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Abstract 

The consequences of recent flooding and extreme rain events have highlighted the importance of proper 

urban planning and preventative measures for storm water management. As cities become more urbanized 

the significance of permeable surfaces such as parks and other urban green spaces increases which 

infiltrate the water into the ground. Agricultural research has for many years emphasized the effect of 

compaction on soil parameters and how, not only the crop yield reduces but also how the infiltration 

decreases. This thesis aims to study how the infiltration rate, bulk density and soil resistance changes with 

compaction through field experiments where a vehicle is let to roll over an urban green area. The thesis 

will also simulate rainfall over five theoretical soils that can be found in urban environments exposed to 

compaction to determine what significance compaction has on surface runoff. The modelling software 

HYDRUS-1D will be used so simulate rain fall events on the different soils. The rain events simulated 

will be based on the five hyetographs that best represent Sweden’s rain events, based on historical data. A 

CDS rain will be simulated as well. They will be simulated for a 2, 10 and 100 year return period. A 

literature study will also be conducted to determine how relevant freeze-thaw cycles are to the soil 

parameters. 

It is since previously known that freeze-thaw cycles can improve aggregate stability, increase soil particle 

fragmentation which can lead to less soil penetration resistance and even partially return the soil 

conditions to those prior to compaction, but the process does not extend to layers beyond 40 cm. The field 

experiment results showed a clear decrease in infiltration rate with increasing number of vehicle passes. 

There was no clear correlation between bulk density and the number of vehicle passes. This result is 

attributed to the relatively light weight of the vehicle used as well as the heterogeneity of the soil. The 

cone penetration measurements showed an increasing resistance with increasing number of vehicle passes 

for only one of the three measured sites, with the most resistance being measured in a pathway on the 

green area. The insignificant results of one of the two other sites are attributed to wet weather conditions 

and unknown underlying material. The HYDRUS 1D simulations showed that a higher sand content 

mitigates the effects of soil compaction and leads to less runoff. The soil classified as sand (93% sand) 

had no runoff, the loamy sand (80% sand) had mild runoff. When comparing a sandy loam (60% sand) 

and a clay soil it is concluded that the sandy loam is more sensitive to soil compaction as more 

compaction leads to more runoff compared to the non-compacted scenario. The clay soil has little 

variation between the compaction scenarios but has generally more surface runoff in total. Soil texture 

therefor affects the surface runoff more than soil compaction. Most amount of runoff was generated by 

the two hyetographs which had a late peak intensity, most likely due to the soil already being saturated 

when the peak occurs. The runoff also increases with the return period of the rain event for both the 

hyetographs and the CDS rain.  
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Sammanfattning 

De extrema skyfall och deras medföljande konsekvenser i Sverige har betonat behovet av en adekvat 

stadsplanering och dagvattenhanteringssystem. Ju mer urbanisering expanderar desto mer ökar vikten av 

de gröna ytornas förmåga att kunna infiltrera det inkommande vattnet. Forskning inom jordbrukssektorn 

har länge understrukit relevansen av kompaktering i jorden och vilka konsekvenser detta kan ha för 

infiltration, skörden etc. Existerande skyfallsmodelleringar tar sällan hänsyn till kompaktering och hur 

detta kan påverka avrinningen. 

 

Detta projekt har som syfte att utvärdera hur jordkompaktering kan påverka infiltrationen och därmed 

även risken för avrinning vid skyfall. I detta arbete kommer de fem hytograferna, som har tagits fram av 

SMHI baserat på historiska regn, samt ett CDS-regn simuleras över fem olika jordar med tre olika 

kompakteringsgrader. Modelleringen kommer at utföras med HYDRUS-1D som simulerar skyfall över en 

jordprofil vars parametrar går att modifiera. Hur kompaktering påverkar jorden kommer även att mätas i 

fält med mätningar på jordens skrymdensitet, motstånd samt infiltration efter ett fordon har låtits passera 

över en sträcka på tre urbana grönområden i Uppsala. Hur frysning-tinings cykeln påverkar jorden 

kommer också att studeras som ett komplement i form av en litteraturstudie. 

 

Resultaten visar att frysning-tining cykler hjälper att fragmentera större jordpartiklar och kan främja 

stabiliteten i lerhaltiga jordar. Det har också visat att minska på tryckmotståndet i jorden vid mätningar 

med penetrologger. Fältförsöken visade att infiltrationen minskade tydligt med ökade antal passage med 

ett fordon. Jordmotståndet ökade med antal passage för endast en av de tre jordarna som testades men 

mest motstånd kunde identifieras på gångstigar vid två av jordarna som testades, vilket påvisar att en liten 

kontinuerlig belastning under en längre tid leder också till kompaktion i jorden. Inget samband kunde 

hittas mellan skrymdensitet och ökade antal passage med fordon, detta förmodligen på grund av den höga 

heterogeniteten i jorden. Alternativt i kombination med att fordonet var för lätt för att ha en effekt ned till 

