vertical displacement over time, 1D consolidation
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Figure 4.3: Vertical displacement for a uniform drawdown of 2 m. Plotted at sev-
eral time steps for the Plaxis- and analytical solution. The analytical solution only
takes the displacements of the clay into consideration. The vertical displacements
for the Plaxis model is shown with and without the vertical displacement of the
frictional soil.

4.2 Validation of the 1D analytical solution

The pore pressure distribution predicted by the analytical solution was compared
with the measured data in boreholes VD4786 and VD4788, at two, respectively, three
depths, at the start and at the end of the pumping test. The measured data are
presented in Figures C.5 and C.6 in Appendix C. The distribution of pore pressures
at the beginning and end of the pumping test for VD4786 is shown in Figure 4.4, and
for VD4788 in Figure 4.5. As seen in the figures, the initial pore pressure distribution
of the 1D analytical solution is not in complete agreement with the measured data,
especially for VD4786. This is because the analytical solution is restricted to linear
initial pore pressure distributions. A stepwise linear pore pressure distribution would
be needed for a better fit with the measured data. However, the analytical solution
seems to predict similar drawdowns as the measured data shows. This is because
the differences between the pore pressures before and after the pumping test are
similar for both the measured data and the analytical solution. The depth z of the
analytical solution was adjusted from the depth from the top of the clay to the depth
from the surface of the ground to comply with the measured data; see Section 2.2.
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Comparison of pore pressures between 1D Comparison of pore pressures between 1D
analytical solution and measured data in VD4786 analytical solution and measured data in VD4788
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Figure 4.4: Comparison of pore Figure 4.5: Comparison of pore

pressures of the 1D analytical solution  pressures of the 1D analytical solution
and measured data in borehole VD4786. and measured data in borehole VD4788.

4.3 Results of the theoretical local groundwater
extraction model

The results of the theoretical model subject to a local drawdown are presented in
this section. The results are compared in terms of vertical displacements for varying
thicknesses of the clay, including and excluding the effects of background creep. The
thickness of the clay has been varied between 10-30 meters. Four points have been
chosen for further analysis at the distances of 0, 10, 50 and 100 meters from the
pumping well.

Vertical displacements have been corrected for heave in the upper part of the soil
profile. The heave is caused by pore pressures exceeding the initial level, which is
considered a numerical error in Plaxis. The creep in Plaxis has been identified as the
factor causing the increase in pore pressure and subsequent heave. The phenomenon
occurs with the constitutive model SSC, regardless of whether the pump is activated
or not. However, when the constitutive model SS is used, the pore pressures remain
at or below the initial level. The heave reduces with distance from the pumping well,
and this has been corrected for by a stepwise linear function based on the examined
heave at 4 distances.

The vertical displacements in the clay for the pumping rate 190 m3/day, including

creep, are shown in Figures 4.6 - 4.9, and the vertical displacements excluding creep
are shown in Figures 4.10 - 4.13. As can be seen in the figures, the vertical displace-
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ments after 1 year of pumping, with creep effects included, range from approximately
2.5 cm at the pumping well to 0.4-1.5 cm at a distance of 100 meters from the well.
Vertical displacements after 1 year of pumping excluding background creep range
from 1.5-2.3 cm at the pumping well to approximately 0.5 cm at a distance of 100
meters from the well. Several observations can be made regarding the dispersion of
vertical displacements across varying clay thicknesses. This dispersion exhibits an
increase over time, regardless of the influence of background creep and proximity to
the pumping well. The impact of distance on this dispersion is reversed, depending
on whether creep effects are considered. Specifically, the inclusion of creep effects
leads to an increase in dispersion with increasing distance, whereas its exclusion
results in a decrease in dispersion.

Vertical displacement over time at the pumping well - with creep
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Figure 4.6: Vertical displacement of the clay, including creep, at the pumping well.
Plotted over time for clay thicknesses 10, 15, 20 and 30 meters.
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Vertical displacement over time at 10 m from the pumping well
- with creep
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Figure 4.7: Vertical displacement of the clay, including creep, at the distance of
10 meters from the pumping well. Plotted over time for clay thicknesses 10, 15, 20
and 30 meters.
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Figure 4.8: Vertical displacement of the clay, including creep, at the distance of
50 meters from the pumping well. Plotted over time for clay thicknesses 10, 15, 20
and 30 meters.
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Vertical displacement over time at 100 m from the pumping well
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Figure 4.9: Vertical displacement of the clay, including creep, at the distance of
100 meters from the pumping well. Plotted over time for clay thicknesses 10, 15, 20
and 30 meters.
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Figure 4.10: Vertical displacement of the clay, excluding creep, at the pumping
well. Plotted over time for clay thicknesses 10, 15, 20 and 30 meters.
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Vertical displacement over time at 10 m from the pumping well -
without creep
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Figure 4.11: Vertical displacement of the clay, excluding creep, at the distance of
10 meters from the pumping well. Plotted over time for clay thicknesses 10, 15, 20
and 30 meters.
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Figure 4.12: Vertical displacement of the clay, excluding creep, at the distance of
50 meters from the pumping well. Plotted over time for clay thicknesses 10, 15, 20
and 30 meters.
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Vertical displacement over time at 100 m from the pumping well -
without creep
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Figure 4.13: Vertical displacement of the clay, excluding creep, at the distance of
100 meters from the pumping well. Plotted over time for clay thicknesses 10, 15, 20
and 30 meters.

