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ABSTRACT

The stability of clay slopes often depends on the current pore pressure levels,
where high pressure levels are associated with low stability. In Sweden there is a
recommended method for estimating the maximum pressure levels but for
various reasons, discussed further in the thesis, this method has not become
established. In this study several areas of improvement for the method
recommended have been identified.

Further, a classification system for groundwater level fluctuations in confined
aquifers is presented. The classification is based on commonly available
topographical and geological information and has been developed from analyses
and simulations of groundwater level fluctuations in three study areas on the
Swedish west coast. The model used in this study is a slightly modified version of
the hydrological HBV model.

Even though the use of the modified HBV model, for the purpose of
groundwater level calculation, involves a highly conceptual description of the
processes involved, the simulation results are promising. Calibration simulations
show that the observed groundwater level variations in confined aquifers can be
described satisfactorily. Furthermore, validation simulations show that even with
little hydrogeological information of an area, groundwater levels can be
simulated reasonably correctly using the model.

In addition, preliminary climate change simulations, using the modified HBV
model, indicate that the overflows in the confined aquifers govern the maximum
levels, meaning that increased precipitation has limited influence on the
groundwater levels. These simulations should, however, not be interpreted as
predictions but more as an indication of an area of application for the model.

Keywords: landslide, slope stability, pore pressure, groundwater level, HBV
model, confined aquifer, climate change
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LIST OF NOTATIONS

The following notations are used in the thesis:

Notation Description Unit

A amplitude for yearly
evapotranspiration variation

B(t) evaporation factor mm/(day-"C)

c cohesion kPa

Coons consolidation coefficient m?/s

Ce evapotranspiration factor mm/(day-"C)

Cwm melting factor mm/(day-"C)

D diffusivity m?/s

EA actual evapotranspiration mm

EP potential evapotranspiration mm

ep 'effective porosity'

FC field capacity mm

IN infiltration mm

k hydraulic conductivity m/s

K proportionally constant for the 1/day
bottom outflow from Iz

Kiz overflow proportionally constant for the 1/(mm-day)
overflow outflow from Iz

Ky, proportionally constant for the 1/day
bottom outflow from uz

Kuz,overfiow proportionally constant for the 1/day
overflow outflow from uz

liz overflow level for the overflow outflow from mm
Iz

LP soil moisture level for which EA mm
reaches EP

Iz (level in) lower groundwater mm
reservoir

M oedometer modulus kN/m?

n porosity

max maximum level in the prediction cmrel. to g.l.

station during the observation
period

p 200 maximum level in the prediction cmrel. to g.l.

max station with a return period of 200

years

qi bottom outflow from lower mm/day

groundwater reservoir




Quz bottom outflow from upper mm/day
groundwater reservoir

Quz,overflow overflow outflow from upper mm/day
groundwater reservoir

R recharge mm

re variation in the groundwater level  cm
in the prediction station during
the observation period

rr variation in the groundwater level  cm
in the reference station during the
observation period

S storativity -

SM soil moisture mm

200 200

SR | Yimax “Ymaxl em

Sret specific retention -

S, specific storativity 1/m

Ss clay specific storativity for clay 1/m

S, specific yield -

T transmissivity m?/s

T air temperature ‘C

1T threshold air temperature °C

u pore pressure kPa

uz (level in) upper groundwater mm
reservoir

Yimax maximum level for the reference cmrel. to g.l.
station during the observation
period

y200 maximum level for the reference cmrel. to g.l.

max station with a return period of 200

years

Zgw groundwater level cmrel. to g.l.

Zimax highest observed groundwater cmrel. to g.l.
level

Zmin lowest observed groundwater cmrel. to g.l.
level

B factor controlling the shape of the -
recharge curve

Bs compressibility of the bulk soil m?/kN
material

Bu compressibility of water m?/kN

Vw unit weight of water kN/m®

At time delay in the response day
function

o total stress kPa

c' effective stress kPa

Xi



T shear strength kPa
' friction angle °
\ phase offset for day

evapotranspiration

Xii



1 INTRODUCTION

Areas in Sweden with the prerequisites for landslides are in general moderately
sloped clay areas or relatively steep sandy or silty slopes (2008). Many slope
failures occur in man-made constructions such as road embankments or
excavations. Failures in areas unaffected by construction work or deep
foundations generally occur beside streams and rivers. In sandy and silty slopes
the size of an individual landslide is generally small, even though the long-term
effect of a continuous sliding and erosion process can be severe. On the other
hand, major landslides occur mainly in clay areas, especially where quick clay is
present (SRV, 2008).

In areas with unsatisfactory stability and in connection with the design of new
infrastructure (roads, buildings etc.), slope stability investigations are carried out.
When investigating slope stability, pore pressures in a specific slope must be
considered since the highest risk of slope failure often coincides with the highest
pore pressures. In situations where the undrained' shear strength governs the soil
strength, the pore pressure, however, is irrelevant. Nevertheless, the risk of
failure under drained conditions must be considered in all slope stability
investigations. Consequently, the level of maximum pore pressure that is
expected to occur within a certain design period needs to be estimated.

At present there is no established standard for how prediction of maximum pore
pressures should be carried out. A common method is to calculate the pore
pressure conditions required for a specific slope to fail, compare these calculated
pressures with observations of local conditions and consider whether the
calculated pressures are reasonable. Another estimation method is to add a
'safety margin', based on experience, to observed pore pressures. Both these
approaches are commonly used in Sweden according to Johansson (2006). Even
though there is no established standard for the calculation of maximum pore
pressures, there is a method recommended by both the Swedish Commission on
Slope Stability (CoSS, 1995) and in the Eurocode” for slope stability calculations.
The basis of this method is statistical treatment of long series of groundwater
level measurements from a nationwide network of reference areas (Svensson,

A failure in soil can occur under either drained or undrained conditions, and is further discussed
in Chapter 3.4.1.
2 Can be found in Eurocode 7, part 2, BS EN 1997-2
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1984). For various reasons, mainly related to prediction limitations and handling
difficulties, the method is not commonly used.

The recommended method for predicting maximum pore pressures has been
developed primarily for clay areas. However, the processes that cause stability
problems due to high pore pressures differ considerably between sandy or silty
slopes and clay areas. In Sweden, clay areas are common in a zone from
Gothenburg on the west coast to Stockholm on the east coast and also along most
of the coastline. This study focuses on analyses of groundwater pressures in clay
areas in the Swedish west coast region, near Gothenburg, where the softest’ clay
is also present. Moreover, this study considers natural areas as opposed to areas
with dense construction work and deep foundations.

Pore pressures in a clay slope are governed by hydrogeological boundary
conditions. If the water pressures below and above the clay are known, the pore
pressures within the clay can be calculated. Even though the actual pore
pressures are discussed in this study, the main focus is on the boundary conditions
constituted by groundwater levels® in the friction material below the clay, i.e. the
water pressure in confined aquifers. In order to improve our understanding of
groundwater systems in clay areas, groundwater level fluctuations in confined
aquifers have been analysed and simulated. Furthermore, an attempt has been
made, to identify typical examples of these fluctuations, based on objective
criteria such as local topography, geology and position within an aquifer. Apart
from analyses and simulations of groundwater fluctuations, the recommended
method for maximum pore pressure predictions has also been analysed and
tested. Consequently, extended studies of the superficial groundwater systems is
a remaining and important part of future research.

The groundwater level analyses and simulations carried out resulted in general
criteria governing the fluctuation patterns and the simulation results appear
promising despite the fact that a highly conceptual model has been used. This
licentiate thesis presents partial results from a larger ongoing research project.
The overall aim of this larger project is to improve and develop methods for pore
pressure prediction in slope stability calculations, taking into account climate
change. Due to climate change the weather in most parts of Sweden is expected
to become wetter, resulting in estimated increases in precipitation and run-off of
up to 30% (Rossby Centre, 2007). A wetter climate will most likely result in

? Soft clay is clay with low shear strength.
* The term 'groundwater level' is often used for the groundwater pressure level in friction
materials, while the term 'pore pressure' is used for soils with low permeability, such as clay.
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higher pore pressure levels and thus actualise further the need for maximum
pressure predictions. Despite the fact that the climate change issue has brought
the subject of this research project to the fore, predictions of pore pressures are
also essential for reliable slope stability calculations in the present climate.

2 HYDROGEOTECHNICS: WATER AND
GEOLOGY RELATED TO GEOTECHNICAL
PROBLEMS

Many traditional geotechnical problems are related to the interaction between
soil and water. However, knowledge of groundwater systems (including pressure
levels and flows) among geotechnical engineers could be improved. Knowledge
of surface water is considerable among hydrologists and knowledge of
groundwater is considerable among hydrogeologists. If knowledge in these
traditionally separate fields can be utilised this could increase substantially our
knowledge of the interaction between soil and water in geotechnical problems. A
suitable name for such utilisation could be hydrogeotechnics’.

Geotechnical problems related to groundwater mainly concern settlement and
stability. Lowered groundwater levels could cause settlement, while stability
problems are generally related to high water levels or intense precipitation.

This study deals primarily with stability problems related to high pore pressure
and groundwater level in deep layers due to the long-term effects of infiltrated
precipitation. Other types of water-induced slope stability problems can be
attributed to heavy rain causing increased pore pressures in shallow layers,
loading effects from superficially stored rain and surface or inner erosion
(piping). Another example is riverbank erosion, which however can be regarded
as a morphological process.

An earlier study in the field of hydrogeotechnics is the PhD Thesis
Hydrogeological Methods in Geotechnical Engineering (Persson, 2007), which
focused on urban areas and the effects of construction work. The present study
can in some ways be seen as a complement to (Persson, 2007), although oriented
more towards stability in natural areas, i.e. not affected by construction work,
rather than settlements in urban areas. Other works that are especially important

> This term has been suggested by Claes Alén but has also been used in a few earlier, yet similar,
cases.
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for this study are the PhD theses Analys och anvindning av
grundvattennivdaobservationer by Svensson (1984) and Portrycksvariationer i leror
i Goteborgsregionen by Berntsson (1983), which studied the behaviour of
groundwater pressures in the Gothenburg region for aquifers and clay
respectively.

2.1 Precipitation-induced landslides

Precipitation can induce landslides in several ways, where the most obvious soil
movements are perhaps debris flows (also called mud flows or earth flows). These
debris flows are caused by erosion due to heavy rain and consist of water mixed
with soil that flows, rather than slides, downhill (Wikipedia, 2008). Debris flows
are common in areas with steep slopes and sparse vegetation. Shallow slides are
often induced by high pore pressures in superficial layers. These high pressures
are typically caused by precipitation or snowmelt infiltrating the uppermost soil
layers. Shallow slides are also common in steep slopes, especially in areas where
negative pore pressures are required for maintaining the stability of the slope.
For the deep-seated slides in clay areas, which are the focus of this study, the
direct effect of rainfall is not as obvious as it is for shallow landslides. The direct
effect on the deep-layer pore pressures of increased groundwater levels in the
uppermost soil layers often is small. However, the clay generally overlays friction
material into which water can infiltrate and increase the groundwater pressure
level. This increased groundwater pressure is spread through the clay layer and,
especially for slip surfaces near the friction material layer, raises the pore
pressures in the clay. However, for many deep-seated slides the present pore
pressure level has no significant influence on stability since the conditions are
undrained®.

Research into rainfall-induced landslides has focused generally on shallow slides
and debris flows and has received contributions from fields such as engineering
geology, soil mechanics, hydrology and geomorphology (Guzzetti, 1998; Crosta,
2004; Crosta and Frattini, 2008). The research focus has varied between the
different fields. The following is a state-of-the-art introductory text by (Crosta
and Frattini, 2008):

"Engineering geologists have focused their attention on the effect of water infiltration

on soil strength and unsaturated conditions. At the same time, they have reported and

% The theoretical background for pore pressure-induced slope failures is discussed in Chapter
34.1.
” For references, see Crosta and Frattini (2008).
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studied hundreds of case studies that have been fundamental for the understanding of
the problems.

Hydrologists have concentrated their efforts on the processes that control surface
and sub-surface storm-flow at the hill slope and catchment scale. Together with
geomorphologists, they have also contributed to the quantification of the topographic

controls on hydrological processes."

2.1.1 Prediction methods

Prediction methods for landslides can, for example, aim at predicting when (and
where) there is a risk of landslides, or predicting the lowest future stability for a
specific slope. Measurement data used for prediction, except for information
about topography and soil shear strength, are typically precipitation, soil
moisture, groundwater levels and pore pressure. The scale of the methods can
vary, from general e.g. for a climate region, to specific for a certain site where
local geology thus needs to be considered.

Development of warning systems for predicting landslides has focused on debris
flows and shallow slides. The most commonly investigated rainfall parameters
are: total 'cumulative' rainfall, antecedent® rainfall, rainfall intensity and rainfall
duration (Guzzetti et al., 2005). Various combinations of these parameters have
also been tested. A synthesis of thresholds from several investigations of
intensity-duration studies is shown in Figure 2.1, which indicates a wide span of
triggering levels.

8 Antecedent, synonym for previous, is often used in the literature.
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1000

Duration {}) {hr}

Figure 2.1 Synthesis of threshold levels for triggering landslides from several studies carried out
worldwide. The threshold levels indicate the lowest combination of rainfall intensity and
duration for a landslide to begin. Note the wide span of estimated threshold levels. Figure
adopted from Guzzetti et al. (2005).

Detailed models describing specific sites have also been developed. Quasi-three-
dimensional hydrological models for predicting landslides have been created by
e.g. Terlien (1998) and Malet (2005). Terlien also discusses deep slides, for which
a hydrological model is used to determine the pore pressures. The study,
however, focuses on sandy and silty soils.

Moreover, the model for prediction of maximum pore pressures, mentioned
above, has been developed by Svensson (1984) and was complemented in CoSS
(1995). Modelling of groundwater levels has been done in several hydrological
studies, but generally without aiming at predicting landslides (see Chapter 5).

2.2 Landslides and climate change

A preliminary Swedish study found that during a period with precipitation that is
40% above mean the groundwater levels in the area studied rose by up to 0.9 m
(Hultén et al., 2005). Stability calculations of some clay slopes along the Gota Alv
river in Sweden indicate that the safety factor may decrease by a few per cent as
the pore pressure increases due to the increase in precipitation. This decrease in
safety factor can be highly significant when the slope is barely stable (Hultén et
al., 2005). The impact of climate change on slope stability has been identified in

18



many parts of the world, eg by Buma (2000), Dehn et al. (2000) and Mclnnes et
al. (2007).

For the type of slope stability problems this study is focusing on, the determining
factors for stability are the maximum groundwater levels and pore pressures.
Consequently, assessments carried out by hydrologists of the change in
groundwater level due to climate change are also highly relevant in this context.

2.3 Geology of the fine sediment areas along the Swedish
west coast

Characteristic of the geological formations along the Swedish west coast is the
occurrence of bedrock areas, either bare or covered with thin till soils, rising high
above the surrounding valleys with fine sediment soils. The level difference
between the highest bedrock level and the valley bottom is often 100 m or
thereabouts. The quaternary deposits in western Sweden are a result of the latest
glaciations' withdrawal from the area. The occurrence of till is more limited on
the west coast than in the rest of Sweden and if present it is often covered with
fine marine sediments (Berntsson, 1983). Principal soil profiles for the Swedish
west coast are illustrated in Figure 2.2 and Figure 2.3.

A B EBD B Cc A B E c E D E «ieim

Farg Calo

— 140 mol

[~ 120

5 S I 100
Highast shore line

. Berg. Precambrian

Lheelel Isdlvesediment. Glaciofluvial deposits

vall-och svdmsediment
Wave- washed - ar fluvial depasit sediment

= 80

- 80

= 20

f-20
Lerjord grénsande till dppen vattenyta. Clay and silty clay bordering on open water - surface.

Lerjord lutande (»1:50). Clay and sitty clay, sioping { >1:60)

Ovrig lerjord. Asmaining clay and silty clay, 4o

Annan jord an lerjord. Other sediments than clay.

Berg i dagen. Precambrian outcrops. L g0

Figure 2.2 Typical soil stratification for the Swedish west coast region; from Cato and Engdahl
(1982).
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Bedrock

Figure 2.3 Typical soil stratification for a valley in the Swedish west coast region; modified from
Berntsson (1983).

In Figure 2.3 a zone in the upper part of the clay can be distinguished. In this
zone, called the dry crust, the clay is affected considerably by exposure to drying,
weathering, frost, chemical processes, vegetation and biological activity. These
processes cause the development of cracks and macro-pores. The lower part of
the dry crust is also affected by thin (1-5 mm) but continuous cracks to a depth of
up to 5-10 m (Berntsson, 1983). The cracks increase the hydraulic conductivity of
the dry crust substantially. In a study in Skara, Sweden, it was found that these
cracks contained enough water to supply a village of 7,000 people (Berntsson,
1983). Important geological deposit formations with regard to groundwater
formations also include the occurrence of sand and silt layers within the clay
deposits, which can contribute substantially to horizontal groundwater flow.

3 THEORETICAL BACKGROUND

To simplify the reading of this report, some of the most important concepts of
hydrogeotechnics involved in this study are explained in this chapter. Since a
wide range of subjects are covered, not all concepts are explained in detail. For
more background information and detailed explanations see textbooks from each
traditional academic field, e.g. Freeze and Cherry (1979), Chow et al. (1988),
Terzaghi et al. (1996) and Séllfors (2001), on which this chapter is based.