10-15 cm djup där proverna togs. HYDRUS-simuleringarna visade att en högre sand-halt i jorden leder 

till mindre avrinning samt att "sandy loam" var den känsligaste jorden för kompaktering. Lerjorden har 

minst variation mellan de olika kompakterings-scenarion men resulterade oavsett i mest avrinning jämfört 

med alla andra jordar. Därmed är jordkomposition en större drivande faktor för avrinning än 

kompaktering. De hytograferna som ledde till mest avrinning var de med en sen maxintensitet, med 

största sannolikhet då marken redan är mättad när denne inträffar. Avrinningen ökade även med ökad 

återkomsttid för regnen, både för de fem hytograferna och CDS-regnet. 
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Populärvetenskaplig sammanfattning 

På senare år har många städer i Sverige upplevt en många översvämningar, särskilt under 

sommarmånaderna. Det har lett olika konsekvenser, allt från hindrade passage genom tunnlar till flera 

översvämmade källare. I och med fler vägar som byggs, parkeringar som anläggs och grönområden som 

försvinner så minskar den ytan i städer som har förmågan att infiltrera det inkommande regnvattnet i 

marken. Det innebär en ökad betydelse av de grönområden som finns kvar i städerna. Något som 

jordbrukssektorn i många år poängterat är konsekvenserna av kompaktering på jorden, då detta har lett till 

minskad infiltration och skörd. Detta projekt har ämnat att överbrygga klyftan mellan dessa sfärer för att 

bättre förstå hur kompaktering kan påverka markens egenskap att infiltrera de stora mängderna vatten 

som kommer vid extrema regn.  

Många kommuner utför så kallade skyfallskarteringar, där man utvärderar översvämningsrisken för olika 

delar av staden vid ett extremregn. Det många skyfallskarteringar missar är delvis de grönytor som finns i 

städerna men även hur eventuellt kompakterade grönytorna är.  

Denna studie har använt sig av fem regnmönster sammansatta av SMHI för att simulera över fem olika 

jordar, med varierande komposition av lera, silt och sand, samt varierande grad av kompaktering. Dessa 

simuleringar kommer att modelleras i ett program. I samband med detta kommer det även utföras 

fältförsök där en bil passerar över en yta flera gånger på tre olika jordar, där man sedan mäter 

skrymdensiteten, infiltrationen och tryckmotståndet på jorden. Detta för att utvärdera hur jordens 

egenskaper förändras med kompaktering. Eftersom att vi bor i ett kallt klimat, så genomgår jorden 

kontinuerliga cyklar av frysning-tining varje vinter. Även denna process har en effekt på jordens 

egenskaper som också ska utredas i denna studie.  

Utvärdering av frysning-tining processen visade att för sand-haltiga jordar så hjälper denna process till 

med fragmentering, medan för ler-haltiga jordar ökade stabiliteten i jorden. Vid mätningar där jordens 

tryckmotstånd mäts såg man att tryckmotståndet minskade efter frysning-tinings processen. Fältförsöken 

med fordonet visade inte att skrymdensiteten ökade med ökade antal körningar med fordonet på samma 

yta, med största sannolikhet på grund av att fordonet var för lätt för att ha en effekt så långt ned i marken 

(10 - 15 cm djup). Marken är även känd att vara högt varierande och det är svårt att ta representativa 

prover. Motståndsmätningarna visade att motståndet ökade med antalet passage för endast en av de tre 

jordarna som testades. Infiltrationsmätningarna visade en tydlig minskning med ökade antal passage med 

bil på alla tre jordar som testades. Datasimuleringarna över de fem jordarna visade att avrinning ökar med 

ökad kompaktering. Jorden i kategorin "sandy loam" var mest känslig för kompaktering men att mest 

avrinning totalt sker från lerjordar, oavsett hur kompakterad den blir. Dessutom får man mindre avrinning 

ju med sand jorden innehåller. Därmed går det att se ett större samband mellan avrinning och komposition 

på jorden, snarare än avrinning och kompaktering. 
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1 Introduction

For the past decades, an increase in intense rainfall can be observed in multiple places around the
world. Globally, around 6 000 lives were claimed in 2020 as a result of 
ooding, with more than
34 million a�ected by the events, left injured or homeless (Statista n.d.). During the last 30 years,
rainfall has increased in Sweden with extreme rainfall with higher volume and intensity than
a "10 year rainfall event" occurring on multiple locations every year (MSB 2013). On top of
this, the risk of 
ooding signi�cantly increases due to expanding urbanization (Simonovic &
Nirupama 2007). As urbanization expands, the natural in�ltration reduces signi�cantly due to
reduced exposed soils, increase in compacted soils on construction sites, installment of walkways,
roads, etc. (Pitt et al. 2008). The signi�cance of permeable surfaces like green areas and parks
become essential to in�ltrate the incoming rainfall and the soils capacity to in�ltrate the incoming
water plays a large role in the risk of 
ooding. Soil type, soil saturation and soil compaction are a
few examples of the soils dynamics that can a�ect the rate of in�ltration.

