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SUMMARY IN SWEDISH  

Vid konstruktionsarbeten under befintlig grundvattennivå är det inte ovanligt 
att grundvattensänkning uppkommer. Om jordarna är sättningskänsliga och det 
finns byggnader eller infrastruktur i området finns en risk att en 
grundvattensänkning kan leda till skador och stora kostnader. Genom att utföra 
undersökningar av rådande hydrogeologiska och geotekniska förhållanden kan 
sättningarna uppskattas och risken för skador minskas. I rapporten presenteras 
ett projekt där jordlagerföljd, grundvattensänkning och sättningsberäkningar 
förs samman i en gemensam modell. Modellen gör det möjligt att kvantifiera 
risken med grundvattensänkningen och sättningen, osäkerheter i utfallet och 
hur mycket olika parametrar påverkar modellresultaten i olika områden. Detta 
skapar bättre förutsättningar för projektets beslutsfattare att bestämma var och 
vilka eventuella fortsatta undersökningar ska göras. 

Rapporten beskriver en grundvattenmodell vilken beräknar sänkningen av 
grundvattenytan vid ett tunnelbygge. Sänkningen tar hänsyn till rådande 
geologi, nederbörd samt storleken av det dränage som initierat sänkningen. 
Målen är att konstruera en deterministisk modell och en probabilistisk modell, 
vilka ska vara möjliga att integrera med en jordlagermodell och en 
sättningsmodell. Den probabilistiska modellen har stokastiska parametervärden 
vilka slumpas fram med hjälp av en Monte Carlo-simulering. Ytterligare ett mål 
är att spatialt beskriva de ingående parametrarnas osäkerheter. 

En redogörelse presenteras också för en integrerad modell där interpolering av 
jorddata, grundvattensänkning och sättningsberäkningar ingår. Jordmodellen 
interpolerar studieområdets jordlagerföljd, där resultaten sedan används i 
uppskattningen av grundvattensänkningen, vilken i sin tur ingår i 
marksättningsmodellens beräkningar. Den integrerade modellen möjliggör 
kvantifiering och jämförelse av osäkerheterna från de tre separata modellerna 
och att man i resultaten därför kan jämföra alla de ingående parametrarna. 

Resultaten från både grundvattenmodellen och den integrerade modellen 
presenteras genom en riskanalys och en känslighetsanalys. Riskanalysen 
innehåller en jämförelse mellan standardavvikelse och percentiler för en 
accepterad risknivå, medan känslighetsanalysen gör det möjligt att relatera 
parameterosäkerheter till specifika platser. Metoden för tolkning av 
modellresultatens osäkerheter är tydlig och väl fungerande. De slutgiltiga 
sättningarna som uppskattats med den integrerade modellen har stor 
överensstämmelse med sättningsvärden som tagits fram med 
beräkningsprogrammet GeoSuite Settlement. Grundvattenmodellen uppvisar 
resultat som anses vara giltiga för studieområdets generella 
grundvattensänkning. Grundvattenresultaten är även bidragande till den goda 
uppskattningen av sättningarna. 

Målen kring att utveckla en deterministisk och probabilistisk grundvattenmodell 
som dessutom är kompatibel med modellering av jordegenskaper samt 
sättningsberäkningar är uppnådda. I en vidare utveckling av modellen skulle en 
ekonomisk aspekt vara aktuell. Detta skulle göra det möjligt att jämföra 
kostnader mellan riskreducerande åtgärder och den kostnad sättningarna skulle 
kunna medföra. 
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SUMMARY IN ENGLISH  

Underground constructions below the groundwater level are likely to cause 
groundwater drawdown.  If the soil is sensitive to settlements and if there are 
buildings or infrastructure in the area, there is a risk of damage and great costs 
due to the groundwater drawdown. By executing investigations of the 
hydrogeological and geotechnical conditions, the settlements can be estimated 
and the risk of damage can be reduced. This report presents a project where 
soil stratigraphy, groundwater drawdown and settlement calculations are put 
together in a mutual model. The model makes it possible to quantify the risk of 
groundwater drawdown and settlement, uncertainties in the model outcome 
and how much different parameters affect this outcome in different areas. This 
improves the knowledge basis for the project managers to decide where to put 
extra effort in future investigations. 

The report describes the groundwater model which calculates the groundwater 
drawdown at a tunnel construction. The computed drawdown takes into 
account geology, precipitation and the magnitude of the drainage which 
initiated the drawdown. The aims are to construct a deterministic model and a 
probabilistic model, which are supposed to be integrated with a soil model and 
a settlement model. The probabilistic model has stochastic parameter values 
which are randomly picked in a Monte Carlo simulation. An additional goal is 
to describe the parameters spatially. 

A presentation is also made of an integrated model where the interpolation of 
soil data, groundwater drawdown and settlement calculations are included. The 
soil model interpolates the soil stratification of the study area which results then 
are used in the estimation of the groundwater drawdown model, where the 
result in its turn are used in the settlement model. The integrated model makes 
it possible to quantify and compare uncertainties from the three separate 
models. This way it is possible to compare the all input parameters from all 
three models. 

The results from both the groundwater model and the integrated model are 
presented by a risk analysis and a sensitivity analysis. The risk analysis contains 
a comparison between standard deviation and percentiles of an accepted risk 
level, while the sensitivity analysis makes it possible to relate the parameter 
uncertainties to specific locations. The method of interpreting the model 
uncertainties is clear and working well. The final settlement estimations by the 
integrated model agree with settlement values computed by the GeoSuite 
Settlement software.  

The aims of developing a deterministic and a probabilistic groundwater model 
which can be integrated with the soil model and the settlement model are 
achieved. A further development of the model would include an economical 
aspect. This would make it possible to compare costs of risk reducing actions 
and the cost that the settlement could result in. 
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ABSTRACT  

A new method for estimation of risks at settlement calculations is presented. By quantifying 
uncertainties of settlement calculations, it is possible to make risk analysis and to compare 
the costs of risk reducing efforts with the benefit these efforts would lead to. The settlement 
estimations are done by combining uncertainties about soil data, groundwater drawdown and 
settlement calculations. This master degree thesis describes how the groundwater drawdown 
is estimated using a numerical model. The model reflects the groundwater decrease around a 
drainage well with respect to estimated groundwater recharge, dependent on the geology and 
precipitation. There are four parameters in the model which are connected to soil properties 
and precipitation; hydraulic conductivity for clay, hydraulic conductivity for till, hydraulic 
conductivity for sand and mean annual net precipitation. Drawdown is estimated in a 
deterministic and a probabilistic model, where the probabilistic model uses stochastic 
parameter values in a Monte Carlo simulation. 

The risks concerning settlements are found when the groundwater model is integrated with a 
soil model and a settlement model. When integrated, the new model estimates risks related to 
all three separate models. 

Results of groundwater drawdown and ground settlement estimations are spatially presented 
in a sensitivity and risk analysis. By finding and comparing the most influencing parameters 
of the settlement, project decision makers will have an easier task deciding on what further 
measures should be focused on. 

Key words: Groundwater model; Settlement; Crystal Ball with Monte Carlo 
simulation; Risk analysis; Deterministic; Probabilistic. 

 

1. INTRODUCTION 

When constructing infrastructure in settlement sensitive soils the risk of 
groundwater drawdown is high. Decrease of groundwater levels can cause 
ground subsidence and result in major costs due to damages on buildings or 
infrastructure. The acceptable uncertainties are determined by the 
consequences, or costs, of the groundwater drawdown and the resulting 
settlement. When knowing the risks, the project management can decide upon 
what risks that are acceptable in a project. By combining the risk level and an 
analysis of how parameter influence vary spatially, it is possible to make better 
decisions of what parameters to look into to decrease the uncertainties. It is 
then easier to predict what contributing measures needs to be done to reduce 
the risk of ground settlement. This is an approach that could be useful in large 
construction projects, like Förbifart Stockholm, Citybanan in Stockholm or 
Västlänken in Göteborg. 