The academic fields of hydrogeology and geotechnical engineering have a great
deal in common but in many cases the parameters used to describe the same
phenomena are different. An attempt to bridge this difference can be found in
Persson (2007).
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3.1 Hydrologic cycle and groundwater formations

The circulation of water between rivers, lakes, oceans, the atmosphere and the
ground is usually referred to as the hydrologic cycle (see Figure 3.1). The driving
mechanism in this circulation is radiation from the sun. This radiation causes
water evaporation and plant transpiration, which together are called
evapotranspiration. At high altitude the evapotranspiration is cooled down and
condenses into water droplets, which eventually cause precipitation. When
precipitation falls as snow, water is stored in the snowpack and the circulation is
delayed until snowmelt. Precipitation falling as rain, or melting snow, causes run-
off into streams, lakes and oceans as well as recharge into groundwater
reservoirs. On average over a large area, the infiltration is caused by precipitation
minus evapotranspiration and is called the effective precipitation. Looking at the
infiltrating water and the groundwater reservoirs in detail, a more correct name
for the hydrologic cycle could be the hydrogeological (or geohydrological) cycle.

Condensation

Precipitation T iration
“’oml ranspiratio
| ¥ g ‘Y?’%* Surface Ak

. runoff

Water table

[ / ] ) :
Ground water flow R

Figure 3.1 The principal flows in the hydrologic cycle; from Todd (1959).

A geologic deposit that has sufficient hydraulic conductivity for considerable
quantities of water to be stored and withdrawn from wells is called an aquifer. An
aquitard, on the other hand, is a geologic deposit that is not permeable enough to
transmit a significant amount of water.

Aquifers can be classified into two main types: unconfined and confined (see

Figure 3.2). An unconfined aquifer is a layer of quite highly permeable soil
extending to the ground surface and with a free water table at some level within
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the soil layer. The uppermost limit for an unconfined aquifer is the free water
table. A confined aquifer is formed from a quite highly permeable soil covered by
an impervious soil, stopping groundwater from flowing vertically. When the
confining soil layer is not impervious, but still has a low permeability, the
underlying aquifer is regarded as 'leaking'. Normally, there is no free water table
within a confined aquifer. However, in a well that penetrates the confining layer
the groundwater pressure level can be measured as a free water table. This water
level can reach above the ground level and the aquifer is then called artesian. The
maximum pressure level the groundwater in a confined aquifer can reach is
governed by overflow levels in the recharge areas, i.e. the maximum level of the
confining stratum (see Figure 3.2).

Recharge

area
A ¢¢ Water
l/ ,L ¢ Water ,Piezometric surface . table
table Ground Artesian well
I well
surface i

Z
2
Z
Z
2 -
Z Unconfined
///// aquifer
2 .

Impermeable
strata

o
[=]
=
=
g
[\

o

£

g
A

\
;
\
%
\
A

Z

Figure 3.2 Principal classification of confined and unconfined aquifers with accompanying
groundwater pressure levels; modified from Todd (1959).

Recharge into aquifers is governed by the fact that water infiltration mainly
occurs in coarse, permeable soil or fractured rock. Recharge into unconfined
aquifers can occur over the entire aquifer area and the main direction of flow in
the aquifer is vertical. Recharge into confined aquifers, however, only occurs in
small areas along the aquifer edges. In these recharge areas the flow direction is
vertical whilst in the main part of the aquifer the flow is more or less horizontal.

The recharge area of a confined aquifer can be considered to be an unconfined
aquifer.

3.1.1 Swedish west coast groundwater formations

A typical soil profile in the clay areas along the Swedish west coast can be
characterised according to Figure 3.3. The uppermost meter of the clay dry crust,
with a strongly cracked structure, is called the upper aquifer. It is characterised by
high permeability and thus rapid pore pressure responses. The maximum
groundwater level in this zone normally equals ground level. In the lower part of
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the dry crust the cracks also govern the groundwater behaviour, resulting in
rather rapid pore pressure responses. Since the cracks are mainly vertical, the
horizontal permeability is generally’ low and the zone is referred to as Aquitard
I. Aquitard II is the underlying zone with homogeneous clay and low
permeability. In the lowest zone, the confined aquifer, the permeability is high
and pressure responses are rapid.
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Clay with Aquitard |
small cracks ’ (hydrostatic)
Homogenous { Aquitard Il
or layered
clay ‘
Friction I Lower aquifer
material ,

Figure 3.3 Principal soil stratification and aquifer/aquitard classification for clay areas along the
Swedish west coast; modified from Berntsson (1983).

3.2 Aquifer properties

In a soil material the actual soil material particles only constitute a part of the
total soil volume, while the rest is normally water and/or air. This property is
described by the porosity:

nszatir/+va|r (31)
tot
where n = porosity [-]
Vvater = volume of water [m’]
Vair = volume of air [m’]
Vioit = total soil volume [m’]

If the water table in an unconfined aquifer is lowered, some of the soil that was
saturated and below the groundwater table will be situated above the
groundwater table and will therefore also be drained. The amount of water

? In the area where 7,000 people were supplied with water from the dry crust, mentioned in
Chapter 2.3, the horizontal hydraulic conductivity must be rather high.
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drained from the soil depends on the soil material and a measure of this property
is called the specific yield. Specific yield is defined as the ratio between the
volume of water that drains from a saturated soil volume, due to gravity, and the
total volume of the soil. The amount of water that remains in the soil after
gravitational drainage is likewise measured using a parameter called specific
retention. The sum of specific yield and specific retention equals the porosity, so
that:

S, +Su =N (3.2)

where Sy = specific yield [-]
Sret = specific retention [-]
Within the field of hydrology, the specific retention is often (for a certain soil
depth) called field capacity.

The amount of water that an aquifer can transport is related to the hydraulic
conductivity'® of the aquifer material but also to the thickness of the aquifer. This
property is called transmissivity:

T=kb (3.3)
where T = transmissivity [m’/s]

k = hydraulic conductivity [m/s]

b = thickness of aquifer [m]

A change in hydraulic head will, however, also affect confined aquifers and
saturated parts of an unconfined aquifer. Water pressure changes cause soil
skeleton reconfiguration resulting in water storage or expulsion depending on the
direction of the pressure change. A rise in water pressure will expand the soil
skeleton while a pressure drop will cause contraction. In hydrogeology this
property is referred to as elasticity although strictly speaking the deformations
can also be plastic. Expressed in geotechnical terms these phenomena equal
swelling and consolidation respectively. The reason for compaction or expansion
of the soil skeleton is the fact that increased water pressure causes decreased soil
skeleton forces, which can be described as the Archimedes principle applied in
soil. In geotechnical engineering the concept of effective stress is commonly used
and for saturated conditions it can be expressed as:

g'=0-u (3.4)
where o' = effective stress [kPa]

o = total stress [kPa]

u = water pressure [kPa]

10 Often referred to as permeability in geotechnical engineering.
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Furthermore, increased water pressure will cause water contraction and inversely
decreased pressure will cause water expansion. This means that as the hydraulic
head is lowered, contraction of the soil skeleton will reduce the porosity and
expel water. In addition, the pore water will expand and release additional water.
The parameter describing water storage or expulsion due to pressure change is
called storativity and is the volume of water that will be stored or released per
unit of surface area of the aquifer per unit change in water pressure head:

=y, + 8. (3.5)
where S = storativity [-]

Y = unit weight of water [kN/m’]

b = thickness of the aquifer [m]

n = porosity [-]

L = compressibility of water [m*/kN]

By = compressibility of the bulk soil material [m*/kN]

The parameter specific storage is also used, which is the storativity per unit
thickness of the aquifer:

S

S5, = vu(nB, +B.) (3.6)
where Sy = specific storativity [1/m]

The compressibility of water is 4.4-107 m*kN, which can be compared with the
compressibility for aquifers, which isabout 10 to 102 m?kN (Kruseman and de
Riddler, 1970) and for normally consolidated glacial clays about 10~ to 10"

2 m?/kN (Persson, 2007). Consequently, the compressibility of water is negligible
for normally consolidated glacial clays and the specific storativity for the clay can
thus be written as:

Ss,clay = yw:Bs (37)

where Ss,clay = specific storativity for clay (negligible compressibility of water)
[1/m]

The compressibility of a soil is in geotechnical engineering normally described

using the oedometer modulus, which can be related to the compressibility as:
M = ; = i
nB,+pB; B

where M = oedometer modulus (=E,.q) [kKN/m’]

(3.8)

The rate of change in hydraulic head, e.g. at consolidation or water pressure
fluctuations, is related to the compressibility of the soil and is further described in
Chapter 3.3. In geotechnical engineering the consolidation coefficient is normally
used to determine this effect:
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where Ceons = consolidation coefficient [mZ/s '/

(3.9)

cons

In hydrogeology the more general parameter diffusivity is used, which is identical
to the consolidation coefficient when the compressibility of water is negligible:

_T_k_ k _ k _kv
S Ss Ss,(:lay ywﬁs yw
where D = diffusivity [m*/s]

= Ccons (3.10)

The diffusivity in hydrogeology, however, is generally used in the horizontal
direction while in geotechnical engineering the consolidation coefficient is mainly
used in the vertical direction.

3.3 Groundwater flow

This study is focused on confined aquifers and consequently only groundwater
flows in saturated conditions are studied. The principles for flow in unsaturated
conditions are essentially the same although due to the effects of varying degrees
of saturation they are more complicated to handle.

In an unconfined aquifer the thickness of the saturated zone varies as the
groundwater level varies. The transmissivity of an unconfined aquifer therefore
depends on the groundwater level. This introduces further complexity to the
groundwater flow analysis and the groundwater flow equation is described using
the Boussinesq equation (e.g. Fetter, 1994). Groundwater flow in unconfined
aquifers will, however, not be discussed further in this thesis.

The general equation for groundwater flow in saturated conditions is derived
from two fundamental principles: the law of mass conservation and the linear
flow equation called Darcy's law. Darcy's law can be written as:

Q__ydn (3.11)
A dx
where o) = water flow [m’/s]

A = cross-sectional area [m’]

k = hydraulic conductivity [m/s]

h = hydraulic head [m]

X = distance co-ordinate [m]

Sometimes Q/A is called Darcy velocity, which corresponds to 'piston flow'. To
find the real velocity for a single water molecule the effective porosity of the soil
also needs to be considered. For very low gradients, Darcy's law is not valid and
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this has been shown by, for example, (Hansbo, 1960). This phenomenon does not
affect this study seriously and is therefore not discussed further.

For three-dimensional conditions the general groundwater flow equation'’ can be

written as:
i(kx @]+i kya—h +i(kza—hj=ssa—h (3.12)
ox\ "ox) oy\ “ady) o0z\ "oz ot
where k, = hydraulic conductivity in the x-direction [m/s] (and likewise for the
y- and z-directions)
h = hydraulic head [m]
t = time [s]

In equation 3.12 it is assumed that all flow comes from compression or expansion
of the aquifer. In reality, water is often added as leakage through the confining
layer. For leaking aquifers a leakage rate is introduced in the groundwater
equation 3.12. With homogeneous, isotropic soil the groundwater equation 3.12,
or the diffusion equation as hydrogeologists sometimes call it, can be written as
(choosing geotechnical parameters):
2 2 2

on, om0 3o o

ox® ody° 0z° ¢ ot

cons,v

3.3.1 Analytical solutions

Groundwater flow through a confined aquifer is essentially one-dimensional. A
steady state and one-dimensional version (only considering the x-direction) of
equation 3.12 has the form:

3(k@J -0 (3.14)
ox\  0x
The solution to equation 3.14 indicates that the groundwater pressure level is

proportional to the flow and the distance but inversely proportional to the cross-
sectional area (aquifer thickness) and the hydraulic conductivity:

h=- +h, (3.15)
Ak
where h = groundwater pressure level [m]
QO/A = water flow/cross section area [(m’/s)/m’]
k = hydraulic conductivity [m/s]
X = distance co-ordinate [m]
hy = initial groundwater pressure level [m]

! Assuming incompressible water and no source term.
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In Figure 4.3 the effect on the pressure levels from varying aquifer thickness can
be seen.

For conditions with time-dependent boundaries, i.e. transient conditions,
analytical solutions applicable for confined aquifers have been presented by e.g.
Todd (1959) and Huisman (1972).

3.4 Soll stress and strength concepts

To handle geotechnical problems related to changes in groundwater levels, and
using today's methods, the concept of effective stress is a prerequisite. If the
groundwater levels in an area are lowered below the normal levels the effective
stress level in the soil will increase, causing compaction (or settlement) of the soil.
A significant lowering of the water level can be caused by pumping, for irrigation
for example, or through leakage into a deeper tunnel. On the other hand, when
the groundwater level rises, the effective stress decreases and thus also the inter-
particle forces, which affects the shear strength of the soil as:

r=c+o'tan(g) (3.16)
where T = shear strength [kPa]

c = cohesion [kPa]

o' = effective stress [kPa]

@' = friction angle [°]

Equation 3.16 thus indicates that the shear strength decreases when the effective
stress decreases (or the water pressure increases). Lowered shear strength of the
soil means that the stabilising forces in the slope decrease and that the stability of
the slope decreases. On the other hand, if the effective stress is increased through
loading, the effect of increased driving forces in the slope will dominate and
result in decreased stability. In addition to the effective stress level, the soil
strength is governed by the soil material and the geological (stress) history of the
soil.

3.4.1 Drained and undrained conditions

A soil that is subject to shear deformations will normally experience a volume
change, which for a water-saturated soil results in a change in pore pressure. In a
highly permeable soil a change in pore pressure can be neutralised through water
drainage. In a soil with low permeability, such as clay, the drainage process is
slow and shear deformations and failures can therefore often be regarded as
occurring under undrained conditions (Sillfors, 2001). Under undrained
conditions the soil volume is regarded as being constant during shear
deformation. Figure 3.4 illustrates the fundamental stress paths from active
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triaxial tests, both for drained and undrained conditions and for a heavily
overconsolidated soil as well as for a slightly overconsolidated soil.

In the illustration for a heavily overconsolidated soil, soil failure occurs at A,
while the undrained failure occurs at B. For the slightly overconsolidated soil, A
illustrates the stress path for undrained condition, while B illustrates the path for
drained conditions. In all cases, soil failure occurs when the Mohr-Coulomb
failure line is reached. However, at C the vertical stresses equal the pre-
consolidation pressure, meaning that the distance CB will cause large
deformations. These deformations are often too large to be acceptable and
normally cause pore pressure generation, which in turn can also cause undrained
failures (Sallfors, 1986). Consequently, the drained soil strength is lower than the
undrained soil strength for highly overconsolidated soils, while the opposite is
true for normally or slightly overconsolidated soils.

9G-%

2 G‘—Gs_
2 &
N’L;“ e
(gs g c

7
2 srty g, =0
rb(""tm $odnn g Y «
AN
G*+%’

Gz 2

Figure 3.4 Principal stress paths from a triaxial test, for a highly overconsolidated soil (left) and for
a slightly overconsolidated soil (right), from Sdllfors (1986). [Brottlinje (in Swedish) is the
failure line, and in situ spinning (in Swedish) is in situ stress.]

Sometimes, a simplified description for the relations between drained and
undrained shear strengths is done, as illustrated in Figure 3.5. From the

illustration it can be seen that the drained shear strength is expected to be
governing the soil strength fro overconsolidation ratios in the range of 2-6.
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Figure 3.5 A simplified description of the relations between drained and undrained shear strengths.

Modified from CoSS (1995).

When studying an increase in the general pore pressure situation for the soils,
illustrated in Figure 3.6, it is also clear that the change in the governing shear
strength for each soil is greater for the highly overconsolidated soil than for the
slightly overconsolidated soil.
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Figure 3.6 Principal stress paths from a triaxial test for a highly overconsolidated soil (left) and for

a slightly overconsolidated soil (right), from Sillfors (1986). Stress paths for two different
pore pressure conditions are illustrated, where 1 corresponds to the lower pore pressure level
and 2 to the higher pore pressure level. For the slightly overconsolidated soil, the failure is
undrained for the lower pore pressure level and drained for the higher pore pressure level.
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3.5 Soil consolidation

The one-dimensional consolidation theory is based on the vertical component of
the general groundwater equation under the assumptions: homogenous and
isotropic soil, incompressible water and soil particles, Darcy's law is valid, the
hydraulic conductivity is constant during the consolidation process, the change in
pore pressure is equal to the change in effective stress (but with an opposite sign),
consolidation is one-dimensional and the strain is only dependent on the change
in effective stress (i.e. creep settlement is not considered). In the light of this,
equation 3.13 can be written as below, which is known as Terzaghi's consolidation
equation.
2

& = o 7 (3.17)
The solutions to equation 3.17 (i.e. the settlement or the heave) is depending on
the consolidation coefficient and thus the hydraulic conductivity and the modulus
for the soil. The hydraulic conductivity for a certain soil is reduced by
consolidation of the soil and the modulus can also be strongly dependent on the
effective soil stresses. This is the case for clay soils, in which the structure is
reconfigured for effective stresses greater than the pre-consolidation pressure for
the soil. The reconfiguration causes a softer soil, and when the effective stresses
exceed the pre-consolidation pressure the modulus for the clay decreases
significantly. Exceeding of the pre-consolidation pressure is typically caused by
external loading or a decrease in the groundwater level. However, as long as a
groundwater level decrease is within the range of natural groundwater level
fluctuations the effective stresses in the soil will not exceed the pre-consolidation
pressure. Within this range of natural fluctuation the clay thus has a stiff
behaviour, i.e. the modulus is large. Finding exact values for the modulus is
difficult but they can be assumed to be in the same order of magnitude as the
unloading modulus (Berntsson, 1983). From lab tests these unloading modulus
have been found to vary in the range 200-1000- o, for Swedish west coast clay

(Persson, 2007), see Figure 3.7.
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Figure 3.7 Left: typical stress-strain curve for a loading/unloading oedometer test; from
Larsson (1986); Right: unloading oedometer test; from Persson (2007).