The amount of affected clay for various clay thicknesses and distances from the
pumping well plotted over time are presented in Figures 4.14 - 4.17. The affected
clay is considered to be the extent, seen from the bottom of the clay, to which the
reduction in pore pressure is substantial compared to the initial pore pressure distri-
bution. In this master thesis, a substantial reduction in pore pressure is considered
to be greater than 1 kPa. When the values for the affected clay were derived, the
pore pressure graphs for the different cases were examined, and these can be found
in Appendix D. The pore pressure graphs in question had to be corrected for an
unexpected numerical error in Plaxis. This error caused a pore pressure increase in
the clay during the background creep phases. This error then in turn affected the
pumping phases as the creep was included in these simulations as well. To correct
for this, the value of how much the pore pressure exceeded the initial phase value in
the creep phases was subtracted from the pore pressures when groundwater pump-
ing was simulated.

In Figure D.17 in Appendix D an example of this is presented. The figure illustrates
the distribution of the pore pressure during the initial phase, the isolated creep
phase, and the uncorrected and corrected pore pressures after one year of pumping.
This example demonstrates a 20-meter thick clay layer located 10 meters from the
extraction well. The same methodology was applied to all other clay thicknesses
and distances from the well.

The results show that the affected clay increases with increasing clay thickness. Af-
ter 1 year of pumping, the amount of affected clay ranges between 6-10 meters at
the well and between 4.5-5.5 meters at a distance of 100 meters from the well. This
shows that the dispersion of affected clay, between different clay thicknesses, reduces
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with distance from the well, but this is also valid for all investigated time steps. The
results also show that the dispersion increases over time at all distances from the well.
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Figure 4.14: The affected clay at the pumping well. Plotted over time for clay
thicknesses 10, 15, 20 and 30 meters.
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Figure 4.15: The affected clay 10 meters from the pumping well. Plotted over
time for clay thicknesses 10, 15, 20 and 30 meters.
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Affected clay 50 m from the pumping well
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Figure 4.16: The affected clay 50 meters from the pumping well. Plotted over

time for clay thicknesses 10, 15, 20 and 30 meters.
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Figure 4.17: The affected clay 100 meters from the pumping well.

time for clay thicknesses 10, 15, 20 and 30 meters.

Plotted over

In Figure 4.18, the vertical displacements caused by the background creep are pre-
sented. These are plotted over time and includes the clay thicknesses 10, 15, 20
and 30 meters. The results show that a clay layer with a thickness of 10 meters
will undergo vertical displacements due to background creep of approximately 0.07
centimeters after a year. Meanwhile, a clay layer with a thickness of 30 meters will
undergo vertical displacements of around 0.92 centimeters after a year.
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Vertical displacement caused by background creep
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Figure 4.18: Vertical displacement of the clay caused by background creep for

different clay thicknesses over time.

In Figure 4.19, the groundwater drawdown in the aquifer is presented, plotted
against the distance from the pumping well. This drawdown is independent of
the thickness of the clay. The results show that the largest drawdown occurs at
the pumping well, which is about 2.8 meters. The magnitude of the drawdown
decreases progressively with increasing distance from the pumping well, reaching

approximately 0.7 meters at a distance of 100 meters from the well.
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Figure 4.19: Aquifer drawdown due to pumping with a flow of 190 m?/day, plotted

over distance from the pumping well.
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4.4 Results of the Hamnbanan pump test model

The modeling results of the pump test conducted within the Hamnbanan project
are presented in this section. The results are shown after 1 month of pumping for
the drawdown in the aquifer for the three different lengths of the model, the vertical
displacement in the studied cross section, and also the predicted pore pressures of
the model compared to the measured data.

The predicted drawdown throughout the cross section is shown in Figure 4.20 for
both the groundwater extraction sources well and drain, for the three different model
lengths of 230, 500, and 1000 meters. The modeling results are compared with the
real-life measured drawdown. The results show that when modeling these kinds of
complex problem in a two-dimensional model, both the way the extraction is mod-
eled and the length of the model affect the results to a great extent. In this case,
500-meter models with the well and drain as the extraction source show the most
similarity to the measured drawdown.