A disadvantage of most of today’s methods for settlement estimations, due to 
groundwater drawdown, is that there are no estimations of how to compare the 
uncertainties of the different contributing parameters. Traditionally 
groundwater lowering is computed over an area while the geotechnical 
estimations are linked to investigation points. This degree project is part of a 
developing project that aims to evolve a new approach where the risks of 
settlements are quantified in an integrated model of soil data, groundwater 
drawdown and settlements, with results presented spatially. It is then possible 
to compare the different parameters affecting the ground subsidence and from 
that decide upon what are the most efficient measures for preventing risks of 
settlement.  
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1.1. The developing project 

The consulting company COWI and contractor company NCC collaborates in 
a road construction project in Motala, for the Swedish Transport 
Administration. During the project Jonas Sundell, hydrogeologist at COWI, 
and Anders Bergström, geotechnical engineer at NCC, has worked together in 
estimations of how groundwater drawdown caused by road tunnels affects 
ground settlement. The developing project was initiated to evolve an integrated, 
three dimensional probabilistic model, containing groundwater drawdown and 
ground subsidence. The forecasts of estimated settlement from the model 
enables an analysis of the costs for actions or investigations to prevent the risks 
of settlement, compared to the benefits that the reduced risk leads to. This 
could be used as a support in project management decision making. The project 
gets financial support from the Development Fund of the Swedish 
Construction Industry (SBUF) and is assigned into three master degree 
projects; one considering the soil data, one of groundwater drawdown and one 
of ground settlement calculations.  

This degree project develops a model of estimating groundwater level 
drawdown. The model calculates drawdown depending on the annual mean net 
precipitation, hydraulic conductivity and the geological soil profile. 

To find the uncertainties of ground subsidence, the groundwater drawdown 
model is integrated with the soil model by Minyi Pan (2012), and the settlement 
model by Elyas Hashemi (2013). This model is called the integrated model. 

1.2. Aims  

The aim of this thesis is divided into two main parts; one concerning the 
groundwater model and one considering the integrated model. 

Aims for the groundwater model: 

 to develop a deterministic method for describing groundwater drawdown in a 
numerical model that can be integrated with a soil and settlement model 

 to develop a method for performing probabilistic calculations in a numerical 
model that can be integrated with a settlement and soil profile model 

 to develop a method for describing how uncertainties in input parameters can 
be described 

Aims for the integrated model: 

 to develop a method for describing groundwater drawdown and possible 
settlement in an integrated deterministic numerical model 

 to develop a method for describing groundwater drawdown and possible 
settlement in an integrated probabilistic numerical model 

 to develop a method for describing how uncertainties in input parameters can 
be described 

1.3. Structure of the thesis 

The groundwater model and the developing project are both presented in the 
report, with focus on the groundwater model. After introduction and aims 
follows some background with general information of geology, groundwater 
and economical aspect of groundwater drawdown in chapter 1.4. Chapter 1.5 
describes the geology and hydrogeology of the study area in Motala, while 
chapter 1.6 gives an introduction of the integrated model. In chapter 2 the 
description of methods is divided into one part explaining the groundwater 
model with a parameter study and a model verification, and a second part 
briefly describing the integrated model with short summaries of the soil model 
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and the settlement model. The results for the groundwater model and the 
integrated model are presented in chapter 3. The discussion in chapter 4 is 
followed by conclusions in chapter 5. 

1.4. Background 
To estimate the groundwater drawdown it is required to have knowledge of the 
geology and hydrogeological situation in the area. The groundwater model is 
based on a conceptual idea of how the geology and hydrogeology interact. This 
relation determines the possibilities of the groundwater flow, together with the 
available amount of water that can form groundwater recharge.  

1.4.1. Geology 

In construction projects where settlements are possible, it is necessary to gain 
knowledge of the geology and terrain to predict the behavior of groundwater 
flow and aquifer systems. Inadequate information about the geology in the soil 
profile can result in a prediction of groundwater drawdown and subsidence that 
is not representative for the area, or a construction that is not optimized for the 
local conditions. The risk of ground subsidence depends on parameters such as 
consolidation rate, compaction rate, water content and terrain. 

Factors of grain size, mineralogy and particle packing are primary factors for 
the mechanical behavior of soils (Lancellotta, 1995). Soils with friction material 
does not subside significantly to a groundwater lowering as the grains lean on 
each other and let the water run through its pores. In a cohesive soil, like clay 
where the water content can be up to 60 %, a groundwater level decline and 
added stress on top of the clay can lead to drastic fall in pore water pressure 
and a volume reduction (Fig. 1) (Knutsson & Morfeldt, 2002). 

To predict the groundwater drawdown, hydraulic conductivity and 
transmissivity have to be considered. Hydraulic conductivity states the 
capability of soil or rock to let water through its pores. It is expressed as 
groundwater flow per time unit (m/s) moving through an area perpendicular to 
the flow direction, with the hydraulic gradient equal to one (Table 1 and 2). The 
hydraulic conductivity depends on the properties of the soil material; kinematic 
porosity, structure, stratigraphy and amount of air (Knutsson & Morfeldt, 
2002). For aquifers in soil, the grain size and textural uniformity are connected 
to hydraulic conductivity and have large influences of how groundwater will 
react to water outtake. The hydraulic conductivity is usually smaller in well 
sorted soils with a small grain size or in soils with a large grain size distribution. 
Uniform friction material such as sand or gravel let water through easily, having 
a large hydraulic conductivity (Larsson, 2008). Transmissivity describes the 
amount of water that can transport through an area in a soil layer per time unit 
(m²/s). Transmissivity can be found from in situ tests, but also as a product 
proportional to the hydraulic conductivity and the thickness of the soil layer in 
a saturated zone (Knutsson & Morfeldt, 2002). 

 
 

 

Fig. 1. Compression of 
sand (A) and clay (B). 
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Table 1. Values of hydraulic conductivity for till (SGI & SBEF, 1985). 

Soil type Hydraulic conductivity [m/s] 

Gravelly till 10
-5
 – 10

-7
 

Sandy till 10
-6
 – 10

-8
 

Silty till 10
-7
 – 10

-9
 

Clayey till 10
-8
 – 10

-10
 

Loamy till 10
-9
 – 10

-11
 

1.4.2. Groundwater  

National interests, such as road networks, cities or vulnerable nature, can be 
sensitive to incidents caused by change of groundwater levels. Knowledge 
about the groundwater flow and behavior is tightly interconnected with geology 
(Freeze & Cherry, 1979). 

A change of groundwater level can be both anthropogenic and natural. There is 
always a natural fluctuation of the groundwater head reliant on atmospheric 
pressure, groundwater recharge, evapotranspiration etc. (Freeze & Cherry, 
1979). In Swedish law it is stated in the Environmental Code that outtake of 
groundwater can be acceptable, if it is evident that the outtake will not harm 
private or public interests. An example of how the groundwater level can be 
affected is a water outtake from a well or drainage from a tunnel. In a 
conceptual example, the drainage of a well is creating a cone of depression in 
the groundwater level (Fig. 2). The radius of influence will vary depending on 
the pumping rate and hydrogeology. 

Darcy’s law is used to calculate the water flow through porous material. The 
relation is valid for slow, laminar flow in small pores where the flow (Q) 
between two points is proportional to the hydraulic potential and cross 
sectional area, but inversely proportional to the distance (Knutsson & Morfeldt, 
2002). 

Darcy’s law: 

    
  

  
        [m³/s]  (1) 

Where  

Q is the water flow rate  [m³/s] 

dh/dl is the hydraulic gradient   [-] 

K is the hydraulic conductivity  [m/s] 

A is the cross sectional area [m²]  

Table 2. Values of hydraulic conductivity for gravel, sand and clay 
(Das, 2006). 

