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SUMMARY  IN  SWEDISH 

Vatten är en livsviktig resurs, och anses vara grunden för en hållbar utveckling. På grund av 
befolkningsökning, potentiella klimatförändringar och nuvarande konsumtionstrender har 
vattenbrist blivit ett globalt fenomen. Den globala vattenförbrukningen har ökat i hushåll, 
industri och jordbruk. Som ett resultat av detta har trycket på vattenresurserna varit enormt, 
vilket utlöser spänningar och konflikter bland användarna och ökar trycket på miljön. Därför 
finns det ett behov av att utveckla hållbara lösningar för hantering av vattentillgångarna och det 
finns ett växande behov av att spara och lagra vatten, till exempel regnvatten. RWH (Rainwater 
harvesting) är en metod att ackumulera, samla och lagra regnvatten. System för lagring av vatten 
genom RWH kan utvecklas på markytan samt i marken genom att öka grundvattenbildningen 
och lagringskapaciteten genom tekniska system. Naturlig lagring av grundvatten kan förbättras 
genom att konstruera en barriär i marken med syfte att stoppa grundvattenflöden och höja 
grundvattennivån i sedimentlagren. Underjordiska dammar är att föredra framför ytliga dammar 
på grund av lägre avdunstning, högre funktionalitet, lägre kostnader för konstruktion, minskad 
risk för förorening och möjlighet att nyttja marken över dammen. Underjordiska dammar utgör 
därför en effektiv metod för en hållbar utveckling och förvaltning av grundvattenresurserna.  

Syftet med detta forskningsprojekt har varit att utveckla och testa metoder för bedömning och 
placering av underjordiska dammar som en del av hushållningen av vattenresurserna. Från 
tidigare erfarenheter kan det fastställas att lämplig lokalisering av underjordiska dammar spelar en 
viktig roll i den totala framgången för dessa dammar. För att lokalisera lämpliga platser har två 
tillvägagångssätt testats i) Boolesk samt ii) Rumslig multikriterieanalys (SMCA). Vid det Booleska 
tillvägagångssättet användes topografiska, geologiska och markanvändningsdata i ett geografiskt 
informationssystem (GIS) över ett område, Kalvsvik, i Stockholms skärgård. Resultatet 
kompletterades med en grundvattenbalansmodell och ett topografiskt fuktighetsindex (TWI). 
Den rumsliga multikriterieanalysen (SMCA) tillämpades på ett område med varierande geologiska 
och hydrologiska förhållanden i norra Pakistan utifrån faktorer som topografi, geologi, 
markanvändning, jordmäktighet och TWI. Två skilda tekniker för viktning av variablerna testades 
och jämfördes; en analytisk-hierarkisk process (AHP) samt en faktorinteraktionsmetod (FIM). 
För att bedöma känsligheten för varje faktor användes en teknik med faktorborttagning. 

Akvifärens mäktighet är en viktig faktor vid planering och konstruktion av underjordiska dammar 
och uppgifter om jordlagrens mäktighet är ofta inte tillgänglig vid mer generella undersökningar. 
Därför har en förenklad jordlagermodell (SRM) utvecklats för att uppskatta det lösa jordtäckets 
mäktighet i glacialformad terräng med hög frekvens av hällmark. Modellen baserades på en digital 
höjdmodell (DEM) och en optimerad sökalgoritm för hällmark. För att analysera dynamiken i 
grundvattenströmningen i 3D vid en grundvattendamm, utvecklades en generell 
grundvattenmodell som testades på en befintlig grundvattendamm i Lillsved i Stockholms 
skärgård. Den kompletterades också med en grundvattenbalansmodell.  

Forskningsprojektet visade att de metoder som utvecklades och användes för att lokalisera 
lämpliga platser för byggande av underjordiska dammar i Sverige och Pakistan är lovande men 
bör vidare testas i områden med skilda hydrologiska och geologiska förhållanden. Ett Booleskt 
tillvägagångssätt är en enkel metod som kan användas under den tidiga planeringsfasen för att 
lokalisera lämpliga platser för byggande av underjordiska dammar. SMCA möjliggjorde 
integration av kunskaper för beslutsfattande, där vikterna hade en mer betydande inverkan på 
resultatet än valet av viktningsmetod. AHP var den mest robusta modellen för att tilldela vikter i 
denna studie. Metoden med faktorborttagning visade att modelleringsresultaten var minst 
känsliga för förändringar i jordmäktighet och mest känsliga för marktäcke vid lokalisering och 
byggande av underjordiska dammar. SRM visade rimliga resultat för jordmäktighetsbestämningar 
och skulle kunna användas på ett tidigt stadium i byggprojekt inför detaljerade fältundersökningar 
i områden där borrhålsdata för jorddjup inte finns tillgängligt. Grundvattenmodelleringen i 
Lillsved användes för att testa hållbarheten av några olika grundvattenuttagsscenarier. Vidare 
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kunde modelleringen användas för att välja lämpliga platser för lokalisering av 
grundvattendammar för att maximera lagringsmöjligheterna för grundvatten uppströms dammen.  

Forskningsprojektet har också visat att underjordiska dammar kan på ett hållbart sätt användas 
för att minska vattenförsörjningsproblem i kustområden i Sverige. Dessutom kan underjordiska 
dammar spela en viktig roll i områden där saltvatteninträngning i brunnar och uppträngning av 
fossilt saltvatten kan förekomma. I torra klimatområden, bland annat i Pakistan, kan metoder 
såsom SMCA göra planeringssteget mer robust innan själva byggandet av dammar. De metoder 
och resultat som presenteras i avhandlingen kan betraktas som ett inledande vetenskapligt bidrag 
för bättre planering och byggande av underjordiska dammar. 
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ABSTRACT 

Natural groundwater storage can be improved by constructing a subsurface barrier that is a 
subsurface dam, in order to capture the subsurface flows and raise the groundwater levels 
(GWLs) in the sediment layers. Subsurface dams are preferable to surface dams because of lower 
evaporation, higher functionality, lower cost of construction, lessened risk for contamination and 
the possibility of utilizing land over the dam. Therefore subsurface dams constitute an affordable 
and effective method for the sustainable development and management of groundwater 
resources. The aim of this research project was to develop and test methods for the assessment 
and location of subsurface dams in water resources management. From previous experiences it 
has been established that locating suitable sites for construction of subsurface dams plays an 
important role in the overall success of these dams. Therefore, in order to locate suitable sites, 
two approaches were followed. The first was the Boolean approach using topographical, 
geological and landcover data in a geographic information system (GIS) environment for a 
previously glaciated terrain near Stockholm. The results of the Boolean approach were 
complemented by a groundwater balance model and a topographic wetness index (TWI). The 
second approach involved spatial multi-criteria analysis (SMCA) applied to a region with different 
geological and hydrological conditions. SMCA was applied in Northern Pakistan using factors 
such as topography, geology, landcover, soil thickness and TWI. Two weighting techniques, the 
analytic hierarchy process (AHP) and the factor interaction method (FIM), were employed and 
compared. The Factor removal technique was employed to assess the sensitivity of the model for 
each factor. Aquifer thickness is an important factor while planning subsurface dams and data 
regarding the soil thickness is often not available at larger scale. Therefore a simplified regolith 
model (SRM) was developed for estimating the regolith thickness in previously glaciated terrain 
with a high frequency of rock outcrops, based on a digital elevation model (DEM) and an 
optimized outcrop search algorithm. In order to analyse the dynamics of the groundwater flow, a 
transient 3D groundwater flow model was developed for a subsurface dam. Methods applied to 
locate suitable sites for the construction of subsurface dams showed some promising results and 
need to be applied and tested in areas with different hydrological and geological conditions. The 
Boolean approach is a simple method that could be used during early planning stages for locating 
suitable sites for the construction of subsurface dams. The SMCA framework enabled the 
integration of knowledge for decision making, where the weights had a more significant influence 
on the results than the choice of the weighting method. AHP was considered to be the more 
robust model for assigning weights in this study. The factor removal technique showed that the 
modeling results were least sensitive to soil depth and most sensitive to land cover for the 
construction of subsurface dams. SRM showed reasonable results and could be used in 
engineering projects prior to detailed field investigations in formally glaciated terrain when 
borehole data is not available. The groundwater flow modelling results helped to develop some 
sustainable pumping scenarios to demonstrate the benefits of the subsurface dam. Groundwater 
flow model results also facilitated the selection of a suitable site for placing a subsurface dam in 
order to maximize the groundwater storage upstream. It was concluded in this project that the 
subsurface dams could sustainably be used to mitigate the water supply issues in formerly 
glaciated humid terrain such as in Sweden and dry climatic areas such as in Pakistan. Moreover, 
subsurface dams can play an important role in water resources management in coastal areas of 
formerly glaciated terrain, where saltwater intrusion is a rising environmental issue. Also in dry 
climatic areas like in Pakistan, methods such as SMCA could make the planning step more robust 
before the actual construction of dams. The methods and findings presented in this thesis can be 
considered to be one tentative step of scientific contribution for better analysis, assessment and 
the location of subsurface dams.  