Furthermore, in Figures 4.21 and 4.22 the predicted pore pressure distribution at
the beginning and at the end of the pump test for both 500-meter-long models are
compared with the real-life measurements in boreholes VD4786 and VD4788 are pre-
sented. The results show that the different modeling techniques give approximately
similar pore pressure distribution curves. However, when comparing the results to
the measured data, there are rather large differences.

In Figure 4.23 the total vertical displacements for the 500 meter long well model in
Plaxis are presented. The results show a vertical displacement of approximately 1-2
centimeters on the surface throughout the model, with the exception of the region
located between 70 and 110 meters from the pumping well. In this region, the total
vertical displacements exhibit a significant increase, up to 10 centimeters at certain
locations.
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Drawdown in the aquifer for the well- and drain scenario with different model lengths compared to the
real case
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Figure 4.20: Drawdown in the aquifer for the well- and drain scenario for the model
lengths 230, 500 and 1000 meters, compared to the real-life measured drawdown.
Plotted against length from the extraction source.
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Comparison of pore pressure between the well- and Comparison of pore pressure between the well- and
drain models in Plaxis and the measured data in drain models in Plaxis and the measured data in
VD4786 VD4788
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Figure 4.22: Measured pore pressures
in VD4788 compared to the predicted
pore pressures between the 500 meter
well- and drain model in Plaxis.

Figure 4.21: Measured pore pressures
in VD4786 compared to the predicted
pore pressures between the 500 meter
well- and drain model in Plaxis.
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Figure 4.23: Predicted vertical displacements over the cross section in the 500
meter long well model.
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Discussion

In this chapter, the modeling results and limitations for the 1D consolidation anal-
yses and the 2D consolidation analyses are discussed.

5.1 1D consolidation analyses

The results of the 1D consolidation analysis for the analytical solution and the Plaxis
model presented in Section 4.1 show similarities in terms of the dissipation of the
pore pressures and the vertical displacements. The maximum difference observed
in the predicted distributions of pore pressures was approximately 1 kPa, strongly
suggesting that the two methodologies applied are comparable. As mentioned in
the results, the Plaxis model predicts that the pore pressure increases slightly at
the top of the clay layer. This phenomenon may be attributed to the modeling of
groundwater level as static at the specified model coordinates, situated between the
dry crust and the clay stratum. Consequently, upon the application of drawdown
and the ensuing vertical displacements, the separation from the groundwater table
is magnified, thus inducing a marginal elevation in pore pressure. However, this
aspect has not been subjected to further examination.

The different models also show similarities in terms of the consolidation time. With
the loading type, maximum excess pore pressure set as 1 kPa, the Plaxis model
reaches the ’end of consolidation’ after 5 years. At the same time step, the analyti-
cal solution predicts a very similar distribution of pore pressures, further underlining
the similarities of the models.

The results also show similarities in the predicted vertical displacements for the clay,
where the maximum difference is approximately 0.15 cm after 1 year of pumping.
This also confirms the similarities of the model approaches. Given that the ana-
lytical model does not encompass the vertical displacements of the frictional soil,
the comprehensive settlements observed in Plaxis have been incorporated into the
analysis. This inclusion reveals that the vertical displacement of the frictional soil
is approximately 1 cm. For practical applications, those displacements could be of
importance.
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5.2 Validation of the 1D analytical solution

When comparing the distribution of the pore pressures of the 1D analytical solution
with the measured field data, several observations can be made. Initially, it can be
seen that the initial pore pressure distribution of the analytical solution differs from
the measured data. This is because the analytical solution is restricted to a linear
distribution of initial pore pressures. This limitation is especially prominent in pore
pressure profiles that have a clear drawdown at the bottom edge of the soil profile,
as seen for VD4786 in Figure 4.4. However, when examining the pore pressure re-
duction for a certain drawdown in the underlying aquifer, the 1D analytical solution
seems to be in line with the measured data. From a practical point of view, that
is what matters in terms of stress increase and subsequent vertical displacements.
However, while the analytical solution looks promising, further studies are needed to
validate the method. Especially with respect to the effect of the initial pore pressure
distribution on the drawdown. Furthermore, there are uncertainties related to the
measured data. For example, the natural variation of the groundwater table due to
precipitation, temperature, and human error could affect the measured data. The
variation of data is evident in the figures presented in Appendix C, further under-
lining the importance of more studies being conducted to validate the model.

Other limitations of the analytical solution, apart from the restriction of the initial
distribution of pore pressures, are that it is not optimized for different layers of clay
or clays where the properties change with depth. It is most probable possible to
incorporate this into the solution, but due to time restrictions, this has not been
explored within the scope of this thesis.

5.3 Theoretical groundwater extraction model

The results of the theoretical local groundwater extraction model will be discussed
in terms of how the thickness of the clay, the distance from the pumping well, and
the duration of pumping affect the vertical displacements and the amount of affected
clay. Furthermore, the effects of background creep on both the magnitude and the
dispersion of vertical displacements will also be discussed. This discussion will be
based on the results presented in Section 4.3.