Soil type Hydraulic conductivity [m/s] 

Clean gravel 10
1
 – 10

-2
 

Coarse sand 10
-2
 – 10

-4
 

Fine sand 10
-4
 – 10

-5
 

Silty sand 10
-5
 – 10

-7
 

Clay < 10
-8
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1.4.3. Groundwater recharge 

The circulation of water in nature can be described as a water balance between 
precipitation P, runoff (surface and groundwater) R, evapotranspiration E, and 
changes in water storages (surface and groundwater) M. This relation is called 
the water balance equation: 

P = E + R ± M  (2) 

Precipitation falls onto the ground and vegetation to form either runoff, 
evaporation, transpiration from vegetation or groundwater. Depending on the 
land cover and climate, different amount of precipitation will be available as 
groundwater recharge. This available amount of precipitation is called net 
precipitation. The volume is due to how much of the water that is bound by 
vegetation and how big the evapotranspiration is. The ground itself is also a 
limiting factor for the recharge. Areas with hard surfaces, such as concrete or 
rock outcrops, have a smaller groundwater formation and greater runoff than 
areas of permeable surfaces (Persson, 2007). Till with low permeability can also 
be as a limiting factor. The groundwater recharge behaves differently in each 
soil type. The infiltration is depending on the topography as well. A landscape 
can be roughly divided into inflow and outflow areas where high topography of 
impermeable materials can work as a groundwater divide (Fig. 3). The outflow 
areas can be indicated by surface waters, like springs or marshes (Knutsson & 
Morfeldt, 2002). 

1.4.4. Economical aspect 

If the risks of groundwater drawdown and soil settlements in a construction 
project can be quantified in easy and quick ways, this could be interesting in 
economical perspectives.  A fast estimation of the risks and belonging 
parameters which are expected to cause these risks, can save both time and 
effort in the project. An analysis of what parameters that have most influence 
on the groundwater decrease or soil settlements can be governing to what 
measures to focus on. For example, if clay is estimated to be the parameter 
connected to the highest risk, it will be cheaper to start investigating this 
parameter directly to lessen the risks, instead of trying something else first. 

 

 

Fig. 2. A cone of 
depression in a soil 
profile with 
homogenous 
horizontal layers. 
Groundwater is 
pumped out of the 
well. 

Fig. 3. Inflow and outflow 
areas of groundwater in a 
non-horizontal terrain. 
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Fig. 4. Interchange Storgatan in Motala, the pedestrian tunnel 1199 
marked with a red circle. Settlement sensitive buildings southwest and 
southeast of the tunnel. Source: Sundell, 2012. 

1.5. Case study 
Road 50 runs at the east side of Lake Vättern. It is of great importance for long 
way transports, but is today insufficient. To fill the capacity needs, Road 50 is 
being rebuilt through Mjölby – Skänninge – Motala. Increased standard of the 
road within Motala results in new interchanges, roundabouts and routes 
(Vägverket, 2009). The interchanges are constructed as multilevel junctions, 
sometimes deep below groundwater level with contributing risk of groundwater 
drawdown and soil subsidence. The study site of this degree project covers a 
subsection of the road construction in Motala (Fig. 4). The section contains the 
interchange Storgatan and includes three roads with tunnels for pedestrians and 
cyclists. The groundwater and settlement calculations are performed at the 
pedestrian tunnel 1199. The tunnel was planned to be constructed below the 
initial groundwater level, with drainage to prevent overflow. The groundwater 
level would be lowered, both during construction and operating stage (Sundell, 
2012). 

Later in the process the tunnel was replaced by a bridge since the settlements 
were predicted to be too big. All though, this project still uses tunnel 1199 as a 
study object. 

Fig. 5. Soil cover map of Storgatan, Motala. Tunnel 1199 marked with a 
red circle, together with a presentation of the new Road 50 and 
buildings in the area. Green - glacial river sediments, orange - post 
glacial friction material, blue - till and pink - post glacial silt. Source: 
SGU, 2012. 
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Fig. 6. A soil profile is created by interpolation of bore hole data along 
the stretch of the road in south-north direction, marked in the upper 
figure with a dashed yellow line. The tunnel is marked with a red circle.  
Light blue - till, orange - friction material, yellow - clay. Profile made 
with soil data from Pan, 2012. Source for top map: Sundell, 2012.  

1.5.1. Geology of the study area 

Motala is located in a passage of complex geology which stretches from west to 
east over middle of Sweden; the Younger Dryas Ice-Marginal Zone. The 
complexity formed during the last stages of the latest iceage, as the glacier 
oscillitaed back and forth during a period of approximately 800 years 
(Strömberg, 1969; Lundqvist, 1995). According to the geological map by the 
Geological Survey of Sweden (SGU) (Fig. 5), the geology in the city of Motala 
is glaciofluvial material with varying composition (Johansson, 1976). The till can 
overtop sediments deposited in water, compositions made possible by the 
pause in the glacier drawback. The soil layers vary greatly in depth with a 
stratigraphy that is hard to predict. A heterogenic geology requires 
investigations to better predict the soil profile. 

The geology at the surroundings of interchange Storgatan differs depending on 
geographical direction. In the south, the soil profile alternate between layers of 
friction materials and clay. East and west of the junction, the topography has a 
higher elevation and friction materials directly on till. In north, the clay only 
appears in one layer (Fig. 6). The underlying bedrock is limestone, at a depth of 
approximately 40 m below ground surface. The upper part of the till can 
sometimes be a part of the adjacent aquifer (Sundell, 2012).  

The geology in the area was analyzed by COWI in about 120 locations (Rapp, 
2011) using different investigation methods:  

 test pits 

 probing/investigative drills 

 piston tests 
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 groundwater pipes 

 slug tests 

 CPT (cone penetration test) 

The groundwater measuring was done manually in open groundwater pipes 
(Rapp, 2011). Pumping tests were not possible because of silt intrusion 
(Sundell, 2012). To complement the sample data, information from SGU and 
Motala municipality were used in interpolation of the soil profile made by Pan 
(2012). In this project the soil profile is limited to three soil types; sand, till and 
clay, which are discussed in the Parameter study, chapter 2.4. 

1.5.2. Hydrogeology of the study area 

Groundwater at interchange Storgatan is found in three layers of friction 
material (Sundell, 2012). The upper layer of friction material covers most of the 
surface of the study area while the second layer of friction material lies between 
the upper and the lower clay layer (Fig. 7). Groundwater is also occasionally 
found in friction material between the second clay and the till. The top part of 
the till is assumed to be water conducting due to erosion from glacial activity 
and melting processes and is therefore at some places also assumed to be part 
of the lower groundwater conducting friction material. The layers of friction 
material are assumed to have hydraulic contact at the hill sides and where clay is 
missing. The largest groundwater flow is in the friction layer, which has the 
highest transmissivity value. The pedestrian tunnel 1199 will reach below the 
upper clay layer and affect the middle layer of friction material.  

1.6. Integrated model – soil, groundwater and settlement 

The integrated model is created by combining three different models; soil, 
groundwater and settlement models. It is used to estimate magnitudes of 
settlement and a contributing uncertainty analysis with respect to uncertainties 
in all three models. The integrated model has a number of parameters to 
represent hydrogeological and geotechnical functions, such as hydraulic 
conductivity, over consolidation rate and altitude of different layers in the soil 
profile. These parameters come either from the soil model by Pan (2012), the 
settlement model by Hashemi (2013) or the groundwater model presented in 
this thesis. The soil model interpolates a number of soil layers to cover the 
study area from borehole data, while the settlement model estimates the ground 
subsidence caused by groundwater drawdown (Fig. 8). The results are presented 
in a risk and sensitivity analysis. 