Key words: Subsurface dams; Groundwater; GIS; Regolith thickness; Groundwater 
modeling, Rainwater harvesting, Water supply.
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1. INTRODUCTION  

Water is an essential resource for life, and is 
considered the core of sustainable 
development (UN Water, 2015). However, 
due to population increase, potential climate 
change and current consumption trends, 
water scarcity has become a global 
phenomenon. Global water consumption 
has been increasing in domestic, industrial 
and agricultural sectors (Danilenko et al., 
2010). As a result, the pressure on water 
resources has been enormous, triggering 
tensions and conflicts among the users and 
increasing the pressure on the environment 
(UN Water, 2015). 

The United Nations, through its millennium 
development goals and sustainable 
development goals has emphasized global 
and regional cooperation to identify water 
issues and solve them collectively (UN 
Water, 2015). Sustainable water resource 
management leads to better economic 
development and helps in poverty alleviation 
(UN Water, 2015). Global economies are 
directly related to rainfall variability, and 
water storage capacity leads to better 
economic growth (Shiklomanov, 1999). 
Agriculture accounts for a major portion of 
global water withdrawal, which suggests that 
the water scarcity may also contribute to 
food shortage issues, especially in dry 
climate (Shiklomanov, 1999). In many 
developing countries with a dry climate, 
rainfall is highly erratic or seasonal, so that 
supplying water is a major challenge 
(Nilsson, 1988). In such circumstances, 
water needs to be stored in rainy season in 
order to meet demands in dry periods. Since 
surface water reservoirs are not feasible due 
to issues attributed to sedimentation and 
evaporation, groundwater is often the 
reliable source of water supply. But  towards 
the end of the dry season, groundwater 
aquifers are exhausted as well (Nilsson, 
1988). Therefore there is a need to develop 
sustainable solutions for water resources 
management (Rockström and Falkenmark, 
2015). There is also an emerging need to 
conserve and store water, such as by 
rainwater harvesting (RWH) (Ngigi, 2003). 
RWH is the process of accumulating, storing 

and collecting rainwater (Oweis et al., 2012). 
This is an ancient technology, used for 
collecting rainwater from different surfaces 
such as rooftops and land surfaces using 
simple mechanisms like natural and artificial 
reservoirs (Ali, 2010; Oweis et al., 2012). 
The collected rainwater can be utilized for 
domestic as well as for agricultural purposes. 
Since harvested 1 mm rain per m2 of area 
makes up for 1 litre of water, effective 
technical systems for RWH can provide 
considerable amount of water for domestic 
use. The RHW can be categorized in three 
forms (Oweis et al., 2012): 

 In situ RHW: collect the rainfall 
where it falls and create a 
mechanism for storing it in 
soil.  

 External water harvesting: 
collecting the runoff of the 
rainfall over some surface 
away from the catchment that 
receives the rainfall. 

 Domestic RWH:  collecting rain 
from roofs and yards. 

The first two types are used for the 
agricultural purposes and the third is used 
for domestic demands. Storage for RWH 
can be developed at the surface as well as 
the subsurface by increasing the 
groundwater recharge through technical 
systems (Helmreich and Horn, 2009; 
Rockström, 2000; WaterAid, 2011).   In both 
cases, runoff is directed to the storage place 
by constructing technical systems 
(Helmriech and Horn, 2009; Oweis et al., 
2012). On the surface, the storage of RWH 
could be in form of ponds, small lakes and 
tanks. Subsurface storage could take place in 
aquifers in form of groundwater dams 
(Helmriech and Horn, 2009). Foster et al., 
2012 emphasized “managed groundwater 
development” involving stakeholders for 
groundwater development and water supply 
security.  

A major portion of the world’s fresh water 
resides underground, stored within sediment 
pores and in rock fractures that makes up 
the earth’s crust, which has 30 times the 
volume of the world’s fresh surface water 
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(U.S. Geological Survey, 1999). About half 
of the world’s population lives within 200 
km of a coast line and this figure is 
increasing at a high rate (Creel, 2003; 
Olofsson, 2005). Coastal aquifers provide an 
important source of water supply all over 
the world. In coastal regions fresh 
groundwater occurs with saline groundwater 
separated by either a sharp interface or a 
transition zone. This separation could be 
displaced by abstraction or injection and 
involves a change in the storage of fresh and 
saline groundwater (Bear et al., 1999). 
Saltwater intrusion is a global problem 
which has become aggravated due to 
excessive pumping in coastal areas, rising sea 
levels and climate change (Abd-Elhamid and 
Javadi, 2008; Werner et al., 2013;). The salt 
water rises 40 m for every meter of 
depression in fresh water thus forming a 
cone of ascension (Bear et al., 1999). 

Natural groundwater storage in 
unconsolidated rocks can be improved by 
construction of groundwater dams. 
Groundwater dams are of two types i.e. 
subsurface dams and sand storage dams. A 
subsurface dam is constructed below ground 
level and blocks the water flow in the natural 
alluvial aquifers, thus raising groundwater 
levels (GWLs) upstream (Fig. 1a) (Nilsson, 
1988). These dams consist of a physical 
barrier constructed underground made with 
clay, plastic, concrete, bentonite and/ or 
grouting often 3–10 m deep, underlain by 
impermeable bedrock (Foster and Tuinhof, 
2004; Nilsson, 1988). Subsurface dams can 
also provide an extended period of recharge 
for underlying aquifers i.e. bedrock 
(Stevanović, 2015).  A sand storage dam on 
the other hand, is often constructed above 
ground and on the riverbed of a seasonal 
river, which impounds water in sediments 
accumulated by the dam itself (Fig. 1b). 
Reservoirs in groundwater dams are filled 
with rainwater either directly or indirectly, 
when the flood from upper parts of the 
catchment passes over the dam (Hut et al., 
2008). A major part of this flood passes over 
the dam and some part infiltrates the 
reservoir. A few hours of such a flash flood 

is considered to be sufficient to fill the 
reservoir (Hut et al., 2008). Sand storage 
dams store small amounts of water as 
opposed to the subsurface dams which are 
constructed on naturally existing aquifers 
and usually have better storage capacity 
(Nilsson, 1988). Because of little storage, 
sand storage dams are limited to drinking 
purposes only while subsurface dams are 
used for drinking, agriculture and very rarely 
for industrial purposes as well. A well sited 
and well designed subsurface dam can store 
up to 10 million m3 of groundwater (Ishida 
et al., 2006). Petersen (2010) argues that 
subsurface dams have had better success 
rates over the sand storage dams since many 
sand storage dams have failed because of 
changes in river courses, the tilting of dams 
during floods, and other physical 
phenomena. Subsurface dams are generally 
preferable over surface dams in arid regions 
because the evaporation losses from surface 
reservoirs are very high (Stevanović, 2001). 
Moreover there are other justifications for 
these dams such as their higher functionality, 
lower cost of construction, lessened risk for 
contamination and the possibility of utilizing 
land over the dam (Nilsson, 1988). In line 
with this, Baurne (1984) made a comparative 
study of surface water storage with 
groundwater storage and found the latter 
quite sustainable and economically feasible. 
In addition, such dams can prevent saltwater 
intrusion and can increase safe yields to a 
significant level in coastal areas (Anwar, 
1983; Sugio et al., 1987). Moreover, 
subsurface dams do not need sophisticated 
arrangements for maintenance, if any, and 
their functionality could be monitored 
through piezometers (Nilsson, 1988).  
The most suitable site for constructing 
subsurface dams would be a valley with 
gentle gradient, consisting of good aquifers 
(alluvial cover) which drain through a 
narrow passage between outcroppings 
(Nilsson, 1988). Therefore factors such as 
geology, topography, land cover, and 
potential recharge play an important role in 
the success of subsurface dams (Nilsson, 
1988). The crest of the dam is often kept  
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about 0.5–1 m below the ground surface, in 
order to allow excessive water flow over 
crest of the dam to recharge downstream 
areas (Nilsson, 1988).  
Subsurface dams have existed around the 
world for many years and proved to be quite 
sustainable with very few reported 
environmental impacts. Ishida et al. (2011) 
and Stevanović (2015) described such dams 
in various countries, including Japan, India, 
Ethiopia, Burkina-Faso, Kenya, South 
Korea, China, Brazil, USA, Iraq, Algeria and 
Somalia. They reported that after the dam 
construction, there was a remarkable 

improvement in groundwater storage which 
has led to better water supply and agriculture 
in the area. In order to develop groundwater 
resources for agriculture, the government of 
Japan has constructed the biggest subsurface 
dams in the world in Sunagawa and 
Fukuzato in Miyakojima Island in 1987 
(Ishida et al., 2003; Ishida et al., 2006). The 
storage capacity of two of the biggest dams 
approximates to 20 million m3, with 147 
installed tube wells which draw up to 
50,000 m3 of water per day. However 
construction of subsurface dams has also 
raised a concern in Miyako Island that the 

Sand storage 
dam

Saturated sand filter

Stream bed level

Ground level

GWT

GWT

GWT

Bedrock

Saturated 
Zone

Pump Tank
Subsurface Dam

Ground level

a

b

Fig. 1. A typical section of a) subsurface dam and b) sand storage dam. 
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dams might have contributed nitrate 
contamination to groundwater because of 
agricultural activities upstream (Ishida et al., 
2006).  

