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Abstract 

Due to climate change and urbanization, increased precipitation and flooding events are 

projected to occur in the urban environment. Sustainable urban drainage systems (SuDS) are 

considered climate-resilient but are such drainage systems functional during Icelandic 

winters? The objective of this project was to gain an empirical understanding of the influence 

of repeated freeze-thaw cycles on the infiltration of Icelandic Andosols. An exploratory 

study of water infiltration after a different number of cooling periods was conducted in the 

laboratory. The soil’s hydrological performance at the end of a cooling period(s) was 

assessed with three variables: (i) the time until water breakthrough in the soil column, (ii) 

the time until saturated infiltration was achieved, (iii) the infiltration rate of saturated 

outflow. The results confirmed previous research that high water content prior to and after 

cooling periods severely limits infiltration. However, the role of multiple cooling periods on 

infiltration rate was not conclusive. The infiltration in soil with 20% water content increased 

with the number of moderate freezing periods. It decreased, however, in soil with 30% water 

content undergoing colder freezing periods. Neither relationship was statistically significant.  

A statistically significant increase in time lag with the number of freeze-thaw cycles was 

however noted. The overall conclusion is that this exploratory study suggests that a greater 

number of freeze-thaw cycles tend to delay the time to achieve peak infiltration capacity 

from less than one hour to multiple hours, which may reduce the overall hydrological 

performance in long-duration winter events.  This study also highlights the difficulties in 

simulating surface penetrating frost in a small laboratory setup. 

Útdráttur 

Vegna loftslagsbreytinga og þéttbýlismyndunar er spáð aukinni úrkomuákefð og flóðum í 

borgarumhverfinu. Blágrænar ofanvatnslausnir eru taldar viðnámsþolnar fyrir 

loftslagsbreytingum, en hversu vel virka þær við íslenskar vetraraðstæður? Markmið 

þessarar rannsóknar var að öðlast skilning á áhrifum tíðra umskipta frosts og þíðu á írennsli 

í íslenskum eldfjallajarðvegi. Könnunarrannsókn á írennsli vatns í jarðvegi eftir endurtekna 

kælingu var gerð á rannsóknarstofu. Vatnafræðileg svörun var metin með þremur vísum: (i) 

tímanum frá því að írennsli hefst þangað til fyrsta útrennsli skilar sér í gegnum (ómettaðan) 

jarðveg, (ii) tímanum þar til jarðvegur mettast við írennsli, (iii) flæði mettaðs írennslis. 

Niðurstöður staðfestu fyrri rannsóknir um að hár jarðvegsraki (fyrir og eftir kælingu) 

takmarkar mjög írennsli. Ekki fékkst óyggjandi niðurstaða um áhrif endurtekins frosts og 

þýðu á írennsli. Mettað írennsli jókst með fjölda (mildra) kælingartímabila í jarðvegi með 

20% vatnsinnihald en minnkaði í jarðvegi með 30% vatnsinnihald. Hvorug vensl voru 

tölfræðilega marktæk. Tölfræðilega marktæk seinkun á mettuðu írennsli mældist með tíðari 

umskiptum frosts og þíðu. Þessi töf til að ná hámarkslekt, frá tugum mínútna til margra 

klukkustunda, getur stuðlað að minni miðlunargetu blágrænna ofanvatnslausna í langvarandi 

vetrarflóðum. Rannsóknin varpar jafnframt ljósi á örðugleika við að herma eftir 

yfirborðssígandi frosti með einfaldri, fyrirferðarlítilli tilraunauppsetningu. 
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1 Introduction 

1.1 Background and motivation 

The awareness of the importance of climate, environmental, and social matters increases 

every year. United Nations’ Sustainable Development Goal 11 aims to make cities and 

human settlements inclusive, safe, resilient, and sustainable (United Nations, 2015). Green 

infrastructure for urban climate adaptation has been identified for its value as a means for 

achieving greater urban sustainability and climate-resilience (Foster et al., 2011). 

Sustainable urban drainage systems (SuDS) can be considered climate-resilient and 

sustainable in urban development, but are such drainage systems functional and safe in every 

climate type on Earth?  

Cities are growing. By 2050 a population shift of 55% to 68% of the global population is 

expected to live in urban areas (United Nations, Department of Economic and Social Affairs, 

Population Division, 2019). Plans of urbanization can be found in Iceland, as the Reykjavík 

Municipal Plan 2010-2030 focuses on densified land use (City of Reykjavík, 2014). A case 

study in Reykjavík found that a 10% increase in urban densification could increase flooding 

by 35% (Hlöðversdóttir, 2011). Due to climate change, the projected rise in sea level and 

increased intensity of precipitation are projected to cause more stress to drainage systems in 

Iceland (Björnsson et al., 2018). Sustainable urban drainage systems (SuDS) are considered 

a method to combat flooding as it mixes traditional drainage methods with natural water 

processes in the urban environment to minimize runoff volumes, thereby mitigating adverse 

consequences of flooding events. 

The efficiency of SuDS has been studied in the field, in regions with cold climates (for 

example Paus et al., 2016). However, much is still unknown about how well such systems 

function in a cold climate. In particular, the influence of frost on infiltration or frequent 

freeze-thaw cycles (FTCs) on infiltration is lacking. Frequent freeze-thaw cycles can be 

typical in a maritime climate, as around 20 occurrences of freeze-thaw cycling can happen 

each winter in Reykjavík (Arnardóttir, 2020). Iceland is classified as having a maritime 

climate, which is characterized by mild winters and cool summers (Arnardóttir, 2020). The 

lacking research on the frost effect on SuDS in urban areas in Iceland raises questions on the 

functionality of such systems during winters. 

Ongoing research, since June 2018, suggests that frost formation and infiltration capacity 

were influenced by vegetation cover (Zaqout et al., 2019).  Zaqout et al. (2019) found soil 

with dense grass cover to exhibit similar infiltration capacity between seasons, while 

infiltration through less dense vegetation covers decreased by 11-54% during winter 

compared to the summer season. These infiltration measurements in the field suggest 

vegetation influential on the scale of infiltration-inhibiting frost effects. 

The benefits of studying the effects of frequent freeze-thaw on the hydraulic conductivity of 

Icelandic Andosols are various. It can lead to a more reliable and predictable design and 
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implementation of sustainable drainage systems (SuDS) in a cold climate. Installation of 

SuDS should be strived for since they can decrease surface runoff in the urban environment 

and act as a biofilter that removes pollutants from the water. By extension, SuDS also combat 

flood risk in non-separate wastewater systems. The natural drainage processes of SuDS 

provide amenity and biodiversity benefits. 

Since the effects of frequent freeze-thaw cycles on infiltration rates in Icelandic Andosols 

have not specifically been studied before, such research is both relevant and timely. Studying 

the effects of repeated freeze-thaw cycles would provide an empirical understanding of how 

infiltration rates change in a cold climate, as several inherent and external variables govern 

soil´s rate of infiltration.  

Though frost effects on infiltration have been studied in laboratories for various 

compositions of engineered soils (e.g., Moghadas et al., 2016), Icelandic Andosols present 

a new and interesting research subject due to the special conditions frequent freeze-thaw 

cycles create. It seems that the high organic matter in Icelandic Andosols was the main 

reason for the low bulk density found by Arnalds (2004). Increased porosity due to richness 

in organic matter (Henkel, 2015, p. 115) was likely the reason for great hydrologic capacities 

found in terms of water infiltration and retention (Arnalds, 2004; Orradóttir, 2002) despite 

only containing moderate cohesive soil composition. 

1.2 Water infiltration 

1.2.1 The hydrologic cycle 

Infiltration is the process by which surface water enters and percolates through the soil 

matrix. As a natural continuum of precipitation (e.g., rain, snow) and a crucial part of the 

hydrological cycle, it has been studied widely. Viessman and Lewis (1996, p. 6) explain the 

water processes that occur once precipitation hits the ground as: “part may penetrate the 

ground (infiltrate) to replenish soil moisture and groundwater reservoirs, and some may 

become surface runoff – that is, flow over earth’s surface to a defined channel such as a 

stream”. 

 

Figure 1: The hydrologic cycle involves precipitation that either infiltrates the ground or 

forms overland flow. The water is rereleased into the atmosphere through evaporation and 

plant transpiration (Ge and Gorelick, 2015). 
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The rate of water infiltration in soil is dependent on the degree of ground surface 

permeability, and the soil texture and structure. The water balance can be expressed 

quantitatively as 

𝑃 − 𝑅 − 𝐺 − 𝐸 − 𝑇 = ∆𝑆                          (1.1) 

where P is the precipitation; R is the runoff; G is the groundwater flow; E is the evaporation; 

T is the transpiration; and ∆S is the change in groundwater storage.  

Runoff can be categorized into two types of surface runoff: 1) infiltration excess flow occurs 

when soil cannot infiltrate water either because the soil is impermeable or the rainfall 

exceeds the hydraulic conductivity of the soil, and 2) saturated overland flow occurs when 

the soil becomes saturated, so precipitation eventually flows on the surface in downhill areas. 

The rational formula is a common method to predict peak runoff from a drainage basin: 

𝑄 = 𝐶𝐼𝐴                                (1.2) 

where Q is the peak discharge; C is the runoff coefficient; I the rainfall intensity; and A the 

drainage area. The runoff coefficient is determined from the ground cover and possibly the 

influence of the slope. The coefficient represents the ratio of precipitation that infiltrates the 

ground cover. As the surface of the area can be heterogeneous, the combination of almost 

impermeable and permeable surfaces can lead to varying outcomes. The rainfall intensity 

can be derived from intensity–duration–frequency curves (IDFs) that are based on two input 

parameters: the duration and the frequency (the return period) of a rainfall event. Figure 2 

shows how rain events are derived from IDFs, which are calculated using the M5 method. 

 

 

Figure 2: IDF curves for Reykjavík (Hlöðversdóttir et al., 2015). 
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1.2.2 Infiltration capacity of soils 

The physical properties of soil for the infiltration of water are explained by soil texture and 

soil structure. Soil texture refers to the geological materials of the soil and is identified 

through the mix between the grain-size particles of gravel, sand, silt, and clay. Soil structure 

refers to how particles of soil are grouped into aggregates. The geological materials are 

bound together by physical, chemical, and biological processes. The bulk density of soil 

depends on the amount of organic matter, and the geological materials and their packing 

arrangement. Dry bulk density can be computed as 

𝜌𝑏𝑢𝑙𝑘 =
𝑀𝑠

𝑉𝑡
                         (1.3) 

where ρbulk is the dry bulk density; Ms is the mass of the soil; and Vt is the total volume. If 

all the pores in the soil are assumed to contain no liquid (i.e., only air), porosity can be 

calculated as 

𝜑 = 1 −
𝜌𝑏𝑢𝑙𝑘

𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
                       (1.4) 

where φ is the porosity (ranges between 0 and 1); and ρparticle is the normal particle density 

(assumed to be 2.65 g/cm3). The porosity of a porous medium is the percentage of the void 

space in the soil matrix. 