4 GROUNDWATER AND PORE PRESSURE
DISTRIBUTION AND FLUCTUATION

Groundwater levels in natural areas (not affected by human activity, such as
construction work) are governed by weather conditions and local geology. Rain
and snowmelt raise groundwater levels as they infiltrate the ground, while
draughts and evapotranspiration reduce the levels. However, the infiltration
capacity is governed by local geology, which determines how water percolates
through the soil, how the pressure decreases along the flow path and how rapidly
pressure propagates.

Pore pressures in a clay slope with low permeability are governed by water
pressures at the clay boundaries: the underlying friction material and the dry
crust. The pressures in the underlying friction material are also governed by
upstream and downstream conditions in the aquifer (i.e. the flow from infiltration
areas and the run-off conditions). Consequently, when determining the pore
pressures in a slope, understanding the general hydrogeological situation in the
area is important.

To increase our understanding of the groundwater system in a specific area, a

groundwater pressure level map of the aquifer, called a potentiometric surface, is
useful (see Figure 4.1). A potentiometric surface can be created from
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groundwater level measurements in existing wells, together with new
groundwater stations'? where additional information is required. Using this type
of map a brief understanding of the geology, groundwater flows and aquifer
properties can be achieved. From Darcy's law it follows that the flow is in the
direction of the groundwater surface gradient and is thus perpendicular to the
equipotential lines. The relative distance between the equipotential lines is a
measure of the variations in flow resistance (i.e. the transmissivity). For an
aquifer section with a certain flow, sparsely spaced lines indicate small friction
losses, and thus low flow resistance (or high transmissivity), while areas with
tightly packed lines indicate large friction losses.
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Figure 4.1 A potentiometric surface with arrows indicating the flow directions, adopted from
Higgstrom (1988).

From a potentiometric surface, sections indicating the groundwater levels can
also be extracted, as shown in Figure 4.2.

'2 The term groundwater station is synonymous with groundwater pipe, groundwater tube and
open standpipe.
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Figure 4.2 Section from a potentiometric surface, showing the ground level together with observed
maximum and minimum groundwater levels.

Using local empirical findings, such as fluctuation amplitudes, is just as important
as installing new groundwater stations. In this chapter, general findings of
pressure levels and fluctuation patterns are presented.

4.1 Pressure levels

The zero level for pore pressures in clay is often situated a few metres or less
below ground level, with some variation over the year due to precipitation and
evapotranspiration. Generally, the hydraulic conductivity of the dry crust is
higher closer to the ground surface due to a higher degree of weathering.
Therefore, the maximum pore pressure levels are restrained upwards, with the
maximum pressure level equal to the ground level.

Similar to the zero level of pore pressures in clay, the maximum groundwater
levels in a confined aquifer are restrained upwards due to overflows, causing a
negatively skewed distribution for the groundwater levels (Alén, 1998). The
maximum level in an aquifer is largely governed by the lowest overflow level, e.g.
the level at which infiltration occurs.

The groundwater levels in confined aquifers also generally follow the ground
surface (see Figure 4.3). The highest groundwater levels are thus found close to
infiltration areas and the lowest levels in valley bottoms. However, in relation to
the ground level the pressure levels are normally higher in the lower part of a
slope than in the upper part. The rate at which groundwater levels decrease
towards the centre of a valley is determined by the aquifer transmissivity (i.e. the
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flow resistance) together with the upstream and downstream boundary
conditions, infiltration and run-off. The pressure decrease is also governed by
leakage from the confined aquifer, both through the clay and at certain spots
where the confined aquifer punctures the confining clay (i.e. 'rock islands'). If
there had been no friction losses the groundwater level would have been the
same all along the slope, resulting in artesian pressures of many tens of metres in
valley bottoms. However, it is not common to have artesian pressure levels more
than a few metres above ground level. Assumptions of a linearly decreasing
pressure level between measured stations are normally on the safe side when
considering slope stability, due to the fact that the aquifer thickness, and thus also
the transmissivity, generally increases towards the valley bottom.
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Figure 4.3 Groundwater levels in a section of a confined aquifer in Lindome, modified from
Svensson (1984). The groundwater stations are located in the sand/gravel layer.

In areas where the clay contains layers with silt or sand, estimation of the location
and extent of these layers is necessary. Layers that are connected to the
infiltration area or to an underlying confined aquifer can have pressure levels
similar to the levels in the confined aquifer. This is due to the fact that high
diffusivity in the layers causes rapid pressure propagation. High transmissivity in
the layers also means that the friction losses are small and that the pressure levels
in the layer could be similar to the levels in the confined aquifer. If these layers
had not existed, much lower pressure levels would have been expected in the
clay, especially in the vicinity of the layers.
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The extension of the sand/silt layer towards the valley middle, and possibly
towards the slope face, is also important. In cases where a layer disappears in the
middle of the clay, the flow though the layer is limited by the low hydraulic
conductivity of the clay, causing small friction losses along the layer. When a
layer has a downstream connection e.g. to an aquifer or by forming a well in the
slope face, the flow and the friction losses will be higher. Consequently, sand/silt
layers that disappear inside the clay represent a greater risk of high pore
pressures developing than layers with a downstream connection.

4.2 Pressure profiles

In an extensive study by Berntsson (1983) of pore pressure profiles in clay areas
in western Sweden three typical pore pressure profiles were identified. The
pressure profiles in the clay are governed by the boundary conditions in the dry
crust and in the underlying friction material. The three different profiles
therefore correspond to three different sets of boundary conditions.

The first, 'uninfluenced' and stationary profile is hydrostatic. Hydrostatic
pressure profiles are common in relatively flat areas. In areas where the clay
thickness has been reduced, due to erosion for example, and where the
infiltration area is located at a higher level, it is common with artesian pressures.
These two pressure profiles are shown in Figure 4.4, and can be found in a
section, as in Figure 4.3, on the upper and lower part of the slope respectively.
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Figure 4.4 Typical pore pressure profiles in clay. Left: hydrostatic conditions; Right: artesian

groundwater pressure but with the hydrostatic pressure profile close to the surface. The
figures are modified from Berntsson (1983).
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A stream that has eroded through the clay down to the friction material for a
sufficiently long time ago for the induced settlements to have diminished, causes
drainage of the groundwater with large downward gradients and a split pressure
profile in the clay as a result. The level of the stream then governs the pressure
level in the underlying friction material, as in Figure 4.5 where a typical section is
also illustrated.
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Figure 4.5 Typical pore pressure profile in clay (left), for a situation where the unconfined aquifer is
drained from a stream that has eroded through the clay (right). The figures are adopted from
Berntsson (1983).

In all three cases the pressure profiles are close to hydrostatic in the upper and
lower aquifers due to the relatively high hydraulic conductivity in these zones (as
discussed in Chapter 3.1.1). In the aquitard with low permeability, however, the
pressure distribution differs significantly depending on the boundary conditions
in the upper and lower aquifers.

4.2.1 Stability effects of different pressure profile changes

The drained shear strength for a soil is lowered by decreased effective stresses,
i.e. by a pore pressure increase (see eq. 3.16). The undrained shear strength, on
the other hand, is not affected by the present pore pressure levels. However, as
described in Chapter 3.4.1, the overconsolidation ratio affects the stress paths.
Therefore, the drained shear strength is only lower than the undrained shear
strength for high overconsolidation ratios. Since the over-consolidation ratio is
often high in the uppermost metres of the clay, drained soil failures generally
occur in shallow soil layers.
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A principal situation is presented in Figure 4.6 below, of a profile with a thick
confining clay layer, and where pressure level changes occur only in the dry crust
or in the confined aquifer at a time. As seen from the figure, pressure level
changes in a confined aquifer only affect the pore pressure in shallow clay layers
to a small extent. Consequently, high pressure in a confined aquifer is mainly a
problem in areas with moderate clay depths and in areas with high permeable
layers within the clay. For the shallow clay layers, pressure changes in the dry
crust can have a much greater influence. However, the pore pressure effects from
pressure level changes in the dry crust normally are smaller than the effects from
the confined aquifer. In areas with a thick dry crust, severely raised pressure
levels in the upper aquifer can though have considerably effect on the pore
pressures in shallow potential slip surfaces.
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Figure 4.6 Pore pressure level distributions, from variations in the dry crust or in the friction
material. The pressure level changes are not meant to illustrate typical pressure level changes,
but merely a principal situation.

4.3 Pressure fluctuation

Groundwater levels and pore pressures fluctuate over time, with large
geographical differences due to climate variations, as illustrated in Figure 4.7. In
northern Sweden the groundwater levels have a distinct maximum level in late
spring, due to snow melt, while in middle/southern Sweden a secondary
maximum during autumn and winter can also be seen.
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Figure 4.7 Typical yearly groundwater level variations in different regions of Sweden, from
Thunholm (2008).

The fluctuations also depend on the aquifer size, as can be seen in Figure 4.8. In
large groundwater reservoirs the groundwater levels can increase or decrease
over a period of several years and dominate over seasonal and short-term
variations. In small reservoirs, the variation between different years is much
smaller than the seasonal fluctuations and the fluctuation amplitude is also
greater than in large reservoirs (Thorsbrink and Thunholm, 2004).
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Figure 4.8 Groundwater level observations from Motala in the Groundwater Network™. Station 32
is situated in a large aquifer, while Station 46 is in a small aquifer (Thorsbrink and
Thunholm, 2004). Both aquifers are unconfined.

Groundwater fluctuations also vary with the soil material, with larger fluctuations
in materials with low effective porosity than in materials with high porosity (see
Figure 4.9). This is due to the fact that the same water volume requires a different
soil thickness for storage. A possible contributing effect in unconfined aquifers
could also be that the thickness of the unsaturated zone is often greater in coarse

materials, causing a smoothing delay effect on the infiltrated water (Svensson,
1984).

Y A nationwide network of groundwater stations, in Swedish called Grundvattenniitet
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Figure 4.9 Groundwater level fluctuations in soil materials with different effective porosity,
measured at the Groundwater Network area in Tdrnsjo. Figure adopted from Svensson
(1984), who adopted it from Knutsson and Fagerlind (1977). [Granit, morin, sand and
gravel (in Swedish) are granit, till, sand and gravel respectively.]

The response in the groundwater level due to a specific level of rainfall differs
significantly in different aquifers, with a much quicker response in confined
rather than in unconfined aquifers. In addition, groundwater level fluctuations
show different patterns also between confined aquifers in the same area (see
Figure 4.10). The yearly fluctuations among the stations studied are in the range
1-3 m. In confined aquifers the fluctuation amplitude is generally largest close to
the infiltration areas and decreases towards the middle of the aquifer. The reason
for this fluctuation decreases are dampening effects from the aquifer's diffusivity
and to averaging effects from infiltration from different directions. Moreover,
and perhaps more important, is the downstream boundary condition that for
example can be governed by the sea level and therefore be quite constant. A
constant downstream condition thus causes smaller fluctuation amplitudes in the
downstream parts of an aquifer.
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Figure 4.10 Groundwater level variations in confined aquifers in Sandsjobacka. Station 5213 has a

larger response to the precipitation events in late November than the other stations. Figure
adopted from Svensson (1984).

Groundwater level responses observed at the stations in the slope in Figure 4.3,
are illustrated in Figure 4.11. The response delay between A11 and A12 was in
the order of 7-16 hours. Between A12 and A14 no delay was observed and
between A14 and A15 the delay was estimated at 8-16 hours (Svensson, 1984).

In an aquifer with high diffusivity the response delay can, however, be very small.
According to Svensson (1984) this was the case for the distance between A12 and
A1l4. A similar situation was observed in the Smérdd landslide investigation,
where the fluctuation patterns were almost identical in two pore pressure gauges,

located 150 m apart and covered by 20 and 33 m of clay respectively (see Figure

4.11).
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Figure 4.11 Left: observed groundwater level fluctuations from the slope illustrated in Figure 4.3.

Adopted from Svensson (1984). Right: pore pressure fluctuations in the friction material at

two locations, 150 m apart, in the Smardod landslide. Adopted from Hartlén et al. (2007).
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4.3.1 Non-infiltration causes of fluctuation

The main cause of groundwater pressure fluctuations is, as mentioned earlier,
climatological effects such as precipitation and evaporation. However, pressure
changes can also be caused by loading effects, both from atmospheric pressure
and external loading. The atmospheric pressure effects are discussed to some
extent in the groundwater level measurement section in Chapter 8.2.

External loading can be caused by construction work, vehicles etc., but also by
precipitation accumulated in the dry crust. In contrast to increased groundwater
levels, external loading increases the total stress. Bockgéard (2004) suggests that
the pressure fluctuations in large confined aquifers are caused by seasonal storage
changes in the overlying clay and not by storage changes in the aquifer. Since
most of the clay is always water-saturated, this storage must occur in the dry
crust. Although this issue has not been investigated further, a preliminary
estimation is that the amount of water that can be accumulated in the dry crust is
generally quite small. Consequently, the direct effect of increased storage in the
uppermost soil layers should be quite small in the groundwater levels in an
underlying confined aquifer.

5 MODELLING AND PREDICTION OF
GROUNDWATER LEVELS

Modelling and prediction of groundwater levels is done within different academic
disciplines and for different purposes, e.g. for water resource planning,
improvement of run-off calculations and in geotechnical engineering for
settlement and slope stability calculations (e.g. Bergstrom and Sandberg, 1983;
Svensson, 1984; Seibert et al., 1997; Colleuille et al., 2006; Ramli et al., 2007).

Common to all models is that they are a representation of reality and are based
on certain assumptions. The methodology and the scale of the model can,
however, vary considerably, from general hydrological models on a catchment
scale to detailed hydrogeological models of a specific slope. In addition, there are
statistical models that are not easily associated with a specific scale. Models can
also have different levels of simplification and approaches for describing a certain
phenomenon. Physical models aim to take all physical processes involved into
account; conceptual models aim to describe results but can have highly simplified
descriptions of the actual processes involved. The input parameters can also vary
in different models even though the output quantity is the same.
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This chapter focuses on modelling and prediction of groundwater levels in
confined aquifers with an emphasis on the maximum levels. Most of the
modelling has been done using a slightly modified version of the hydrological
HBV" model since it is a simple and commonly used model. As a complement, a
detailed model using the FEM (finite element method) program SEEP has been
briefly tested. It is also suggested that a 'middle way method' could be
appropriate for future modelling, where the most important parts of the
geological profile are identified and described in detail, while other parts are
simplified substantially.

5.1 The HBV model

The HBV model is a well-established conceptual rainfall-runoff model,
developed by Bergstrom (1976). The model has been used in more than

40 countries (SMHI, 2008). It was originally developed for run-off simulations
and hydrological forecasting, but has since then been used for an increasing
number of different applications, e.g. for nutrient transport by Lindstrom et al.
(2005) and prediction of groundwater levels by Lindstrom et al. (2002). The HBV
model has also been used for investigations into the influence of climate change
on run-off and soil moisture (e.g. Andréasson et al., 2004).

The HBV model was developed for areas dominated by unconfined aquifers and
most model applications over the years have accordingly been for unconfined
aquifers. However, some studies have simulated groundwater level fluctuations in
confined aquifers (e.g. Sandberg, 1982; Bergstrom and Sandberg, 1983; Rosén,
1991; Johnson, 1993). When applying the model to areas with confined aquifers,
the model is a highly conceptual representation of reality and does not describe
the actual physical processes. Accordingly, great care must be taken when
interpreting and extrapolating the model results.

The HBV model is a water balance model, the main input parameters being
precipitation and temperature. Additional input items are, for example, estimates
of potential evapotranspiration, and to some extent also topography and type of
vegetation. The general principle of the model is that precipitation and snowmelt
infiltrate the soil and increase the soil moisture, from which water either
evaporates or causes recharge into the groundwater zone. The groundwater zone
is divided into two separate reservoirs, upper and lower, which are the origins of
the quick and slow responses to run-off respectively. Output from the model is

'* The name HBV was originally an abbreviation for a division at SMHI called Hydrologiska
Byrans Vattenbalansavdelning (Hydrology Office, Water Balance Department).
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normally run-off, which is the sum of the outflow from the two groundwater
reservoirs. The time step is normally set at one day. The model routines for a
catchment are illustrated in Figure 5.1 and are described in the following sections.
For simulation of large areas, several catchments can be connected.

Snowroutine{ Rain Snow Evapotranspiration
N
. . [ R
Soil routine < S
.
l Recharge
( |
Uz = = — QUz,overfIcw\
—=p (u:
Response i
function l Percolation ) Crotal
A
\ — = )

Figure 5.1 Schematic structure of the original HBV model, simplified from SMHI (2008).

5.1.1 Snow routine

The snow routine determines whether precipitation falls as snow or rain and if
present snow cover melts. The melting is based on a simple degree-day
relationship that is proportional to the air temperature above a threshold
temperature and zero below the threshold.

melt =0 for T<TT
met=C,, [(T-TT) for T>TT (5.1)
where melt = snow melt that infiltrates the soil [mm]

T = air temperature [°C]

T = threshold temperature [°C]

Cy = melting factor [mm/(day-°C)]

Both TT and Cy are determined through calibration or from earlier simulation
experience, but are generally in the order of -0.5-+0.5°C and 1.5-4 mm/(day°C)

(Bergstrom, 1990).
5.1.2 Soil routine

The soil routine controls recharge and evapotranspiration and is illustrated in
Figure 5.2. The recharge due to infiltration from rain or snow melt is low when
the soil is dry and higher in wet conditions. The actual evapotranspiration is
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proportional to the soil moisture up to a specified degree of saturation, where it
equals the potential evapotranspiration.