Stevanović (2015) stated that the subsurface 
dams could also be constructed inside or 
infront of hard rocks, especially in Karstic 
aquifers. This would increase the water level 
at the discharging point, raising the hydraulic 
head behind the barrier. However these 
types of subsurface dams are not common 
in arid regions and their construction is very 
complicated (Stevanović, 2015). Moreover, 
plugging underground flow has resulted in 
some problems in Karst regions along 
Adriatic coasts and some areas in China and 
Japan (Ishida et al., 2011). The grout 
plugging of cave systems created negative 
impacts such as the flooding of low lying 
areas, landslides, the appearance of new 
springs and the collapsing of land and roads 
above the dam reservoir (Ishida et al., 2011).  

In Scandinavian countries such as Sweden, 
because of long glaciation periods and 
unfavourable geology, groundwater storage 
possibilities are generally not very promising 

(Richert, 1900). Apart from some 
glaciofluvial deposits, major groundwater 
aquifers are not very common in Sweden, 
especially in coast areas (Carlsson and 
Olsson, 1981; Olofsson et al., 2001). Instead, 
most of the coastal areas consist of large 
amounts of hard crystalline bedrock which 
in some places (in depressions) is covered 
with thin layers of sandy till, sandy silt and 
clay. Drinking water is often extracted from 
bedrock fractures using drilled wells (usually 
40-100 m deep) (Carlsson and Olsson, 1981; 
Olofsson et al., 2001). However, the specific 
yield is rather small in these areas. The 
kinematic porosity (flow porosity) in the 
bedrock is often less than 0.05% (Carlsson 

and Olsson, 1981; Olofsson et al., 2001). 
Periodically covered by salt or brackish 
water after the last period of glaciation, 
saline groundwater is still preserved at 
deeper levels within the region. More than 
25% of the drilled wells exhibit increased 
salinity concentrations, 5 to 1000 times 
greater than natural salinity concentrations 
due to precipitation (Olofsson, 1996). 
Hence, salt groundwater exists within large 
parts of central and southern Sweden, 
mainly in the coastal municipalities. This 
zone could be 200 km wide, starting from 
Stockholm on the eastern coast, across the 
depression areas of Lake Mälaren and Lake 
Vänern, to Gothenburg on the Swedish west 
coast (Lindell, 1987; Olofsson, 1994). In 
addition to the fossil saltwater there is a risk 
of direct seawater intrusion through the 
permeable soils and fractures in the hard 
rock in the vicinity of the shoreline so that 
the salinity often increases at the bottom 
level of the well (Müllern and Thunholm, 
1998). The storage of groundwater is the 
crucial limitation for groundwater discharge, 
especially during the summer season when 
recharge is small (Fig. 2a). Too high 
extraction of groundwater leads to declining 
GWLs and often to quality problems, such 
as the increased salinity of the drinking 
water (Boman and Hansson, 2004; Olofsson 
and Andersson, 2005; Mattsson, 2008). 
About one quarter of the population in 
Sweden relies on groundwater from private 
wells for water supply, especially in coastal 
areas (Svensk Vatten, 2000). Many of these 
coastal areas primarily around Stockholm 
and Gothenburg are developing at a high 
rate which has resulted in groundwater 
problems (Olofsson and Andersson, 2005; 
Mattsson, 2008; Palmqvist, 1997).  
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On the other hand in countries with a dry 
climate, such as Pakistan, the groundwater 
storage prospects are better, but recharge is 
very small for most parts of the country due 
to high evapotranspiration rates (Ahmad, 
1982) (Fig. 2b). Agriculture plays an 

important role in the overall income of this 
country (Pakistan Bureau of Statistics, 2012), 
and growing population is another challenge 
which puts immense pressure on water 
resources (Ahmad, 1982). Storage capacities 
of surface dams in Pakistan have been very 

Fig. 2. a) Monthly variation of precipitation, potential evapotranspiration and recharge 
at precipitation station Stockholm 9821, 1931-1960 average values (Engqvist and 
Fogdestam, 1984; SMHI, 2010) compared to 30 years monthly average values of 
groundwater levels at site 5501 in glacial till, Bogesundslandet, Vaxholm received from 
SGU, (1996), b) Mean monthly precipitation at Balakot (1961-68) and Battakundi (1981-
90) and mean monthly discharge, River Kunhar at Garhi Habib Ullah (1961-68; 1976-89) 
(Scally, 1994). 



Subsurface dams in water resource management – Methods for assessment and location 

 

7 

 

vulnerable due to sedimentation issues (Haq 
and Abbas, 2006). Most parts of the country 
depend on monsoon rainfall with quick 
showers over the period of few weeks, often 
followed by a long dry period (Pakistan 
Meteorological Department, 2011).  
Technical systems such as subsurface dams 
to increase groundwater storage have rarely 
existed in glaciated terrains such as Sweden. 
Moreover, in dry climates, subsurface dams 
have often been constructed on a small scale 
with a very little or no technology involved. 
Their success has been enormous; 
nevertheless there are several examples of 
subsurface dams which have not been 
successful due to lack of planning and not 
being located on suitable sites (Nilsson, 
1988; Foster and Tuinhof, 2004). Detailed 
field investigations and the integration of 
multiple physical and socio-economic 
factors to locate these dams on suitable sites 
are important to their success (Jamali et al., 
2013; Nilsson, 1988).  

However, tools such as spatial multi-criteria 
analysis (SMCA) can provide an efficient 
decision support for selecting suitable sites 
for the construction of subsurface dams. To 
identify the potential sites for a specific 
purpose, SMCA could be useful, where GIS 
plays a role in analyzing spatial data and 
MCA provides procedures to structure the 
decision problems (Chenini et al., 2010; 
Graymore et al., 2009; Malczewski, 2004). 
SMCA using physical factors such as 
topography, geology, land cover, hydrology 
and hydrogeology for locating suitable sites 
for RWH and groundwater recharge has 
been documented by several authors (Al-
Adamat et al., 2010; Jha et al., 2014; 
Machiwal et al., 2011; Rahman et al., 2013, 
2012). They reported it to be an efficient 
tool for analysis and decision making in 
physical planning. Moreover Foster (2015) 
stated that conservation and conflict 
resolution of groundwater resources is as 
equally important a factor as the technical 
knowledge of water resources management. 
In MCA, the information about the relative 
importance of the factors is needed, since 
the problems often involve criteria of 
varying importance (Malczewski, 1999). This 

is achieved by assigning a weight to each 
criterion. The choice of weighting 
techniques depends upon the judgements of 
experts, stakeholders or decision makers 
since there are several weighting techniques 
available (Malczewski, 1999). 

In planning subsurface dams, quantifying 
the storage capacity of the dam is a key 
factor which is dependent on regolith 
thickness (unconsolidated earth material 
above the solid bedrock) and stratigraphy. 
Data regarding regolith thickness at a 
regional scale is often scarce. One way to 
estimate the regolith thickness at regional 
scale is to use geophysical methods such as 
electrical resistivity (De Vita et al., 2006; 
Shafique et al., 2011; Yamakawa et al., 2012). 
However, it is still not a suitable method for 
large scale analysis, because of issues such as 
cost and length of time in collecting data. 
Therefore, one has to rely on modeling and 
interpolation techniques as an information 
enhancement tool. Even for interpolation, 
one needs uniformly distributed borehole 
data which is often not available at a regional 
scale. A new modeling approach based on 
easily attainable geological information such 
as the existence of rock outcrops, elevation 
and slopes might be useful.  
Suitability analysis using spatial analyses of 
different physical factors can help to identify 
sites for the construction of subsurface 
dams. However, it is important to analyse 
the dynamics of subsurface flows upstream 
and downstream for the site where the dam 
potentially will be placed for long term 
effects. But subsurface dams are generally 
constructed at community level on a small 
scale, seldom based on any groundwater 
flow models (Hut et al., 2008) and 
groundwater flow models in connection 
with subsurface dams for increasing 
groundwater supply have rarely been 
reported. Therefore, hydrological and 
hydrogeological processes around 
subsurface dams at planning stage are fairly 
unknown (Hut et al., 2008). Suk et al. (2012) 
performed a numerical analysis to suggest 
the best site for construction of a subsurface 
dam in South Korea. They found model 
results very encouraging in analysing the 
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groundwater storage scenarios before the 
construction of the subsurface dam. 
Ouerdachi et al. (2012) tried to investigate 
the impacts of a subsurface dam on water 
supply through a groundwater flow model 
and stated that the simulation results helped 
to understand the complex subsurface 
processes in their study area. Hut et al. 
(2008) developed a model to understand 
hydrological processes around two sand 
storage dams in Kenya and reported that 
their results were quite significant. 
Groundwater flow models in connection 
with subsurface dams to prevent saltwater 
intrusion have been reported by several 
authors (Anwar, 1983; Kaleris and Ziogas, 
2013; Sugio et al., 1987). According to their 
findings, subsurface dams could be quite 
effective in preventing saltwater intrusion.  
Technical systems for increasing the 
groundwater storage and preventing 
seawater intrusion such as subsurface dams 
are rare in Sweden. Jamali et al. (2013) 
presented a methodology to locate suitable 
sites for the construction of subsurface 
dams in Sweden. Adolphson and Petré 
(1996) constructed a pilot subsurface dam at 
the school of Lillsved, Värmdö municipality, 
to prevent saltwater intrusion into a water 
supply well. No scientific studies or follow 
up have ever been carried out at this dam. 
However, some lessons about increasing 
groundwater recharge can be learnt from 
research through the local treatment of 
runoff that has been carried out in 
Scandinavia (Hansson, 2000; Myrabö and 
Roseth, 1998).  