 

 

Figure 3: Weight-volume relationships, obtained from Das and Sobhan (2014) showing (a) 

soil element in natural state, and (b) the representative of three phases (subscript a: air, w: 

water, and s: soil). 
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Water flows through the pores that constitute the soils’ void spaces within. Soil’s pores are 

either filled with water or air (empty). Hydraulic conductivity is based on the permeability 

of the soil and is considered to be one of the major physical parameters that dictate water 

infiltration. Hydraulic conductivity of soil depends on “fluid viscosity, pore-size 

distribution, grain-size distribution, void ratio, roughness of mineral particles and degree of 

soil saturation” (Das and Sobhan, 2014, p. 202). 

Soil textures can be influential on soil behavior by shrinking or expanding its volume. Fine-

grained particles, such as clay and silt, have a critical relationship with the degree of soil 

saturation. Unlike sand and gravel, fine-grained soil can experience swelling or shrinking 

depending on the water content. The Atterberg limits explain how the volume of fine-grained 

soils is a function of its water content. The soil consistencies range from being solid (smallest 

volume), plastic, or liquid (biggest volume). Excessive water content leads to soils entering 

the liquid state and swells the soil structure, resulting in less resistance to water infiltration.  

Effective porosity of the soil is the available pore volume which water can flow through as 

some pores are closed (non-connected). Therefore, water infiltration in soil is not only 

determined from porosity but also the extent of pore connectedness. Figure 4 shows this 

phenomenon.  

 

Figure 4: Illustration of the saturated zone in an aquifer, obtained from Buddemeier and 

Schloss (2000). Here, the total porosity in the saturated zone is 30%, but only half of the 

fluid is effectively drained. 

Typically, values of hydraulic conductivity of saturated soils can be expected to be higher 

for coarse-grained soil (gravel and sand) compared to fine-grained material (silt and clay) 

(Das and Sobhan, 2014). However, coarser soil material has decreased water retention 

compared to fine-grained soil, as seen in Figure 5. 
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Figure 5: Relationship between specific yield, specific retention and porosity. The porosity 

is represented by (the summation of) specific yield and retention. Specific yield and 

retention are expressed as the ratio of the volume of water to the volume of the soil 

(Stephens et al., 2018). 

Water that drains from the soil due to gravity is referred to as specific yield. Meanwhile, 

specific retention holds the water that does not drain. In hydrogeology, two key terms 

describe the water content of soil: 1) field capacity represents the amount of water a 

particular soil retains after gravitational drainage, and 2) wilting point is the minimal soil 

moisture vegetation needs to grow. As seen in Figure 5, for larger grain sizes, drainage 

increases, and soil water retention decreases. Specific yield of a geological material depends 

on the “soil particle size, shape and distribution of pores, and degree of compaction of the 

soil” (Viessman and Lewis, 1996, p. 430). Macropores are known as the pores large enough 

to facilitate gravitational drainage. However, micropores reflect the soil’s ability to retain 

water. 

 

Figure 6: Relationship between tubular pore diameters and corresponding soil moisture 

tension, showcasing capillarity at varying pore diameters (Bouma et al., 1974). 
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As seen in Figure 6, the magnitude of capillarity increases with decreasing pore diameters. 

Saturated infiltration is realized when all the soil pores (available storage space of soil) are 

filled with water. As such, unsaturated soil allows greater water infiltration until it becomes 

saturated. When a soil structure becomes saturated, the soil moisture tension is zero. As soil 

moisture dissipates, pore surface tension increases. This means that capillary water is held 

by surface tension and explain the moisture retention occurring in the soil’s micropores 

(Viessman and Lewis, 1996). The moisture content for a particular soil texture governs the 

capillary potential, as seen in Figure 7.  

 

Figure 7: Water retention curves for different soil textures, depicting the relationship 

between soil moisture (water content) and surface tension (Bouma et al., 1974). 

1.2.3 External factors affecting infiltration 

External factors such as the weather conditions, natural landscape, vegetation, and land use 

influence infiltration rates. During winters, freezing air temperatures can facilitate soil 

freezing (Orradóttir, 2002). However, thick snow covers can act as a thermal insulator, 

impeding frost penetration in soil (Orradóttir, 2002). Snow cover accumulation depends on 

several factors whereas one being the slope of the landscape (Orradóttir, 2002) as steep 

landscape promotes snow accumulation but flat areas not.  

Hatt et al. (2009) found root growth and biological aging of vegetation to counteract the 

infiltration-inhibiting effects of compaction and clogging. That suggests that the root system 

of vegetation can break up soil structure, increasing porosity by promoting macropores (and 

pore connectivity). Shah et al. (2017) found high mechanical load due to tillage practices 

result in soil compaction. 

Viessman and Lewis (1996) noted that an influx of fine particles might seal the soil’s surface 

layer, thereby impeding infiltration rates. Furthermore, Li and Davis (2008) studied 

bioretention media and found clay components in incoming suspended solids being the 

critical factor for clogging. This suggests that the influx of fine material can facilitate a 

clogging effect on the soil. Figure 8 shows the relationship between external factors in an 

urban setting in Reykjavík. 
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Figure 8: Silt accumulating on the roadside in the grass in Reykjavík, causing influx of fine 

particles in a melting snow cover.  The particles can accumulate in the snowbank next to 

the roads and will either end up in the grass, or the road, where it can resuspend. Figure 

obtained from Andradóttir (2020). 

1.3 Infiltration in cold climate 

1.3.1 Frost formation and frost depth 

When a soil layer experiences sub-zero temperatures, the water in the pores becomes ice. 

However, not all the water in the soil freezes at the same temperature. Half of the water 

remains unfrozen at -2.2 °C in saturated silty clay; and 1/6 was still unfrozen at -15.6 °C 

(Penner, 1962). This suggests the extent of ice formation as a function of the soil 

temperature. The freezing is dependent on the rate of energy transfer between air and water. 

Therefore, the soil will not instantly freeze when the air temperature reaches the freezing 

point (0 °C). There can be very long periods of freezing air temperatures but no freezing in 

the ground.  The soil temperatures lag the air cycle on a daily, weekly, and even seasonal 

basis, and stays frozen longer. 

Frost depth penetration (freezing front boundary) can be considered as the distance from the 

surface to the depth of ice formation in soil pores. Snow cover plays an important role 

regarding soil frost depth, as less snow cover in a cold climate can lead to reduced soil 

thermal insulation (Groffman et al., 2001). Frozen soils have been found to have lower 

infiltration rates compared to unfrozen soil (Demand et al., 2019; Orradóttir et al., 2008). 

High ice content in soil may cause it to be impermeable, generating runoff after a minimal 

rainfall event (Seyfried and Flerchinger, 1994).  

Infiltration rates are influenced by the type of frost in the soil. Shanley and Chalmers (1999) 

examined if a soil characterized by high water retention froze, an increase in runoff would 

follow. The magnification of runoff due to frozen soil was observable in extreme events. 

They found 1) the soil´s high water content highly likely to have led to the development of 

concrete frost in the soil, which in turn caused a nearly impermeable surface, and 2) concrete 

frost especially forms when a mid-winter thaw is followed by cold air temperature since the 

thaw might induce a large amount of water onto the surface.  
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Figure 9: Conceptual model of the constitutive fluid phases present in partially saturated 

(a) unfrozen and (b) frozen soils (Mohammed et al., 2018). 

Due to the cold climate, ice crystals form in water-filled pores. The ice impedes infiltration 

because of less available volume for water to flow through, as seen in Figure 9. As such, soil 

moisture can be considered critical for the extent of ice formation and the resulting lower 

infiltration rates. The thawing period is critically related to the water content of the soil. 

Moghadas et al. (2016) found that 1) thawing of frozen initially wet soils (10% water 

content) was much slower when compared to frozen initially dry soils (5% water content), 

and 2) frozen soils can temporarily hinder or stop infiltration.  

However, the presence of preferential flow paths in partially frozen soils can permit water 

infiltration to flow through the available air-filled macropores (Larsbo et al., 2019). The 

partial blockage caused by the formation of ice melted over time due to the energy exchange 

brought by infiltration water. Demand et al. (2019) studied the infiltration of frozen layers 

up to 8-15 cm frost penetration at a high water content level (>50%). They concluded that 

the existence of connected macropores in the frozen layer did allow for the bypass of most 

infiltrating water, therefore minimizing the energy exchange between the infiltrated water 

and the ice, slowing down the thawing process. 

1.3.2 Influence of freeze-thaw cycles 

When water freezes its volume expands. Due to the movement of water in the soil pores, ice 

crystals aggregate at multiple soil depths. Eventually, a series of ice lenses separated by 

layers of frozen soil will form at semi-regular intervals, causing the overall volumetric soil 

to expand. The upwards swelling of soil is called frost heaving. The noticeable occurrence 

of frost heaving is usually interlinked with the high water retention capability of fine-grained 

soil. However, despite the low water retention of coarse-grained soils, any soil can be 

vulnerable to significant frost heaving under unfavorable environmental conditions, such as 

a high water table (Sheng et al., 2013). 

Reports in the literature are mixed about the effects of freeze-thaw cycles (FTCs) on soil 

structure and water infiltration. Jabro et al. (2014) studied the effects of FTCs on soil 

compaction in clay loam. They concluded that frequent FTCs decreased soil compaction and 

created optimal soil conditions for growing vegetation. Fouli et al. (2013) found clay soil 
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(with 42% clay content and low organic matter) at wilting point (relatively low soil moisture) 

to experience shrinking and cracking after FTCs, causing greater permeability and 

infiltration rates. However, a significant decrease in infiltration rates occurred after FTCs in 

the loamy sand. After studying the effects of FTCs and soil water content on the infiltration 

rate of three soils (clay, loam, and loamy sand), Fouli et al. (2013) concluded 1) soil texture 

and initial water content to be critical factors, and 2) after FTCs, the soils showed similar or 

lower steady-state infiltration rates. 

1.4 Infiltration in Icelandic Andosols 

86% of Icelandic soil classify as Andosols (Arnalds, 2004). Arnalds (2004) found Icelandic 

Andosols to have a low bulk density (0.3-0.8 g/cm3), and high organic content. Brown 

Andosols, the most common type of Andosols in Iceland, are dominated by silt loam and 

loam (Arnalds, 2004). As a rule of thumb, bulk density of a mineral soil usually exceeds 1 

g/cm3, meanwhile lower values can indicate the soil to be highly organic. Organic matter 

enhances the stability of soil aggregates and improves porosity, leading to both greater 

infiltration of air and water, and ability to hold water (Henkel, 2015, p. 115). Increases in 

organic material provide further resistance to deformation (Soane, 1990). 

Andosols have high water retention (>50% at 0.3 bar tension) despite lacking cohesion 

(Arnalds, 2008). The high water retention can be unfortunate due to the likelihood of greatly 

diminished infiltration in such frozen soil as Shanley and Chalmers (1999) concluded. Soil 

temperatures in Iceland regularly fluctuate around 0 °C during the winter season, causing 

frequent winter thaw. Due to these fluctuations “further moisture is added to the soil as 

precipitation during the winter months” (Arnalds, 2008, p. 16).  