In chapter 2.6 the methods of the soil model and the settlement model are 
described briefly. The full work is presented in Uncertainty and Sensitivity Analysis 
in Soil Strata Model Generation for Ground Settlement Risk Evaluation by Pan (2012) 
and Ground Settling due to Groundwater Drawdown by Hashemi, 2013. 

 

 

Fig. 7. Groundwater can be 
found in three layers of 
friction material  marked 
with red arrows. Light blue - 
till, orange - friction 
material, yellow - clay. 

 



Risk management of groundwater drawdown in settlement sensitive areas 

 

9 

 

 
Fig. 8. The relation between the soil, groundwater and settlement models 
in the integrated model.  

2. METHODS  

This chapter explains how the groundwater level is estimated, both in the 
deterministic model and the probabilistic model. The parameters in the model 
are described as well as boundary conditions and model verification, finally 
followed by a short presentation of the integrated model. The uncertainties of 
the groundwater model results are analyzed in a risk analysis while the 
parameter influence from the different parameters is presented in a sensitivity 
analysis. 

The groundwater model is constructed in Microsoft Excel, a choice explained 
by the integration with the soil model and the settlement model. As the three 
models are made separately, a common program was needed to be able to 
merge the models in a way as easy as possible. An Excel plug-in called Oracle 
Crystal Ball is used to make the stochastic variables available to Monte Carlo 
simulations. 

2.1. Deterministic groundwater model 

The groundwater model is constructed on data consisting of soil and 
groundwater elevation from Pan (2012) where each data point represents 100 
m². Each cell in the Excel spread sheets therefore answers to 10 x 10 meters. 
The input parameters in the groundwater model are the hydraulic conductivity 
of clay, the hydraulic conductivity of till, the hydraulic conductivity of sand and 
the mean annual net precipitation. 

The groundwater model estimates the new groundwater level due to the tunnel 
construction in Motala. The method is based on the idea of a cone of 
depression (Fig. 2) where the tunnel 1199 is located at the tip of this cone, 
keeping the groundwater at a constant level. The deterministic model uses 
constant parameter values and is the first model to be constructed. Probabilistic 
calculations are then applied to this model by using stochastic variables as 
parameters. 

  

Soil model 

Interpolating soil and groundwater  

data to a soil profile. 

Groundwater model 

Estimating the new groundwater  

level, based on the soil profile. 

Settlement model 

Estimating the soil settlement due       

to groundwater decrease and soil 

profile. 
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To predict the cone shaped groundwater depression at steady state, due to the 
tunnel drainage, the model uses a finite difference method (Gustafson, 2009). 
The model initially predicts a cone of depression for a laminar flow in a flat 
landscape with horizontal stratified layers. The iterative method, where the cells 
are represented by elevation values, gives each cell a mean value of its 
neighboring cells. The flow between the cells is explained by the Darcy’s law 
(Eq. 1), changed to the gradient multiplied with transmissivity and cell width.  

The groundwater head is a mean value, which means that natural fluctuations 
are ignored. Turbulent flow close to the drainage well is ignored and no skin 
factor is used. To decide the flow balance at stationary flow, all flows out and in 
of a cell are considered. The continuity equation for a cell equals the difference 
of inflow, outflow and a source term, Q (Fig. 9, Eq. 3). Sources can serve as 
both recharge and discharge to the system, for example in terms of drainage or 
infiltration wells. The inflow to a cell is negative and the outflow positive 
(Gustafson, 2009). 

Continuity equation: 

                       (3) 

 

Where 

     
 (      )  (   )

  
       (4) 

 

        
 (   )  (      )

  
       (5) 

 

     
 (      )  (   )

  
       (6) 

 

        
 (   )  (      )

  
       (7) 

 

Where 

q - flow between cells [m³/s] 

h - elevation    [m] 

T - transmissivity    [m²/s] 

∆y, ∆x - cell width    [m] 

The groundwater level (h) in a cell (x,y) is found by deriving equations 4, 5, 6 
and 7 in the continuity equation 3. A constant transmissivity in the water 
conducting friction material gives: 

 (   )  
 (      )  (      )  (      )  (      )    

 
 (8) 

Fig. 9. The cell flow (q) in 
a cell is decided by inflow 
(q

x-∆x
, q

y-∆y
), outflow (q

x
, 

q
y
) and a source term (Q). 
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2.1.1. Case study – Groundwater model 

The terrain of the study area Storgatan is not horizontal and the equation for 
finding the groundwater level (Eq. 8) needs to be revised. The varying 
groundwater head depends on the terrain and geology and is therefore included 
in the groundwater model. The cone of depression from the tunnel drainage is 
now relative to the interpolated initial groundwater head, instead of a horizontal 
surface. Darcy’s law is still assumed to be valid for the water flow between cells. 
To simulate drainage, constant values are set in the cells of the location of the 
tunnel to match the constant groundwater levels the drainage would create. 
Infiltration of water can be used the same way, but with values higher than the 
initial groundwater level. 

The groundwater is reckoned to transport vertically through clay as leakage due 
to gravity, or horizontally through till or friction material towards the tunnel 
drainage. It is assumed that there is always water in the upper friction layer due 
to the low permeability in the underlying clay. Settlements can occur from 
groundwater decline in the middle and lower friction layers. The drainage level 
at the well is set to + 90 m, which is about 3-4 m below the initial groundwater. 

The transmissivity (T) of a soil layer in the model is calculated as the product of 
the hydraulic conductivity and thickness of the layer. The irregularity of the soil 
profile affects the transmissivity to change magnitude in every cell. Initial values 
for groundwater levels (h0) in each single cell in the model originate from 
groundwater data interpolated by Pan (2012). The groundwater drawdown (ha) 
is derived from the iterative method explained above (Eq. 8). When considering 
the new groundwater level decline as the difference between the initial 
groundwater values (h0) and the drawdown (ha), the Equations 4-7 are 
developed to: 

 

    
 [  (   )   (   )] [  (      )   (      )]      

  
  (9) 

 

       
 [  (      )   (      )] [  (   )   (   )]      

  
 (10) 

 

   
 [  (   )   (   )] [  (      )   (      )]      

  
 (11) 

 

       
 [  (      )   (      )] [  (   )   (   )]      

  
 (12) 

 

The groundwater drawdown (ha) in meters in the cell (x,y) will then be: 

  (   )         (   )  
  (      )   (      )   (      )   (      )

 
 

     
  (      )   (      )   (      )   (      )    

 
 (13) 

2.1.2. Groundwater recharge 

The groundwater drawdown is dependent on the geological properties and on 
how much water that is available for groundwater recharge. The parameters of 
the model (hydraulic conductivity of clay, till, sand and the mean annual net 
precipitation) set the conditions of how large the amount of precipitation is and 
how the water can infiltrate and move in the soils. 
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Fig. 10. The five different cases of geological stratigraphies with different 
groundwater recharge are marked by red squares. Light blue - till, 
orange - friction material, yellow - clay. 

The model calculates groundwater recharge for the middle layer of friction 
material (Fig. 7) as recharge directly from annual mean net precipitation, if the 
layer of friction material is not covered by a dense clay layer, or as leakage 
through the covering clay layer. Which method to use depends on the 
geological conditions. The groundwater model calculates groundwater recharge 
in five different ways; three types of leakage through clay and two types of 
direct recharge from precipitation (Fig. 10). The surface layer of friction 
material is assumed not to bind any water and to let all water available for 
groundwater recharge pass through. This layer will not serve as a reducing 
factor for the leakage, since the hydraulic conductivity of clay is much smaller. 
The till is assumed to have a permeable, water conducting upper part where 
water can transport to the friction material.  