When studying the results with respect to vertical displacements, an interesting ob-
servation regarding the magnitude of displacements can be made for different clay
thicknesses. The results suggest that the largest vertical displacements, only due
to groundwater extraction, occur in the thinnest clay layers. Meanwhile, when the
creep effects are included, the largest displacements occur in the thickest clay lay-
ers. This indicates that consolidation proceeds more quickly in thinner clay layers.
However, the creep will always be more prominent in the thickest clay layers, which
is highlighted in Figure 4.18. This explains why vertical displacements are more
significant in the thicker clay layers when creep is considered, despite the slower con-
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solidation process. Nevertheless, in practical applications, the process that causes
vertical displacements is not the primary concern, but is of great significance to
understand and mitigate the problem.

The results of the vertical displacements show the expected trends with respect to
time and distance from the pumping well. For all cases, the vertical displacements
increase with time and reduce with distance. This is expected since the essence of
time is in the very nature of the consolidation process and that the effect of the
pumping decays with distance, which is highlighted in Figure 4.19.

Furthermore, the results show that the dispersion of vertical displacements between
different clay thicknesses notably varies over time, with distance from the well and
with inclusion or not of creep. With respect to time, the results indicate that the
dispersion of vertical displacements will always increase with time. However, when
examining short pumping durations up to approximately 1 month, the dispersion
between different clay thicknesses is negligible.

In addition, in the case studied, the clay thickness does not affect the magnitude of
vertical displacements close to the well when creep is included. However, this might
just be the case for this specific clay. A parametric study of the clay properties would
be necessary to evaluate the credibility of this conclusion. Especially since when the
creep is excluded, the dispersion of vertical displacements near the well is prominent.

The results also indicate that vertical displacements at further distances from the
well are highly dependent on the thickness of the clay when including creep. This is
because the influence of the pumping reduces with distance, while the background
creep remains constant, resulting in the dependence on the clay thickness, illustrated
in Figures 4.9 and 4.13.

The findings related to the affected clay suggest that the influence of pumping is
more significant near the pumping well and that there is more affected clay in the
thicker layers across all distances from the well. The affected clay is, to a large extent,
an indicator of how large vertical displacements can be expected. However, when
comparing the vertical displacements without creep with the affected clay graphs,
it is evident that the results do not align, at least not for 1 year of pumping. This,
since vertical displacements increase with decreasing thickness, but for the affected
clay, the relationship is the opposite. This is in line with the findings of Wikby et al.
(2023), where the authors suggested that the most drawdown-induced deformations
would occur, in the short term, in the thinnest clay layers. This could be explained
by the drainage path being longer in the thicker clay layers and therefore resulting
in a longer consolidation time, which could extend up to 30 years (Broms et al.,
1976). However, over a longer period of time, vertical displacements are expected
to be the largest in the thickest clay layers, due to the greater amount of affected clay.

Furthermore, in the affected clay graphs, there exist certain anomalous values be-
tween the amount of affected clay and the thickness of the clay. This is attributable
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to the limitations in mesh refinement in Plaxis, as the mesh could not be refined as
much as desired due to long simulation times. Due to the automated methodology
used to extract the amount of affected clay, some outliers were included. This, since
the methodology defined the amount of affected clay as the distance from the first
mesh node that fell below the 1 kPa threshold to the bottom of the clay.

5.4 Hamnbanan pump test model

The results of the Hamnbanan pump test model show that with the modeling tech-
nique used, the results are highly dependent on the length of the model. This indi-
cates that this modeling technique is not a viable method to use to predict aquifer
drawdown and subsequent land subsidence due to groundwater extraction. How-
ever, there is the possibility that this modeling technique could be used to predict
land subsidence if the drawdown of the model is validated with real-life data.

The findings indicate that the similarity of the models, with the groundwater extrac-
tion types well and drain, increases as the length of the model increases, exhibiting
almost identical values when the model length is 1000 meters. This is illustrated in
Figure 4.20.

However, it is evident from the results that the extent of the model has a great
impact on the drawdown. This is mainly due to the fact that the closure of the 4,
boundary and that no surface infiltration is considered fixates the volumetric capac-
ity of the aquifer and prevents any potential for recharge. Hence, shorter models
with a smaller volumetric capacity will experience a more pronounced drawdown,
and the contrary for larger models. The closure of the z,,,, boundary was necessary
due to substantial flow errors in the computational phases of the flow calculation
within Plaxis when this boundary remained open. This resulted in the model be-
coming inoperable and unable to yield any results.