Icelandic Andosols exhibit rapid hydraulic conductivity (Arnalds, 2004; Orradóttir, 2002), 

especially when the soil is unfrozen. High infiltration rate might also occur during winter, 

depending on the frost penetration, formation of infiltration-inhibiting soil frost (concrete 

frost), vegetation, and snow cover. Orradóttir (2002, p. 99-100) found infiltration not to 

decrease during the winter season in vegetation communities that had mean soil frost depth 

less than 5 cm and a non-concrete soil frost type, concluding that “formation of deep soil 

frost correlated with low snow accumulation, and low organic and vascular plant ground 

cover and biomass”. 

Orradóttir et al. (2008) studied the effects of vegetation and soil frost on infiltration in 

Icelandic andosols during winter. Their findings include 1) runoff is minimal on vegetated, 

level, and unfrozen Andosols, 2) sparsely vegetated land tends to develop deep soil frost 

leading to higher runoff rates. Orradóttir et al. (2008) measured winter/spring/summer 

saturated infiltration rates in various plant communities conducted at two rural sites in 

Iceland. Orradóttir et al. (2008) concluded the saturated infiltration rate to be an inverse 

function of soil frost depth, as seen in Figure 10. 
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Figure 10: Relationship between final infiltration rate and soil frost depth in April 2000, in 

plant communities at Gunnarsholt (Orradóttir et al., 2008). 

Orradóttir et al. (2008) studied various plant communities at different times during January 

and April in inland areas of Iceland. They found soil frost depth to be as much as 19.7 cm in 

spruce community. Meanwhile, for the other plant communities the frost depth rarely 

exceeded 5 cm. Orradóttir et al. (2008) suggested that erosion due to water is likeliest to 

occur during warm spells in winter, and in vegetation types with minimal snow cover in 

spring, where livestock grazing might lead to reduced vegetation cover. 

However, Orradóttir’s et al. (2008) study had a few limitations. Mainly, relatively few 

samples for each vegetation community at either site over a 12-month period with usually 

five total visits to every community. Furthermore, the study did not directly examine the 

change in soil structure nor in infiltration rate as a result of single or multiple freeze-thaw 

cycles. Finally, it is important to note that the research sites were rural, inland areas, as runoff 

in urban areas can be expected to deviate from rural ones due to urban infrastructure. The 

expected air temperature can be expected to be higher at coastal areas in Iceland as the Gulf 

Stream is known to cause warmer climates in the western and northern coastal parts of 

Europe (Bischof et al., 2003) 

Zaqout et al. (2019) studied the infiltration capacity via single-ring infiltrometers of the 

ground with different vegetation types on a seasonal basis in Urriðaholt, Iceland. The 

functionality of the SuDS water management practices implemented there was investigated 

by comparing the performance of grass swales to the natural terrain. The seasonal infiltration 

variations were attributed to the differences in vegetation types and the type of frost formed. 

They concluded that dense vegetation benefitted from 1) the thermal insulation cover of 

continuous grass cover impeding frost penetration, and 2) the formation of large ice crystal 

formation in proximity to thick grass roots might have ultimately enhanced infiltration. 

However, the exposed surface of the soil with sparse vegetation (lupine and barren) 

promoted the formation of ice lenses (concrete frost), impending infiltration. 
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Arnardóttir (2020) investigated winter floods in Reykjavík. Her findings include 1) around 

20 freeze-thaw cycles occur over the winter season, each lasting on average 3-4 days, 2) 

extreme rain events on snow were common cause of winter flooding, especially when the 

soil was frozen, 3) the formation of concrete frost can block infiltration, and 4) surface 

conditions of the soil may influence infiltration rates. 

1.5 Goal, research questions and time plan  

As discussed, the capability of the soil to infiltrate surface water (rain and snowmelt) is 

governed by the physical properties of the soil and external conditions. Infiltration rates are 

lower in frozen than unfrozen soil. As such, there are concerns about the soil´s infiltration 

capability during winters in a maritime climate with repeated freeze-thaw cycles. Limited 

research has been conducted on the infiltration capabilities of soil in an urban environment 

in Iceland. 

The overarching goal of this research was to assess the impact of freeze-thaw cycles in 

Icelandic Andosols on soil infiltration, specifically infiltration rate and time lag.  

This research was meant to address some of the questions that arose in the infiltration 

measurements of Ph.D. candidate Tarek Zaqout in the Urriðaholt, Garðabær:  

• Does repeated freeze-thaw increase or decrease infiltration rate in Icelandic 

Andosols? 

• How does (initial) moisture influence the soil response to repeated freeze-thaw? 

• What effects does freeze-thaw exert on the time until steady infiltration is achieved 

in the soil? 

• What are the implications of freeze-thaw on the design and operations of SuDS in 

Iceland? 

To answer these questions, an exploratory study was performed using a domestic freezer to 

cool soil samples. A secondary goal of the study was to test to which extent valuable results 

could be derived with low capital investments.  

The research started just before severe social restrictions due to COVID-19 were applied.  A 

laboratory setup was developed and tested with the help of Tarek Zaqout and Vilhjálmur 

Sigurjónsson from February until the middle of March 2020.  The research facilities were 

closed until May 2020 because of COVID-19; which led to an unexpected halt of 

experiments during the spring semester. Returning to the laboratory in the new school year, 

a full initial experimental setup was finalized in August 2020. The actual infiltration 

experiments were conducted over the 3.5 months of September 1 to December 21, 2020.   
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2 Methods 

The conducted method was mainly oriented around laboratory infiltration experiments. 

Gravitational drainage through soil columns was used to explore the effects of frost on 

infiltration in Icelandic Andosols. Boundary conditions include a constant head feed of water 

to the column, initial water content, and number of freeze-thaw cycles.  

2.1 Experimental setup 

 

 

Figure 11: Column design for infiltration experiments. 
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The experimental column (seen in Figure 11) was based on a similar column design used for 

the infiltration experiments in Moghadas´ et al. (2016) study. The experimental column was 

made of acrylic plexiglass, 50 cm in total height with an internal diameter of 19.5 cm. Such 

dimensions allowed 37 cm of soil with three cm of a constant head water on top. An overflow 

hole located at the top of the column allowed for surface runoff. A layer of liquid silicone 

grease (Silicopaste 212500) was applied on the wall to minimize the effects of side wall 

preferential flow. 

The column was instrumented with four to six thermocouples (K-type) with temperature data 

logged using a 4-channel data logger (88598 4ch K SD Logger). Soil temperature was 

measured and logged every 30 to 60 seconds during the freezing and thawing phases at 

multiple soil depths ranging  from 2 - 14.5 cm.  These probes varied in lengths: 1 cm, 10 cm, 

and 13.5 cm. The purpose of the short 1 cm probes was to monitor soil temperatures adjacent 

to the inner soil column wall. Meanwhile, the longer 10 cm and 13.5 cm logged the soil 

temperatures in the middle of the soil column. The usual order of the probes starting from 

the 2 cm soil depth going downward in the soil column in terms of their lengths: 10 cm – 10 

cm – 1 cm – 1 cm – 13.5 cm -13.5 cm. Ultimately, the 13.5 cm probes were rather indicative 

of the thermal insulation capacity rather than the 1 cm probes as the short probes were not 

directly facing the inner freezer walls (see placement of soil column inside the freezer in 

section 2.3). 

The outlet of the drain was located at the bottom of the column. The drainage outlet consisted 

of a five cm thick plastic cone flipped upside down (seen in Figure 12b). Geotextile cloth 

was wrapped in layer of gravel and laid in the cone to avoid clogging of the drain due to fine 

particles washing. At the bottom of the column a four cm drainage pipe was installed for 

percolation water collection. 

2.2 Soil preparations and column setup 

A 2 m3 soil sample was collected from a grass swale in Urriðaholt on October 19, 2019. The 

sample was stored inside the laboratory at the University of Iceland (Zaqout et al., 2019). 

The soil was pre-filtered with a sieve opening of 31.7 mm to limit the upper grain-sizes of 

the gravel. The limit was imposed to improve the homogeneity of every soil sample as in 

each experimental run a completely new soil sample was used. By filtering the larger gravel 

sizes the inherent heterogeneity of soil taken from the field was minimized. Sieve analysis 

was performed on three different soil samples to estimate a typical grain-size distribution of 

the sample material. 

Each soil sample was oven-dried at a temperature of 110°C for 24 hours to completely 

remove the soil moisture from the soil. Thereafter, the sample soil was aggregated in a 

container and mixed with a predetermined amount of water to realize the desired water 

content:  On one hand, 30% water content which is representative of the field capacity of 

Icelandic Andosols; On the other hand, 20% water content which represents a possible 

wilting point of Icelandic Andosols (Zaqout et al., unpublished manuscript). The gravimetric 

water content of a soil sample was calculated as the ratio of water weight to dry soil weight. 

The sample was mixed well to avoid extremely dry or wet areas. 
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The soil collected from the grass swales in the field exhibited a bulk density of 1.2 g/cm3 

(Tarek et al., unpublished manuscript). The purpose of the applied compaction method was 

to approximate natural conditions. Note that wetter soil naturally exhibit higher densities, 

though every soil sample received the same compaction energy. For the stacking of soil 

layers, five cm height of the wetted sample soil was laid at a time and compacted by dropping 

a five kg flat kettlebell five times (roughly three cm high drops), as seen in Figure 12c. After 

stacking each layer, its surface was scarified (scratched with a fork) to establish good 

conductivity with the next soil layer. Such layers were added until a predetermined soil 

height (three cm from the overflow) was reached. It was possible to retroactively calculate 

the soil density after filling the plastic column with soil. At this point, the plastic column 

was insulated (see section 2.3) and placed inside the freezer (see Figure 13). At the onset of 

an infiltration experiment (after undergoing freezing and thawing periods; see section 2.4), 

a mesh net was laid on the surface of the soil column to prevent inflowing water to disrupt 

(erode) the soil’s surface. Finally, infiltration experiments were performed where water 

infiltration (percolating from the soil’s surface to the bottom outlet pipe) was collected 

overtime with a plastic cup (further explained in section 2.5). After an infiltration experiment 

was conducted, the soil sample was discarded not to be used again later in any shape or form. 

a) 

 

c) 

 

b) 

 

d) 

 

Figure 12: Preparation of the experimental soil column: a) Gravel drainage layer 

inserted. b) Application of grease, drainage cone showing at the bottom. c) Column filled 

with soil. d) Long and short thermocouple sensors, 10 cm and 1 cm in lengths. 
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2.3 Thermal insulation and freezer apparatus 

To simulate cold air only penetrating the soil’s surface inside the freezer (vertical 

penetration), a rock based mineral wool of 45 mm thickness (λ ≈ 0.037 W/mK) was tied to 

the outside of the cylinder to prevent lateral heat transfer. An alternative thermal insulation 

design combined 70 mm thick “shell” of Expanded Polystyrene insulation; EPS (λ ≈ 0.0313 

W/mK) with mineral wool. The alternative thermal insulation design was developed to 1) 

uniformly press the mineral wool on the outside of the column and 2) provide greater thermal 

insulation.  