2. ASSUMPTIONS  

The project is based on following 
assumptions: 

 The use of subsurface dams can alleviate 
the water supply problems and prevent 
further depletion of the groundwater 
resources in dry and humid climates. 

 Water balance calculations combined 
with spatial terrain data can be an 
effective tool for successful planning and 
location of subsurface dams. 

 Aquifer thickness (regolith thickness) is 
an important factor when planning 

subsurface dams in order to estimate the 
storage capacity.  Regolith thickness can 
be estimated using commonly available 
data.  

 Field investigations including geophysics 
and groundwater level measurements 
can increase understanding of the 
functionality of subsurface dams. 

 Groundwater flow models based on the 
field data can help to simulate the spatial 
fluctuation of GWLs upstream and 
downstream of the subsurface dam 
under different extraction scenarios. 
Therefore models can help to analyse 
the benefits of the dam in terms of 
estimating the sustainable yield of 
aquifers upstream of subsurface dams. 
Moreover, the modelling results can help 
to select an appropriate location for the 
dam in order to maximize the storage 
capacity and sustainable yield.  

3. AIMS AND OBJECTIVES  

In the light of the above, there is a need to 
develop methodologies for increasing 
groundwater storage in countries like 
Sweden with a humid climate and glacial 
geology as well as countries like Pakistan 
with a dry climate. The aim of this research 
project was to develop and test methods for 
the assessment and location of subsurface 
dams in water resource management. The 
specific objectives were: 

 Compilement of state-of-the-Art study 
of subsurface dams in water resource 
management. Try to analyse the 
problems connected to the planning 
of subsurface dams.  

 Development of methods for locating 
suitable sites for the construction of  
subsurface dams using available 
digital data, such as topography, 
geology, land cover and well archive 
data by incorporating SMCA in 
different study areas with different 
hydrological and geological 
conditions. 

 Development of a method for 
modelling aquifer thickness using 
commonly available data and test it 
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in previously glaciated terrain such as 
in Sweden.  

 Development of a groundwater flow 
model in order to analyse the 
dynamics of subsurface flows in the 
surroundings of the subsurface 
dams. Moreover, analyse the spatial 
variation of GWLs under different 
extraction scenarios. The objective 
of the study was to demonstrate the 
benefits of the subsurface dam for 
increasing groundwater storage and 
preventing saltwater intrusion. 

All the research was carried out at KTH, 
Stockholm, Sweden. A simple Boolean 
approach using GIS was followed to locate 
suitable sites for the construction of 
subsurface dams in Stockholm (Paper I). 
This paper also presented a review of 
subsurface dams and their presence around 
the world. The approach followed in the 
first paper was modified by introducing a 
spatial multi-criteria analysis (SMCA) for 
locating suitable sites for the construction of 
subsurface dams in different hydrological 

and geological conditions in Pakistan (Paper 
II). Several factors, geology, land cover, soil 
depth, topography and topographic wetness 
index were combined in MCA using two 
different weighting techniques. The co-
author from Pakistan provided the digital 
data for the study area in Northern Pakistan. 
Aquifer thickness is an important factor 
which enables the estimation of the storage 
capacity of the subsurface dams. Therefore a 
method was developed using commonly 
available digital data to estimate regolith 
thickness for some areas around Stockholm 
(Paper III). A transient state 3D 
groundwater flow model was developed for 
the surroundings of a subsurface dam that 
exists in the eastern part of Stockholm 
(Paper IV). This paper was based on field 
work and digital data. 

4. MATERIALS AND METHODS  

The methods developed during this PhD 
project were related to the analysis, 
assessment and location of subsurface dams. 
From a planning perspective, it was noticed 

Fig. 3. The location and DEM of the study area Boda-Kalvsvik 
(Paper I). 
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from early experiences (Nilsson, 1988; 
Foster and Tuinhof, 2004) that locating 
these subsurface dams at suitable sites plays 
an important role in the success of these 
dams. Moreover, aquifer thickness 
estimation and groundwater flow models 
make the assessment process more robust. 
Methods, details about the study areas and 
data for specific papers are explained below; 

4.1. The Boolean approach, 
groundwater balance and 
topographic wetness index (Paper I) 

The study was conducted in Boda-Kalvsvik, 
which is located on an island, 20 km east of 
Stockholm, Sweden (Fig. 3). Sweden like 
some other northern European countries, 
was under an ice sheet (more than 2 km 

thick) which retreated about 10 000 years 
ago. Due to glaciation episodes, sediment 
layers are often thin; therefore potential 
groundwater storage capacity is not very 
encouraging (Fig. 4). In hard crystalline rock 
terrain, which is prevalent in many parts of 
Sweden, extractable volumes of water only 
exist in rock fractures occupying a very small 
part of the bedrock, usually less than 0.05% 
(Olofsson, 1991). This is because of the fact 
that fracture orientation in rock is often 
complex and the kinematic porosity is 
usually low due to limited flow connection 
between the fractures (Olofsson and Rönkä, 
2007). In such terrains subsurface dams can 
be constructed in the soil layers covering the 
less-permeable bedrock.  

Fig. 4. Generalized typical stratigraphies and data used in the groundwater balance 
modelling. Thicknesses of geological formations are exaggerated and given in meters. 
Values of kinematic porosity (%) are compiled from literature (Norton and Knapp, 1977; 
Grip and Rodhe, 1988). Depth to groundwater (minimum depth of water table below 
ground surface) and thickness of geological formations as well as the typical stratigraphies 
are generalized from the well archive data (SGU, 1996), from previous geotechnical 
soundings and from local geological maps (Lindén, 2001). 
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Suitable sites for the construction of 
subsurface dams are dependent on factors 
such as topography, geology and land cover 
(Nilsson, 1988). A suitability map was 
generated using factors such as geology, 
slope and land cover, utilizing a Boolean 
criteria for the Boda-Kalvsvik area. The 
Boolean approach means that the criteria 
can be either true or false by designation of 
a binary number, 1, including; or 0, 
excluding (Eastman, 1999). All three factors 
were integrated and outlined into a 
suitability map. Sustainable aquifer 
exploitation is quite important in 
groundwater resources management. This 
essentially implies that the accumulated 
discharge should not exceed the storage 
capacity during periods of lowest 
groundwater recharge (Loaiciga and Leipnik, 
2001). Therefore a dynamic groundwater 
balance model was used which was based on 
a simple approach of demand and supply 

(Olofsson, 2002). The dynamic groundwater 
balance model considers recharge variability 
and actual storage capacity.  Supply was 
estimated based on the capacity of the 
aquifers to store and transmit water and 
demand was estimated by population based 
on the number of houses (Olofsson, 2002). 
In order to have a rough estimate of the 
groundwater recharge, it was important to 
calculate the hydrological response of the 
terrain. This was calculated in the form of a 
topographic wetness index (TWI) which was 
based on the elevation data. The TWI was 
calculated in ArcGIS environment, dividing 
the flow accumulation by slope (in radians). 
TWI map shows streams simulating runoff 
generation, where a high value of TWI 
corresponds to higher runoff generation and 
vice-versa. The suitable sites identified by 
the suitability map and groundwater balance 
model were validated by TWI.  