Symbols

R Recharge [mm]

IN Infiltration [mm]

SM  Soil moisture [mm]

FC Field capacity [mm]

B Factor controlling the shape of the recharge
curve [-]

EA  Actual evapotranspiration [mm]

EP  Potential evapotranspiration [mm]

LP  Soil moisture level for which EA reaches EP
[mm]

Figure 5.2 The governing relationships in the soil routine. A high degree of soil moisture causes
both a high level of recharge and a high level of evapotranspiration.

The values for the parameters FC, B and LP are found through calibration or
earlier simulation experience, while R, IN, SM and EA are model variables.
Typical sizes for FC are 100-300 mm, for B in the range of 1-4, while LP normally
is 60-100% of FC (Bergstrom, 1990). The potential evapotranspiration, EP, is
determined from a semi-empirical relationship. EP is a function of the air
temperature above 0°C and zero for temperatures below 0°C according to:

EP=0 for T<0°C
EP=B({)IT  forT>0C (5.2)
where B(t) = evaporation factor [mm/(day°C)]

t = day number in actual year [-]

The evaporation factor B(t) varies over the year with the highest value in the
spring, when solar radiation is strong but the temperature is low, and vice versa
with the lowest value in the autumn.

5.1.3 Response function

The response function is a run-off generation routine that transforms recharge
from the soil routine to run-off. The function consists of two series-connected
reservoirs. Recharge from the soil routine is added to the storage in the upper
reservoir, from which the water percolates to the lower reservoir. Both reservoirs
have bottom outlets with outflows proportional to the water level in the reservoir.
The upper reservoir also has an overflow for water levels above a certain
threshold level. The outflows from the upper and lower groundwater reservoirs in
Figure 5.1 are described using:
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9, =k, [uz (5.3)

quz,overflow = kuz,overflow [(UZ - qu,overflow) (54)
QIzzklz[IZ (55)
where quz = bottom outflow from the upper groundwater reservoir [mm/day]
Quzoverfiow = overflow outflow from the upper groundwater reservoir [mm/day]
qr; = bottom outflow from the lower groundwater reservoir [mm/day]
uz = level in the upper groundwater reservoir [mm]"
Iz = level in the lower groundwater reservoir [mm]
Luz overfiow = overflow level in uz [mm]j
ku; = proportionally constant for the bottom outflow from uz [1/day]
Kuzoverfiow = proportionally constant for the overflow from uz [1/day]
ki, = proportionally constant for the bottom outflow from Iz [1/day]

The proportionally constants ky;, Kuzoverflow and ki, are, together with 1y, overfiow,
determined from calibration, while uz, 1z, quz, qi, and qiz overflow are model
variables.

For one single recharge occurrence, the percolation from uz to 1z is greatest on
the first day and then decreases with time. For example, a value of k,,= 0.5 1/day
means that 50% of the recharged water will reach the lower groundwater
reservoir within one day. The following day 50% of the remaining water will
reach it, meaning that 75% of the infiltrated precipitation reaches the lower
reservoir within two days. With k,, = 0.1 1/day, it takes 13 days for 75% of the
recharged water to reach the lower reservoir. Figure 5.3 illustrates the interaction
between the upper and the lower groundwater reservoirs for one single recharge
occurrence.

1.2 4

0.8 4

uz

0.6 - Iz

level [mm]

Accumulated glz
0.4

0.2 4

days

Figure 5.3 Response in the upper and lower groundwater reservoirs, uz and Iz, to a single 1 mm
recharge to uz. The response routine parameters are: k,; = k,; = 0.1 Uday and no overflow
occurs from uz. The accumulated outflow from Iz is also shown.

' uz and Iz are also used to denote the upper and lower groundwater reservoirs respectively.
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5.1.4 The Harestad model

An attempt to simulate the groundwater levels in confined aquifers using a
modified HBV model was made by Bergstrom and Sandberg (1983) in the
Harestad area north of Gothenburg. A description of the Harestad area is
presented in Chapter 7. Bergstrom and Sandberg used a model set-up almost
identical to the original HBV model in Figure 5.1. The authors' idea was to
describe the fluctuations in the deep parts of the confined aquifer using the lower
reservoir and with the upper reservoir representing the shallow parts. The
overflow level in the upper reservoir was meant to represent surface drainage
from the bare rock areas, which reduces the amount of water that percolates to
the confined aquifer. Bergstrom and Sandberg stress that the transition from the
upper to the lower reservoir is the main problem when simulating confined
aquifers. The authors also point out that their initial assumption that
groundwater fluctuations in the upper part of the confined aquifer, i.e. close to
the infiltration areas, would be best described using the upper reservoir had to be
rejected. The fluctuations at all groundwater stations were thus described using
the lower reservoir.

A model set-up, complemented with an overflow in the lower reservoir, was also
tested and it showed promising results. Furthermore, it was pointed out that it is
difficult to determine whether the daily variations in the simulations are correct,
since the groundwater level measurements available for calibration were
registered every 14 days. Bergstrom and Sandberg (1983) also noted that some of
the model parameters did not have an obvious physical interpretation and could
not be compared directly with any known quantity.

5.2 SEEP

SEEP is a commercial two-dimensional groundwater modelling tool developed
by GEO-SLOPE (2008), using FEM (finite element method). Since SEEP is
integrated with the slope stability program SLOPE, it is popular among
geotechnical engineers. The program is based on the groundwater flow equation,
described in equation 3.12. The program is capable of handling both saturated
and unsaturated situations as well as steady state and transient conditions.

For saturated, steady-state analyses, soil hydraulic conductivity must be specified
and for transient analyses soil stiffness is also required. When unsaturated
conditions appear in the model a water content curve (for negative water
pressures) must also be specified.
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5.3 The Chalmers model

The Chalmers model, developed by Svensson (1984), is a statistical model for
calculating the maximum groundwater levels expected at a specific site within a
certain design period. The model is recommended in Sweden for predictions of
maximum pore pressures in slope stability calculations (CoSS, 1995). However, it
is not commonly used and, as mentioned in Chapter 1, other methods dominate.

The model is based on correlation of groundwater fluctuations in geologically and
climatologically similar aquifers. Groundwater level measurements from a short
observation period at a previously unmeasured site are compared with a series of
groundwater observations from a nearby reference area where extensive records
of groundwater levels are available. Svensson (1984) also found that the
topographical position within the aquifer is important since the groundwater level
generally fluctuates more in areas close to infiltration areas. The groundwater
level with a certain return period in the reference area is calculated by assuming
that the maximum groundwater levels from every hydrological year'® are
normally distributed. An estimate of the maximum groundwater level, with a 200-
year return period, in a prediction area is calculated from equation 5.6 and is
illustrated in Figure 5.4 (Svensson, 1984).

200 _ 200 E, P
Pmax - Pmax + SR (56)
I
200 . . . . . .
where Pias = maximum level in the prediction station with a return period of
200 years
P = maximum level in the prediction station during the observation
period
200 200
SR =1 Yimax Ymaxl
yé(;?( = maximum level for the reference station with a return period of
200 years
Vinax = maximum level for the reference station during the observation
period
rp = variation in the groundwater level in the prediction station during
the observation period
TR = variation in the groundwater level in the reference station during the

observation period

'°Is defined as October 1—September 30
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Figure 5.4 Usage of the Chalmers model for estimation of maximum and minimum groundwater
levels with a return period of 200 years, modified from (Svensson and Sillfors, 1985). The
calculated maximum and minimum levels have been illustrated as a function varying over the
year, even though the model output is normally only one single level. [Grundvattenniva (in

Swedish) means groundwater level.]

The model was originally developed for prediction of groundwater levels in
confined aquifers. However, Berntsson (1983) showed that the pore pressures in
clay have variations proportional to the variations in confined aquifers. Therefore
the model is also recommended for use in predicting maximum pore pressures in
clay (CoSS, 1995).

High correlation of the fluctuations in different aquifers can only be expected in
relatively small aquifers, where the variations between different years are smaller
than the variations within a particular year. Consequently, the model is only
applicable for small aquifers. Svensson (1984) recommends that the correlation
coefficient of the fluctuations at the reference and the prediction stations is at
least 0.9. Svensson also found that the pressure variation at the reference station
within the prediction period should be at least 30% of the total variation at the
station. He also recommends that the fluctuation amplitude at the reference
station is larger than at the prediction station. In addition, Svensson recommends
that the observations at the prediction station should be made for a period of at
least three months to obtain good prediction results.

The effect of different prediction period lengths is illustrated in Figure 5.5, where
predictions of maximum levels have been made using several reference stations.
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Bengtsson and Bostrom (2008) argue that a spread of the predicted maximum
levels of less than one metre can be considered a good result. A mean value of
the predicted levels is suggested to be a good estimation of the maximum levels,
which can be further improved by assigning greater weight to predictions from
reference stations located in similar aquifer positions.

Success oangning av pognosid med flera referensor

Level [Cm] Prognosrér 52008
Startdatum 1992-06-15
40
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52013

9 52014
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69003
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8 10 ) 12 14
Number of observations (with a 14-day interval)

Figure 5.5 Prediction, using the Chalmers model, of the maximum level with a 200-year return
period for Station 5208. To improve the prediction, several reference stations have been used.
The 'real' level, with a 200-year return period, has been calculated from the data series for
5208. Figure modified from Bengtsson and Bostrom (2008).

Bengtsson and Bostrom (2008) made a large number of groundwater level
predictions within the Sandsjobacka area and compared the predicted levels with
the 'real' levels. The predictions were carried out for levels with a 200-year return
period, and the 'real' levels were determined from statistical analyses of long-
term observations from the prediction stations. The prediction results, shown in
Figure 5.6, indicate a relatively good level of precision and small errors for most
of the predictions.
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Figure 5.6 Histogram showing the absolute value of groundwater level predictions, using the
Chalmers model, carried out within the Sandsjobacka area. Figure modified from Bengtsson
& Bostrom (2008).

5.3.1 Model strengths and areas of improvement

One of the most obvious strengths of the Chalmers model is that a short
groundwater level series in a prediction station is complemented with
groundwater fluctuation information from long observation series in similar
reference stations. Furthermore, the required knowledge of the local
hydrogeology is low, which means that the cost of the predictions is low. When
used properly, the model also seems to produce good results.

However, the underlying assumptions in the Chalmers model raise several
questions. A central issue is the correlation of fluctuation patterns at the
reference and prediction stations, which brings to the fore the problem of the
relatively sparse Groundwater Network. The Chalmers method cannot be used
with good results when the distance between the reference and prediction
stations is too large, since the groundwater fluctuation patterns might have
unacceptable differences. One way of handling problems arising from the sparsity
of available reference stations could be to simulate reference station fluctuations,
or possibly to simulate the prediction station fluctuations directly. This type of
groundwater level modelling is tested in a few case studies in Chapter 9. The
importance of having a reference and prediction station in similar aquifers and
positions must therefore be weighed up against the effects of having a more
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distant reference area. The effect of aquifer position on fluctuation patterns is
discussed briefly in Chapter 4.3, and also in the case study Chapters 8 and 9.

Another important issue is the functionality of the reference groundwater
stations. Studies of the fluctuation patterns of the Groundwater Network have in
several cases indicated malfunctioning of the stations and simple field tests have
revealed problems with several reference stations. The functionality of the
Groundwater Network is further discussed in Chapter 8. Bengtsson and Bostrom
(2008) recommend that the reference and prediction stations should have time-
lags in the same order of magnitude.

The effect of overflowing aquifers is included to some extent in the Chalmers
model. However, if a reference station with a distinct overflow is used for
predicting the levels in an aquifer without an overflow level, the results could be
highly misleading. This is also true of the opposite situation, with an overflow in
the prediction aquifer but not at the reference station.

5.3.2 Maximum pressure levels

Svensson (1984) studied the distribution of the yearly maximum groundwater
levels in the Groundwater Network, and suggested that they are normally
distributed. This suggestion can be questioned, as shown in the Pearson diagram
in Figure 5.7, even though the correspondence between the observations and the
suggested normal distribution was improved substantially with the removal of
certain erroneous observations. In a Pearson diagram, the skewness for the data
series is plotted on the x-axis and the kurtosis on the y-axis. A normally
distributed data series, with zero skewness and a kurtosis of three, is thus located
at the co-ordinate (0,3).

53



N= Normal férdelning
R = Rektanguldr férdelning

0(9 E= Exponentiell fordelning

s

% 8, MAX

B2

Figure 5.7 Pearson diagrams from Svensson (1984), where the left graph is modified from Pearson
and Hartley (1972) and By stands for skewness and 3, for kurtosis. Left: graph indicating
where different distributions can be found; Right: analyses of the yearly maximum values,
where the arrows and circles indicate where the data series is located when erroneous
observations are removed from the data series.

These findings were confirmed by Alén (1998) and Bengtsson and Bostrom
(2008), who point out that the assumption of a normal distribution is only valid
for some stations. Furthermore, the yearly maximum levels for most of the
analysed groundwater stations have a negatively skewed distribution and are thus
restrained upwards. This is suggested as having the physical explanation that
there are overflows in the aquifers (Alén, 1998). Bengtsson and Bostrom also
concluded that the stations without negative skewness were malfunctioning.

An assumption of normally distributed maximum levels leads to an
overestimation of the maximum levels if the true distribution has a negative
skewness. For the stations in the Gothenburg area, the largest level difference for
a 200-year return period prediction, between an assumed normal distribution and
a general extreme value distribution was found to be 16 cm (Bengtsson and
Bostrom, 2008).

Alén (1998) found that in certain cases a distinct threshold level was present in
the yearly maximum level series. A reasonable approach according to Alén is to
describe the levels below and above this threshold with different distributions.
The threshold level can be found from a probability plot as in Figure 5.8. To take
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this threshold into account is for some stations of greater importance than
choosing the correct distribution. For the case in Figure 5.8, the choice of Normal
or Gumbel distribution, based on the highest groundwater levels, has an effect of
0.1 m on the level with a 100-year return period, while neglecting the threshold
level has an effect of 1-2 m. It should be noted, however, that Station 64002 in
Figure 5.8 is located in a large aquifer and is thus not suitable for predictions
using the Chalmers model.
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Figure 5.8 Maximum groundwater level series from the Vikbolandet area in the Groundwater
Network. A threshold level has been taken into account when adapting distributions to the
data. Figures adopted from Alén (1998).

6 DEVELOPMENT OF THE MODIFIED HBV
MODEL

To increase our understanding of groundwater systems, an important part of this
study has been to simulate groundwater level fluctuations in confined aquifers
without detailed topographical or geological information about the actual areas.
In addition, fluctuation patterns identified based on objective criteria such as
topographical and geological formations and position within an aquifer.

The model mainly used in this study is a modified version of the hydrological
HBYV model, described in Chapter 5.1. The HBV model has been chosen for its
simplicity and the fact that it has been commonly used, although not very often,
to describe groundwater fluctuations in confined aquifers. Modifications of the
original model have been made to simplify it and to adjust it for the purpose of
confined aquifer simulations. Another more physically correct modelling concept
has been tested briefly using the FEM software SEEP (GEO-SLOPE, 2008).

The original HBV model has primarily been used for calculating the discharge
from a certain geographical area, typically a catchment. The modified HBV
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model in this study is used for calculating the groundwater levels in a confined
aquifer at a certain geographical point and thus has no areal representation. As
described in Chapter 3.1, the infiltration and recharge through clay soils is very
low. Accordingly, the recharge into confined aquifers occurs to a large extent
along the clay boundaries in more permeable soils or fractured rock. The absence
of vertical recharge means that a pressure increase in an aquifer is created by
mainly horizontal pressure propagation rather than by vertical groundwater
seepage. In the modified HBV model, the groundwater recharge into a confined
aquifer is treated in the same way as recharge into an unconfined aquifer,
meaning that the model description is highly conceptual. The interpretation of
the modified HBV model in a confined aquifer is illustrated in Figure 6.1.
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Figure 6.1 Schematic structure of the modified HBV model and the interpretation of its use in a

confined aquifer. The overflow level in the lower groundwater reservoir is I overfion-

6.1 Model structure

The model structure is a stripped and modified one catchment version of the
original HBV model. The main difference compared to the original model is that
there are no water outlets from the upper groundwater reservoir other than the
percolation. On the other hand, there is an overflow in the lower groundwater
reservoir as indicated in Figure 6.1. Moreover, the original soil routine has been
replaced with a soil routine, as shown in Figure 6.2, according to Rodhe et
al.(2006). In the snow routine, the threshold temperature, described in equation
5.1, 1s set at 0°C.
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R/(IN-EA) EA/EP Symbols

i R Recharge [mm]

14 - 1 IN  Infiltration [mm]

SM  Soil moisture [mm]

FC Field capacity [mm]

0 —> SM 0 — SM EA  Actual evapotranspiration [mm]

FC FC EP  Potential evapotranspiration [mm]

Figure 6.2 The governing relationships of the soil routine in the modified HBV model, from Rodhe
et al. (2006). This soil routine is a simplified version of the original routine, illustrated in
Figure 5.2. No recharge occurs for soil moistures below the field capacity, while the
evapotranspiration is proportional to the soil moisture up to the field capacity. In the
modified HBV model, the evapotranspiration is subtracted from the infiltration before the
recharge is calculated.