 

a) 

 

c) 

 

b) 

 

d) 

 

Figure 13: Thermal insolation of soil column: a) Unwrapped cylinder. b) Wrapped 

cylinder. c) Cylinder placement inside the freezer. d) Alternative thermal insulation using a 

combination of EPS and mineral wool. 
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Freezing air temperatures were simulated with a domestic freezer which produced subzero 

temperatures originating from the inner walls. A raised wooden lid was built on it (see Figure 

14), with the soil column standing on a wooden box (laid on the floor of the freezer). A small 

fan (~10 cm in diameter) distributed the air on the inside of the freezer (seen at the bottom 

of Figure 13c). Finally, an (30 cm long) air temperature control (steel) rod penetrated through 

the top surface of the lid (it can be seen inserted in Figure 14a). The control rod was 

connected to an outer temperature control box (seen behind the freezer in Figure14a) that 

was hooked to the freezer, ultimately controlling if the freezer was freezing at the moment 

or not. For example, if the control box were set on -6 °C the freezer would be on until that 

temperature was reached (measured by the control rod), then turn off. This process would 

repeat itself continuously as the room temperature was ~20 °C. 

a) 

 

b) 

 

Figure 14: Outlook of the freezer a) during freeze-thaw cycles and b) during an infiltration 

experiment. 

2.4 Freeze-thaw cycle simulations 

The benefit of the laboratory experiment was the control over parameters. The boundary 

parameters were: 

• Initial water content prior to freezing (20% and 30%). 

• The number of freeze-thaw cycles (zero to five). 

• One hydrological forcing (three cm of standing water on the soil matrix). 
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A freeze-thaw cycle was defined as 18 hours of freezing conditions, with air temperatures 

approximating -6 °C, followed by six hours of thaw, with air temperatures approximating 6 

°C. Infiltration experiments were performed at the end of the freezing period (see Table 1). 

For example, with two freeze-thaw cycles, the soil was to be exposed to -6 °C freezing 

conditions for 18 hours, with a 6 °C period of thaw lasting for six hours and finally again -6 

°C freezing conditions for 18 hours, succeeded by the infiltration experiment itself. The 

freeze-thaw cycles simulated a given winter day with 18 hours of night hours (freezing 

conditions) and six hours of sunlight (thawing conditions).  In maritime climate, winter 

temperatures typically oscillate around zero by ± 5 °C.  

Table 1: Time scheme of freeze-thaw cycles and desired air temperatures the soil samples 

underwent before an infiltration experiment. 

Infiltration 

experiments 

with: 

1 freeze-

thaw cycle 

2 freeze-

thaw cycles 

3 freeze-

thaw cycles 

4 freeze-

thaw cycles 

5 freeze-

thaw cycles 

-6 °C 18 hours 18 hours 18 hours 18 hours 18 hours 

6 °C  6 hours 6 hours 6 hours 6 hours 

-6 °C  18 hours 18 hours 18 hours 18 hours 

6 °C   6 hours 6 hours 6 hours 

-6 °C   18 hours 18 hours 18 hours 

6 °C    6 hours 6 hours 

-6 °C    18 hours 18 hours 

6 °C     6 hours 

-6 °C     18 hours 

 

Utilizing a freezer during each simulation, the soil sample would undergo the desired number 

of freeze-thaw cycles. As explained, the air temperature control rod was linked to a 

temperature monitoring apparatus (control box) that governed if the freezer was running 

(providing freezing air temperatures) or shutting off (allowing air temperatures to warm up). 

To verify the air temperatures occurring inside the freezer, in later runs, two thermocouple 

sensors independently recorded ambient air temperatures ~3 cm above soil surface. 

The exact frost intensity of air temperatures ambient to the soil’s surface during the freeze-

thaw cycles varied, unfortunately, in the experimental runs. Recorded average freezing air 

temperatures ranged from -0.9 to -5.0 °C; see Table 2. The procedure of simulating 

consistent freezing air temperatures inside the freezer seemed sensitive to 1) the devices that 

governed if the freezer was running (relates to the depth of control rod inside the freezer) 

and the circulation of the freezing air (relates to the fan placement inside the freezer); and 2) 

the temperature control box that translated the control rod temperature measurements to the 

freezer function (freezer running at the moment or not). The former reason given for air 
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temperature inconsistencies during freezing periods of soil samples can be characterized as 

human error, meanwhile the latter as mechanical defect. Regardless of what exactly caused 

these air temperature variations, achieving one single value of freezing air temperatures 

(ideally -6 °C) for every soil sample proved difficult; see Table 2. 

A total of 18 infiltration experiments were performed over a four-month period. However, 

12 experimental runs will be presented, as the other six soil samples did either contain a 

different water content (than 20% or 30%) or underwent a failed cooling setup (occurred 

when the EPS insulation was excessively large inside the freezer; during the development 

phase of the alternative thermal design). There can be considered two different frost intensity 

scenarios: i) A-series, where the soil samples were subjected to milder freezing periods, and 

ii) B- and C-series, where soil samples were subjected to harsher freezing periods. This is 

somewhat reflected in Table 2. This change originated in concerns that freezing air 

temperatures were too mild. The temperature control rod (30 cm long) was pulled to a higher 

elevation inside the freezer; from being fully inserted to only halfway.  

Table 2: Overview of all simulations conducted and corresponding freeze-thaw scenarios 

prior to the infiltration experiments. 

Experimental 

notation 

Start 

date 

Nr. of 

freeze-

thaw cycles 

Water 

content 

(%) 

Insulation 

design 

Frost 

intensity 

(°C) 

A0/C0 Sep. 1 0 20 - - 

A1 Sep. 8 1 20 Mineral wool -1.1 a1 

A2 Sep. 14 2 20 Mineral wool -1.1 a1 

A4 Sep. 27 4 20 Mineral wool -1.1 a2 

A5 Oct. 3 5 20 Mineral wool -1.1 a2 

B0 Oct. 20 0 30 - - 

B1 Oct. 29 1 30 Combination * -4.1 b 

B3 Nov. 3 3 30 Combination * -2.4 a2 

B4 Des. 10 4 30 Combination * -4.1 b 

B5 Nov. 9 5 30 Combination * -2.8 b 

C3 Nov. 18 3 20 Combination * -5.0 b 

C5 Des. 21 5 20 Combination * -0.9 b 

* Combination of mineral wool and polystyrene foam (EPS). 
a Projected average air temperature occurring at the soil’s surface: a1 Assumed. a2 Interpolated. 
b Recorded average air temperature in proximity (~3 cm) to the soil’s surface. 
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For each soil water content condition, a room temperature infiltration experiment was 

performed (~20 °C) to gain a reference for infiltration rates and the time lags in total two 

infiltration experiments; A0/C0 and B0 (see Table 2). During the A-series, the ambient air 

temperatures at the soil’s surface were not recorded. However, it was important to estimate 

the frost intensity for every soil sample as the freezer apparatus was unable to provide 

consistent air temperatures. Missing air temperatures were interpolated or otherwise 

assumed, using the relationship from other soil sample runs between recorded soil surface 

temperatures and recorded ambient air temperatures (explained in section 2.6 Data analyses).  

A prime example of a mechanical defect of the freezer apparatus can be seen for soil sample 

C5. Being the last infiltration experiment, the procedure of preparing the soil column for 

freezing and thawing was highly standardized and precise. Nevertheless, an unexplainable 

mild frost intensity was recorded. 

2.5 Experimental data collection 

During freeze-thaw cycles, soil temperatures were continuously recorded with pre-installed 

thermocouple probes at soil depths ranging from 2 - 14.5 cm. The soil temperature data was 

logged using four to six thermocouple probes. The soil probes varied in lengths: 1 cm, 10 

cm, and 13.5 cm. Furthermore, during the B- and C-series, two thermocouple sensors 

recorded the ambient air temperatures (~3 cm above soil surface). All temperature data was 

recorded using K-type probes in 4-channel data loggers (88598 4ch K SD Logger). 

Before each infiltration experiment, the temperature of the soil’s surface (Tsoil, surface) and the 

temperature of incoming feed water (Twater) was recorded using a handheld temperature 

probe. A frost heave assessment was made by comparing the elevation level of the soil 

surface before and after freezing. The occurrence of frost heave was ambiguous, as the 

stacking of 37.0 cm high soil samples had slight margins. Ultimately, the accuracy was 

considered insufficient to fully assert frost heave occurrence. Frost heave will not be 

discussed further in this thesis.  

During each infiltration experiment; To infer the soil’s temporal hydraulic conductivity, 

outflowing percolation rates were measured until saturated outflow was reached (final 

infiltration rate; Ksaturated) by collecting at regular intervals the outflowing water at the outlet 

pipe. Two time lags were recorded. First, the time until water breakthrough, which is the 

time the water took to percolate through the whole column from the soil’s surface to the 

outlet pipe. Second, the time it took from the start of water infiltration until saturated steady 

outflow was reached at the outlet pipe (time until Ksaturated). 
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Figure 15: Theoretical example of an infiltration curve in unsaturated soil. 

The data collection relates to the theory of infiltration. The three highlighted parameters 

represent the hydrological capacity of the soil. Figure 15 shows initially high infiltration 

rates during wetting. The hydraulic conductivity drops until steady-state infiltration is 

realized. 

2.6 Data analyses 

Three hydrological outcome variables were manually assessed based on infiltration curves: 

time until water breakthrough (initial time lag), final infiltration rate (Ksaturated), and the time 

until saturated final infiltration rates (time to Ksaturated). These parameters represented the 

infiltration capacity of each soil sample. 

Initial conditions include the independent variables: number of freeze-thaw cycles (FTCs) 

and soil water content (WC). Due to the inconsistency of (freezing) air temperatures during 

cooling periods of the soil samples, ambient air temperatures to the soil’s surface (Tair) 

during freezing periods were also considered as an independent variable. Ambient freezing 

air temperatures to the soil’s surface were either i) recorded, ii) interpolated, or iii) assumed. 

If recorded, logged ambient air temperatures clearly showed the exact values of the air 

temperatures occurring during the freezing periods at the soil’s surface (seen visually in the 

Results chapter). If interpolated, the established relationship (acquired from other soil 

sample runs) provided a range of likely air temperature values based on the resulting surface 

soil temperature. For example, according to soil sample B5: a value of -2.8 °C air 

temperature recorded at the soil’s surface during the freezing periods, led to surface soil 

temperature of -1.3 °C after five freeze-thaw cycles. The ratio (air temperature divided by 

surface soil temperature) between them yields a value of 2.1538. Multiply the ratio by the 

soil surface temperature for soil samples that are missing recorded air temperatures (at the 

soil’s surface). For example, soil samples A4 and A5 had the same soil surface temperature 

-0.5 °C (at the onset of an infiltration experiment). Multiplying with the B5 ratio yields an 
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interpolated freezing air temperature of -1.1 °C for A4 and A5. By applying the same 

mathematical operations, additional ratios can be derived from other soil samples. For 

example,  both soil samples C3 and B4 yield a similar ratio of ~2.9. Using that ratio for soil 

samples A4 and A5 indicates a slightly colder freezing air temperature of -1.5 °C. The B5 

ratio was ultimately used when interpolating. Such a conservative value might have been 

more appropriate for the milder (freezing) air temperatures occurring during the A-series. In 

two instances (for soil samples A1 and A2), the soil surface temperature was not checked 

before the infiltration experiments. As such, the freezing air temperature ambient to the soil’s 

surface was assumed to be equal to the air temperature value derived for the soil samples in 

the A-series; A4 and A5 (-1.1 °C). 