Due to interpolation of borehole data done by Pan (2012), every cell contains 
site specific information of the soil layers. As all layers are presented, even soil 
layer thicknesses of insignificance magnitude are registered in the model. Set 
conditions for the soil profile are used in the model to choose what layer 
thicknesses to consider. For example, one centimeter of clay will be ignored 
since it is assumed not to have influence on the groundwater drawdown. The 
layer of friction material larger than a thickness of 0.1 m between the upper and 
lower clay layers is defined as a water conducting layer. 

When adding groundwater recharge, the new groundwater level is estimated by 
adding water to the drawdown calculated by the iterative method. By adding 
more available water, the drawdown gets smaller. Groundwater recharge from 
net precipitation is calculated by adding a precipitation factor (Eq. 14) to the 
drawdown (Eq. 15). If the layer of clay covering the layer of friction material is 
greater 0.2 m, the recharge will be in form of leakage through the clay. A 
thinner layer may have water conducting cracks that can transport the water 
through the clay. The magnitude of the recharge is set by the hydraulic 
conductivity of the clay, along with its layer thickness. The leakage factor 
(Eq. 16) has a value greater than zero and is multiplied to the groundwater 

A. B. 

C. D. E. 
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decrease (Eq. 17). The geological conditions for each recharge term are stated 
below: 

Recharge from precipitation 

 Recharge from precipitation 1: The thickness of upper clay is between zero and 
0.2 m. Vertical water flow to the middle friction layer through the top friction 
material (Fig. 10A). 

 Recharge from precipitation 2: Distance between the top of the upper clay and the 
till is less than 0.6 m. Water transport is a horizontal flow in the till (Fig. 10B). 

                      
     

 
 [m]  (14) 

Where 

P - the precipitation  [m/s] 

x, y - the cell sizes  [m] 

T -  the transmissivity  [m²/s] 

The precipitation factor is decreasing the drawdown ha (Eq. 13) by replacing 
the source term Q/T:  

  (   )     (   )  
  (      )   (      )   (      )   (      )

 
 

  (      )   (      )   (      )   (      ) 
     

 

 
  (15) 

Leakage through clay 

 Leakage 1: No friction material. Thickness of the lower clay layer is greater than 
0.2 m. Even though the friction material is zero, a thin friction layer is assumed 
to transport water (Fig. 10C). 

 Leakage 2: No friction material. Thickness of the lower clay layer is less than 0.2 
m. Distance between the top of the upper clay and till is greater than 0.6 m. 
The water is transported vertically through the upper clay and horizontally 
through the till to the friction layer (Fig. 10D).  

 Leakage 3: Friction material. Thickness of the upper clay is greater than 0.2 m. 
Water is transported through the upper clay layer to the friction layer (Fig. 
10E).  

 

                 
  

   
   

  
  (16) 

Where  

K’ - the hydraulic conductivity of the clay  [m/s] 

b’ - the thickness of the clay   [m] 

x, y - the cell sizes    [m²] 

T - the transmissivity   [m²/s] 

The leakage factor is multiplied with the drawdown ha (Eq. 13) to set the new 
groundwater level:  

                                       (  
  

   
   

  
)           (17) 

The deterministic model outcome is a jagged groundwater surface since the 
groundwater recharge is calculated for separate cells. The dependence between 
cells is only considered in the iterative model. To simulate a more natural, 
smooth, groundwater level the model therefore estimates an average value for 
each cell to smooth peaks and outliers (Fig. 11). 
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Fig. 11. Groundwater level from the deterministic model (dashed blue 
line) and from deterministic model using average values in the final step 
of the estimation (red line). Profile straight through the tunnel, north 
south direction. 

2.2. Probabilistic groundwater model 

The probabilistic model is based on the deterministic model but uses 
parameters with stochastic values instead of set numbers. To be able to analyze 
uncertainties and risks, estimations of parameter influence and model error are 
performed in a Monte Carlo simulation, using the Excel plug-in Crystal Ball. In 
Crystal Ball the parameters are allowed to be assigned with different 
distributions instead of constant numbers. The groundwater model uses normal 
and log-normal distributions where each parameter has a mean value, a 
standard deviation and a type of distribution assigned to it. Input data for each 
parameter is presented in the parameter study (chapter 2.4, Table 3). The model 
is set to run 2 500 times during one simulation in Crystal Ball. At this amount 
of runs, the erratic parameter influence is reduced and the model has reached 
stable results. Each parameter is given 2 500 values, randomly picked from its 
assigned distribution during one model simulation. When the simulation is 
done, the model extracts parameter sensitivity data, the 50th and 90th percentiles 
and standard deviation. The sensitivity data is used to make a sensitivity analysis 
while the percentiles and standard deviation are used in a risk analysis. 

2.2.1. Sensitivity analysis 

The sensitivity analysis is a spatial presentation of the parameters with the most 
influence on the model results. While the model simulation is running, Crystal 
Ball uses rank correlation coefficients between parameters and their forecasts to 
calculate the sensitivity. After the simulation, each parameter in each cell in the 
spread sheet is associated with values between -1 and 1 for all parameters. The 
parameter with the largest absolute value has the largest influence in that cell 
and it will be shown as the most influencing parameter in that location. 
Knowledge about which parameter that affects the model result the most can 
be of interest for further investigations of the land area in risk off groundwater 
drawdown and settlements. 

2.2.2. Risk analysis 

The risk analysis is done by studying standard deviation and percentiles of the 
model results. As the project management decides what the acceptable risk 
levels for standard deviation and groundwater drawdown are, the area where 
these acceptable levels are fulfilled can be detected. The acceptable risks are an 
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evaluation of how much groundwater drawdown or settlement that the project 
can take. For the study area, the acceptable risk level of standard deviation is set 
to an example of 0.4 m. Settlement from 50 mm can have a damaging impact 
on buildings on isolated foundations on clay (Lancellotta, 1995). The acceptable 
risk level for groundwater drawdown at the study site is therefore set to 1.4 m, 
a value corresponding to the differential settlement of 50 mm. This relation 
between 1.4 m and 50 mm settlements is valid only for the geological 
conditions at the study site, together with assumptions made in the models. 
Percentiles of the groundwater model results shows how likely it is to have a 
specific drawdown at a specific location. By looking at the 50th and 95th 
percentiles of drawdown, it is possible to compare how different risk levels 
affect the size of the area fulfilling them. A drawdown of 1.4 m will claim a 
larger area if using the more secure 95th percentile prior to the 50th percentile. A 
large area may include less risk taking, but at the same time it increases the land 
holdings for the project. This economical aspect may be critical in the project 
decision process. 

2.3. Boundary condition 

The boundary condition for the groundwater model is formed by assigning 
conditions to the outer frame of cells in the Excel sheets. There are three 
different types of conditions used in the model; constant head, no flow and 
flow.  The constant head condition is used when there is a fixed inflow to the 
system. This condition can be used in models with large areas where the 
groundwater depression does not affect the outer limits of the model. The no 
flow condition is used along an impermeable boundary (e.g. compact rock) and 
the flow condition with a permeable boundary, where the groundwater level is 
not fixed. Depending on the size of the modeled area and the discharge of 
groundwater, the choice of boundary condition can have a great influence on 
the result. The groundwater model uses the simple boundary condition of 
constant head to try the concept of the model. The boundaries are formed by 
setting the boarders of the new groundwater level after drainage equal to the 
initial levels. 

2.4. Parameter study 

The mean annual precipitation in Motala is about 600 mm (SMHI, 2012). In 
southern and middle Sweden the mean annual evapotranspiration is around 
400 – 500 mm (Knutsson & Morfeldt, 2002), resulting in a mean annual net 
precipitation of 100 – 200 mm. Precipitation over longer time period can be 
described with a normal distribution. The model uses a standard deviation set 
to 60 mm (Table 3). 