Furthermore, the fixed volumetric capacity of the aquifer will restrict the operational
duration of the model. Having an extended pumping duration will, therefore, result
in the depletion of water in the aquifer and a subsequent computational flow error
in Plaxis. This highlights the need to obtain actual measured drawdowns to be able
to validate the prediction accuracy of the model. Otherwise, the recharge capacity
of the aquifer would need to be investigated further.

A comparison of pore pressure distributions was made between the 500-meter mod-
els, which resembled reality the most, and the real-life measured data in two bore-
holes. The results showed that the well and drain groundwater extraction methods
exhibit a high degree of similarity but deviate from the measured data. Compared
to the measurements in VD4786, see Figure 4.4, the models predict a reduction in
the pore pressure similar to that of the measured data, but the initial distribution of
the pore pressures differs significantly. The initial pore pressure distribution within
the clay is linearly interpolated on the basis of the evaluated groundwater table and
the pressure head of the aquifer across the cross section. This approach results in
that the variation of pore pressures across the cross section resembles reality but is
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necessarily not an exact match at a specific point. This is apparent for VD4786,
where the measured initial distribution of the pore pressures is non-linear. The
Plaxis models predicts rather similar pore pressures at the top and bottom of the
clay but deviates clearly in between those.

For VDA4788, the model predicts much less pore pressure reduction in the bottom
part of the clay than the measured data suggest. This, despite the initial pore
pressure distributions being rather similar. This is likely related to the fact that
groundwater flow is a 3D problem, which has been compiled into a 2D model, using
an axisymmetric model to resemble 3D conditions. The axisymmetric conditions
assume that the soil geometry is the same in all directions from the rotation point
Tmin. As mentioned in the case study (Section 3.1), this is not the case at the site,
further highlighting the limitations of this modeling technique. In addition to this,
there are uncertainties related to the measured data, which is discussed previously
in Section 5.2.

When examining the vertical displacements for the 500 meter long Hamnbanan
pump test model presented in Figure 4.23, it can be seen that the vertical dis-
placements at the ground surface are generally 1-2 cm. However, at a distance of
approximately 70-110 meters from the extraction well, there are substantially larger
vertical displacements. This behavior is seen in all models, but to various degrees.
This is because of a slip surface created by the pronounced downward slope of the
bedrock. The soil tries to settle due to groundwater extraction, but because of the
high stiffness of the bedrock, the soil will slip along the bedrock interface. This is
further emphasized by Figure E.1 in Appendix E, where the incremental shear strain
developed at this interface is highlighted that will cause this local slip surface. This
also highlights the risk associated with the development of deep failures due to the
extraction of groundwater, which should also be taken into account when studying
this type of problem.

A limitation of the entire Hamnbanan pump test model is that the spatial variation
of the clay properties has not been taken into account. The soil profile within the
area has been evaluated as two layers of clay over depth, with varying thickness.
Furthermore, the soil data obtained from the soil tests show a rather large spread
of the clay parameters within the area. However, the variations appear local and no
pattern has been observed. Such variations could be of importance when modeling
a groundwater extraction with this technique, since they could result in a large
variation of the land subsidence and should be further investigated.

5.5 Plaxis limitations

In addition to the Plaxis limitations discussed in the previous chapter, there were
other limitations that had to be considered when modeling the two-dimensional
models, both the Hamnbanan pump test model and the theoretical model. One of
these limitations was the placement of the well. In an axisymmetrical model, the
Tmin boundary must be closed. Should the well be placed on this boundary, this
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Tmin closed command overrides the pumping of the well, making the well inopera-
ble. To solve this problem, the well was relocated inward by 0.2 meters within the
model. The length of which the well was moved within the model was highly sen-
sitive. Should the well be positioned closer than 0.2 meters to the boundary, there
would be substantial flow errors, resulting in the model being unable to calculate
any results. However, the drain in the Hamnbanan pump test model could be placed
at the x,,;, boundary. The constraint associated with simulating an extraction in
this way lies in the requirement for a drawdown input, rather than a flow rate, as
in models that incorporate a well. This is attributed to the fact that prior to the
actual extraction of water, the intended pumping rate of the well is typically pre-
determined, whereas the resulting drawdown induced by the pumping process can
only be determined after the extraction.

Another limitation is related to the SSC constitutive model, where the creep causes
the pore pressures to rise unexpectedly above the initial levels. This was deemed
a numerical error in Plaxis since there is no evident reason for this behavior, and
the phenomenon also occurs during the isolated creep phases. This behavior caused
a heave in some parts of the soil profile but also had an impact on the amount of
affected clay. These problems were corrected, but they need to be considered when
modeling groundwater extraction problems with SSC.
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Conclusions and suggestions for
future studies

The following chapter presents the conclusions derived in this thesis as well as sug-
gestions for future studies.

6.1 Conclusions

This thesis examines modeling approaches for land subsidence problems due to
groundwater extraction in 1D and 2D, as well as identifying trends for how clay
thickness affects the pore pressure reduction in a clay profile.