Previous research has highlighted the importance compaction has on in�ltration rate (Pitt et al.
2008), and how an increasing compaction leads to a decrease in in�ltration. This in turn increases
the risk of surface runo� and eventually 
ooding (Gregory et al. 2006). During urbanization,
extensive and involuntary soil compaction still occurs unintetinally during landscaping projects,
due to the use of heavy machinery (Batey & McKenzie 2006). This results in a change of the soil
characteristics, potentially signi�cantly decreasing the soils ability to in�ltrate rainfall.

Intense rainfall events are hard to predict and often very local, making any short term solutions
hard to adapt and in the end inadequate, which increases the signi�cance of long term and
preventive urban planning (MSB 2013). One way to map out the areas more vulnerable to

ooding is using cloudburst simulation models. Although soil properties are included in common
cloudburst modelling software like MIKE+ and HEC-RAS, which simulate runo� from soil
pro�les in 2D/3D, Pitt et al. (2002) highlighted that storm water runo� based on models that do not
include compaction can provide consequential errors in soil in�ltration simulations. Therefore,
further understanding and inclusion of soil compaction in runo� models and the succeeding
e�ect on soil properties is needed. This report will explore the risk of runo� with di�erent soil's
varying bulk densities using HYDRUS-1D, which is a modeling software for analysis of water
transport through a soil pro�le. The software also has the ability to adapt to di�erent soil types,
taking into consideration varying bulk densities as well as hydraulic parameters which are known
to change with compaction. Soil compaction has long been an issue within the agricultural sector
and the succeeding e�ects it has on crop yield. Therefore, a substantial amount of information on
the topic is sourced from the agricultural sector and this report also aims to adapt that knowledge
to the urban landscaping sector.

Commonly used is Swedish runo� modelling is Chicago Design Storms (CDS-rain) (Svenskt
Vatten 2011) which simulates a rainfall event with a clear peak. Simultaneously, Olsson et al.
(2017) has recently developed empirical hyetographs based on historical rain data collected
throughout Sweden. Creating a more accurate estimation of surface runo� with both CDS rain
and hyetographs, as well as taking into consideration the varying soil properties with compaction
can contribute to better urban planning, storm water management and 
ood control which can
help mitigate 
ood consequences.
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1.1 Aim

The aim of this project is to explore the varying soil characteristics during compaction, as well as
the impact these factors have on soil in�ltration and potential runo�. Based on existing theory
surrounding soil characteristics, �ve soils will be modeled based on soil parameters collected
from literature. Additionally, compaction will be simulated in the �eld followed by sampling to
evaluate the direct e�ect of compaction. The dual method approach aspires to validate the results
and also highlight insecurities associated with both methods. The work aims to bridge the gap
between agriculturally bound knowledge and city landscape planning regarding soil compaction
and general management.

1.2 Problem statement

ˆ What are some sources to soil compaction in urban environments?

ˆ How does the freeze-thaw process a�ect soil properties?

ˆ How does the in�ltration rate vary with soil compaction?

ˆ How does the soil properties vary with soil compaction?

ˆ How does soil compaction a�ect the surface runo� in urban environments?

ˆ What signi�cance does soil compaction have on soil in�ltration rate compared to other
parameters?

2



2 Theory

2.1 Soil dynamics

Soils are made up of three components; water, air and solids. The latter consisting of di�erent
sized particles e.g clay, silt, sand, gravel etc. The pores between the solid particles is either �lled
with air or with water. Soil texture, also known as soil particle distribution, can be classi�ed
using a particle size distribution classi�cation chart as seen in �gure 1 and determines some of
the soils characteristics based on the composition (Rai et al. 2017). Note that the chart does not
take into account the soils organic matter content.

Figure 1: The United States Department of Agriculture particle size distribution classi�cations (Wikipedia).

The soils porosity is a measure of the percentage of air and water �lled pores in the soil. The
porosity of sandy soils can range from 30 - 40%, 40- 45 % in loam soils and 45 - 55% in clay
(Rai et al. 2017).

A soils dry bulk density is referring to the mass soil in relation to the total volume, including the
air �lled pockets. The dry bulk density changes if the sample is compacted or ru�ed up, as the
pore system is part of the total volume unit (Eriksson et al. 2019). Bulk density can give a rough

3



estimation of what the compactness, in�ltration rate, texture and water storage capacity of the
soil is. Typical bulk densities range from 1.0 - 1.16•2<3 for sand, 1.1 - 1.36•2<3 for silt and
1.3 - 1.66•2<3 for clay (Rai et al. 2017).