Even if this is not a rule, hydraulic conductivity has been shown to have log-
normal distribution in many studies (Domenico & Schwartz, 1997). Due to this, 
the parameters of hydraulic conductivity in the groundwater model have log-
normal distributions. One condition for this distribution is that the parameter 
can never have a value below zero (Bengtsson, 1996), which is suitable since the 
hydraulic conductivity must be above zero. It also agrees with the values of till, 
sand and clay used in the model, which are all greater than zero (Table 3). 
Hydraulic conductivity for till, Ktill, is set to match a mean value of sandy till 
(Table 1), Ksand to match mean value of fine sand (Table 2) and Kclay to match 
mean value of silty clay, a value slightly higher than hydraulic conductivity of 
clay (Table 2). As the parameters are used in the probabilistic model, they are 
assigned with a standard deviation as well. 
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2.5. Verification of the groundwater model 

 

The groundwater model cannot be verified against measured values since the 
tunnel is replaced by a bridge. A comparison is instead done by looking at the 
connection between the groundwater drawdown and the geology. This is 
interpreted by looking at a drawdown/distance relation of the groundwater 
model results and the geology of the study area (Fig. 12). Areas with horizontal, 
homogenous soil layers have a drawdown/distance relation indicated by a 
straight line as the drawdown decreases with the distance. In the south 
direction from the tunnel, the type of groundwater recharge is the same in all 
cells along the profile chosen to represent the south direction. This indicates a 
uniform drawdown and an almost linear relation which is confirmed in the 
figure. In both east and west the elevation is rising, but the drawdown is at the 
same time described in two separate ways in the figure. This is due to the 
geology dependent groundwater recharge. Towards west, direct recharge from 
precipitation is the main source while both precipitation and leakage effects at 
east. The groundwater level does not follow the topography at the hills in east 
and west, this would have been reflected in the figure. In north direction from 
the tunnel, the groundwater recharge is dependent as well on both precipitation 
and leakage through clay. The peak at a distance of about 200 m illustrates a 
change in type of recharge caused by a section of approximately 100 m with no 
upper clay layer.  

 

Table 3. Parameter properties. 

Parameter Unit  Mean value Standard 
deviation 

Distribution 

Hydraulic conductivity, Sand m/s Ksand 0,000045 0,0001 Log-normal 

Hydraulic conductivity, Clay m/s Kclay 0,0000001 0,000001 Log-normal 

Hydraulic conductivity, Till m/s Ktill 0,000004 0,000008 Log-normal 

Precipitation mm/y P 100 60 Normal 

Fig. 12. The relation of distance and drawdown with distance on a log 
scale. 
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The probabilistic groundwater model is run both 500, 2000 and 2500 times. A 
simulation of 2500 times gives a more distinct difference in parameter values 
than 500 times but no big distinctions from 2000. Mean values in the results 
have a small difference, less than a centesimal, while values of the 95th 
percentile from 500 and 2500 runs differ with a tenth. Given the more exact 
division of parameter values, the 2500 runs simulation is assumed to be a 
sufficient number of runs.  

2.6. Integrated model – soil, groundwater and settlements 

The integrated model is created by combining the deterministic soil, 
groundwater and settlement models into one Excel workbook. Links and 
dependencies between cells and sheets are enabled, creating one model out of 
the three. Output from the soil model, consisting of soil profile data, is used as 
input in the groundwater drawdown estimations. The groundwater lowering, 
together with soil data, is then used to calculate the settlements in the study site 
(Fig. 8).  

As the probabilistic calculations are introduced into the deterministic integrated 
model, the parameters and risks from all three separate models can be 
estimated and compared. A Monte Carlo simulation is used to perform the 
probabilistic calculations. The integrated model has a cell size resolution of 30 x 
30 m and runs 500 times during one simulation. The increase in cell size and 
decrease in number of runs, compared to the groundwater model, is due to the 
high amount of assumptions to be calculated in each Monte Carlo run. The 
number of assumptions is multiplied compared to the three former separate 
models. 

The risk analysis of the integrated model is set to have acceptable risk levels of 
20 mm standard deviation and 50 mm settlement. A sensitivity analysis shows 
the geographical dependencies of the parameters on the settlement. 

 
Fig. 13. A) Sample of the investigation points in red dots, B) groundwater 
pipes in blue crosses. The tunnel 1199 is marked by a blue circle. 
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2.6.1. Soil model 

The soil and groundwater data from 120 investigations points at interchange 
Storgatan is interpolated by Pan (2012). The data represents the elevation levels 
of different soil types and also a number of contributing groundwater levels. 
Investigations points are generally gathered around the interchange (Fig. 13) 
and are interpolated by kriging to cover the whole area of interest. Kriging is an 
interpolation method based on a semivariogram, which regulates how much 
influence the data samples will have on the area. Kriging also produce an 
estimation of the interpolation error. This can be presented in a map, showing 
its spatial distribution (Eklund & Harrie, 2008). The study area covers 580 x 
680 m and has an interpolated geology represented by till, sand and clay. The 
elevation data used in the soil model includes six soil layers and the 
groundwater level: 

 Ground surface level 

 Top of upper clay layer 

 Bottom of upper clay layer 

 Top of lower clay layer 

 Bottom of lower clay layer 

 Till level 

 Groundwater level 

The uncertainties of the models derive from both the conceptualization of the 
model and the uncertainties in the input data. The soil model is made both as a 
deterministic and a probabilistic model to match the needs of the integrated 
model. The probabilistic model calculates the uncertainty of each layer 
elevation by using Monte Carlo simulation. This uncertainty has large impact on 
the groundwater model and the settlement model. 

2.6.2. Settlement model 

The settlement model by Hashemi (2013) estimates ground subsidence due to 
the interpolated soil profile and the groundwater drawdown. The model is 
constructed as a deterministic and a probabilistic model, with the same Monte 
Carlo technic as the soil model and the groundwater model where the model 
uses distributions for parameter values in the probabilistic model. In the 
settlement model the main parameters are:  

 Effective stress  

 Preconsolidation stress  

 Soil modulus 

 Excess pore pressure  

Soil layer data gives the thickness of the clay layers used in stress estimations 
and the groundwater lowering estimates the excess pore pressure. Settlement 
calculations are made for the first and the second clay layers separately. The 
total settlement is found as the sum of these two.  

3. RESULTS  

The results are presented for both the groundwater model and the integrated 
model. The main objective of the project was to construct a model for 
estimating groundwater drawdown and to integrate it with a soil model and a 
settlement model. The results from the integrated model are produced together 
with Pan and Hashemi in 2012. 
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Fig. 14. Shape of the estimated groundwater level. The colors are used to 
clarify the shape, not as elevation markers. 

3.1. Results from groundwater model 

The deterministic groundwater model is able to estimate the new groundwater 
level, with respect to initial groundwater head and groundwater recharge. The 
estimated groundwater level forms a cone shaped drawdown around the tunnel 
drainage with a surface depending on the initial groundwater elevation (Fig. 14). 
A horizontal line at the tip of the cone marks the location of the tunnel where 
the groundwater level is constant. 