The average soil temperature (Tsoil, average) of a soil sample was an independent variable, 

representative of the frost conditions, since a pure vertical frost penetration originating from 

the soil surface was not achieved. After a soil sample underwent the predetermined number 

of freeze-thaw cycles, soil temperatures from each probe were noted. The total number of 

soil temperature probes ranged from four to seven. To derive the frost conditions for the soil 

samples, the average probe soil temperature was calculated. The temperature profile of each 

soil sample at the onset of an infiltration experiment can be seen visually in the Results 

chapter. 

A bivariate singular linear regression analysis shows the correlation between a singular input 

variable and a singular outcome parameter; lower case r represents the correlation. As 

correlation (r) gets closer to ± 1; indicates the magnitude of a positive (+1) or negative (-1) 

correlation. Thereafter, a multivariate correlation analysis was performed to find the 

coefficient of determination (R2), coefficients of the regression model (B), standard error 

(SE), and p-value using a built-in data analysis in Microsoft Excel. The coefficient of 

determination and the standard error indicate how well the data points fit the forecast model. 

The coefficient of determination is given as a ratio between zero and one, where R2 = 1 

means that there is a perfect linear relationship between the forecast model and the data 

points. The multivariable analysis focused specifically on determining the coaction between 

the number of freeze-thaw cycles (FTCs), soil water content (WC), ambient air temperatures 

to soil’s surface (Tair), and resulting average soil temperature (Tsoil, average) before an 

infiltration experiment. The p-values were calculated to establish which input parameters 

significantly affected the outcome infiltration parameters. 
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3 Results 

The analysis of results starts with the investigation of the soil composition. Next, soil 

temperature data from pre-installed probes attached to column is presented. Thereafter, all 

the data series from the infiltration experiments, after the soil samples had undergone periods 

of freezing and thawing, are examined with the two different soil moistures. Lastly, multi-

regression analyses are performed. 

3.1 Soil composition 

According to the Unified Soil Classification System (USCS), grain sizes of gravel is defined 

as ranging between 76.2 - 4.75 mm, sand particles between 4.75 - 0.075 mm, and silt- and 

clay-size particles smaller than 0.075 mm. Furthermore, USCS classifies sand particles to be 

coarse when grain sizes range from 4.75 - 2 mm, medium when grain sizes range from 2 - 

0.425 mm, and fine when grain sizes range from 0.425 - 0.075 mm. 

The particle-size distribution for grain sizes larger than 0.075 mm in diameter was 

determined by applying a mechanical sieve analysis as described by Das (2013). The soil 

samples used in the sieve analyses were, however, pre-filtered with a sieve opening of 31.7 

mm, to limit the upper size of the gravel.  Three different samples from oven-dried soil were 

shaken through a stack of sieves with progressively smaller openings from top to bottom 

(Table 3). 

Table 3: Soil samples and corresponding grain-size distributions from each sieve analysis. 

Samples: First Second Third 

Mass of dry sample (g): 632.6 786.3 1039.1 

Gravel (%) (76.2 - 4.75 mm): 13.5 17.0 14.7 

Sand (%) (4.75 - 0.075 mm) : 75.8 73.6 74.9 

Fines (%) (less than 0.075 mm): 10.7 9.4 10.4 

 

The soil samples did not show similar characteristics of typical Andosols. According to 

Arnalds (2004), typical soil compositions include silt loam and loam. Such soils would not 

contain these high amounts of sand. Rather, silt rich material can be expected. The United 

States Department of Agriculture textural classification triangle showed the sample soil to 

be sandy loam. 

With a sieve analysis repeated three times (different soil samples), combining the results of 

each sieve analysis gave the average grain size distribution, plotted in Figure 16. 
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Figure 16: The average particle-size distribution curve of the soil samples. Blue dots show 

the opening size of each sieve: 4.75 mm; 2 mm; 1 mm; 0.500 mm; 0.250 mm; 0.150 mm; 

0.125 mm; and 0.075 mm. 

From the particle-size distribution curve, the soil gradation could be derived. Uniformity 

coefficient was computed as: 

𝐶𝑢 =
𝐷60

𝐷10
=

0.87 𝑚𝑚

0.075 𝑚𝑚
= 11.6                       (3.1) 

where D60 corresponds to the size of the soil particles that were finer at the 60% mark, as 

seen in Figure 16. Same applied to D10. Coefficient of gradation was computed as: 

𝐶𝑐 =
(𝐷30)2

𝐷60 ∗ 𝐷10
=

(0.35 𝑚𝑚)2

0.87 𝑚𝑚 ∗ 0.075 𝑚𝑚
= 1.9                       (3.2) 

A well-graded soil has: i) the uniformity coefficient (Cu) greater than (four for gravel and) 

six for sand, and ii) the coefficient of gradation (Cc) ranging from one to three for gravel and 

sand (Das and Sobhan, 2014). Analysis of the coefficient computations showed the sample 

soil to be well-graded. Overall, the soil samples were coarse-grained as they contained less 

than 50% of fine-grained particles. 

3.2 Overview of recorded soil temperatures 

Before cooling the soil samples from ~20 °C inside a freezer, four to six thermocouple probes 

were injected at soil depths ranging from 2 - 14.5 cm. Alternating periods of freezing (-6 °C 

for 18 hours) and thawing (6 °C for six hours), the total time extended at most to 114 hours; 

five freeze-thaw cycles. The logged soil temperature was logged at 30- or 60-second 

intervals. Temporal soil and air temperatures are plotted in this chapter or published in 

Appendices A and B. 

0

10

20

30

40

50

60

70

80

90

100

0.01 0.10 1.00 10.00

%
 P

a
s

s
in

g

Particle Diameter (mm)



39 

3.2.1 A- and C-series 

Recorded soil temperatures at multiple depths can be seen in multi-panel Figure 17. Air 

temperatures were not recorded during the A-series but projected to be -1.1 °C during the 

cooling periods. It seems to have taken two to three freeze-thaw cycles to get frost 

penetration. Soil temperatures were consistent but likely underwent mild freezing. 

 

 

Figure 17: Soil temperatures from the A-series of the soil samples during a) four freeze-

thaw cycles (prior to infiltration experiment A4) and b) five freeze-thaw cycles (prior to 

infiltration experiment A5). 
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Figure 18: Soil temperatures from the C-series of the soil samples during a) three freeze-

thaw cycles (prior to infiltration experiment C3), and b) five freeze-thaw cycles (prior to 

infiltration experiment C5). 

Recorded soil temperatures and air temperatures ambient to the soil’s surface can be seen in 

multi-panel Figure 18. Frost penetration seemed dependent on the degree of freezing air 

temperatures; frost intensity. Soil temperatures of the two soil samples were not consistent.  
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In what follows, are the soil temperature curves showing the soil temperatures from  A- and 

C-series (soil samples with 20% water content), according to the soil thermocouple sensors 

at the onset of the infiltration experiments; Figure 19. 

a) 

 

b) 

 

Figure 19: Temperature curves at the onset of infiltration experiments after undergoing a 

specific number of freeze-thaw cyles from a) A-series, and b) C-series. Infiltration 

experiment C5 has two soil temperature curve timestamps plotted (one after two of five 

freeze-thaw cycles, and second after five of five freeze-thaw cycles). 

The temperature curves show that increasing freeze-thaw (FT) cycles led to greater frost 

penetration. For the A-series (Figure 19a), the shallow soil layers seem to reach their coldest 

temperature after four FT cycles, as further FT cycles yielded comparable frost penetration 

(~4 cm).  The coldest soil temperatures can be seen in soil sample C3 (Figure 19b), likely 

caused by greater frost intensity as the freezing air temperatures were the coldest (-5.0 °C) 

compared to the milder air temperatures during the freezing periods of C3 (-0.9 °C) and A-

series (-1.1 °C).  

The recorded occurrence of inward buckling of the temperature curves at lower soil depths 

can be noted in Figure 19, indicating some frost incursion through the insulation. The gray 

curve that had undergone two of five FT cycles in Figure 19b shows a soil temperature curve 

that had not suffered a horizontal frost penetration in the deeper soil layers. Such a curve has 

a negative uniform slope from the left to the right. As such, the insulation seemed to have 

been able to insulate soil sample C5 for at least these first 42 hours; two FT cycles. 

0.5

2.5

4.5

6.5

8.5

10.5

12.5

14.5

-2 -1 0 1 2 3 4 5 6 7

So
il 

d
e

p
th

 [
cm

]

Soil temperatures [°C]

1 of 1 FT cycle

2 of 2 FT cycles

4 of 4 FT cycles

5 of 5 FT cycles

0.5

2.5

4.5

6.5

8.5

10.5

12.5

14.5

-2 -1 0 1 2 3 4 5 6 7

So
il 

d
e

p
th

 [
cm

]

Soil temperatures [°C]

3 of 3 FT cycles

2 of 5 Ft cycles

5 of 5 FT cycles



42 

3.2.2 B-series  

 

 

 

Figure 20: Soil temperatures from the B-series of the soil samples during a) three freeze-

thaw cycles (prior to infiltration experiment B3), b) four freeze-thaw cycles (infiltration 

experiment B4), and c) five freeze-thaw cycles (infiltration experiment B5). 
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Recorded soil temperatures and air temperatures ambient to the soil’s surface can be seen in 

multi-panel Figure 20. Soil temperatures of these three soil samples of the B-series were 

quite consistent, like during the A-series. However, increased frost intensity, as seen in blue 

dashed line at -3 °C, was likely present, possibly indicated by the minimal response of the 

thermocouple sensors after three freeze-thaw cycles. 

In what follows, are the soil temperature curves at the onset of infiltration experiments of 

the B-series (soil samples with 30% water content) after completing the corresponding 

number of freeze-thaw cycles; Figure 21. 

 

Figure 21: Temperature curves from B-series at the onset of infiltration experiments after 

undergoing a specific number of freeze-thaw cyles. 

The temperature curves show that multiple freeze-thaw cycles can lead to greater frost 

penetration. However, Figure 21 shows similar frost penetration (~4 cm) between three 

freeze-thaw cycles and five freeze-thaw cycles (soil samples B3 and B5). However, for the 

soil sample that underwent four freeze-thaw cycles (soil sample B4), every soil layer froze. 