2.2 Soil compaction

There is no one way to measure soil compaction, but a change in bulk density, soil strength or
cone penetrations measurements can be signs of an increase of compaction in the soil (Shari�
et al. 2007). The main reasons for compaction is due to applied force, usually as a result of the
use of mechanical aids like tractors, trailers etc. (Batey 2009). Extensive compaction can be
observed on e.g. quarry cites (Sinnett et al. 2006) and during remodelling of landscapes (Batey
& McKenzie 2006), as heavy machinery is invariably used. Since heavy machinery is the new
norm within the agricultural sector, soil compaction and the even deeper subsoil compaction is a
common phenomenon seen on farms (H�akansson & Petelkau 1994). Apart from the application
of weight, soil compaction has also been observed due to the wheel-slip of vehicles (Davies
et al. 1973). Some level of wheel-slip is necessary to achieve traction, but the ultimate amount
of wheel-slip is determined by the ballast and load draught of the vehicle. It is indicated that
excessive wheel-slip has a higher risk of causing damage to the underlying soil compared to
heavier wheel loading for tractors. This e�ect is more evident the heavier the vehicle is (Davies
et al. 1973). For how long the compaction occurs is also a relevant factor, as a longer exposure
to compaction can result in a higher resulting bulk density (Gregory et al. 2006). The number
of times a vehicle passes a soil can also be detrimental to the level of compaction. A lighter
vehicle passing the same soil surface multiple times has been shown to cause more compaction
than a vehicle triple the weight passing once (Pulido-Moncada et al. 2019). Apart from vehicles,
other sources to compaction include livestock, as they have also been shown to increase the bulk
density, degrade soil structure and decrease in�ltration rate on pastures (Mulholland & Fullen
1991, Daniel et al. 2002). Even the water droplets from an intense rainfall have been found to
decrease the in�ltration rate with increasing kinetic energy of the water droplet (Thompson &
James 1985).

Regardless of the source, the e�ect of compaction is heterogeneous throughout the soil. And
di�erent measuring techniques and conditions can highlight the e�ects of compaction in di�erent
layers. Studies point towards the e�ect of compaction being mostly prevalent and persistent in
the lower layers, below the depth of 30 cm, according to H�akansson & Petelkau (1994). This
has also been noted by Gregory et al. (2006) as during compaction tests, the greatest signs of
compaction was noted between 20 -30 cm when measuring soil penetration resistance. A change
in bulk density was also noted after the use of heavy machinery in the upper 10 cm and found
signi�cant increase in bulk density and decrease in in�ltration rate. The resulting compaction
and the ability to withstand deformation inevitably depends on multiple factors. The soil type,
shear strength, and density determines the bearing capacity of the soil, which is one of the
factors (Batey 2009). Apart from the soils individual characteristics, the force applied at the
time of compaction as well as the moisture content can be determining features (Batey 2009).
When applying the same pressure to a wet soil (24 - 25% moisture content) and a dry soil (11
- 13% moisture content), the bulk density and total porosity signi�cantly changes only in the
wet soil (D'Acqui et al. 2020). The soil moisture pro�le also a�ects how deep the applied force
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is channeled through the soil. Force applied on a dry top layer sitting on a wet layer could be
transmitted further down, compressing the more sensitive wet layer underneath. In the reversed
scenario, with a dry bottom soil and a wet top soil, only the top soil would experience signi�cant
compression. In the case of a completely dry soil, an applied force would not cause a signi�cant
amount of compaction as previously mentioned (Batey 2009).

Another noteworthy factor is the amount of organic matter content in the soil. Although dependant
on the moisture content at the time of applied force, a higher organic matter content can help
reduce the e�ects of compaction (Ekwue & Stone 1995). The reduction of compaction with
increasing organic matter content is thought to have a higher e�ect at a higher moisture rather than
at a low moisture content (Soane 1990). This is most likely due to the increase of the compacted
soils water retention capacity, as well as enhancing the saturated hydraulic conductivity (Ohu
et al. 1985).

It is also important to highlight that compaction is not permanent, the soil has an ability to restore
itself. Goutal et al. (2012) found that a lesser compacted soil showed no traces of compaction in
the upper layer (0 - 10 cm) after the monitoring period of 3 years and the lower layer (10 - 20
cm) had signi�cantly decreased during the same period. The more compacted site only showed
less compaction in the upper layer (0 - 10 cm). The recovery was attributed to the shrink-swell
process of clays due to 
uctuation in moisture content.