The potential evapotranspiration function in the soil routine has also been chosen
according to Rodhe et al. (2006) and is a function of the air temperature for
temperatures above 0°C. The function varies over the year, reaching its highest in
the summer and its lowest in the winter (see equation 6.1). Since the air is
generally drier and global radiation is higher for a certain number of days before
midsummer than at the same time after midsummer, the evapotranspiration for a
certain air temperature is higher during the spring than during the autumn
(Rodhe et al., 2006). The maximum potential evapotranspiration is therefore
shifted ¥ days from midsummer and towards the spring.

EP =0 for T<0°C
EP=B(t)[T forT>0C

B(t) =C, [E1+ A&in[Zn[}J’—w—’—Tﬂ (6.1)
365 2

where EP = potential evapotranspiration [mm/day]
T = temperature [°C]
t = day number in actual year [day]
A = amplitude for yearly variation [-]
v = phase offset [day]
Ce = evapotranspiration factor [mm/(day°C)]

The most central part of the modified HBV model is the response function. The
configuration of the outflows from the response functions' upper and lower
groundwater reservoirs governs the groundwater fluctuation patterns. The upper
reservoir does not have any obvious physical representation due to the highly
conceptual use of the model. Nevertheless, it is an important part of the response
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function and can be comprehended as a smoothening delay for the groundwater
level response to precipitation. The delay in the upper reservoir is related to the
position within the aquifer and to the aquifer diffusivity.

The lower groundwater reservoir represents the groundwater storage above the
lowest possible groundwater level and the overflow in the lower reservoir
represents the over-all aquifer overflow. In the Harestad model, presented in
Chapter 5.1.4, the overflow in the upper reservoir is intended to represent
overflow through surface drainage, causing reduced infiltration. In the modified
HBYV model this phenomenon is included in the calibration parameters. The
overflow in the lower reservoir, however, would appear to be crucial in describing
the restrained maximum levels of the groundwater level fluctuations. The
overflowing water is described using equation 6.2. The choice of quadratic
dependence on the groundwater level is quite arbitrary'’. A different choice of
overflow function would mainly affect the value of the overflow constant.

_ _ 2
qlz,overflow - klz,overﬂow [ﬁlz IIz,overﬂow) (62)
where iz overflow = overflowing water [mm/day]

Kiz overfiow = proportional constant [1/(mm-day) ]] $

Iz = water level in the lower groundwater reservoir [mm]

Liz overfiow = threshold level for overflow [mm]

To describe groundwater levels, the level in the lower groundwater reservoir is
transformed to a groundwater level by considering 'effective porosity'" in the
aquifer:

1
z, \z)=2z, +lz—— 6.3
an{12)= 20 +12 G (63)
where Zgw = groundwater level [cm rel. to g.l.]
Zmin = reference level (lowest possible/measured g.w. level) [cm rel. to g.l.]
Iz = groundwater storage in lower reservoir [mm]
ep = ‘effective porosity' [-]

6.2 Model parameters

To keep the modified HBV model as simple as possible, and to be able to identify
the parameters governing the groundwater fluctuation characteristics, the
number of model parameters has been reduced in comparison to the original

7 Flow over a rectangular overflow is proportional to (the water level)*? and for a triangular
overflow to (the water level)*?, meaning that the assumed overflow has a trapezoidal geometry.
'8 Since the overflow has been assumed to be proportional to the square of the water level, the
unit of the coefficient differs from the other flow coefficients in the model.

' The term 'effective porosity' is used, although the effective porosity affects the fluctuations in
the infiltration area rather than at the groundwater station.
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HBYV model. Furthermore, as many parameters as possible have been assigned
fixed values for all simulations and these parameters are presented in Table 6-1.
The total number of model parameters is 11, of which six have fixed values for all
simulations and one is assigned a specific value for each station, meaning that
four parameters are calibrated for each groundwater station.

Rodhe et al. (2006) found that the field capacity for the soil types coarse, till and
fine, in Sweden, 1s 70, 244 and 366 mm respectively. This indicates that fine soils
have a high field capacity and clay should therefore have a field capacity of at
least 366 mm. However, these values are based primarily on simulations of open
aquifers and vertical infiltration through the soils. Since infiltration into confined
aquifers only occurs along the clay edges, where the bedrock is bare or covered
with thin soil layers, the water-holding capacity, and thus the field capacity in the
infiltration area, is small. Consequently, the field capacity in the modified model
should be relatively small. The size FC = 100 mm was chosen, rather arbitrarily.
A different choice of field capacity would affect the size of the calibrated
parameters.

Since the clay along the Swedish west coast generally covers layers of till soils,
effective porosity corresponding to till soil has been chosen for the
transformation from a water level in the lower reservoir to a groundwater level in
the aquifer. Furthermore, the lowest registered groundwater level was assumed
to be the lowest possible level.

Table 6-1 The modified HBV model parameters with fixed values for all simulations. Parameter
values from Rodhe et al. (2006).

Parameter  Value Description

Cw 25 Snow melting factor

Ce 0.19 Evapotranspiration factor

A 0.5 Amplitude for yearly variation of potential evaporation

v 45 Shift in maximal potential evaporation from mid-
summer (i.e. to mid-May)

FC 100 Field capacity for the aquifer infiltration zone

ep 0.05 Effective porosity in the aquifer underlying the clay

Four parameters have been calibrated for each groundwater station and are
shown in Table 6-2. These are the proportional constants for the bottom outflows
from the upper and lower groundwater reservoirs and for the overflow in the
lower reservoir, together with the level for the overflow. Furthermore, the lowest
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possible groundwater level is included in the table even though no real
calibration has been made for this parameter.

Table 6-2 The modified HBV model parameters calibrated for each station.

Parameter Description

Kyz Proportionally constant for bottom outflow from the upper reservoir
ki Proportionally constant for bottom outflow from the lower reservoir
Kiz overflow Proportionally constant for overflow from the lower reservoir
liz,overflow Overflow level for the lower groundwater reservoir

Zenin! Lowest registered groundwater level

! The parameter z,;, has not been calibrated but has a specific value for each groundwater station.

6.3 Physical interpretation of the model

The modified HBV model describes recharge into a confined aquifer in the same
way as into an unconfined aquifer. However, physical understanding of the model
parameters is not easily comparable for simulations in confined and unconfined
aquifers. Attempts at physical interpretation of the modified HBV model are
discussed below and are illustrated in Figure 6.1. There is further discussion of
the model interpretation in the case studies in Chapter 9.5

The soil routine for the modified HBV model describes the infiltration areas for a
certain groundwater station. These infiltration areas can be considered as
unconfined aquifers and the water recharge thus has a direct effect on the
groundwater level fluctuations. In a confined aquifer, the fluctuations in the
infiltration area cause pressure propagations spreading throughout the aquifer.
However, in the modified HBV model this pressure propagation is described by
percolation from the upper groundwater reservoir. Since each modified HBV
model is set up to describe one single groundwater station, the delay in the upper
reservoir corresponds to the real pressure propagation delay for that specific
station.

From the upper groundwater reservoir, the water percolates to the lower
reservoir. In the modified HBV model, the soil porosity is taken into account at
the lower groundwater reservoir when calculating the groundwater levels, while
in reality the porosity affects the fluctuations in the infiltration area. This is also
the case for the groundwater overflow. In reality, overflow occurs in the
infiltration areas while in the modified HBV model it occurs at a certain level in
the lower groundwater reservoir.
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The response function in the modified HBV model is thus a highly conceptual
representation of the real pressure propagation in a confined aquifer. A more
physical description of the pressure propagation, using the groundwater flow
equation (equation 3.12), could simplify identification of the fluctuation-
governing model parameters. The infiltration area can be regarded as an
unconfined aquifer with low porosity, causing large groundwater level
fluctuations. From the bottom of the infiltration area, a thin confined aquifer
spreads out into the valley. At some spots the confining layer is broken by
bedrock 'islands' reaching up through the clay. These places thus function as
overflows but are too small for the precipitation to make any substantial
contribution to the inflow. This more physical correct, but still conceptual, model
for a confined aquifer could be illustrated as in Figure 6.3.

Rain  Snow Evapotranspiration

R

_________ — Possible overflow
Ground- { N T

water
level
fluctuation * pF=========-Tese-eol ________ TTeSE

------------------- Fixed groundwater
level

Possible overflow

A a a N A a A = Outflow
A A A A A

« -~ —

Infiltration area Confined aquifer

(unconfined aquifer)

Figure 6.3 A conceptual model of a typical confined aquifer with a more physical correct
description than in the modified HBV model.

A simple parameter study has been done for the confined aquifer part of Figure
6.3, but without overflows. A principal fluctuation pattern for the groundwater
levels close to infiltration areas, with a distinct overflow level at the 11m level,
has been set as a boundary condition on the model upstream side. The boundary
on the downstream side is a variable water flow. The pressure propagation
throughout the aquifer depends on the aquifers' diffusivity, while the pressure
levels on the other hand depend on the aquifer transmissivity and the water flow
through the aquifer. The pressure propagation through the aquifer, for three
different sets of parameters, is presented in Figure 6.4. The fluctuation patterns
differ significantly in the three cases, due to a wide span of parameter values. The
knowledge of these parameter values is, however, limited, as well as the means
for testing them, resulting in a high degree of uncertainty regarding the
parameter values. For that reason, a parameter value uncertainty of a factor of
10% as in Figure 6.4, is quite realistic. More in-depth studies using the model in
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Figure 6.3 could improve our knowledge of the size of these parameter values,

but has not been done in this study.
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Figure 6.4 Propagation of pressure level fluctuations at the distances 0, 77, 205, 289, 391 and 500 m
(measured from the upstream boundary) in a confined aquifer with a thickness, linearly increasing
from0.1 mto 1 mover the length of 500 m. The three figures show results from different
parameter set-ups, with variations in hydraulic conductivity and outflow at the downstream
boundary. The oedometer modulusis equal to M=100M Pa in all simulations.

Top left: k=1 0°m/s, Gou=0.0001 85m3/( day-m)

Top right: k=10"m/s, q,,=0.000185m’/(day-m)

Bottom left: k=10"m/s, q,,=0.0185m°/(day-m)

7 STUDY AREAS AND AVAILABLE DATA

Case studies have been carried out in Sandsjobacka, Harestad and Brastad,
located along the Swedish west coast. All three areas are dominated by confined
aquifers in which groundwater levels have been measured for several decades.
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The hydrogeology in Sandsjobacka and Harestad has been studied earlier by
Svensson (1984) and in Harestad also by Bergstrom and Sandberg (1983).
Sandsjobacka is about 20 km south of Gothenburg, while Harestad and Brastad
are about 20 km and 100 km north of Gothenburg respectively. All three areas

have a similar coastal climate and are dominated by flat-bottomed valleys, mainly

used for farming, and are surrounded by rocky, forest-covered hills. In
Sandsjobacka the valleys are smaller and narrower than in the other two areas.

The dominating soil stratification in the study areas is clay, deposited on thin
layers of till, overlying the bedrock. The soil map for Brastad in Appendix A
indicates silt, which according to Table 7-1 covers clay deposits. The estimated
maximum clay thickness is about 20 m in Sandsjobacka and about 40 m in
Harestad. For Brastad, no soil depth measurements are available and
consequently no estimation of the maximum depth has been made. An example
of a cross-section in Harestad is illustrated in Figure 7.1. The cross-section has
been estimated from the map in Appendix A together with the information on
the groundwater station depths in Appendix B.
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Figure 7.1 A cross-section in Harestad, showing estimated soil stratification. Groundwater Station
5301 is indicated as 53001.
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7.1 Maps, precipitation and temperature

For the studies, topographical maps from Lantmiteriverket® have been used
together with soil type maps from SGU*' (see Appendix A). When these maps
are superimposed it is clear that they have a minor co-ordinate displacement. The
co-ordinates for the groundwater stations have also been found to deviate slightly
from the actual positions.

Precipitation and temperature data have been taken from the PTHBV* database
at SMHI”. The database contains daily mean values from 1961, interpolated to a
4x4 km grid for the whole of Sweden. The interpolation method, developed by
Johansson (2002), considers topography, wind situation and corrections for
precipitation measurement errors. In addition to interpolated observations, the
database contains climate simulations, carried out at Rossby Centre at SMHI.

7.2 Groundwater levels and pore pressures

Groundwater level observations have mainly been taken from the database at
SGU, known as the Groundwater Network (SGU, 1985). The Groundwater
Network was started in the late 1960s and groundwater levels have since then
been measured in open standpipes about twice a month in around 100 areas in
Sweden. The case study areas in the Groundwater Network are numbered as:
Sandsjobacka (52), Harestad (53) and Brastad (69). Each area contains several
groundwater stations, most of which are placed in unconfined aquifers.

In contrast, most of the groundwater stations in the three study areas are located
in confined aquifers (see Table 7-1). The stations in Brastad, however, seem to be
located with the filters in clay and not in the underlying till. In Sandsjébacka 14
groundwater stations have been installed, of which six are currently active; in
Harestad, seven of the 14 stations are still active and in Brastad all three stations
are active. The groundwater levels are measured approximately twice a month
although for most of the active stations the observation interval has recently been
reduced to once a month. Pictures of groundwater stations in Sandsjobacka and
Harestad are presented in Appendix C. Within this study, pore pressure sensors
have also been installed at the groundwater Stations 5301, 5305 and 5310 in
Harestad.

0 The Swedish Land Survey Institute

*! The Geological Survey of Sweden

** Precipitation and Temperature for the HBV model
» Swedish Meteorological and Hydrological Institute

64



Table 7-1 Stratification and aquifer type for all groundwater stations in Sandsjobacka, Harestad and
Brastad. Active stations, located in confined aquifers, are shown in bold. The stratification is
indicated, from the ground level and downwards, with the notations: ‘-* (unknown material),
S (sand), C (clay), T (till), P (peat). The aquifer type is indicated by: C (confined) or U
(unconfined). The stations in Brastad are classified as located in confined aquifers but also as
located within the clay layer.

Sandsjobacka Harestad Brastad

Station  Stratification Aquifer | Station Stratification Aquifer | Station Stratification Aquifer
type type type

5201 -/S u 5301 C/T C 6902 -/C C

5202 C/T c' 5302 C/T C 6903 -/C c

5203 C/T C 5303 C/T C 6904 -/C C

5204 C/T C 5304 C/T C

5205 S/T u 5305 C/T C

5206 -/S u 5306 C/T Cc

5207 P/C/T C 5307 C/T C

5208 C/T C 5308 C/T C

5209 P/C/T C 5309 C/T C

5210 C/T C 5310 C/T C

5211 C/T C 5311 C/T C

5212 C/T C 5312 C/T C

5213 C/T C 5313 C/T C

5214 C/T C 5314 C/S C

! Station 5202 is classified as being located in an unconfined aquifer, which was later found to be

incorrect.

8 ANALYSES OF GROUNDWATER LEVEL
OBSERVATIONS

The groundwater level observations from the areas Sandsjobacka, Harestad and
Brastad, introduced in Chapter 7, are analysed in this chapter. The analyses are
focused on fluctuation patterns and classification of these. There is also a
discussion of the measurement accuracy and the quality of the Groundwater
Network data.

As mentioned in Chapter 4.1, and illustrated in Figure 8.1, the groundwater levels

follow generally the ground level. However, a tendency towards more artesian
groundwater levels can be seen for the lower ground levels in each area.
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Figure 8.1 Maximum and minimum groundwater levels in relation to the ground level for the
groundwater stations in Sandsjobacka (left) and Harestad (right). The maximum and
minimum levels are determined from data series going back more than 10 years.

8.1 Fluctuation patterns

Analyses of the groundwater level observation series indicate different
fluctuation patterns at different groundwater stations. At some stations the
groundwater level fluctuation is large and fast, while in other stations it is small
and slow. The groundwater level response to precipitation thus varies
considerably between different stations.

Classification systems for groundwater stations have been presented in the
Groundwater Network (SGU, 1985), by Svensson (1984), and by Bengtsson and
Bostrom (2008). In the Groundwater Network, the hydrogeological position of a
station is classified in terms of inflow, intermediate and outflow position (SGU,
1985). According to Svensson (1984), the topographical position of the
groundwater stations can be categorised as high or low. Svensson also uses the
subcategory side position. The slope can be classified as small, medium and large.
However, Svensson does not present any definition of these parameters.
Accordance of these two systems could be expected for inflow and high side
position, in which the stations with large fluctuation amplitudes should be
classified. In addition, accordance could be expected for outflow and low
position, for stations with small fluctuations. However, the correlation between
the two classification systems is not very strong, as can be seen in Table 8-1,
although there is some accordance. The classification system used by Bengtsson
and Bostrom is a simpler form of the classification system presented in this
chapter.
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Table 8-1 Groundwater station classification systems for Sandsjobacka, Harestad and Brastad.

Active stations are displayed in bold. The hydrogeological position is classified as I (inflow),
M (intermediate) and O (outflow). The topographical position is classified as L (low) and H
(high), with the subcategory S (side) position. The slope is classified as s (small), m
(medium) and I (large).