The 1D consolidation of a soil column subject to a uniform drawdown was compared
for two different methods, an analytical solution and a finite element model in Plaxis.
The results strongly suggest that the two different methods are comparable, as both
showed similar results in terms of the distribution of pore pressures, consolidation
time, and vertical displacements over time.

The 1D analytical solution was validated by comparing the predicted pore pressure
reduction in 2 boreholes. The analytical solution predicted similar pore pressure
reduction even though the magnitude of the pore pressures differed because of the
restricted possibility of modeling nonlinear initial pore pressures.

A theoretical groundwater extraction model was created to investigate how clay
thickness, distance from the pumping well, pumping time, and the effect of creep
influence both vertical displacements and the amount of affected clay. The results
showed that the vertical displacements, only due to groundwater extraction, increase
with reduced clay thickness, but when the effects of creep are taken into account,
the displacements increase with increased clay thickness. Furthermore, vertical dis-
placements were found to increase with time and reduce with distance from the
pumping well. The results also indicated that the clay thickness does not affect
the vertical displacements for pumping durations up to 1 month. In addition, the
results suggest that when creep is included, the magnitude of vertical displacements
close to the pumping well is governed by the aquifer drawdown, while at a fur-
ther distance, the clay thickness is the governing factor. In addition, the findings
related to the affected clay indicate that the influence of pumping is most promi-
nent near the well and that the affected clay increases with increasing clay thickness.
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The pump test conducted within the Hamnbanan project was modeled in a 2D ax-
isymmetric model to investigate how a land subsidence problem due to groundwater
extraction could be modeled. The findings indicated that with the modeling tech-
nique used, the results are strongly dependent on the length of the model. This was
because the x,,,, boundary in the axisymmetric model had to be closed, which led
to that the volumetric capacity of the aquifer was governed by the model length.
The fixed volumetric capacity was also found to affect the operational duration of
the model, and therefore limiting the possibilities of modeling longer durations of
pumping. For the case studied, by comparison to real-life measured data, it was
found that a model with a length of 500 meters resembled reality the best and that
the well and drain groundwater extraction method yielded comparable results. The
models predicted distribution of the pore pressures in the clay after 1 month of
pumping was compared with the measured data in two boreholes. It was found
that the models predicted a similar reduction in pore pressures in one borehole, but
underestimated the reduction in the bottom part of the clay in the other.

6.2 Suggestions for future studies

The findings of this study provide a foundational understanding of the relationship
between groundwater extraction and land subsidence in the context of Gothenburg,
Sweden. However, as with any complex geotechnical and hydrogeological phenom-
ena, there remain several avenues for further exploration to improve the accuracy,
applicability, and comprehensiveness of the results. This section outlines potential
areas for future research, highlighting the need for extended studies, model en-
hancements, and practical applications that can build on the insights gained from
this thesis.

For instance, the 1D analytical solution could be improved by incorporating a step-
wise linear initial distribution of pore pressures and further validated for different
clay properties. The findings of the theoretical groundwater extraction model could
be supported by investigating the effects of different extraction rates and soil pro-
files. For application in Gothenburg, a more characteristic soft and loose "Gothen-
burg clay" could be investigated. Further improvements could also be made to the
modeling technique used when examining groundwater extraction induced land sub-
sidence. Modeling in 3D would address the issue of simplifying a 3D problem into a
2D model. There is also great potential in exploring alternative boundary conditions
and model lengths in axisymmetric models to better replicate field conditions and
to reduce the dependency of results on model dimensions.
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A

Soil parameters

Test data and evaluated profiles for the water content Wy and the liquid limit W7,

are presented in Figures A.1 and A.2.
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Figure A.1: Test data and evaluated Figure A.2: Test data and evaluated
profile for the liquid limit W7.

profile for the water content Wy.
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B

Matlab code for the 1D analytical
solution

%% 1D Consolidation analytical solution

%» AUTHORS: MAANS PAULSSON AND MARCUS TRAPP

%» BASED ON THE WORK OF Xie et. al. (2012). "One-
dimensional consolidation solution and analysis for
aquitard in leakage system". Published in the Journal
of Shenyang University of Technology

clc

clear all

close all

% Input data for analytical solution

yw = 10; % unit weight of
water [kN/m~3]

dh = 2; % groundwater
drawdown in aquifer [m]

H = 9; % thickness of
aquitard [m]

z_values_analytical = 0:0.1:H; %» range of depths
of investigated points for analytical solution [m]

hO = 0; % distance from
top of aquitard to GWL [m]

ha = 12; % pressure head
of aquifer [m]

k_ m_day= 8.64%x107(-5); % hydraulic
conductivity, aquitard [m/day], recalculate into m/s.