Arabian Sea

Fig. 5. Location and elevation of the study area in Northern Pakistan (Paper II).  The 
rectangle shows the focus area used for discussion. 
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4.2. Spatial multi-criteria analysis 
(SMCA) (Paper II) 

The Boolean approach shows the suitability 
in black and white, indicating either suitable 
or not suitable, but in reality, suitability need 
to be shown as a continuous scale without 
the sharp boundaries. Therefore a SMCA 
approach was applied to a region with 
different geological and hydrological 
conditions. The study for locating suitable 
sites for the construction of subsurface 
dams was undertaken in northern Pakistan 

consisting of the cities of Muzaffarabad, 
Gari Habib Ullah and Balakot areas (Fig. 5). 
The study area is located in a terrain where 
the elevation ranges from 608 to 3789 m 
above mean sea level (MSL). The area 
mainly consists of sedimentary rocks, 
predominantly composed of highly fractured 
sandstone, limestone and shale (Hussain et 
al., 2004; Kamp et al., 2008; Latif et al., 
2008). The erosive nature of these rocks and 
the rough terrain in the study area, have 
resulted in the formation of quaternary 
deposits at low lying areas. The quaternary 

Fig. 6. Factors and constraints used for SMCA to locate suitable sites for 
construction of subsurface dams in Northern Pakistan (focus area in Fig. 5). 
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deposits consist of alluvium and colluvium 
sediments. In this study four factors and two 
constraints were considered. While the 
constraints were treated with a Boolean 
approach, the factors were treated with 
weighted linear combination (WLC) decision  

rules (Fig. 6). WLC involves the 
standardization of factors, assigning weights 
of relative importance to them. An overall 
suitability score is calculated by a 
combination of standardized maps and 
weights. Factors that were considered in the 
SMCA were land cover data (in categorical 
form), slope, soil depth and TWI (in 
quantitative form). The two types of 
constraints, geology and land cover, were 
considered in order to separate areas where 
practically it is not feasible to build 
subsurface dams (Fig. 6). Bedrock outcrops 
from geological data and settlements from 
land cover data were considered as 

constraints; thus excluded from the analysis. 
Factors were standardized using fuzzy sets 
to a scale of 0–255 where 0 was not suitable 
and 255 was most suitable. Fuzzy sets are 
sets without sharp boundaries implying that 
the transition between membership and 
non-membership of a location in the set is  

gradual, following different membership 
functions (Eastman, 2006). The fuzzy 
membership function types and shapes 
adopted for the different factors were 
mainly based on scientific knowledge and 
expert judgement (Fig. 7). However, for 
TWI neither was available. Therefore, a 
comparative analysis was performed in order 
to compare land cover class frequency with 
TWI for this particular study area. This was 
done in order to derive meaningful 
inflection points for the fuzzy membership 
function. Two weighting techniques, i.e. the 
analytic hierarchy process (AHP) and the  

Fig. 7. Fuzzy membership functions adopted for the different factors in the 
SMCA. The a, b, c and d values show the inflection points for different 
fuzzy membership function shapes. 



Imran Ali Jamali TRITA LWR PhD Thesis 2016:01 

 

14 

 

factor interaction method (FIM), were tried 
and compared. AHP method conducts a 
pairwise comparison as an input using a 
point scale to express individual judgments 
when comparing each pair of factors (Saaty, 
1980) (Table 1). The FIM approach was 
presented by Shaban et al. (2001) and based 
on the idea that the importance of any 
physical factor cannot be evaluated 
individually; rather the factors can increase 

or decrease the influence on the output 
when integrated (Fig. 8).  The weights 
calculated for the factors using AHP and 
FIM are shown in Table 2. (Refer to paper 
II for more elaboration on fuzzy 
membership functions and weighting 
techniques). The factor removal technique 
was employed to assess the sensitivity of 
model for each factor. This was achieved by 
removing one factor from the analysis at a 

Table 1 The nine point continuous rating scale of the pairwise comparison 
(Saaty, 1980). 

1/9 1/7 1/5 1/3 1 3 5 7 9 

extremely very 
strongly 

strongly moderately equally moderately strongly very 
strongly 

extremely 

less important  more important 

Table 2 Pairwise comparison of the factors and weights calculated with the AHP method 
and weighting among the factors based on the FIM method. 

AHP FIM 

Criteria Soil depth Slope Land cover TWI Weights (%) Score Points Weights (%) 

Soil depth 1    30 15 25 

Slope 1 1   30 25 41 

Land cover 1/3 1/3 1  10 10 17 

TWI 1 1 3 1 30 10 17 

        

Fig. 8. A schematic description of FIM showing the assumed interaction 
between the factors, i.e. a) soil depth b) slope c) land cover d) TWI, which 
increase or decrease the influence on the output when integrated for the 
selection of suitable sites for construction of a subsurface dam. Solid lines 
illustrate a major effect of one factor over other, whereas the dotted lines 
illustrate a minor effect. 
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time and by analysing the corresponding 
change in the output. 

4.3. Modeling regolith thickness 
(Paper III)  

A simplified regolith model (SRM) was 
developed for estimating the regolith 
thickness in previously glaciated terrain with 
a high frequency of rock outcrops. Three 
study areas within the Stockholm region, 
Sweden, were chosen based on relative 
differences in topographical variation (Fig. 
9), geology and data availability. The 
approach was based on an easily available 
digital elevation model (DEM) and an 
optimized outcrop search algorithm. This 
was done by writing a script in an ArcGIS 
10 environment (ESRI, 2010). The script 
was so designed that it calculated the 
distance to the closest outcrop cells, and 
their slope values within the search radii in 
eight directions. The script was developed so 
that the inclusion of cells was limited to the 
proximal side of the ridge, therefore not 
including cells located on the distal side in 
the regolith thickness estimation of a 

particular cell (Fig. 10). Based on the initial 
search radius, three multi-directional search 
radii were selected for comparison and 
modeling i) 125 to 250 m, ii) 250 to 500 m 
and iii) 500 to 1000 m (minimum and 
maximum search radius for each model run). 
If less than 3 outcrop-cells were detected 
within the user specified search radii 
distance, the search radii would be doubled 
(from solid line to dashed line in Fig. 10). 
Once a cell was detected with a slope value, 
the search continued in the same direction, 
until the slope value of the last cell was less 
than the present cell (the first ridge, green 
star in Fig. 10). The script then extrapolated 
the depth based on a linear projection from 
the found slope. If no inflection was found 
in the search direction, a slope of 1% was 
assigned (representing a relatively flat 
topography). The distances to the outcrops 
in the determined orientations were 
weighted using IDW (Bartier and Keller, 
1996; Franke, 1982) in favor of closer 
values. The script also examined the relative 
elevation between the location of the search 
cell and the outcrop elevation. Since the 

Fig. 9. The territorial boarders of Sweden and the location of the study areas as well as 
their elevation (Paper III). Spatial data were obtained from the National Land Survey of 
Sweden, 2012 ©Lantmäteriet [i2012/920]. 
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outcrop cell is directly extrapolated as the 
depth of the regolith at the search cell, the 
script needed to account for soil 
compaction. This was done by setting a 
threshold limit of 10 m; based on calibration 
where elevation below 10 m would result in 
negative regolith thickness values, and where 
elevation above 10 m would result in deeper 
regolith thickness. However, if the cells were 
within ± 10 m (actual cell elevation 
compared to modeled elevation), the 
difference was ignored. If the difference was 
greater than this, the difference between 
actual and modeled elevation was subtracted 
from the calculated regolith depth in order 

to account for the topographical 
discrepancies (x in Fig. 10). 
The SRM results were compared with the 
results produced by two data driven, 
empirical, models derived from the input 
data of the dependent variable i.e. a linear 
regression (LR) model using topographical 
covariates and an interpolation technique i.e. 
inverse distance weighted (IDW) using well 
archive data. The SRM was also compared 
to a non-data driven model from 
topographical features i.e. a simple 
trigonometric approach (TA). LR is a 
statistical method of predicting one 
dependent variable from other independent 
variables. In this case the dependent variable 

Fig. 10. The SRM approach to calculate regolith thickness, where a) illustrates how 
outcrops that are located only within a certain set radius and distance (8 search 
directions) are included in the calculation. The inner circle (solid line) illustrates an 
insufficient search radius where no outcrops were detected. The dashed circle 
illustrates how the number of included outcrops increase as the radius increases (three 
search directions locate outcrops, i.e. white filled circles); and b) illustrates a generic 
idea of how the SRM calculates the regolith thickness within a certain radius. Red star 
marks the first outcrop cell detected. Green star marks the outcrop ridge where the 
search is terminated. 
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was the actual regolith thickness retrieved 
from the well archive data. The predictors or 
independent variables were elevation, slope, 
aspect, curvature, plan curvature, profile 
curvature and distance to outcrops. IDW 
was performed by using point well data, 
located in soil layers. One half of the wells 
were used for training and rest of the other 
half was used for validation. TA for 
estimating regolith thickness was based on 
the “focal statistics” ArcGIS tool, outcrop 
slopes and the distance between outcrops. 
“Focal Statistics” was used to calculate the 
mean slope values for all the rock outcrop 
cells located within a specific neighborhood 
(search radius). For the TA the search radii 
used were i) 250 m, ii) 500 m and iii) 1000 
m. Regolith thickness was calculated by 
multiplying the tangent values with the 

Euclidean distance between outcrops (set to 
100 m based on calibration). However, this 
approach uses all the outcrop slope values 
within a specified neighborhood regardless 
of outcrop ridges in order to calculate 
regolith thickness for a specific cell. This 
implies that cells located on the distal side of 
a ridge would also be included in the regolith 
thickness estimation for a particular cell on 
the proximal side.  