The probabilistic model results are presented in a sensitivity and risk analysis. 
Parameter influence on the model can be interpreted both by looking at the 
influence from each parameter (Fig. 15) or at the sensitivity analysis, showing 
the most influencing parameter at a specific site (Fig. 16). The hydraulic 
conductivity of clay and till are the predominating parameters in the results of 
the groundwater drawdown in the study area. The risk analysis compares 
standard deviation and percentiles of the groundwater drawdown. The 50th and 
95th percentiles illustrate how a lower risk of groundwater decrease requires 
larger landholdings; the 95th percentile has a larger area than the 50th percentile 
(Fig. 17). The standard deviation of groundwater drawdown in the model 
results is highest just north of the tunnel. Right above the tunnel the 
groundwater level is constant, creating a passage of low standard deviation 
(Fig. 18). The risk analysis uses the comparison of acceptable risk levels of 
0.4 m standard deviation and 1.4 m of the 95th percentile for groundwater 
drawdown (Fig. 19). Together, the sensitivity and risk analysis display the most 
influencing parameters within the zone of acceptable risk levels (Fig. 20). 
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Fig. 15. Spatially presented sensitivity data for the parameters of the 
groundwater model in the range of 0-1. Dark red equals areas of great 
importance, white have no importance. A) Hydraulic conductivity for 
clay, B) Hydraulic conductivity for sand, C) Mean annual net 
precipitation, D) Hydraulic conductivity for till. 
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Fig. 16. Sensitivity map displaying the spatial distribution of the most 
influencing parameter in each cell. Black crosses – Annual precipitation, 
Lila squares – Hydraulic conductivity Clay, Red squares – Hydraulic 
conductivity Sand, Green circles - Hydraulic conductivity Till. 
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Fig. 17. Comparison between 50th (red lines) and 95th (black lines) 
percentiles of groundwater drawdown in meters. The deepest drawdown 
is mainely located around the tunnel 1199. Red – largest drawdown, white 
– zero drawdown. 
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Fig. 18. Standard deviation of the groundwater drawdown in meters. Red – 
largest drawdown, white – zero drawdown. 
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Fig. 19. The risk analysis of a standard deviation of 0.4 m (red line) and 
1.4 m of the 95th percentile (black dashed line). Buildings outside of 
these acceptable risk levels are filled with blue color. 
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Fig. 20. Risk analysis and sensitivity analysis presents together the most 
influencing parameters within the area of unaccaptable risk levels. Black 
crosses – Annual precipitation, Lila squares – Hydraulic conductivity 
Clay, Red squares – Hydraulic conductivity Sand, Green circles - 
Hydraulic conductivity Till. 
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3.2. Results from integrated model 

The deterministic integrated model of groundwater and settlement estimations 
is constructed in a successful way. Both the soil model, groundwater model and 
settlement model have influence on the results. 

After running the probabilistic integrated model one simulation of 500 runs, the 
parameter sensitivity, 95th percentiles and standard deviation are produced. The 
influence of the groundwater model parameters is largest from the hydraulic 
conductivity of clay with values of 0.32 on the scale 0-1 (Fig. 21).  

 
Fig. 21. The influence of the groundwater model parameters on the integrated model. A) 
Hydraulic conductivity for clay, B) Hydraulic conductivity for sand, C) Hydraulic 
conductivity for till, D) Mean annual net precipitation. 



Risk management of groundwater drawdown in settlement sensitive areas 

 

27 

 

 
Fig. 22. Sensitivity analysis showing the most influencing parameters in 
each cell of the integrated model results. The highest influence comes 
from the soil model with the elevation of soil layers and from the 
settlement model, with over consolidation rate (OCR). Pink circles – 
Annual precipitation, green cicles – Top part of upper clay, blue squares 
– Under part of upper clay, red squares – Under part of second clay, lila 
symbol – OCR1, green cross – OCR2, lila star – Modulus of upper clay. 
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Fig. 23. Left: Standard deviation with the critical limit of 20 mm marked 
with a black line. White – no standard deviation, dark blue – highest 
standard deviation. Right: The 95th percentile with the critical limit of 
50 mm, marked with a black line. White – no settlement, dark blue – 
large settlement. 

 

Overall, the groundwater parameters do not have significant impact on the 
ground subsidence compared to the parameters from the settlement model and 
the soil model. This is clear when looking at the sensitivity analysis where only 
the mean annual net precipitation is visible in the top left corner (Fig. 22).  

The risk analysis uses acceptable risk levels of 20 mm standard deviation and 50 
mm settlement at 95th percentile, spatially illustrated in areas answering to these 
criteria (Fig. 23). These maps are used together in a risk analysis where 
buildings in the risk zone are highlighted (Fig. 24). The risk analysis is then 
joined with a sensitivity analysis, displaying the most important parameters 
inside the risk zone along with its risk objects (Fig. 25). 
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Fig. 24. The critical limits of 20 mm standard deviation (black line) and 
50 mm settlement of 95th percentile (red line) are compared in the 
figure. Buildings within the risk zone where these two areas coincide 
are filled with blue color. 
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Fig. 25. The risk and sensitivity analysis put together, providing a map of 
the most influencing parameters in each cell within the area of 20 mm 
standard deviation and the 95th percentile of 50 mm settlement. Pink 
circles – Annual precipitation, green cicles – Top part of upper clay, blue 
squares – Under part of upper clay, red squares – Under part of second 
clay, lila symbol – OCR1, green cross – OCR2, lila star – Modulus of 
upper clay. 
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4. DISCUSSION  

This chapter discusses the results of the groundwater model and the integrated 
model, with focus on the groundwater model. Methods and verifications are 
attended to for valuation of the models. 

4.1. Groundwater model 

4.1.1. Results 

The shape of the modeled groundwater drawdown (Fig. 14) is highly dependent 
on the shape of the initial groundwater surface. In this model, the groundwater 
surface is interpolated from 12 measure points alone, most located north of 
tunnel 1199. This small amount of data points leaves the estimated 
groundwater drawdown to be highly affected by the iterative method with 
constant values along the model boarder, while not having sufficient or well 
distributed measured values to relate to. South of the tunnel, this lack of 
measured data results in a smooth, even groundwater surface towards the 
model boundary. In this area, the geology is rather uniform and the estimation 
of a smooth groundwater surface south of the tunnel could be compatible with 
the geologic conditions. 

The plotted sensitivity analysis of the four different parameters (Fig. 15) gives a 
good understanding on where each parameter has its largest influence. When 
looking at the geology of the study area and the conditions for groundwater 
recharge, it is clear that the influence magnitude of the parameters highly 
depend on the type of groundwater recharge used in that cell. By changing the 
conditions for the different recharge types, e.g. settings of allowed layer 
thicknesses, the magnitude of parameter influence will change. Knowledge of 
these conditions is necessary when discussing model results.  

The sensitivity map (Fig. 16) is a good tool for illustrating the general situation 
of parameter influence. Even though the sensitivity map gives a clear view of 
the most important parameters, it can also be misleading if there are more 
parameters with about the same influence. Since it is only the most influencing 
parameter showing in the sensitivity map, other parameters will not be 
represented. It can be necessary to go back and compare the separate parameter 
studies in figure 15 not to miss a parameter of importance. Among the 
groundwater drawdown parameters, the hydraulic conductivity of till and clay 
have the greatest influence which corresponds to the use of the geology 
dependent groundwater recharge. Due to the geological stratigraphy of the 
study area, the recharge is mainly found as leakage through a clay layer towards 
the friction layers, or as water transported in the till to the layers of friction 
material. 

The standard deviation of the drawdown (Fig. 18) displays a maximum of 
deviation just north of the tunnel. This is an area with a large change of 
groundwater level and therefore a larger risk of estimation errors. Above the 
tunnel, the error is much smaller. This is due to the constant groundwater level 
at the tunnel 1199. The further away from the tunnel, the lesser the influence is 
of the drainage drawdown and therefore also the standard deviation. 

In the groundwater model the difference between 50th, 90th and 95th percentiles 
is not as distinct as in the integrated model. The choice of comparing the 50th 
and 95th percentile (Fig. 17) is mainly to show the difference of impact area. In 
a less illustrating example it would have been more realistic to show the 
difference of the 90th and 95th percentiles since an uncertainty of 50 % is not 
usable. 
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When comparing the standard deviation and 95th percentile of 1.4 m drawdown 
in the risk analysis (Fig. 19), a distinct map shows the area where the risk levels 
are too high. By putting the risk analysis and the sensitivity analysis together as 
in figure 20 the map make a good tool in the decision process. It is helpful in 
that way that it is clear what parameters should be looked upon more closely, 
and where to put the extra efforts. 