To that end, frost intensity (ambient air temperatures) at the soil’s surface might be critical 

prior to frost penetration (B4: -4.1 °C versus B5: -2.8 °C). 

The recorded occurrence of inward buckling of the temperature curves at lower soil depths 

can be noted in Figure 21, probably indicating horizontal thermal freezing incursion in the 

deeper soil layers. 

3.3 Infiltration experiments 

The presentation of the results is based on the data series acquired from infiltration 

experiments of the soil samples with two different soil moistures; 20% and 30%. It shows 

the antecedent conditions, the soil response and resulting infiltration capacity. The soil 

samples were exposed to various number of freeze-thaw cycles. The density of the soil 

samples inside the column and feed water temperatures are also noted; Table 4. 
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3.3.1 Top level results 

The input variables and outcomes of all infiltration experiments is summarized in Table 4. 

Table 4: Summary of the antecedent conditions, the soil response before an infiltration 

experiment and the resultant infiltration capacities of the soil samples. 

Exp. 

notation 

Nr. of 

freeze-

thaw 

cycles 

Water 

content 

(%) 

Density 

(g/cm3) 

Tair at 

soil 

surface 

(°C) 

Tsoil’s 

surface 

(°C) 

Tsoil, 

average 

(°C) 

Tfeed 

water 

(°C) 

Time 

lag 

(min) 

Ksaturated 

(mm/hr) 

Time 

to 

Ksaturated 

(min) 

A0/C0 0 20 - 23 - 23 9.4 9 264 40 

A1 1 20 - -1.1 - 4.9 9.2 6 408 65 

A2 2 20 - -1.1 - 0.7 8.4 8 291 70 

A4 4 20 1.27 -1.1 -0.5 -0.3 7.1 16 655 122 

A5 5 20 1.31 -1.1 -0.5 -0.2 7.6 23 330 175 

B0 0 30 1.45 19 - 19 7.1 26 68 50 

B1 1 30 1.35 -4.1 -0.5 0.3 7.2 21 87 67 

B3 3 30 1.50 -2.4 -1.1 -0.5 6.6 40 58 52 

B4 4 30 1.48 -4.1 -1.4 -0.6 6.3 226 82 286 

B5 5 30 1.64 -2.8 -1.3 -0.4 7.0 293 5 390 

C3 3 20 1.34 -5.0 -1.7 -1.1 7.1 96 116 252 

C5 5 20 1.35 -0.9 -0.1 -0.4 7.4 43 166 423 

 

In what follows, are figures relating the number of freeze-thaw cycles to two infiltration 

capacity parameters; time lag (of water breakthrough) and saturated infiltration rate (Figures 

22 and 23, respectively). 
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Figure 22: The hydrologic outcomes of the soil samples in terms of initial time lags. 

 

 

Figure 23: The hydrologic outcomes of the soil samples in terms of saturated infiltration 

rates. 

 

y = 3.0349x + 5.1163
R² = 0.8034

y = 16.517e0.5439x

R² = 0.8256

0

50

100

150

200

250

300

350

0 1 2 3 4 5

Ti
m

e
 la

g 
(m

in
u

te
s)

Number of freeze-thaw cycles

A-series

B-series

C-series

Linear (A-series)

Expon. (B-series)

y = 34x + 308
R² = 0.20

y = -9.65x + 85
R² = 0.37

0

100

200

300

400

500

600

700

0 1 2 3 4 5

K
 sa

tu
ra

te
d

(m
m

/h
r)

Number of freeze-thaw cycles

A-series

B-series

C-series

Linear (A-series)

Linear (B-series)

Linear (C-series)



46 

 

The rise in the time lag after repeated freeze-thaw cycles (FTCs) of the soil samples in the 

B-series seemed to be consistent; Figure 22. During the B-series, the saturated final 

infiltration (Ksaturated) fluctuated slightly or fell to an almost complete halt after repeated 

FTCs, as seen in Figure 23. A trend of decreased saturated final infiltration of the soil 

samples was observed with an increasing number of freeze-thaw cycles. However, the 

downward trend was not statistically significant. For the B-series: R2 = 0.37, p > 0,05.  

The hydrologic outcomes of the infiltration experiments in the A-series appeared to respond 

differently to repeated freeze-thaw cycles compared to the B-series. A-series showed a steep 

increase in saturated infiltration rates (Ksaturated); Figure 23. The hydrological outcomes of 

the C-series were very inconsistent, however, taking the reference point A0/C0 into 

consideration resulted in decreased saturated infiltration after repeated freeze-thaw cycles. 

3.3.2 Infiltration curves 

The temporal infiltration rates are presented of each soil sample, showing the time until the 

water breakthrough (initial time lag) and the temporal rate of water infiltration at the outlet 

pipe; Figure 24. Dashed vertical lines represent the time lag of water breakthrough.  

The infiltration curves, especially in the A-series, showed that once frost formed in the soil 

samples (usually after three to five freeze-thaw cycles), water infiltration at the outlet pipe 

started very low and gradually increased, likely due to thawing of soil pore ice. However, 

when a soil sample stayed unfrozen, the opposite occurred: the water infiltration started high 

and decreased to a steady-state flow. For the B-series (soil samples with 30% water content), 

the same phenomena applied, although the difference in temporal water infiltration was often 

marginal likely due to the high soil moisture. 



47 

 

 

 

Figure 24: Temporal water infiltration measured at the outlet pipe during a) A-series, b) 

B-series, and c) C-series. 
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3.3.3 Comparison of infiltration experiments 

A direct comparison of the soil samples with different moisture content undergoing the same 

number of freeze-thaw cycles  is presented in Table 5. 

Table 5: Comparison of soil samples with different water contents that had undergone an 

equal number of freeze-thaw cycles, and the resultant infiltration capacities. 

Exp. 

notation 

Nr. of 

freeze 

cycles 

Water 

content 

(%) 

Density 

(g/cm3) 

Tair at 

soil 

surface 

(°C) 

Tsoil’s 

surface 

(°C) 

Tsoil, 

average 

(°C) 

Tfeed 

water 

(°C) 

Time 

lag 

(min) 

Ksaturated 

(mm/hr) 

Time to 

Ksaturated 

(min) 

A0/C0 0 20 - 23 - 23 9.4 9 264 40 

B0 0 30 1.45 19 - 19 7.1 26 68 50 

C3 3 20 1.34 -5.0 -1.7 -1.1 7.1 96 116 252 

B3 3 30 1.50 -2.4 -1.1 -0.5 6.6 40 58 52 

C5 5 20 1.35 -0.9 -0.1 -0.4 7.4 43 166 423 

B5 5 30 1.64 -2.8 -1.3 -0.4 7.0 293 5 390 

 

Comparison of reference experiments: The final infiltration rate was very sensitive to soil 

water content. It dropped by 74% when the water content was increased from 20% to 30%. 

A saturated hydraulic conductivity of roughly 250 mm/h has been found for similar soil 

sample with initial water content of 14% (Tarek et al., unpublished manuscript). The drastic 

drop in the rate of saturated infiltration was expected due to higher initial soil moisture 

(Ruggenthaler et al., 2015) as sorptivity and its capillary component change with initial 

degree of saturation. 

Comparison of infiltration experiments after three freeze-thaw cycles: Compared to the 

reference infiltration (C0 and B0, respectively), final saturated infiltration (Ksaturated) dropped 

by 56% for C3; but by 15% for B3. The initial time lag dropped by 58% when the soil 

moisture was raised from 20% to 30%. This outcome was unexpected as the literature 

suggests that frost imposes greater infiltration-inhibiting effects on wetter than drier soil. 

According to Moghadas et al. (2016, p. 1260) “the higher the initial water content, the higher 

the energy demand and the volume of water and time required to thaw the pore ice.” The 

probable cause might be the higher frost intensity in C3 (-5.0 °C) compared to B3 (-2.4 °C). 

However, in general, comparing the initial time lags of the A-series to the B-series supports 

the literature. 

Comparison of infiltration experiments after five freeze-thaw cycles: It is clear that both soil 

samples B5 and C5 had some incursion of horizontal frost penetration after 114 hours of 

freeze-thaw cycles. The milder degree of freezing air temperatures (-0.9 °C) occurring at the 

soil’s surface at soil sample C5 was probably influential as proper vertical frost penetration 

freezing was minimal.  This is likely to have led to far earlier water breakthrough; 43 minutes 

versus 293 minutes. Furthermore, soil sample B5 had only 3% of the saturated infiltration 
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of C5; 5 mm/hr versus 166 mm/hr. Greater ice formation due to higher initial soil moisture 

might was likely critical for water infiltration. 

3.4 Regression analyses 

Firstly, a single regression analysis was performed to identify key influential factors to 

hydrological performance of the soil samples after repeated freeze-thaw cycles; Table 6.  

Table 6: Overview of input variables chosen to explain the infiltration capacities of the soil 

samples by performing bivariate linear regression analyses. 

Infiltration 

experiments 

Independent (input) variables 
Dependent (outcome) 

parameters 

Nr. of 

FT 

cycles 

Water 

content 

(%) 

Tair (°C) 
Tsoil 

(°C) 

Ksaturated 

(mm/hr) 

Time 

lag 

(min) 

Time to 

Ksaturated 

(min) 

Sample 

corre-

lation 

coeff. 

(r): 

FTCs 1 -0.07 -0.64 -0.74 0.02 0.50 0.77* 

WC  1 -0.04 -0.01 -0.71* 0.51 0.02 

Tair   1 -0.98 0.00 -0.32 -0.42 

Tsoil    1 -0.02 -0.31 -0.47 

Notes: * p < 0.05. 

The single regression analysis established a statistically significant correlation at the 5% 

level of significance in two instances: Firstly, increasing the number of freeze-thaw cycles 

(FTCs) a soil sample underwent showed a moderate correlation with longer time duration 

until saturated water infiltration was achieved in the experimental soil column, as seen in 

Figure 25a. Secondly, an increase in soil water content significantly decreased the saturated 

infiltration in the soil samples (R2 = 0.50; p-value < 0.05). 

  

Figure 25: Hydrological behavior of the soil samples explained by a) the number of freeze-

thaw cycles against the time lag of saturated infiltration, and b) the soil water content 

against the rate of saturated infiltration. 
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Based on these results from a single bivariate regression analysis, a multi-regression analysis 

was performed on these two key independent variables that influenced infiltration capacity; 

the number of freeze-thaw cycles, and soil water content. Furthermore, the average 

temperature of the air occurring ambient to the soil’s surface (Tair) during cooling periods 

was investigated to see if it was significant, coupled with the number of FTCs, as a secondary 

multi-regression model. For the argumentation of the effects of freezing air temperatures on 

frost penetration, it was vital to add the latter multi-regression analysis to see if it added to 

the model’s overall predictive power; Table 7.  

Table 7: Multiple linear regression analysis models considering 1) the number of freeze-

thaw cycles (FTCs) and soil water content (WC), and 2) FTCs and air temperatures during 

cooling periods (Tair). 