k = k m_day/86400; % hydraulic
conductivity, aquitard [m/s]

E oed = 4000; % oedometer

modulus [kPa] be aware of precon
% Create values for Tv

t = [2, 7, 30, 90, 180, 365, 1825, 2500] % number
of days
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B. Matlab code for the 1D analytical solution

Tv_values=(k * E_oed * t=*86400)/(yw * (H)"2)

% Adjustment of u due to non hydrostatic conditions
u_bottom_aquitard_hydro = yw * (H+hO);

u_top_aquifer = yw * ha;

du_a= u_top_aquifer - u_bottom_aquitard_hydro;
u_extra = du_a / H * z_values_analytical;

o

% Colors for plotting
colors = lines(length(Tv_values));

% Initialize cell arrays to store values (Export to excel

)

u_numeric_cells = cell(length(Tv_values), 1);
delta_u_numeric_cells = cell(length(Tv_values), 1);
b

%% Delta u
hCalculation of delta u, (deltasigma'v = -delta u)

% Initialize figure
figure;

%» Loop through Tv values
for i = 1:length(Tv_values)
Tv = Tv_values(i);

syms m;

% Series term

series_term = (-1)"(m-1) * (1/m) * sin(m * pi *
z_values_analytical / H) * exp(-m~2 * pi~2 *x Tv);
delta_u_series_sum = symsum(series_term, m, 1, 100);

%» Entire expression

delta_u = -yw * dh * z_values_analytical / H + (2
yw * dh / pi) * delta_u_series_sum;
delta_u_numeric = vpa(delta_u); 7% Convert the series

sum to a numeric value

% Store in cell array
delta u numeric _cells{i} = double(delta _u_numeric),;
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B. Matlab code for the 1D analytical solution

%» Plot analytical solution

plot(delta_u_numeric, -z_values_analytical, '
DisplayName', ['Analytical, t = ' num2str(t(i)), '
d'], 'Color', colors(i, :));

hold on;

end

%» Add labels and legend
xlabel ('\Deltau [kPal"');
ylabel ('z [m]');
title('\Deltau');

legend ('Location', 'Best');
grid on;

% Hold off to stop superimposing plots
hold off;

T

hh u

% Calculation of u

% Initialize figure
figure;

%» Loop through Tv values
for i = 1:length(Tv_values)
Tv = Tv_values(i);

syms n;

% Series term
series_term2 = (2 * yw * dh / (n * pi)) *x (-1)~"(n-1)
* sin(n * pi * z_values_analytical / H) * exp(-n~2
* pi~2 *x Tv);
u_series_sum = symsum(series_term2, n, 1, 100);

% Entire expression
u = (yw * (hO + z_values_analytical - dh x
z_values_analytical / H) + u_series_sum) + u_extra
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B. Matlab code for the 1D analytical solution

u_numeric = vpa(u); % Convert the series sum to a
numeric value

/i Store in cell array
u _numeric cells{i} = double(u numeric);

% Plot analytical solution

plot (u_numeric, -z _values_analytical, 'DisplayName',
['"Analytical, t = ' num2str(t(i)), 'd']l, 'Color',
colors(i, :));

hold on;

end

%Plot inital u

u_initial= hO*yw + (ha-hO)*yw*z_values_analytical/H;

plot(u_initial ,-z_values_analytical, 'DisplayName',
Inital','Color', 'black');

% Add labels and legend
xlabel('u [kPa]');

ylabel ('z [m]');
title('u');
legend('Location', 'Best');
grid on;

T

% Hold off to stop superimposing plots
hold off;

% For export to excel

delta u numeric matrix = vertcat(delta u numeric cells
{:3);

u_numeric matrix = vertcat(u numeric cells{:});

b

%% Vertical displacement
figure;

% Loop through Tv values
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B. Matlab code for the 1D analytical solution

for i = 1:length(Tv_values)
Tv = Tv_values(i);

syms b;

% Series term
series_term3 = symsum(2 * exp(-4 *x (pix(b-1/2))72 x
Tv) / ((pix (b - 1/2))72), b, 1, 100);

%» Entire expression

S = (yw x dh * H) / (2 * E_oed) *(1 - series_term3);

S_numeric (i) = vpa(S); ' Convert the series sum to a
numeric value

/i Store in cell array

settlement numeric cells{i} = double(S _numeric);
hold on;
end
% Plot analytical solution
semilogx (t, -S_numeric,'o-")
hold on

%» Add labels and legend

xlabel ('time [days]');

ylabel ('Vertical displacement [m]');
title('Vertical displacement');

grid on;

b
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B. Matlab code for the 1D analytical solution
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C

Pore pressure measurements

The measured pore pressure data over time in the boreholes VD4783, VDA4786,
VDA4788 and 5090 are presented in Figures C.1-C.4. In addition, the measurements
in VD4786 and VD4788 during the course of the pump test are highlighted in Figures
C.5 and 4.5.
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Figure C.1: Pore pressure measurements for borehole VD4783.
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C. Pore pressure measurements
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Figure C.2: Pore pressure measurements for borehole VD4786.
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Figure C.3: Pore pressure measurements for borehole VD4788.