4.1.2. Method  

The groundwater model has five alternatives of groundwater recharge that are 
to cover the whole study area. To divide the geological conditions and recharge 
patterns into five main types creates a generalization, but is necessary when 
constructing the deterministic model. This goes for the classification of soil 
type as well where the generality makes the hydrogeological situation much less 
complex and more manageable. Handling a complex data input would probably 
not gain any benefit to the model estimations since the model itself is not using 
that level of advanced calculations. 

The conditions of where to use the different groundwater recharge types is 
another example of generalizations that affect the model. Naturally, the 
recharge terms in nature are more complex and not simply divided into five 
types. This model handles the sometimes sharp edges in the estimated 
groundwater level by using a mean value. It may be better if the model itself 
could take more respect to how the geology varies over the surface instead of 
just using the information that each cell holds. With a more developed method 
for groundwater recharge, the model should also be compatible with more 
informative soil data. The subdivision into three soil types would then be 
unnecessary. 

The groundwater model is based on an assumption that a constant head is valid 
as a boundary condition. It is possible that the study area is too small for this 
boundary type, and that using a flow over the border would give more proper 
results. 

Settings of the parameters have impact on the model outcome. Which 
parameters to be used and how they are used ought to be discussed before 
modeling. By adding more parameters to the present groundwater model it is 
not certain that it would make the results any better. With a more evolved 
model, additional parameters could contribute to the results. An example of a 
parameter to add could be an infiltration factor, which is the relation between 
infiltrated water and precipitation. 

4.1.3. Limitations 

The quality of the groundwater model results depend on the input data and the 
construction of the model. Since the model itself does not interpolate 
measuring data points, it is limited by other models to spatially interpret the soil 
profile. Dividing the soil profile in three soil types is a rough estimation, 
limiting the continuous work. It permits a simple model, but decreases the 
possibility of more exact results.  

Software is another restriction. Excel was used to enable the merging of the 
three models and to make it possible to use stochastic variables. Crystal Ball 
made the Monte Carlo analysis manageable, but at the same time it demanded 
much of the computer performance. During this project, only one computer 
had enough computer capacity to run the integrated model. 
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4.1.4. Model verification 

A match of the groundwater model and the MLU model was not possible since 
the MLU model is based on assumptions of horizontal, homogeneous, 
isotropic layers with infinite extent, which is not the case with the groundwater 
model. The comparison of the drawdown/distance relation and geology shows 
a good correlation between the model results and the input data of geology and 
groundwater. Since there are no measured drawdown values from Motala, due 
to the construction of the bridge instead of tunnel 1199, the groundwater 
lowering will not be compared to any actual values and the magnitude of the 
drawdown will not be verified.  

The model showed stabilization of the parameter sensitivity at 2500 runs in the 
probabilistic model, an indicator on that one simulation of 2500 runs is enough 
to ensure that the sensitivity studies are correct. 

4.2. Integrated model 

The parameter studies (Fig. 21) shows that the groundwater parameters have a 
low influence on the final settlement results, with magnitudes just reaching one 
third compared to parameters of soil and settlement models. This reveals the 
fact that there may be other parameters from the soil model or settlement 
model with greater influence, which is confirmed in the sensitivity analysis 
(Fig. 22). The over consolidation rate (OCR) and the elevation of the second 
clay are the most influencing parameters to the integrated model. Parameters 
that are used in more than one of the three models have larger impact on the 
integrated model than others. One example of this is the elevation of soil layer, 
which is used to estimate both groundwater drawdown and soil subsidence.  

Figure 23 shows the extent of the standard deviation of 20 mm and 95th 
percentile of 50 mm settlements, which are put together in figure 24. Similar to 
the groundwater model, this risk analysis clearly illustrates the risk zone of the 
chosen acceptable risk levels. By merging the sensitivity and risk analysis (Fig. 
25), the risk area and belonging risk factors are presented. This map can be a 
useful tool when introducing the results to stakeholders, as well as explaining 
the causes of the risk. 

If the final settlement could be presented with different risk scenarios coupled 
with corresponding costs of e.g. landholdings, this could be used when trying to 
sell the project or in displaying the differences for the project costumers. 

4.2.1. Methods 

As the integrated model derives from three models, the collaboration between 
the members of the developing project was really important. In the beginning 
of the project a lot of time was used on trial and error of each separate model. 
Since the models depend on the results from one another, the way of making 
three separate models simultaneously was at some points rather time 
consuming. The model would probably gain on not being a merge of three 
separate models, but instead created as one model from the start. 

Compared to the groundwater model, the integrated model only has 500 runs 
in one Monte Carlo simulation, instead of 2500. A higher amount of runs 
would be preferable, but due to the large number of assumptions to be 
calculated, 500 is the maximum number of runs that the model could do with 
available computer capacity. 

4.2.2. Limitations 

The dependencies between the different models during the project have been a 
hindrance which could not be ignored. Not only that the progress of the other 
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models set the rate of modeling, but also that the quality of one model result 
has direct influence of the other results. 

The model would benefit from additional data with a uniform distribution, 
both geological information as well as groundwater. This is one of the most 
inflicting parameters on the settlement results and should have a better quality. 

As in the groundwater model, the software creates a limitation. The integrated 
model demands more computer capacity for a Monte Carlo simulation of more 
runs and the use of Excel creates a need of keeping the model simple. 

4.2.3. Model verification 

The results of the final settlement estimation agrees to soil subsidence 
calculated using GeoSuite, a tool used in geotechnical calculations. The 
advantages with the integrated model against the traditional models for 
calculating subsidence are the possibility to evaluate the uncertainty of the 
subsidence and the chance of adding an economical aspect to the model. 

5. CONCLUSIONS  

5.1. Groundwater model 

The aim of constructing a deterministic and a probabilistic groundwater model 
that is compatible with the soil model and the settlement model is realized. The 
model is assumed to represent the general groundwater lowering in the study 
area. Using the risk analysis as a combination of the standard deviation and 
percentiles of the groundwater drawdown, together with the parameter 
sensitivity analysis shows a good way of presenting the uncertainty of the model 
results.  

5.1.1. Comments 

 The present model is only valid for areas with the three soil types of till, clay 
and sand.  

 Parameter settings for the deterministic and probabilistic models are easily 
changed. 

 The model is dependent on the quality of the input soil and groundwater data. 

5.1.2. Future studies  

The groundwater drawdown model can be developed so that it better simulates 
the groundwater recharge with more respect to the geological conditions. With 
an increased consideration to geology, improvements could also be done to the 
spatial conditions of the model. Better results may be had if the model 
functions as a regional workspace, instead of treating the drawdown in separate 
cells. Adding an economical aspect to the uncertainty analysis would make it 
possible to valuate and compare risks. It should raise the use and attractiveness 
of the model.  

5.2. Integrated model 

The integrated model describes an effective method for calculating settlements 
estimations when putting together the three separate models. The resulting 
ground subsidence is of acceptable size and is assumed to give a general idea of 
the situation in the study area. As a combination of three models, the results are 
dependent on the quality of the separate models. The model estimates 
uncertainties of the settlement calculations in a sensitivity analysis and a risk 
analysis which are presented in maps. 
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5.2.1. Comments 

 The integrated model has sources of errors in all three models, and the way 
they act together. 

 A collaboration as in this project requires good team work and knowledge in 
various areas. 

5.2.2.  Future studies 

To further increase the model quality, development of the soil, groundwater 
and settlement models are to be done. A closer cooperation between the 
models and modelers is crucial to the amount of work and quality of the model. 
A more powerful software would also be necessary to evolve the model and 
make the results more accurate. 

The use of the model would increase with an economical aspect added to it. If a 
cost analysis could be integrated to the model, it would be of great help for the 
project management. The possibility of comparing risks and the cost of 
decreasing these risks  would likely prove to be both cost and time efficient. 
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