2.3 In�ltration rate and hydraulic conductivity

In�ltration is the process of which water penetrates the ground surface, entering the soil. In�ltra-
tion is highly dependant on the texture and structure of the soil surface, but also whether or not the
soil pro�le has layers that could restrict the downward movement of the water. The depth of the
topsoil and subsoil combined, also a�ects the rate of drainage (Rai et al. 2017). Once the water
has passed the soil-atmosphere barrier, the movement of water is then referred to as percolation.
The rate of percolation is dependant on the hydraulic conductivity of the soil material. If the soil
pro�le has two connecting layers with varying pore size the percolation could be hindered. If the
water reaches a layer with �ner pores, the percolation is slowed down. This would in turn mean a
higher build-up of water at the surface as the percolation is slowed down, as well as reducing the
depth at which water can be taken up (Weil & Brady 1999). In heavy rainfall events, gravity
plays a major role in replenishing the groundwater reserve by removing excess water from the
upper layers of soil (Weil & Brady 1999). If the in�ltration rate of a soil is lower than a design
storm in�ltration capacity then the risk of surface runo� greatly increases (Gregory et al. 2006).

It is important to note that hydraulic conductivity does not uphold a consistent value throughout
the soil pro�le, horizontally or vertically. A high level of variability can be identi�ed in
experiments conducted in the �eld, compared to in the laboratory. The �eld investigators choices
regarding method, quality of instruments, assumptions etc. highly in
uence the results. As well
as the chance of including signi�cant macro-pores in the sampled area (Deb & Shukla 2012).
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2.4 Soil water retention

The ability to hold water in the soil varies with soil type. Aggregated soil has a typically higher
water retention than non-aggregated. Furthermore, Yasuda et al. (2023) found that the size of
the particles composing the aggregates are also signi�cant. When the aggregate size is �xed,
larger aggregate components lead to a decrease in water retention (WR). Aggregated clay-rich
soils can retain water in both the macro-pores, between the soil grains, and in the micro-pores,
inside the aggregate structure. Between the grains, water is being held using capillary force, that
decreases with increasing soil particle size. With larger particles, the main driving force becomes
gravity, pulling the water downwards in the soil pro�le (Yasuda et al. 2023). Water retention
curves (WRC) are used to describe the correlation between the soil water potential and the water
content in the soil. Varying bulk densities, which can occur due to compaction, is known to
cause changes to the WRC (Tian et al. 2018).

Field capacity, saturation capacity and permanent wilting point are the di�erent water constants
used to describe a soils relation to water content. Field capacity is the water content that remains
in the soil after drainage, usually occurring 2-3 days after a rain event when the micro-pores are
water �lled and the macro-pores are �lled with both air and water. This can also be described as
the water content maintained in the soil at a pressure of -0,33 bar.

The permanent wilting point refers to a state where no water is accessible to plants, which usually
occurs around 1 500 kPa as this is the tension required of the plant to extract water from the soil.
The permanent wilting point occurs at around 26 - 32% water content for �ne-textured soils and
10 - 15% for coarse textured soils.

A fully saturated soil only has water in the pores. Air in the soil is necessary for plants and the
absence of it shortens the lifespan of the plant to 2-5 days. Saturation is usually not a long lasting
condition and drainage occurs after some time, replacing the water �lled pores with air. Drainage
in sand rich soils takes a couple hours and 2-3 days in clay rich soils (Rai et al. 2017). Surface
runo� evidently occurs when the soil is fully saturated and the hydraulic conductivity is reduced
to a minimum.

2.5 Vegetation cover

Di�erent factors a�ect the in�ltration rate into the soil, amongst them is vegetation cover.
The plant cover increases the in�ltration rate with varying degrees depending on the type of
crop (Folorunso et al. 1992). By creating cracks through out the root network (United States
Department of Agriculture n.d.b), it also reduces the risk of compaction, which is known to
decrease in�ltration rate. As vegetation cover decreases, the soil becomes more vulnerable to
direct force from rain droplets that break apart soil particles which in turn can clog surface
pores (Agronomic Crops Networkn.d.), creating a higher chance of surface runo� (Molina et al.
2007). Simultaneously, compaction is a process that can limit the root growth and has been
known to decrease crop yields withing the agricultural sector (Singh & Kaul 2015). An ideal
soil for a plant is one that has large air pores but also access to water. A lower porosity, which
occurs through compaction, could lead to negative consequences for the plant roots as they
encounter larger mechanical resistance in the soil, as well as less access to air (Eriksson et al. 2019).
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2.6 Freeze/thaw process

During the winter months in the northern hemisphere, when temperatures drop below 0 degrees
Celsius, the soil freezes. An antecedent moisture in the ground leads to the formation of ice
from the present water. This process, also referred to as frost heaving, leads to an approximate
10% increase in volume, giving a considerable mechanical e�ect to the soil structure. This is an
important process for clay rich soils, due to the water freezing more slowly, as the ice separates soil
clods and improves the soil structure. A slower freezing process gives time for the water to move
to the centre of the freezing front with growing ice crystals. The material between the ice crystals
will dry out and remain non frozen, creating a heterogeneous freezing pro�le. For sand rich soils
freeze/thaw process has minimal e�ect on the structure. Coarse soils can have a high moisture
content but they have a low amount of small soil particles and Therefore freeze homogeneously
throughout the soil pro�le (Eriksson et al. 2019). Any cracks created in the soil pro�le due to
a freeze-thaw cycle in a coarse grained soil will usually close when the ice melts (Viklander 1997).