Sandsjébacka Harestad Brastad

Station Hydro- Topo- Slope® | Station Hydro- Topo- Slope® | Station Hydro-
geological graphical geological graphical geological
position’ position® position’ position? position’

5201 I 5301 (o) L s 6902 |

5202 | LS M 5302 M LS s-m 6903 |

5203 M 5303 M 6904 |

5204 M HS S 5304 0]

5205 | H M 5305 M

5206 | 5306 M

5207 O L S 5307 o L s

5208 O LS M 5308 O

5209 O M 5309 M L s

5210 O L S 5310 M HS s

5211 (0] S 5311 M HS s

5212 (@) HS S 5312 M

5213 M L S 5313 M HS m

5214 M HS s-m 5314 M

' From SGU (1985)

? From Svensson (1984)

Three main fluctuation groups have been identified: one group with quick
fluctuations and without a distinct maximum level, one group with rather
pronounced maximum levels during wintertime and slower responses, and one
group with even slower responses and no distinct maximum levels. The
fluctuation patterns are presented in Figure 8.2. In the first group no artesian
pressures are present while in the second group all stations except for 6902 and
6903 have artesian pressures. In the last group a few of the stations show pressure
levels a little above ground level. The fluctuation patterns for Stations 6902 and
6903 fit best into the second group due to slow responses. The reason for these
slow responses is that the station filters are located in clay. Since the stations are
located close to infiltration areas the levels are not artesian. There is no obvious
agreement between the classifications in Table 8-1 and the fluctuation patterns in
Figure 8.2, even though the side position index seems to correlate slightly to the
quick fluctuation patterns and all outflow positions are in the slow responding
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groups. Interestingly, the groundwater level in relation to the ground level is

much more similar in the quick fluctuation group than in the other groups.
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Figure 8.2 Groundwater levels in Sandsjobacka (52), Harestad (53) and Brastad (69). Upper left:
all stations; Upper right: the quick responding stations; Lower left: the medium-slow

responding stations with rather pronounced maximum levels; Lower right: the slowest

responding stations.

A basis for the Chalmers model, presented in Chapter 5.3, is that there is a good
correlation between the reference and prediction aquifers. The comparison of
fluctuation patterns in Figure 8.2, however, indicates that there are several types
of fluctuation patterns. Figure 8.3 illustrates that in certain cases there is a strong
correlation between fluctuations in different areas, while in other cases there is
poor agreement between fluctuations within the same area.
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Figure 8.3 Groundwater level observations from Sandsjobacka (52) and Harestad (53). Left: good
agreement between certain stations in the two areas; Right: poor agreement within the
Harestad area; note the phase offset.

8.2 Accuracy of the open standpipe measurements

There are several measurement techniques for observation of groundwater levels,
of which open standpipes and closed pore pressure gauging systems are the two
main types. Open standpipes, with a filter at the lower end, are common for
measuring groundwater levels in materials with relatively high permeability. For
measurements in materials with low permeability, such as clay, the response in
open standpipes is too slow to pick up quick pressure changes. This is due to the
fact that the water volume entering (or exiting) the pipe, required to indicate a
pressure change correctly is larger than the low permeable soil can transport
within the time of the pressure change. A low-volume system is therefore needed
for measurements in low permeable soils. In this study the BAT system has been
used, which is a closed system where only a very small volume change in the
gauge is needed to give a correct pressure indication (BAT, 2008).

Open and closed systems have been compared in several studies. Bergdahl and
Tremblay (1987) conclude that the seasonal groundwater variations can also be
measured using open systems in a clay deposit (see Figure 8.4). Tremblay (1990),
however, stresses that open standpipes cannot be used for short-term effects in
low permeability material. In contrast, a study by Larsson and Ahnberg (2003)
found that open systems in clay also gave an averaged response, without
maximum and minimum levels, for long-term measurements (see Figure 8.4).
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Figure 8.4 Groundwater level observations in open standpipes and in closed systems. Left: good
agreement on long-term measurements (Bergdahl and Tremblay, 1987); Right: averaged
response in the open standpipes results in poor agreement on certain dates (Larsson and
Ahnberg, 2003).

Groundwater level measurements comparing 2” open standpipes and closed BAT
system gauges were also carried out within this study, with results indicating
strong agreement between the two systems, as seen in Figure 8.5. The
observations were carried out every six hours and the hydraulic conductivity of
the open standpipe filter has been determined to be 4.5-10°®° m/s (see Appendix
B). It can also be seen from Figure 8.5, that the pressure changes in the entire
clay profile are almost identical at all depths. This could be explained by cracks in
the dry crust, causing high hydraulic conductivities together with high soil
stiffness, as discussed in Chapters 2.3 and 3.5.
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Figure 8.5 Measurements from closed pore pressure gauges and an open standpipe at Station 5310
in Harestad. Pore pressure observations are made at 3, 6 and 9 m depth below ground level.
The open standpipe filter is also located at a depth of 9 m.

A hypothetical explanation for the high level of agreement between the open and
closed systems in this study, as well as in the study by Bergdahl and Tremblay
(1987), could be that the closed gauges were installed too close to the open
standpipe, which governs the groundwater level in the vicinity of the open
standpipe through the water level in the pipe. This hypothesis has, however, not
been tested and evaluated.

Another important aspect of the recorded groundwater fluctuations is the

observation frequency. When observations are made too infrequently, the
maximum and minimum levels could be missed, as illustrated in Figure 8.6.
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Figure 8.6 Effects of variations in observation frequency for groundwater levels. The number of
observations over a one-year period is indicated for each line. Figure adopted from Svensson
(1984).

In addition, the atmospheric pressure changes affect the observed groundwater
levels. The effect of these pressure changes is inverted in open standpipes,
meaning that a higher atmospheric pressure leads to lower levels at the
groundwater station (Freeze and Cherry, 1979). This effect is due to the fact that
the effect of atmospheric pressure is more direct on the free groundwater level in
the open standpipe than on the groundwater level in the aquifer. However,
according to Svensson (1984), the effect of atmospheric pressure changes is
negligible for the confined aquifers in this study. For the closed pore pressure
gauges in the study, the total pressure (including atmospheric pressure) is
measured and a full subtraction of the atmospheric pressure for each observation
is then made.

8.3 Quality and functionality of the Groundwater Network

In a study by Svensson (1984) many of the stations in Sandsjobacka and Harestad
were investigated. Svensson carried out slug tests and a few pumping tests to
determine transmissivity and time-lag. Slug tests have also been performed by
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SGU (in 2002 and 2005), by SGI (in 2008) and by Bengtsson and Bostrém (2008).
Svensson as well as Bengtsson and Bostrom also measured the station depths.

Many of the depth measurements indicated reduced depths in relation to the
installation depths (see Appendix B). The reasons for this could be silted-up
filters, shortened pipes and in some exceptional cases possible broken pipes. The
slug tests have been evaluated using the Hvorslev method, see e.g. Fetter (1994).
The test results generally indicated reduced hydraulic conductivities in the open
standpipe filter and its surroundings in relation to earlier investigations (see
Appendix B). The determined hydraulic conductivities fall into the range 10”10
? m/s. The hydraulic conductivity decrease could also have been caused by silted-
up filters.

A comparison of the groundwater Stations 5214 and 5211, with the filter
hydraulic conductivities 1.8:10° m/s and 1.8:10™® m/s respectively (see Appendix
B) indicates large difference in response time. An instantaneous groundwater
level rise in the soil caused, within 10 minutes, a level change in Station 5214
corresponding to 95% of the total change. At Station 5211, on the other hand, the
response within 10 minutes was only 3% of the total change (Bengtsson and
Bostrom, 2008). Consequently, the hydraulic conductivity affects the response
time and thus also the fluctuation pattern. Stations with low hydraulic
conductivity have slow fluctuation patterns in comparison with stations with high
conductivity. This effect might contribute to the difference in fluctuation patterns
seen in Figure 8.2, which mainly is caused by differences in station locations.

At three of the stations in Harestad: 5301, 5305 and 5310, geotechnical soundings
and installation of pore pressure gauges have also been carried out. The
soundings at 5301 and 5310 confirmed the soil profile given in Table 7-1 and the
depths given in Appendix B, while at 5305 the sounding indicated clay layers
reaching 10 m below the filter level for the station. The groundwater station filter
at 5305 is thus located in clay and not in the underlying aquifer, as indicated in
Table 7-1. This result was not entirely surprising, since the fluctuation pattern at
this station is very slow and the slug tests indicated very low hydraulic
conductivity. The pore pressure observations from Stations 5301, 5305 and 5310
indicated pressure levels in agreement with the groundwater level observations in
the open standpipes.

Unfortunately, many other factors also affect the Groundwater Network data and

the data quality is sometimes low. Data series do not appear to have been
checked for measurement errors, e.g. where presumably two stations have been
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mixed up. In some cases the reference level has been changed due to frost heave,
settlement or changed pipe length. Occasionally, standpipes that were too short
were installed, causing a flowing pipe and thus obviously a maximum level that
was too low. Many of the groundwater level series also show heterogeneity over
time, the reason for which in most cases is unknown. Examples of these data
errors are shown in Figure 8.7.
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Figure 8.7 Examples of data observation series from the Groundwater Network containing incorrect
measurements. Top left: the observations from Stations 5306 and 5307 appear to be mixed
up; Top right: the observations from Station 5305 show strong heterogeneity in amplitude
over time; Bottom left: the reference level appears to have been changed in Station 5208;
Bottom right: a distinct maximum level due to overflow at Station 5211.

Bengtsson and Bostrom (2008) recommend that only Stations 5202, 5208, 5209,
5213, 5214, 5310 and 5311 be used for predictions using the Chalmers model. This
recommendation was based on requirements for homogeneity of the data series
and reasonably high hydraulic conductivities of the station filters.
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9 RESULTS FROM SIMULATIONS USING THE
MODIFIED HBV MODEL

Groundwater levels have been simulated for confined aquifers in the study areas
Sandsjobacka, Harestad and Brastad, with the aim of improving the classification
systems for groundwater stations discussed in Chapter 8.1. The simulations have
been carried out using the modified HBV model, presented in Chapter 6. An
example of input and output data for the model is presented in Appendix D.
Calibration of the modified HBV model has been done for all active groundwater
stations in the Groundwater Network in the case study areas. The main focus in
the calibrations has been on capturing the high groundwater levels, which
sometimes results in a less accurate description of the lower levels. It should also
be noted that the model is calibrated for the observed groundwater fluctuations
at the stations, which can differ from the real fluctuations in the open standpipes.
These differences are caused partly by the fact that the two-week observation
interval does not always describe the real fluctuations, as shown in Figure 8.6.
Moreover — also discussed in Chapters 8.2 and 8.3 — the fluctuations in the
groundwater stations do not necessarily correspond to the real groundwater level
fluctuations.

The geological information available for the Groundwater Network stations is
quite limited, meaning that the new classification system must be simple and be
based on generally available information. Consequently, simple criteria are
suggested that can be identified easily from, for example, topographical and soil
type maps. A new classification system and application of the system to the
groundwater stations in Sandsjobacka, Harestad and Brastad are presented in the
following chapters.

In addition, the model parameter values from the calibrations have been
compared with the classification of the groundwater stations. A correlation
between classification and model parameters was found and was used for
validation of the model at the Groundwater Network's non-active stations. The
reason for the termination of the non-active stations is not known and only data
that is considered to be correct has been used. In the validation process, the aim
has been to adopt an objective approach and not make use of prior knowledge of
the fluctuation patterns, from Chapter 8.1 for example. A general discussion of
the calibration and validation results is presented in Chapter 9.5.
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9.1 A revised classification system for groundwater level
fluctuations

A revised system is suggested for classification of groundwater fluctuation
patterns in categories similar to the fluctuation patterns in Figure 8.2. The new
system is based on the classification systems discussed in Chapter 8.1, although
developed further. The main parts of the system are distance to the infiltration
areas, size and steepness of these areas, distance to the downstream groundwater
level boundary and the estimated stability, or lack of variation, of this boundary.
As discussed in Chapter 4.3, the aquifer size also affects the fluctuation patterns.
The aquifers in the study areas are relatively small and the size of the aquifer has

therefore not been included directly in the classification system. However, the
stability of the downstream pressure boundary is affected by the aquifer size,
meaning that the size is considered indirectly.

The classification of the stations was done from map and field analyses. Maps are
found in Appendix A. The classification of the groundwater stations was done
individually for each area, meaning that the classification values (1-3) are related
to each specific area, and thus that the same classification value not necessarily
represent entirely the same situation in different areas. In Table 9-1, properties
affecting the fluctuation patterns are presented together with the classification
criteria. The table also contains the links between the classification parameters
and the modified HBV model parameters.

Table 9-1 Properties affecting the groundwater fluctuation patterns and suggested criteria for

classification, together with the related parameters in the modified HBV model.

Position' | Property affecting the Suggested Classification Related
fluctuation pattern criteria value (1-3) parameter in
the modified
HBV model
Amount of precipitation Distance and 3 for stations Ky,
that reaches the elevation close to large and
infiltration zone difference to steep infiltration
infiltration areas areas, and 1 for
Time delay of infiltrated and their size and | stations with
water steepness opposite
conditions
] Overflow level in Lowest level in liz overflow
g infiltration zone the infiltration
e zone
.0
s Overflow capacity in the Size and Kiz,overflow
% infiltration zone permeability of
= the infiltration
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zone at overflow

level
Downstream flow Distance and 1 for stations ki,
capacity from the elevation close to a large
groundwater station difference to the and stable

valley bottom and | downstream
the stability of the | groundwater level

Stablhty Of the downstream boundary' and 3
5 Idowlnstream groundwater | o, ndwater level | for stations with
5 evel boundary boundary the opposite
< conditions

! The position for the physical processes and the position in the modified HBV model are not
always corresponding, as discussed in Chapter 6.3.

The classification leaves scope for a considerable degree of subjectivity and each
criterion contains several parameters. For the k, criterion, the distance to the
infiltration area is considered most important. For the kj, criterion the distance to
the valley bottom is considered most important.

Exemplifying the classification usage can be done using the fluctuations in Figure
8.2. The rapidly responding fluctuation patterns are examples of stations with
high classification values for k,, and kj,. For the slowest responding stations the
opposite is true, and the classification values are typically low for both k,, and kj,.

9.2 Sandsjébacka

In this chapter a classification of the groundwater stations in Sandsjobacka is
presented, together with calibration simulations and validation simulations using
the modified HBV model.

9.2.1 Model calibration

The stations were calibrated for the period 1975-1980, except for station 5213,
which was calibrated for the period 1973-1978. The reason for the varying
calibration periods is heterogeneity in the groundwater level observation series.
The periods estimated as being most correct were chosen as calibration periods.
The model was found to describe the fluctuation patterns quite satisfactorily, as
can be seen in Figure 9.1. For an illustration of all calibrated stations, see
Appendix E.
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Figure 9.1 Calibration results, showing observations as red dots and simulations as black lines. Top:
Station 5208, Bottom: Station 5213.

Parameter values from the calibrations are shown in Table 9-2, together with
some extra parameters, useful for the validation process. These extra parameters
are: the highest observed groundwater level (zmax), the overflow level in relation
to the ground level (Zoverfiow), and the time delay At. The At parameter describes
the time delay in the response function for when about 60% of the water from a
specific recharge event has passed through both the upper and lower
groundwater reservoirs.

Table 9-2 Parameter values from calibration of the modified HBV model in Sandsjébacka. In
addition, three extra parameters, useful for the validation process, are presented.

5208 5209 5211 5213 5214
Kyz' 52 245 49 517 149
k' 15 6 8 7 10
klz,overﬂow1 10 6 10 9 15
liz,overfiow 65 84 70 74 80
Zinin -31 -125 111 219 -227
Zmax [cm rel. to g.l.]? 139 97 60 2 -17
Zoverfiow [cM rel. to g.l]® 99 43 29 -71 -67
A= L oL [dayl 86 171 145 145 107

uz 1z

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.
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2 Maximum observed groundwater level.

3 Overflow level related to the ground level, calculated from equation 6.3 as Zoyerfiow=Zgw(liz.overfiow)-
* Time delay, indicating the delay through the response routine when ~60% of the water has
passed.

The outflow coefficient from the upper groundwater reservoir, k,,, varies by
more than a factor of 10 between the stations, while the corresponding coefficient
for the lower reservoir, ky,, varies by a factor of 2.5. Large values of k,, mean a
rapid groundwater level response to recharge. As seen from Table 9-2 and maps
in Appendix A, the stations with the highest k,, values are located close to
infiltration areas and are thus also expected to show rapid fluctuation patterns.
Moreover, the coefficients k,, and k;, seem to have a negative correlation, i.e.
meaning that kj, is small when ky is large. This means that the time At, presented
in Table 9-2, does not vary by more than a factor of two between all stations.

The znin parameter varies between the stations depending on the local geology,
with the largest negative values for the stations close to infiltration areas, i.e.
where large fluctuations can be expected. The li, overfiow parameter varies by a
factor of 1.3, but with a tendency towards higher values for the stations close to
infiltration areas. The Zgverfiow parameter is also related to the maximum
groundwater level, Zmax, at each station, as seen in Table 9-2, and can naturally
not exceed the maximum groundwater level. Moreover, the overflow parameter
Kkizoverflow Varies by a factor of 2.5, without any clear pattern.

9.2.2 Classification and model parameter evaluation

The active stations in Sandsjobacka have been classified according to the system
presented in Chapter 9.1. The classification values are presented in Table 9-3
together with the calibration results for the parameters ky, and k.

Table 9-3 Classification values for active stations in Sandsjobacka, together with calibration results
for k,; and k.