Outcome 

parameters: 
Ksaturated (mm/hour) Lag time (min) 

Time to Ksaturated 

(min) 

 B(SE) r B(SE) r B(SE) r 

FTCs -2.5(23) 0.02+ 27(11) 0.50+ 57(15) 0.77* 

WC -26(8.6) -0.71* 9.9(4.1) 0.51+ 2.1(5.7) 0.02+ 

R2 0.50  0.55  0.61  

p-value 0.04  0.03  0.02  

FTCs 2.7(43) 0.02+ 25(19) 0.50+ 62(20) 0.77* 

Tair 0.11(9.3) 0.00+ 0.088(4.0) -0.32+ 2.1(4.3) -0.42+ 

R2 0.00059  0.25  0.61  

p-value 1.0  0.27  0.01  

Notes: * p < 0.05, + p > 0.05. 

 

Regarding the rate of saturated infiltration: Higher soil water content resulted in lower 

saturated infiltration rates, Ksaturated (r = -0.71; p-value < 0.05). The number of freeze-thaw 

cycles did not improve the model. The temperature of the ambient air at the soil’s surface 

during the cooling periods also seemed irrelevant. 

Regarding the time lag of water breakthrough: An increase in FTCs and soil moisture led 

to moderately longer lag times of water breakthrough (significant at the 90% level). The 

multivariate analysis showed that a statistically significant increase in lag time was observed 

when both the number of FTCs and soil moisture increased (R2 = 0.55; p-value < 0.05). The 

air temperatures (Tair) did not improve the prediction of the model. 

Regarding the time until saturated infiltration: A higher number of repeated freeze-thaw 

led to longer times until final saturated infiltration was achieved during the infiltration 
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experiments (R2 = 0.77; p-value < 0.05). High soil moisture has been found influential for 

thawing processes (Moghadas et al., 2016) resulting in longer times until saturated 

infiltration. However, the significant co-acting relationship of the greater frost and higher 

soil moisture did not emerge here. 

Despite a high standard error in frost intensity (Tair) in the model, colder air temperatures 

might promote relatively greater frost formation in soil pores (r = -0.42; p-value > 0.05). 

Although it did not improve the prediction power in the multivariate analysis, frost intensity 

might be important in determining the lag time of saturated infiltration. 
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4 Discussion 

The following chapter will comment on the critical factors influencing infiltration, possible 

engineering implications, and the experience and limitations of the freezer apparatus. 

4.1 Factors influencing winter infiltration 

4.1.1 Infiltration rate 

Relating the number of freeze-thaw (FT) cycles to the soil samples’ saturated infiltration rate 

(Ksaturated) proved difficult with our experimental setup. Only initial soil water content was 

found to influence the steady-state infiltration rate (Ksaturated), with a negative correlation 

coefficient of -0.71 (p-value < 0.05). The multivariable regression analyses showed that 

incorporating FT cycles did not improve the predictive ability of the model (R2 = 0.5 = r2).  

At room temperature, the saturated infiltration rates were measured as 264 mm/hr and 69 

mm/hr for 20% and 30% soil water content, respectively. These results confirm previous 

understanding (Ruggenthaler et al., 2015) of the importance of initial soil moisture in 

affecting saturated infiltration rates in soils. Fouli et al. (2013) studied the effects of initial 

soil moisture in loam; bulk densities ranging from 1.34-1.43 g/cm3. Near-saturation water 

content was at 22%, meanwhile, at the wilting point, it decreased to 12%. With three 

different soil moistures representing the wilting point, field capacity, and near-saturation, 

steady-state infiltration rates dropped with corresponding increasing initial water contents, 

from 437 mm/hr, then 73 mm/hr, and to 33 mm/hr, respectively. Wetter initial soil moistures 

are unlikely to lead to a tremendous drop in steady-state infiltration, exhibiting relatively 

low infiltration rates regardless (Ruggenthaler et al., 2015). Using the Green-Ampt equation, 

infiltration in unsaturated systems can be derived. Steady-state saturated infiltration for 

sandy loam has been found to be 43 mm/hr (Massman and Butchart, 2001). Attempts have 

been made to mathematically model soil's saturated hydraulic conductivity from sorptivity 

measurements, based on the initial degree of saturation (Stewart et al., 2013). 

The reason for the inconclusive nature of the role of multiple freeze-thaw cycles may 

partially be explained by the difficulty in maintaining the same cooling conditions between 

experiments. This problem was due to a difficulty in insolating the walls of the soil column 

as well as in maintaining a consistent air temperature in the freezer. The first experimental 

setup used for the soil samples of A-series was projected to exhibit mild air temperatures 

near the surface of the soil; -1.1 °C. The soil columns became partially frozen after three 

cycles, with soil temperatures fluctuating  0.5 °C at different depths. After these mild, 

intermitting frost conditions, the trend of higher steady-state infiltration rate (Ksaturated) 

appeared after repeated freeze-thaw cycles. 

However, repetitions with two 20% water content soil samples during the C-series using the 

new setup of greater side thermal insulation and colder air temperatures did not confirm the 

positive trend of higher Ksaturated. Both soil samples C3 and C5 seemed to have greater frost 

penetration throughout the soil column compared to the A-series and lower saturated 

infiltration rates compared to the reference infiltration experiment at room temperature; 

A0/C0.  
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There is a distinct possibility that the liquid silicone applied inside the plastic column did 

not prevent sidewall preferential flow during the first infiltration experimental series. This 

might explain the occurrence of high saturated infiltration rates during the A-series after 

repeated freeze-thaw. As more infiltration experiments were conducted, the inner wall 

became visually “dirtier,” after a soil sample was discarded. With this increasing mixing of 

silicone and previous soil samples, sidewall preferential flow was likely increasingly 

improbable.  

Assuming the experimental setup was not flawed, two possible explanations for the differing 

saturated infiltration of soil samples containing the same initial water content. 

Fundamentally, both explanations relate to the variance in texture (grain-size distribution) 

of the soil samples. Firstly, fine-textured particles do exhibit low water infiltration rates but 

are susceptible to deformation (swelling) due to excessive temporal water contents. The 

Atterberg limits explain the critical water content threshold where the consistency of fine-

textured soil changes from a plastic to a liquid state. It is probably this shift in soil 

consistency that caused soil samples to swell, resulting in decreased resistance to water flow. 

The sieve analyses indicated the soil to consist of roughly 10% fine particles, suggesting 

possible deformation. However, the sample specimens were found to be predominantly 

coarse-grained soil. 

Secondly, frost heaves can impose compaction-alleviating effects in saturated clay soils 

(Jabro et al., 2013), ultimately benefiting water infiltration after the thawing of ice crystals 

in the soil pores. The occurrence of the compaction-alleviating frost heave in the soil is 

considered to be highly dependent on the soil’s water retention capability. Fine-grained soil 

samples yielded increased infiltration rates after repeated freeze-thaw cycles (Fouli et al., 

2013). The soil samples of the A- and C-series might have been moderately sensitive to frost 

heaving, given that frost heaving does occur at a relatively low water content of 20%. 

During the B-series, the new experimental setup showcased somewhat more consistent 

colder air temperatures at the soil’s surface, ranging from -2.4 to -4.1 °C. Interestingly, 

drastic infiltration-inhibiting frost occurred after five freeze cycles in soil sample B5, leading 

to a detrimentally low infiltration; Ksaturated = 5 mm/hr. Regardless, the majority of the soil 

samples exhibited insignificant fluctuations compared to the reference infiltration 

experiment; Ksaturated = 68 ± 19 mm/hr. 

To conclude, repeated freeze-thaw cycles had an inconclusive relationship with saturated 

infiltration rates in the soil specimens. The soil texture, specifically, the fine-grained 

geological composition might be susceptible to changes in volume due to expanding soil 

structure. However, the exact soil texture did not necessarily seem crucial to soil samples 

with initially high water content as saturated infiltration rates stayed relatively minimal. The 

influence of repeated freeze-thaw appeared rather indicative of other crucial hydrologic 

performance outcomes, the time lags. 

4.1.2 Time lags 

The infiltration experiments demonstrated that an increasing number of freeze-thaw (FT) 

cycles resulted uniformly in longer times until saturated infiltration was achieved (r = 0.77; 

p < 0,05). Thereby, suggesting great frost penetration was attained in the soil samples. 

Similarly, higher soil sample moisture coupled with the increasing number of FT cycles led 

to a longer initial lag time of water breakthrough (R2 = 0.55; p < 0.05). 
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Even so, longer time lags until saturated infiltration did not always correlate with higher 

initial soil moisture after repeated freeze-thaw. As such, something else appeared to affect 

the latter time lag beside the number of freeze-thaw cycles. To investigate if the air 

temperatures occurring at the soil’s surface during cooling periods were an influential factor 

for the time lags, a secondary multi-regression analysis was performed. 

The degree of freezing air temperatures during the cooling periods of the soil samples did 

not help predict the initial lag time of water breakthrough. A strong correlation emerged, 

though, concerning the latter time lag, suggesting the increasing number of FT cycles and 

colder air temperatures lead longer times until saturated infiltration (R2 = 0.61; p < 0.05). 

However, the cooling conditions of the three data series were very different. Ultimately, it 

was not possible to prove the influence of air temperatures on the time lag of saturated 

infiltration due to lack of data. 

An explanation for the inconclusive results of the time lags might relate to the experimental 

setup. Firstly, achieving cold enough air temperatures ambient to the soil sample’s surface 

was critical for freezing the topsoil in the plastic column during cooling periods. For 

example, during the C-series, a distinct difference was recorded in air temperatures; -5.0 °C 

for C3 versus -0.9 °C for C5. Despite soil sample C5 undergoing two more FT cycles than 

C3, the time lag was much earlier; 43 minutes for C5 versus 96 minutes for C3. As a result 

of mild freezing air temperatures ambient to the soil’s surface, the time lag of water 

breakthrough was unexpectedly early. 

Secondly, although the latter time lag (time until Ksaturated) showcased a strong correlation 

with increasing number of FT cycles, the relationship was likely exaggerated. As indicated 

by the soil temperature measurements, horizontal frost incursion occurred regardless of 

insulation design during cooling periods of the soil samples. However, the depth of the frost 

penetration, be it horizontal or originating from the soil’s surface vertically, might well be 

limited to the degree of freezing air temperatures (frost intensity) occurring inside the 

freezer. As indicated by the second multivariate analysis, frost intensity might play a role in 

increased ice formation in soil. 

The laboratory infiltration experiments in this study were based on other similar set-ups of 

soil columns used to investigate infiltration rates in completely frozen soil (Moghadas et al., 

2016). The difference being in this study, at the onset of water infiltration, soil samples were 

only partially frozen as representative of maritime climate, by simulating natural freeze-thaw 

conditions inside the freezer. Moghadas et al. (2016) found water content to be an influential 

factor for the infiltration capacity of the soil. By considering the same time lag variables as 

presented earlier (time lag of water breakthrough and time until saturated infiltration), 

Moghadas’ et al. (2016) study indisputably showed that higher soil moisture led to greater 

ice formation in the soil pores, and thus, longer thawing followed in the soil columns with 

higher soil moisture during the infiltration experiments, uniformly leading to longer time 

lags.  