In regards to the soil particle itself, a greater amount of fragmentation can be observed in coarser
soil particles (� silt), as a larger amount of water is bound in an unfrozen state in �ne grained soils.
Soil particle fragmentation is the formation of cracks in soil particles. Micro-cracks are �rst gen-
erated due to the temperature change in the ground. These later turn into macro-cracks due to the
increased pressure of the formation of ice in the soil pores. Water can then seep into the cracks and
cause further expansion due to the change in volume when water freezes to ice (Zhang et al. 2016).

Simultaneously, we see that soil aggregates improve and become more stable for clay rich
soils after undergoing freeze-thaw cycles. Lehrsch (1998) conducted freeze/thaw experiments
on medium to �ne grained soils and found that 1-2 freeze-thaw cycles (FTC) are necessary
for aggregate stabilization and minimal change occurs thereafter. Di�erent studies have been
conducted to determine the e�ects of the freeze-thaw cycle (FTC) on soil. Chamberlain &
Gow (1979) found that for all the four �ne-grained soils included in their experiment, all soils
experienced a reduction in void ratio and an increase in permeability after the laboratory induced
FTCs, emphasizing how the hydraulic properties can change. Further experiments investigated
how multiple FTCs a�ect di�erent textured soils, as studies with only a few FTCs neglect the
potential buildup of mechanical stress in the soil. The experiments were conducted on both
undisturbed soil and repacked soil, the latter to simulate the loose packing of a ploughed �eld. The
most change in soil structure was noted after 2 -5 FTCs but further cycles were not insigni�cant.
Although the e�ect decreased after each FTC, there was still an accumulating a�ect. It is also
important to highlight that the initial soil structure and soil texture impacts the signi�cance each
FTC has on the resulting soil structure change as the most change was noted in the repacked
soil samples. When measuring the in�ltration rate after FTCs they either stayed the same or
decrease, but this can be attributed to the the lower viscosity of water as it reaches freezing tem-
perature. As well as ice still being present in some soil pores, hindering the 
ow (Fouli et al. 2013).

It was previously believed that compacted soils undergoing FTCs could regain conditions prior
to compaction (Unger & Kaspar 1994), but this was disproved by Voorhees et al. (1978) as
the e�ects of compaction could still be found in the subsoil beneath the tillage depth despite
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reoccurring FTCs. FTCs have shown to decrease the penetration resistance of soil with the most
a�ect at the top layer (0 - 10 cm) with decreasing e�ect further down in the pro�le down to 20 -
30 cm (Jabro et al. 2014). H�akansson & Petelkau (1994) also pointed out that after a depth of 40
cm the compaction can be regarded as permanent, as periodic FTCs cannot restore the soil at that
depth to prior conditions and any mechanical loosening is often di�cult and expensive. When
comparing FTC with other processes such as shrink-swelling, FTC showed a higher decrease in
penetration resistance measurements than the soil not subjected to FTCs (Jabro et al. 2014).

2.7 HYDRUS-1D

HYDRUS-1D is program that simulates water 
ow through unsaturated/saturated medium, taking
into consideration heat transport, solute transport, evapotranspiration and root water uptake if
desired. The program solves the Richards equation for water 
ow. For the root water uptake
Feddes reduction function is the most commonly used. HYDRUS is also available as a 2D/3D
model, but the 1D version was chosen for this project due to the focus being on the soil pro�le
and its characteristics. The Richards equation is given by:

m\
mC

=
m
mI

» ¹
mX
mI

¸ 1º¼ �� (1)

\ (%) is the water content in the soil, z is the dimensional coordinate, K is the unsaturated
hydraulic conductivity and H is the pressure head (Broekhuizen et al. 2021).

The van Genuchten Mulauem equation describes the water retention and hydraulic conductivity in
the soil and has been used in numerous applications since it's publishing in 1980 (Dourado Neto
et al. 2011). The equation's application simulates the varying hydraulic conductivity (K(h)) with
soil moisture content (\ ). The equation is given by:
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Where B is the saturated hydraulic conductivity. Furthermore,( 4 represents the e�ective
saturation as described by:
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Where h is the water pressure head.\ A refers to the residual water content and\ B is the saturated
water content.U is the value of air-entry in-versed. The pore size distribution index is given by n
and l is related to the pore connectivity. The latter three parameters a�ect the shape of the soil
water retention curve (Wang et al. 2022).