5208 5209 5211 5213 5214
Distance and elevation difference to infiltration areas and 1 3 1 3 2
their size and steepness
Kyz 52 245 59 517 149
Distance and elevation difference to the valley bottom and 1 2 1 3 2
the stability of the downstream groundwater level boundary
k' 15 6 8 7 10

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.
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Based on the relationship between the calibration values and the classification
values, a parameter set-up has been identified, with specific values for k,, and kj,,
representing each classification value. When identifying the specific values for ky,
and k., the aim has also been to keep the parameter At within the range 100-

130 days, which is in the middle of the calibration range for At (see Table 9-2).
The identified standard parameter set-up is presented in Table 9-4, and has later
been used for the validation. The choice of parameter value for zyi, must be
based on general hydrogeological experience of the lowest levels in the area but
can be improved substantially using one or a few groundwater level observations.
Equally, the li; overfiow (OT Zoverfiow) must be based on general hydrogeological
experience of the overflow levels in the area (i.e. information from the other
groundwater stations). However, Zoyerfiow can also be related to the estimated
maximum groundwater level, which in turn must be based on hydrogeological
experience from the area. For ki, overfiow, the parameter value has been estimated
as being equal to 10. This choice also reflects the difficulty of identifying a
physical explanation for ki, overfiow, Which led to the choice of a fixed parameter
value.

Table 9-4 Estimated parameter values for validation of the modified HBV model in Sandsjobacka.
Each classification value has a corresponding parameter value.

Classification value Identified parameter value

50
150
300

12
10
8

>
N_A
WIN | = W=

1
kIz,oven‘low - 10

liz,overfiow - From hydrogeological experience, although
Zoverflow CaN also be related to the estimated
maximum groundwater level.

Zmin - From hydrogeological experience and/or one
or a few groundwater observations.

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

9.2.3 Model validation

The non-active groundwater stations in Sandsjobacka were assigned classification
values according to Chapter 9.1, based on map analyses, and are shown in Table
9-5.
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Table 9-5 Classification values for the non-active stations in Sandsjobacka.

5202 5203 5204 5207 5210 5212

Distance and elevation difference to infiltration areas | 3 3 1 1 1 3
and their size and steepness

Distance and elevation difference to the valley 3 3 2 2 1 2
bottom and the stability of the downstream
groundwater level boundary

The parameter values for k,, and kj,, corresponding to the classification in Table
9-5, where validation values for the remaining parameters are also presented.
These values are based on the recommendations presented in Table 9-4. To
simplify the estimation of li, overiow, the overflow level in relation to the ground
level, Zoverfiow, has been calculated and compared with its parameter values for the
calibrated stations. The estimation of the minimum level, Zy;,, is based partly on
an estimation of the maximum amplitude and the maximum level, which for the
calibrated stations is presented in Table 9-2.

Table 9-6 Parameter values for the validation of the modified HBV model in Sandsjobacka. In
addition, two extra parameters, useful for estimating the parameter values, are presented.

5202 5203 5204 5207 5210 5212
ke, 300 300 50 50 50 300
k' 8 8 10 10 12 10
Kiz,overfiow’ 10 10 10 10 10 10
li overfiow 75 70 60 60 65 65
Zumin 950 -200 -100 -20 30  -100
Zoverfiow [CM rel. to g.1.] -100 -60 20 100 160 30
at=-L+ 1 [dayl 128 128 120 106 103 103
uz 1z

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

The validation simulations showed generally good agreement with the observed

groundwater levels, as can be seen in Figure 9.3. In Appendix F all validation
simulations are presented.
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Figure 9.2 Validation results for Station 5212, showing observations as red dots and simulations as a
black line.

For Station 5204 the estimated classification was found to be highly incorrect and
needed to be modified to describe the observations satisfactorily. The main
reason for this was an assumption of the lake west of Station 5204 as a much
stronger governing boundary condition than it appeared to be. Consequently, the
fluctuation pattern was more rapid and had a larger amplitude than expected. In
addition, the pressure levels were also much lower than expected. In Figure 9.3
the original simulation is shown together with one modified simulation where Zmin
has been changed according to one fictive groundwater observation, and with one
simulation where other parameters are also modified. The original and the
modified parameters are presented in Table 9-7. It is also clear from Figure 9.3
that to estimate the maximum levels the description of the lower levels is not
essential.
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Figure 9.3 Validation results for Station 5204. Upper: with original parameter estimations; Middle:
with level correction from a fictive groundwater level observation on January 17, 1974;
Lower: with the best fit parameter values.

Table 9-7 Modified parameter values for Station 5204.

5204 (original) 5204 (one level 5204 (best fit)
observed)
Kyz 50 50 150
Zoverflow €M rel. to g.l.] 20 20 -50
liz,overfiow [mm] 60 60 75
Zmin [cm rel. to g.1.] -100 -166 -200

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

9.3 Harestad

In this chapter a classification of the groundwater stations in Harestad is
presented, together with calibration simulations and validation simulations using
the modified HBV model.
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9.3.1 Model calibration

The Stations 5301, 5310 and 5311 were calibrated for the period 1974-1978,
Station 5303 for 1980-1984, Station 5305 for 1977-1979, Station 5306 for 1971
1975 and Station 5307 for 1972-1976. The reason for the varying calibration
periods is heterogeneity in the groundwater level observation series. The periods
estimated as being most correct were chosen as calibration periods. The model
was found to describe the fluctuation patterns quite satisfactorily, as can be seen
in Figure 9.4. For an illustration of all calibrated stations, see Appendix E.
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Figure 9.4 Calibration results, showing observations as red dots and simulations as black lines. Top:
Station 5301, Bottom: Station 5311.

Parameter values from the calibrations are shown in Table 9-8, together with
some extra parameters, useful for the validation process. These extra parameters
are: the highest observed groundwater level (zZmax), the overflow level in relation
to the ground level (Zoverfiow), and the time delay At. The At parameter describes
the time delay in the response function for when about 60% of the water from a
specific recharge event has passed through both the upper and lower
groundwater reservoirs.

Table 9-8 Parameter values from calibration of the modified HBV model in Harestad. In addition
three extra parameters, useful for the validation process are presented.

5301 5303 5305 5306 5307 5310 5311
Ky 9 5 5 90 10 95 150
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k' 39 27 65 5 50 10 6

Kizoverfiow 13 15 12 9 6 10 5

I overflow 30 48 18 70 25 75 111
Zrin 43 -187  -158  -155  -34 -186  -305
Zmax [cm rel. to g.l]? 170 -87 -58 5 66 -6 -29
Zoverfiow [cM rel. to g.l1® | 103 -91 -122 -15 16 -36 -83

At:i+i [day]* 137 237 215 211 120 111 173

74 2

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

2 Maximum observed groundwater level.

3 Overflow level related to the ground level, calculated from equation 6.3 as Zoyerfiow=Zgw(liz.overflow)-
* Time delay, indicating the delay through the response routine when ~60% of the water has
passed.

The outflow coefficient from the upper groundwater reservoir, k,,, varies by
more than a factor of 30 between the stations, while the corresponding coefficient
for the lower reservoir, ky,, varies by a factor of 13. Large values of k,, mean a
rapid groundwater level response to recharge. As seen from Table 9-8 and maps
in Appendix A, the stations with the highest k,, values are located close to
infiltration areas and are thus also expected to show rapid fluctuation patterns.
Moreover, the coefficients k,, and k;, seem to have a negative correlation, i.e.
meaning that k;, is small when k, is large. This means that the time At, presented
in Table 9-8, does not vary by more than a factor of two between all stations.

The zmin parameter varies between the stations depending on the local geology,
with the largest negative values for the stations close to infiltration areas, i.e.
where large fluctuations can be expected. The li, overfiow parameter varies by a
factor of 4.4, but with a tendency towards higher values for the stations close to
infiltration areas. The Zoyeriow parameter is also related to the maximum
groundwater level, zyax, at each station, as seen in Table 9-8, and can naturally
not exceed the maximum groundwater level. Moreover, the overflow parameter
Kizoverflow Varies by a factor of 3, without any clear pattern.

9.3.2 Classification and model parameter evaluation

The active stations in Harestad have been classified according to the system
presented in Chapter 9.1. The classification values are presented in Table 9-9
together with the calibration results for the parameters k,, and k.
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Table 9-9 Classification values for active stations in Harestad, together with calibration results for

k.. and k.

5301 5303 5305 5306 5307 5310 5311
Distance and elevation difference to 1 1 1 2 2 3 3
infiltration areas and their size and steepness
ke 9 5 5 90 10 95 150
Distance and elevation difference to the 1 3 2 2 1 3 3
valley bottom and the stability of the
downstream groundwater level boundary
k' 39 27 65 5 50 10 6

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

Based on the relationship between the calibration values and the classification
values, a parameter set-up has been identified, with specific values for k,, and ky,,
representing each classification value. When identifying the specific values for ky,
and k., the aim has also been to keep the parameter At within the range 110-

150 days, which is in the middle of the calibration range for At for the stations
estimated to have the best functionality (see Table 9-8). The identified standard
parameter set-up is presented in Table 9-10, and has later been used for the
validation. The choice of parameter value for zyi, must be based on general
hydrogeological experience of the lowest levels in the area but can be improved
substantially using one or a few groundwater level observations. Equally, the
lizoverflow (OT Zoverflow) Must be based on general hydrogeological experience of the
overflow levels in the area (i.e. information from the other groundwater stations).
However, Zoverfiow can also be related to the estimated maximum groundwater
level, which in turn must be based on hydrogeological experience from the area.
For ki, overflow, the parameter value has been estimated as being equal to 10. This
choice also reflects the difficulty of identifying a physical explanation for

Kiz overflows Which led to the choice of a fixed parameter value.

Table 9-10 Estimated parameter values for validation of the modified HBV model in Harestad.
Each classification value has a corresponding parameter value.

Classification value Identified parameter value

10
50
120

40
10
8

WIN| = W|N|=

1
kIZ,overrow - 10
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- From hydrogeological experience, although
Zoverflow CaN also be related to the estimated
maximum groundwater level.

IIz,overﬂow

Zpnin - From hydrogeological experience and/or one
or a few groundwater observations.

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

9.3.3 Model validation

The non-active groundwater stations in Harestad were assigned classification
values according to Chapter 9.1, based on map analyses, and are shown in Table
9-11.

Table 9-11 Classification values for the non-active stations in Harestad.

5302 5304 5308 5309 5312 5313

Distance and elevation difference to infiltration areas | 3 1 1 2 3 3
and their size and steepness

Distance and elevation difference to the valley 3 1 1 3 2 3
bottom and the stability of the downstream
groundwater level boundary

The parameter values for k,, and kj,, corresponding to the classification in Table
9-11, where validation values for the remaining parameters are also presented.
These values are based on the recommendations presented in Table 9-10. To
simplify the estimation of lj, overfiow, the overflow level in relation to the ground
level, Zoverfiow, has been calculated and compared with its parameter values for the
calibrated stations. The estimation of the minimum level, Zy;,, is based partly on
an estimation of the maximum amplitude and the maximum level, which for the
calibrated stations is presented in Table 9-8.

Table 9-12 Parameter values for the validation of the modified HBV model in Harestad. In
addition, two extra parameters, helpful for estimation of the parameter values are presented.

5302 5304 5308 5309 5312 5313
Kez' 120 10 10 50 120 120
k' 8 40 40 8 10 8
Kiz,overflow 10 10 10 10 10 10
liz,overflow 85 40 35 75 75 85
Zunin -250 -20 30  -200 -200 -250
Zoverflow [CM rel. to g.1.] -80 60 100 50 -50 -80
A= L+ 1 [day] 133 125 125 145 108 133
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! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

The validation simulations showed good agreement with the observed

groundwater levels for three out of six simulations. In Figure 9.5 one of the better

validations is illustrated, and in Appendix F all validation simulations are

presented.
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Figure 9.5 Validation results for Station 5302, showing observations as red dots and simulations as a
black line.

For the Stations 5304, 5308 and 5312 the estimated classification was found to be
highly incorrect and needed to be modified to describe the observations
satisfactorily. For the Stations 5304 and 5308 the fluctuation amplitudes were
smaller than expected and the pressure levels, especially for 5308, were
overestimated. This means that the governing downstream boundary conditions
were stronger than expected. Further, Station 5312 had unexpectedly small
variation and an odd phase-shift, leading to suspicions of the station as
malfunctioning. In Figure 9.6 the original simulation for Station 5308 is shown
together with one modified simulation where zni, has been changed according to
one fictive groundwater observation, and with one simulation where other
parameters are also modified. In addition, the original and the modified
parameters for the Stations 5304, 5308 and 5312 are presented in Table 9-13. It is
also clear from Figure 9.6 that to estimate the maximum levels, the description of
the lower levels is not essential.
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Figure 9.6 Validation results for Station 5308. Upper: with original parameter estimations; Middle:
with level correction from a fictive groundwater level observation on January 13, 1975;
Lower: with the best fit parameter values.

Table 9-13 Modified parameter values for the Stations 5304, 5308 and 5312.

5304 5304 5308 5308 (one level 5308 5312 5312
(orginal) (bestfit) | (orginal) observed) (best fit) | (orginal) (best fit)
Kyz' 10 8 10 10 8 120 5
k' 40 60 40 40 60 10 40
liz,overfiow | 40 20 35 35 20 75 50
Zmin -20 -50 30 -135 -100 -200 -80

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability

9.4 Brastad

In this chapter a classification of the groundwater stations in Brastad is presented,
together with calibration simulations using the modified HBV model. For
Brastad only two properly functioning stations in 'confined' aquifers were
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present, which as noted in Chapter 7.2, have the filters located within the clay and
not in underlying friction material.

9.4.1 Model calibration
The stations were calibrated for the period 1985-1990. The model was found to

describe the fluctuation patterns quite satisfactorily, as can be seen in Figure 9.7.
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Figure 9.7 Calibration results, showing observations as red dots and simulations as black lines. Top:
Station 6902; Bottom: Station 6903.

Parameter values from the calibrations are shown in Table 9-14, together with
some extra parameters, useful for a validation. These extra parameters are: the
highest observed groundwater level (zmax), the overflow level in relation to the
ground level (Zoveriow), and the time delay At. The At parameter describes the
time delay in the response function for when about 60% of the water from a
specific recharge event has passed through both the upper and lower
groundwater reservoirs.

Table 9-14 Parameter values from calibration of the modified HBV model in Brastad. In addition
three extra parameters, useful for a validation are presented.

6902 6903
Kez' 35 90
k' 9 6
Kizoverfiow 4 12
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IIz,overﬂow 80 90

Zmin 224 -202
Zmax [cm rel. to g.l.]? -6 25
Zovertiow [cm Tel. to g.1]1° | -64 .99

at=1+ 1 [day®

iz z

114 168

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

? Maximum observed groundwater level.

3 Overflow level related to the ground level, calculated from equation 6.3 as Zoyerfiow=Zgw(liz.overflow)-
* Time delay, indicating the delay through the response routine when ~60% of the water has
passed.

The comparison of parameter values has limited significance since only two
stations have been calibrated, but is nevertheless presented below. Important for
the parameter values is that the filters for the stations in Brastad are located
within the clay, causing a slow groundwater level response in the stations.
Therefore, when comparing the parameter values for Brastad with the
corresponding values for Sandsjobacka and Harestad, the stations in Brastad
appears to be located much further away from the infiltration areas than they
actually are.

The outflow coefficient from the upper groundwater reservoir, k,, varies by a
factor of 2.6 between the stations, while the corresponding coefficient for the
lower reservoir, kj,, varies by a factor of 1.5. Moreover, the coefficients k,, and ki,
seem to have a negative correlation, i.e. meaning that ki, is small when k,; is
large. This means that the time At, presented in Table 9-14, does not vary by
more than a factor of 1.5 between the stations.

The zmin parameter varies between the stations depending on the local geology,
with the largest negative values for the stations with large fluctuations. The

liz overflow parameter is almost identical for the two stations. Moreover, the
overflow parameter ki, overfiow Varies by a factor of 3.

9.4.2 Classification and model parameter evaluation

The active stations in Brastad have been classified according to the system
presented in Chapter 9.1. The classification values are presented in Table 9-15
together with the calibration results for the parameters ky, and k.
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Table 9-15 Classification values for active stations in Brastad, together with calibration results for

k.. and k.
6902 6903

Distance and elevation difference to infiltration areas 3 3
and their size and steepness
ke 35 90
Distance and elevation difference to the valley bottom 2 3
and the stability of the downstream groundwater level
boundary
k' 9 6

! The parameter values for the proportional constants are given as 1000-k in the table in order to
improve the readability.

Since only two stations were available for classification, the knowledge of the
relationship between classification and parameter values is limited. Therefore, no
attempt has been done to identify parameter values corresponding to the
classification values. Moreover, no validation of the model has been done, since
no non-active stations are present.

9.5 Experiences from the calibration and validation of the
modified HBV model

The calibration simulations showed that the observed groundwater level
variations in the confined aquifers could be described satisfactorily using the
modified HBV model. Furthermore, the validation simulations showed that even
with little hydrogeological information of an area, the groundwater levels can be
simulated reasonably correctly. The dynamics of the different model parts can be
illustrated with a typical plot from a simulation showing soil moisture, total run-
off, overflow run-off, water levels in the upper and lower groundwater reservoirs
and observed groundwater levels (see Appendix D).

A general discussion of the calibration parameters can be found below. The
absolute values of the calibration parameters are related to the 'effective
porosity' ep, which determines the 'amplification' of the levels in the lower
groundwater reservoir. The values presented below must thus be related to the
choice of ep = 0.05 in this study.