Compared to the results of our infiltration experiments, longer time lags did not always occur 

in soil samples with high initial water content after repeated freeze-thaw. The time until 

saturated infiltration varied widely. However, only considering the initial time lag of water 

breakthrough, the higher initial soil moisture exhibited a moderate influence on longer initial 

time lags with increasing number of freeze-thaw cycles.  
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To conclude, when examining the combined effects of repeated freeze-thaw cycles and high 

soil moisture on the initial time lag, increasing infiltration-inhibiting effects occurred. 

Unexpectedly, the soil moisture did not correlate with the second time lag; time until 

saturated infiltration. Instead, greater frost intensity (colder air temperatures) might have 

caused greater frost penetration in the soil samples, leading to increased ice formation and 

later time lag of saturated infiltration due to greater thawing needed in the soil columns. 

4.2 Practical implications 

The practical implication of the work is that the hydrologic capacity of Icelandic Andosols 

with low initial soil moisture may suffer minimal infiltration-inhibiting effects after repeated 

freeze-thaw. On the other hand, this exploratory study gives strong indications that repeated 

freeze-thaw cycles significantly increase the time until soil achieves maximum infiltration 

capacity, from the order of under one hour to many hours. Most winter flood events are of 

long duration, lasting anything from six to 28 hours (Andradóttir, Arnardóttir, and Zaqout, 

unpublished manuscript). This implies that water infiltration may be sub-optimal at the 

beginning of a flooding event. Consequently, precipitation might flow over the ground 

surface and accumulate. Due to flooding, hydrological structures such as culverts are needed 

in the urban environment to divert the runoff safely downstream. However, depending on 

the consequences of urban flooding at a particular location, a sustainable urban drainage 

system (SuDS) might be applicable to store large amounts of water runoff, such as detention 

basins do. Low-risk flooding areas include urban green spaces. 

If the high volumes of surface runoff are not diverted or stored utilizing the slope of the 

landscape, conventional storm drains may be used, especially if the drainage network is 

separate from the sanitary sewer system. Water runoff in combined drainage networks risks 

flooding in basements and streets at critically low elevations. Ultimately, the design of water 

drainage systems and SuDS installations in the urban environment centers around cost-

benefit analyses (CBA). 

It is important to select an appropriate design when implementing SuDS elements with 

Icelandic Andosols, which naturally tend to have high water retaining properties (Arnalds, 

2008). Although Icelandic Andosols exhibit rapid infiltration rates (Arnalds, 2004), the high 

water retention can be detrimental in a cold climate. Moghadas et al. conclude (2016, p. 

1262) “it is important to keep the water content of bioretention soils as low as possible, 

because soil ice is the main obstacle to water infiltration into soils and quick soil thawing.” 

Thus, Andosols are not naturally optimal for SuDS. Moghadas et al. (2016) further caution 

uncertainties in winter infiltration rates, suggesting a flow bypass when ponding reaches 30 

cm height during high flows in bioretention cells. 

Paus et al. (2016) studied the design of bioretention cells in a cold climate. Soil textures 

included loamy sand and sandy loam. They found ponding beneficial for dealing with heavy 

showers with short duration. Meanwhile, when precipitation was long with medium or low 

intensities, increasing the soil’s ability to infiltrate water the most effective design element. 

As such, Paus et al. (2016) emphasized: 1) coarser topsoil compositions, 2) soil’s sensitivity 

to compaction, and 3) well-established vegetation. The bioretention cells naturally exhibiting 

low saturated infiltration rates (less than 100 mm/hr) seemed susceptible to significant 

seasonal variability in wintertime. For comparison, the steady-state infiltration rates in 
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grassland vegetation communities remained consistently higher than 100 mm/hr (Orradóttir 

et al., 2008). These measurements, taken in the late winter, indicate a minimal susceptibility 

to seasonal variability.  

It should be noted that a soil’s hydraulic conductivity is not inclusively embedded in the soil 

media. Bioretention cells usually include a continuous vegetative cover. Roots of vegetation 

promote macropore formation and minimize infiltration-inhibiting frost effects. Water 

infiltration can be expected in Icelandic Andosols during the winter season (Zaqout et al., 

2019). As vegetation was not implemented in the infiltration experiments, results might only 

reflect soil with sparse vegetation (lupine and barren) or a complete lack of vegetation. The 

results are likely to overestimating infiltration-inhibiting frost effects in vegetated SuDS 

installations. 

Analyses on the soil taken from the field showed coarser and far denser soil than Arnalds 

(2004) concluded Icelandic Andosols to be. This suggests the soil extracted from the grass 

swales in Urriðaholt might have been partly prefabricated topsoil. However, for engineering 

purposes, experimenting with such soil might have been more practical as similar topsoil 

can be expected during SuDS installations. The soil specimens were coarse-grained, and 

although investigating the amount of organic matter was outside the scope of this research, 

the higher bulk density found in the laboratory indicated far lower organic matter content. 

For such topsoil, good drainage and minimal water retention are probable. 

4.3 Laboratory experimental design experience 

Although this exploratory study provides an analysis of the quantitative results from the 

infiltration experiments, its value also includes the experience of the laboratory experimental 

design. Primarily, the execution of soil sample freezing in an exclusive vertical direction 

with the financial and time constraints of the project proved sensitive to lateral horizontal 

frost penetration.   

Thermal insulation design: The goal was to create exclusively vertical frost penetration 

originating at the soil’s surface at a consistent freezing air temperature (-6 °C) to mimic the 

frost effects of freeze-thaw cycles on the soil. Exclusively freezing the soil samples 

vertically, with frost penetration starting from the topsoil layer and moving downward, 

proved unsuccessful. Soil temperature data from the thermocouple sensors, pre-attached at 

soil depths ranging from 2 - 14.5 cm at the onset of freeze-thaw cycles, indicate horizontal 

thermal energy exchange inside the freezer, where frost penetrated through the insulation 

layer and ultimately froze the deeper soil layers. The problem of horizontal freezing seems 

to have exacerbated the soil freezing, especially when the number of freeze-thaw cycles was 

high; four to five cycles. 

The thermal insulation design was modified in the hope of insulating the soil samples to a 

greater degree. An alternative design presented an overall thicker and sturdier thermal 

insulation by combining mineral wool and polystyrene foam (EPS). Nevertheless, 

unexpected soil freezing still occurred in the deeper soil layers, indicating that both 

insulation designs had failed. The proximity of the thermal insulation to the inner freezer 

walls was likely detrimental to the horizontal frost penetration. This means that deep soil 
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freezing was possible even if ambient freezing air temperatures at the soil’s surface were 

mild. 

Number of experimental runs and repetitions: Each laboratory experiment took one day in 

preparation and many days in undertaking. As a result, the data collected over the four-month 

time frame of the project was limited to 18 experimental runs, 12 presented and analyzed. 

As such, it would benefit from a larger data set. Because of the same constraints, starting at 

room temperature, the maximum number of freeze-thaw cycles the soil samples underwent 

was five. In contrast, a typical winter in Reykjavík, the capital of Iceland, experiences 13 

freeze-thaw cycles (Arnardóttir, 2020).  

Soil preparations: The laboratory soil was taken directly from the field and stored in large 

containers. Exact soil gradation was hard to replicate for every soil sample due to the inherent 

inhomogeneity of soil taken from the field. This likely led to some variations in soil texture. 

The compaction varied for each soil column. Dropping the kettlebell from the same height 

for each soil layer when stacking the soil inside the column was an imprecise procedure. The 

kettlebell could also fall awkwardly during the stacking procedures. The inhomogeneity of 

the original field soil and expected variation in compaction energy for the soil samples might 

be responsible for the overall variance in bulk density (within each water content, as the 

density of soil is also a function of its moisture). 
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5 Conclusions 

An exploratory study of water infiltration into partially frozen soil was conducted in the 

laboratory with the primary goal of assessing the effects of repeated freeze-thaw on the soil’s 

hydrological performance. Three parameters were used to estimate the hydrological 

performance of the soil samples during the infiltration experiments. First, outflowing water 

overtime was collected at the outlet pipe, to infer the soil’s final hydraulic conductivity; the 

rate of saturated infiltration, Ksaturated. Latter two were the following timestamps: 1) the time 

until water first percolated through the soil column, and 2) the time until saturated water 

infiltration was attained. The secondary goal of the study was to test to which extent valuable 

results could be derived with low capital investments. 

Four research questions were raised: 

• Does repeated freeze-thaw increase or decrease infiltration rate in Icelandic 

Andosols? 

• How does (initial) moisture influence the soil response to repeated freeze-thaw? 

• What effects does freeze-thaw exert on the time until steady infiltration is achieved 

in the soil? 

• What are the implications of freeze-thaw on the design and operations of SuDS in 

Iceland? 

Unfortunately, the analyses of the infiltration experiments showed mixed results. The 

number of freeze-thaw cycles the soil samples underwent prior to an infiltration experiment 

did not yield any clear trend in final infiltration rates (Ksaturated) of the soil samples. 

Soil with high initial water content exhibited low rates of final saturated infiltration 

(Ksaturated). This relationship confirms a previous understanding of the importance of initial 

moisture in affecting infiltration in soils. Furthermore, soil with high initial moisture 

moderately correlated with longer times until saturated infiltration after repeated freeze-

thaw. 

The times it took any water to percolate through the whole soil column and to reach saturated 

infiltration were greater after the soil underwent repeated freeze-thaw, compared to the 

reference infiltration experiment at room temperature. However, the increasing number of 

freeze-thaw cycles did not always linearly correlate with longer time lags. 

The practical implications suggest that at the beginning of winter flooding events, there will 

be less mitigation of surface water. There were strong indications that repeated freeze-thaw 

cycles could significantly increase the time until soil achieves maximum infiltration 

capacity, from the order of under one hour to many hours. 

The results of this study should be considered as indicatory. More data is required to analyze 

the co-acting effects of frequency and frost intensity of freeze-thaw cycles against physical 

soil properties relating to the soil texture (grain-size distribution) and structure, the initial 

degree of saturation, and the temperature of infiltrating water.  
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As for future research, more specialized equipment capable of maintaining consistent 

freezing air temperatures and simulating exclusively vertical frost penetration is needed. The 

rudimentary setup consisting of a standard size domestic freezer fell short. As such, access 

to a larger scale fridge, such as a cold room, would be preferred. To save time, the soil 

samples should be first frozen for 36 hours to achieve near-zero temperature before starting 

the freeze-thaw cycles, as indicated from the series of recorded soil temperatures. 
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Appendix I: Soil temperatures during 

freeze-thaw cycles (A-series) 

 

 

Figure 26: Soil temperatures during freeze-thaw cycles of soil samples a) A1, and b) A2. 
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Appendix II: Soil temperatures during 

freeze-thaw cycles (B-series) 

 

Figure 27: Soil temperatures during freeze-thaw cycles of soil sample B1. 
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