To acquire the parameters described in equation (2) the Rosetta model was used, which is
integrated in the HYDRUS-1D GUI. Rosetta is a hierarchical pedotransfer function that converts
basic soil data into estimations of the hydraulic parameters �t for van Genuchten Mulaem equation
(Schaap et al. 2001).

2.8 Design storm

When evaluating the runo� after a rainfall event the type of rainfall event is relevant to establish
the interplay between soil surface and in�ltration. Variables such as rainfall intensity (or depth),
duration and the frequency of of the event are used to establish a relationship for the hydrological
model (Chow et al. 1988). Synthetically designed storms are usually based on intensity-duration-
frequency (IDF) curve. One way to generate a design storm is using the Chicago method,
presented by Keifer & Chu (1975), which creates a typical CDS rain as presented in �gure 2
(da Silveira 2016). The �gure shows a unitless precipitation intensity on the y-axis plotted against
a time of two hours. The intensity occurs at around 45 minutes in the graph, which is adjustable
based on when the user wants the peak to occur. The peak shown in �gure 2 is used in this
project based on recommendations by the supervisor.

Figure 2: A typical CDS rain
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2.9 Empirical hyetographs

Olsson et al. (2017) reviewed the temporal distribution of heavy rain events that have occured
in Sweden based on data collected by SMHI. The rain events were then categorised by time
duration of the rainfall event;� 60 min, 60 - 90 min and� 90 minutes. The historical events
were then divided into �ve groups, creating �ve hyetographs using k - means clustering. These
�ve hyetographs (H1, H2, H3, H4, H5) are representative of historic rain events in Sweden based
on regional data and are presented in �gure 3 below. According to Olsson et al. (2017), they do
not occur equally common. For rain events with duration past 90 min H3 is the most common
(40,1%), followed by H2 (27,3%) and H1 (18,2%) and then during more rare events H5 (8,3%)
and H4 (6,1%).
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Figure 3: The �ve unitless hyetographs plotted against time (2h).
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3 Method

The method is divided into two parts, the practical and simulation part. The practical part
describes the cites, equipment and formulas used to calculate parameters through �eld-based
experiments to determine the on-site e�ect of compaction. The simulations take values for
parameter from previous research on similar soils as the ones chosen for the numerical simulations.

3.1 Literature study

When sourcing literature, mainly two databases were used; Google Scholar and Uppsala Uni-
versity's Library database. Other literature was provided by the supervisor Johan Kjellin and
assistant Sara Ekeroth as well as subject reviewer Mats Larsbo. The sought after information
included general soil dynamics and processes including urban 
ooding, soil compaction, hydraulic
conductivity, compaction in agriculture and similar searches. The aim of the searches was to
�nd information regarding the dynamics and characteristics such as in�ltration in the soil when
exposed to compaction similar to compaction that can occur on a urban green area. Literature
that focuses on forest soil is still considered if it is relevant to the soil dynamics, for example such
as at which condition the soil is most sensitive to compaction.

For information on the freeze/thaw e�ect in soil, Uppsala University's Library database and
Google Scholar was used. The sought after information mainly revolved around the process of
freeze/thaw and it's resulting e�ects on the soil. Search words like "freeze thaw, freeze thaw
AND soil, freeze thaw AND agriculture, etc were used. The aim was to obtain information
regarding the freeze-thaw process and what e�ect this has on the soil. Further searches such
as "freeze thaw AND compaction" focused on �nding information regarding how the e�ects of
compaction are e�ected by frequent freeze-thaw cycles. Literature describing how the in�ltration
rate varies when it is 
owing through actively frozen soil is not considered, as this is not focusing
on the subsequent e�ects of the freeze-thaw cycles. Other processes were not considered as they
are not relevant within the scope of this study.

3.2 Field experiments

The following chapter describes the �eld experiments, including the setup, laboratory experiments
and calculations. Prior to conducting the experiments, the measuring station located on grass
land owned and managed by The Swedish University of Agricultural Sciences (SLU)(Swedish
University of Agricultural Sciences n.d.) was observed to ensure that the ground frost had fully
thawed.

3.2.1 Site description

For the �eld experiments three urban green areas were chosen in Uppsala, Sweden. The selection
process was largely based on availability and weather or not the green areas were close to some
sort of parking with the possibility of using the transport car as loading weight for the simulation
of compaction. The three locations are�Angstr•om, Geocentrum and BMC presented in �gure 4.
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Figure 4: The three sites visualised on a map (Lantm•ateriet).