4.4. Transient state 3D ground flow 
model (Paper IV) 

This paper was based on a groundwater flow 
model for a subsurface dam that exists at 
Lillsved, located in the eastern part of 
Stockholm (Fig. 11 and 12a). The subsurface 
dam was constructed in the late 90s to 
prevent up-coning of fossil seawater and 
increase groundwater storage behind the 

Fig. 11. Location, digital elevation model (DEM) and model boundary of Lillsved study 
area (Paper IV). 
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dam.  In order to model groundwater flows 
around the subsurface dam, a finite element 
groundwater simulation code, FEFLOW® 
(Diersch, 2014), was used to solve the 
governing fundamental flow equation. 
Different data was collected for this study 
from different sources. A DEM was 
obtained from the National Land Survey of 
Sweden, (2014); geological data such as 
bedrock surface and surface geology was 
received from the SGU (2014). Potential 
groundwater recharge for a typical area 
around Stockholm was collected from 
Engqvist and Fogdestam (1984) and SMHI 
(2010) (Table 3). Field data that was 
collected included electrical resistivity 
measurements and groundwater level 
recordings from piezometer and wells (Fig. 
12a).  

 All the initial processing of data and 
preparation of shape files was done in 
ArcGIS (ESRI, 2013), where incorporated 
ArcHydro tools were utilized to delineate 
watershed and create the geometry of model 
domain based on the water divide, covering 
an area of 55,900 m2. The shape files (point 
data) generated in ArcGIS was used to 
develop model layers. A triangulation 
method of 6-noded prism for 3D model was 
used to generate finite element mesh. The 
3D mesh consisted of 115,353 elements and 
81,208 nodes. Before the construction of the 
subsurface dam, field investigations using 
ground penetrating radar (GPR) were carried 
out to assess the hydrogeological 
characteristics of the study area.  

Fig. 12. a) Location of the electrical resistivity installation wells and piezometers (Google 
Earth, 2015) b) Model domain with geology and drainage lines, c) Bedrock surface and d) 
Thickness of the aquifer for Lillsved study area. 
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Surface geology of the area consists of sandy 
till, sandy silt and bedrock (Fig. 12b).  The 
bedrock surface under the sediment layers is 
cup shaped which is appropriate for 
groundwater storage and preventing lateral 
flows (Fig. 12c). The aquifer in this area 
generally consists of sediment layers up to 
5 m thick (Fig. 12d). The well archive data 
and geological maps of this area lead to the 
conclusion that the stratigraphy varies in this 
area, depending upon what type of 
geological formations occur in the top layer. 
This kind of typical scheme for stratigraphy 
in a nearby area was followed by Jamali et al. 
2013 (Fig. 4). Three typical stratigraphies 
were formulated in the model 3D layer 
configurator based on the well archive data 
and previous geotechnical soundings in this 
type of terrain (Linden, 2001; SGU, 1996). 

First slice was derived from the DEM of this 
area and bedrock surface represented the 
third slice. On surface geology, where 
bedrock was present, all the three layers in 
the model consisted of fractured rock. 
Where sandy till was present, two layers of 
sandy till were considered directly on 
bedrock. And where sandy silt were present, 
a layer of sand (2 m thick) was considered 
underneath followed by fractured rock in the 
bottom layer. Bottom slice of the model was 
set at the elevation of 20 m below MSL, 
which implies that the total vertical depth 
varies depending on the elevation of the 
land surface and at seashore; the model 
depth becomes 20 m. Subsurface dam was 
inserted into sediment layers (top two layers) 
during the simulations. An infiltration factor 
was used to adjust the recharge values for  

Table 3 Monthly recharge values for different geological formations assigned to the 
model (Engqvist and Fogdestam, 1984). 

 Recharge (mm) 

Month Sandy till (adjusted using 
an  infiltration factor 

100% ) 

Sandy silt (adjusted using 
an infiltration factor 75%) 

Bedrock (adjusted using 
an infiltration factor 20%) 

January 50 37.5 3.3 

February 31 23.25 3.1 

March 11 8.25 1.1 

April 0 0 0 

May 0 0 0 

June 0 0 0 

July 0 0 0 

August 0 0 0 

September 25 18.75 2.5 

October 43 32.25 4.3 

November 57 42.75 5.7 

December 56 42 5.6 

Table 4 Hydraulic conductivity and effective porosity values assigned to the model. 

Geological formation type Hydraulic conductivity (m/s) Effective porosity (%) 

Sandy till 1x10
-4

 0.15 

Sandy silt 1x10
-6

 0.10 

Sand 1x10
-3

 0.2 

Bedrock 1x10
-8

 0.0005 

Subsurface dam 1x10
-12

 - 
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different geological formations (Table 3). 
Hydraulic conductivity and effective 
porosity values assigned to the model were 
derived from Freeze and Cherry (1979) 
(Table 4). Four types of geological 
formations with different hydraulic 
conductivity values (homogeneous and 
isotropic within each formation) were 
considered for this study area (Table 4). The 
model was run for unconfined aquifer 
system settings using transient standard 
(saturated) groundwater equation.  
The conceptual model of the methods 
developed during the research project is 
shown in Fig. 13. 

5. LIMITATIONS  

This research project had several limitations 
in terms of scientific scope.  

 The PhD project was mainly focused 
on formerly glaciated terrains (except 
the Paper II).  

 Impact on groundwater chemistry 
from subsurface dams was not 
included. 

 Since groundwater flow dynamics 
change upstream and downstream 
because of the subsurface dam, the 
environmental impact assessment is 
an important question. However, 
this aspect was not included in this 

Fig. 14. a) Geology b) Slope c) Suitability d) Groundwater balance model and e) TWI 
maps showing potential subsurface dam sites at Boda-Kalvsvik study area. 
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research project. 

 Subsurface dams for prevention of 
saltwater intrusion in coastal areas 
has only been rudimentary studied in 
this research project. Modelling 

seawater intrusion is a huge research 
field which already has been 
frequently studied.  
 

Fig. 15. View of the focus area showing the suitability for constructing subsurface dams 
derived with a) AHP and b) FIM weighting techniques, for the study area in Northern 
Pakistan. 
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However, these limitations are important 
questions for future studies. 

6. RESULTS AND DISCUSSION  

Three factors, namely geology, topography 
and land cover were used in the Boolean 
approach for the Boda-Kalvsvik study area. 
Geologically speaking, soil types with higher 
hydraulic conductivity are preferred for the 
construction of the subsurface dams. Boda-
Kalvsvik is mostly covered with bedrock 
outcrops, sandy sediments, till, clay and 
some organic soils.  In this case, the surface 
geology consisting of sandy sediments, clay 
and sandy till were considered to represent 

the suitable geological formations for the 
construction of subsurface dams. The sandy 
till is generally not counted as an aquifer due 
to its low kinematic porosity (3–5 %) (Grip 
and Rodhe, 1988). However it is still 100 
times better compared to bedrock and thus 
can be considered useful for a single 
household water supply. Clay, because of 
being a less-permeable soil with limited 
infiltration capacity is usually not considered 
an aquifer. However, according to geological 
maps and well data, clay formations often 
cover coarser sediments such as sandy till 
and sandy silt (Linden, 2001). Therefore, 
within this study, areas which have top soil 

Fig. 16. Suitability maps of the focus area demonstrating the factor removal technique, 
where the weights in a) were equally distributed to all factors and then one factor was 
removed at a time in b) – e). 
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layers of till, clay or sandy sediments were 
considered suitable and were outlined in a 
suitability map (Fig. 14a). Subsurface dams 
are generally, placed at a narrow section of a  
valley where rainwater is discharged. 
Topographically, gentle slopes up to 4% are 
considered suitable for these dams in order 
to utilize the maximum storage capacity 
behind the dam and to prevent rapid 
subsurface flows out of the system. 
However, in some cases, slopes of up to 
15 % have been used for the construction of 
subsurface dams (Nilsson, 1988). In the 
study area of Boda-Kalvsvik, slopes of up to 
10% were selected as suitable for the 
construction of subsurface dams, and 
reclassified into a slope suitability map (Fig. 
14b). Land cover was another significant 
factor for locating subsurface dams, where 
suitable sites were kept 50 m away from the 
settlements. Slope, geology and land cover 
maps were integrated in a GIS environment 
to get the final suitability map (Fig. 14c). 
Groundwater balance results reveal that 
some parts of the study area have a potential 
surplus of water storage capacity whereas 
others were in short fall (Fig. 14d). It is 
beneficial to build subsurface dams closer to 
areas with water shortfall. Therefore, the 
groundwater balance model results were 
considered as another factor for suitability 
criteria. A higher value of TWI implied more 
upslope drainage area through a point (Fig. 
14e). Similarly, a lower value implied a 
smaller drainage area though a particular 
point. Three criteria, suitability analysis, 
TWI, and a groundwater balance model 
were combined. Six potential suitable sites 
for the construction of subsurface dams 
were located in the vicinity of the vulnerable 
areas facing water shortfall (Fig. 14e). 
However, it was necessary to quantify and 
demonstrate the benefits of the subsurface 
dam. This was achieved by developing a 
groundwater balance model for one of the 
sub-catchments which was in shortfall.  This 
was done by assuming that the dam will 
block the natural discharge of water and 
periodically raise the GWLs by 1 m in till. 
This in turn lead to the conclusion that the 
introduction of the dam will increase 