C. Pore pressure measurements
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Figure C.4: Pore pressure measurements for borehole 5090.
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Figure C.5: Pore pressure measurements for borehole VD4786 during the pump

test.
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C. Pore pressure measurements
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Figure C.6: Pore pressure measurements for borehole VD4788 during the pump
test.
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D

Distribution of pore pressures in
the theoretical local groundwater

extraction model

The distribution of pore pressures for different pumping durations at the distances
0, 10, 50 and 100 meters from the pumping well and the clay thicknesses 10, 15, 20
and 30 meters are shown in Figures D.1 - D.16. The pore pressures in the theoret-
ical local groundwater extraction model were corrected due to the increase in pore
pressures due to background creep. An example of the corrected and uncorrected
pore pressures in relation to the pore pressures during the background creep phase
is shown in Figure D.17.
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Pore pressure distribution at the pumping well, with a clay thickness of 10 m
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Figure D.1:

The pore pressure distribution at the pumping well, with a clay

thickness of 10 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction
model

Pore pressure distribution 10 meters from the pumping well, with a clay thickness of 10 m
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Figure D.2: The pore pressure distribution 10 meters from the pumping well, with
a clay thickness of 10 meters. Plotted over depth for different pumping durations.
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Figure D.3: The pore pressure distribution 50 meters from the pumping well, with
a clay thickness of 10 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction

model
Pore pressure distribution 100 meters from the pumping well, with a clay thickness of 10 m
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Figure D.4: The pore pressure distribution 100 meters from the pumping well, with
a clay thickness of 10 meters. Plotted over depth for different pumping durations.
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Figure D.5: The pore pressure distribution at the pumping well, with a clay
thickness of 15 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction
model

Pore pressure distribution 10 meters from the pumping well, with a clay thickness of 15 m
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Figure D.6: The pore pressure distribution 10 meters from the pumping well, with
a clay thickness of 15 meters. Plotted over depth for different pumping durations.
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Figure D.7: The pore pressure distribution 50 meters from the pumping well, with
a clay thickness of 15 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction
model

Pore pressure distribution 100 meters from the pumping well, with a clay thickness of 15 m
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Figure D.8: The pore pressure distribution 100 meters from the pumping well, with
a clay thickness of 15 meters. Plotted over depth for different pumping durations.
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Figure D.9: The pore pressure distribution at the pumping well, with a clay
thickness of 20 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction

model
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Figure D.10: The pore pressure distribution 10 meters from the pumping well, with
a clay thickness of 20 meters. Plotted over depth for different pumping durations.
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Figure D.11: The pore pressure distribution 50 meters from the pumping well, with
a clay thickness of 20 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction

model
Pore pressure distribution 100 meters from the pumping well, with a clay thickness of 20 m
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Figure D.12: The pore pressure distribution 100 meters from the pumping well,
with a clay thickness of 20 meters. Plotted over depth for different pumping dura-

tions.
Pore pressure distribution at the pumping well, with a clay thickness of 30 m
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Figure D.13: The pore pressure distribution at the pumping well, with a clay

thickness of 30 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction

model

32

Pore pressure distribution 10 meters from the pumping well, with a clay thickness of 30 m
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Figure D.14: The pore pressure distribution 10 meters from the pumping well, with
a clay thickness of 30 meters. Plotted over depth for different pumping durations.
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Figure D.15: The pore pressure distribution 50 meters from the pumping well, with
a clay thickness of 30 meters. Plotted over depth for different pumping durations.
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D. Distribution of pore pressures in the theoretical local groundwater extraction

model

32

Pore pressure distribution 100 meters from the pumping well, with a clay thickness of 30 m
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Figure D.16: The pore pressure distribution 100 meters from the pumping well,
with a clay thickness of 30 meters. Plotted over depth for different pumping dura-

tions.
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D. Distribution of pore pressures in the theoretical local groundwater extraction
model

Pore pressure distribution 10 meters from the pumping well, with a clay thickness of 20 m and a
pumping duration of 1 year
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Figure D.17: The pore pressure distribution during the initial phase, the back-
ground creep phase, and the uncorrected as well as corrected pore pressures after
one year of pumping.
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Complimentary Plaxis output

In Figure E.1 below, the incremental shear strain developed at the interface between
the bedrock and the frictional material is shown. The model shown in the figure
is the 500-meter long Hamnbanan pump test model, modeled with a well as the
extraction source.
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Figure E.1: The incremental shear strains in the interface between the bedrock
and the frictional material.
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