3.2.2 Experimental setup

Compaction was simulated by the application of force of the rented transport vehicle used to
get between sites (Toyota Yaris Cross). The vehicle is rolled back and forth on a testing area
marked 20 meters in length and 5 meters in width and is estimated to weigh 1362 kg including the
equipment and one driver, with a standard pressure of 2,4 bar in the tires. As seen in �gure 5, a
vehicle passed along side a tape measure, creating two wheel tracks. Along the tape measure are
four sections marked out, divided by wooden sticks. Which section samples were taken in was
randomised using an online number generator, where the numbers were 1 - 4 for each section. For
each site, three sets of samples were taken on the marked testing area. Each sample set consists
of three soil samples collected at 10-15 cm depth (after the initial plant cover has been carefully
removed), �ve measurements done with a penetrologger and two in�ltration measurements using
a double ring in�ltrometer method. A random number generator was used to determine in which
section to take the measurement, to make the �eld measurements more statistically reliable.

The �rst sample set was taken on undisturbed soil, the second on soil where the vehicle had
passed two times and the third when the vehicle had passed 10 times. The holes are dug in
the wheel tracks after two and 10 passes. A metal cylinder used for soil sampling is ham-
mered down into the soil and extracted using a knife, later placed in a plastic bag marked
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with the sample number (�gure 6). For the in�ltration measurements two rings are placed
inside each other, as shows in �gure 7. The outer ring (25 -26 cm diameter) is used to saturate
the surrounding soil, so when the water is in�ltrating the soil the saturated in�ltration rate is
measured. For practical reasons, a plastic bucket is used as the inner ring (20 cm diameter)
in the in�ltration measurements. Using the proper rings (25 cm diameter inner ring, 60 cm
diameter outer ring) would demand an impractical amount of water to saturate the surrounding soil.

Apart from the above mentioned sample sets, two soil samples combined with �ve penetrologger
measurements were conducted on a part of the cite which was deemed as compacted at possible.
On cite one and two this was a pathway, on cite three this was where the goal keeper usually
stands during recreational activities on the green area. This sample will later be referred to as
"max".

To avoid taking multiple samples in the same spot within the section, the penetrologger samples
were taken close to the wooden stick dividers separating the sections, the in�ltration measurements
closer to the middle and the bulk density samples in the middle of the section as described in
�gure 5. It was also relatively easily visible where previous samples/measurements were taken,
as the in�ltration measurements left a wet spot behind and the bulk density measurements visibly
disrupted the top vegetation cover.

Figure 5: The testing area at one of the sites marked out. The red marks one of the sections subject to
random sampling. The orange cross marks the area where the penetrologger measurements could be
taken, the blue where in�ltration measurements could be taken and lastly the green where bulk density
samples could be taken (Photo: Anastasia Novikova).
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3.2.3 Soil texture

The soil texture was determined by doing the jar test. Soil from each cite was �rst sieved through
a 2 mm sieve to remove any larger gravel particles and to disrupt aggregate structures. The soil is
then mixed with water and a little dish soap and shaken in a large glass container to properly
mix the soil particles. The glass container is then left undisturbed for 48 hours so the particles
can sediment. The particles sediment according to particle size, in this case sand is closer to the
bottom, followed by silt and then clay on top. As the particles separated, they were di�erentiated
by a distinct line creating visible layers. A ruler was used to determine the ratio between the three
grain sizes and the corresponding soil texture was appointed from the particle size distribution
classi�cation triangle in �gure 1.

3.2.4 Penetration measurements

Soil compaction measurements are made using a Eijkelkamp penetrologger provided by SLU. The
apparatus was pushed down into the soil as steadily and consistently as possible. The generated
values are saved on the device and extracted at a later stage. A total of 20 measurements were
made on each cite; �ve measurements on untouched soil, �ve after 2 passes, �ve after 10 passes
and �ve on the foothpath/goal area.

3.2.5 Bulk density measurements and moisture content

Bulk density was measured using the core cutter method. A cylindrical metal cutter was placed
vertically into the soil at around 10 - 15 cm. The sample was then carefully cut out and placed in
a plastic bag for further analysis in the lab, see �gure 6. Originally the plan was to take a sample
at 30-40 cm depth as well, but this was deemed to time consuming for the scope of this study
and the appointed �eld days. The collected samples were weighed before and after drying at
105 degrees Celsius for 24 hours and the dry weight was then divided by the volume of the core
cutter, which had a height of 4,9 cm and diameter of 7,2 cm. To determine the bulk density
equation (6) below is used.

�D;: 34=B8CH=
<0BB 3AH B>8;¹6º

+>;D<4 2H;8=34A¹2<3º
(6)

To get the moisture content of the soil the weight of the wet soil and dry soil after heating at
105 degrees Celsius for 24 hours is compared. The moisture content percentage is calculated
according to the equation below.

100� ¹ < 3AH•< F4Cº � 100= \ ¹%º (7)

3.2.6 Organic matter content

The organic matter content in the soil from each cite was measured using a further heating
process, which can directly follow the drying method mentioned above. The samples, after
drying, were placed in a mu�e furnace at 400 degrees Celsius to burn away all the organic matter
in the sample. After 4 hours, the samples were weighed again and the values noted down. The
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