groundwater fill by 40 % in a normal year 
and by 18 % in a dry year. 
In the MCA approach applied in northern 
Pakistan, the suitability map derived from 
AHP yielded about 3 % (16 km2) of the total 
area as most suitable (Fig. 15a). Contrary to 
this, the suitability map derived by FIM 
identified about 2.7 % (14 km2) of the total 
area as most suitable (Fig. 15b). About 87 % 
of the identified suitable sites overlapped 
between the two methods. The robustness 
of the weighting techniques was checked by 
performing a sensitivity analysis. The 
sensitivity analysis suggested that the 
variation of 50 % in the weights of different 
factors caused a higher variation in the 
identified most suitable areas using FIM 
compared to AHP. Therefore, AHP was 
considered to be the more robust model for 
assigning weights in this study. Still, both 
AHP and FIM are dependent on scientific 
knowledge and expert judgment, and the 
state and relevance of these methods should 
be evaluated before using the results. 
The factor removal technique showed that 
the modeling results were least sensitive to 
soil depth which on removal reduced the 
most suitable areas slightly, to 1.95 % of the 
total study area (compared to 2% when all 
factors were integrated) (Fig. 16a-e). The 
factor removal technique also showed that 
the model tended to be most sensitive to 
land cover which on removal increased the 
most suitable areas to 3 % of the total study 
area, especially in the central and southern 
parts (Fig. 16a-e). 
One of the suitability maps (AHP) 
combined with the TWI map was compared 
with a Google Earth map to illustrate and 
visually verify some of the most suitable 
sites for construction of subsurface dams 
(Fig. 17) (Google Earth, 2010). The 
calculated TWI that represented the 
hydrological response of the study area was 
then compared with the visible streams on 
the Google Earth map. For demonstration 
purposes, two potential sites for the 
construction of subsurface dams were 
identified along the main river, where 
potential suitable areas had high TWI values 
(Fig. 17). 
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In the regolith thickness model study, the 
performance of the four models used was 
evaluated based on the root mean square 
error (RMSE) and the percentage of error 
within ±2 m. The methods were applied and 
compared in three different study areas 
(Tyresö, Vallentuna and Österåker) in 
Stockholm County, Sweden (Fig. 18). 

Different study areas meant that the regolith 
thickness models were tested in different 
topographical settings to estimate regolith 
thickness. Based on the RMSE criterion LR 
was the most accurate method for predicting 
regolith thickness (Table 5). However, using 
only the percentages of error within ±2 m as 

a model evaluation criterion, the most 
accurate regolith thickness model was IDW 
(Fig. 18). TA was the least accurate method 
in all the study areas. While modelling 
regolith thickness with TA, one important 
factor was radii which affected the search 
across the surface and the modeled regolith 
thickness. An insufficient radius resulted in 
no data areas (no slope values) where 
regolith thickness was not calculated. SRM is 
basically a combination of IDW and TA. 
The only difference in the case of SRM is 
that a slope angle on the distal side of the 
particular outcrop is ignored. That suggests 
that the SRM has a localized effect on 
regolith thickness estimation within a 

Table 5 Root mean square (RMSE). 

Study area LR IDW TA 250 TA 500 TA 1000 SRM 250 SRM 500 SRM 1000 

Tyresö 2.89 3.15 5.29 5.70 5.46 3.94 3.56 3.96 

Vallentuna 2.55 3.23 3.00 3.00 2.92 3.59 3.38 3.82 

Österåker 3.43 4.16 4.52 4.55 4.35 4.35 3.61 4.16 

Potential 
suitable site-1

Potential 
suitable site-2

Fig. 17. Suitability map (derived with AHP) combined with a TWI map showing two 
potential sites for construction of subsurface dams which are compared with Google 
Earth maps (Google Earth, 2010) for the study area in Northern Pakistan.  
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particular search radius. SRM performed 
quite consistently for all the study areas with 
a search radius of 250-500 m, with results 
which are comparable to LR and IDW 
methods (Fig. 18 and Table 5). However, 
like TA, SRM is also dependent on a search 
radius which influences its overall 
performance. Based on the validation 
criteria, the four models resulted in different 
outcomes for all three study areas. This 
could be attributed to the distribution of 
well points (LR, and IDW), the geology and 
study areas. Since SRM and TA used 
distance as an important input, error in the 
regolith thickness modelling was compared 
to distance between outcrops and 
corresponding slope values. The error versus 
distance trend line indicated that the error 
increased as the distance between outcrops 
increased. Smaller errors were confined 
within a distance of 40 m. The error versus 
distance trend line also suggested that TA 
and SRM tended to overestimate the 
thickness (modelled thickness is larger than 
the actual thickness) as the distance 
increased. Error versus slope trend lines 
indicated that error decreased as the slope 
values increased. Overall SRM had smaller 
regolith thickness modelling errors for all 
the study areas compared to TA. Based on 

the results in this study, LR and IDW were 
the best regolith thickness estimation 
methods. However LR and IDW are not 
feasible methods if uniformly distributed 
data is not available. Therefore, in areas with 
sparse data, SRM could be used for 
modelling regolith thickness with some 
reasonable accuracy. 

In the groundwater flow modelling study at 
Lillsved study area, field measurements 
indicate rather small differences between 
GWLs upstream and downstream of the 
dam. However it was analysed that there was 
another catchment that flows into 
downstream area (green arrows in Fig. 19), 
which might have raised the GWLs.   There 
might be a leakage as well through the 
fractures in bedrock or along the bedrock 
surface around subsurface dam (Fig. 19). 
However, more frequent field investigations 
are required to establish if the subsurface 
dam is fully functional. The groundwater 
flow model was calibrated using field data 
measured through four piezometers and two 
wells (Fig. 20 and 21). Piezometer 
measurements were clustered upstream and 
downstream of the subsurface dam, 
therefore it was not a good representation of 
the model area (Fig. 20).  
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Fig. 18. The error within 2 m for calculating regolith thickness in all the three study areas 
and four methods. 
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Moreover there was no time series of 
measured values to fit against the simulated 
results. Instead groundwater level recordings 
were carried out periodically at seven 
occasions during 2012 and 2014. The 

accuracy of the model was measured 
through root mean square error (RMSE) 
(Fig. 21).  The best fit of the curve was 
achieved for piezometer-3 (located 
downstream) with RMSE value of 0.12 m,  

d/su/s

2014-09-10
0
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m

0 m 64 m

Subsurface dam Groundwater level Bedrock surface

N

Possible infiltration

 
Fig. 19. Electrical resistivity profile of the subsurface dam located at Lillsved measured on 
September 10, 2014.  

 

Existing subsurface dam location

Hydraulic head BC at seashore

 
Fig. 20. 3D view of the model with elevation on top. Flags in different colours show the 
location of piezometers for groundwater level measurements. 
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Fig. 21. Calibration chart of the groundwater flow model with RMSE values for each curve. 
Measurement no. 3 was located downstream of the subsurface dam and remaining 
measurements were located upstream. 

Fig. 22. Spatial variation of hydraulic head for top slice of the model a) Calibrated 
without pumping, b) Scenario-1, calibrated with pumping,  c) Scenario-2, with the 
existing dam without pumping and d) Scenario-3, with existing dam and with 
pumping. 
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whereas dug well (curve no. 1 located 
upstream) had a highest RMSE value of 0.33 
m (Fig. 21). After calibrating model results 
(Fig. 22a), the model was run for three 
scenarios, scenario-1: without the existing 
subsurface dam and with pumping (Fig. 
22b), scenario-2: with the existing subsurface 
dam and without pumping (Fig. 22c) and 
scenario-3: with the existing subsurface dam 
and with pumping (Fig. 22d).   During all the 
pumping scenarios, sustainable yield was 
ensured, which implies that the discharge 
rates do not exceed recharge rates and 
hydraulic head does not drop below MSL at 
the seashore preventing up-coning of 
saltwater. In order to obtain a realistic value 
for the sustainable yield, a dynamic 
groundwater balance model was employed 

using the software GWbal (Olofsson, 2002). 
In the groundwater balance model, geology 
and stratigraphy were set up and 
corresponding material properties such as 
effective porosity values were assigned to 
different geological formations. Potential 
groundwater recharge values applied to the 
model were adjusted by applying an 
infiltration factor for different geological 
formations (Olofsson, 2002). Similar 
geological stratigraphy was followed in the 
groundwater flow modeling as well. 
Groundwater balance calculations, without 
the presence of the dam, were carried out by 
assuming GWLs 2 m below the ground 
surface (based on the field data).  A 
subsurface dam was introduced in the 
groundwater balance model by raising the 

Actual monthly storage situation (normal and extreme values) (%)
Normal Extremes

0

20

40

60

80

100

January   February  March       April       May         June        July         August    September October  November  December

Actual monthly storage situation (normal and extreme values) (%)
Normal Extremes

0

20

40

60

80

100

January   February  March       April       May         June        July         August    September October  November  December