The lowest observed groundwater level, zniy, in the simulated stations varied
from -305 to +43 cm in relation to the ground level, with the large negative levels
close to infiltration areas and positive levels in the bottom of large valleys. The
estimation of z.,;, for the validation simulations was thus related to the stations'
positions within the aquifers, in addition to general knowledge of the
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hydrogeology in the area. However, this estimation could be improved
substantially from one or a few groundwater level observations. Due to the
models' description of the groundwater fluctuations, these observations can be
made during any season but should preferably be done during winter-time since
that is when the modelling errors are smallest.

The rapidness of the groundwater level response to precipitation (or recharge) is
described by ky,, which varied from 0.005 to 0.517 1/day for the simulated
stations. High values were presented for stations close to large and steep
infiltration areas and low values at the bottom of large valleys. The estimation of
k., for the validation simulations was thus related to the distance to the
infiltration areas as well as their size and steepness.

The interpretation of ky, is not as clear as k,,. However, it is related to the
downstream flow resistance and the stability of the downstream boundary
groundwater level. Among the simulated stations k;, varied from 0.005 to

0.065 1/day, with the lowest values close to infiltration areas and the highest in
the bottom of valleys. An indirect interpretation of ky, is that in areas with a large
fluctuation amplitude, the level in the lower groundwater reservoir must also
have a large variation. Consequently, there must be a possibility of large water
accumulation in the lower reservoir, and kj, must therefore be small. The
opposite is true for areas with a small fluctuation. The size of ky, in the validation
simulations was estimated from the distance to the downstream boundary
condition together with the expected stability of the downstream groundwater
level.

A negative correlation was found between the parameters k,, and kj,, meaning
that one is large when the other is small. To find a reasonable relationship
between these parameters for the validation simulations, the time delay At was
used. This parameter was found to vary in the range 86-237 days for the
simulations in this study but with a smaller variation within each study area.
Moreover, the largest values originate from the less well-functioning stations.

The proportional constant for the overflow ki, overfiow Varied from 4 to 15 mm/day
for the simulated stations. Theoretically, ki, overfiow Should be large for areas with
infiltration/overflow areas with high transmissivity, which is a parameter difficult
to estimate. Consequently, lack of physical understanding of the variations in
parameter value has led to a choice of kj, overfiow s being equal to 10 for all
validation simulations. For future model development, the understanding of this
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parameter should be improved. Otherwise the parameter should be excluded
from the calibration and thus decrease the number of model parameters.

The overflow level in the lower groundwater reservoir, li, overfiow, varied from 30 to
111 mm at the simulated stations. The parameter values are correlated to the
stations' fluctuation amplitude, meaning that lj, overfiow 1S high for stations close to
infiltration areas and low for stations in valley bottoms.

As pointed out in Chapter 5.1.4, it is difficult to determine whether the daily
variations in the simulations are correct, since the groundwater level
measurements available for calibration were registered every 14 days. However,
at Station 5310 detailed observations were done for a shorter period. As can be
seen in Figure 9.8, the simulation does not describe all rapid fluctuations,
although the agreement is quite good during wintertime. The poor description of
the three groundwater level rises in June, August and September is probably a
consequence of the simplified soil routine in the modified HBV model. Since no
recharge occurs in the model when the soil is unsaturated, heavy rain during the
summer causes no groundwater level increase.

20~
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Figure 9.8 The modified HBV model does not describe all rapid fluctuations observed at Station
5310 (see Figure 8.5 for a further description of the observations). The poor description of
the fluctuations during the summer is probably a result of the simplified soil routine, not
allowing for any recharge as long as the soil is unsaturated.

10 POSSIBLE INFLUENCE OF CLIMATE CHANGE

The effects on the groundwater levels in the study areas due to climate change
effects have been studied briefly. When using a model with input data quite
different from the input data used for calibrating the model, care needs to be
taken when interpreting the simulation results. The results below should
therefore not be interpreted as a prediction but more as an example of an area of
applications for the modified HBV model.
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The input data used is precipitation and temperature from climate simulations
carried out at Rossby Centre, SMHI (see Figure 10.1). These series are output
data from simulations using the regional model RCA3, which in turn uses data
from the global model Echam5A, where A stands for a certain set of starting
conditions. The emission scenario used is SRES Alb.
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Figure 10.1 Climate simulations of precipitation and temperature, used as input in the modified
HBYV model.

Simulations were made for Stations 5208 and 5213 in Sandsjobacka. Groundwater
levels were simulated from 1961 to 2100 and the simulated levels for the period
2075-2080* were compared with groundwater level observations from the period
1975-1980. As seen from Figure 10.2, the simulations indicate groundwater level
fluctuations in the same order of magnitude as the observed levels.

 For Station 5313 the period 2073-2078 was used.

95



200 —

100

-100 —

Level rel. to g.I. [cm]
o

-200

2075 2076 2077 2079 2080

200 —

100 —

-100

Level rel. to g.l. [cm]
o

200 | | - |
2073 2075 2076 2077

Figure 10.2 Groundwater level simulations with input data from Figure 10.1. Upper: simulation of
Station 5208 for the period 2075-2080 is compared with observations for the period 1975-
1980; Lower: simulation of Station 5213 for the period 2073-2078 is compared with
observations for the period 1973-1978.

The reason for the simulated groundwater levels to be as similar to the observed
levels as seen in Figure 10.2 can be found by analysing the water balance in the
model. Since the input data changes over time, as shown in Figure 10.1, a
corresponding change must be seen somewhere inside the model. In Figure 10.3,
the recharge into the upper groundwater reservoir is illustrated. However, this
appears to be generally unchanged over time.
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Figure 10.3 Simulation of recharge for Station 5208 in the modified HBV model, together with a
running 31-day average. The recharge is indicated with cyan and red for the two periods in
the 20" and the 21*' century respectively, and the running average is shown in black.
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Consequently, the increased precipitation has disappeared before it reaches the
groundwater reservoirs. The explanation for this is increased evapotranspiration
due to the increase in temperature, as seen in Figure 10.4.
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Figure 10.4 Simulation of evapotranspiration for Station 5208 with the modified HBV model,
together with a running yearly average. The evapotranspiration is indicated with cyan and red
for the two periods in the 20" and the 21* century respectively, and the running average is
shown in black.

Whether this high increase in evapotranspiration is correct has not been
investigated further. However, it can be noted that the soil routine in the
modified HBV model requires the soil moisture to be equal to the field capacity
for recharge to occur. Consequently, precipitation during the summer to a large
extent causes evapotranspiration rather than recharge.

To illustrate the effect of decreased evapotranspiration, test simulations with a
50% decrease in the potential evapotranspiration were made. During certain
summers there is a substantial increase in the groundwater levels due to
decreased actual evapotranspiration, although during the winters the difference
in evapotranspiration is smaller and the change in groundwater level is low (see
Figure 10.5).
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Figure 10.5 Simulations of Station 5208 with potential evapotranspiration, EP, decreased by 50%.

The original simulations are indicated with cyan and red for the two periods in the 20™ and
the 21* century respectively, while the simulations with reduced evapotranspiration are shown
in black. Upper: the groundwater levels are raised substantially in relation to the original
simulation during certain summers; Lower: the actual evapotranspiration is lowered
substantially during certain summer periods in relation to the original simulations.

The small difference in groundwater levels during winter, due to the decreased
evapotranspiration, suggests that the model overflows limit the maximum levels.
To test this, a highly fictive simulation with a 50% increase in the precipitation,
but with the original potential evapotranspiration, was carried out. As seen from
Figure 10.6, this simulation indicates slightly higher groundwater level increases
during the winter than in Figure 10.5. However, the increase in the level is still
small due to a large increase in overflow from the lower groundwater reservoir.
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Figure 10.6 Test simulations at Station 5208 with a precipitation increase of 50% (in black) and
original data (in cyan). Upper: the groundwater levels also increase slightly during the winter
but are limited by the overflow in the lower groundwater reservoir; Lower: the overflow from
the lower groundwater reservoir increases significantly.

The modified HBV model simulations in this study thus indicate that the rise in
the groundwater level from increased precipitation is limited considerably by
overflows. These results are based on calibrations describing the prevailing
conditions. Extrapolation of these results, when input data outside the range of
the original data are used, results in the introduction of new uncertainties. As
stated at the beginning of the chapter, these simulations should not be interpreted
as predictions but more as an indication of an area of application for the model.

11 CONCLUSIONS

Estimation of the maximum pore pressure is important in slope stability
calculations. The lack of an established method for this causes subjectivity and
uncertainty in the estimations of the maximum pressures. Consequences of
incorrect estimations can result in dangerous situations with unstable slopes and
unnecessarily expensive precautionary measures. This study provides a synthesis
of earlier findings within the field, giving an overview of different aspects of the
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problem. The groundwater levels in confined aquifers in three study areas along
the Swedish west coast have been analysed with regard to pressure levels and
fluctuations.

The main aim of this study was to increase the understanding of distribution and
fluctuation patterns in groundwater levels in confined aquifers and also to find
objective physical and geological criteria governing the observed fluctuation
patterns. Even though the research revealed weaknesses in the investigation
method many new problems have been brought to light and the main objectives
were accomplished.

Studies of water level fluctuations in the Swedish Groundwater Network have
indicated different fluctuation patterns, which have also been confirmed by
simulations. These patterns are related to infiltration areas, downstream
conditions and position within an aquifer. The simulations were mainly carried
out using a slightly modified version of the hydrological HBV model. The model
description in the modified HBV model is highly conceptual and can be criticised
for oversimplifying the actual processes. Nevertheless, the model can simulate the
observed groundwater level fluctuations satisfactorily. In addition, validation
simulations showed that even with little hydrogeological information of an area,
the groundwater levels can be simulated reasonably correctly.

When applying a model in an area quite different from what the model was
designed for, care must be taken when interpreting the results. The initial aim
was to validate the results, using the FEM software SEEP, by comparing the
modified HBV modelling results with results from a more detailed model.
However, this aim was not achieved entirely and only simple parameter studies
using SEEP were carried out.

In addition to simulations of the prevailing climate situation, test simulations with
input data series considering climate change were also made. These simulations
indicate that the overflows in the confined aquifers have a strong limiting effect
on the maximum groundwater levels. However, in these simulations the model is
applied to input data outside the range of the input data used in the calibrations,
which introduces new uncertainties. These simulations have not been analysed
thoroughly and no definite conclusions should be drawn from the presented
results.

Brief analyses of the Chalmers model have also revealed the importance of the
Swedish Groundwater Network. Particularly important properties are the
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distances between observation areas, measurement frequency and data quality.
Quality problems encountered included obviously erroneous observations and
silted-up filters with decreased permeability. The correctness of the predictions,
using the Chalmers model, was found to be highly dependent on the quality of
the Groundwater network observations.

11.1 Practical implications

Using the modified HBV model, groundwater level fluctuations, and maximum
groundwater levels, can be simulated in areas, also where the hydrogeological
knowledge is little. Since the knowledge of hydrogeological parameters almost
always is rather limited, the usage of the modified HBV model can be a useful
tool. An advantage with the model is that the relatively well known input data of
precipitation and temperature is used. In addition to applications regarding
prediction of future groundwater situations, the model can be used to simulate
historical fluctuations, e.g. for the purpose of calculating groundwater level
return-periods.

Based on results and conclusions presented in the study, some simple
recommendations for handling of pore pressure estimation in slope stability
calculations can be given. The recommendations, aimed at not requiring
advanced modelling, can also be seen as a result of the experience from the
working process.

- Prioritise. Find out whether the stability of the specific slope is sensitive to
changes in pore pressure before detailed measurements and investigations
are carried out. If the stability is unaffected by pore pressure levels higher
than what can be reasonably expected, i.e. the undrained shear strength
governs the strength of the soil, no further pore pressure investigations are
necessary. On the contrary, if the pore pressures affect the slope stability
then extended investigations are necessary.

- Try to acquire a general understanding of the groundwater situation in an
area slightly larger than the one where the specific stability problem is
located. This analysis could, for example, result in a simple model for how
water flow occurs in the confined aquifer as well as in the clay, together
with estimations of the highest possible pressure level for the area,
determined from overflow levels.

- Bear in mind that possible friction material layers within the clay can be
connected to a deeper confined aquifer and thus have the same pressure
level as in the confined aquifer. A high pressure level in the confined
aquifer has a greater effect on the pore pressure in clay when the clay
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thickness is small. This means that an area where the clay thickness is for
some reason thinner than is generally the case, the risk of high pore
pressures is increased.

- Relate observed groundwater and pore pressure levels to the seasonal
groundwater levels by considering the time of the year for the
observations together with the general yearly fluctuations for the specific
climate region. Even better is to relate the observations to the present
groundwater situation for the region, which can be received e.g. from
SGU. The position within the present aquifer should also be considered
and it should be taken into account that the pressure variations are larger
close to infiltration areas than in valley bottoms.

- Consider that for shallow slip surfaces the groundwater level in the upper
aquifer can be of greater importance than the pressure level in the
confined aquifer.

- When applying the Chalmers model, use several reference stations and put
highest weight to the prediction results from reference stations in similar
aquifer positions as the prediction station. Moreover, be observant of the
data quality in the Groundwater Network.

11.2 Future work

Several areas for future work related to estimation of maximum pore pressures
have been identified. One obviously important part is to identify better under
what conditions the estimation of maximum pore pressure is important, i.e. when
the drained shear strength governs the soil strength. Presumably, research in this
area will need to focus more on the upper aquifer than has been done in this
study. More research on the effect from friction material layers inside the clay is
also needed.

To increase the knowledge of groundwater level fluctuations with regard to local
geological conditions, extended synthesis and classification of groundwater level
and pore pressure data could be made in a manner similar to what has been done
in this study. Groundwater level and pore pressure measurements are carried out
within numerous projects, primarily construction work but also in slope stability
investigations. However, a synthesis of this large number of measurements has
never been made.

The modified HBV model can be developed further, e.g. by improving the soil

routine and the overflow in the lower groundwater reservoir. A more physically
correct model description than in the modified HBV model's response function

102



could probably improve the identification of significant physical parameters
governing the groundwater fluctuation patterns. Moreover, the climate change
simulations could be improved through more detailed analyses and tests.

The Chalmers model has considerable potential but also considerable scope for
improvement, indicating that continued testing and development is necessary.
Improvements can be based on the findings in this study of fundamental
differences in fluctuation pattern. The possibility of using the Chalmers model
together with the HBV model would also be interesting to investigate. Extended
studies of the effects of climate change could be done also with the Chalmers
model.
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Sandsjobacka (52)
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Appendix A
Harestad (53)
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Appendix A
Brastad (69)
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Appendix B

Observations from field studies

Depth measurements from SGU (1985), Svensson (1984) and Bengtsson & Bostrom (2008). Active stations are displayed in bold.

Sandsjébacka Harestad Brastad
Station Depth [n] Depth [m]  Depth [m] Station  Depth [m] Depth [m] Depth [m] | Station  Depth [n] Depth [n]  Depth [m]
(SGU) (Svensson) (Bengtsson (SGU) (Svensson)  (Bengtsson (SGU) (Svensson) (Bengtsson
& Bostrém) & Bostrém) & Bostrém)
5201 2 5301 23.3 24.2 6.87 6902 5.55 5.55
5202 5.8 6.1 5.74 5302 5.5 5.9 6903 5.5 5.45
5203 2.82 5303 13.75 4.75 6904 8.35 7.6
5204 2.1 2 5304 35.95
5205 9 3.4 5305 29.7 3.06
5206 1.9 5306 13.73
5207 13.4 14.4 5307 13.8 14.2 13.88
5208 13 13.7 9.77 5308 19.95
5209 7 7 6.08 5309 4.05 4.5
5210 18 18 5310 9.1 9.5 9.44
5211 15.8 15.5 5311 4.4 44 416
5212 4.1 4 5312 12.05
5213 7.55 7.5 717 5313 8.95 9.2
5214 7.45 8 5314 6.45




Transmissivity and time-lag measurements from SGU (2002 and 2005), Svensson (1984), SGI(2008) and Bengtsson & Bostrom (2008).
Active stations are displayed in bold.

Station Transmiss- Transmiss- Transmiss- Transmiss- Time-lag Time-lag Time- Time-
ivity [m?/s]  ivity [m?/s] ivity [m?*/s] ivity [m?*/s] [min] [min] lag lag
(Svensson) (Bengtsson (SGU) (SGl) (Svensson) (Bengtsson [min]l [min]

& Bostrém) & Bostrém) (SGU) (SGD)

5201

5202 2.00E-05 2.6-10-6 6.3 74

5203

5204

5205

5206

5207

5208 4.00E-06 9.0-10-8 2.3-10-8 9 216 855

5209 4.00E-06 5.3-10-6 5.4-10-6 10 3.6 3.6

5210

5211 5.8-10-8 332.2

5212

5213 8.00E-05 2.0-10-5 0.9 1

5214 1.00E-05 5.6:10-6 4 35

5301 4.710-7 3.9-10-7 411 50

5302

5303 2.210-9 7.110-9 ~0 8635 2716 infinite

5304

5305 1.8:10-9 ~0 ~0 10795 infinite infinite

5306 2.910-7 4.0-10-7 7.0-10-7 67.5 47.6 28

5307 4.5-10-9 4318

5308

5309

5310 4.5-10-8 6.4-10-8 3.1-10-8 431.8 300 617

5311 2.2:10-8 1.2:10-7 3.2110-7 4.5 863.6 156 59

5312




5313

5314

6902 ~0 ~0 infinite infinite
6903 ~0 3107 infinite 6378
6904 ~0 ~0 infinite infinite




Appendix C
Pictures of groundwater stations
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Appendix D
Typical screen dump from a calibration of the modified HBV model
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Appendix E
Calibration simulations
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Appendix F
Validation simulations
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