Actual monthly storage situation (normal and extreme values) (%)
Normal Extremes

0

20

40

60

80

100

January   February  March       April       May         June        July         August    September October  November  December

Actual monthly storage situation (normal and extreme values) (%)
Normal Extremes

0

20

40

60

80

100

January   February  March       April       May         June        July         August    September October  November  December

Average monthly storage situation (normal and dry years) (%)
Actual monthly storage situation (normal and extreme values) (%)

Normal Extremes

0

20

40

60

80

100

January   February  March       April       May         June        July         August    September October  November  December

Normal

Actual monthly storage situation (normal and extreme values) (%)
Normal Extremes

0

20

40

60

80

100

January   February  March       April       May         June        July         August    September October  November  December

Dry

St
o

ra
ge

 f
ill

(%
)

20

40

60

80

100

January February March April June July August September October November DecemberMay

a

b

c

d

Fig. 23. Groundwater balance results a) pumping 10,000 litres per day without the dam 
during one year, b) pumping 10,000 litres per day with the dam, c) pumping 7,000 litres 
per day without the dam, first year and d) pumping 7,000 litres per day without the dam, 
fourth year. A dry year implies 40% reduction in precipitation. 
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GWLs by 1 m in sediment layers (reducing 
the unsaturated zone).  Sustainable yield is 
calculated for both the scenarios, with and 
without the dam. It was analyzed that, in the 
absence of the subsurface dam, it was 
possible to extract 10,000 litres per day, 
potential  water supply to about 59 people 
(170 litres per person per day) (Fig. 23a). 
When the subsurface dam was inserted, 
about 20,000 litres per day (potential water 
supply to 117 persons) could be extracted 
(Fig. 23b). Groundwater balance results 
showed significant improvement in average 
monthly groundwater storage by 
introduction of the dam (Fig. 23a-b). 
However, it was realized that with the 
current extraction rate, it will be not be 
possible to supply enough water for two 
consecutive dry years (when precipitation is 
reduced by 40%). A dry year with high 
extraction rate implies that for every next 
year, the storage fill will not recover to 
100%. Therefore, in order to have 
sustainable water supply for several dry years 
pumping rate should be lowered to 7,000 
litres per day in this study area (Fig. 23c-d). 
Evaluated extraction rates under different 

scenarios from groundwater balance model 
were applied to the groundwater flow model 
with the help of two multilayer wells (Fig. 
22a). MLW-1 and MLW-2 were assigned 
pumping rates in different scenarios whereas 
MLW-3 was used as an observation well to 
monitor hydraulic head at seashore. The 
elevations at MLW-1, MLW-2 and MLW-3 
were 17, 14 and 4 m above MSL 
respectively. 

In order to analyse the fluctuation of GWLs 
during different scenarios, hydraulic head 
charts were presented for three MLWs (Fig. 
24a-d). GWLs during pumping scenarios 
drop down in spring and summer time and 
rose up in winter time.  
Another objective in this study was to 
establish if the dam is located at a most 
suitable site. Two possible scenarios were 
drawn in the context of a suitable location of 
the subsurface dam. The first suggested site 
involved relocating the existing dam about 
80 m downstream to a narrow section in the  
valley (yellow line in Fig. 25a). At this 
location about 30,000 litres per day could be 
pumped sustainably with two MLWs, the 
potential water supply to 176 people for the 
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Fig. 24. Hydraulic head charts developed for one year a) Calibrated ,  b) Scenario-1, 
calibrated with pumping,  c) Scenario-2, with the existing dam without pumping and d) 
Scenario-3, with existing dam and with pumping. 
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entire year. One reason why the subsurface 
dam originally was placed at the current 
location was that the slope further 
downstream at the new location would be 
too steep. At steep slopes rainwater will 
runoff not allowing enough time for 
infiltration. Since the subsurface dam is in 
place now, a second scenario could be to 
place another dam downstream of this dam, 
so that they act in a cascade (Fig. 25a). 
During the simulations, it was analysed that 
the cascade system of subsurface dams will 
also have the same effect as in the new 
proposed relocation and will increase the 
sustainable yield by about the same amount. 
In the cascade system, the subsurface dam at 
the current location can serve the same 
purpose as the existing dam whereas the 
second proposed dam further downstream 
can potentially capture subsurface flows that 
come from western part of the valley (yellow 
arrow Fig 25a). Hydraulic head charts for 
the cascade system showed that the GWLs 

will decline to -12 m in summer time and 
will rise up to +5 m in winter time (Fig. 
25b). Two cross-sections (c-c´ and d-d´) 
perpendicular to the subsurface dams in the 
cascade system were developed to show the 
hydraulic head fluctuation as the contour 
lines after one year of pumping (Fig. 25a). 
One of the cross-sections at the existing 
subsurface dam (c-c´) shows the fluctuation 
of hydraulic head around the existing 
subsurface dam due to pumping in MLW-1 
and MLW-2 (Fig. 25c). The cross section c-
c´ shows that the hydraulic head at MLW-1 
at the end of the year will drop to -8 m 
below MSL, whereas at MLW-2, the 
hydraulic head remained at +12 m above 
MSL. Another cross-section, located 
perpendicular to the proposed dam (d-d´) 
shows that the hydraulic head at MLW-3 
near the seashore is maintained just above 
MSL during this scenario (Fig. 25d). 
Maintaining hydraulic head above MSL is 
important to prevent up-coning of fossil 
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Fig. 25. a) Cascade system (two subsurface dams), red line shows the existing location of 
the dam and yellow line shows the proposed new location b) Hydraulic head chart for 
cascade system after pumping, c) 2D cross section at existing dam and d) 2D cross 
section at new dam location. 
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seawater at the seashore and intrusion of 
recent seawater while groundwater is being 
pumped upstream of this location. 

 

7. CONCLUSION  

The following conclusions can be drawn 
from this PhD project: 

 Locating suitable sites for the 
construction of subsurface dams is 
an important step in the planning of 
subsurface dams which plays an 
important role in the long term 
success of these dams.  

 Methods for locating suitable sites for 
the construction of subsurface dams 
could be based on the Boolean 
approach and spatial multi-criteria 
analysis (SMCA) using available 
digital data, such as elevation, 
geology, land cover and soil 
thickness. 

 Detailed field investigations 
(geophysical installation and 
piezometers) can help to understand 
the hydrogeological characteristics at 
the dam site. Moreover, geophysical 
installation and piezometers could be 
used to monitor the functionality of 
the subsurface dams.  

 Groundwater flow models based on  
terrain data (from digital databases 
and field measurements) can help to 
gain insight into the long-term 
success of the subsurface dams. 
Therefore such flow models can 
help to demonstrate the benefits of 
the dam in terms of estimating the 
sustainable yield.  

 Moreover, the modelling results can 
help to select an appropriate location 
for the dam in order to maximize the 
storage capacity upstream and 
enhance the sustainable yield.  

 In planning subsurface dams, the size 
of the aquifer is a key factor which is 
dependent on regolith thickness 
(unconsolidated earth material above 
the solid bedrock) and stratigraphy. 
A simplified regolith model (SRM) 

has been developed using commonly 
available digital data such as bedrock 
outcrop slopes employing a search 
algorithm in ArcGIS environment. 
The SRM performed reasonably well 
in previously glaciated terrains such 
as in Sweden. Therefore it could be a 
useful tool at the planning stage of 
civil engineering projects, especially 
when borehole data is not available.  

 It was concluded in this project that 
the subsurface dams could be 
sustainably used to mitigate the 
water supply issues in a formerly 
glaciated humid terrain such as in 
Sweden and within dry climatic 
regions such as in Pakistan. 
Moreover, subsurface dams can play 
an important role in water resources 
management in coastal areas of 
glaciated terrains, where saltwater 
intrusion is a rising environmental 
issue. In dry climatic areas such as in 
Pakistan, SMCA can make the 
planning step more robust before 
construction of subsurface dams.  
 

8. FUTURE RESEARCH  

This PhD project is a small step towards 
water resource management using 
subsurface dams. However there were 
several limitations that were encountered 
during this project. As most of the methods 
(except for the Paper II) were focused on 
glaciated terrains, an interesting future study 
could be to apply and test these methods in 
a different geological environment especially 
in dry climatic regions. Testing a 
groundwater flow model similar to Paper IV 
in a dry climate region would be an 
interesting study as well. Subsurface dams 
raise the GWLs upstream and stop or 
minimise the groundwater flow downstream. 
Therefore environmental impact assessment 
is an important element in relation to 
subsurface dams that has not been done in 
this project but should be looked at. The 
development of the groundwater quality 
upstream of the subsurface dam is also an 
important research issue. The use of 
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subsurface dams for preventing saltwater 
intrusion in Swedish coastal areas could also 
be analysed through numerical modelling. 
Lastly, since the entire project involves a lot 
of spatial data and models, there are several 
grounds for uncertainty. Uncertainty analysis 
of the methods and results produced during 
this research project is an important aspect 
for future studies. 
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